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RESUMO ;

Apresentam-se fesu1tados experimentais QUe ..sugerem
fortemente a presenca de um sistema magnético multifasico (fer
rimagnetismo, antiferromagnetismo e sUperparamagnetismo) em pe
quenos aglomepados de FeOHSO4. Distribuicgoes de temperaturas ca
racteristicas decorrem naturalmente de distribuicGes nos diame
tros dos clusters, Tais distribuicoes de temperaturas parecem
ser fortemente dependentes dos didmetros dos clusters. Indepen
dente do tipo de ordem magndtica, i.e.,.independente da faixa de
temperatura e campo externo utilizados, os resultados experimen
tais sugerem que a lei de pot?ncia g = 1/3 parece ser a mai§

correta.
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ABSTRACT

Experimenta] pesu1ts that suggest the presence of
a multiphase magnetic system (ferrimagnetic, antiferromagnetic,
superpahamagnetic) in fine partic1es of FeOHSO4, are presented.
Characteristic temperature distributions follow from the
presence of particle-size distritions..  Such characteristic
temperature distribution appear to De strongly dependent from
the particle-size di§tr15ution, The expebimental data suggest
that the g = 1/3 power-law may be correct, independent of both

enternal field and temperature, in the range of our experiments.
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1.1 -INTRODUGAD

0 estudo das propriedades magneticas e esttuturais
de materiais em estados superparamagneticos, e nao so de inte
resse teorico mas também de interesse pratico. 0s estudos expe
rimentais realizados neste campo {(antes Qa descoberta do efei
to M3ssbauer) por métodos classicos, Ondgﬁartempo de observa
cao & caracteristicamente elevado, nao poderiam contribuir pa
ra o entendimen?o dos aspectos dinamicos das interagoes mag
neticas {onde éejggiézwum tempo de observacao muitoc pequeno).
E compreensivel portanto, que so apos o aparecimento da Ressp

nancia Gama Nuclear (NGR), tenha sido possivel estudar deta

Thes da estrutura magnética de "particulas" ultrafinas.

Superparamagnetismo foi observado pela primeira
vez, por Elmore (1938), em uma suspensao coloidal de "cluster”
de Feg0, |01]. Alem do termo superparamagnetismo, outros tam
bem sao utilizados: "magnetismo aparente"”, "paramagnetismo co

letivo” e “quase-paramagnetismo” |02].

0 conceito de superparamagnetismo foi proposto ori
ginalmente por Neel, para explicar a possibilidade de flutua
coes t@rmicas em "clusters” ferromagneticos |03|. Superparamag
netismo tem sido observado, naoc so em "clusters”com ordenamen
to ferromagnético |04}, mas tambem em “clusters” cujo ordena

mento interno & antiferromagnético |05| ou ferrimagneético |06].

L importante notar que nao faremos uma distingao
rigida entre os termos "clusters” e "particula", embora aiguns

autores o facam |07|. Para estes, o termo particula implica na
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existencia de uma entidade fisica com contorno bem definido, en
quanto o termo "cluster" poderia significar ate mesmo uma re
gido com alta densidade de ordenamento, em relacao a vizinhanca

e com dimensoes na faixa de (10 - 150) R de raio.

Em um sistema superparamagnético, a energia termica
& suficiente para equilibrar a magnetizagao de um conjunto de
"clusters”, durante um tempo que € pequeno, comparado com aque
le do. experimento. Admitindo que cada "cluster" tenha um momen
to magnetico efetivo u, € possivel tratar o sistema com o mode
1o de paramagnetismo, tomando J » = na funcgao de Brillouin.
Existe, entretanto, uma diferenca fundamental; o momento magng
tico w €& muito maior que 0 de um paramagneto comum, isto = &,
gle esta associado a um "c1usterf que pode conter mais de 105

.

Ftomos acoplados magneticamente |08

Experimentalmente, o efeito de superparamagnetismo’
& inequivocamente comprovado, quando a magnetizagac M e plota
_ggﬁyersus H/T. A superposigao das curvas de M versus H/T; to
madas a diferentes temperaturas, e a itndicagao primaria da pre

senca de superparamagnetismo (Fig. 1.1).
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Um segundo criterio, & a ausencia do efeito de his

terese, que caracteriza os sistemas ferromagnéticos. Entac de
uma maneira bastante simplificada, e possivel imaginar um sis

tema superparamagnetico, como sendo intermediario entre um pa

ramagnetico puro e um ferromagnetico puro (Fig. 1.2) [07].

Fig. 1,2 = Curvas caracteristicas

de histerese: (a) superparama

gnetismo; (b) anisotropia de

exchange; (c) conjuntos ' de

T T 7T 7T 1T 1 ¢ T T 17T particulas com magnetizagéo

<) S ‘ termicamente estavel, aleatd
p'—‘lo‘ FERROMAGNETISMO P“!DEB . . .

osl- : T e ria {curva solida) alinhada

(curva tracejada); (d) grafi
co da magnetizagao relativa,

7 M/Nu, como fungao da razao en

PARAMAGNETISMOD — tre ¢ campo e a “temperatura,

xS T U SR A N S NS WO G AR H/T.
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Com o auxilio de um computador, e possivel ajustar
os dados experimentais de M versus H/T, a equacao de Langevin,
para obter o momento magnetico efetivo dos "clusters” (u) e o
nﬁmero de "clusters" por unidade de volume (N). Assim, a magne

tizacao de saturacao pode ser obtida, ja que M, = w N | 09].

A interacdo magnética, que desdobra as linhas do

espectro M8ssbauer e uma fonte de informagoes sobre o comporta

-3
mento do vetor Heff' Em materiais magneticamente ordenados,

o = . -
Heff e colinear com 0 vetor M, e, consequentemente, usando 0

-
efeito MUssbauer para estudar o vetor Horpo podemos obter dire



rJ'_’ ’ .
3/ e
, !

P

" . -
tamente ifnformagoes sobre a dinamica do vetor M |10]

Desprezando as interagoes hiperfinas, tais como a

interacao do momento de quadrupolo nuclear com o gradiente de
ITI

, em sitios dife

rentes ou a presenga simultanea de cations de FeII € FeIII, )

campo elétrico, a presenca de cations de Fe

espectro Myssbauer, de um sistema paramagnetico, normalmente
consiste de uma unica linha |[11]. Por outro lado, os sistemas
magneticamente ordenados ou aqueles com valores elevados do tem
po de relaxagao (em relagao a frequéncia de Larmor), apresentam

espectros M8ssbauer, com mais de uma linha |12

E importante notar que o0s espectros M8ssbauer de
sistemas superparamagneticos apresentam o mesmo aspecto geral
daqueles associados a sistemas paramagneticos. Existe, ‘ainda,

uma correlagao muito forte entre a dimensao dos "clusters", for

ma de linha e tempo de relaxacao |07

Uma consequencia do modelo de Neel, para o superpa
ramagnetismo, e a dependencia do tempo de relaxacao T dos momen
tos magnéticos atomicos dos atomos no interior de um “cluster”

com o volumeV e com a temperatura T :

_ IKV
T = T, eXp g7 1.1

onde K e a constante de anisotropia. Um decrescimo de t (cau

sado por diminuigao de V ou aumento de T), produz um alargamen

to das linhas M8ssbauer em um espectro hiperfino e um decrésci

-+

mo do campo H_ no nucleo M8ssbauer. Este comportamento &  ob

ff
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servado na maioria dos experimentos, envolvendo partTcu1as ul
trafinas de materiais ferro - e ferrimagneéticos. Entretanto a
forma dos espectros, em fungao da temperatura ou do volume das
particulas, & bastante diferente daquele previsto pela equagao
acima, quando se trata de particulas u]trafinas com ordenamento
antiferromagnético, e podem ser entendidas, admitindo a exis
tencia de um certo volume critico VCr e uma temperatura criti

ca T . |05, 13 e 14].

A existencia de um diametro critico, para o qual a
magnetizagdo seria maxima, € discutida por Luborsky [15[. E em
seu trabalho Luborsky, re]aciona a dependencia da forga coerci

va em funcdo do diametro das particulas para varios materiais

(Fig. 1.3).
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Fig. 1.3 - Forga cerciva versus diametro para varios
materiais |15] P

Por outro lado podemos associar a forga coerciva HC com o cam

po interno no nucleo Mdssbuaer H_ atraves de
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HC = cte . H0 . 1.2

onde cte., depende das caracteristicas geométricas da particu

la |16].

A relacdao de Bean-bLivingston

1/2
. 2Ky T
e [

possibilita determinar a regiao de temperatura onde o material
apresenta prOpriedades superparamagnéticas. Na retacao ante
rior, TB € a temperatura de btoqueio definida como a tempera
tura na qual o tempo de relaxacao de um dado "cluster" e

-~ 102 seg. A temperatura Tg da uma visao grosseira da dimen
sao maxima a partir da qual a "particula" cai na regiao super
paramagnetica. Assim, para T > TB um conjunto identico de
"particulas” apresenta Ho = 0 para H ge = 0. Devido a difi
culdade em preparar experimentalmente um conjunto de partTcE
las, com uma distribuicao estreita de diametro o que se apre

senta € uma distribuicdo de temperatura T,. |17]

0 aumento da intensidade das tinhas paramagnéticas
e a diminuicio da intensidade das linhas magneticas no espec
tro M8ssbauer € interpretado em termos da diminuicac da fragao
de atomos magneticamente ordenados e do aumento da fracgao de
atomos magneticamente desordenados a medida em que alteramos a
temperatura ou a distribuicao do diametro das particulas  que

compoem a amostra.
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Fig. 1.4 - Espectros MUssbauer de '"particulas"

finas em varias temperaturas |26}

Medindo-se as areas, sob o espectro de absorcao,
obtem-se a fracao, superparamagnetica na amostra a varias tem
peraturas. A diferenciacdo desta curva resulta na distribuicgao
volumetrica das particulas na amostra. Esta distribuicao con

corda perfeitamente com aquela determinada por microscopia

eletronica |18

1.5 - Microscopia . Eie
tronica de um superpara

‘mmagneto.
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Aproveitando o~fato de que os espectros M8ssbauer
sio altamente sensiveis a relagao IKV/KT e considerando o cara
ter cooperativo das interagoes ferro - e antiferromagneticas, de
vemos Eesperar que oOs espectros M8ssbauer fornegam campos hiper
finos e temperaturas de transigoes magneticas diferentes para
amostras com diferentes amostragens de granulagao. Dentro des
ta ideia, buscamos criar diferentes distribuigcoes de "particu

Tas" para um mesmo material, utilizando hidratacoes e desidrata

¢Bes sucessivas.
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4
composto permanece quimicamente inalterado apos uma se

qliencia de hidratacgdes e desidratagoes. Por outro lado, os pro
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cessos de hjdratagao’é desidratagao alteram a distribuicao de
granu]agﬁo do material, produzindo diferentes amostragens de
“particulas”. Tais "particulas" apresentam propriedades fisi
cas diferentes quando comparadas as propriedades do material
"bulk". Algumas destas propriedades tem sido estudadas utili
zando-se a Espectroscopia Mdssbauer e Ressonancia Paramagneti

ca Eletrdnica (ver anexos, A, C e D).

I.2 - MODELDS PARA SUPERPARAMAGNETISMO

0 primeiro modelo de superparamagnetismo aparece
em 1949, cdm a publicacao do artige "Influence des fluctuations
thermiques sur 1'aimantation de grains fertomagnetiques tres
fins", publicado por Neel [03]. Segundo Néé1, um grao ferromag
netico, tendo a forma de um elipsoide de revolugao de eixo A,
volume V e suficientemente pequeno para constituir um dominio
elementar, possui um momento magnetico p = VM, onde M e 0 va
]br da magnetizacao. Sendo 6 o angulo entre b e o eixo A, a
energia do grao, na auséncija de campo externo, e da forma
E =1/2 u h sinze, onde h e uma constante positiva dependente
da anisotropia de forma e da anisotropia magnetocristalina do
grdo. Neel frisou que as flutuacoes termicas deveriam  provo
car um tipo de movimento Brownianoc em torno da diregao da mag
netjzagac e mostrou que, na ausencia de campo externo, a proba

bilidade de encontrar u entre 8 e 0 + do e dada por:

26(0) = & h L2 2 } sind . 1.4

K

|

sin

—
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finas em varias temperaturas |26]|

Medindo-se as areas, sob o espectro de absorgao,
obtem-se a fracao, superparamagnetica na amostra a varias tem
peraturas. A diferenciagado desta curva resulta na distribuigao
volumetrica das particulas na amostra. Esta distribuicao con

corda perfeitamente com aquela determinada por microscopia

eletronica |18j.

1.5 - Microscopia . Ele
tronica de um superpara

magnheto.
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Aproveijtando o~fato de gue os espectros Mdssbauer
sao altamente sensjveis a relagao IKV/KT e considerando o cara
ter cooperativo das interagfes ferro - e antiferromagneticas, de
vemos esperar que 0s espectros M8ssbauer fornecam campos hiper
finos e temperaturas de transicoes magneticas diferentes para
amostras com diferentes amostragens de granu]agéo. Dentro des
ta ideia, buscamos criar diferentes distribuicoes de "particu
las" para um mesmo material, utilizando hidratacoes e desidrata

¢bes sucessivas.
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gllencia de hidratagoes e desidratagaeé. Por outro lado, os pro
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cessos de hidratagao e desidratagéo alteram a distribuigao de
granulagao do material, produzindo diferentes amostragens de
“particulas". Tais "particulas” apresentam propriedades fisi
cas diferentes quando comparadas as propriedades do material
“bulk". Algumas destas propriedades tém sido estudadas utili
zando-se a Espectroscopia M&ssbauet e Ressonancia Paramagnéti

ca Eletronica (ver anexos, A, C e D}.

1.2 - MODELOS PARA SUPERPARAMAGNETISMO

0 primeiro modelo de superparamagnetismo aparece
em 1949, cdm a publicagao do artigo "Influence des fluctuations
thermiques sur 1'aimantation de grains ferromagnetiques tres
fins", publicado por Neel |03]|. Segundo Neel, um grao ferromag
netico, tendo a forma de um elipsoide de revolugao de eixo A,
volume V e suficientemente pequeno para constituir um dominio
elementar, possui um momento magnetico u = VM, onde M e o va
lor da magnetizacdo. Sendo & o angulo entre 7 e o eixo A, a
energia do grdo, na ausencia de campo externo, e da forma
E =1/2 u h sinze, onde h e uma constante positiva dependente
da anisotropia de forma e da anisotropia magnetocristalina do
gr&o. Neel frisou que as flutuagoes termicas deveriam provo
car um tipo de movimento Browniano em torno da diregao da mag
netizacao e mostrou que, na ausencia de campo externo, a proba
bilidade de encontrar 3 entre 6 e & + de e dada por:

2u(e) = & h exp { - % } sing . 1.4

K

_|
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Se considerarmos um conjunto de particulas idénti
cas (CIUSter§),mutuamente independente, com N particulas por
unidade de volume e cada uma com momento magnetico ﬁ = Vﬁ, po
demos tomar S = « (numero quantico total, pois u >> uB) e
tratar o problema classicamente. Desta forma, na presenca de
campo externo  §, 0o valor de equ117bt10 da magnetizacao ﬁ;parg

lela @ diregdo do campo & |02]:

M=NporzZ ! J; cosé sind exp (- E/KY) do 1.5
(7 = 27 J; sind exp (- E/KT) de , 1.6
Com : ¢
| E = IKV sinze - u H cos® 1.7

onde K e a constante de anisotropia. Para valores de KV, tais

que KV/KT << 1, temos:

M =Ny | coth (pH/KT) - KT/uH |. 1.8

Podem-se fazer, ainda, aproximagoes

N ul H/3 KT, uH/KT << 1, 1.9

=
1]

M= N u (1 - KT/uH) 3 uH/KT >> 1 . 1.10

As equagoes anteriores sao formalmente jdenticas



H

as correspondentes equacoes do paramagnetismo classico de
Langevin (1905). A diferenca e que 0, o momento magnetico da
particula (cluster), pode incluir ate 105 atomos. E justamente

por esta razao que o fenomeno foi chamado superparamagnetismo.

. -
Quando se aplica um campo externo H a um conjunto

de tais "particulas” e, em seguida, o mesmo e removido, a mag

netizacao remanescente cai, de acordo com a expressao:
M. = M exp (- t/T) » 1.11
onde T e o tempo de relaxacac do processo dado por:

1. f = -
'_Fﬂf-'fo exp ( IKV/KT) s 1.12

- -1
onde o fator f_ e da ordem de 10” seq log|.

0 modelo proposto por Neel ndo leva em conta a in
teragao cluster - cluster. No modelo de Neel, a barreira de
energia que a particula deve vencer e apenas IKV {caso de ﬁ=:OL
Mesmo assim, foi possivel explicar uma serie de observacgoes ex
perimentais, em termos qualitativos. Um melhoramento do modelo

seria considerar a jnteracao inter-cluster e verificar em que

condjcoes ela seria significativa.

Suzdalev e Colaboradores (1973) utilizaram uma ex

pressdo semi-empirica para descrever o tempo de relaxacao do

momento magnetico de uma particula:
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2,.3
- KV o u /d B p H
T T, €Xp (K Tt - t T ) 1.13
. = 2. h a3 1.14
0 2 2 ’
noou R

onde:

K : Constante de anisotropia magnetica,

V : Volume da particula,

p : Momento magnetico de uma particula,

d : Diametro da particula,

H : Campo magnetico externo,

a : Constante de 1nterag§o de dipolo magnetico en
tre particulas,

8 : Constante de interagdo entre o momento magne
tico do cluster e o campo externo,

a : Distancia inter-cluster,

n : Numero de magnetons de Bohr por particula.

A expressao anterior leva em conta a barreira de energia po
tencial {K V), a interacao particula - particula (auz/d3) e a
interagao com o campo magnetico externo {BuH). Utilizando a
expressac proposta, e possivel fazer uma estimativa dos valo
res deK V, o, B e p, que caracterizam as propriedades mag
neticas de uma particula, a partir dos espectros M8ssbauer

-10 seg < T < 10_75eg). As medidas foram realiza

(na faixa de 10
das utilizando particulas ultrafinas de ferro com diametros
medios de 105 R, 115 R, 140 R, 165 R e 230 R. 0 valor da ani

sotropia magnetica permanece praticamente constante na faixa
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de 300 K - 850 K para uma determinada amostra enquanto que
o seu valor decresce, com o aumento das dimensGes das particu
las. 0s valores de a, para particulas com diametros medios
de 115 B e 165 8, foram de 0,2 e 0,1 respectivamente. 0 valor
de B foi de 0,1 para a amostra, contendo particulas com dia

metro medio de 115 R, em um campo externo de 3 K Oe [19].

Avraamov e colaboradores (1975) propuseram-se a
desenvolver uma teoria que explicasse a magnetizagao de um su
perparamagneto, em funcao da temperatura, dentro de uma
faixa bem ampla de temperaturas. Para temperaturas T << Tc o
modelo de Langevin descreve adequadamente a dependencia da
magnetizacao, em relacao ao campo e a temperatura. Entretanto,
a medida que T se aproxima de Tc, a dependencia experimental
da magnetizacao por unidade de massa o(T) difere fortemente
da equacao de Langevin. A proposigao de Avraamov e colaborado’
res e considerar a dependencia de wu(T, H), ainda dentro  do
modelo molecular:

2 u, S H
_ B eff
pw (T, H) = Ho BS [ T } 1.15

Na expressao anterior Heff e o campo molecular efetivo,

| e

gindo sobre os atomos com spin S:

_ o

onde

u = momento magnetico de uma particula de massa m
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Wy = momento magnetico na saturacao

B_ = fungao de Brillouin para spin "S"

= magneton de Bohr

a = constante de interagao dos spins em uma par
ticula superparamagnetica

M = magnetizacgao

o = magnetizagao por unidade de massa

H = campo magnetico sobre a amostra.

Considerando a funcao de Brillouin para S 1/2, e que
neste caso o = K Te/yg MO,-onde Tc e a temperatura de
Curie e M_ = uo/m = o (T = 0K), obtem-se um sistema de equa
goes que, resolvido graficamente, possibilita o _cenhecimento’

de o (T) para um dado campo H ou entaoc o conhecimento de (H),

para uma dada temperatura;

p_H
oo Moo My 1.17
S F S -
o .M KTc {11, MMy
M My Hg Ma z T¢ b - M/Mo Mo
1.18
A proposta acima foi testada para a liga Yu NDK 38 T 8

Wo=3.23 x 1078 emu e Tc = 385 K) |20,
o

Morup e Topsoce (1976) apresentaram um modelo sim

ples para explicar a diminuigao do desdobramento magnetico hi

perfino, de amostras constituidas de pequenas particulas
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(~ 100 R de diﬁmetro), em relacao ao desdobramento magnetico
de monocristais. 0 efeito e significativo, a temperaturas
abaixo de bloqueio do superparamagneto. 0 modelo se baseia em
oscilagdes da magnetizagdao, em torno de um minimo de energia.
No caso da relaxacdo superparamagnética convencional, se a
barreira de energia de anisotropia (KV), e comparavel ou  me
nor que a energia termica {KT), a magnetizacao pode alternar
entre dois minimos de energia (¢ = 0 e ¢ = m). Entretanto, pa
ra temperaturas em que KV >> KT, o vetor magnetizacao e consi
derado fixo em ¢ = 0 ou ¢ = . MorUp e Topsoe propuseram
que, mesmo nestas condigoes (KV >> KT), existe uma probabili
dade do vetor magnetizacao estar entre ¢ e ¢ + dé, em vrela

cao a ¢ = 0, dada por

/2
P (¢) d¢ = exp i - E/KT | sing d¢/ J exp | - E/KT | sinpds
0
1.19
onde;
2
E = - KV cos ¢ . 1.20

A magnetizacao media e dada por;

M(T) = MO(T) <cos ¢> 1.21

onde MO(T) € a magnetizacdo do monocristal, a temperatura T e
<cos ¢>; a media termica de cos¢. 0 calculo de <cos ¢> para

KT << KV leva a:
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m/2
J exp |E/KT| cos¢ sing do
_ ‘0 -
<Cos ¢>1 = =77 = (1 - KT/2KV)
J exp |E/KT| sin¢ d¢
0

1.22

Consequentemente, o desdobramento magnetico em um espectro
Mbssbauer devera ser proporcional a magnetizagao media M(T).
Assim, o desdobramento magnetico no espectro de pequenas par
ticulas devera ser reduzido pelo fator (1 - KT/2 K V) re1ati
vo ao desdobramento encontrado para o monocristal. E importan
te notar que, se a amostra contem uma disttibuigéo alargada
de particulas,as Tinhas M8ssbauer correspondentes as particu
las com diferentes diametros ndo deverado ser deslocadas numa
mesma proporgio. Isto significa que 0 espectro da amostra :ide

vera ser alargado e necessariamente, assimetrico |21].

Tsuei e colaboradores (1968) analisaram a depen
dencia da magnetizacao de um ferromagneto amorfo com a tempe
ratura. 0 sistema utilizado foi a 1liga Fe8O P12,5 C7’5 que
apresentou espectros Mdssbauer com Tinhas alargadas. 0 alarga
mento das linhas MUssbauer foj atribuido a dois fatores: (1)
aos efeitos de relaxacao eletronica e (2) a existencia de uma

57 Segundo

distribuicao de campo hiperfino no nucleo do Fe
Tsuei e colaboradores nao foi possivel obter um bom ajuste
dos espectros M8ssbauer, a temperatura ambiente, baseando-se
em uma distribuicao Lorentziana pafa 0 campo hiperfino
P(H) |22|. Sharon e Tsuei (1972) e Tsuei e Lilienthal (1976)
voltaram ao problema de ajustar o espectro M8ssbauer de um

ferromagneto amor{o em termos de uma distribuicao de campo hi

perfino. 0 sistema utilizado foi uma liga de Fe - Pd - P obti
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da por resfriamento répido a partir da fase lTiquida. 0 argumen
to para a analise, em termos da distribuicao do campo hiperfi
no, esta no fato de que em um material amorfo ha uma variedade
local de campo hiperfino e deslocamento 1somérico. Da7 a neces
sidade de se discutir tais parametros em cima de bases eéstatis
ticas. Assim, os espectros M8ssbauer da liga Fex Pd80_x P20
(13 < x < 44) foram ajustados em termos de uma distribuigao de
campos hiperfinos P(H), um deslocamento isomerico de linha T.
Para obter a forma da distribuicao de campo hiperfino P(H), foi
considerado o modelo onde o campo hiperfino em um dado sitio

57

de Fe™  fosse fungdo do numero de vizinhos de fosforo mais pro

ximos. No ajuste dos dados por metodos numericos, a formula em

pirica que ajustou melhor foi uma contribuigéo de Lorentz e
Gauss

. ; 0 <H <H 1.23

'A(H—H)2+ll“2} -

| 0 7 0 {'(}gﬁzfyi
P (H) = ¢

exp |(H - n )%/2 1.2 Ho> H 1.24

P 0 ] 0 .

como condigao de contorno as duas expressoes de P{H) dgualam-

se em H =H, e P(H) e normalizada por

J P (H) dH = 1 . 1.25
0

para calcular P(H) admite-se que H(T)/H(O) varia com a tempera

tura de acoprdo com
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onde B e a fungao de Brillouin para spins S |23 e 24].

No anexo A-3, anaiisamos as propriedades magneti
cas de "microcristais" de FeQH S0,, baseando-se no modelo para 11
gas ferromagnéticas randomicamente diludas. Avvariagﬁo do campo interno
com a temperatura, para os espectros MBssbauer a varias tempe
raturas, e descrita em termos de uma funcao de distribuicao
de campo hiperfino P (H). 0 melhor ajuste para os resultados
experimentais foi obtido usando uma distribuigao Lorentziana

assimetrica para P (H):

Al (H-H)Z 4 (r.2)2 e
1.27
P (H) = <
s [-u)2+ o2 5w
0 (I = 0
1.28
onde as constantes A e B sao determinadas por:
JP(H) dH = 1 . 1.29
0
57

0 modelo proposto admite que em torno de cada atomo de Fe
exista z vizinhos mais proximos nos quais a magnetizacdo & determi
nada pela concentracao Tocal de atomos de Fe e pela temperatura. Admi

te-se que somente os atomos magneticos interagem entre s



S —— 101K,
S e ——— 108K
. - 10K,

— - —_— 12K,
———— B L 1.9

116 K,

P T T T T ¥ T T T T T T

100 150 200 250 300 350 400 450
Hi (KOe)

Fig. 1.7 - Distribuigao de campo hiperfino P(H) em fun

cao da temperatura |25]
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atraves de um campo molecular que e proporcional a temperatu
ra de magnetizacao dos EtomosLyizinhos. Admite~se ainda que a 1n
tensidade das linhas paramagneticas que surgem com o aumento da
temperatura seja proporciona] ao numero de atomos de Fe para

magneticos. Isto conduz a uma densidade magnetica como fungdo

da temperatura m(T)

m{T) = X [1 - I_p (T) / I, (124 K)_J . 1.30

onde » @ uma constante menor que a unidade e 124 K & a tempe
ratura em que o sistema FeOH S0, considerado esta totalmen
te desmagnetizado. Admitiu-se a aproximagéo de um sistema mag
netico randomico dentro do modelo mo]ecu]ar, para S = 1/2, e

usou-se a expressao para a magnetizagao por atomo como sendo

z! [ﬁ(T)lv [1 - m(T)}z_v .

(z - v)! v! {éxp 2%%2 + 1J

rol —
|
=
I
N1

v=0
onde J representa a energia interagao entre os centros magneticos mais
proximos e m(T) & agora uma funcao da temperatura. A fungao
m(T) foi determinada impondo a condicao de que (2M)3, obtido
a partir da expressao anterior, ajustava adequadamente os va
lores experimentais de H03. A expressao para Ip(T)/Ip (124 K)

foi ajustada por
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r _ 2(T - T.) _ 2T
tan ! T 07 4+ tan 1 (7:9)
1 1
A 0<T<T ,
27 r
tan™! (0) + YT
T T
1 1
1.32
AT (T)H/1 24 =
o (TV/T) (124 K) =
T- T,
even T 1 - erf {
- Ty ¥2m
A= — Ay T > T
2 T r
Iy [£an_1(—_—9) y 9 /2
T T
L 1 1
1.33
com T, = 0,88, I'g = 0,051 e Iy = 0,074. Fisicamente a exis
tencia de m(T), dada por
T =T m(T) , . 1.34

c J
foi associada ao fato de que ¢ sistema consiste de uma distrj

buicdo de particulas P (V). implicando em uma distribuicao

de temperatura P (T) dada por

( -1
2 2
A [(T -1+ (ry/2) ] ;0 < T<T, 1.3
P (T) = j
. exp [ - (T - TO)2 / 202 } T > Ty
(r,/2)°
1.36

onde TO = 116,7 K, ry = 9,8 K, ¢ = 2,9 Ke Ae a constante

de normalizacao | 25|.
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.00
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0.251

(E),-""/
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REDUCED TEMPERATURE T/Tc

Fig. 1.8 - Dependéncia de (a) |H_(T1/H(DL]3, (b) e (d).
H(T)/H(0), (c) mp(.T), (e} P(T) versus T/T_. |25]

Ne anexo A-4, interpretamos o comportamento magne

tico de "microcristais”, utilizando o modelo molecular, para

M1

mostrar que a distribuicao de volume das "particulas" forte
mente responsavel por suas propriedades maanéticas. 0 alarga
mento das Tinhas M8#ssbauer foi interpretado em termos de uma
distribuicao de campo hiperfino P (H), que e,por sua vez, cau
sado por uma distribuicao de volume P (V). 0 trabalho propoe

uma distribuicao Lorentziana para P (V)

P (V) = 1.37
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onde V4 e o volume mais provavel e T a largura da distri
buicao. 0s valores ajustados de VO e ', para uma amostra de

FeOHSO,, foram respectivamente 0.52 X 10718 ¢pd (d = 100 R)

-12

4,

e 4.19 x 10 cm3 (r = 20 R). A magnetizacao da amostra foi

calculada segundo a expressao

M o= Jw P (V) M (V) dV 1.38
0

onde M (V) e obtida pelo modelo molecular para S = 1/2

Mo(V) = 5 tanh [ B (3, + KV) M (V)/2 ] . 1.39

onde g = (k T)-]. Com a expansao da expressao de M (V) no 1i
mite de M (V) -~ 0, a temperatura de transigao T, (v) fica da

da por

10

09—

08— /
07— /

06—
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1
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i
1
1
|

02
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1
i
1
J

n
01 02 03 O 06 08

-7/t }

Fig. 1.9 - Dependencia de (2M)3 versus
(1 - T/Til, para diferentes valo
res de temperatura criticas, T,

|26



k T (V) = (J, + KV)/4 . 1.40

c v’ -2
A equacdo anterior fornece a temperatura de transigio Tc para
um grao de volume V. Assim a distribuig&o de volume P (V). im
plica em uma distribuicao de temperaturas cr?ticas P (TC).
Os resultados experimentais foram ajustados para a curva de
(2M)3 versus temperatura reduzida, ao longo de tres trechos
distintos. Estes trechos foram ajustados por retas, indicando
que M (T) obedece a lei de poténcia para 1/3. A presenga dos

treés trechos foi interpretada dentro da jdeia de que as "par

ticulas" majores demoram mais a se desordenar |26].

No anexo A-5, buscamos um tratamento mais elabora
do da interpretacgdo das propriedades magneticas de amostras po
Ticristalinas de FeOHSO, . xH,0. No anexo A-3 e A-4 considera
mos a existéncia de uma Unica distribuicao de “Clusters” e
conseqllentemente uma unica distribuicdo de temperatura criti
cas. Agora levaremos em conta a existencia de mais de uma dis
tribuicdo de "particulas" e conseqtientemente mais de uma dis
tribuicdao de temperaturas criticas. Alem de conseguirmos um
melhor ajuste para os resultados experimentais, teremos ain
da uma correla¢io entre as propriedades magneticas do mate

rial e o fenomeno de ordem e desordem a curta e longa distan-

cia 127].

Para ajustar o campo interno (Hol, admitimos que

MTH% RO TC) | 1.41
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e utilizamos a expressao

z ,
_-]"M= )‘ _ z.m\) (_]

véo v (z - v); {exp (Bu +2MJv) + 1}

m)Z*\J

s 1.42

leyando em conta a dependencia da densidade de atomos magneti

camente ordenados como fungdo da temperatura

2 T
m(T) = » [ 1 - Z] o Ty 1.43

J

onde A representa a densidade de atomos magneticamente orde

nados proximos a zero Kelvin e o e dado, no nosso caso, por

E a;= a, + Gy = 1T ., 1.44
i

onde @, e 9, representém as fracoes de atomos de Fe conti
das nas particulas com diametros médios em torno de d; e dy,
respectivamente, Ip(T‘)E a intensidade cas linhas paramagnéti
cas a uma temperatura T e Ip(T')E a intensidade das linhas pa
ramagnéticas onde a intensidade das linhas magnéticas & consi

derada nula. Isto ocorre a temperatura T'.

Nos ajustes do campo interno (HO), o valor de B
e D encontrados e, dentro do erro experimental, iguais a
B=1/3 e D =1.22. 0 valor para g = 1/3 foi ajustado para
todas as amostras independentemente dos trechos considerados.

A expressao para I;(T)/Ip(T') foi ajustada por



26

oy 2{T-T,.) 2 T,.
tan” ! T ?1 + tan (— 01)
— .l-l 11 . 0 <T<T .
1,2 Ty "ov ve o o
tan 7 + T T
11 11
11 (T)/1 (1) =4 B T- T,
' P 2Vem Tp. l] - erf (- 1y
| 01 roq VZH
T - —, T > Ty
1.2 TO. o yen
F1.-[tan ( T 1) + v ]
11 11
\
1.45
100
*\\\,\ HT)/HIo)
L
075
[w (T)/H(a)]3
0.50
025 :
0862 \{i\ .
QED Q7 Qae f\\’ :‘\:‘
T/ Te LI
Fig. 1.10 - Dependéncia de H(T)/H(0}, |H(T)/H(0)|3,

m (T) versus T/T.. O ajuste teorico correspon
de as linhas cheias e os pontos marcados cor

respondem aos resultados experimentais 127
Tendo em vista a existéncia de uma distribuicac de campo hi
perfino P(H) e a presenca de um desordenamento por trechos de
yido a diferentes classes de particulas, a distribuicao de

temperatura segue a expressao
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_ dm(T) _ d i
P (T) = =53 1T { oy 1(T)/1(8) 1.46
Fig. 1.11 - Distribuicao de
temperaturas criticas

versus T/T_ [27]|

S
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0.80 0.85 G380 095

T/Te

S . M. Bhagat e colaboradores (1981) utilizaram
uma expressEo empirica para descrever o alargamento da linha

de Ressonancia Paramagnética (I') em fungao da temperatura dada por:

- . (L
r =T+ P] + exp (TO) 1.47

onde T, e T, sao parametros empiricos associados com o "con
gelamento” dos spins e T e a largura de Tinha a uma tempe

ratura elevada comparada com T0 (28 ).

No anexo A-6 apresentamos um modelo para explicar

o alargamento das linhas de Ressonancia Paramagnetica Eletro
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nica (EPR) em funcao da temperatura, para uma amostra conten

do particulas finas de hidroxisulfato de ferro-III. [29]. Tal mo

delo tem sido utilizado para explicar algumas propriedades

de vidros de spin (ver anexo C-1) [30].

Para explicab o atargamento da linha de EPR  foi
utitizado o modelo de um ferromagneto diluido constituido por
um "cluster" infinito de spins coexistindo com uma distribui
¢do de "clusters” finitos com dimensoes centradas em torno
de va]ores medios. Dentro deste modelo considebamos as ondas
de spins geradas nos cluster 1infinito e seu acoplamente com
0S cTusters finitos, atpavés de um mecanismo de relaxacgao,

induzido pelo campo de microondas.

0 efeito da interagdo entre os "clusters"  fini
tos e as ondas de spins & proyocar nestas um ~decaimento
(R(w)). Este decaimento e associado ao alargamento da 1inha
de bessonEncia 6r = §0(w)/fiy. Considerando o fato de termos uma
distribuicdo nas dimenses dos "clusters” finitos e uma dis
tr?buig&o de barreiras de energias para 0s fc]ustersf dentto
de um potencial duplo e assimetrico, calculamos o valor me

dio de &I'(w) e obtemos Al como funcao de T dada por :

/

i 02 |
org () = TR exp - () 1.48
| h No_v0 f i

/5 = spin no cluster infinito

J N' =nimero de clusters finitos com diamatros  centra
’ dos em torno do valor medio o
D = constante de acoplamento para interagao anisotro
pica

'=ki>F razao giromagnéetica
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N = numero de spins no cluster infinito

v -=energia de ativagao associada aos clusters fini
tos com diametros centrados em torno de di

w = freqliencia da radiacgao de excitagao
Tf = temperatura freezing
Fig. 1.12 - Dependéncia do alar
gamento da linha de EPR em

REGION 1 funcdo da temperatura |29]

REGION I

140 160 180 200 220 240
T (K)

No anexo C-2, o a1argamento das 1inhas Mdssbauer
em fungao da temperatura foi explicado utilizando o modelo de re
Taxagao classico de Debye para um sistema do tipo citado anteriormen
te (anexo A-6). Assumimos que o canal de relaxacgao 8 através
do momento magngético (u) dos clusters finitos. Admitindo uma
distribuigao de batreitas de energia através da mesma fungao
utilizada no modelo anterior e tomando os valores medios para
o alargamento da linha MﬂssbaUer obtemos ATl como fungao de T
dada por

1.49

aT (T) =T (Z) exp (

@] —
|-
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onde T' e © sdo parametros empiricos. 0 significado f3
sico de © & que a temperaturas T > © o momento dos ‘"clus

ters” funcionam como um canal de relaxacao do sistema |31].

0.5
04
"ol
I
> 03
O
bl
l_
.2
E: o) 1 I
<] "&"f,’),Jfﬂ’wfﬁfJ;u
0.1
80 90 100 f1O 120
— T (K)
Fig. 1.13 1.Depend§ncia da razio AI/T versus T

1.3 - PREPARACAO DO MATERIAL FeOHSO0,.xH,0 E RESULTADOS _OBTI-

D0S

0 material que nos utilizamos, de formula molecu
lar FeOHSO4 (hidroxisulfato de ferro-I1I11) pode ser obtido
atraveés de uma série de reacbes de decomposigdao termica a par

tir do FeSO4-7H20.
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A investigacdo de alguns produtos da decomposigao
termica do composto FeS0,.7H,0, atraves da tecnica Mdssbauer,

tem sido realizada por varios estudiosos.

Vertes e colaboradores (1970), investigaram mistu
ras dos produtos da decomposigac termica, e observaram que um
destes produtos, & temperatura ambiente, possui um deslocamen

to isomeérico (8), correspondente a Fe(IIl) ionico |32 e 33|,

Gallagher e colaboradores (1970}, tambem estuda
ram a decomposigao tétmica dos sulfetos de Fe(ll). Utilizaram
andlise termica diferencial, anilise de gis e termo-gravime
tria. 0s espectros Mbssbauer indicam a presenga de varios

produtocs da decomposicac termica, Um destes produtos possui

um desdobramento quadrupo]ar AEQ = 1.40 mm/seg., a 317% e
um deslocamento isomerico correspondente a Fe(III) ionico
| 34].

No anexoc A-1. mostramos que aquecendo amostras de
Fe304.xH20,um novo composto e formado e seu espectro Missbauer

possui duas linhas bem resolyidas correspondentes a um desdo

bramento quadrupolar AEQ = 1,45 + 0.02 mm/seg.; a temperaty
ra ambiente |35|. No anexo A-2, mostramos tambem, que este
composto {chamaremos de composto - A) de fromula molecuyiar

FeOHSO4, e magneticamente ordenado, a tempepatura do nitrogE
nio liguido. Este composte (A) em uma atmosfera saturada com
vapor dfagua transformaase em um oytro composto (chamaremos
de compesto - B) de fﬁrmula molecular FeOHSO4,2H20, e apresen
ta a temperatura ambiente, um espectro MUssbauer com um desdo

~bramento quadrupolar AEQ = .97 £ 0.02 mn/seg. Este composto
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- B, ndo possui desdobramento magnetico a temperatura de ni

trogénio liquido [36].
0s absorvedores Mssbauer (ver anexo E - parte 2) fo
ram prepmmdos aguecendo~se o composto FeSO4‘7H20 analiticamen-

te puro.

Para fazer o estudo de decomposigao térmica, pro
cedemos de maneira conyencional. Analisamos os produtos de de
composicdo termica, utilizando as tecnicas:Mdssbauer, Infra
vermelho, Raios-X, Microscopia Eletronica, Ressonancia Para
magnética Eletronica, Magnetometro, FotoacUstica, Termo-gravi

metrica e Termo-diferencia]. | ver anexos A, B, €. D e E].

0s produtos da decomposigao teérmica, foram inici
almente selecionados a partir da analise termo-diferencial
(Fig. 1.14, pag. 5¢). Os espectros Mﬁssbauet destes produtos
apresentam, como nas ref. 32, 33, e 34, misturas de varios

materiais (Fig. 1.15 - pag. 51).

Utilizando-se a analise termo-gravimétrica, para
estudar a perda de peso em funcgao da temperatura (Fig. 1.16'e
1.18 - pag. 52, 53). e os espectros infravermelho dos produ
tos desta analise (Fig. 1.17 e 1.19 - pag. 52 e 53), consta
tou-se que a saida dfégua nos compostos de sulfato de  ferro
hepta, tetra e monohidratado e lenta e pode ser confirmada
atraves da evolucao dos parémetros Mdssbauer (Fig. 1.2% - pag

54 ) {36}

Expondo o composto A, 3 temperatura ambiente e em

uma atmosfera saturada d'aguasy apos duas semanas, aproximada

mente, um novo espectro & observado (Fig. 1.22 - pag. 55). Es

-
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te composto - B, quando aquecido a 110%, por alguns dias, a
presenta o mesmo espectro Mssbauer e infravermelho do compos
to - A, No espectro infravermelho (Fig. 1.23 - pag. 55 ) 0

composto - A apresenta uma absorcao proxima a 3.500 cm'] bas

tante estreita e um pouco acima da absorcao que ocorre no es
pectro correspondente ao composto - B. 0 composto - B apresen
ta uma absorcao alargada em torno de 3.500 cm_] e uma outra
1

em torno de 1.650 cm A banda do 5042_ e caracter?stica em

ambos |27, 36 e 37].

Durante o processo de hidratagao do composto - A,
acompanhado atraves da espectroscopia Mdssbauer, infraverme
Tho e raios-X (Fig. 1.24, 1.25 e 1.26 - pag. 5B 56 € 57 )
de dois em dois dias, retiramos uma porgﬁo do matetia1 expos
to a umidade e reaquecemos a 200°¢C por 200 horas. Com este
procedimento voltamos quimicamente ao composto - A. A reversi
bilidade do processo de hid(atagao foi acompanhada por espec
troscopia M&ssbauet, infravermelho e raios-X. O0s espectros
M8ssbauer apresentaram 0S mesmos parﬁmetros, a temperatura am

biente, AE, = 1,45 mm/seg e & = Q.44 mm/seg. Os espec

0 Fe

tros de infravermelho e raios-X, tambem apresentaram os mesmos
espectros (298 K) do composto - A. 0Os espectros Méssbauer
(Fig. 1.27 - pag. 57 ) @ temperatura do nitrogenio Tiquido,
desta seqﬂéncia de amostras (FeOHSO4), mostram c1aramente uma
yariagao de granulacdo nas diferentes amostras, onde o efeito
de superparamagnetismo e evidente, Este processo de altetagao
na granulacao da amostta FeOHSO4 ao longo do tratamento des

crito, pode ser visto pela dependencia do campo interno (H_ ),

nos espectros Mssbauer em funcgao dos dias de hidratacao, co-
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mo mostra a Fig. 1.28 - pag. .27,

Podemos comparar a evolugdao do carater superpara
magnético em relagao ao carater ferromagnetico, ao longo  do

processo:

A->x A+ (1 -x)B~+A,

através das intensidades das linhas magneticas e patamaghéti
cas dos espectros M8ssbauer (Fig. 1.27 - pag. ], como mos
tra a Fig. 1.29-- pag. . Uma comprovagﬁo diheta da presen
¢a de distribuigao de gtanu1agﬁo foi obtida por microscopia
eletronica, como mostra a fotografia da Fig. 1.32 - pag.
A fotografia da Fig. 1.30b - pag. 59, mostra o material, an
tes de ser aquecido,.isto €, parcialmente hidratado [27, 37/.
0 diagrama de distribuigao do diﬁmetro das parti
culas (Fig, ],31 - pag. 59}, coprespondente a um dos materi
ais preparado a 250°¢, pode ser comparado com o diagrama (Fig.

1,32 - pag. 60), de um outro material - A, preparado a 300°C.

Os espectros M8ssbauer correspondentes ao mate
rial - A, preparado a 300°C, obtidos a varias temperaturas (Fig.
1.33 - pdg. 60), a T = 112 K apresenta uma figura de seis |i
nhas com boa resolucao, um razoéve] a]argamento das linhas in
ternas e a presenca das linhas paramagnéticas que aymentam de
intensidade com o aumento da temperatura. Tais caracteristi
Cas sugerem que existe uma distribuigﬁo de campo hiperfino

P (Ho) |25 .

Utilizaremos a partir de agora, uma nova notacao
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para caracterizar os materiais: A e B (FeOHSO4.xH20), ao lon
go do processo de preparagao
T

0 ——— A (T)

FeSO4.H2 AT

hidratagdo : A (T)— AB (T)d——*'B (T)

reaquecimento : B (T7)——BA (T)g*~%'A (T)i

onde T

temperatura a qual o material foi prepara
do

d = dias de hidrataggo

j = temperatUpa a qual o matefia1 foi reaqueci

do.

Tr§s conjuntos de amostras de FeQHSO, com dife
rentes amostragens de granu]agéo foram estudadas por espec
troscopia Mbssbauer, a diferentes temperaturas. As amostras
utilizadas, correspondem aquelas com zero, guatro e seis dias
de hidratacao e posterior aquecimento, a ZOOOC, e que foram

inicialmente preparadas a 250°C. 0s espectros MUssbauer cor

200 200
respondente as amostras BA (250)0 , BA (250)4 e
mostrados nas Figs. 1.3 e 1.35 - pag. 61 e 61

apresentam as mesmas caracteristicas gerais daquelas discuti-
das para a material A(300). 0 surgimento das linhas paramagne
ticas se dao, porém, a diferentes temperaturas (Fig. 1.3 -
pag. 62) e os diagramas HO3 versus T mostram trechos vretili
neos com diferentes inclinacoes, porem, curvadas em sentidos

opostos ao grafico correspondente ao material A (300) |127].
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0 desdobramento quadrupolar (AEQ), em fungao da
temperatura (Fig. 1.37 - pag. 62 ), tambem foi acpmpanhado
desde o surgimento das linhas paramagneticas ate a temperatu

ra de 209 K, para o material BA (250)0.

0s espectros de Ressonancia Paramagnetica Eletrd
nica correspondentes ao material A(250), a varias temperatu
ras {(Fig. 1,38 - pag. 63), apresentam um alargamento assime
trico, capacterﬁstico de uma distribuicao de campo hiperfino
P (H). Estes espectros apresentam tambem um alargamento na
tinha de ressonancia (Fig. 1.39 - pag. 63 ), a temperaturas
T<TC |29l:0nmteriaT A(300), apresenta as mesmas caracteristi

cas gerais do material A (250), o grafico AT, versus T (Fig.
.'l
B

funcdo do volume dos "clusters" e da temperatura j38j.

1.40 - pag. 64 ), mostram trechos caracteristicos a T como

0 comportamento da lTargura de linha (AF/T VEersus
T) dos espectros M#ssbauer (Fig. 1.42 - pag. 65), apresentam
trechos lineares tambem caracteristicos relacionados a distribuigao

de volume e a sua natureza superparamagnetica |31},

No anexo C - 5, apresentamos um novo tipo de mag
netometro |39|. Este magnetometro foj utilizado para estu
dar o comportamento da magnetizagao (M), em fungao do campo
(H) e da temperatura {ver anexo D - 2}.0s graficos M (H,T), material
A (300}, mostram (Fig. 1.44 - pag. 66) tambem, as fases de
alto e baixo ordenamento, devido ao carater superparamagne-
tico da amostra A (300). Os diagramas M3 versus T (Fig. 1.47
pag. 6B) mostram trechos lineares com diferentes inclinacgoes

caracteristicas de interag¢les a curta e a longa distancia

| 401 .
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No anexo B - 3 apresentamos um novo tipo de celula
fotoacUstica !41|. Esta célula foi utilizada para estudar 0
comportamento do calor especifico como fungdo da temperatura.
0 grafico do sinal fotoaclistico, em fungao da temperaturs, pa
ra o material A(300), mostra (Fig. 1.45 - pag. 67 ) também tre
chos lineares com diferentes inclinagoes {ver anexo D - 4)., O
grafico 1/¢12 versus T2 mos tram (Fig. 1.46 - pag.67 ) picos
caracteristicos a ordem e a desordem magnética na amostra, cons

tituida de "particulas' finas do raterial FeOHSO, |42] .

1.4 - DISCUSSOCES

A analise de perda de peso e termo-diferencial em
funcao da temperatura em atmosfera oxidante, por exemplo ar,
nos possibilita propor um esquema para a decomposigao térmics

de FeSO4:7H20:

% MASSA T(°¢) t{min)
100,0 FeS0,.7H,0 25 0
-H,0
v
81,37 FeS0,.7H,0 + | Fes0,.4H,0 144
~H.,0
L 4
62,93 Fes0, . 4H,0 + | Fes0,H,0 172 25
-H,0
+ 02
4
62,90 FeS0 ,H,0 + A 195 30
42 }
61,20 A 195 780
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composto-B & FeOHSC, . 2H,0. A formula empirica para o composto-

A pode ser FeOHSO4 ou FeOHSO4H20.

Gollagher e col.,(ref. 34),propuseram o seguinte

esquema em atmosferas nao oxidantes

- 300)° ,

Feso,h,0 {200 0L Feso, + H,0
. (475 - 575)°¢ .
Fe.0.s0, (880 - 675)%C L o oy
TEavpaly €2 Y3 3

A decomposicao no ar, na tegiﬁo de (150 - SQO)OC

2 F8504H20 + % By — 2 FeOHSO4 + HZO

2 FeDHSO t Fe2 0 (304)2 + H20

4

2 Fe SO4 H,0 —_— 2 Fe2504 + HZO

2

’ 1
2 Fe S0, + » 0, ——= Fe,0 (S0,),

A Fig. 123 mostra o espectro infravermelho dos
compostos FeSO4e7H20, Ae B, A absorgao na regiéo de 1700 Cm'I
foi atribuida ao modo v de yibracido do ifon S0, . Quando a si
metria do ion sulfato e Td, o modo e degenerado, como no caso
do FeS0,.7H,0, Quando a simetria do fon sulfato e C3V, isto e

quando um dos oxigenios esta ligado ao metal a degenerescencia

e levantada. Esse e o caso no composto-A.

0 composto B mostrou desdobhramento adicional da

absor¢ao infravermelho do jon sulfato quando comparado com 0
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compasto-A, que pode indicar que em Ultimo caso alguns dos

. 2 - . . . Lo
ions SO4 estao ligados via dois oxigenios ao ferro.

0 espectro infravermelho do FeS0,.7H,0 e do  com
posto B mostra absorgao devido a HOH em 1650 cm"1 e uma ampla
absorcdc em torno de 3450 cm™'. Essas informacGes indicam a
presenca de agua. Contudo o composto A'mostra uma absorg?o

Tea absorcdo OH proxima de 3500 u{1

muito ligeira em 1650 cm’
e abrupta- e aparece a uma freqlencia lTigeiramente mais
alta do que nos dois outros espectros infravermelhos. Essas in
formacbes sugerem que o composto-A n3o contem agua, mas con
tem OH .

Um estudo dos parEmethos M8ssbauer da Fig. 1.21 e
uma comparagao com 0§ pesultados obtidos na termo-gravimetria
juntamente com os espectros de infravermelho, nos possibilita

propoy um esquema para a decomposigao termica do sulfato de

ferro monohidratado.

A decomposicao em atmosferas nazo oxidantes, (por
exemplo N,)e

200°¢
0 > FeS0, + H,0

por 40 horas

Fe504.H2

A decomposigao em atmosferas oxidantes, (por exem
plo ar) e significantemente diferente

] T = (220 ; 230)°C
FeSO0,.H 0 + 5 0, - > FeOHSO, + H,0

At = (12 ; 6) horas

onde At e o tempo gasto para acumular o espectro M8ssbauer (ve

ja Fig. 1.21)
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Uma proposta para a estrutura do FeOHSO4 e aquela
que corresponde a um dimero de formula estrutural plana como 2

que mostramos abaixo

'\/\\/ NN
N NN

0 valor elevado do desdobraMEhto quadhupo1ar
(AEq = 1.45 mm/seg.) do composto FeOHSO4, em te1ag80 a compos

tos de FeIII

em alto spin, pode ser assoctado a estrutura dime
ra proposta anteriormente. Nesta estrutura, o anel de quatro
membros, mostrado abaixo, nio e coplanar, o que feva 0 sitio

do Fe a fugir bastante
H
0
—

H

T~ g “\\\\‘ - -
— / S

de uma simetria octaedrica, conduzindo a um valor elevado do

desdobramento quadrupolar |27|. A afirmacado de que temos .  no

ITI

FeOHSO o Fe em alto spin & apoiada pela dependencia  do

4 L
desdobramento quadrupolar com a temperatura (veja Fig.1.37).
desdobramento quadrupolar permanece praticamente <constante

dentro do intervalo de temperatura considerado.



41

Embora um ciclo de hidratacao e desidratacao nao
altere quimicamente ¢ composto - A, modifica profundamente
syas propriedades magnéticas. Isto & evidenciado pelos espec
tros MBssbauer a nitrogenio liquido (Fig. 1.27). 0s resultados
de microscopia eletronica mostram que apos um ciclo de hidrata
¢cao / desidratacao ocorre uma modificacao acentuada na granula
cao do material (Fig. 1.30). O resultado final pode ser um
acrescimo bem como um decréscimo no diametro médio dos graos.
Se a desidratacdao € suficientemente Tenta ocorre um acréscimo
no diametro mecdio dos graos e se, por outro Tado, a desidrata
cdao nao for suficientemente lenta pode ocorrer fraturas nos
grios, o que levaria até mesmo a uma reducdo no diametro medio
dos graos. Assim guem domina o processo de crescimento dos
graos & a hidratacao. Isto pode ocorrer por dois mecanismos;
difusao e fase liquida. A difusao & caracterizada por um movi
mento simultdneo de dtomos (moléculas) : e vacancias na inter
face entre dois grac {37|. A sinterizagdo em fase liquida &
caracterizada por uma transferencia de massa entre superficies
de alta (aquelas com pequeno raio de curvatura convexa) e bai
xa {(aquelas com pequeno raio de curvatura concava) energia. Em
comum, 0s dois mecanismos envolvem transporte de massa seguido
por um processo de recristalizacac. A presenca da recristaliza
¢3o & bem sugerida nos espectros de raios-x, pela presenca de

Tinhas alargadas (Fig. 1.26).

A analise dos espectros Mbssbauer (N,L) da série
BA (250)d mostra a presenca de um diametro critico DC associa

do ao valor maximo do campo interno ( Fig. 28). Para grdos de
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FeOHSO0, este diametro & seguramente acima de 100 F e abaixo de
1000 R. Sendo assim, o comportamento magnético da . amostra
A(300), com uma distribui¢ao cunhada em torno de dois diame

tros médios (d, = 50 & e d, = 110 R) deve ser analisado e
vando em consideragao sua topografia. Este deve ser o caso ao
se analisar a transigao de fase magnética tomando- o campo in
terno como parametro de ordem da transigao. E natural esperar
nao uma temperatura critica mas sim uma distribuigao bimodal
de temperaturas criticas. As 1arguras_da distribuigao de tempe
raturas criticas deverdao ser coerentes com as larguras da pro
pria distribuigao de diametro das partculas. As posigoes dos
maximos da distribuicao de temperaturas criticas deverao refle
tir o fato de que as particulas com diametros centrados em tor
no de 50 R devem ter uma ordem maghética menor que as particuy
las com diametros centrados em torno de 110 R. Estes fatos s3o
evidentes apbs uma analise das figuras (Fig. 1.32 e 1.43).Imml

mente importantes s3ao os pontos de inflexao que aparecem nos

diagramas de [ 1olT) 7y (o) ]3 x T (Fig. 1.36). Eles refle
0

tem mudancas na ordem magnética dos componentes do sistema.Tais
pontos indicam as regioes em que cada componente da diStribui
¢do bimodal pode ser analisado sob o ponto de vista de ordem a
curta e longa distancia. Finalmente, independente da ordem mag
nética associada a cada componente da distribuigao bimodal e
independente da faixa de temperatura considerada, a lei de po

tencia € 8 = 1/3.

0s espectros MBssbauer da amostra A(300) (Fig. 1.33),

apresentam linhas assimétricamente alargadas. Basicamente sao
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duas as origens; distribuicao de campo hiperfino e fenomenos
de relaxagao. E possivel analisar o alargamento relacionado 3
transicao | 1/2 > » | 3/2 > através de um modelo de relaxagao.
0 canal de relaxacao € o momento magnético dos graos, atraves
de uma dinamica envolvendo um potencial duplo e assimetrico. O
momento magnetico associado ao cluster funciona como canal de
relaxacao acima de uma temperatura © , relacionada a barreira
de energia do potencial. O modelo utilizado admite um sistema
de dois niveis com um mecanismo de relaxagao do tipo de Debye

i A presenca de uma distribui¢do de diametros sugere uma

31

distribuig3o de energias de ativagdo. Utiliza-se entao uma dis
tribuicao expenencial de energias de ativagao para se calcular
o valor médio do alargamentc da linha Mbssbauer (Ar'). A tempe
ratura abaixo de 106 K o comportamento de AT x T & dominado
pela relaxagdao associada as particulas com diametrds centrados
em torno de 110 R. Acima de 106 K o comportamento & dominado
pela outra componente da distribuicdo bimodal |27 e 31|. 0 gra
fico AF/T x T da figura 1.42 mostra uma inflexao em 106 K. A
extrapolacao do primeiroc trecho (T < 106 K) do diagrama
Ay x T mostra que a Tinha Mbssbauer serd simétrica em 17.1K.
Assim o diagrama AI'y; xT (0K <T < 130K) devera mostrar duas in
flexbes; 17.1 K e 106 K. Estes pontos refletem uma correlagao
muito forte entre a temperatura de transicao da amostra (1) e
a temperatura de transigao do composto FeOHSO4 a campo zero
(TC). No anexo D -1 mostremos que 71 = X I a, T. . Isto nos da
duas contribuicbes para o decréscimo da t;mperatura de transi
¢ao ; &, = A @, TC (i =1, 2). Tomando os valores Ao,

a, (i =1, 2) e TC temos &, = 103.5 K e &, = 17.7 K |43].
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Medidas de magnetizacao versus temperatura tomadas
a diferentes valores de campo magnéetico externo contribuviram
para oferecer uma visao mais detalhada do comportamento magné
tico da amostra A(300)[40|. As medidas foram realizadas com um
magnetometro de amostra vibrante (MVSM) |39]. A Figura 1.50
mostra claramente a presenca de ordem magnetica a curta e lon
ga distancia. Entretanto uma visao mais detalhada € obtida su
pondo que a lei de potencia seja B = 1/3 em toda faixa de
temperatura, independente do ordenamento maghético do sistema.
O0s dados de M3 x T sao mostrados na Fig. 1.45. Admitimes gue
os pontos de inflexd@o representam mudangas de ordenamento mag
neético. Isto nos possibilitou levantar um diagrama de fases pa
ra a amostra A(300) na faixa de temperaturas considerada (Fig.
1.51). Independente do campo magndtico utilizado (veja Fig.
].12) o diagrama M3 x T apresenta 1nf1ex6es em 111 K e 165 K.
Estas temperatufas foram interpretadas como temperaturas mais
provaveis de ativagao do equilibrio ferri / antiferromagnético
nos "clusters’com d; = 50 R (T, = 111 K) e d, = 110 R (T2 = 165 K).
Observamos que o material A(300) apresenta um comportamento es
sencialmente ferrimagnético sbaixo de 111 K. Admitimos que a
energia termica média associada a este processo de ativagao
(k TAi) € proporcional 3 energia de "@xchange" média (Ji). As
PZAEE LAV FLO

mos tram que o campo interno (HO) deve ser proporcional a raiz

sim devemos ter J 0.673. As medidas Mbssbauer
quadrada do diametro medio dos"clusters” para diametros meno
res, que o valor critico. Admindo que o campo interno seja pro

porcional a energia de axchange, devemos esperar que
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1,2 /2 .
J / J = (d1 / d2) = 0.674. Um segundo conjunto de pontos
de inflexao, ao longo da linha D D' (Fig. 1.4%), esta re]acig-
nado a temperatura de blogueio dos clusters. As temperaturas
acima da linha 0 D' os clusters com diametros centrados em tor
no de dT = 50 B passam para uma fase essencialmente superpa
ramagnética (veja Fig. 1.51). A temperatura em que isto ocorre e

a temperatura de bloqueio TB . Sua relagao com o campo exter

no & dada por

25 K Tgo= 2K V + B u Hext. - 1,50

Ajustando os dados experimentais (Tinha D B') a equacao ante

rior obtemos w' = 1.01 x 10% uy , T.' (# 0) = 117.5 K e

K1 = 3,1 x 105 j/m3. Observamos gue TB] (H

ext
oyt = 0) e proximo
ao valor mais provavel da temperatura de transicao (ﬂﬂ = 118.5 K)
associada a distribuicdao de temperaturas criticas para os'"clus

ters" com diametros em torno de d1 = 50 R |27fj

Medidas de calor especifico, utilizando uma celula
fotoaclstica, confirmam as interpretacoes relativas ao compor
tamento magnético multifasico da amostra A(300). 0 diagrama de

¢/T x T2

e mostrado na Fig. 1.4, Como seria de se esperar a
Fig. 1.46 nao mostra um pico acentuado. Na realidade as medi
das de calor especifico mostram varios picos sobressaindo de
um envoltorio alargado e bimodal. 0s picos que sobressaem do
envoltorio representam temperaturas caracteristicas da amostra

A(300) obtidas utilizando-se muitas vezes técnicas diferentes

(Mdssbauer, EPR e magnetizacao).
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As medidas da largura de Tinha de EPR indicam que

o FeOHSO, deve apresentar uma fase de vidro de spin. A partir

4
do alargamento da Tinha de ressonancia & possivel prever as
temperaturas "freezing"para as partTculas que compoem a distri
buicao bimodal na amostra A(300}. O diagrama AT x T (Fig. 1. 40)

wmostra também a presenca de inflexoes. Estas certamente asso
ciadas as mudancas de ordenamento magnético no material |[38].
Finalmente, baseando-se em recente experimentos realizados com
outros sistemas (pseudobrokita e dados da literatura) € razod
vel sugerir que as temperaturas "freezing" devam ser obtidas,

via medidas de EPR, em uma faixa de temperaturas em que o sis

tema seja essencialmente paramagnhetico, i.e., proximo de TC.

1.5 - CONCLUSDES

Resultados experimentais obtidos por medidas de
M8ssbauer, EPR, magnetizacao e fotoaclstica indicam que 0
FeOHSO4 apresenta um comportamento megnético multifasico entre

as temperaturas de nitrogenio 1iquido e ambiente. Fases super

paramagnéticas bem cowmo equilibrios ferri / antiferro sao pro

fundamente dependentes das caracteristicas topograficas da
amostra utilizada. Presenca de distribuigoes multimodais de
diametros de particulas devem ser consideracos na determina

cao de distribuigoes de temperaturas caracteristicas. Nao se
pode portanto esperar que modelos teoricos simples (por exemplo

aqueles baseados em um uUnico tipo de interagao) sejam capazes

de descrever o comportame nto magnetico de amostras de FeOHsoq,
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contendo distribuigoes de particulas, dentro de uma faixa am
pla de temperatura. Entretanto qualquer proposta deve levar
em conta um fato relevante : os resultados experimentais mos
tram que a lei de poténcia 1/3 & mantida dentro da faixa de
temperatura e canpos externo utilizados. Mais recentemente es

ta hipotese tornou-se fundamental na interpretacio dos dados

de magnetizacao.
1.6 - PROPOSTAS DE EXPERIENCIAS FUTURAS

0 comportamento magneétice multifasico  observado
em pequenos aglomerados de FeOHSO4 a temperaturas acima de

77 K (N2L) sugere novas experiéncias:

(1) MBssbauer a partir de helio 17quido; analise do comporta

mento do campe interno e da largura de linha.

(2) Ressonancia paramagnética eletronica em banda-Q a partir
de nitrogenio 1iquido; analise da largura de linha e cam

po de ressonancia.

(3) Susceptibilidade AC a partir de helio 1iquido a diferen
tes frequencias; analise de dependencia do pico de suscep
tibilidade (T = Tf) com a freqliencia e a comprovacao da

lei de Curie ou Curie - Weiss acima de Tf.

(4) Ressonancia magnética nuclear do proton a partir de nitro

cénio 1iquido, andlise da conformagao do anel Fe (CH;, Fe.

(5) Calor especifico via efeito fotoacUstico (veja anexo-8),
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a partir de helio 17quido; analise das contribuigdes ele
tronica e de rede associadas aos processos de transic¢Oes

magnéticas | e |.

(6) Efeito fotoacustice de particulas finas de FeOHSO, dissol
vidas em matrizes dielétricas (resinas acrilicas); anali
se da curva de absorgao (deslocamento e alargamento) em
fungao do comprimento de onda, temperatura, concentragao

e granulagao.

Experiencias recentes utilizando um magnetometro
de amostra vibrante (pequenas oscilagbes) | |, andlise do
comportamento do sinal fotoacustico na regiao de microondas
| |, e medidas de calor especifico via efeito fotoacustico
I |, sugerem Ssua utilizagdo em ligas metalicas amorfizadas
(FeX Si]

_x o Fe Aug_, s Fe Tiy etc.):

(1) Medidas de magnetizagao (usando MYSM) em funcao da tempe
ratura e campo externo; analise do comportamento magnéti
co das ligas metalicas com diferentes proporcgdes e dife

rentes tratamentos te€rmicos.

(2) Comportamento do sinal fotoacustico (regiao de M.0.) em
fungao de freqtlencia de modulagao, temperatura e campo ex
terno {(Ressonancia Ferromagnética | e |): analise de
efeitos de superficie causados por diferentes tratamentos

térmicos.

(3) Medidas de calor especifico via efeito fotoacustico; estu
tudo das contribuig¢oes eletronica e de rede em transigoes

de fase magnética.
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(4) Efeito fotoacustico em particulas finas de metais e ligas
dissolvidas em matrizes dieletricas; analise das curvas

de absorcao na regiao do visivel e ultravioleta.
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1.16 ~ perda de pe
so em fungao da
temperatura: (a)
Fes0,.7H,0, (b)
FesOy.4H,0, (c)
Fesoq-HzQ

1.17.- Espectros In

fravermelho dos pro

dutos da analise | da
figura - 1.16: {a)
produto da analise
da fig. 1.16a, . (b)
produto da analise

da fig. 1.16b, (c)
produto da analise

da fig. 1.l6c.
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1.18 - perda de peso em
funcao da temperatura e
do tempo: (a) & °C/min,
(b) 3.5 °C/min. para o
composto FeSOA.7H20.

1.19 - Espectros infra-
produtos
da analise da Fig.l1.18a:
{a) produto da analise
da fig. 1.18a; (b) pro
duto de 1.18a

a 195 °C no ar
300 min, (c)

l1.18a aquecido a 195 °C

aquecido
durante

produto

no ar durante 780 min.
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1.20 - Espectros MUssbauT:
(a) FeSOh.7H20 a 25 °C; (b)
FeSOh.?HZO aquecido no ar

a 105 °C, espectro a 105 °C
por 12 horas; (c) produto
de (b} aquecido no ar - a
150 °C por 12 horas; (d)}
produto de (c¢) aquecido no
ar a 180 °C, espectro a
140 °C por 12 horas; (e)
produto de (d) aquecido no
ar a 300 °C, espectro a
300 °C per 12 horas.

1.21 - (a) Dependencia do

desdobramento quadrupolar

com a temperatura dos pro
dutos da decomposigao ter
mica do compostoFesmr7H2&

(b)

tagem das areas das

Dependencia em percen
linhas
do espectro MUssbauer com

a temperatura.
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1.22 - Espectros MHssbaur a

temperatura ambiente do com

posto - A exposto a uma atmos
fera saturada d'agua por 15
dias (composto - B)}.

1.23 - Espectro Infravermelho

de (a) FeS0,.7H,0; (b) compos
(c)

to - A com [mpurezas; com
posto - A puro; (d) compos
to - B puro.
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Fig. 5. Electron microscopy patterns. (a) AB(250), sample (44.000x). (b) AB(250), sample
(113.000x). (c) BA(250), sample (44.000x).

Fig. 1.30 - Microscopia Eletr8nica; (a) amostra AB(250) .,
(b) amostra AB(250), e (c) amostra BA(250), |37[0
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Fig. 1.36 - Comportamento do campo interno [H(T)/H(O)[3 e intensida

de das linhas paramagnética: (a) material

BA(ZSO)Z e (c) material BA(ZSO)A |27]
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Fig. 1.37 - Dependencia do desdobramento quadrupolar

do FeOHSO, em funcao da temperatura.
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Ferrous sulphate monchydrate has been studied as a
function of temperature. It was also heated in different
atmospheres to study by M&ssbauer resonance. The sign

of the efg has been concluded to be positive, anal-
ogous to other iron sulphates.

Szomolnokite grows in prismatic monoclinic1 crystals with
four molecules per unit cell. The Fez+ is surrounded by a dis-
torted octahedron of four 0°  from soi' and two 0%~ from H,0.

The Mdssbauer spectra were recorded in the standared trans-
mission geometry with a constant acceleration doppler velocity
transducer, 57Co in Cu with an initial activity of 5 mCi and
Ar - CH4 filied proportional counter. The thickness of the ab-
sorber was of the order of 150 mglcmz. Analytically pure
FeSO4.7H20 was used for our studies. FeSO4.4H20 was grown from
aguous solution of FeSO4.7H20 at a constant temperature + 0.25%C

within the range 54°C - 64°%. Repeated crystallisation of vari-

ous temperatures was studied for Mossbauer parameters. Sample
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357

A-002



A-003

SKEFF NETC, GARG: MUSSBAUER STUDIES

obtained from aqueous solution at 52°C gave an unresclved four
line spectra.

Ferrous sulphate monohydrate was obtained from the agueous
solution of FeSO4.4H20 or FeSO4.7H20 at 78°C. The temperature
dependence of AEQ for FeS0,.H,0 in the atmosphere of nitrogen
is depicted in Fig.l. The temperature dependence is significant

and at 473°K the Feso 4-H,0 converts to FeSO,. Alternately

-——Ft&%PHO
~—-FeS0,

Lol
"ﬂ‘..‘

o
[ ]
i

-

AEq in mmisec,
g
(=]
T

A

100 200 300 400 500
Temperature in °K

Fig.l. Temperature dependence of AEQ of Fe50,.H,0 and con-
version of FeSO,

Feso4.H20 was obtained from Feso4.7H20 or Fe504.4H20 kept at
room temperature in vacuum for a few days. The compound slowly

looses water to give Fesoq.HZO which was confirmed by chemical

2

analysis and reported“Mssbauver parameters. On the bagig of

AEQ it is concluded that distortion in octahedron around Fe2'

is less for FESO4.H20 as compared to the distortion around

2+

Fe in FeSO .7320 and Fesoq.éﬂzo._

4
The lattice contribution to the observed Mdssbauer quad-

3

rupole splitting has been estimated” for Feso4.7H20 by carrying

out direct lattice sum calculaticons on a point change model

and the contribution has been shown to be mearly 2 % of the

3is8
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experimental value of the splitting being +ve for one site
and negative for the other site. Assuming an analogous situ-
ation to holid in the case of FeSO4.H20 this indicates a neg-
ligible contribution of the lattice charges and mixing of
electronic configurations to the efg. The ground state con-

4 2
figuration for iron 3d6 in FeSO4.4H20 molecule is de a.’,

”
the five electron in the d€3d72 constituting a ferric-like
core and the sixth electron being in the de state. With the
increase of temperature the sixth electron cutside the sphérical
distribution of charge will partly populate the ,dxz' dyzl level;
the population in dT levels will remain unchanged since these

are much higher in energy. The population density n, n and

y' Txy
N, at room temperature is estimated as follows

Johnson4 et al assumed the field gradient in FeSiF6.6H20

to be due to a single electron in d22 i.e, ni = 1 comparing the
experimentally observed values of AEQ of Feso4.H20 with those

of FeSiF6.6ﬂ20, the population densities are,

Splitting of Fesod.ﬂzo

Low temp.splitting of FeSiF6.6H20

[ S ]
.
-~}

-1 - 3
=1 2 Inyz tng,

(%)
.
.}

Thus nxy = 0.8139, nxz + nyz = 0.181.

The direct comparison was preferred to the analysis of
guadrupole splitting in the reversgse that went intoc obtaining Q
from the splitting in FeSiFS.GHzo, since it avoids the un-

certainities in the value of Q, the covalency parameter and

359
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TABLE 1
Compound Temp &6/Cu AEQ EFG Ref.
°k Sign
FeS0,.7H,0 298 +0,984 3.204 +ve 5
5 3.350 11
FeSO4.4H20 298 +ve 6
FeSO4.H20 298 +1.032 2.688 +ve
concluded
8o +1.064 3.068
FeSO, 298 +1.032 3.072 +ve 7
5 3.650 11
Fe20I504I2 298 +0,192 1.445
373 0.156 l.416
423 0.120 1.392
473 0.084 1.368

that of function F. In absence of any reported MO calculations
no comparisan with the theoretical values of population den-
sities is possible.

The sign of efg for listed Fe/II/ sulphates [Table 1/ has

been reporteds’g

as positive. Assuming an analogous situation

a positive efg is concluded for Feso4.H20 and probably the
direction of maximum field gradient lies parallel to the shortes
Fe-0 distance. The peak area ratio of polycrystalline sample is
-1 indicating that Goldanskii effect is not significant.

«H

On heating FeS0 2O at 200°c in nitrogen atmosphere a

4
mixture of Fesod.HZO and FeSO4 resulted first. Prolonged heating

resulted in pure FeSO4. When FeSO4.H20 was heated in air upto

360
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180°C a mixture of compounds was obtained whose M&ssbauer para-

meters corresponds to Feso4.H20 and FeZOISO4I2. For Fezojso4i2

the internal magnetic field Hi at 80°K is 418 + 8 Koe compared:

to the reported value of 373 Koe at liquid air temperature. Pro-

longed heating resulted in pure Fe201504iz.

Fig.2.
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Thermal decomposition studies of ironfII/ sulphates have
1-9

been reported by many workers . In absence of any phase dia-

gram it will be interesting to study the metastable states

10

in Fesoq.nﬂzo as reported for Feclz.nHZO .

x

The authors are thankful to Dr. Deo Raj and br. P.G.David

for some discussions.
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MOSSBAUER THERMAL DECOMPOSITION
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Abstract—Investigations of thermal decomposition of FeSO,H:0 by Mdéssbauer resonance, thermal differential
analysis (DTA), thermal gravimetric analysis (TGA), infrared {i.r.), magnetic susceptibility, X-rays and chemical
analyses are being reported. An unidentified thermal product A (Q.S. = §-45 mm/sec) is magnetically ordered at 77K
and transition to paramagnetic state takes place at 123:5 K. In aqueous vapours compound A changes reversibly to a
non-magnetically ordered compound B (probably Buterlite). Their empirical formulae have been given.

INTRODUCTION

STUDIES of some thermal decomposition products of iron
sulphate hydrates have been reported by Vértes et
al.{1,2). Gallaghar et al[3] also studied the thermal
decomposition of iron(Il) sulphates by conventional
thermogravimetry, differential thermal analysis and
evolved gas analysis in oxidising and inert atmospheres.
The present report is such an investigation of ferrous
sulphate monohydrate and its two unidentified thermal
products. Compound A with a well resolved doublet
(Q.5.=1-454£0-012mm/sec} at room temperature, is
magnetically ordered at 77 K and the transition to the
paramagnetic state takes place at 123.5x0:25K. In
agueoUs vapour atmosphere the compound A isreversibly
transformed fo a new compound B (QS.=0-97%
0-01 mm/sec) which does not show magnetic interaction.
On reheating of compound B we obtain compound A but
now it does not show magnetic interaction at 77 K.

EXPERIMENTAL

The Maossbauer spectra were recorded with a constant
acceleration velocity transducer coupled 1o *Co in Cu matrix
source with an initial activity of 25mCi in the standard
transmission-geometry. The velocity calibration per channel was
done with a (I-9mg *'Fe/cm®)iron foil. The temperature was
measured by a copper-constantan thermocouple and the variation
of temperature was done with Elcint temperature controller
MTC-3. The stability of the temperature was better than 0-03°,
Analytically pure FeS0O..7H;O was used as the starting material to
obtain the FeSQ..H:O by the literature[4] method. The i.r. spectra
were recorded with KBr disc technique. A thermobalence in
conjunction  with the digital equipment was used for the
thermogravimetric analysis is described elsewhere[5] with stan-
dard experimental detatls of magnetic susceptibility, thermal
differential analysis. AH spectras were least square fitted with
PDP Il Computer.

Figure 1 depicts the Mossbauer spectra of FeS04.H;0 heated at
various temperatures for 12 hr. The Mdssbauer spectra at room
temperature of FeS0,.H;O heated at 593K shows a pure well
resolved doublet with §/Fe=0-44 +0-02 mm/sec and Q.8.=
1-454 mmf{sec (Fig. ). Let this compound be called as A. In Fig. |
we have compound A with impurity of FeSO,H:0 upto 453K.
Figure 2 depicts the Mossbauer spectra of compound A kept in
aqueous vapour atmosphere as a function of days. Figure 3 shows
the infrared spectra of FeS0,.7H.0, impure A, pure A and pure B
compounds.

DISCUSSION
When FeS0,.7H,01is heated in air at arate of 6°/min up
to 473 K, 37-07% of the material is lost and the Mdssbauer
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Fig. 1. Mdssbatter spectra of: (a) FeSQ..H,0 at 300 K; (b) Sample

(a) heated in air at 378 K for 12hr Spectra at 378 K; (¢) Sample (b)

heated in air at 413 K for 12 hr spectra at 413 K in air; (d) Sample

(c) heated in air at 453 K for 12hr spectra at 453 K; {e) Sample (d)
heated in ajrat 593 K for 12 hr spectraat 593 K.

spectra corresponds to nearly as in Fig. 1(b) and the
infrared spectra to as in Fig. 3(b). On maintaining the
temperature for 12 hr 38-80% of the material is lost, and
the Mossbauer spectra corresponds to Fig. 2(a) and Lr.
spectra to Fig. 3 (c). On heating the FeSO.H,0 at 593 K
we get a pure compound (called A) with Q.S.=
1-45 mm/sec and §/Fe =0-44+0-02 mm/sec (Fig. 2a). In
the laboratory atmosphere the Mgssbauer spectra of this
compound A slowly changes over a period of several
months but keeping it in aqueous vapour atmosphere the
process is speeded up and a new compound with
essentially the same isomer shift but with a different
quadrupole splitting of 0-97 mm/sec is obtained. Let this
compound be called as compound B, (Fig. 2d), the ir. of
this compound is depicted in Fig. 3d. Heating of
compound B at 383 K for a few days reconverts it to
compound A. ¥ the same procedure is adopted in vacuum
or nitrogen atmosphere the FeS0..7H.O results in FeSQ,
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Fig. 3. LR. spectras of (a) FeSO..7H;0, (b) impure A, (c) pure A
and (d} pure B.

instead of compound A. Heating of FeSO, in the same
procedure however also does not result in compound A.
On heating FeSO, or compound A at 723 K in air, one line
Massbauer spectra of Fe,O{S0.); is obtained which is in
agreement with Gallaghar(3].

The 1.8./Fe of -compound A and compound B is
0-445 mm/sec corresponds to Fe{III) high spin compounds
but Q.8. is large for the high spin Ferric compounds and it
is closer to observed[6,7,8) Q.. for Fe-O-Fe bridge
compounds. The characteristic absorption of Fe-O-Fe in

A-010
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LI, spectra is not indicated in our samples. FeSO,.7H,0
and compound B show absorption due to HOH bending
mode at 1650¢m™' and the broad absorption at about
3450 cm™' corresponding toe OH ™ stretching mode, These
features indicate the presence of water. Compound A has
very little absorption at 1650 ¢m™' and the OH ™ absorption
near 3500 cm™ is sharp and is at a slightly higher frequency
than for compound B. These suggest that compound A
does not contain water but contains OH™. A similar ir.
peak was observed by Vértes et al.[1]. The observed and
calculated (for the proposed empirical formulae) percen-
tage of Fe, §, O and H for compounds A and B are

Calculated for Proposed
formulae

Observed

Compound ACompound B Fe(OH)SC, Fe(OH)S0..2H.0

Fe 3316 27-20 3306 2725
S i8-82 15-58 18-98 15:56
0] 4716 53-50 47-36 54-65
H 0-57 2:52 059 2:46

The empirical formula of B corresponds to Buterlite
whose structure has been determined by Fanfani[9].

Figure 4 shows the Missbauer spectra of compound A
between 77 K and 147 K. The transition to paramagnetic
state takes place at 123-5K. Figure 5 shows the linear
curve of H? as function of temperature for compound A.
The data approximately follows the 1/3 power law. The
best fit of the data to an expression of the form H:

(MH=Ccq —TT)", where 8 and C are constants, T, is the

transition temperature, gives B =0-335+0-005, T.=
1235+£0:25K and C =594-94 usually C=H: (O) D.
Experimentally 10, 11] 8 = 1/3 lies with-in the range of

0-88 <% =(-98.

On heating compound B we again get compound A but
no magnetic interaction is observed. It is known[12] that
particle size can have strong influence on the magnetic
transition temperature. We have no direct information of
the particle size of our samples. If the sample is heated o
§73 K to transform to Fe;O; the measured hyperfine fiekl
indicates the macroscopic particle size of our sample. The
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Fig. 4. Mossbauer spectras of compound A as a function of
temperature.
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magnetic moment p of compound A (supposing it to be
paramagnetic, is

at 100K.
at 300 K.

p=238up
u=378un

These values are lower than the normal paramagnetic
vafues (u~5-9ua) of iron(IIf) with the types of ligands
under discussion. The low observed moments and their
decrease with decreasing temperature for compound A
imply that the compound A is a dimer or higher polymer
that exhibits low temperature antiferromagnetic ex-
change. In fact, the observation of well resolved hyperfine
splitting at 123-5 K suggests that the system is an
extended polymeric antiferromagnet probably involving
suffato bridging. The SO, ion in inorganic compounds
shows an absorption in the regions of 1100 cm™ ', which
has been attributed to the O; mode vibration. This mode is
degenerate in completely ionic sulphates, where the
symmetry of the sulphate ion is T, This seems to be the
case of FeS0,.7H,0 (Fig. 3a). When the symmetry of the
sulphate ion is Cs, (when one of the oxygens is bonded to
the metal} the degeneracy is lifted, this seems the case in
compound A (Fig. 3c). When the symmetry of the
sulphate ion is Cs, (when two of the oxygens are bonded
to the metal) the degeneracy is lifted still further. The i.r.
spectra of compound B (Fig. 3d) shows additional splitting
of the sulphate ion composed to compound A (Fig. 3b).
Thus this indicates that at least some of the SO/ jons are
bonded via twoe oxygens to the iron in this compound.

FWHM of X-ray of compound A is nearly 1° which 1s
nearly five times the experimental resolution indicating
that particle size is of the order of 150 A. This difficulty in
interpretation[3] may be to superparamagnetism.

CONCLUSIONS
Figure 6(a} depicts the temperature dependence of
various thermal decomposition products of FeS0,.7H,0.
Figure 6 (b) depicts the temperature dependence of area
of Mossbauer peak lying at positive velocity {Av.) here
each Mossbauer spectra was recorded for a fixed time Af.
The proposed decomposition scheme in non oxidising

(vacuum or nitrogen) atmosphere is

FeSO.;.HzO—MFESO.g + Hzo

but in air atmosphere the decompositions is
2FeSOH,0 +1/20,2—E 2 FeOHSO, + H,0

ZFCOHSOr—Mﬂ— FCJO(SO4)2 + Hzo

A-011
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and
2 FeS0,+ 1/2 0.—272X _ Fe,0(S04):
Fe,0(50Qu)— 2=k Fe,0; + 250,

The rate of heating in air has great influence on the
various transitions obtained.

2 FeSO.H.0+1/2 OzL 2 FeOHSO, + HO.
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Fig. 6. Temperature dependence of Q.S. of various thermal
decomposition products of FeSO..7H,0. Temperature depen-
dence of positive peak area (A.,).
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MAGNETIC PROPERTIES OF FeOHSO

4

A-014

0038~1098/78/1001-0043 $02.00/0

— I, MUSSBAUER SPECTROSCOPY

K. Skeff Neto
Departamento de Fisica, Universidade de Brasiiia, 70.910 Brasilia, DF. Brasil

and

L..C.M, Miranda
Instituto de Fisica "Gleb Wataghin", Unicamp, 13.100 Campinas, SP, Brasil

(Received 7 July 1978 by R.C.C.Leite)

MBssbauer measurements on FeOHS0; are presented. A new model based
upon the molecular—-field approximation for randomly dilute magnets is
proposed to explain the observed behavior of the internal field as a

function of the temperature.

In this paper we report our MUssbauer
measurements on FeOHSO,, and a new model
describing the behavior of the magnetization
is also propesed. The FeOHS04; sample was
obtained from the thermal decomposition of
Fe 50; #H,0, and consists of an assembly of
fine particles. The details of preparation
were published elsewhere'. The MYssbauer
spectrum at various temperatures is shown in
¥ig. 1. This was done in the usual
transmission geometry with a standard constant-
acceleration Missbauer spectrometer, The
souree was ~'Co in Cu and the velocity
calibration per channel was done with an irem
foil (1.2 mg %"Fe/em®). The samples were
pressed between two allumipum foils at
12 ton/in®? with a diameter of 17 mm and were
used directly as absorbers. The MUssbauer
spectrum in Fig. 1 at T = Bl K is typical of
superparamagnetic particles®. At T = 112 K it
already shows a well-resolved six—peak
pattern with considerable broadening of the
outer peaks and an enhancement of the
gquadrupole splitting lines. Since these are
the only lines which survive above the
transition temperature, we shall call them
from now on the "paramagnetic lines".

The usual MUssbauer analysis of super-—
paramagnetic systems have quite oftem been
reported in the literature using Neel's
theory for the relaxation of single domain
particles applied to the variation of the
MBssbauer limewidth with temperature’. Here
we look at ancther side of this problem,
namely the behavior of the internal magnetic
field with temperature, and propese a new
model based on the molecular-field
approximation for randomly dilutre alleys for
its description. The internal field variation
as a function of temperature was obtained by
fitting the MBssbauer spectrum in terms of a
hyperfine-field distribution P(H). This
distribution of hyperfine fields reflects all
possible varieties of local enviromments. The
best fit to the experimental data was domne
similarly to Refs. 3 and 4 using the
following model for P(H):

43

al-H)? + (T /2], for O,

P(H) = (1)
32 271-1
[B[m B2 + (£, /)2]7Y , for HAH

The two forms are matched in value at
H=H, and the normalization constant is
determined by the condition

@
(2)

J 4H P(H) =1
L]

The fitting of the experimental data
based on this model is shown in Fig. 1 by the
solid curves. The P(H) curves obtained from
the fitting of Fig. 1 are plotted in Fig. 2.
In Fig. 3 the circles in curve (a) show the
variation of the normalized internal field
Hg, as a function of temperature. Here lg
was obtained from the P(H)} curve (Fig. 2).

In the following we suggest a new model
based upon the molecular—field approximation
for randomly dilute magnets® to describe the
behavior of Hg versus the temperature. The
model proposed assumes that we have around
each Fe atom a cell of Z nearest—neighbours
in which the magnetization is determined by
the local comcentration in of Fe atoms and
the temperature. We further assume that omly
the magnetic atoms interact amongst
themselves through a molecular field which is
proportional to the temperature magnetization
of the neighboring atoms. Now, since the
paramagnetic line intensity is proportional
to the number of paramagnetic Fe atoms, the
observed ephancement of the paramagnetic
intensity below T,=120.2 K(see Fig.l) means
that the number of Fe ions that are becoming
paramagnetic below T, is increasing with
temperature. Here T,=120.2 K is defined as
the actual transition temperature. Physically
this suggests that as one increases the
temperature some of the meighboring magnetic
atoms are having a large number of spin
deviation so that, on the average, they
behave as if they were paramagnetic. This
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Fig. 1 — Temperature dependence of the
MYssbauer spectrum for FeOHS50,. The
solid curves are the fittings based
on Eq. (i}. At T=124 °K the spectrum
shows a pure well Tesolved doublet
with 6=0.44 * 0.02 mm/3s relative to
Fe metal and Q.5.=1.45 wm/s.

experimental paramagnetic line intensity.
Hence assuming a random magnetic within the
molecular-field approximation®, performing
the same calculations as in Ref. 5 and
allowing for the variation of m with the
temperature, the expression for the

where A is a constant smaller than unit magnetization per atom M (= <S%>) is then
and Ip(T)/Ip(IQAOK) is given by the normalized given by®

then led us to further consider the
concentration m as a function of
temperature, namely,

(T =A[1 - L) /15(1249K) |,
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Fig. 2 - Temperature dependence of the
hyperfine field distribution for
FeQHSO, .
,{ (T)]v [1 (T)]z—v neighbor exchange interaction. In arriving
1 M = ; z.m B (3) at Eq. (3) we have for simplicity restricted
270" ourselves to the case of spin 1/2. For the

v . 1]

=) ZMIv
(z~v) vl [exp R T

where J is the strength of the nearest-

dense or pure system, i.e., m{T<T.) =1,

Eq. (3) reduces to the well known molecular-
field theory result. This is shown in Fig. 3
bu curve (b). The actual function m(T) was

45
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Fig. 3 - Variation of the normalized intermal
field H3 (a), the reduced magnetiza-
tion (b? and (d}, the paramagnetic
concentration m,(T){c), and the
distribution P(T)/100(e) with
temperature for FeOHSO,. The
experimental points are represented
by circles.
determined by imposing that (M) 3 given by AL (T}/I (124 K) =
Eq. (3) fits the H3 data. The plot of (2M)3 . P P
so obtained is shown by the full line in
curve (a) of Fig. 3. In the proposed —1,2(I-T5) - ,2T
expression for m(T}, A means that one has as tan ——TT—JLQ + tan (TriL- x A
intrinsic disorder in our system even at low 1 i , G<I<T,
temperatures {probably due to paramagnetic -1 ,2T .27 -
Fe(HSO, 2H90 particles), whereas tan T1 )+ P
AL, (T)/1,(1249K) accounts for the increasing
. P P . . (4)
disorder as the temperature is raised. The . T-T,
points corresponding to 1 - m(T} = m (T) are 2vZnl | 1-erf 7 x A
shown by the circles in curve (¢} of Fig. 3. A= Tov2 , T>T,
This function m,(T) is well represented by -1 2T T.J/2m -
the expression Y -+ X(IP(T}/IP(IZQOK) Tl tan (rl } o+ rl

where A = 0.98 and
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with T,=0.88, T, = 0.051 and F1=0 074, The
plot of mp(T) as def1ned above is shown in
curve (c) by the full line. It should be
emphasized, however, that by plotting
Ip(T)/Ip (1249K) directly from the
experimental intensities, one gets the same
temperature behavior as the one given by
Fq. (4) with the same values of Ty, Iy and
ry. Finally, in curve (d) of Fig. 3 1t is
ghown by the full line the plot of 2M using
Eq. (3) together with the present model for
m{T) = 1 - mp(T). The circles in this

curve are the experimental points Hg.

Now, as is well known®, in the case of
dilute magnets with fixed concentration m
of magnetic atoms, the transition
temperature is obtained by expanding the
equation for M in powers of MJ/KgT and
retaining only the linear term in M. The
result one gets for fixed m is that the
critical temperature T. is equal to that
of the pure system, T, = Z3/2 Kp, times m
(i.e., T, = ul.). In our case, expanding
Eq. (3) ;n powers of M, retaining only the
linear term and bearing in mind that as T
increases m approaches zero, cone gets the
following transcendental equation for the
transition temperature.

T = T, m(T) (5)

from which one obtains,

ar _dm
T:' = P(T) dT 4T (6)
or:
dn
P(T) = T

In dther words, the assumption of a
temperature~dependent concentration of
magnetic atoms means that one has a
distribution of transition temperatures3,
given by Eq.(6). In our present case, using
Eq.(6), P(T) is given by

P(T} =

A
(T-To)2 + (rl/z)2

RiES Sl
(M

A

e ¢xp| = (T~T 12/2 02], T >T
(r /2 e, °
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where To=116.7 K, ¥3=9.8 K, 0=2.9 K and A

is the normalization constant. It should be
noted that in the case of a dilute system of
fixed m, i.e., m(T)= m|1 - B8(T-T , where
B(T-T.) is the step function, the average

value of T with the distributicn function

P(T) =dm/dT gives the usual molecular-field
result for the transition temperature, namely,
c—mTc The plot of P(T) for cur case is shown
in curve (e) of Fig. 3.

In conclusion, we have discussed in this
paper the magnetism of FeOHSO, via MUssbauer
spectroscopy. The data for the internal field
behavior at relatively high—temperatures was
understood within the molecular-field medel
for random dilute magnets whevre the
concentration of magnetic atoms varies with

the temperature. The motivation which led us
to this temperature dependent concentration
was the strong variation of the paramagnetic
line intensities (i.e., the quadrupole
splitting line intemsities) near the critical
temperature. We have then entered in the
molecular-field model for random magnets with
m given by A[l 1 (T)/IP(IZAOK)]. The good
agreement so obtalned means that the
hypothesis of a temperature—dependent
concentration of magnetic ioms recovers the
disorder dynamies lost in the usual molecular-—
field theory (i.e., the neglect of the
transverse terms of the Heisenberg Hamilton-—
ian). This is translated in the fact that
M(T), here obtained, follows quite well the
1/3-power law. This 1/3-power law for our
data is also confirmed by an independent
fit of our data for Hg to an expression of
the form H (T} = C(1- T) where T=T/tc. The
corresponding values for B, C and T, one
gets are: B=0.34 : 0,01, C=572.5 % 0.5 KO,

Te = 132.3 # 0.3 %K(0.60<7<0.72);
B=0.33 £ 0.01, C=610.0 * 0.5K0,,
To=124.0 £ 0.3 %K (0.72<1<0.84);

B=0,34 * 0. 01 C=674.8 * 0.5 KOe

To=120.2 * 0.3 %K (0.84<1<1.00). Physically,
the existEnce of w(T), and therefore, of a
distribution of T, is due to the fact that
pur system consists of an assembly of
microerystals, for which case, the
distribution of particle volume, as recently
been demonstrated®, implies in a
distribution of critical temperatures.
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Resume

Des mesures d'effet MUssbauer, sur du FeCHSO; sont presentees Nous preoposons, ici, un
nouveau medele, base sur 1° approxlmatlon du champ moléculaire pour des aimants dllues, afin
d'expliquer le comportement observe, pour le champ interne, en fonction de la temperature,
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Abstract. A simple molecular-field model taking into account the characteristic volume
distrihution of an assembly of magnetically ordered microcrystals is developed to explain
the observed high-temperature behaviour of the magnetisation. It is also shown that the
volume distribution implies a distribution of critical temperatures.

The magnetic properties of microcrystals (systems consisting of an assembly of fine
magnetic particles of 20-200 A diameter) are currently a subject of considerable interest.
Anumber ofinvestigations on superparamagnetism (Wohlfarth 1977, Morupand Topsoe
1976) and the discovery of new phenomena like the surface sensitive magnetic aniso-
tropy energy barriers (Dumeste et af 1975) and pinning of surface spins (Berkowitz et al
1975) have recently been reported, The original description of the magnetisation prop-
erties of such systems was suggested by Néel (1949): in these single domain particles the
magnetisation vector is held in an easy direction by the crystalline field. At any finite
temperature, thermal fluctuations cause the magnetisation to undergo a sort of Brownian
rotation around the easy axis, and there is a finite probability that it will instantaneously
change its direction into another easy direction. The relaxation time, which indicates
how rapidly this transition occurs, was deduced by Néel and is given by Wohlfarth (1975),
Morup and Topsoe (1976) and Néel (1949)

T = 7, exp{KVk,T) (1

where 7, is a time of the order of 1 ns, K is the anisotropy constant, Vthe volume of the
microcrystal, and k,;Tis the thermal energy.

In this Letter we report on a model calculation for the high-temperature behaviour
of the magnetisation of magnetically ordered microcrystals, having a characteristic
grain size distribution, and show that the observed one-third power law is adequately
accounted for. We begin our discussion by noticing thatin a measurement ofthe magnetic
properties of a single-domain particle, what is observed depends on the ratio of the time
required for the measurement, 1, , to the relaxation time, 7, given by equation (1).For
1, <€ T, the particles will show ferromagnetic behaviour whereas for 7, » 7, the

0022-3719/78/0016-9695 $01.00 © 1978 The Institute of Physics L695
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particles will be superparamagnetic. With the Mossbauer spectroscopy, for instance, the
nuclear Zeeman splitting caused by the internal magnetic field at the site of the nucleus
can be observed only if the Larmor frequency v, of the nuclear spin is larger than 77
(ie., 1., corresponds to v, !). For 7 > v, ! the particles will be superparamagnetic and
the Zeeman splitting will disappear; for T &~ v_ ! one observes a partially relaxed mag-
netic hyperfine spectrum. In this sense the M3ssbauer spectroscopy is a particularly
suitable tool for investigating superparamagnetism. As an example, in figure 1 we show

09751 124K

6 L 2 0 2 + +6 +8
Relative velocity, {mm s}

Figure 1. Méssbauer spectra of FeOHSO, at different temperatures, taken from Skeff Neto
and Garg (1975) and Skeff Neto and Miranda (1978).

the M&ssbauer spectrum of FeOHSO, at various temperatures. The experimental de-
tails as well as the sample preparation were reported elsewhere (Skeff Neto and Garg
1975, Skeff Neto and Miranda 1978). The Mdssbauer spectrum at T= 112 K already
shows a well-resolved six-peak pattern with a considerable broadening of the outer
assymetric peaks and an enhancement of the electric quadrupole splitting lines. These
features clearly suggest that there is a distribution of hyperfine fields reflecting all
possible varieties of local environments (Tsuei and Lilienthal 1976, Sharon and Tsuei
1972) (i.e. the contribution of all microcrystals in the sample). In the following we show
that this distribution of hyperfine fields is essentially due to a particle size distribution.
Furthermore, this size distribution determines the observed temperature dependence
of the. magnetisation when one includes, in the description of our system, the particle
anisotropy contribution, as in the usual superparamagnetic relazation theories (Morup
and Topsoe 1976, Néel 1949). To this end we assume an assembly of magnetically ordered
particles having a size distribution P(V). The magnetic Hamiltonian for a particle of
voiume/Vwith uniaxial symmetry may then be written as (Wohifarth 1977, Morup and
Topsoe 1976, Néel 1949)
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# = —JTS,.8,— KV (5 2)
i T

where J is the Heisenberg exchange integral between the z nearest-neighbour spins (S),
and KV is the anisotropy energy barrier. Within the molecular-ficld approximation and
for § = 4, it follows from equation (2) that the magnetisation per atom M = {57 (i.e.,
the thermodynamic average of the z-component of the spin)can be easily calculated and
the result is

M(V) = L tanh{f(Jz + KV)M(V)2) 3)

where f = 1/k,T. Expanding equation (3) in the limit when M(V) — 0 the transition
temperature T (V) is readily obtained. One gets

BT(V)= Uz +KVY4. @)

The above equation establishes the transition temperatures for a grain of volume V.
Since one has a distribution of volume, equation (3) implies that we also have a distribu-
tion of critical temperatures.

Now, if one realises that what, for instance, the Massbauer spectrum gives us is the
sum of contributions of the magnetisation of all microcrystals, the experimentally ob-
served value M of the sample magnetisation is then given by the averaged value of M(})
over the volume distribution, namely,

M = rdv P(V) M(V). : (5
3}

Here M(V)is given by equation (3) and P(V) is the volume distribution which may be
known from, say, electron microscopy data. Equation (5) established the connection
between our model and the experiment. To proceed we shall further assume a Lorentzian
distribution of volume with average volume V, and width T, i.e,

/2 1

(nj2) + tan'@V,T) (V — Vo) +@/2F (©)

P(V) =

This representation for P(V)is generally accepted. In particular, in the case of FeOHSO,,

100,
]

075

050

(2 M)

025

050060 D0 080 090 T

Figure 2. Varition of the magnetisation cubic {compare equations (3), (5) and (6)} versus the
reduced temperature for a = 1-01 and 7 = 0-30.
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Table I.

(MP « = 051 051 101 101
7 7 =020 0-30 020 0-30
0-50 092 098 091 0-97
052 090 096 089 0-94
054 087 093 . 086 091
0-56 0-84 090 0-83 0-88
058 0-81 087 080 0-85
060 078 083 076 082
062 074 079 073 078
064 070 076 069 074
066 066 072 065 070
068 062 067 061 066
070 0-58 063 0-57 062
072 0-54 058 053 057
074 049 054 048 053
076 045 0-49 0-44 043
078 0-40 044 040 044
0-80 036 0-40 035 039
0-82 031 035 031 034
084 026 0:30 026 030
086 022 025 022 025
088 017 021 017 021
090 013 017 013 017
092 009 012 010 013
094 006 009 006 009
096 003 005 003 006
098 001 002 001 003
100 000 001 0-00 001

¥V, and I are typically of the order of 0-52 x 10~ ** cm® (d = 100 A} and 419 x 10~ 2*
cm?® (A = 20 A), respectively (C A Ribeiro, unpublished).

In figure 2 we show the behaviour of (2M)* as a function of the reduced temperature
T = T/KT,> (whete kydT,> = (Jz +kV,)/4) for « = kV,/Jz = 1-01 and n = /v, =
(-30. The computer data is summarised in table L. It follows from figure 2 and the analysis
of table 1 that, in the high-temperature region, the (2M)*-curve is well represented by
three successive straight lines indicating that M obeys a one-third power law. The succes-
sive bendings are attributed to the fact that we have a volume distribution and that the
larger particles take longer (according to equation (1)) to get disordered Finally, one
notices that in the temperature region around 0:90, (2M)? is no longer a straight line.
This is due to the fact that actuaily P(V) is not truly symmetric. The region of high V
vanishes more rapidly than the low Vregion. This is a consequence of the upper critical
size, first predicted by Frenkel and Dorfman (1930), below which a particle of ferromag-
netic material would consist of a single domain and be in a state ofuniform magnetisation.
This critical particle size was later estimated by Kittel (1946) and an approximate figure
for the radius of a spherical sample of common ferromagnetic materials was found to be
150 A. The kind of behaviour depicted in figure 2 is actually what is observed via Méss-
bauer spectroscopy in several systems of magnetically ordered microcrystals (Skeff
Neto and Garg 1975, Skeff Neto and Miranda 1978, Kuandig et al 1966). As an example
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100
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Figure 3. Variation of the internal field cubic with temperature for FeOHSO, taken from Skeff
Neto and Miranda (1978). The experimental points are represented by circles.
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Figure 4. Variation of (2M)* as a function of (1 - 1/7,) in a double-log scale for @ = 1-01 and
# = 0-30. The symbols are the same as those defined in the text.

we show in figure 3 the plot of the internal field cubic, H7, versus the temperature for
FeOHSO, (Skeff Neto and Garg 1975, Skeff Neto and Miranda 1978). Finally, to best
depict the one-third power law we show in figure 4 the log-log plot of (2M)° as a function
of (1 — t/v). Here 7, (i = 4, B, or C) refers to the critical temperature in regions A
{050 < 1 £ 060), B (062 <1 <070 and C (072 € © < (0-86), and are obtained by
the extrapolation of the three successive straight lines of figure 2; we have 1, = 1'15,
1, = 101 and 7, = 0"97. The angular coefficient one gets in these regions are 7, = 1-00,
1, = 1:00 and 7, = 0-99 respectively.

In conclusion, we have demonstrated in this Letter that within the molecular-field



A-026

L700 Letter to the Editor

approximation, the volume distribution of a system of magnetically ordered particles
is largely responsible for the magnetic properties of these systems. In particular it is
responsible for the distribution of critical temperature characteristic of the systems
as well as for the observed one-third power law for the magnetisation as a function of the

temperature.
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Study of magnetism in fine particles of ferric hydroxysulfate by Mdssbauer
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Experimental results of magnetization and Mossbauer measurements on ferric hydroxysulfate
are presented. The method developed in the preparation and characterization of samples is
discussed. In the present paper the magnetic properties are explained taking into account the
pattern of particle size distribution of the samples in the region of superparamagnetism. The
model is described in the molecular-field approximation for randomly dilute magnets.

PACS numbers: 76.80. 4+ y, 75.60.Jp, 75.40. — 5, 75.10.Jm

L. INTRODUCTION

The investigation of magnetic and structural properties
of materials in superparamagnetic states has a theoretical

and practical interest. The original description of the magne-

tization properties of such systems is due to Néel,' who pro-
posed that in these single domain particles the magnetization
vector is held in an easy direction by the crystailine field. At
any finite temperature, thermal fluctuations cause the mag-
netization to undergo alike random rotation around the easy
axis, and there is a finite probability that it will instanta-
neously change its direction in another easy direction. The
relaxation time, which indicates how rapidly this transition
occurs, was deduced by Néel,! Morup and Topsoe,” and
Tsuei and Lilienthal® as

T=r1,explKV/K;T), (1)
where 7, is a time of the order of 1 ns, K is the anisotropy
constant, ¥is the volume of particle, and K, T is the thermal
energy. The superparamagnetic phenomenon occurs more
frequently in particles having a diameter of the order of some
hundred angstroms.

In the present paper we report and discuss Mssbauer
measurements i the usual transmission geometry on ferric
hydroxysulfate (FeOHSQO,), and the method used in the
preparation of samples with different particle size distribu-

Fe 5047 HyO

previos
thermal
irealment
Y

Fe 804 o Hy0

| 2s0° ¢ 300° C

A{250) A (300

FIG. 1. Schematic experimental steps in the production of the FeOHSO,

samples.
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tions. The magnetic properties of FeOHSQ, are described in
the molecular-field approximation for randomly dilute al-
loys.

Il. EXPERIMENTAL PROCEDURES

The FeOHSO, sampies are obtained from the thermal
decomposition of Fe$Q,-7TH,0 according to Skeff and
Garg.*® A schematic diagram of the experimentai procedure
for the production of these samples, at two different thermal
treatments (250 and 300 °C), is shown in Fig. 1; these samples
are identified as A(250) and A(300), respectively, in this pa-
per. In the laboratory atmosphere the Mdssbauer spectra of
FeOHSO, change slowly over a period of several months. In
an aqueous-vapor atmosphere (75%) the process is speeded
up and after 22 days (room temperature] a new compound’
with essentially the same isomer shift (IS) but with a different
quadrupole splitting (QS) is obtained; we denote these com-
pounds B{250) and B(300).

The IS (Fe) of compounds A{250,300) is 0.473 mm/s
and for B(250,300) is 0.423 mm/s corresponding to Fe{IIl)in
the high spin configuration, but QS is large for the high spin
ferric compounds® and it is closer to observed QS for Fe-O-
Fe bridge compounds.” The QS of compounds A(250,300)

4000 3000 2000 1500 cM™' 1000 900 800 700
1 dasa s Sagparaaaa e toa oo no 1w bl lea g

TRANSMITTANCE, Y%
n
o
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FIG. 2. IR spectra of (a) A and {b) B compounds at room iemperature.
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and B(250,300), al room temperature is 1.451 and 0.967
mm/s, respectively. The ir spectra of compound B shows
absorpirion due to HOH bending mode at 1650 cm™ ' and a
broad absorption about 3450 em™ ' corresponding to OH™
- stretching of water. Compound A has a very little absorption
at 1650 em ™' and the OH™ absorption near 3500 em ™' is
sharp and at a slightly higher frequency than those for com-
pound Bisee Fig. 2). These suggest that compound A does
not contain water but contains OQH ™. The observed and cal-
culated percentage of Fe, §, O, and H for compounds A and
B are closely to FeOHSQ, and FeOHSO,-2H,0, respective-
1y. Heating compound B at 200 °C for few days reconverts it
to compound A but the magnetic interaction, as seen via the
Mossbauer spectrum, is very different.

The FeOHSQ,, sample A(250), obtained by the pre-
vious thermal treatment was hydrated at room temperature
in the presence of aqueous-vapor atmosphere (75%) and the
time required for the total hydration was 22 days. The final
product was B(250) identified as FeOHSO,-2H,0. The pro-
cess of hydration will be represented by »

A250)—A B(250),,
where d represents the days of exposure to the aqueous-va-
por atmosphere, The sample A B(250), is the A(250) and the
sample A B(250),, is the B{250). The process of hydration of
A(250) was monitored by Mossbauer spectroscopy, at room
temperature, and a Mossbauer spectrum was obtained every
two days. In Fig. 3 we show the Mossbauer spectra of

AB(250), for d =0, 6, 12, 22. The process of dehydration of -

AB(250), by heating at 200 °C for various days may be repre-
sented by

A B250), B A[250),,
where B A(250), show the same IR spectrum, IS {Fe)and QS

10C0 4 W W
4B (250}, \ 29B K

09751 } \ /"

0950

1000t ! MM
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FIG. 3. Mossbauer spectra of A B(250),, at rcom temperature, afterd = Q,
6, 12, and 22 days of hydration.
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of A(250), at room temperature, but their Mdssbauer spectra
differ at low temperature (77 K). In Fig. 4, we show the
Massbauer spectra of B A(250), at 77 K. The spectra for
three different samples, A(300), B A(250),, and B A(250),
obtained at various temperatures are shown in Figs. 5(a),
5(b), and 5(c), respectively. The particle size distribution for
one sample, A(300), was obtained by electron microscopy
and is shown in Fig. 6. The electron microscopy and the
particle size distribution, for B A(250), sample, are presented
in Figs. 11(a} and 11(b), respectively.

Ill. ANALYSIS

The empirical formula of the B compound corresponds
to Butlerite whose structure has been determined by Fan-
fani.* The magnetic moment of compound A (assumed as
paramagnetic), is # = 2.38 up at 100 K and p = 3.78 1, at
300 K. These values are lower than the usual paramagnetic
value {~ 5.9 p1,) for iron (I1I) having the typesof ligants
under discussion. For compound A the observed moments
and their temperature behavior suggest that it is a dimer.
The SO; *ion in inorganic compounds shows an absorption
in the region of 1100 cm !, which has been attributed to the
O, mode vibration.’ This mode is degenerate in completely
ionic sulfates, where the symmetry of the sulfate ion is 7.
When the symmetry of the sulfate ion is C,, (whentwo of the
oxygens are bonded to the metal) the degeneracy is lifted;
this seems to be the case for compound A (Fig. 2). Thus this
indicates that at least some of the SO, * ions are bonded via
two oxygens to the iron in this compound. A structural for-
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Finally, the distortion generated in the Fe site by the four-
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member ring in the above structure could be correlated with
the anomalous large QS for the high spin ferric compounds.

The Mdssbauer spectrum shown in Fig, 4 suggests two
different behaviors: firstly, as the days of hydration {d ) in-
crease, the quadrupole splitting—which is indicative of the
magnetic disordering—appears, and the intensity of the hy-
perfine splitting (six lines) decreases, and secondly, as the
days of hydration (d ) increase, the internaifield (Hy) growsto

P. C. Morais and K. S. Neto 308



020 -
(D p>50 R
{ayy=no &

w 0I6F

g

B

& oizf

&

:

2 o08|

g

L

)

®oo4)

1 | ]
[ 50 150 200

00
DIAMETER (&)
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a maximum and then decreases. This behavior is shown in
Fig. 7. The internal field (H,) was obtained by fitting the
Mdssbauer spectrum in terms of a hyperfine field distribu-
tion P (H), similar to that suggested by Sharon and Tsuei'
and Tsuei et al.’ The expression for P (H ) is

271 -1 .
A [(H—Hof +(€L) ] , for O< H<Hy, | (2a)
I,

= e

27 -1
)] , for H>H, (2b)

Upon matching these values at H = H, the normalization
constant is determined by the condition

J:o P(H)H = 1.
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FIG. 7. Magnetic internal field behavior as the days of hydration for B
A{250), sample (d = 2, 4, 6, 8, 10, 12, 14, 16, 1§, 20, 22).

The behavior of the normalized H | versus temperature for
the samples A(300), B A{250),, and B A{(250), is shown in
Fig. 8. The experimental points are represented by circles
and the solid lines represent the best fit of the data to an
expresston of the form

B —p-r/ry, @)

H,{0)

where D and § are constants, H,(0) and T, are internal field
at 0 K and the transition temperature, respectively. For the
sample A(300) the adjusted values are Hy{0) = (469.6 4- 0.5)
kOe, D =(1.225 4+ 0.005), T.=(131.66 +0.05) K and
B =(0.335 + 0.005). It follows from Fig. 8 and the analysis
of the experimental values of H,{ T') that the values of [H,(1")/
H{0)]? are well represented by a succession of straight lines
all indicating that [H,(T )/H0)] obeys a one-third power
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FIG. 8. Experimental values of [Ho(T')/H,(0)]
and paramagnetic intensity lines (/,} as a func-
tion of temnperature for (a) A(300}, (b) B A{250),,
040 and B A[250), samples.
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law.

The electron microscopy results for the A(300) sample
shows the presence of a particle size distribution centered
around two different diameter values, as presented in Fig. 6.
The behavior of the internal field (H,) versus d {days of hy-
dration}, for the samples B A{250), shown in Fig. 7, was
interpreted according to Luborsky'? and suggests that there
is time evolution of the particles diameter in the process of
hydration and dehydration of the FeOHSO,.

The Mossbauer spectra at various temperatures, shown
in Fig. 5, are typical of superparamagnetic particles. The
Maossbauer spectrum for the sample A{300) at 77 K shows
the characteristics assymetric broadening and at 114 K
shows a well-resolved six-peak pattern with considerable
broadening of the outer peaks and an enhancement of the
quadrupole splitting lines. Since these are the only lines
which survive above the transition temperature, from now
on we shall call them the “paramagnetic lines.” In the litera-
ture the analysis of such systems has been done quite often
with the help of Néel theory for the relaxation of single do-
main particles together with the vanation of the Mdssbauer
line width with temperature in accordance with Roggwiller
and Kiindig'? and Kiindig et a/.'* The theoretical approach
of this problem, based upon the Green functions, has been
used by Tahir-Kheli and ter Haar,'® Callen'® and Tahir-
Kheli.'”"'® In our paper we consider another aspect of this
problem, namely, that of the behavior of the internal mag-
netic field with temperature and using the model based upon
the molecular-field approximation for randomly dilute al-
loys as described by Tahir-Kheli e al.'® We consider the
presence of a particle size distribution centered around dif-
ferent diameter values {,). The presence of such a particle
size distribution must be determined by other techniques (for
example, electron microscopy). A similar analysis was car-
ried out by Skeff and Miranda® to take into account the
presence of a particle size distribution centered around only
onediameter value (D ) but the fit with experimental values of
magnetization near the transition temperature is very poor.
The model assumes that around each Fe atom there is a cell
of Z nearest neighbors for which the magnetization s deter-
mined by the local concentration of Fe atoms and by the
temperature. In this model the magnetic atoms interact
amongst themselves through a molecular field which is pro-
portional to the magnetization temperature of their neigh-
bors. If we consider that “paramagnetic line” intensity is
proportional to the number of paramagnetic Fe atoms, we

I
2T — Ty, 27,
rtan’l[—(——o')] + tan"(—-ﬂ)
I-‘li Fll'
tan*’(zrw) + Lo2m
I-‘]i Flf
T— Ty
2J271},,[1 - erf(-—”i)]
. . Iy 2m

o () 222
\ Iy Iy
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can associate the density of magnetically ordered atoms m as
a function of temperature, namely,

m{T)mxl[l -—zaJ;{T)/IP(G)J, {5)

where A, a constant smaller than unit, represents the density
of the magnetically ordered atoms at low temperature, a; 1§
the fraction of particles with diameter centered around Dy, 8
is the temperature beyond which no magnetic contribution is
felt by the Mdssbauer spectrum and the values of
I (T)/1,(8)is given by the normalized “paramagnetic line”
intensities. In terms of the molecular-field approximation
for the ferromagnetic ordering and allowing for the variation
of m with the temperature given by Eq. {5), the expression for
the magnetization per atom M is given by

RIYIS R 1.4 LY )
2 o (z v exp(MT /K, T) -+ 1]

in the case of spin § = 1/2. In Eq. (6) z is the number of .the
nearest-neighbor exchange interaction. The actual function
for m(T) was determined by imposing that{23f )’ givenby Eq. -
(6) fits the H J data.

IV. RESULTS

In the case of dilute magnets where m(7}.s a function of
temperature it is well known'®*° that the transition tempera-
ture is obtained by expanding the Eq. (6) in powers of
MJ /K T and retaining only the linear term in M and bear-
ing in mind that as T increases m(T") approaches zero, the
following transcendental equation for the transition tem- .
perature is obtained

r=T7T.mT), {7

from which one obtains an expression for the distribution of
transition temperature'®'! P(T),

a1 _ dmT)

T, dar
or
dm
Pl = —. 8
(T) T {8)

The expression for 1(7")/1,(8} for the A(300) sample
was adjusted by

0<T< Toia
(9a)
(9b)
T>1T1,,
P. C. Morais and K. 5. Neto 311



TABLE 1. Experimental adjusted values for the A({300) sample, where T, is
the eritical temperature of the sample {K), H,(0] is the internal field at 0 K
(kOe), 4 is the densily of magnetically ordered atoms at low temperadture, a;
is the fractien of particles. whose diameter is centered arcund I3, 7, is the
extrapolation of the eritical temperature related at region of high magnetic
order, 7, is the extrapolation of the eritical temperature related at region of
lower magnetic order, & is the temperature where does not exist any one
magnetic contribution in the Mossbauer spectrum, T, is the temperature
associated with the maximum of # (7"} and I'y,, I™y; are the width of P(T)
distribution,

T, 131.62 + 0.0 é 0.940 + 0.002
Hyl0) 467.5 +0.5 T 0.900 4 0.001
A 0.921 4 0.001 Toa 0.919 £ 0.001
a, 0.854 + 0.00] Y 0.013 + 0.002
o, 0.146 + 0.001 I dm9iamn
7 0.918 + 0.06] i 0.011 + 0.002
7 0.948 4 0.001 f 0.012 + 0.002

where T}, is the temperature associated with the maximum
of P{T) distribution centered around diameter I); and I,
I}, are the width of P {T) distributions. The corresponding
values for these parameters are given in Table I, and P/ T} is

given by

A
. 0<T<T,,
N [ A 1o
PUT) =
mexp{—{T—To,]/ZU,z], T>TOI'
(10b)

In Fig. 9 we show the critical temperature distribution P (T}
associated at the A(300) sample.

In Fig. 10 we show the behavior of [Ho{T )/ H(0)]%,
[H{T)/Hy0)),andm,,(T) = [1 — m{T")), wherethefulllineis
that obtained by our model and the points are the experimen-
tal values obtained for A(300) sample.

V. DISCUSSION

The behavior shown in Fig. 4 is associated with the size
of {1 — x)FeOHSOQ,. 2H,0 particles during the process of
hydration. The diameter of the particles increases with the
days of hydration, and the process of dehydration does not
alter them. I Fig. 7 the presence of a critical diameter D,
associated with the maximum of theinternai field H,, is noti-
ceable. Thus the effective value of the internal field obtained
by the Mossbauer spectrum must be determined by the val-
ues of D, relative to D_, and the relative intensity of each
particle size distribution centered around IJ;; conseguently
the initial raising of H, (in Fig. 4) as a function of days of
hydration is associated with the growing of particles having
diameter below the critical value D, and the subsequent low-
ering of H, is associated with the growing of particles diame-
ter, beyond that diameter. The second observation related to
the same Fig. 4, is that of the increase of the “paramagnetic
line” intensity and the decrease of magnetic line intensity as
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FIG. | 1. {a) Eleciron microscopy for B A[250), sample (44000 }. (b) Parti-
cle size distribution for B A(250), sample obtained by electron microscopy.
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a function of days of hydration. These behaviors are under-
stood bearing in mind the lowering of magnetic-ordered
atoms fraction or the raising of magnetic-disordered frac-
tion. .

The behavior of H ] vs T, for different samples, as de-
picted in Fig. 8 indicates different transition temperatures of
sample. Within experimental error the experimental values
of H} X T show three regions (straight line) with different
angular coefficients for A(300) samples, and two different
regions with different angular coefficients for the B A(250),
sample. In the H} X T curve for A{300) samples, the first
region (77 K. < T <95 K corresponds to Mdssbauer spectra
with a well-resolved six-peak pattern where the broadening
of the outer peaks indicates the presence of a distribution of
hyperfine fields. However, in this first region the contribu-
tion of magnetic disordered atoms is not significant. On the
other hand, in the second and third regions of the H§ X T
curve for the A(300) sample, for 95b K < T'< 107 K and 107
K « T <122 K, respectively, the contribution of magnetic

313 J. Appl. Phys., Vol. 54, No. 1, January 1983

disordered atoms is a important one. We associated the mag-
netic disordering of two final regions with a particle size
distribution centered around two different diameters, 50 and
110 A. Those particles with diameters centered around 50 A
show a magnetization value lower than those with diameters
centered around 110 A, for in this case the A({300) samples
are below the critical diameter (D,). Consequently the sec-
ond region of the H § X T curveis domimated by the magnet-
ic behavior of the hloh particle diameter (110 A) and the
third region is dominated by the lower particle diameter {50
‘A). Inthe H2 X T curvefor the B A{250}, sample [Fig. 5(b)]
it is noticeable that a magnetic disordering occurseven at 77
K. Here we have two regions, 77 K <7 <93 K and 93
K < T < 110K, corresponding to two straight lines with dif-
ferent angular coefficients. Once more we associate the mag-
netic disordering of these two regions with a particle s:ze
distribution centered around two different diameters, 330 A
and 1080 A [see Figs. 11(a) and+11(b]). The particles with
diameters centered at around 330 A show a magnelization

P. C. Morais and K. 5. Neto 313



value higher than those centered around 1080 A because in
the case of the B A(250), sample we are above the critical
diameter (D).

Vi. CONCLUSIONS

The experimental transition temperature of the
FeOHSO, sample is sensitive to the pattern of particle size
distribution in the regions of superparamagnetism, and the
interpretation of their magnetic properties must take into
account these distributions. The magnetic order and disor-
der phenomena may be understood within the molecular-
field model for random dilute magnets if one takes into ac-
count that the concentration of magnetic atoms varies with
temperature. The presence of various regions in the # § X T
plot which characterize the magnetic order and disorder
does not invalidate the one-third power law. The experimen-
tal values can be fitted by the expression M(T)/
MO} = H(TYH,0)=D(1 —T/T.F.
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Abstract—Superparamagnetic particles of chemically pure samples, in the system
Fe(OH)SO,/Fe(OH)SOQ, (H;0), are produced by thermal decomposition of ferric sulphate
hydrates. The control of particle size distribution is achieved by successive hydration and
dehydration processes monitored by X-ray diffraction, electron microscopy, MJdssbauer
and IR spectroscopy. The particle size modification is related for the particle growth and

two mechanisms are suggested thercon.

Thermal treatments induces oxidation of Fe?* ion
to Fe’* in sulphate hydrates. This well-known
phenomenon has been reported by many
workers.”” The thermal decomposition of Fe?t
compounds can be probed by several techniques
including Mossbauer spectroscopy, because of its
high sensitivity to the valence state of the iron in
solids. The oxidation mechanism is that Fe’* is
oxidized into Fe** by hydroxy) radicals which
originate from the water of crystallization.'
However, this mechanism does not specify the
chemical formulae of the thermal decomposition
products. The present report deals with an in-
vestigation of thermal decomposition products of
ferrous sulphate monchydrate using Mossbauer,
IR and X-ray diffraction. The main thermolytic
product is a ferric specimen identified as
Fe(OH)SQ,.

In an aqueous-vapour atmosphere this com-
pound gives a hydrate Fe(OH)SO,(H,0), which
was confirmed by chemical and spectroscopic
analysis. The process of hydration is monitored
by X-ray diffraction, Mé&ssbauer and IR spec-
troscopy. Heating of Fe(OH)SO,(H,0), reconverts
it to Fe(OH)SO, bul the drying process induces a
change in volume and alters significantly their
magnetic properties. In the present paper we ana-
lyze the change on the particle size distribution
based on electron microscopy patlerns and mag-
netic measurements. The Mdossbauer effect has
proved to be a unique too! for the measurement of
such magnetic preperties.

*Author to whom correspondence should be ad-
dressed.

Another important reason for applying the
Mossbauer technique is that no external field must
be applied to the sample and the zero-field mag-
netization may be determined with great accuracy.

EXPERIMENTAL

Analytically pure FeSO,(H,0) was used as the
original material to obtain the FeSO,(H,0),. This
compound is grown from aqueous solution of
FeSO,(H,0), at constant temperature within the
range 54-64°C according to the Iiterature.!
FeSO,(H,0) was obtained from the aqueous solu-
tion of FeSO,(H,0); at constant temperature
within the range 80-100°C in vacuum for a few
days. On heating FeSO,(H,0) in air up to 180°C
a mixture of compounds was obtained.? How-
ever, the Mdssbauer spectra at room temperature
of FeSO,{H,0) heated at 250°C for several days
shows a pure well resolved doublet with LS.
(Fe)=044 mm/s and Q.85 =145mm/s as de-
picted in Fig. |, spectrum AB(250),.

This compound was called A (250) or AB(250),
and in the laboratory atmosphere the Mossbauer
spectra changes slowly over a period of several
months, but in an aqueous-vapour atmosphere
(75%) the process of hydration is speeded up and
at the end of 22 days we obtain another pure
compound. This compound was called B{(250) or
AB(250),, and shows a pure well resolved doublet
at room temperature as shown in Fig. 1. Com-
pounds A (250} and B(250} show, at room tem-
perature, essentially the same 1.S. but a different
quadrupele splitting. The Q.S. of B(250) is
0.97 mm/s.

The compounds A{250) and B(250} were
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Fig. 1. Méssbauer spectra of AB(250),, at room temperature, after d =0, 4, 12, 18 and 22 days of
hydration. '

identified by chemical and spectroscopic mea-
surements as Fe(OH)SO, and Fe(OH)SO,(H,0),
respectively.” The Maossbauer parameters were
determined using computer fitting and are listed in
Table 1. The process of hydration was monitored,
at room temperature, by X-ray diffraction, M&ss-
bauer and IR spectroscopy as shown in Figs. 1-3.
During the process of hydration several samples of
A{250) were collected after 0, 4, 12, 18 and 22 days
of hydration. These samples were heated at 200°C,
for several days until the total dehydration so that
the final products were Fe(OH)SO,. The Moss-
bauer spectra of such products at 77 K are depicted
in Fig. 4. This process of hydration and subsequent
dehydration was followed by electron microscopy
and is shown in Figs. 5{a)-(c).

DISCUSSION

The presence of FeSO,(H,0), in the vacuum
treatment at room temperature of FeSQ,(H,0),,
can be confirmed by reported Mossbauer para-
meters.®” A schematic sequence on the thermal
and aqueous-vapour treatments is shown below.
Here A(250) is the same

FeSO,(H,0);— FeSO(H,0),— FeSO,(H,0)

!
BA(250), AB(250), A(250)

as AB(250),, AB(250),, s the same as B(250) and
BA(250),are chemically Fe(OH)SO,. The subscript
*d” that appears on AB{250), may be referred as
the days of hydration in an aqueous-vapour atmaos-
phere (75%;) at room temperature.

Table t. The Massbauer parameters of the A(250), B(250) and those of

butlerite
Hint Q5. 1.5.*
Sampli _ T(K) (Koe) {(mm/s) (mm/s) Refl
A(250) 298 0 1.45 0.44% [12}
- B(250) 298 0 097 042t [13]
Fe{(OH)SO,-2H.O
((butlerite) 300 0 094 042  [22]

*Relative to Fe at 298 K.
+The accuracy is 0.02 mm/s.
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Fig. 2. X-Ray diffraction patterns of AB(250),, at room temperature, a denotes the diffraction peak
related to Fe(OH)SO, and & denotes the diffraction peak related to Fe(OH)SO,(H,0),.
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"Fig. 3. IR spectra of AB(250),, at room temperature,
after d =0, 4, 12, 18 and 22 days of hydration.

Comparing the Mdssbauer parameters of B(250)
compound and those of Butlerite (Table 1) we can
conclude that B(250) compound is the Butlerite

whose structure has been determined by
Fanfani."
In Fig. 1 we show the Mosshauer spectra

sequence in the process of hydration at room
temperature which convert Fe(OH)30, into
Fe(OH)S0,(H,0),. Here we represent the process
of hydraticn by

Fe(OH)SO,— x Fe(OH)SO,,
(1 — x)Fe(OH)SO,(H,0),

where “x” is related to “d” parameter with
0<x < 1. The intermediate Mossbauer spectra,
for which 0< x <1, shows a superposition of
Fe(OH)SO, and Fe(OH)SO,(H,0);. As shown in
Table 1 the values of Q.8. for AB(250), and
AB(250},, samples is large for the high spin ferric
compounds and it is characteristic for Fe-O-Fe
bridge compounds.'?

The X-ray diffraction pattern sequence in the
process of hydration, taken at room temperature,
is shown in Fig. 2. Here the observed diffraction
pattern of AB(250),, sample agree exactly with
those of Butlerite listed in the ASTM file. It is
worth mentioning that the diffraction pattern of
AB(250), sample shown in Fig. 2, which we
identified as pure Fe(OH)SO,, have not been re-
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Fig. 4. Mossbauer spectra of BA(250),, at 77K, for d=0, 4, 12, I8 and 22,

ported hitherto. The intermediate diffraction pat-
terns shows a superposition of that Fe(OH)SO,
and Fe(OH)SQ,(H,0),. Besides the diffraction
peaks of Fe(OH)SQ,(H,0), denoted by “b™" in Fig.
2. there are other peaks which are denoted by “a”
and related to Fe(OH)SO,.

In order to gain more information about the
process of hydration of Fe(OH)SQ,, the IR spectra
sequence was obtained at room temperature and is
shown in Fig. 3. Here the absorption in the region
of 1100 ¢m ! is indicative of the presence of SO;~
jon in inorganic compounds.'® The absorption
about 1650 and 3450 cm ~' corresponds to HOH
bending mode and OH stretching of water respect-
ively. This characterizes the Fe(OH)SO,(H,0),
compound as the AB(250),, sample. The very little
absorption near 1650 cm ! and a sharp absorption
at 4380 cm ~* charactenze the Fe(OH)SO, com-
pound as the AB(250), sample. The intermediate
‘IR spectra shows a superposition of AB(250), and
AB(250),, samples.

It is worth noting what would happen in the
process of hydration and subsequent dehydration
of Fe(OH)SQ,. Here the process of dehydration,
by heating at 200°C for various days, may be
represented by

AB(250),— BA(250),.

The samples, namely BA(250),, collected during
the process of hydration for d = 0, 4, 12, 18, 22 and
heated as described above, show the same IR,
Mossbauer and X-ray diffraction pattern at room
temperature. These spectra show the same patterns
as AB(250), sample at room temperature. How-
ever, as we may expect, the Mdssbauer spectra of
BA(250), samples depict different magnetic inter-
actions at 77K (see Fig. 4). The interesting fact
about the foregoing result is that the process of
hydration and dehydration induces a modification
on the particle size distribution and change
significantly their magnetic properties. In Fig. 4 the
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Fig. 5. Electron microscopy patterns. (a) AB(230), sample (44.000x). {b) AB(250), sample
(113.000x). (c) BA(250), sample (44.600x).

hfs lines broaden when the days of hydration (d)
increase and the low resolution results in merging
of the six hyperfine structure components into two
lines. This vanation of the Mossbauer spectra
offers an evidence of superparamagnetic hehavior
of the Fe(OH)SO, particles."*® Another be-
haviour clearly displayed in Fig. 4 is the increase
of the internal field (H,), as the days of hydration,
to & maximum and subsequent decrease. This
behaviour was associated with the growth of the
Fe(OH)SQ, particles as a function of “d” and the
presence of a maximum in the value of the internal
field (H;) was associated with the existence of a
critical diameter."

The process of evolution in the particle size
distribution may be suggested by the analysis of
electron microscopy patterns shown in Fig. 5 and
by the evolution of the X-ray diffraction sequence
shown in Fig. 2. In Fig. 2 the narrowing of the
X-ray lines during the process of hydration is an
indication of a recrystalization process. In Fig. 5
we show the electron microscopy patterns of
AB(250),, AB(250), and BA(250), which represents
the process of hydration of Fe(OH)S0, for 4 days
and subsequent heating at 200°C for various days
until the total dehydration. In this process the
diameter of particles has grown approx. 75%,. Here
the dimensional changes during drying process
occur because the particles are brought into close

contact and porosity is reduced. The driving force
is due to the decrease of total surface energies
which comes about because of the particle contact
and particle growth. The atoms in the small par-
ticles are transferred to the larger particles, and the
pores are replaced by solid material.”” The elec-
tron microscopy patterns, X-ray diffraction se-
quence and the magnetic nature of the samples
suggest (wo distinct but concurrent mechanisms to
this mass transfer in the process of the particle
growth in accordance with Burke® and Mack-
enzie and Shuttleworth?' They are illustrated
schematically in Fig. 6. Burke® analyzed the
diffusion mechanism (Fig. 6a) which involves the
movement of atoms and the countermovement of
lattice vacancies. There is an accompanying shrink-
age of bulk volume which maintains contact of the

Fig. 6. Schematic of mass transfer mechanisms. (a)
Diffusion.” (b) Liquid phase.™
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particle and brings the particle centers closer to-
gether, Mackenzie and Shuttleworth? studied
the liquid phase sintering (Fig. 6b) which involves
the removal of ions or atoms from surfaces of
higher energy and depositing them on surfaces of
lower energy. The highest-energy surfaces are
those with small radii of convex curvature: the
lowest-energy surfaces are those with small radil of
concave curvature,

CONCLUSION

We have analyzed the process of production of
chemically pure samples in form of small particles.
By means of successive hydration and dehydration
we can control adequately the particle size distribu-
tion. This is an important point because the mag-
netization in an amorphous material is very sensi-
tive to the particle size distribution. In the present
work we used the chemical system Fe(OH)SO,/
Fe(OH)S0,(H,0), for two reasons; firstly the pro-
cess of successive hydration and dehydration is
chemically reversible and secondly the Fe(OH)SO,
exhibit superparamagnetic properties.

The use of several techniques for monitoring the
process of dimensional changes is very important
because they ensure the reversible character in the
chemical transformation. The Mdssbauer spec-
troscopy shows the superparamagnetic behavior
and the electron microscopy depict the particie size
distribution. The particle size control in the process
of growth was oriented by the mechanism sug-
gested herein,
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Electron paramagnetic resonance linewidth of

superparamagnetic particles®
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Superparamagnetic particles have been investigated by electron magnetic resonance. We have
shown that the temperature dependence of the linewidth {above the freezing temperature) is
sensitive {o the pattern of particle size distribution. The behavior of the linewidth as a function of
temperature is explained if we assume an anisotropic Dzyaloshinskii-Moriya type of interaction
where the relaxation process occurs by a longitudinal component.

PACS numbers: 75.60.Jp, 75.50.Kj, 76.30. — v

I. INTRODUCTION

In the last years several studies of the magnetic reso-
nance linewidth have been done on a reasonable number of
magnetic amorphous materials and a theoretical and practi-
cal interest has evolved. The experimental results have given
information about the spin freezing phenomenon which is
thoughto be related to finite clusters of spins weakly coupled
to the infinite ferromagnetic cluster near the percolation lim-
it."? However, the experimental magnetic resonance
linewidth data presented in the literature differ from the
theoretical approaches proposed since then, in the region of
high temperature,* i.e., wellabove the freezing temperature
{T). This is the temperature below which the relaxation pro-
cess of the system via the finite clusters becomes bottle-
necked.

Superparamagnetic particles of ferric hydroxysulfate
{FeQOHSO,) were produced by thermal decomposition of fer-
ric sulfate hydrates according to Skeff Neto and Garg.>®
Some theoretical approaches have been proposed to explain
the magnetic properties of such systems.”® Recently, we re-
ported Missbauer spectroscopy measurements and pro-
posed a more general model, based upon the molecular-field
approximation for randomly dilute ferromagnets, to explain
the superparamagnetic behavior of the ferric hydroxysulfate
particles. This model takes into account the pattern of the
particle-size-distribution dependence of the magnetic prop-
erties.’

Inthe present paper we look at another side of the prob-
lem of the magnetic properties of fine particles; namely, we
report the behavior of the magnetic resonance linewidth
measurements as a function of temperature and propose a
new approach to explain the experimental data above the
freezing temperature.

Il. EXPERIMENTAL RESULTS

An amorphous ferromagnetic sample of ferric hydroxy-
sulfate is obtained by thermal decomposition of monchy-
drate ferrous sulfate, at 250 *C in an air atmosphere, accord-
ing to the following chemical reaction:

FeSO,-H,0—FeOHSO,.

*'Partially supported by CN¥Pq.
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The spectroscopic characterization of FeOHSO, is made by
x-ray, infrared, and Mdssbauer measurements.'® This
FeQOHSO, sample must be identified as A {250) in order to
relate it to other papers.

The magnetic resonance data were taken using a non-
commercial X-band spectrometer tuned around 9.038 GHz
in the microwave attennation range 26.0 dB. The tempera-
ture was lowered from 286.8 to 101.5 K using a liquid N,
flux technique; below 112.4 K no magnetic resonance signal
was detected. Some typical resonance curves, representing
the conventional derivative of the absorptive components of
the microwave susceptibility as a function of the applied field
H, are shown in Fig. 1. The curves have fairly large
linewidths and are asymmetric. The linewidth, defined
between the peaks of the absorption derivative, increase
from about 0.7 to 2.0 kG as the temperature is lowered
towards the freezing temperature. The experimental values
of microwave resonance linewidth and corresponding tem-
peratures are shown in Table L. In Fig. 2 we show the tem-
perature dependence of the resonance linewidth (I" — Iy in

=5
a 263.6 K
3
a 213.4 K
(]
o
181.8 K
wl
(]
=
2 1569 K
[®] \/\
w
L
[+
2 3 a 5 H(KG)

FIG. 1. Resonance signals, i.c., field denivatives of the absorptive compo-
nent of the microwave susceptibility at some different temperatures. Sample
A (250).
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TABLE I. Experimental values of EPR linewidth (I} and linewidih broad-
ening (AT ) related 10 77, = 0.630 4+ 0.004 kG, for A{250) sample.

T r ar
{K) {kG) (kG)
i41.2 £ 0.1 1.940 + 0.004 1.310 £ 0.004
149.0 1.645 1.015
156.9 1.470 0.840
164.1 1.297 0.667
170.4 1.194 0.564
176.1 1.097 0.467
181.8 1.036 0.406
186.7 1.002 0.372
192.0 0.952 0.322
197.5 0.921 0.291
202.5 0.879 0.249
207.9 0.855 0.225
2134 0.831 0.201
219.2 0.806 0.176
2243 0.785 0.153
229.9 0.771 0. k41

a semilog plot, where I, is very close to the temperature
independent value of I” observed at higher temperatures.
The experimental points are Fepresent by circles.

Itl. THEORY

Two kinds of systems have been related to the spin
freezing phenomenon. In the type I systems one observes a
paramagnetic to ferromagnetic transition at T, and a ferro-
magnetic to cluster glass transition at 7;.'" In the type II
systems the transition is from paramagnetic to cluster glass
transition at 7;.'* In our case the experimental data show
that we have a type I system which is dependent on the parti-
cle size distribution.™ To describe the dynamics of our sys-
tem we use a geometric picture of a dilute ferromagnet con-
sisting of an infinite. cluster of spins with a long range
magnetic order coexisting with a distribution of finite clus-
ters of spins whose diameters are centered around two differ-

201

REGION T
[Re s

o8l
061

G4a]

AT (KG)

REGION I
0.2]

0

200 20 240
T{K)

FIG. 2. Temperature dependence of the EPR linewid1h of superparamagne-
tic A [250) particles. Note the logarithmic vertical scale.

40 160 180
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ent mean value diameters «<d; >. The presence of such a
bimodal distribution of finite clusters, well defined agglom-
erates of spins, is verified by electron microscopy.>'®

Within the geometric picture described above, we con-
sider the low-energy excitations of the infinite ferromagnetic
cluster as spin waves and treat the coupling of these modes to
the finite clusters as a double relaxation channel for the infi-
nite cluster driven by the microwave field, similarly to Con-
tinentino approach.' We assume that the relaxation pro-
cess, above the freezing temperature, occurs via an
anisotropic Dzyaloshinskii-Moriya (DM) type of interac-
tion between spins in the infinite and finite clusters, accord-
ing to Fert and Levy," and that the longitudinal relaxation
mode is the most important one. We thus have the Hamil-
tonian which describes spin waves in an infinite ferromagne-
tic island interacting with finite clusters, with a diameter
distribution centered around a mean value <d; >:

H=2X¢.a'a, +DoXS§, {1)
where « is the wavevector of the magnons, €, =4 + Dy’
the energy of the spin waves with stiffness constant Dy, and 4
a spin wave gap arising from anisotropic interactions
between spins. Thea*, a, are Holstein—-Primakoff (HP) bo-
son operators and the coupling I describes an effective an-
isotropic DM interaction between the spin § in the infinite
cluster and the spins of the finite clusters, which is described
by the Pauli matrices o; according to Van Vleck."

The effect of the spin wave-cluster interaction on the
spin wave propagation can be described by a damping £2 (w)
of these modes given by
8 SN/

Ny

where y/(w) is the dynamical longitudinal susceptibility
componentand D2 = D? = D? = D *forallclusters. In Eq.
{2}, N/ is the number of finite clusters whose diameters are
centered around the mean value < d; > and N, is the num-
ber of spins in the infinite cluster. The dynamical Jongitudi-
nal susceptibility component is given by'*

sech’(E /2 KT) ; !

i) = Dy’ (o), (2)

— (3)

— loT

j —
Xl =y

for a cluster population whose diameter is centered around
<d, > . Here, we assume that the application of an external
magnetic field H causes the magnetization vector of the par-
ticles to undergo a sort of Brownian motion around the easy
axis, due to thermal fluctuations, within an asymmetric dou-
ble well with barrier height v and asymmetry parameter E, as
shown in Fig. 3. The relaxation time 7/ of the particles as-
sumed in such case is given by

7 =74 explv/KT sech(E /2KT). {4)
Furthermore, we assume thatthe asymmetry parameter fol-
lows a constant distribution function such as

FIE) = IN{” 0B <Bhunx
0, otherwise,

and that the reduction in the number of clusters with high
barriers, due to the random nature of the sample, is taken
into account by using an exponential distribution function of
the form'®

{5)

Morais, Tronconi, and Skeff Neto 3745
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FIG. 3. Asymmetric double-well potential of barrier heigth v and asymme-
try parameter K.

i) =e (6

Vg
where v{ is an activation energy related to 7% by K77 = v{/
fn wrf]|.

The broadening of the magnetic resonance linewidth
{61;) due to the random nature of the clusters with energy
splittings between E and E + 6 and activation energy
between v and v + Sv is given by 817 = 8 27 /#y, where ¥ is
the gyromagnetic ratio. Therefore, the magnetic resonance
linewidth broadening of all clusters whose diameters are
centered around <d; > is given by

Aljw)=—5 DZJ' J'
fiyN, o Jo
X Uy ()] £ (E) g’ (o) dE db. (7
This integral is evaluated taking 0 < = KT /vf <0.1 and
ol ¢ < 1, according to our experiment, to give
f 2
Al {w) = mSN 2—— expi — T'/Ty). (8)
RyNo vg
The solid lines in Fig. 2 represent the best fit of the
experimental data by a succession of straight lines using Eq.
(8)and I, = 0.630 + 0.004 kG. Two values of T can beesti-
mated (7"} and 7°}) and related to each particle size distribu-
tion with two differents mean values of activation energy (v,
and v3). The relative proportion of the particles in the two
populations can be estimated taking the ratio ¥ '/N? in Eq.
{8). The physical parameters obtained by this fit, related to
each distribution of particles and consequently to each
straight line region in Fig. 2, is summarized in Table II,
where we assume 7} = 5 ~1 nsand P = 1.23 X107 % eV,

IV. CONCLUSIONS

The spin-freezing phenomenon in superparamagnetic
particles is sensitive to the pattern of pariicle size distribu-
tion. A geometric picture of a dilute ferromagnet consisting
of an infinite island of spins coexisting with a distribution of

3746 J. Appl. Phys., Vol. 55, No. 10, 15 May 1984
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TABLE II. Physical parameters related to A(250) sample.

T 'y U, D Composition
Region (K} (K} (eV) {eV) (9o)
I T<18l.8 339 0012 123X 74.5
11 T>181.8 454 0016 123x107* 25.5

finite superparamagnetic clusters may be used to explain the
linewidth behavior of the EPR lines as a function of tempera-
ture above T if we assume an anisotropic DM type of inter-
action between the two types of spins and that at high tem-
peratures the relaxation process occurs via a Jongitudinal
relaxation component. Furthermore, this type of tempera-
ture dependence is observed for many other spin glass sys-
temns.*

EPR measurements of the linewidth as a function of
temperature, besides electron microscopy measurements,
can be used as a topographic technique to study the pattern
of particle size distribution above the freezing temperature.
This possibility is important to understand the relation
between the spin-freezing and superparamagnetic phenom-
ena.
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Detection of ferromagnetic resonance by photoacoustic effect

0. A. Cleves Nunes, A.M.M. Monteiro, and K. Skeff Neto
Departamentode F {sica-Universidade de Brasilia, 70 910 Brasilia-DF-Brasil

(Received 12 June 1979; accepted for publication 23 August 1979)

By exploring the simple periodic heat-flux principle of the photoacoustic cell we propose and
demonstrate experimentally the usefulness of the photoacoustic cell for studying the
ferromagnetic resonance. An interesting feature of this technique is that it offers special
advantages over conventional spectroscopic methods used in ferromagnetic resonance because of
the simplicity of measurements. An application is made for the case of an iron thin foil.

PACS numbers: 78.20.Hp, 76.50. + g, 75.50.Bb

Several authors'™ have shown that photoacoustic spec- developed by Rosencwaig and Gersho.* According to these
troscopy (PAS) is a useful tool for the study of solid and authors, when modulated light impinges on a solid in an
semisolid matter. The theory of PAS for solid materials was enclosed cell, an acoustic signal is produced within the cell.
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FIG. 1. (2) Geometry of the photoacoustic-cell—waveguide system used for
observing ferromagnetic resonance in iron. (b) The phetoacoustic cell. 1,5,
teflon windows; 2, brass cell; 3, microphone connect.on; 4, iron foil
absorber.

The primary source of this acoustic signal arises from the
periodic heat flow from the solid to the surrounding gas
(such as air) as a consequence of the periodic heating of the
sample by the absorption of modulated light. The periodic
flow of this heat into the gas cell produces pressure fluctu-
ations in the cell, which are detected by a microphone, and
the resulting signal is amplified and measured by a lock-in
amplifier.

In the present work we propose to extend the above
described method to the absorption of modulated micro-
waves by a ferromagnetic substance placed in an external de¢
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FIG. 2. Photoacoustic signal (PAS) versus external dc magnetic field Hp,.
The curves displayed correspand to two differenl microwave frequencies.
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FIG. 3. Variation in the amplitude of the photoacoustic signal wilh the
reciprocal of 1he modulation frequency.

_ magnetic field. We present the experimental results fora thin

iron foil 0.001 in. thick.

In 1946 Griffiths® reported that iron, nickel, and cobalt
exhibited an anomalous dependence of their high-frequency
losses on the strength of an imposed dc magnetic field. This
anomaly was in essence the discovery of “ferromagnetic
resonance.”

Kittel® has derived equations governing the resonance
condition for ferromagnetic materials by solving classically
the equations of motion of the bulk magnetization. The clas-
sic theory of this effect gives, for the resonance condition,

ficw, o =gugHg, (D
where H_; is the effective field “seen” by the spins in the
ferromagnetic specimen and it is given, for a flat specimen

with the dc magnetic field parallel to the plane of the speci-
men, by

Heﬂ' = [(HDC +4”MS)HDC]”2- (2)

Our experimental apparatus consisted of a smali vol-
ume brass cell. The sample to be investigated was placed
inside the cell containing air at room temperature and a
small capacitive microphone as is illustrated schematically
in Fig. 1(b). The geometry was such that both the applied dc
magnetic field and the applied microwave magnetic field
were mutually perpendicular. Both magnetic fields were

Nunes, Monteiro, and Neto 657



placed in the plane of the foil as schematized in Fig. 1{a). The
photoacoustic cell was positioned at the microwave resonant
cavity. The photoacoustic signal from one miniature capaci-
tive microphone mounted on the sample cell wall was detect-
ed by a lock-in amplifier [Princeton Applied Research
{(PAR)Model 122] tuned toa modulation frequency of about
100 Hz.

In Fig. 2 we present the photoacoustic signal (PAS) asa
function of the applied dc field for two different values of
microwave frequencies (wavelengths) and #llustrate the reso-
nance phenomena. The value of the dc magnetic field re-
quired for resonance was found to be about 750 G at 11.6
GHz (2.58 cm) and about 1000 G at 12.2 GHz (2.45 cm).
These field values satisfy Eq. (1) when Eq. (2) is used to
describe the effective field. In Fig. 3 we present the ampli-
tude of the PAS signal as a function of the reciprocal of the
modulation frequency. It shows the essential agreement of
the experiment with the theory of the photoacoustic effect.*

658 Appl. Phys. Lett. 35(9), 1 November 1879
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The great advantage of the present method over the
conventional one' is that the magnitude of the PAS signal is
directly proportional to the amount of microwave power ab-
sorbed by the specimen.

'A. Rosencwaig, Opt. Commun. 7, 305 (1973).

A, Rosencwaig, Anal. Chem, 47, 592 A (1975).

’1.G. Parker, Appl. Op1. 12, 2947 (1973},

‘A. Rosencwaig and A. Gersho, J. Appl. Phys. 47, 64 (1976).

'F._A. McDonald and G.C. WetselJr., J. Appl. Phys. 49, 2313 (1978).
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Phys. Lett. 32, 554 (1978).

’J.J. Barret and M.J. Belly, Appl. Phys. Lett. 34, 144 (1979).

'JLH.E. Griffiths, Nature 158, 670 (1946).

°C. Kitlel, Phys. Rev. 73, 155 (1948); 71, 270 (1947).

WTechnigue of Metal Research, edited by E. Passaglia (Wiley, New York)
Vol. 6, part 2, p. 79.
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Microwave Resdnance Absorption in Ferrites by the Photoacoustic Effect
By

0. A.C. NUNES, M.A. AMATO, and K. SKEFF NETO

The photoacoustic effect /1 to 4/ is simply the generation of an acoustic signal by
a sample exposed to modulated light. The sample is heated to-the extent that it
absorbs the incident light and the energy gained is lost through non-radiative
processes. Because the light is chopped, the temperature rise is periodic at the
chopping frequency, and it is this periodic temperature rise at the surface of the
sample that in turn causes a modulation of the gas pressure in the enclosed
chamber. This is how the sound originates.

Even though the photoacoustic technique in the visible has been an extr'emely
active field, to our knowledge, only recently an extension of the above described
method to the microwave region has been reported by Nunes et al. /%/, for in-
vestigating the photoacoustic effect of a well known phenomenon in solids at this
region i.e., the ferromagnetic resonance (FMR). In this note, we show experi-
mental evidence that ferrimagnetic resonance can also be investigated using the
photoacoustic effect as a probe.

Ferrimagnetic resonance can be pictured as the coupling of a microwave
field with the Larmor precession of the net magnetization inside a ferrimagnetic
sample. The equation of motion for a two-sublattice ferrimagnetic /6, 7/ of
which the magnetizations are assumed to be antiparallel provides for the res-

onance condition

hmres = Teffh Heff ’ (1)
where Q £t is the effective magneto-mechanical ratio and Heif is the effective

field "seen" by the spins in the specimen. We can expect to induce spin energy
absorption as the precession frequency of the net magnetization about the applied
dc magnetic field equals the frequency of the incident microwave field. This
energy is subsequently transferred to the lattice as heat by the spin-lattice re-

laxation mechanism and this will be the source for the generation of the photo-

1) 760.910 Brasilia, D.F,, Brazil.
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Fig. 1. a) Microwave-photoacoustic system for exciting the sample. b) The
photoacoustic cell: 1 brass walls of the sample chamber, 2 ferrite sample,

3 microphone cavity, 4 sample chamber, 5 teflon window, 6 needle valve,
7 microphone

acoustic signal.

On a thin plane (200 p inch thick) specimen of a magnetic oxide in form of
magnetic recording tape ( r—Fe203 ), measurements were made at 11, 4 GHz
with the specimen inside the photoacoustic cell fitted across the wave guide.
The field of an electromagnet was located parallel to the plane of the specimen
and perpendicular to the microwave magnetic field. The photoacoustic signal
generated inside the sample was measured as a function of the applied dc mag-

netic field by a lock-in amplifier tuned to a modulation frequency of 100 Hz,

tn
=
T

F
T

photoeceustic sgaal (arbowsls) ——

| ] !
0 20 10 66 6
Hae (KG) ——*

Fig. 2. Photoacoustic signal versus dc magnetic field Hdc
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In Fig. la we show the microwave rig for exciting the sample. Fig, 1b shows
the photoacoustic chamber. In Fig. 2 we present the photoacoustic signal as a
function of the dc magnetic field and illustrate the resonance phenomenon.

The feasibility of the photoacoustic technique and the fact that the photo-
acoustic signal is a direct measurement of the amount of microwave power ab-
sorbed of the sample reveals this technique as a powerful tool for further in-
vestigations, Furthermore, because of the greater skin depth of ferrites caused
by the high resistivity a relatively large volume of the specimen participates in
the absorption process allowing a most detailed investigation of the inner layers

of the specimen.
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Simple photoacoustic cell operating at N, liquid

temperature

0. A. Cleves Nunes, A. M. M, Monteiro, and K. Skeff Neto
Universidade de Brasilia, Departmento de Fisico, 70.910-Brasilia-D. F., Brazil

(Received 6 April 1981; accepted for publication 26 May 1981

A simple low-temperature photoacoustic'cell operating at the liquid N, temperature is described.
An application is made for monitoring the thermal agitation of a spin system close to its

order—disorder critical temperature.

PACS numbers: 43,35.8x, 78.20.Hp, 07.20.Mc

[t is well recognized that the statistical mechanical con-
nection between entropy and degree of order permits
magnetic order to be investigated by specific heat mea-
surements. In particular anomalous variations of specific
heat with temperature are found close to a critical tem-
perature at which magnetic order is destroyed by thermal
agitation,

Since in the conversion process of light into sound
which is the physical foundation of the photoacoustic
affect (PAS),1™* the thermal properties of the sample,
such as specific heat play animportant role, the possibility
of specific heat measurements is strongly enhanced.5"*?

In this note we describe a simple, low temperature
»hotoacoustic cell operating at the N, liquid temperature
and demonstrate its applicability to monitoring the ther-
mal agitation of a spin system. We consider the specific
zase of an FeQ sample, by observing the behavior of the
nhotoacoustic signal of this system in the neighborhood
of its order—disorder transition temperature.

A simple low-temperature photoacoustic cell operat-
ng at liquid N, temperature is represented in Fig. 1.
The cell is made of a quartz fube of 5.0 mm of internal

1413 Rev. Sci. instrum, 52(9), Sept. 1981

0034-6748/61/091413-03$00.60

diameter. The sample to be investigated is deposited
inside the cell. The cell is filled with helium and is in-
troduced inside a Dewar flask containing liquid N,. In
order to reduce the cell volume and to ensure a perfect
illumination of the sample, an optical fiber of 3.0 mm of
diameter is inserted inside the cell tube. The cell is then
connected against the aluminum body of the microphone
cavity by a ring to ensure helium tightness. In order
to prevent a large difference of pressure between the
two membranes of the microphone when the temperature
is lowered to liquid N, temperature, a pressure manom-
eter is used to stabilize the same pressure in the cavity
of the microphone. The sample temperature is raised
from liquid N, temperature by means of an internal
heater winding in close contact with the sample and is
moniiored by means of a thermocouple placed in contact
with the sample compartment. The photoacoustic signal
is generated within the cell by illuminating the sample
with a 150-W of modulated mercury lamp light and de-
tected by a lock-in amplifier tuned to a modulation fre-
quency of 100 Hz. The experimental setup is displayed
in Fig. 2.

© 1981 American Institute of Physics 1413
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In Fig. 3 we present the behavior of the photoacoustic
signal of our particular spin system which consisted of a
polycrystalline sample of FeO weighing 10.0 mg as a
function of the temperature. This sample was chosen
because the magnetic properties are known in the range
of temperature used in this- experiment. We can see
that the jump in Fig. 3 in the interval of temperature
{(180-200) K is then attributed to the jump of the specific
heat, therefore defining the order—disorder critical tem-
perature for the FeQ.

1414 Rev. Scl. Instrum., Vol. 52, No. 9, September 1981

F1G. 1. The photoacoustic cell operating at
liquid N, temperature: (1} optical fiber, (2)
microphone compartment, (3) thermocouple
and electrical connections, (4) quartz tube,
(9) cell bedy, (6) heater winding, (7) Dewar
flask with liquid N,, (8) sample, (9) needle
valve, (10) celi-body support, (11) O rings.

0] 2¢cm

In conclusion, we have presented in this note a simple
low-temperature cell operating at N, liquid temperature
and its applicability for monitoring the thermal agitation
of any spin system close to their order—disorder phase
transition, considering, as an example, the case of an
FeQ-powdered sample. We believe that once the photo-
acoustic signal is strongly dependent on the specific heat
of the sample, which in turn is a function of the tem-
perature, the photoacoustic technique can be of great
help in elaborating and characterizing new materials.
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Piezoelectric Detection of the Photoacoustic Signal

By ,

A L. TRONCONI, K, SKEFF NETO, and M, A, AMATO>

)

Photoacoustic has become, since 1873, a valuable analytical and research
technique for optical investigation on solid matter /1 to 3/ particularly on matter
that are opaque or transparent to light.

The photoacoustic effect arises when intensity-modulated light impinges on
a sample. If the sample absorbs any amount of incident radiation, optical
energy levels within the sample are excited, and when these levels deexcite,
they generally do so through non-radiative or heat producing processes. This
absorption results in a periodic localized heating of the sample.

The most common experimental technique for the detection of the photo-
acoustic signal is the one involving the gas-microphone cell, the signal detected
due to the modulation of the gas pressure in the enclosed chamber. It has been
found to be suitable for many applications, particularly at low modulation fre-
quency. However, when one is dealing with large samples it proves to be in-
adequate, Since the photoacoustic detection is primarily the detection of the
internal heat produced within the sample by the de-excitation of the optical
energy levels, it is possible to measure this internal heating by the stresses
produced in a piezoelectric detector in contact with the sample. The piezo-
electric detection has been used with success by many authors for the deter-
minationof the optical absorption coefficient in solids /2, 4/.

In this letter an experimental study of the photoacoustic effect using a piezo-
electric detector is provided. Fig., 1 shows the experimental apparatus for the
study of the photoacoustic signal as a function of the modulation frequency in the
microwave region for a wavelength of A = 2.8 em. Fig. 2 shows the relevant
data for a sample of aluminium (a disc of 1 mm thickness, 20 mm diameter)
coupled elastically to a ceramic detector of barium titanate (BaTiO3 ). Curvesc

and b represent the measurement of the intensity of the radiation generated by

1) 70,910 Brasflia, D.F., Brazil.
2) Partially supported by CNPq.
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Fig. 1. A photoacoustic spectrometer incorporating a piezoelectric trans-
ducer. A)1l microwave generator, 2 square wave generator, 3 lock-in
amplifier; B)1 valve, 2 ferrite, 3 aluminium, 4 piezoelectric detector
(BaT'103), 5 teflon wall, 6 air, T microphone, 8 wave guide

the microwave as a function of the modulation frequency using a diode 1N 23
B-type and the system Al-BaTiO3 (as shown in Fig. 1), respectively. Curve a
shows the normalized result, i.e., curve b divided by curve ¢. One can see
easily from the graph that for the low-frequency region the photoacoustic signal
varies as wl/z (w =2 £ f modulation frequency) and in the limit of high fre-
quency as w-l. The theory developed by White /5/ does not explain satisfacto-
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Fig. 2. Photoacoustic signal versus the modulation frequency for Al (log -
log scale). Curves as indicated in the text

Fig. 3. Photoacoustic signal versus the magnetic field, H do (a)gas-microphone
cell, (b} BaTiO, as a detector; T =25 oC, A.=3.6 cm
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rily theseresults. A simple theory is proposed in /6/.

To demonstrate the effectiveness of the piezoelectric detector, Fig. 3 pro-
vides a comparison between the conventional method (gas microphone), curve a
to the piezoelectric detection of the photoacoustic signal, curve b, It illustrates
the ferromagnetic resonance. The signal is enhanced approximately by a factor
of two near resonance for the piezoelectric detection, As a final comment, this
technique has been studied when the incident radiation has its wavelengthinthe

visible range of the electromagnetic spectrum.
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Simple model for measurements of the photoacoustic signal by a
piezoelectric detector in the microwave region
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In this paper a piezoelectric detection of the photoacoustic signal in the microwave region using
barium titanate as a detector is carried out. The results in the low modulation frequency {below 30
Hz) are fitted very well by White’s theory. For frequencies above 70 Hz a new and simple theory is
presented. The effectiveness of this technique is demonstrated in the detection of the

ferromagnetic resonance.

INTRODUCTION

In the last few years a new spectroscopic technique has
evolved into an extremely powerful research tool. This tech-
nique, discovered by Bell' about 110 years ago, is called pho-
toacoustic spectroscopy (PAS). The theoretical interpreta-
tion of this phenomenon was given by Parker” and its
application to solid materials was expanded by Rosencwaig
and Gersho.>*

The sample to be investigated, in the conventional pho-
toacoustic spectroscopy, is placed inside a closed chamber
containing a suitable gas, and the photoacoustic signal, gen-
erated when a modulated radiation shines on the sample sur-
face, is detected by a sensitive microphone. Recently, aside
from several applications, this “conventional” photoacous-
tic effect (PAS) has been used for detection of ferromagnetic
resonance.>®

In this paper we report an unconventional experimental
arrangement for the detection of the photoacoustic signal,
replacing the conventional closed cell containing a gas by a
piezoelectric ceramic detector. Here, the piezoelectric bari-
um titanate detector is elastically coupled to the sample to be
investigated (in our case a I-mm-thick Al disk), and the pho-
toacoustic signal is related to the elastic wave stress ampli-
tude. This “unconventional” photoacoustic spectroscopy
has been found to be suitable for many applications,”® par-
ticularly in the microwave region.® Also, for solids, the use of
the piezoelectnic detector for measuring optically generated
acoustic signals offers greater versatility than the micro-
phone technique because they can operated from 4 to 700 K
{Ref. 10) and with frequency response range giving {from one
to several megahertz.'' Furthermore, the feasibility of de-
tecting only the acoustic waves rather ac or impulse mode
offers an additional freedom to the experimentalist.

EXPERIMENTAL RESULTS

A scheme of the experimental arrangement used in our
photoacoustic absorption measurements is shown in Fig. 1.
The block diagram [Fig. I{a]] is composed of a microwave
generator {(Model 626 A/HP), a square wave generator to
allow amplitude medulation of microwave (Model 211 A/
HP), a Iock-in amplifier for phase sensitive detection and
[Fig. 1{b}] a detail of the photoacoustic cell coupled to the

1462 J. Appl. Phys. 56 (5), 1 September 1984
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wavegide where a sample of aluminum {a disk of 1-mm
thickness, 20-mm diameter) is attached elastically to the
barium titanate detector.

Figure 2 shows the behavior of the photoacoustic sig-
nal, at room temperature, as function of the modulation fre-
quency according to Fig. 1. The microwave radiation fre-
quency is tuned at 12.65 GHz (4 = 2.8 cm). The thickness of
the aluminum sample {1 mm) ensures that the incident mi-
crowave radiation is absorbed only by the sample. Curves C
and B represent the measurements of the intensity of radi-
ation generated by the microwave as a function of the modu-
lation frequency using a diode 1N23 B type and the system
aluminum detector, respectively. Curve A shows the nor-
malized result. One can easily see from this curve that the
photoacoustic signal varies with /12 for low frequency (be-
low 30 Hz) and with f ~! for high frequency {(zbove 70 Hz),
where f represents the modulation frequency. Here, the be-
havior of the slope in the graph changes abruptly in the re-
gion 30-70 Hz.

Now, as an example of the high sensitivity of the barium
titanate detector, in the photoacoustic spectroscopy, Fig. 3
shows a comparison between the ferromagnetic resonance
curves as function of the magnetic dc field, obtained by the
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FIG. 1. Photoacoustic spectrometer incorporating a piezoelectric detector.
{a} 1—Microwave generator, 2—square wave generator, 3—lock-in ampli-
fier, 4—pholcacoustic cell, 5—waveguide. (b} l—Aluminum disk, 2-—pie-
zoelectric detector (BaTi0;), 3—Teflon wall, 4—waveguide.
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FIG. 2. Photoacoustic signal modulation frequency for the aluminum {log-
log scale). A—Normalized result. B—Measurements of the intensity radi-
ation vsing a diode IN23B. C—Measurements of the intensity radiation
using the system aluminum detector.

conventional cell in accordance with Nunes et al.’ {curve A}
and by the unconventtonal one (curve B), in the microwave
region. Here, the experimental results clearly show that the
normalized photoacoustic absorption signal, obtained by the
unconventional arrangement, is enhanced approximately by
a factor of 2 compared to that obtained by the conventional
one, in the region of ferromagnetic resonance. However, the
experimental data show that off resonance the detected sig-
nal from the conventional cell is more intense than that from
the unconventional one. This is probably due to electronic
contributions, e.g., paramagnetic electronic resonance,
which apparently are more easily detected by the conven-
tional cell. This problem requires more detailed attention.
The experimental arrangement that enables us to measure
simultaneously the photoacoustic absorption signal as a
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FIG. 3. Photoacoustic signal vs the magnetic field H, . A—gas-micro-
phone cell and B—piezoclectric detector (BaTiO,).
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FIG. 4. Photoacoustic cell used in the ferromagnetic resonance experiment.
1—Valve, 2—ferrite, 3 —aluminum, 4—piezoelectric detector {BaTiO,),
5 Tefion wall, 6—air, 7—microphone, 5—waveguide.

function of the external dc field, by conventional and uncon-
ventional techniques, is shown in Fig. 4. The experimental
measurements have been made using a microwave radiation
at 10.6 GHz [4 = 3.6 cm) and the sample was a commercial
ferrite.

THEORY

The problem of elastic wave generation in isotropic
elastic bodies, under several transient heating conditions,
was considered by White.'* However, his theory does not
explain satisfactorily our experimental results concerning
the PAS signal as a function of the modulation frequency in
the microwave region, as shown in Fig. 2. A simple theory is
proposed here to explain our experimental results.

We assume a one-dimensional model.'® The sample is a
disk with thickness / and is elastically coupled to a piezoelec-
tric detector, as shown in Fig. 5. The physical parameters
used here are the following: K, the thermal conductivity
(cal/cm s °C); p, the density (g/cm?); C, the specific heat (cal/
g°C); @ = K /pc, the thermal diffusivity (em®/s); a = (w/
2a)'/?, the thermal diffusion coefficient (cm™'); ¢ = 1/a, the
thermal diffusion length (cm}; B, the optical absorption coef-
ficient (em™'); gy = 1/B, the absorption length (cmj;
o = 2af, the modulation frequency of the incident radiation
in radians per second; 4,, the first Lame constant (g/cm s%);
R, the modulus of rigidity (g/cm s?); B, the bulk modulus;
C,, the thermal expansion coefficient ("C™*); ¥, the velocity

- A B
——  —
e

—

o 1 2L

FIG. 5. Cross-sectional view by a simple model sample-piezoclectric detec-
tor. A sample, B detector, C elastic boundary, and D incidenl modulated
radiation.
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of compressional wave propagation in an unbounded medi-
um (cm/s).

The well known relationship between the stress {€) and
the strain (y ) for a solid absorber subjected to a modulated
radiation is given by

elx) =W, + 2R}y — BC, ¢ (x), (1)
where ¢ (x) represents ibe temperature distribution in the
sample at the steady state. When the sample absorbs any

amount of incident radiation, optical energy levels within
the sample are excited, and when these levels deexcite, they

do so through nonradiative or heat producing processes.

This absorption results in a periodic localized heating of the
sample and the equation of motion for the x component of
particle displacement in the material media, can be written
in the form

M) 1 gt =y, 25 @
where £=w/v,, vl :[/1,+2R Vp, ¥==RB/pvi and

u{x) = displacement of a point of the medium. In our case,
the sample is thermally thick (2>} and so the spacial distri-
bution temperature function is given by

¢(x)=Ue ™~ Ee ?, 0O<xcl, {3)

with o ={1 + dla.

This last equation takes into account the fact that the
sample and the piezoelectric detector have similar thermal
properties. The values of constants are

__ B

C2K(BP - “
and

___ B

V= kop— oy ®)

where I, represents the intensity of incident radiation fiux
(W/cm?) on the sample. Consequently, the solution for u(x)
is

YCUo  YCEB _ (6)
§2 + 02" § 2 +ﬁz° ?

and the relationship between wu{x) and the strain is

ulx) = Ae  #* | De'** —

X = dulx)/dx. The boundary conditions imposed by the

experimental arrangement are €(0) = €{/} = 0, determining
the values of A and D. Then,

) ) g, m

ool dx

Asnoted above, our sample is thermally thick {/»u) and
optically opaque {/> 11, ) because our sample is an aluminum
disk. Therefore, e~ ™ ~0 and ¢ ~# ~0, and the physical
characteristics of the sample enables one to assume that
1> 5. Such approximation, when considered in Egs. (6) and
(7}, produces the following relation

BC,UE? s

€lx} = —N P
Now, the thermally thick sample approximation, in the re-
gion of low modulation frequency, can be understood by
boundary conditions related to a semi-infinite cylinder.
With such conditions, Eq. (8) gives

—e” ") (8)
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BC, UL
e )
§7+ o

Then, since the transducer output voltage is proportional to
the mean value of €(x) over the detector, the PAS signal is
proportional to

Re[¢efx))] = P/ /2, (10)

where P = 7 BC Ja*?/2Kv} , according to the experimen-
tal data displayed in Fig. 2, for modulation frequency below
J0Hz.

In the region of high modulation frequency, i.e., above
70 Hz in our experiment, we assume that the major contribu-
tion to the stress is due to the mean temperature distribution
in the sample along to the x axis. Consequently, in accor-
dance to this approach, the expression to the stress is

€lx) = BC,(Ue ~ ™ - Ee P, (11)

and its mean value is given by

(elx)) = %Lfe(x)dx -, (12)

where G =iBC Iyx/47KI. Again, the transducer output
voltage is proportional to {&(x}) and the PAS signal goes as
/7~ 'in accordance to the experimental results displayed in
Fig. 2, for a modulation frequency above 70 Hz.

€lx) =

CONCLUSIONS

Tt has been shown that an unconventional photoacous-
tic technique, using a piezoelectric barium titanate detector,
can be successfully used for solid samples in the microwave
region either to study the behavior of the PAS signal as a
function of the modulation frequency or to study ferromag-
netic resonance.

The theoretical approach presented here accounts for
the experimental behavior of the PAS signatl as a function of
the modulation frequency in the microwave region.
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ABSTRACT

The temperature dependence of EPR linewidth
broadening in polycrystalline Fe,TiO; is discussed. From the
comparison between our EPR data and those reported in the
literature we can conclude that our sample exhiblts a true
thermodynamic spin-glass transition at Tg = 53.4 * 0.5%k.

We nresent an expression to explain the behavior of the EPR

linewidth broadening as a function of temperature.
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In recent years many experimental and theoretical
studies have been performed on systems which show a transition
into the spin-glass phase. The ac susceptibility measurements
exhibit quite clearly a cusp which has been used as one of the
simplest methods to determine the freczing temperature (Tf).

The freezing temperature is related to the formation of strongly
coupled spin clusters embedded in a "sea” of weaﬁly coupled
spins. This behavior has been noted over the years in a

variety of alloys 0 and more recently in insulating

11-13

materials . As has been pointed out by Bhagat et a114,

the
influence of the spin freezing seems to be the same whether
the system is dilute or concentrated, crystalline or amorphous,

paramagnetic or ferromagnetic, transition metal or rare-earth,.

Here we report EPR (“9GHz) measurements on the
insulating oxide Fe,TiOg (pseudobrookite). Atzmony et al.15
reported extensive experimental results which show that single
crystals of pseudobrookite bechave as anisotropic spin-glasses
below Tf = 55 X. Furthermore, the authors pointed out that
ac susceptibility measureﬁents, carried out in fields of
20-100 Oe at 300-2000 Hz, vielded similar results (Tf = 55 X).

At this point it is impoertant to observe that the frequency
denendence of the ac susceptibility cusp has become a testing

ground for the various descriptions of the spin-glass transitionslB'l
There are basically two competing theoretical approaches to
explain the spin-glass transition. One of them predicts a true

thermodynamic transitionl7‘22 while the other uses a "pseudo-

23,24

transition” picture which is5 merely a manifestation of the
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slowing down of cluster thermal fluctuations to a time interval
comparable with the experimental meagsurement time, Thercfore,
the frequency dependence of the spin-glass transition has been
used as an experimental support for the pseudo-transition”

plcture.

The purpose of the present work is to report the
temperature dependence of the EPR linewidth in FezTiOS. From
this we can estimate the freezing temperature, which is in good
accordance with the ac susceptibility data reported by
Atzmeny et alls, in spite of the time scale of the measurements:
v 10—9SEC for EPR (our data) and ~ 10ﬂ2—10ﬂ35ec for Xac
(Atzonomy et al data). Therefore, it seems recasonable to
conclude that the spin-glass transition in pseudobrookite behaves
as a true magnetic transitioﬁ rather than a magnetic "blocking®
transition. Another important point that we would like to stres%
is concerned to the usefulness of the EPR technigue in
investigating the critical dynamics of the spin-glass transition.
Thne advantages of the EPR technigus is that it is not necessary
to work at low temperatures, 1.e., at temperatures near Tf.
This is because the spin-glass transition dominates the magnetic
benavior over a very wide temperature range beyoud Tf, as has
been observed by Bhagat =t allq. These authors have concluded,
from the analysis of the EPR measurements obtained by several
investigators and using differents materials, that if a system

exhiblts spin-freezing, its EPR linewidth, has & nearly universal

dependence on temperature, cven for temperatures much above Tf.
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"Recently a geometric pilicture of a dilute ferromagnet
has been used to explain the freezing behavicor of superparamagnetici
partiCIESES. In this picture an infinite cluster of spins with
long-range magnetic order coexists with finite clusters of spins.
The model is a generalization of Sarkissian's approach21 and
takes into account anisotropilc interactions between spinsg. To
explain the temperature behavior of the EPR linewidth above Tg
we consider the low-energy excitations of the infinite cluster
as spin waves and t.eat the coupling of these modes to the
finite clusters as a relaxation chanhzlfor the infinite cluster
driven by a microwave field. We propose that the relaxation
process, above Tf, is dominated by a longitudinal mode and
occurs via an aniSOFrOpic Dzyaloshinski& - Moriva (DM} type of

interaction betwenn spins in the infinite and finite clusters.

The Hamiltonian which describes the dynamics of a such system is
-+ -+ -+
H = E ﬁﬁak a + D . g xS . (1)

Where k is the wavevactor of the low-enerqgy excitations,

€ 7 A+ Dok2 is the energy associated with the excitations,

DO is the stiffness constant and A is a spin wave gap arising
from anisotropic interactions between spins. The a;, a, are
Holstein-Primakoff boson opncratocrs, the o, are the Pauli matrices
and the coupling D describes an effective DM interaction

between the spin S in the infinite cluster and the spins of the
finite clusters. After taking into account the damping due to

the spin wave - cluster interaction on the spin wave propagation

we can show that the temperature dependence of the EPR linewidth
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broadening is described by a simple relation:
AT (T) = A exp (-T/Tg) (2)

In the cquation above, A is a constant characteristic of the

system and T, is the freezing temperature. A more detailed

£
description of the calculation related to the Eq. 2 is described

elsewherezs.

Oour measurements were performed using an X-band

spectrometer tuned around 9.0305 GHz. The temperature was

lowered from 321.1 to 174.8K using a liquid N, flux technigue.
ﬁhe temperature variation during each measurement. was always less
than 0.3 X. Below 174.8 K no EPR signal was detected. The loss
of EPR signal when Ehe temperature is lowered toward Te has been
associated to the growth of finite CIUStersz. In Fig. 1 we show
some typical resonance curves with fairly lafge linewidths.
These lines were computer fitted to lorentzian lines and the
temperature dependence of the resonance linewidth broadening

(aT =T - I} is shown in a semilog plot (Fig. 2). Here T means
the temperature independent value of I observed at higher
temperatures. The sample (FezTiOS) used here has been sinterized
from a stoichiometric mixture of polycrystalline Fe,04 and

TiO2 after heating at llOOOC during 48 hours in an air atmosphere.
We have used X-ray diffraction at rom temperature and Mbssbauer
at room temperature and 4.2 K to characterize our sample

(results not shown here) . The data are in a good agreement with
those reported bv Atzmony et alls. The solid line in Pig. 2

represents the best fit to the experimental data using Eg. 2
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and T _ = 2.5 £ 0.1 Kg. The adijusting parameters are A = 74.2 *0.1lKg
and T = 53.4 ¢+ 0.5 X.

In conclusion, from the comparison between our EPR
measurements (T, = 53.4 * 0.5 K) and the ac susceptibility data

f
repor ted elscwherelS (Tf = 55K) we can conclude that Fe,TiOg

exhibits a true thermodynamic spin-glass transition at Tff

The shift ATf = 1.6 *+ 0.5 arising between our EPR and those

X ac data may be due to the polycrysttaline nature and the

thexrmal method of preparation of our sample. For similar magnetic
svstems the EPR measurements are specially useful in

investigating the critical dynamics of the spin-glass transition.
Finally, the model used here, based on an anisotropic DM type

of interaction betwgen spins; seems to be a reasonable description
of the true thermodvnamic spin-glass transition., However,
whether the spin-—glass transition is a true phase transition or

a "pseudo-transition” is still controversial for several other

spin~glass systems.
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FIGURE CAPTIONS

FIG. 1 EPR spectra of polycrystalliné Fe2T105 at several

different temperatures.

FIG. 2 Temperature depcendence of the EPR linewidth broadening
('I
of polycrystalline Fe,TiOg (pseudobrookite) . Note the

logarithmic vertical scale.
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ABSTRACT

The M8ssbauer linewidth broadening of superparamagnetic
particles of ferric hydroxysulfate, near the point where the
paramagnetic lines begin to appear, has been investigated as a
function of temperature. This behavior is explained by a geometric
picture of an assembly of magnetically ordered singie-domain
particles whose magnetic moments moves within an asymmetric
double-well potential. A relaxation model is presented which
combines the conventional theory of superparamagnetism with an

exponential distribution of energy barriers.

PACS numbers : 76.80. + y, 75.60. Jp, 75.50. Kj, 76.90. + d
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INTRODUCTION

Superparamagnetic behavior is related to the magnetic
ordering of extremely small particles. Although this phenomenon
was discovered about half a century ago, on a colloidal suspension
of Fe304 partic]es], 1t continues to be a matter of intensive

2-]0. In the conventional theory of superparamagnetism, an

studies
assembly of magnetically ordered single-domain particles hold
their magnetic moment in an easy direction due to the crystal

field'!,

Thermal fluctuations cause the magnetic moment of the
particle to undergo a sort of Brownian motion around the easy
axis, and there is a finite probability that the magnetic moment
spontaneously change its direction, moving within a double-well
potential. In this picture the relaxation time of the magnetic

moment of the particles is described by]2

T = T-o exp (V/KBT)s (])

where v = KV is the activation energy, K is the magnetoerystalline
anisotropy, V is the particle volume and T, is of the order of

Ins.

In the last two decades ﬁdssbauer spectroscopy has
become an important technique to understand superparamagnetism,
in part due to the qualitative relation between M8ssbauer spectra
shapes and Eq. (1). That equation compares the activation energy
(v) with the thermal excitation energy (KgT). At Tow temperature,

in the magnetically ordered phase; the M8ssbauer spectra-of Fe57
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13,14

nucltei show a pattern of six hyperfine lines When the

temperature is increased the hyperfine lines become asymmetrically

broader and a quadrupole doublet!>+16 17,18

or a single line begins
to appear. The intensity of the doublet or the siﬁg]et increases
with increasing temperature and at higher temperatures only these
tines survive, These are the fundamental features of

superparamagnetism as seen through M8ssbauer spectroscopy.

In the present paper we analyse the broadening of the
hyperfine M8ssbauer lines, as a function of temperature, in a
system which exhibits superparamagnetism, This linewidth
broadening is more sensitive to the temperature in the range near
{(above and below) the point Where the paramagnetic lines begin to
appear. Here, we focus our attention, on that range of temperature
and the broadening is explained using a relaxation model, The model
describes the superparamagnetic relaxation process in terms of
transitions, within a doubie-well potential, of the magnetic
moments 6f the particles. Our experimental data were obtained
using a ferric hydroxysulfate sample which shows a bimodal

particle size distribution,
EXPERIMENTAL DETAILS

The experimental data are related to the |1/2 > » |3/2 >
VBssbauer transition in an amorphous sample of ferric hydroxysulfate.
The spectroscopic characterization of the FeDHSO4'samp1e, labeled
here as A{300), is described elsewhere19. The particle size

distribution was determined by electron micrescopy. The sample

shows a bimodal distribution of diameters as depicted in Fig. 1.
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The MbBssbauer spectra were obtained using a
conventional constant-acceleration spectrometer in the standard
transmission geometry. The spectra were recorded using a source
of Co57 in Cu matrix with an initial activity of 25 m Ci. In Fig.

2 we show the spectra of the A(300) sample at various temperatures.

The linewidths of the hyperfine M8ssbauer lines were
obtained by fitting the experimental data using a hyperfine-field
distribution P(H). The best fit of the Fbssbauer spectra was done

by the following model

1

A [(H - Ho)2 + (r]/Z)z}- for 0 < H < H, (2a)

-

P(H) =

B {(H - H0)2 + (Fz/z)zJ -1 for H > H . (2b)

This phenomenclogical approach is very similar to that proposed

2]. The fitting of the

by Sharon and Tsue'i20 and Tsuei et al,
experimental data based upon this model is shown in Fig. 2 by the

solid lines,

The adjusted values of the linewidths of the hyperfine
lines (r) were taken as r = 1/2 (F] + r2), with Ty and Ty given by
the P(H) model described above. The experimental linewidth
broadening (AT = 7 - ro) as a function of temperature is represented
in Fig. 3 by points. Here the value of r, was taken as 5.59 KOe

because this is the natural Tinewidth of Fe57 at low temperature.
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THEORY

Our model describes the dynamics of an assembly of
magnetically ordered single-domain particles under zero external
field. Fach of those particles may be considered as a single
entity, a well defined agglomerate of spins, with total spin §
{typically, S is of the order of 103). We assume a geometric
picture where the magnetic moments of the particles moves within
a doble-well potential with an anisotropic barrier energy given
by v = KY. This two-level sysilem may be related to two distinct
values of ¢ (&1 =0 and ¢, = ), where ¢ is the angie between
the magretic moment of the particie and the easy axis. In a
crystalline solid the symmetric double-well model has been used
as a fairly good approach to explain the magnetic relaxation
process. However, in our case we have an amorphous solid which
shows a bimodal distribution of diameter (see Fig. 1). Therefore,
it is reasonable that our experimental data must be analysed in
téyms of a distribution of barrier height (v = KVY). Furthermore, Wwe
argue that the same variations in local environment that produce
variations in v = KV will certainly produce inequivalent
potential wells, giving an asymmetric double-well potential. It
is important to mention that the asymmetric model has already
been used in connection with the unusual low-temperature

properties of amorphous so1ids.22'26

The model assumes that we have a system of N such
particles distributed between the two energy levels. This

distribution is fixed at low temperature, but at high temperatures
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thermal fluctuations of the magnetic moments about equilibrium

are induced, Experimentally, we mean by high temperatures those
near the point where MB8ssbauer paramagnetic lines begin to appear.
Hence, there will be a finite probability per unit time (H12) for
the magnetic moment of any one of the particles to hop from ¥y to
PR The inverse transition probability (%2]) is related to the
first one by the Boltzmann factor. 1f we introduce the variable

n, defined as the difference in population between the two levels,

the dynamics of the system is described by

LU S . (3)

where n, represents the thermal-equilibrium population difference
at a given temperature and t is the relaxation characteristic
time, assumed here to be given by Eq. (1). From a physical:’
reasoning, we would expect that relaxation process to be described
by a susceptibility expression of the form

1

x{T) = T s (4)
1 - fw, T

similarly to the Debye model. Here, ¥ is the thermal-equilibrium
transition probability per unit time at a given temperature. Now,
it's reasonable to describe the MBssbauer Tlinewidth broadening,

within this model, by the imaginary part of the susceptibility

AT = T° ° -, (5)
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where T' must be determined experimentally. Since we have an
assembly of particles which shows a certain particle-size
distribution, the experimental linewidth broadening must be
averaged by a weight function. This weight function must describe
the reduction of the number of particles at high activation
energy. To account for these arguments we use the weight function

proposed by Gilroy and Phil1ip524.

1
g(v) = o= exp (- v/v,) (6)
0
where Vo is a characteristic activation energy related to each
conponent 6f the bimedal distribution of particle size,
Consequently, the experimental linewidth broadening of the
i8ssbauer hyperfine lines, related to each component of the

bimodal distribution, must be given by

< AT(T) > = Jf r' Im {x{T}| g{v) dv. (7)
9

The above integral can be solved by taking y = W T, exp(v/KBT)

and a = KBT/vn, and writing Eq. {7) as

< AT(T) > = %é (woro)aﬂn (woro) . (8)

At this point we introduce a characteristic temperature related
to each component of the bimodal distribution {(8) by

Kp8 = v /Ln |w010] . Using this definition in Eq. {(8) we have

8
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< AT(T) > =1'(T/0) exp(T/6) . (9)

The physical meaning of the characteristic temperature {(8) is
that below & the magnetic moment of a superparamagnetic particle,
withim an asymmetric double-well potential, is bottlenecked to

move as in a thermal-relaxation channel.
BISCUSSICH

The experimental behavior of the linewidth as a
function of temperature (Fig, 3) shows two distinct regions:
I {T < 106 K) and 1@ (T > 106 K). Fitting the experimental data
according to £g. {9) we have two distinct values of 83

6! = 62.7 K and o'}

= 14,7 K. These temperatures are related

to the two components of the bimodal particle-size distribution,
depicted in Fig. 1. Those particles whose diameters are centered
around 110 R have their magnetic moments moving at temperatures
above 14.7 X, This means that the average wagnetic moment of
small particles (50 3) is lower than the average magnetic moment
of the other component of the assembly {110 ﬁ). Therefore, the
critical diameter, for which the average magnetic moment of a
particle is a maximum, is located above 110 & for FeOHSO,
particles. At temperatures between 101 and 108 XK the system
behaves as if it undefgoes a phase transition. In this range the
system shows a change in the slope of the plot of Fig. 3 and the
Hssbauer paramagnetic lines begin to appear, The relation

between the temperature (T - 106 K) at which this change occurs
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and the others characteristic features of the system needs more

detailed attention.

CONCLUSIONS

M8ssbauer measurements of the hyperfine linewidth
broadening as a function of temperature, together with electron
microscopy measurements, may contribute to the understanding of
superparamagnetism. A dynamical model based upon an asymmetric
double-well potential weighted by an exponential function may be
used to explain the experimental data. The broadening is mainly
related, withim the range of temperature considered, to a
relaxation process of the magnetic moment of the superparamagnetic
particles. A characteristic temperature (6), below which the

thermal relaxation process is bottlenecked can be estimated.
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FIGURE CAPTIONS

Fig. 1 - Particle size distribution of the A(300) sample obtained

by electron microscopy.

Fig. 2 - Temperature dependence of the Mbssbauer spectrum cof the

A(300) semple. The salid curves are fittings based on

Eg. (2).

Fig. 3 - Temperature dependence of the VBssbauer hyperfine
linewidth broadening of the A(300) sample. Note the

logarithmic vertical scale,
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In the conventional photoacoustic spectroscopy (PAS)
a gas-microphone cell has been used to detect the photecacoustic
signal. Basically, the PAS signal is detected as a periodic
gas pressure fluctuation in an enclosed chamber, as described

elsewhere [1].

In the present letter we report magnetic measurements,
namely, ferromagnetic resonance and magnetization curve, taken
with a gas-microphone cell, similar te that used in the PAS
detection. In Fig. 1 we show the block diagram used in our
experiments. The spacial configuration ©of the modulation coils (A)
is similar to that used by Fcner ;2|. The waveguide (Fig. 1)
is attached to an X-band FMR spectrometer. In Fig. 2(A) we show
a detail of the end of the waveguide and in Fig. 2(B) a detailed
description of the gas-cell is made. To illustraté the wersatility
Qf the system described above we have used a commercial ferrite..
The magnetization measurements are made by the microphone attached
to the PAS cell (Fig. 2(B}) and the FMR measurements are made
using the microphone attached to the end of the waveguide
(Fig. 2(A)). The screw in Fig. 2(B} is used to prevent vibrations

of the elastic membrane when FMR measurements are made.

For magnetization measurements we observe that the
presence of a D.C. magnetic field modulated by an A.C. magnetic
field (modulation cbhils) mowes the sample around an eguilibrium
position. The pressure fluctuation inside the gas cell is detected
by the capacitive microphone. The amplitude of this pressure
fluctvation is taken as proportional to the magnetization of the

sample. From this we obtain the magnetization curve as shown in
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Fig. 3{(A). The linearity of the system is displayed in the

inset of Fig. 3, where we have in (C) the output of the lock-in
amplifier versus :miligrams of iron (Mbssbauver iron £foill) at

7KG. In Fig. 3(D} we show the residual signal due to the

metallic foil of the capacitive microphone. At this point we

note that the FET of the capacitive microphone has been pulled
out and connected directly with the pre-amplifier. Furthermore,

we note that the motion of the elastic membrane must be harmonic,
fér linearity reguirements. In Fig. 3(B) we have the FMR curve
detected@ by photoacoustic spectroscopy at 8.1 GHz. A more detailed

description of this measurement.is described by Nunes et al 6L/7C2{
. A
Bl 7rvmedrie efal ) 3,4/

In conclusion, we have pointed out that similar
experimental arrangements can be used successfully in a variety
of experimental measurements. The inset in Fig. 3 shows clearly .

the sensibility and the iinearity of the method.

ACKNOWLEDGEMENT

The authers wish to express their sincere thanks to
the members of the resonance group of the UFMG - Brasil, specially
to Professors R. Gazzinelli, A. 5. Chaves and G. M. Ribeiro for

their hospitality and interest.



A-101

FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Block diagram (A)- modulation coils, (B) - Waveguide, (C)-
PAS cell, (D})- signal generator and audio amplifier, (E)-

preamplifier, (F}- lock~in amplifier, (G)- magnetic poles.

(A) 1 - teflon, 2- microphone, 3- duct for pressure
adjust (B} 1- screw, 2- duct for pressure adjust, 3-

elastic membrane, 4- sample, 5- teflon O-ring, 6-microphone.

Experimental data of the ferrite at room temperature.

(A) magnetiéation curve, (B) ferromagnetic resonance
curve, (C) output of the lock-n amplifier versus miligrams
of iron at 7Kg, (D} residual signal of the metalic foil

of the microphone.
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ABETRACT

Experimental data of the photeoacoustic signal behavior
near the ferromagnetic resonance field are presented. The

§ (f > 100 Hz), where f is the

photoacoustic signal goes as f
modulation freguency. The § values are positive and tend to one
when the external magnetic field tends to the resonance field.

A theoretical approach, based upon in an thermally thick and

optically cpaque sample approximation, is proposed.
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INTRODUCTION

After the basic paper*sl_3 on the photoacoustic effect
(PAE) appeared, the main objects of research in this field
have been the photoacoustic detection of physical phenomena and
the improvement of the photoacoustic spectroscopy (PAS) as a
powerful and versatile techniqueu_lu. Basically, the physical
principle of PAS 1s the conversion of electromagnetic radiation
into a periodic heat flux when intensity-modulated radiation
shines on a sample surface. This occurs because part of the
modulated radiation is absorbed by the sample (excitation of
energy levels) and a nonradiative de-excitatiocn process reconverts
it into a periodic heat-flux. Then, elastic waves are generated
as & result of the motion of the medium due to a periodic thermal
expansion process. Conventionally, the sample to be investigated

is placed inside a closed gas cell and the periodic heat flux

is detected by a sensitive microphone as described elsewhere .

Recently, we have reported an "unconventional”
experiment arrangement for the detection of the photoacoustic
effect. There. we have replaced the conventional closed gas cell

. . . . 1
by & piezoelectric ceramic detector

o

In this arrangement The
sample tc be investigated is elastically coupled to the
piezoelectric detector (barium titanate in our case) and the
photoacoustic signal is related to the mean value of the elastic
wave stress armplitude <eg>. We have used this Utnconventionzal
bhotoacoustic technique mere succesfully either to study the

behavior of the photocaccocustic signal as z funciion of the
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modulation frequency in the microwave region or to detect the

. . 16
ferromagnetic resonance signal .

In the present paper we report a more systematic
study of the frequency dependence of the photeoacoustic signal
near the ferrcmagnetic rescnance field (piezoelectric detection).
We have used & commercial ferrite sample whose ferromagnetic
resonance field is 0.2865 T when the microwave radiation is

tunned at 9.38 GHz, at room temperature.

EXPERIMENTAL

The experimental set up used in our experiment is that
of & non commercial X-band FMR spectrometer (Fig. 1). A detail
of the end of the waveguide, where the sample is placed, is shown
in Fig. 2. A typical ferromagnetic resonance curve is-Shown in
Fig. 3., using a modulation freguency of 105 Hz. As we had pointed
out above, the purpcse here is to study the behavior of the
photoacoustlic signal as a function of the modulation frequency,
around the ferromagnetic resonance field. This behavior is
summarized in Fig. U for several values of the DC magnetic field.
Note that our experimental date were for & modulatrion frequency
above 100 Hz. The photoacoustic signal behavior for low
modulation frequency (in our case below 100 Hz) may be explained
by & model proposed by Whitelj. In his modeli. the photoacoustic
signal go as fl/2 (for piezoelectric detection), where f is the
modulation_frequency. However, for high modulation freqpency

(in our case above 100 Hz) tThe exxperimental data shows that the
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photoacoustic signal go as f—(5 (for piezoelectric detection),
where § assume a wide range of positive values (see the legend

in Fig. 4). In a recent work we have proposed a model where ¢
tends to one in the limit of a thermally thick and optically
cpaque samp1e18. In the following we will discuss the experimental

data presented here within the same basic assumptions of our model.

DISCUSSION

The sample used in our measurements has a disk
shape with thickness £. The sample is elastically coupled to the
piezoelectric detectof via a quartz rod (see Fig. 2). Here we
assume a one-dimensional model, i.e., the PAS signal is related
to the elastic waves trevaling along the axis of the gquartz rod
(x-axis). The relationship between the stress (e) and the strain
(y) for a solid absorber subjected to a modulated radiation is
given by

e () = (3 + 2R) x(x) - B C 8 (x), (1)

where %, 1is the first Lame constant (K g/m x s“), R is the
modulus of rigidity (Kg/mxsg), B is the bulk modulus (N/m‘) and
).

. . . . S o " _—
C. is the thermal expansion coefficient (7C in Eq. 1 the

t
function #(x) represents the spacial part of & temperature
distribution function @#lx,t). This @(x,t) function describes the

shift on temperature from the equilibrium, due to the PAE. It is

reasonable suppose that ¢{(x,t) may be described by

plx,t) = g(x) exp (1wt) (2>
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vwhere w 1s the freguency of the chopper. From a physical viewpoint
the speciel part of g(x,t) take into account that PAE occurs

in subsurface regions (in our case). The temperature distribution
function work out as a drive force for the elastic waves and
comes from the PAE. The differential equation which describes

. . . . 18
an elastic plane wave 1in an homogeneous medium is

dzu(x,t) 1 dzu(x,t)
— - = = =0 (3)
dx v dt
L
where vi = (Al + 2R)/p is the velocity of the elastic waves

along the x-axils, p is the density of the medium (Kg/mg) and
p(x,t) describes the displacement of a point of the medium. In

the presence of a heat source proportional to dp(x,t)’dx we have

from Eq. 3
dzu(x t) 1 dulx,t) dg(x.t)
T 3 ; =0 : ’ ()
dx V1, dt dx

where D = B Ct/vi. From the above we would expect that the motion
of the media must be described by u(x.t) = p(x’) exp (fwt). The
spacial part of p(x.t) and pl{x,t), which must describe the
behavior of the system at the steady state, follows the

differential eguation

dpu(x)

e 4 g? w2 op Y (5)
dx Cx
where § = w/v,. We would expect three contributions to the g(xJ

—
I

function, namely, the thermal diffusion coefficient (o), the

optical abscorption coeificient (B) and the thermal cdiffusion
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length (8). However, as a first epproximation we chserve that the
sample (a ferrite disk of 2.0mm thickness) used here is seen as
thermally thick. This means that £ >> € and consequently the
spacial distribution temperature function may be given by

$ (x) = Al exp (-ox) + A, exp (-Bx) . (6)

where x runs over the -sample lenght. The values of the constantes

which appear in Eq. 6 are

2

pp = Bdon o (7.a)
2Xo (B°=0c“)
and
A? - - B 2102 . (7.b)
2K (B7-0")
where ¢ = (l+ida, a:(w/2a)1/2 is the thermal diffusion COefficiént
-1 ’

(m "), a = K/pc is the thermal diffusivity (mz/s), K is the
thermal conductivity (j/mxsx OC), C is the specific heat

(3/Kgx ©C), B is the optical abscrption coefficient (m—l) and

1 represents the intensity of incident radiation flux on the
sample (W/mz). At this peoint we assume that, for high medulation
freguency, the majJor contributicon te the stress 1s due to the
temperature distribution in the sample. Therefore, from Eg. 1 we

have

e (x) = - B C_ plx), | (&)

Since the photcacoustic signal is related to the mean value of

e(x) along “he sample length, we must Take Ffrom Eg. 8



A-114

£
<e(x)> = S elx) dx (g8)
o)

el

where £ is the thickness of the sample. From Egs. 6 and 8 we

have
1 £
<e(x)> = = S -B C, [Al exp (-ox) + A, exp (-8} dx . (19)
£
©

In our case the frequency dependence of the PAS signal is very
sensitive to the DC magnetic field near resonance (see Fig. 3).
When the external DC field goes to the resonance field of the
sample, it becomes optically opaque, i.e., £ >> uB z l/B and
exp(-BL) vanishes. In this 1imit and bearing in mind that our

sample is thermally thick (exp (-of) = 0) we have

(11

<g(x)> i BC Ina (%)

b 7K £

after integration of Eq. 10.

CONCLUSION

In conclusion, our model describes fairly well the

behavior of the PAS signal near the ferromagnetic resonance field.

Theoreticallv the PAS signal goes as f © in the resonance field
. L . . .. -0.96

and our experimental date shows that the signal goes as §

Near the rescnance field (out of resonance) the assumption of a

optically opague sample is not fully correct and the signal

¢ . . . .
goes as f 7, with & assuming positive values ( see Fig. Uu).
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TIGURE CAPTIONS

FIG 1 (A) - diode detector, (B) and (F) - isolator, (C) and (E}-
attenuator, (D) - frequency meter, (G) - klystron, (H)-
power supply, (I) - amplifier and signal selector, (J)-
sinoidal generator signal, (K) - rectangular generator
signal, (L) - frequency meter, (M) - Jlock-in amplifier,
(N) - voltmeter, (0)- xy-plotter, (P) - oscilloscope, (Q)-
audio amplifier, (R)- side-wall coupler, (S8)- waveguide

end (see. Fig. 2).

FIG 2 (A)- Waveguide, (B)- sampie, (C)- quartz rod, (D)-

piezoelectric detector.

TIG 3 (A)- reflection resonance curve (diocde detection), (B)

absorption resonance curve (piezoelectric detection).

FIG 4 Photoaccustic signal versus modulation frequency for the
ferrite (log-log scale) at (A)- 2865 G (&= 0.96), (B)
2500 G (&= 0.8u), (C)- 2000 G (&= 0.82), (D)- 1500 G(&= 0.81),

(E)- 1000 G (8= 0.80), (F)- 500 G(&= 0.7¢€).
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ABSTRACT

A simple microvibrating sample magnetometer (MVSM),
particularly inexpensive, sensitive and versatile has been
developed. An alternating magnetic field superposed to a steady
uniform magnetic field is applied to the samnle. The sample
undergoes a periodic motion around an equilibrium position,
causing a pressure fluctuation within a closed gas cell which

is detected as an acoustic signal by a micronhone.

PACS number: 07.55. + x, 07.20. Mc
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INTRODUC TION

Measurements of magnetic moments have been done
by the following three types of methods: (1) indirect methods,
(2) force methods and (3) induction methods. In indirect methods
the magnetization of a sample is related to a particular physical
phenomenon., Despite their high sensitivity indirect methods
are suitable to a limited class of materials. Examples of indirect
methods are ilall effectl, Faraday effectz, EPRB, NMR4 and
Mdﬂssbauer5 measurenments. The other two types of methods have
found widespread applications in both academic research and
industry. The force methods involve the measurements of a force
exerted on a sample placed in an inhomogeneous magnetic field.
The induction methods are based on the measurements of a signal
induced by moving the sample with respect to detecting coils,
An example of a force method is the Faraday magnetic balanceﬁ:

an example of an induction method is the vibrating sample

magnetometer7.

In the present work we have combined some

advantages of both force and induction methods in an inexpensive,
sensitive and versatile microvibrating samole magnetometer
(MVSM) . Our exverimental arrangement, which we shall describe

in detail in the following section, is based on the force method.
The underlying principle is the application of an alternating
(low frequency) magnetic field superposed to a steadv unifornm
magnetic field. A sinusoidal force is exerted on the samnle

by the alternating magnetic field. This force is communicated

to a damped resonant elastic membrane to which the sample is
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attached. The driving force of such motion is given by

F= (4.7 feff , (1)

-
where Eeff is the effective field acting on the sample and ﬁ

is the magnetization of the sample. The resulting mechanical
vibrations cause pressure fluctuations within a closed gas cell,
which are detected by a sensitive microphone, as an acoustic
signal. Therefore the magnetization of the sample is taken as
proportional to the acoustic signal. Supposing an adiabatic
behavior of the gas inside the gas cell, the acoustic signal
(A.S.) must be proportional to the amplitude of the pressure

fluctuation (dP/dt). This is given by

A.S. v dP/dt = v (PO/VO) av/dt , (2)

Where y = C_/C, is the ratio of specific heats of the gas,
Py is the eguilibrium pressure inside the cell, VO is the
volume of the cell at the eguilibrium pressure and dv/dt describes

the dynamic of the system along the vibration axis.

I EXPERIMENTAL DETAILS

The essential parts of the MVSM are shown by the
schematic diagram of Fig. 1. We discuss two differents configu-
rations where the direction of vibration axis is either parallel
or perpendicular to the external uniform magnetic field. From
now on the parallel and pverpendicular configurations will be
labeled as axial and transverse ceometry, respectively. In

Fig. 2 we show a rore detailed view of the gas cell, In the
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axial geometry, suitable for room temperature measurements, the
alternating magnetic field is given by a pair of coils with

axes coinciding with the axis of the gas cell (see Fig. 1). Here,
the sample is positioned in the middle vpoint between the coils
and the cell is mechanicallyv isolated from the coils. The
alternating frequency of the coils is tuned near the mechanical
resonance freguency of the system. Near the resonance frequency
the pressure fluctuation must increase according to the guality
factor of the resonance system. However, the fregquency range
very close to the mechanical resonance frequency must be

avoided to prevent larger errors due to fluctuation in the
acoustic signal. In Fig. 3 we revort the behavior of the acoustic
signal for a natural iron sample (M8ssbauer iron foil) as a
function of the sample weight, at room temperature, In that
figure the acoustic signal does not cross the origin because

we have a residual signal due to the metallic foil of the
capacitive microphone. Another point to be stressed here is

that the FET of the microphone has been pulled out and connected

directly with the pre-amplifier.

The transverse geometrv, suitable for temperature
variation measurements, shows a similar performance. In this
geometry, the acoustic cell, discussed in Fig. 2, is attached
to a rod and the sample is placed at the other end of the rod.
Here, a system of two elastic membranes makes the rod vibrate
only in one direction. In Fig. 4 we show a detailed view of the
transverse geometry where the sample is positioned at the center
of the colil arranogement. The coil éonfiguration used here is

N . 8 . .
similar to the Mallinson configuration, namely, a planar
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arrangement of four coils. This coil system has been used
sucessfully as detection coils in the wvibrating sample
magnetometer.

The coupling of the MVSM with other experimental
techniques may be used to illustrate the wversatility of our
system. In Fig. 5 we have the microvibrating sample magnetometer
(transverse geometry) coupled to a ferromagnetlic resonance
spectrometer. This arrangement has been used in our laboratory
to take magnetization and ferromagnetic resonance measurements
at the same time. In Fig. 6 we show the MVSM coupled to an
electron paramagnetic resonance cavity. This arrangement is
very usefull to take measurements in polycrystalline samples.
An example of this is showed in Fig. 7 where the magnetization
curve (dotted line) and electron paramagnetic resonance curve
(full line) were obtained for a commercial polycrystalline

ferrite.

ITI DISCUSSIONS AND CONCLUSIONS

In reality the MVSM described above represents a
force method. The force methods are characterized by their high
sensitivity and we believe that after some improvement our
magnetometer may be as sensitivy as the Faraday Balance. In
contrast to the Faraday method, where the field gradient, and
therefore the sensitivity, is a function of the steady field
(wich must be determined empirically), an analytical sensitivity
function may be defined to the MVSM for a given coil arrangement.

This makes the MVSM suitable to study the field dependence of
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magnetization. On the other hand, the MVSM shows an important
characterization of the induction methods; the acoustic signal
is directly proportional to the sample magnetization at all

fields.

The sensitivity as well as the signal-to-noise
ratio may be taken from Fig. 8, for the MVSM as it currently
exists. The curve in Fig. 8 was obtained from a polycrystalline
iron foil (5 mg) in the range of zero to 6 KG. The sweep-time (HDC)

and time constant (loock-in) were 5 min. and 1 seg., respectively.

In conclusion, we have combined some advantages of
force and induction methods in an inexpensive, sensitive and
versatile magnetometer, Based on the so — called principle
of reciprocity8 we can calculate a sensitivity function and
to study the effects of the coil geometry and sample geometry.
The sensitivity of the MVSM may be improved too by using more
convenient coil designs, elastic membranes, gas cells and

microphone detectors.
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FIGURE CAPTIONS

FIG.

FIG.

FIG.

FIG.

FI1G.

1

Block diagram of the MVSM. (1) electromagnet, (2) and
(4) modulating coils (axial geometry), (3) gas cell,
(5) FET and pre-amplifier, (6) signal generator and

audio amplifier, (7) lock-in amplifier.

Gas cell detail. (1) aluminum gas cell beody, (2)
microphone chamber, (3) duct for pressure adjust, (4)
support bracket attachement, (5) elastic membrane, (6)

samnle holder.

(3) acoustic signal versus sanvle weight (Mdssbauer iron
foil) and (B) residual signal due to the metalic foil of

the microphone.,

Block diagram of the transverse MVSM. (1) gas cell
(see Fig. 2), (2) and (3) elastic membranes, (4)

acrylic road, (5) modulating coils, (6) sample holder.

Block diagram of the MVSM counled to the FMR snectrometer.
(1) *™R spectrometer, (2) samnle, (3) MVSM(see Fig.d),

(4) modulating coils for resonance detection, (5)
modulating coils of the MVsSM, (6) signal and audio
amplifier (FMR), (7) signal and auvdio amplifier (MVsSM),
(8) and (9) lock-in amplifiers, (10) capacitive

microphone.
View of the MVS™ coumnled to the EPR cavity.

Magnetization (---) and EPR (—) measurement obtained
by the system showed in Fig. 6. The sample was a

polycrystalline ferrite.
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FIG. 8 - Acoustic signal versus HDc for a polycrystalline iron
sample (5 mg). bata taken from MVSM in the transverse

geometry.
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ABSTRACT

A connection between the temperature behavior of
the internal magnetic field and the MBssbauer linewidth

broadening for a system which exhibits superparamagnetism 1is

proposed.

PACS number: 76.80. + y, 75.60. Jp, 76.90. + d
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I INTRDDUCTION

In the last years we have studied some aspects of the
order and disorder behavior in fine particles of ferric
hydroxysulfatel_s. The choice of this system 1s mainly due to
the fact that we know how to control its hydration and
dehydraticn process, purification, chemical stability and
particle size distributionz. As 1t is a well know fact, the
magnetic properties of fine particles 1s very sensitive to the
pattern of particle size distribution in the region where the
system exhibits superparamagnetism. This fact is particularly
confirmed when one analyzes the Mdssbauer spectroscopy data.

At lovw temperatures the Mbssbauer spectra of Fes7 nuclei shows
a pattern of six hyperfine lines characteristic cof a
magnetically ordered phase. When the temperature i1s increased
the internal magnetic field cecreases and geces te zerc at the
magnetic phase transition temperature, the hyperfine lines
become asymmetrically broader and we have the increasing of

the intensity of either the quadrupole doublet or the singlet.
At higher temperatures either the doublet or the singlet
survives. These are the fundamental features of superparamagnetism
seen through Mdssbauer spectrescopy. In the fellowing we shall
summarize the most important aspects of our system, concerning
to the corder and disorder behavior. We shall take two different
viewpoints. First we shall consider the temperature dependence
of the internmal magnetic field H(T) and seccnd the temperature

dependence of the MBssbauer linewidth broadening Ar(T), at
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zero external field. Afterwards we will call the attention on
the fact that some parameters related to both approaches are

connected themselves 1in & simple manner.

IT THE MODELS

The temperature dependence of the internal magnetic
field has been previously studied in a ferric hydroxysulfate
sample which shows a bimodal particle size distribution3. The
diameters of such a bimodal distribution are centered around
two mean values (D = 50 2 and D, = 110 Z). To explain the
temperature dependence of the internal magnetic field and the
validity of the one-third power law 1in thé overall range
of temperature, i.e., near and far from the magnetic phase

transition, we propose that the density of magnetically ordered

. 3
atoms "m" must be a function of temperature”,

meT) = A'[l -1 e (Ipi(T)/Ip(TO))], (1)
1

where A is a characteristic constant of the rmagnetic system

(» < 1). Physically X represents the density of magnetically
ordered atoms at low temperature. The fracticn of magnetically
ordered atoms, at low tembperature and distributed between the
particles which compose the bimodal assembly, 1s given by

o, (i = 1,2). From Mbssbauer measurements we have the values of
Ip(T)/Ip (T ), i.e., the ratio of paramagnetic line intensities
as a function of temperature. T, 1s the temperature beyond

which no magnetic contribution is felt by M8ssbauer spectroscopy.

In our previous work® we have used an expression for Ipl(T)/Ip(TO)
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in order to adjust the experimental data given by Ip(TXY/Ip(T. ).
Thus, we have a description of m(T) given by Eq. 1. The model
used to analyze the temperature dependence of the reduced
internal magnetic field (H(T)/H(0) vs. T) was based upon the
molecular-field approximation for randomly dilute alloys. Within

this approach, by taking m(T) given by Eg. 1 a relation for the

magnetization M is found3 in the case of spin S = 1/2
v ]z—v
1 — \
l - M = 2‘ Z. [m(T)] I:l Hl(Tl (2)
2 V30 (z-v)! v [exp (2MI/KT)+]

In this equation z is the number of the nearest-neighbor exchange
interaction. At this point we take the reduced magnetization
M{T)/M(0) as the experimental values given by H(T)/H(0). The
behavior of the normalized H(T)/H(0) versus temperature is shown
in Fig. 1(b). The experimental points are represented by crosses
and the solid line represents the best fit of the data to the
Eq.2. The circles in Fig. 1{a) represent the egperimental values
of [H(T)/H(O)]3 versus temperature and the solid line represents
the third power of the points described by the full line in Fig.l(b).
In Fag. 1(c) we show the experimental points Ip(T)/Ip(TO) by
crosses and the full line by [1 - m(T)]. The adjusted parameters
based on the model described above are summarized in Table I. Cn

the other hand, we have also used the well know expression
E(T)/H(O) = A (1 - T/T )P, (3) .

to adjust our experimental data. Note from Fig. 1(a) that we have
three distinct regions corresponding to three straight lines.

In spite of their different angular coefficients all they show,
within the experimental error, the same value for the critical

exponent (B). The adjusted parameters from Eq. 3 are summarized
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in table II. The presence of such regions has been understood
a5 a manifestation of the order and disorder effect related to
ilie presence of a bimodal particle size distribution. In the
first region (T < 85K) we assume that the magnetic disorder is
mainly due to the temperature effect, being nearly independent
of the topographic characteristics of the system. However, in
the second (QEK < T < 107K) and third (T z 107K) regions the
effect of the clusters appear to be very important. In the
second region we have the effect on the magnetic behavior of the
system due to particles whose diameters are centered around

D, = 110 A. Tn the third region we have the contribution of the
particles whose diameters are centered around D, = 50 2.
Therefore, according to our interpretation, the critical diameter
for fine particles of ferric hydroxysulfate is located above

a diameter of 110 3.

Recently, we analyze in the same system the
broadening of the hyperfine Mbssbauver lines as a function of
temperatUPES. The M&ssbauver data are related to the |[1/2>> |3/2>
transition. The linewidth broadening is more sensitive to the
temperature in the range near the point where the paramagnetic
lines begin to appear, i.e., in the range of temperatures
corresponding to the second and third regions of Fig. 1l(a).

To explain this broadening we have assumed a relaxation model
where the magnefic mcments of the particles moves within a

double-well potential. We also assume that the local magnetic
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anisotropy destroys the original symmetry of the two level
system related to the magnetic moment of the particles. This
assumptioen has been used to explain wunusual low-temperature
rpr0perties of amorphous solidsB—L%Since we have an assembly

of particles which shows a bimodal particle size distribution,
the description of the linewidth broadening must include a
weight function. This function describes the reduction of the
number of particles with high activatlon energy bérrier. After
taken these points into account, the experimental linewildth
broadening of the MBssbauer hyperfine line, related to each

, . iy R . . 5
corponent of the bimodal distrabution 1s given by

ATT(T) = T!
1

(T/ei) eyp (T/Bi), ()
where Fi ig a constant related to the system and €;(i=zl,2) is a
characteristic temperature related to each component of the
bimodal distribution. The physical meaning of 5. is that at
temperatures below 6. the magnetic moment of the particles with
diameters around Di is becttlenecked to move as 1n a thermal-
relaxation channel. In Filg. 2 we show the experimental data of
AT /T ws. T by points. The full lines represent the best fit of
the experimental data by using Eq. %. We have assumed that the
presence of this two distinct regions is related to the bimodal
particle size distribution. The behavier of the system in the
range of T 5 106 K is dominated by the particles with diameters
centered around D, = 110 ] (B2 = 62.7K).-The other component
of the assembly, 1.e., the particles with diameters centered

around Dy = 50 b2 (6, = 14.7K) dominates the behavior of the
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system in the rarge of T 3 108K,

III ANALYSIS

In the present work we propose a simple connection
between the parameters used in the description of the order
and disorder behavior of our system. Those parameters arcse
from both the temperature dependence of the internal magnetic
field and of the temperature dependence of the linewidth
brecadening. From the above seems to bg reasonable to use the

following approximation for the density of paramagnetic atoms

12

m (T3 A= m(T) (%)

By using Eq. 1 and the data of Fig. 1(c¢) we see that m(T) tends
to i, at low temperatures, 1.e., 2- o I% (T)/Ip (T ) goes to
zero. At high temperatures, i.e., wien T goes to T.> the
experimental values of Ip(T)/Ip(TO) tends te one and m(T) must

goes to A [1 - E ai]. Therefore near the magnetic phase
1

transition we have
m_{(T) = . (o)
D AE ¢35

The analysis of Fig. 1(a) dearly shows that the effect of the
superpararagnetism is to shift the magnetic phase transition
temperature from T, = (131.62 + 0.01)K to ty = (120.83 ¢ 0.013K.
This shift may be understood 1f we consider the influence of
mp(T) cver Tc, near the phase transition. At this point we

argue that, in the absence of superparamagnetism, the value
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cf X must tends to one and Ty to TC. In our case 1, means the
actual phase transition temperature of the sample. Therefore,
the shift of the transition temperature from T, to 1, may be
related tc the decrease of the density of magnetically ordered
atoms at low temperature (X). Probably, this fact arises from
the effect of thermal fluctuations of the magnetic moment of
the clusters. Trom these arguments and looking at the data
presented above we suggest the following relationshilip Dbetween

1. and T
i e’

1. = m (T) T £7)
D c

where 1, represent the actual phase transition temperature of
the system (in ocur case 1 = 1) and mD(T) is given by Eq. (5).
Tf we use the adjusted values of A, ;1, a, and TC given above
we obtain T T 121.22K, according to Egs. £ and 7. This 1is

in a good accordance with the adjusted value for

= (120.83 + 0.01)K obtained in our previous work (Ref., 3).
Another point which arises from Eq. 7 is a possible connection
between the two approaches dilscussed before. Ve note Irom
that equation two contributions for Tos 85 7 A ay TC for i = 1,2.
Froem cur data we have 61 = 102.5K and 62 = 17.7K. Turthermore,
we note that 61 and 62 are related to the particle assembly

whose diareters are centered arcund D, = 50 & and D2 = 110 ﬁ,

respectively. From Fig. 2 we see that the 6, = 103.5K value
may be related to the temperature where the &'/T vs. T curve
change its slope. Then, above &, the temperature behavior of the

lirewidth broadening seems to be dominated by the particles with
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diarzters around D1 = 50 £. Tc see what happen with the other
compeonent (52), we must use the adjusted values for Fé and 0,
into Eq. 3 for T g 106K. These values are Té = 5,19K Oe and

62 = 62.7K., From this values we can calculate the temperature
(T') below which the M8ssbauer hyperfine lires hecome
symmetrical. The broadening of the hyperfine lines, due to the

cluster effect, is supposed to occurs above this temperature (T').

Experimentally this occurs when AT = 1.86K Je and by using
Fg. % we cbtain T' = 17.1K. At this point we assume that the
T'" = 17.1K value is related to the 62 = 17.7X. Then, in the

range of terperature between &, and &y (62 s T < 51) the behavior
of the linewidth broadening is dominated by the particles whose

diameters are centered around D2 =110 ﬁ .

IV CONCLUSIOHN

In conclusion, the experimental phase transition
temperature of our system (a bimodal varticle size distribution)
may be though as a result of two contributions éi = A oy TC
(i = 1,2). These contributions may be related with the temperature
cdependence of the M8ssbauer hyverfine line broadening by using a
relaxaticn model based ubon an asymmetrical double-well potential.
F'ially, we want to point out that this is a tentative analysis
or the superparamagnetic behavior of our system through

ri¥dssbauer data, and we believe that 1is worth-while toc apply to

other systems before it can be fully adopted.



TABLE I

TC (131.62£0.01)K
H(D) (HB?.BiD.S)KOe
A 0.921%G.001

¢y 0.854%0.001

oy 0.1456+G.001

Ty (120.83+0.01)K
Ty (124.7820.01)K
T (123.7220.01)K
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TABLE II

.
T (131.66%0.01)K
B (0) (469.5+0.5)K0_
A 1.22540.001
T (121.65+0.01)K
T; (124.42£0.01)K
T, | (124.02:0.01)K

0.335+0.00).
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CLPTIONS

1 - Behavior of the (&) [H(T)/B(0)]%, (1) H(T)/H(D)
and (c¢) mD(T) = 1- miT) wvs. T/TC for a bimodal
particle size distribution of ferric hydroxysulfate

(Ref., 3).

? - Temperature dependence of the M8ssbauer linewidth

brecacdening in a semi-log scale for cur sample

(Ref., 5)
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ABSTRACT

Magnetization data, obtained by a microvibrating sample
magnetometer are presented. These data are obtained at different
values of an external field applied to a sample which shows a
bimodal particle-size distribution. The bendings in the M> X T
plot are taken as an evidence of magnetic reorderings. These

magnetic reorderings are discussed extensively.

PACS Number: 75.60 - d, 75.60. Jp, 75.50. Kj



I - INTRODUCTION

The theoretical and practica] interest in the physical
properties of non-crystalline solids has been increased mainly due
to the fact that their properties can change pfofoundly when such-
mater?a1s are subjected to diffetent treatments (thermal, magnetic,

2

electric, mechanical, etc). By using Xway? ~and neutron diffractio$75
techniques many of the observed changes can be corte1ated with

the atomic and the magnetic rearrangements normally associated
with order~disorder processes. Among the different types of
physical behavior the magnetic properties has been found to be one
of the most sensitive to order<disorder. Mainly to the fact that
a non-crystalline solid does not exhibit a simple magnetic
configuration when thete is more than one strong interaction,
particularly if the interactions make conflicting demands on the
orientation of the different atomic moments. Indéed, this is

thought to be the basic reason for the existence of multiphase

. . . . 6
magnetic systems in many important materials

In the present work we report magnetization measurements
in a system composed by a bimodal particle-size disthibution of
ferric hydroxysulfate. The experimental data were taken at different
external fields (Hext) from 80 K to 230 K. We have used a
microvibrating sample magnetometer (MVSM) which will be described
brief1y. Finally, we compare the data obtained using the MVYSM with
previously obtained data from Mdssbauet spectroscopy719 (zero field)

and electron paramagnetic resonance]g (X-band) .



IT - EXPERIMENTAL DETAILS

Recently we developed a simple microvibrating sample
magnetometer particu]arly inexpensive, sensitive and versati]e]}.
Here, the MVSM was used in the transverse geometry, suitable for
temperature variation measuréments, In Fig. 1 we show a detailed
diagram of the MVSM coupled to a variable temperature system. The
underliying principle of the MVSM is the application of an
alternating (Tow frequency) magnetic field.superposed to a steady
uniform magnetic field LHextl‘ Then a sinusoidal force F= (M. ¥
ﬁeff is applied on the sample by the alternating field. Here ﬁeff
is the effective field acting on the sampie and M is its magnetization
this force is applied to a damped tesonaht elastic membrane in which
the sample is attached. The resulting mechanical vibration cause a
pressure fluctuation inside a closed gas cell, which is detected by
a sensitive microphone as an acoustic signal. We take the magnezation
of the sample as proportiona1 to the acoustic signal. In Fig. 2 we

show the body of the MYySM.
IIT - RESULTS AND DTSCUSSIONS

The used sample has a bimodal particle-size distribution
whith diameters centered around D] = 50 R and b, = 110 3; The
magnetic behavior of this sample has also been studied by Mbssbauer
spectroscopy at zero external fieldg The Mbssbauer data show the
presence of a magnetic ordered phase below T = 121 K. Furthermore,
those data show a quadrupoie doublet coexisting with an asymmetricall;
broader Zeeman pattern in the range 106 K 2 T < 121 K. This fact

has been taken as an evidence of the superparamagnetic behavior of



the system. We proposed a phenomenological approach to explain

the zero-field magnetization taking into account the magnetic
disorder introduced by the presence of a bimodal particle-size
distribution with superparamagnetic ordering. The model 1is based

on a molecular-field approximation for random1y dilute magnets.
Basically, the model assumes a temperature dependence for the
density of magnetically ordered atoms m(T). Experimentally m(T) is
related to the intensity of Mdssbauer paramagnetic lines, From this
approach it was possible to derive a distribution of critical
temperatures P(T) = dm(T)/dT (see ref. 9). This temperature
distribution showstwo distinct peaks at Ty, = (118.46 % 0.01) K and

Ty, = (120.96 I 0.01) K. The T . value was related to the first

02 01
component of the assembly (D] = 50 K) and T02 to the second

component (DZ = 110 X).

However, a deeper insight of the magnetic phases which
appear in our system comes out from magnetization measurements
performed at non-zero external field. The circles in Fig. 3
summarize the temperature (T) dependence of the magnetization (M)
obtained by the MVSM. In this figure the presence of two distinct
keaks at 125 K and 165 K has been taken as an experimental evidence
of a multiphase magnetic system. Also, a similar behavior has been
taken as an evidencé for the existence of short—range and long-range
magnetic ordering coexisting in the material through a thermodynamic

3-[

1 S
equilibrium . Furthermore, as it is well know, the high temperature

region (here T > 165 K) corresponds to a phase with long-range
magnetic order, while the low temperature region (T < 165 K)
corresponds to magnetic phases with short-range order. By assuming

that the critical exponent is 1/3 in the owverall range of



temperature, Trrespective of the magnetic interaction (long- or
short-range) we shall be able to make a more detailed analysis . of
the experimental data showed in Fig. 3. In Fig. 4 we show the
temperature dependence of the third-power of the magnetization.
At this point we shall assume that; either the presence of a change
in the slope or the presence of an apparent discontinuity in the

experimental values of the M3

x T plot or both, may be taken as
an evidence of a magnetic ordering change. These changes appear  in
Fig. 4 and we shall use them to discuss the nature of the magnetic

interactions in our sample,

From previous/3¥ (Mssbauer) and present (magnetization)
experimental data it has become evident that our sample shows an
essentially ferrimagnetic order below 105 K (BB' line in Fig. 4),
in the presence of an external field, 10 K& < Haxt < 18 KG. By
looking at the first straight line (T < 105 K) in Fig. 4 we
concliude that the magnetization of the system would fall to zero
at the same temperature (TC = 325 K),  independent of the value
of the external field used here. This fact suggests that the
system would present a continuous magnetic phase transition from
a ferrimagnetic to an antiferromagnetic state through a spin
rearrangement process in such a way that above TC = 325 Kithe systenm
would present an essentially pure antiferromagnetic ordering.
Experimental evidence of exchange coupled ferri—antifetromagnetic
systems has been pointed out by several authors in the last
twenty years]% In reality the magnetic behavior of our system does
not follow from the above described model. When the temperature
reachs T = 10% K the system decides to follow another way. To

explain the actual magnétic behavior displaied in Fig. 4 we shall



make the following assumptions, First, the topographic Characteristic
of the system (a bimodal assembly) does not enable the existence

of a long-range magnetic ordet above a given temperature. This
temperature must be related to the topographic characteristics of
the system. Second, inside each component of the assembly it is
possible to coexist two magnetic phases above a given temperature
through a thermodynamic equilibrium. Here, these phases are assumed
to be ferri and antifetromagnetic. The temperature above which

the ferri/antiferro equilibrium is turned on will be refered as the
activation temperature (TA). Experimentally the activation
temperature is nearly field independent in the range of our . .7
experiment (10 KG < Hoyt < 18 KG). This is physically reasonable

since the internal field (H ) obtained by M8ssbauer spectroscopy

int
is of the order of 400 K Oe, for our sample. Then, we shall expect

that in our experiment the external field introduce Tittle variatinn

ext/Mint =
provable temperature activation related to each component of the

bimodal assembly. Then, we expect two distinct values of TA (TA1,

on TA (R 0.05). On the other hand, we shall expect a most

i =1, 2) for our system, namely, TA];(D] = 50 R) and TAZ(D2;=110 ﬁL
Furthermore, the above described thetmodynamic equilibtium appear

to be sensible to both external field and temperature in such a

way that the equilibrium is reachs when the free energy of the
system is minimized. Third, we assume that each component of the
assembly goes to an essentially superparamagnetic state above a
certain temperature TBi (whemeTBi > TAi). According to Candela and

Haines!® T_ is called the blocking temperature and corresponds to the

B
temperature where the relaxation time of a particle is of the order

of 102 seg. Again, as a consequence of the topographic characteristic



of our system we shall expect a most provable blocking temperature
related to each component of the assembly. Natqrally, according to
the relaxation model for fine particles we shall expect a linear

16,17
dependence between TB and Hext .

Taking into accoun;éhe above assumptions we shal be able

to discuss the actual magnetig behavior displaied in Fig. 4: The
magnetic ordep of the system below 105 K is essentially ferrimagnetic:
The ferri/antiferro equilibrium in the first component of the
assembly (D] = 50 R) is turned on near 105 K. In rea]ity the
activation temperature related to the first component of the

"'~ 111 K. This will be make clear from the

3

assembly occurs at TA

data showed in Fig, 6. This explain the bending of the M x T plot

above 105 K. Therefore, the fall in the magnetization of the system,

above 105 K, is due to the decreases of the effective magnetic
. /-.\
moment of the particles that from the first component of the
, i .
assembly. For the second assembly component (D2 = 110 ﬂ) the ferri/

antiferro equilibrium is turned on at TAZ = 165 K, Again, we shall

3

see this from Fig. 6, This fact explain the fall in the M™ x T plot

above TAZ. To understand the relationship between the values of
A (i =1, 2) we look at the M8ssbauer data already pub1ished9.
These data show that the magnetic ordering inside the particles
that form the second assembly component is higher than the magnetic
ordering inside the particles that forms the first. Therefote,

according to Luborsky]g’]9

our system has a partic1es-size
disthibution below its;critica1 diameter. Then, we can use two mean
values 3 (i = 1, 2) to describe the exchange energy inside the
particles related to each component of the bimodal assembly (J2

From this analysis, it seems physically reasonable to suppose that

the activation energy (k TA ) must be porportional to J'. Within



this approach we shall expect that the tatiq TA]/TAZ will

be of the order of Jl/dz. Also a first approximation for 61/J2
comes out from the behavior of the experimental data presented

in ref. 18 in which fine particies of CoFe204, Co and Fe shows a
simple relationship., between the internal field (Hint) and the
diameter of the particles, below the critical point (D < Dcr.)‘
The internal field goes approximately as the square root of the

diameter (for D < Dcr ). If we assume that the internal field is

proportional to the exchange energy we must have

1 172
J7/32 = (Dy/D,) " , (1)
Using the above presented data we have TA]/TA2 = 0.673 which is
in a good accordance with the ratio J]/JZ = (01/02)1/2 = 0.674.

The bending in the M3 vs. T plot along the line AA'

and above 12 KG may be explained considering the ferri/antiferro
equilibrium inside the particles which'form the first component

of the assembly. At temperatures above the BB' Tline the
antiferromagnetic phase grows at the expense of the ferrimagnetic
phase and consequently the magnetization of the sample falls.
However, at temperatures above the AA' line (for Hext > 12 KG) this
equilibrium is reversed, i.e., the ferrimagnetic phase 1s recovered
at the expense of the antiferromagnetic phase and consequently

the magnetization is partially recovered. An evidence that this
process occurs via a thermodynamic equilibrium may be observed.
by looking at the relationship between temperature and external
field along the AA' line (above 12 KG). If one increases the external
field the temperature re]ated to the 1ntetsection of the slopes
shift to higher values. This may be seen as a consequence of a
general behavior of systems in thermodynamic equilibrium where Hext

works out as an external agent.



At temperatures above the CC' 1ine (see Fig. 4) we assume
that the first component of the assembly goes to an essentially
superpatamagnetic state. Then, according to our third assumption
the points over the CC’' line show the expected behavior between

Hext and TB]' The relationship between those parameters :comes from
16

the relaxation time for fine particles, descrihed by

Ky . au?/p° “Hext)

_kT +_'E“T—_+B~E"T_' > (2)

T =T exp(

Where K, V, u, D, o and B are the .magnetocrystalline anisotropy,
the volume, the magnetic moment, the diameter and geometric factors

associated to the particle, respectively. If one uses the blocking

temperature concept (T = TB if t = 10%

the order of 1072 sedg, we have

seg} assuming that T is of

2
- oy
25 k Tg = KV + T+ Blleye, | (3)

16,17.

Suzdalev et al. compare the magnetic dipole interaction (uuz/D3)

and the anisotropy energy (KV) for fine particles of iron. They
assume in their calculations that KV = OLU,Z/D3 at high temperatures
i.e., when the particles goes to a superparamagnetic state. Then

Eq. 3 reduces to

25 k TB = 2 KV + B“Hext. . (4)

Assuming that the most provable values for the blocking temperatures

(TB]) occurs along the CC' Tine we can use Eq. 4 to fit the

experimental values TB1 X Hext From this fitting we obtain the

following mean values, u1 = 1.01 x 103 Hpo TB]

and K] = 3,1 x 105 J/m3.

(H 0)=117.5 K

ext
We used B = 0.1, i.e., the same value

used by Suzdalev et al. (refs.16,17) for fine particles of iron.



1
B

most provable critical temperature (T,,) related to the first

Note that the T (Hext = 0) value 1is approximately equal to the

component, and obtained by M8ssbauer data (ref. 9). Then, we

02 28 TBl and TB2 respecfive1y. We observe

g X Hext for the second component of

the assembly can not be made taking into account only the presented

shall identify T and T

01
that a sim?]ar analysis of T

data. The reason for this comes from the fact that B5.4% of the

iron atoms appear inside the particles of the first component of
the assembly. Therefore, the macroscopic magnetic behaviot of the
system is dominated by the magnetic behavior of the first component.
However from the adjusted values of TO1 and T02 we can estimate

! and K2. This is made by using Eq. 4 at Hext = 0. The values are

K1 = 3.13 x 105 J/m3 and K2 = 3.00 x 105 J/m3. From the adjusted

K

value of ué = 1.01 x 103 Jp we can estimate the uz since
,1‘2.
pI/HZ =3 /d T.e., Uy 1.50 x 10 Mg
The experimental evidence for the essentiadly pure
superparamagnet behavior of a given system comes: out from the

superposition of the M vs. /T plot at d1fferenf temperatures.

ext
From Fig. 5 we see that this behavior occurs at temperatures well
above 159 K. To be more precise the system as a whole goes to a

pure superparamagnetic state at temperatures above TSPM = 186 K,
i.e., at temperatUres above the EE' line (cf. Fig. 4). Above this
temperature (TSPM) the M/ (Hgxt/T):%x T plot becomes constant. In

Fig. 6 we show the behavior of ¢ = M/(Hext/T) as a function of
temperature. We note two distinct regions; one of high magnetic
order (above TSPM) and the other with low magnetic otder (below
TSPM)' We expect that tne data presented in Figf 6, i.e., o:x T

must be nearly field independent. Then, the activaction temperatures

TA1 as well as the superparamagnetic temperature of the system come



from inflection points (TA} and TSPM) and from an apparent

discontinuity (TAE). We want to call attention at the point

Te = 63 K in Fig, 6 that represents the 1nte;§§ection of two
straight iines, both in the region of low magnetic order. Recently,
the Te = 63 K point has been interpreted as the temperature above
which the magnetic moment of the paht1c1es works out as a system
relaxation channel, This fact has been used to expiain the M8ssbauer
linewidth broadening at zero fie]dzo.

Finaily, we note that the ac?}a? phase 1nansitiontﬁmperau”e
of the system (TC) tends to TC = 325 K-as the Hext goes to zero.
This behavior is showed in the inset of Fig. 4. The T, values were
obtained by extrapolation of the last straight line in Fig. 4, i.e.,

above T M for various vajues of external field.

sP
IV - CONCLUSIONS

The aqﬂysis of the magnetization via a M3 vs. T plot
becomes particuiaf?y interesting when one is dealing with assembly of
magneticalily ordered fine particles subjected to a variable external
field. In our case there exist an activation temperature (TA)' At

TA a given particle decides to change its magnetic ordering via a
thermodynamics equilibrium. Lossly speaking we can say that an
antiferromagnetic phase percolate through a ferrimagnetic phase.

The same particle decides at a dfferent temperature to show a
superparamagnetic ordering. Thisttemperature is known as the blocking
temperature (TB). Also in a sample which shows a multimodal
particle-seze distribution one must expect a multimodal distribuifion
of Qaracter%stic temperature (TA, TB). The magnetic reordering
related to both TA or TB are corre]ated to the presence of bendings
and discontinuities or both in the M3 x T plot at a given external
field. In Fig. 7 we whow a phase diatram obtained from the

, -
J /



magnetization measurements. Finally, it is possible to gain a deeper
understanding about thévﬁipe particles magnetic ohderingﬁby
correlating the characteristic temperature (TAi and TBi) with more
fundamental physical parameters. In fact, our present analysis
suggests that the exchange energy appears to be very sensible to

the dimensions of the clusters in the 1imit where they behave as

single entities.



FIGURE CAPTIONS

FIG. 1 - Block diagram of the MVYSM and temperature variable syste. (1)
elastic membranes, (2) teflon ring, (3) acoustic chamber,
(4) duct for pressure adjust, (5) microphone, (6) pre-
amplifier, (7) Tock-in amplifier, (8) milivoltmeter, (9)
temperature control, (10) signal generator and audio
amplifier, (11) modulation coils, (12) heater, (13) sample,
(14) copper wall, (15) electrical connection, (16) dewar,
(17) teflon connection, (18) stain]ess?steq} wall, (19)

acrylic rod, (20) temperature sensor {(sample), (21) gas

flux, (22) magnetometer body.

FIG. 2 - Microvibrating sample magnetometer,

FIG. 3 - Temperature dependence of the magnetization for a bimodal
particle-size distribution of FeOHSO, (0, = 50 R) and

0, = 110 §).

FIG. 4 - Temperature dependence of the third power of the

magnetization. The data are the same of Fig. 3.
FIG. 5 - M xt%xtffcurveobtained from the data presented in Fig. 3.

FIG. 6 - ¢“;M/ngt/T)VS~ T curve obtained from magnetization data
(Fig. 3). The vregions of Tow magnetic order (L.0.) and

high magnetic order (H.0.) are presented.

FIG: 7 - Phase diagram obtained for the FeDHSO4 sample discussed
here. (1) and (2) represent the fitst (D] = 5D R) and
second (D, = 110 R) components of the assembly. F, A, S
and P are ferri-, antiferro-, and paramagnetic ordering,

respectively.
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ABSTRACT

The temperature dependence of the electron spin rescnance
linewidth brecadening (AT} 1is anélyzed. Bendings in the AI' vs. T pilot
may be related to magnetic ordering changes. It is proposed that the
freezing temperature, obtained by ESR measurements, must be taken
‘as the one related to the range of temperatures where the sample

behaves as a paramagygnet,



Experimentally, a cusp in the susceptibility curve has
been used as one of the simplest method to characterize the freezing
temperature}’z(Tf).Thisis the temperature below that the system

3—12'

gees to a spin-glass state In the last years, electron spin

regsonance (ESR) experiments have been used to investigate such
system]3115.'ﬂﬁs experiments  are based on the fact that the ESR line
broader and shift as the temperature is lowered towards Tf. Some
theoretical work has been carry out to explain the exewerimental
results. Particularly successful are the models in which is assumed

16?18. Based on

an anisotropic type of interaction between the spins.
such interactions it has been possible to explain both the ESR
linewidth and lineshift without use of adjustable parameters.

Recently, we proposed a model te explain the ESR linewidth

broadening (AT) as a function of temperature]g- The experimental

available data show a strong temperature dependence only for the
linewidth broadening. In fact, the experimental data related to
the lineghift show a fluctuation arcund a constant value rather

than a systematic behaviorZO.

To describe the dynamics of such systems above Tf we
used a geometric picture of a dilute ferrcmagnet consisting of
an infinite cluster of spins with long range magnetic order
coexisting with finite clusters of spins. We consider the low-enexgy
excitations of the infinite ferromagnetic cluster as spin waves.
Also, we treated the coupling of the spin waves to the finite
clusters as a relaxation channel for the infinite cluster driven
by the microwave field. Furthermore, we assumed that the relaxation

process, above Ter is dominated by a longitudinal mode and occurs



via an anisotropic Dzyaloshinsky-Moriya (DM) type of interaction
between spins in the infinite cluster and the spins in the finite

clusters. We want to point out that Gabay and Toulouse21 find that
the transverse part of the spin—glass order parameter disappears

while the longitudinal part remains. The Hamiltonian
19

for T > Tf,

used to describes the proposed model is

H = fe a  a +D.0dx 8, (1)
k

where k, € = A+ DO kz, DO and A are the wavevector related to
the low-energy excitations, the energy of the spin waves, the
stiffness constant and a spin wave gap arising from anisotropic
interactions between spins, respectively. The ak+'ak are Holstein-

Primakoff boson operators and the coupling describes an effective

D
anisotvopic DM interaction between the spin g in the infinite cluster
and the spins 5 of the finite clusters. The effect of the spin
wave - cluster interaction on the spin wave propagaticn can be
described by a damping factor Q(w) of these modes, where w is the
microwave frequency. The damping factor can be related to the

imaginary part of the longitudinal susceptibility component ¥ (w)

according to

_ 8SN .2
Q{w) = ——NO D Im{x(,wl} . (2)
where
(@) = (1/4kT) sech? (E/2KT)——t— (3)
X ) ‘ "l - iwt

In the formula above: N_, N and E = i are the number of spins



in the infinite cluster, the number of finite c¢lusters and the
Zeeman energy of the finite clusters in the local molecular field
produced by the dilute ferromagnetic system, respectively. The
longitudinal relaxation time (T) for the spin-wave emission and
absorption was taken as T = T, exp (v/kT) sech(E/2kT) and

D2 = DX2 =D 2 - Dzz. Within such a model the dynamics of the system

Y
is described taking into account the presence of an asymmetric
double~well potential with an asymmetry parameter E and a barrier

heigth v.

Since we are dealing with materials which show a particle-
size distribution it is physically reascnable to expect a
distribution of energy splittings (E) and activation energies (v).
To take into account the contribution of E into the ESR linewidth
broadening we assumed a step function with value E, for 0 £ E < Eoax
and zerc otherwise. For the energy barrier we assumed an exponential
probability function g(v} = (1/vo) exp(-v/vo). The expressions above
give directly the linewidth o&T' = Q(m)/ﬁy, where v is the gyromagnetic

ratio. After averaging &I' over E and v we get for the experimental

regsonance linewidth brocadening

2

aT(T) = SN D ey -T/m,), (4)
hyw Vo £
o
where ka = vo/lﬂn wTOI .

In the present work we analyze the ESR linewidth in a

sample of FeOHSO, which shows a bimedal particle-size distribution

4

Q
with diameters centered around twe mean values dl = 50 A and

d2 = 110 K. The ESR line is asymmetrically broader and this



asymmetry increases with the temperature. Then, the ESR profiles
is anmalyzed in connection with the topographic characteéristic of
the system. This is made by using the following model
alH - H 1% 4 (T //)2fﬂ1 for 0 < H < H (5a)
) o 1727 ’ — "o '
P(H) =

-1
B[(H - Ho)2 + (rz/g)z] ;: for H > Ho (5b)

where the normalization constant is determined by requiring

continuity of P(H) at H = H0 and the condition

dH P(H} = 1 . (6)

O

We assume that Dl and F2 (Fl > Fz) are related to dl and d2,

respectively. There are two reasons for this assumption. First, the
width of the distribution of the first component of the bimodal

(]
assembly (d; = 50 A) is higher than the second one (d, = 110 %).

1
Second -, the internal magnetic field inside of the particles which
compose the first component is lower than the second one. These
facts are discussed in a previous work (cf. ref. 22). The
experimental linewidth is given by AFi = Ti - Po (i = 1, 2), where

To is the linewidth near Tc = 325 K.

In Fig. 1 we present the temperature dependence of the

linewidth broadening AFi (i = 1, 2). Note that both AFl and APZ vs.

T goes by straigth lines, in a semilog plot, i.e., they are fitted
by Eqg. 4. Furthermore observe that below T = 145 K the ATl x T
curve coincides with the AFZ x T one and above T = 145 K this

coincidence does not occurs. This behavior may be understood at the



light of some recent results. From M&ssbauer and magnetization
measurements we can conclude that our sample behaves as a
multiphase magnetic system when one goes from N2L to the room
temperature23.In-duapresance of an external field between 12 KG

and 18 KG the cample shows an essentially ferrimagnetic order

below 111 K. Between 111 K and 186 XK the system shows a complex
mixed magnetic phase (ferrimagnetic, antiferromagnetic and
superparamagnetic). Above 186 K the system goes to an essentially
superparamagnetic state and the magnetization goes to zero near

300 K for external field below 10 KG. Taking into account these facts
we can conclude that below 145 K (see Fig. 1) the ESR measurements
does not distinguish between the two componénts of the asgemplv. At
this point we argue that in this first region (T < 145 K) the density
of paramagnetic centers is so low that it is not possible to them
to feel the topographic characteristic of the system, i.e., there
exist a low concentration of paramagnetic centeis in the surface

of the particles. However, the density of paramagnetic centers
increases with the temperature., Then, between 145 K and 213 K (see
Fig. 1) the density of paramagnetic centers reachs a level in which
it is possible to distinguish bhetween the centers located in the
surface of the particles forming each component of the assembly.
Conseguently, the Arl vs. T curve does not coincide with the AP2 vs.
T one. This range of temperature is characterized by a mixed .-
magnetic phase. Finally, above 213 K the system is essentially in

a superparamagnetic state and the density of paramagnetic centers

is near from its saturatlon point, 1,e., near Tc = 325 X, Now, the

density of paramagnetic centers in the surface of the particles

is sufficently high to distinguish the topographic caracteristic of system.



This density can by taken as porportional tﬁ the ESR area travessed. In fig., 2
we show the temperature dependence of the normalized area, i,e., , the
area normalized to its value at Tc = 325 K, The normalized area
(Fig. 2), as well as, the linewidth broadening go approximately
by straighth lines, From this behavior one can introduce the
variable ¢ = AA*/AT, where A* is the normalized area. Then, the
system goes to a paramagnetic state when ¢ goes to zero. If one

plots the T, values obtained from Fig. 1 against the corresponding

£
$ values obtained from Fig. 2 we obtain the linear relationship

showed in the inset of Fig. 2,

In the present work we propose that the freezing
temperature obtained by ESR measurements, by using an expression

similar to the Eg. 4, must be taken as the one related to the range

of temperatures where the system behaves. as a paramagnet. Then,
the corresponding Tfl values are those characterized by ¢ -+ 0 (see
the inset of Fig., 2). They are Tfl = 94 XK and sz = 63 K for the

particles with meam diameters centered around dl = 50 E and

d2 = 110 i, respectively. A first argument in favor of our

proposal comes from recent experiments performed ou Ag Mn (2.6% Mn)24-
The experimental data has been discussed based on the assumption

that for T > Tf the spin-glass shows the same macroscopic symmetry

as a paramagnet, i.e., the susceptibility follows a Curie rather
thian a Curie-Weiss law. Also, the freezing temperature of the
pseudobrookite recently determined by ESR measurements (near Tc)
agrees with the Tf value determined by the susceptibility cusp,
within the experimental error (see ref, 25). A third observation

is related to M8ssbauer measurements performed at zero external

field, If one takes the temperature dependence of the third-power



of the normalized internal field one determines a bending in the
(B, (T)/H, ,(0)] x T curve at T = 94,8 K. Such bending is
accompanied by the presence of a relaxed M8ssbauer spectrumzz.
Finally, a recent analysis of the M8ssbauer linewidth broadening
{zero external field) shows the existence of a temperature (0)
above which the magnetic moment of the particles moves within an
asymmetrical double-well potential. That motion behaves as a

26
relaxation channel and the fitted temperature 1s 0 = 62.7 K .

To conclude we observe that the bendings in the semilog
AT x T plot (Fig. 1} may be related to magnetic ordering changes
rather than experimental fluctuations of Al near TC. In our case
the magnetic ordeting changes can be confirmed by magnetization and
M8ssbauer measurements. Similar behavior has been observed in
several non-crystalline materials, where the experimental points
systematically shift from the linear behavior at high temperatures
in a semilog plot, i.e., at low values(ﬁfATl% Finally we observe an

approximate proporticnality between Tfi and the mean dlameter (di)

i =1/2
T,o = (4y) (7)

1
£

freezing temperature decreases as the magnetic ordering increases.

In our case Tf2/T = (0.670 and (dl/d2)l/2 = 0.674. Then, the
A similar behavior is found in the amorphous (FeX Nll—x)75 Ple Be
Al3 where the freezing temperature decreases as the value of x

is raised, i.e., when the magnetic ordering is increased??



FIGURE CAPTIONS

FIG.

FIG.

1 - Temperature dependence of the ESR Tinewidth of a bimodal

partic]e—size distribution of FeOHSO4..AF] and AT,
are related to the particles with diameters centered

around d] = 50 R and d, = 110 R, respectively. The points

Vi
are the experimental values and the full lines represent

the best fit to the Eq. 4.

Temperature dependence of the normalized are
(A* = A(T)/A(325 K)) of the ESR curves. The inset shows

the relationship between Tf and ¢ = AA*/AT.
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PARTE - I

INTRODUGAQ AQ EFEITO MUOSSBRAUER

I-1  INTROLULAU

A cmissac e alsorgao ressonante livre de recuo de rai
os gana em sClidos, foram descobertas por Rudolf L. M&ssbauer em
1857. Lsta descoberta, resultado da aplicagdo de principios de Fi
sica Huclear e Estado Solido, em um experimento simples tem sua
interpretagdo publicada'! er 1958, marcando o inicio do Lfeito
Fussbauer.

. A despelto da grande contribuigao ao estudo das proprie
dades nucleares de baixas energias, o Efeito h@ssbauer, possibili
tando uma alta resolugao energética do método, rapidamente atraiu
os cilentistas e executer experimenics gue incluerm Fisica Molecu-
lar, Lstado 50lido, Relativicade, Quimica, Mctalurgia, Mineralo-

gla, Bicologia e Tecnologia.

I-2 OBSLEVACAO DO LFEITO NUSSEAULR

Ein Hcideliberg, no Instituto T
dicas, MOssbauer observou um aumento no espalhamento ressonante,
guando estudava o espalhbamento de raios gama de 12¢ KeV do Ir!9l
por Ir em Pt, contrariando portanto, as previsces cléssicas? 3

MUssbauer obteve absorgzo ressconante no Ir, a temperatu
ra anbiente, sem girar a fonte ou enpregar cutros matodes"  para
compensar a energla perdida devido ao recuo.

lHétodos de excitagzo térmica e recuo prévio na diregao

apropriada sao outros mcétodos Lewm sucedidos para compensar a ener

gia e recuo. Molmfors" discutiu o espalhamento ressonante antes
da descoberta de Mdssbauer. F2
. - TS e -Y I -
A energia de recuc, R= EtE?'[valores tipicos de R se
~ ric =

. . 7 . , - .
‘ericontram na falxa de 10 eV a 10 eV], do Ir!%! R = 0.05 eVe mul

to malor gue a largurs de linha caiculade para o raioc gama de 12°

KeV, T' = § x 1G—Eev [F.T: %, valores *ipicos de T sc enconiran
dentro do intervalo 10 +lev e lD—ueV].

Com o intuitc de reduzir este espalhamento, Msshauer
congelou fonte ¢ absorvedor e esperava um decréscimo no efeito.

Ho entanto, o espalhamonto ressonante aunentel mails ainda, surnre
enuciitenente.
Yornecendo velccicdades lecuchas da erden  de alpuns cn/

/seg., Hbssbauer obteve uma 1irha de absorgao cem larzura cuas ve



- Z
zes superior & larpura da linha natural. Lste resultedo cstava dce
4COYCOo COm & emifsao e absorgao livre de roecuo, teoria esta desen
volvide por Lamb®, em 1926 para a absorgao de neutrons lentos e

adaptada acs relos gama por HUssbauer.

I-3 FATOR DE DLBYE-VALLER (fator - f)

Consicderando nucleos (&tomos) prescs na rede’ cristalina,
tres casos devenm ser analisados® nos processos de emissdo e absor
gao de raios gama por estes nGcleos: '

al Se a enengia de recuo do atomo 4{or malor que  a sua
enengda de Ligagao quimdica, o afene sera arrancado de sua posigao
na nrede. Neste caro vale a analdise feifa para o atowo Livre. Lnen
gias de Ligacao gquimdica sa0 da ondew de 10 eV.

b) Se e enengia de necuo do afomo. Livne & ghande compa-
rnada cori a energia caraciexsdsidica de vdibragde dea nede, mas menoch
quc a encsigia de deslcocawenio, o atomo peamanccerna em seu  lugar
na nede e dissipand esta enengia aquecendo-a. Energias de vibra-
caov da rede sao da onderm de 1077 v,

¢) Se e enengda de kecuc ¢ menck do que a energio de 4o
non, nenhuma encrgda ¢ cedide aos oscilfadores da rede, ndo haver-
do, ponrianito, mudancas de estado em nenhum destes oscilfadores. Ei
le tdpe paniicularn de Zransd¢ao e chamado "transdgao sem recuo’ ¢
estas Iransdcces nepresentem o que chamaros de Efedlfo Hissbauen.

Existe uma probabilidade f de que haja emissao sem que
haja mudanca no esiado da rede e esta probabilidade & chamada de
fator Debye-Waller ou simplesmente fator f e estd calculada para
diferentes modelcs em diversos trabalhos®-12,

Usandc-se o modelo de Debye e para uma rede monoatomica

de atomos identicos, na aproximacac de T << ©

E?Z 272
o 3 i
f=exp - —— ( 5 * —) (I-1)
- 2iic2ke 07
A concigao para © aparecimento de um grande nUmMeErc

de transicbes sem recuc e guell;

£e

R = - ¢ ko, esta condicadg impde um limite superior de E_ ~ 150
2lc? Y

KeV para energias de transigao arropriadaes para a absorgaoc

liSssbauer.

Da eq. (I-1) vemos que f & maior para uma mencr energia



3
de recuo (menor encrgia de radicgao, EO, ¢ maicr massa do nucleo,
11), menor c¢nergic termica (nais baixe temperatura, T) e ligagao
mais forte do niclco na rede (maior tenperatura_de Debye, 0),

Una outra expressac para o fator f que € muito usada
nas anilices mais gualitativas ¢ obtida usando o modelo dos osci-
ladores harmonicos para represenfar o solido:

ey 2 _
f = exp w§?22 (I-2)

onde x € a amplitude de vibracdc do nucleo e x e o comprimento de

. - .. . - p
onda da radiagao emitida ou absorvida pelo nucleo (X = fﬁ)'
I-y ISOTGPOS 1MCSSRAUER
Mossbauer descobriu a emissac de raios gama sem  Iecuc

no Ir1?l, jlo entanto, existenr %2 nuzlidios nos quais o efeito € ob
servado?® e hi possibilidades deste nimero aumentar.

Muitas das discussocs nesse nos capitulos seguintes re-
ferem-se ao Fe37, o meis usado de todos os nuclidios l8ssbauer .
Por esse rzzao, o esquema de decaimento é mostrado na Fig. I-1 e
seus parametros ne Tabela I-1.

Esta fonte consiste de Co®7, que por processos "X-captu

ra", decai para o Fe®’7. 0 nivel 14.4 KeV & usado nos experimentos

liossbhauer.
57
_ Fe {14.4 k.ew)
I-5 PARAMLTROS DE UM ZSPECTRO : cs?  27Cd
B37 772-
MUSSBAUER
- o
Un grafico de trans- 0.16%
nissao, intensidade de raios
gama versus velocidade Doppler| 1064 s ¥
(Fig. I-3) & conhecido como cs 99.84 % (E.C.)
pectro MNisshauer.
No Efeito MOssbauer| 3668  372-
usames velocidade Doppler para
] ] . . - -9
variar a cnergia de radiagado ci 1384 S/ 8.7x10 S
varrer a regiac de ressonancia r. |6,
0s parametros impor- -¢
paranet ¥ 4.4 3/2- 877310 § - 51547 nm (E]
tantes de um espectro Hdssbauc
- 09024
sa0: o 1/2 = +0.03024 nm (G)
a) forma de linhe Elkev)Iw
b) largura de linha Fig.I~1 - Escgucra de decaimanio

¢) intensicdade de lirnhe do Co>7




TABLLA I-1

Pararnetros do re2?

PROPRILDADLS HEDIDAS

Meia vida do estado execitado

(Haio 14.4 KeV)

Coeficiente de conversao interna total

Abundancia isotopica natural,

IA

Spin ¢ paridade do estado funcamental, If

Spin e paridade do estado excitado, T,

Homento magnético do estado fundamental, Ve

lomento magnetico do estado excitado, o

Momento do quadrupolo ¢o estado fundamental Qf

Momenio do guadrupolo do estado excitado Q-e

Secac de chogue de Ressonancia Marima

Segao de choque de espalhamento atomico

PARANETROS DIRIVADD

iargura gz linha natural

Largura observavel

Lnergia de recuo

Secac ue chogue de ressonancia

Temperatura de Dobye, ©

Fragao livre de recuo, f com @ = 420°K

9,77x10 % . sep

9,00

2,19%

1/2

3/2°

+ 0,08024% nm

- 0,15470 nm
0,0

0,286
2,38x10—18 cm?
5,5x10_21 cm?

12KeV

4,669x1C
0,085 mm/s
0,19427 mn/s
1,9567x30 ° e
-18
2,355u%10 ~ o
420°K
£(50°K) = 0,92

£(300°K)- 0,70

mZ

d) Posigao de linhas.

a) A forma de linha, ou distribuigao de

probabilidade,

para a radiaciZo resultante da transigao de um nucleo fixo no espa

g0, do estado excitado para o estado funcdamental seria uma (Breit-

-Wigner) Lorentziana forma de linhz.

Adotando para © decalmento o modelo de um oscilador, len

tamente amortecido pela radiagaol!?, e identificando o

espectIro

desta com a densidade de probabilidade de frequéncia do foton te-

Terios

1) = = 1 (1-3)
{e"vo FrZ

onde 1 € & constantec de decaimento ou seja, & vida media do nu-

cleo.



A uensiucde de probebilidede de cenerpia do foton sera:

PL) = g g (1-4)
(LHLO) + —‘L'—
aqul hw = E e rt = f.

Apenas no caso idcal, as linhas, devido a emissao e ab-
sorgao, apresentam a forma de linha natural. Im experimentos reais

as linhas szo alargadas.

b) As fontes de alargamento de linha podem ser as seguln
tes: 7 '
L] Efedios expendmeniads
i) Efeditos fundawenitads {Lsiado Sofddo)
i) Efeitos experimentais incluem‘vibrag5es externas, an
pulo s6lido finito, resolucdo de velocidade e espessura finita da

fonte e do absorvedor.

2
1
- 1_\\\\\\\*

Fig. 1-2 YT SRS

1. Fonte, 2-4. Colimadores (Pb), 3. Absorvedor, 5. Detetor (raio
gama), 6. Espalhamento (V na regiao de ressonancia), 7. Sistema
de CONTagei.

Considerando o cspectro de absorgac, COmo uma Lorentzia

na de largura 7. Visscher®’!" relacionou a largura aparente rap

com a espessura efetiva do absorvedor, T:

r
—?E:2,00+0,27T , 0 < T <5
; (I-5)
-_-?R: 2,02 + 0,29 T - 0,005 T2 , 4 < T <10
A espessura efetiva do ahsorvedor & dada por:
(I-6)

T = f'naot
onae f' é o fator f do raio gama absorvido sem perda de energia,
n o nimero de atomos por cnnd, a é a fragio de atomos ressonantes
do absorvedor, t a espessura do absorvedor e o, @ segac de cho -
que Ge absorgdo mixima na ressonancia.

| Marfulius e Lhruann!® calcularar o alargamento .relativo
r, /r, forma de linhe e largura de linha parc diferentes absorve-
or ras

agores. Leberlel® calculou larpura de linha para varias esSpessuras

de awnsorvedores.,



&

Werthelnm!’ calculou o alérgxn:n ia linha deviado a0s

efeitos de angulo sélicdo, projorcicnel
VD
16d4

onde V & a velocidade da fonle, D € o didmectro da janela do dete-

(I-7)

tor e d a distancia entre fonte e absorvedor (Fig. I-2).

i1) 0s efeitos de cstado s6lido sac extremamente impor-

tantes, dande informagoes microscopicas sobre o s6lido:
a) Estrnutunas hipeafdinaesd parclalmente nrelaxadas {pro
cessos de jLipe de spins), supci-paramagneiismo, fLutuacoes proxd

e fentmenocs de nelaxacdo paramagne

-

mas Ettempanaiuna dos cndstadls
1ica.

b} Comporzamenze anarncnico da nede,

¢} Movinenfo aitwico devddo a dijurac e moviriento
Browniano dos atemos cu noficulas.

d) Assccdacao de 4ontes Mdssbauer ou absorvedores com
varnios Zipos de defeitos, isdo o, 0s atonos Misibauen podem  nao
seh uniformencenie Lpcchiporades na acde cadsitalina,

Fluck?® reportou alguns valores tipicos de largura de

linha para diferentes estados de carga do ferro:

0,31 mm/seg Fe3+

0,24% mm/seg Fe2+

6,23 mm/seg Fe (compiexocs)
0,22 mm/scg Fe (metalico)

¢) Quando a cnergia da radiacZo esti na regiao de resso
nancia temos um decréscimo na taxa de contagem do detetor.
0 espectro de energia da linha de emissao das "transi-

¢bes sem recuo", que incidewn sobre o absorvedor!?® e dada por:

+I(E,v) = const. = (I-8)

o 17
(L E, a i

onde L e a energia de ressonancia e E v/c & o deslocamento da 1i
6] _ ] =

nha de emissao devido ao efeitc boppler, associado a velocidade
- -+ - -

relativa v entre fonte e absorvedor (Tig. 1-2).

—

4 segdo de chogue‘de ressona@ncia nuclear sem recuol? e
dada por:

ey an
6(L) = o! re/ , ¢! =
o I,2

Ve
i 4

(I-9)

1
o]

(E - E )2 +
O



7

21 41
ade 1 ex W e = -
onde oy = 374 137 20 XL e a segao de chogue exatarente na res
- z
sonancia (L = ED), Ao = he/L,, « ¢ o coeficiente dc conversao in-
terna Iey e If sao 0s spins dos estados excitado e fundamental,

respectivamente.
Depois da radiagao passar pelo absorvedor o que ¢jstare-

mos medindol? & a intensidade

(=e)

I(v) = const. / 1(E,ve OB gp | (I-10)

(8]

onde n' e o numero de isotopos ressonantes por unidade de area no

-

absorvedor.

Considerando gue o absorvedor seja muito fino, ng <<1,
o}

poderos mostrar (Fig. 1-3) que a eq. (I-9) nos levard:

= i
T(v) _ nf tgog Vi/o (T-11)

—— = 1 .

1() 2

2 2
v<se o+ Vl/?

onde I(=) e a intensidade fora da regido de ressonancia, fa e f_

-~ - - . . o)

os fatores f do absorvedor e fonte respectivamente e Vl/2 = %~.
o

Quando temos alvos nao muito finos, onde a condigao

No,<<l nao e satisfeita, pode-se mostrar® que a curva ¢ ainda unma
Lorentziana, porem com uma largura diferente de 2r, sendo isto um

efeito da auto-absorgao de raios gama no absorvedor.

d) Deslocamentos ou posicao da linha € de maximo inte-

resse e corresponde a diferenca
de energia entre ©s nivels da
fonte e absorvedor. 00000} eV ———

0 espectro Mossbauer

pode ser de uma, duas, seis 1i

nhas cu de naturezda complexa de
acorqaoe com © Geslotam=2ntoc ou
desdobramento dos niveis nuclea
res.

Essas divzi

s c a
das por interagces hiperfinas,
D

- . 0 Vi

$30 exlremenente imperientes pa
ra investigagoes de proprieda Fip. 1-3 Transnlssao &raves
des do estadc sOlicc. de um absorvedor ressonante.



0 cfeito Méssbauer € hoje essencialmente uma téenica
usada no estudo das interagdes do nucleo com a sua vizinhan-
cal®,20,25-27 g chamadas interagoes hiperfinas.

Devido ao peaueno valor de I das transigées nucleares,
gue 520 envolvicas no efeito M&ssbhauer, a absorgac ressona' te €
extremamente sensivel as variagoes de energia da radiagao  gama.
Por essa razdo peguenas interagdes entre o nucleo e oS elctrons
orbitais que ndo podem ser observadas diretamente por outros méto
dos menifestam-se marcantcmente no efeito M&ssbauer.

E entdo a influéncia do envolvimento eletronico na tran
si¢Zo gama nueclear, tanto na emissao cuanto na absorgac que deter
mina e estrutura hiperfina do espectro Méssbauer. As interagces
hiperfinas surgem de dois tipos de,interagaés tendo origem na dis
tribuicio de carga estitica e dindmica dos clétrons e nucleos. Es

sas sac chamadas interagoes eletrostaticas e magneticas.
I-6-1 INTERACOLS ELLTROSTATICAS

A interagdo eletrostidtica®8-9, 13, do nlcleo, no campo

eletronico e cristalino, pode ser expressa por:

W :v//Eth | . (1-12)

onde p € a densidade de carga nuclear, V o potencial externo e dt
0 elemento de volune.
Desenvolvendo V em série de Taylor (o sistema de eixos

tem origem no centro de massa nuclear) ate a ordem 2 em torno de
> ,

r = C:
N 3 3 2
V=V + (vV)+_O.i~’ + %— L.t «( eV )2 g% Xs
o] = l:l j:l Bxiaxj = 1 :]
E do V a2V L= (9V) '
.. -E = MNOS :
screvendo i3 (ax.ax:)r=0’ gV)> 0° tere
L]
> = T . N
w =V Ze - E.P + 1 LLV ., (3%.X. - 1r48..)pdt + -l().:\’.:) or 2t
o 6 13 17 1] 1] 6 1 11
{(I-13)
0 primeiro termo representa a energia de um nucleo pon
tual. Como ele incepende do estado quantico do nucleo, desloca
ipualmente todos os niveils nucleares, nao alterando es encrgias

Ge transigao.
U sepundo térmo ¢ nulo por dois notivos: © nucleo ocunra

sempre posigidc tal que o campo cleirico seja nulo; alem dicto cs



cstados nucleares tein paridade definida, o gve resulte om

1o dipolar P nulo ;ara o nucleo.

da

da

dimensao finite do nicleo (represcntanos por &C) e o

sua nao esfericidade (representamcs por 4L).

Kestiam somente os dois ultinaes termos. 0 ultinmo

I-6-1a.

DLSLOCAMENTO ISOMHLRICO

g

momoImen

provem

tercelro

Y

A interagao de monopolo eléirico ou deslocamento isoméri

co nuclear, que se manifesta com um deslocamento da velocidade ze-

ro

vido a

no centro do espectro de ressonancia Mossbauer (Fig. I-4), & de

T

interagéo eletrostatica cntre a distribuicao de carga do nu

cleo e aqueles eletrons que tem probabilidade diferente de zero de

ocupar a regiao nucleer.

—

y
— 4
r I
4| &K /
— AT ‘ E
(ex) | G
s
Eo Ee
(2] - - ®
Eo
L : !
I : : -
] i
] 1
' i
' ! ®
'
1
]
1 o
o[ R B 7
L : | L1l &y ! L | 1 1 I
60  -40 -2.0 0 20 4.0
velocidade em mm/seg,
A equacao de Poisson dara:
IV . . 92y = -ug -~ . = ~4n e Elwv_ (0)]2
3 11 Peletronico 51"ns !

Fig. I-u:

H— Deslocarento de
um nivel nuclear
sem degenerescen
cia de spin,

B- Medida de deslc-

camento isomeri
co {(I.S.) em um
espectro

Mossbauer.

(I-14)

_e£[¢ns(0)i2 da a contribuigic de todos o0s elétrons para &a densida

de de carga externa Go nuclieo.

sSupondo o nucleo esférico e cor distribuicao uniforme Ge

carga para o calculo de 8E, terenos:

6L = %ne22R2ziV;

(I-15)

A variagac na energia de transicao sera:

el At L S 2
R Ly

r H

(I-16)
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onde usanos 6k = K , -, + R -
est.execatado estT.funcamnental

O desvio nmonopolar (ILS. - Fig. I-4) de um absorvedor cn

relagdo a uma fente € definide por:

(Z{w

!
I.S. = 56E_ - 48L, = BN 2yp28R

£ 775 R |2 - Ty (1-17)

a

Kistner e Synyar?? foram os primeiros a observar o deslo
camento isorérico em um espectro Mossbauer.

Wa eq.(X-17) aparecem dois fatores distintos em natureza,
um atomico e da réde e o outro nuclear; a densidade eletronica na
posigac nuclear ¢ especialmente sensivel as ligagdes quimicas  do
étomo; dal o gesvio monopolar ser também chamado desvio quimico.Em

condigoes apropriadas € possivel calcular a densidade eletrdnica,
6 R :
=

Walker, Wertheim e Jacarino?3 em um trabalho histoérico,
-]

podendo-se entae medir

determinaram este paraémetro nuclear para o FeS? (%?z—l,Bxlﬂ_s, va-
lor muito grande em mddulo e negativo, duas propriedades excepcio
nais), e calibraram o I.5. em termos da configuracao eletronica do
Fe.

Danon’? propos uma outra calibragao corriginde as aproxi
magoes feitas por Walker e colaboradores. ]

Experimentalmente o deslocamento isomérico é a distancia
do minimo ao ponto de velocidade zero (Fig. I-4).

Se o material da fonte e do absorvedor forem exatamente
© mesmo, nNéc haverd desliocamento isomerico,

No caso do Fe®?, o nucleo no estado excitado possui raio
menor que no estado fundamental. Logo2“, quantc maior a densidade
de elétrons s no nilcleo alvo, menor sera o deslocamento isomérico.

0 Fez+ apresenta malor D.I. do que o Fe3+, pois a presen
ca de mals um eletron 3d no Fe2+ expande a nuvem de eléetrons 3s5.
dininuindo essim a densidade eletronica no nucleo.

Desta forma o B.I1. nos d& informacoes sobre o estado de

excitagao dos atoros livsstauer em diferentes compostos (Fig. I-6).
1-6-1b. DESDOBRAMELTO QUADRUFCLAR

Este tipo de desdobrancnto (representa a contribuigao do

termo AL, eg. 1-13) € o resultado da interacao do rowento de gqua-
drupolo Q do ntecleo com o gradicnte ¢o campo elétrico, devido as

&

cutras cargas de cristal. 0 momento de guadrupoleo nos da a mnedida
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go desvio do nicleo da forma esférica e ¢ definido por?b

eQ = (322 ~ r2)pdt _ (I-18)

onde e € a carga do proton, p é a densidade de carga em um elemen
to de volume dt a uma distancia r do nucleo. Pare Q = D o pﬁcleo
tem forma esférica, para Q > 0 tem forma alongada e para Q < 0 tem
forma achatada®. ' | |

0 tensor T do gradiente do campo elétrico pode ser  ex-

presso num sistema de referencia onde ele tenha uma forma diagonal

v 0 0
XX
T= lo v, 0 X
Yy Suas tres componentes diagonals sao liga-
0 o v . das pela eguagao de Laplacz:
VXX + Vyy + sz = 0 (I-19)

Esta relacado pode ser considerada como uma aproximagao,
pois a densidade dos eletrons s n&o & nulz, no ntcleo. las no caso
em que nao hé'polarizagéo desta nuvem de elétrons, (provocada " pe-
las outras cargas); podenos afirmar que eles nao contribuem para o
gradiente e consequentemente & valida.

SZo necessarios entdo somente deois parametros para espe-
cificar o gradiente de campo elétrico. Lstes sao a componente V

22
(também representada por eq) e o parametro de assimetria n defini-

do como
Var 7 Vyy
n o= VY | (I-20)
zz
As componentes sao escolhidas tais que Ivzz] > lVYYI > lvxyl5 o

que faz com que 0 < n < 1.

0 gradiente de campo elétrico tem como principais fontes
os elétrons dac camadas incompletas e as cargas dos outros icns
HMas o gradiente no nicleo nao € a soma simples destas contribui-
¢Ges. Sternheimer®.2¢ mostrou que a interagao do gradiente externo
com os elétrons das camadas incompletas e com asS camadas 1lnternas,
moiifica o gradiente do nucleo. Escreverenos entao o gradiente da

scgulnte maneiralb:

\.’

—22% = g = (1 - R)q, + (1 - vy Ja onde R e o fator cde tlinda-
e sion @ “rede

geim e vy, © de antiblindapem. CGeralmente & interacao reprosontada
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poer R implica na indugao de un gradicnte de sipal contririo ao ex-
Toerne € vy on ounm nrodiente de ;esmo oinal.

o i

Para wn sistema em que o tenszor gradicnie scja diagonal,

a lamiltoniana Quadrupolar pode ser escrita como®
; e%qQ 2 ~2 T2 2 :
= arerny 31 - 120 df - 1D (1-21)

onde I = (Iy, T, Tz) e o operador de spin nuclear e I o numero

.. y
quantico de spin.
Para um gradlente de simetria axial, n = 0, e neste caso

a Hamiltoniana comuta com I2 e Iz e oS5 seus auto-valores serao:
r

_ e?q (a2 _ . -
E(m) = 1717?13?5 £ T(I + 1)] (I-22)

Como o numerc guéntice magnctico m, aparece clevado  ao

e
quadrado, os estadcs cujos m diferem apcnas en sinal permanecerao

degenerados.

Tomando o caso particular do Fe®7, VemcS gue o estado
fundamental (I = 1/2) nao sofre desdobramento encuanto gue o esta-
do excitado (I = 3/2) d& origem a dois niveils (Tig. I-5LA).

S3o possiveis duas transicoes e isto provoca © apareci-
P ¢ P

mento de duas linhas de absorgao (Fig. I-5B).

Fig. I-5
A- Desaobraemento dos . Ft3/2
- - - s
nivels nucleares na . e
. L4
Presenga de Campo : —— /“——ﬁfag3g bEp
4+ - r A
eletrico. 272 - 370 — %
“« /2

BE- Espectro licssbauer
apresentando Qesdc Eg
bramento guadrupo C) Ep - | ‘Tﬁ——

lar (D.Q.).

A distancia o ) e 172 /

entre os dois niveis

do estado excitado & p———Q§ (A o) e

leo | %,
dada por AEQ:l/2e2qQ.

AS transigoss pOSSi-—

-

i
¢

C e . I
vels indlcades na Pig ®

Tw

I-5 tém as seguintes

T TR

designacoes:

velocidacde em mm/Ser.
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3 ] . A -
1 A - > 3 bl Lronslooes T
1 1 _ .-
Py T T Transigoes O

Quando n&o temos simetria axial ou scja, quando n # 0, po

de-se mostrar?’ quc a separagac entre os niveis ¢ dada por

2
AE,. = %equ [1 ; %?}1/2 (I-23)

Para calcular a intensidade das linhas I e ¢ devemos cal
cular primeiro a probabilidade relativa de cada trancigao. ‘Estas
probabilidades pocem ser calculadas atraves dos coeficientes de
Clebshi-Borcdonlf.

. . . - . —— -
Para a linha T da Fig. I-5 temos duas transigoes possi-

veis:
2 i
+ = R
2 2
-3 1
2 2
A intensidade reletiva e a distribuicao angular desta 11
nha e:
1,(0) = 3r}(0) + 3¥ °(6) = 3 + cos’e. | (T-2ua)
Para a linha o temos quairo transicdes posslveis:
- 1/2 - - 1/2
+ 1/2 > + 1/2
- 1/2 = + 1/2
+ 1/2 - - 1/2
A intensidade relativa e a distribuigao angular desta 1i
nha é:
3 -
I_(0) = 2F9(8) + 2F9(0) + T,(0) + F17(®) = & - 3c0520 (I-251)
Quando trabalhamos com s6lidos policristalinos, devemos
tomar uma media sobre ¢ para obter as intensidades das linhas. Se

¢ fator -f nao depende de 0O, teremos

I /‘FH f(3 + 3 cosZg) senode
il e = 1 (1-25)

=
Q
!
—~
o
1
9]

cos?a) sentdo
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isto significa que as intencicdades das duas linhas sdo iguais, ndo
sendo possivel dirctancnte identificer a linha I c a linha o num
alvo policristalino. Assim sendo, ndao poderemos também determinar

o sinal de .4E_ num alvo deste tipo.

Q

Acontece que dependendo da simetria do solido, a probabil
lidade de emissao ou absorcgdo sem recuo pode depender da  diregao

de emissao do raio pama. Neste caso, como o fator -f dependc.de 0,

a razao entre as intensidades, ¢ agora dada por:

n
1 J/r f(e)(3 + 3 cos?2p) scnoede
- [¢]

1 P i
¢ F(0)(5 - 3 cos?p) senodo
A .

£ 1 . (1-26)

Guando esta assimetrila na intensidade das linhas & devida a uma as
simetria na amplitude de vikracao do nucleo, & chamada de = Efeito
Karyazin—Goldanskiiz?.

Foli observado que este efeito aumenta ou permanece O mes
Mo Com 0 awnento da temperatura do absorvedor:

Se usarmes como alvo um monocristal, a razao entre as in

tensidades sera:

I

IE . 3 + 3 cos?e (1-27)
o 5 - 3 cos?e
Para © = G, IH/IU = 3 e para 0 = 1/2, I,/1 = 3/5.

Assim, medindo a quantidade I /I em fungao do angulo © em um mono
oristal, é possivel determinar quais das linhas correspondem a tren
sigao I e a transigac o. Determinamos entao o sinal de AEQ-

Podemos determinar o sinal do desdobramento guadrupolar
em um alvo policristalino se 0 cOloCarmnos em ul Campo magnetico
(R = 20.000 Gauss). Se a interacao magnética entre o campo aplica-
do e o monmento magnético do nlcleo € comparavel a interacao quadru
polar, as linhas & e ¢ sofrerao um alongamento diferente, a 1inkha
I alargando-se mais cue a linha ¢. Identificando as duas transi-
goes, determinamos o sinal de LEQ.

A Fig. I-6 mostra valores caracteristicos do desdobramen

to quadrupolar para grupos cifercentes de compostos de ferro.

0 aparecimento do graciente de campo elcétrico na regiao

[Ne)

153
-r\
Y

s
¢l

r
do nldcleo ¢ cevido & 1rés fato
™

cr exemplo, as cargas ionicas da re

1) cargas externas ao atomo.
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de produxem win pradicnie de campo clétrico em uma dada posicao ato

mica.

2) Lletrons periencentcs a0 atomo. Por exemplo, nos ions de transi
gao a5 camauas d nao cstao completamente cheilas, e causam um gradi

ente de campo elétrico no nucleo.

3) Polarizagao das cawadas mails internas do atomo. As camades mais
internas tem simetria ccfcérica e normelmente ndo contribuem para ©
gradiente de campo elétrico. Intretanto, as cargas externas do ato
mo e mesmo seus proprios eletrons desemparelhados podem polarizar
estas camadas mais inlernas que, entao, darao uma contribuigao pa-
ra o pradiente de campo eléiricoe no nucleo.

As lupertancias relativas destes trés fatores dependem

do tipe de sclice gue estamos considerando.

[ 7]

Fig. I-6 Valores ca 1a HIMiSPm
racterizTicos co desg —_ F;g
1ocanenTto isonérico e § - ) p
dGSGOUroﬂenLo cuadru- ~ h e s
4 £ N Fe (¥etols)
polar pera ciferentes £ <‘2 and . //// ///
estacos do Fe®7 (14.y - <LOW SPIN A
Ke\f) . (g_ a Fe{Il}) and\
- . ) o ~ FC(IIH 1
(a) Relativo ao pa 5 N 7
drio: - g DHIeH SPIN
‘ = \ &FE+3/
7 -~ { M1 1 { b -
Na, |Fe(CN)sH0|.2H,0 | \ AN >V ] |
[-re -0.5 0 0.5 1.0 1.5 [ 2.0
= "
* Ref. 23 - Pag.22 Fe © Fe*? Fet2™  Fetl
. g . .
a
I.S( ) ern mm/seg.
I-6-2 INTLRACAC MAGKLTICA
Em vérios casos o campo magnético, aplicado ao nucleo
p b4

(campo externo ou internc) € capaz de dar aos niveis nucleares um
desuobranenio suficlante para ser detetado em Efeilto H&ssbauer.
Se um nuclec de momranto maﬁnético u e estado de energia

I se encontra em um campo magnetico I &z Hamiltoniana da interacgao

magnética sera dada por®
-
J—f SRR R T I.E (I-28)
) . - r _ ehn
onac U'F (. O Lo IinitTon nucicar 'Llln = ,_)I___CJ s & G a raaao E'll"Oﬂc.r'DEL..CG
i FAr N

e I & o creracor de spin ¢o nucleo. Us auto-valores desta hamilto
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niana sao :

E o= —gu tim, (o= 1,I-1, ..., -1) (I-29)

kssim, a degenerescencia dos niveis nucleares de  spin I
e totalmente quebrada em (2I + 1) subniveis ipualmente espagados

em separagao B H.

0 nimero de linhas no espectro de emissidc serda dctermina
do pelo numero total de sub-nivéis (21, + 1) do estado fundamental
e pelo numero total de sub-niveis (2I_ + 1) do estado excitado, co

mo tanbém pelas regras de selegdo para o numerc guantico magnético

m. Para transigoes dipolaeres, a regra de sclecac pera m € tm = 0,
+1. Temos ainda que, para estas transigoes, a paridade deve ser

conservaaa.
Para o nicleo de Fe®7 (I = 1/2, m = =1/2; I, = 3/2, m =
= +3/2, #1/2 - ver Fig I-7) observamos seis transicoes quandc o nu
> [ =) : x =z
cleo estd colocado em um campo magnético.
Para podermos observar, pelo efeito liéssbauer, a diferen
ca AEm nas energias de sub-niveis nucleares de carater magnético ,

devenos ter2?

ueH : . .
E = > 2 I-230)
. m 1 Te : ¢ :
e
Para o ntcleo do Fe>7_  orde Fe = 4.6 x 10—9 e V, Ie = 3/2 e U
= -0,1547 nm, esta condigao s6 sera satisfeita para K 2 30.000 Oers
ted.
my
r, +3/2
S el a2
i // . - +I/2
. _ pd
Fig. I-7 Desdobra P e g HaH
s . 32— A -1/2 A
mento magnetico niper : N,
. .. N -3/2
fino (efeito zeeman H
. - —E”(m,][L&
nuclear) com uma 1n
- - - I 23456
teragao magnetica pu- 1
. “hEpr—Tg
ra.
~{ -2
V2 " - 9o/in"
T~ L 1172
A intensidade Ir(n = 1,2, ... 8) das linhas lMHossbauer de
1
pende do anpulo © entre & dirccga a direcgaoc do raioc gara e

cao ce e
e

.
dos coeficientes de Clebsh-Corden correspondentes as transigoes.
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0s resultados, que sao cncontrados em  livros solbre o efeito

MOssbauer27,29 podem ser cxpressos da scgulite forma:

1, = Ig I, = Ig I3 = 1,
I;:1,:14 = 31(1 : s20):2 20 l- 2
1712:13 = 35(1 4 cos?0):2 sen 0: 5{1 + cos?p) (I-31)
4 sen2g

ou I1;:I,:T3 = 3:2:1 onde =z = —
l+cos?e
Se o absorvedor € um material policristalino, devemos to
mar a meédia de Z sobre todas as diregdes. Encontramos Z = 2, © que
significa que T3:I5:I3 = 3:2:1. |
Lm materiais ferromagnéticos & facil identificar as dife
rentes transi¢bes no espectro de seis linlias, ‘e entao encontrar:

ueh e ufh.

Para o Fe®’ Wi 4 conhecido de experiéncias de ressonan-
cia nuclear magnética e v e H podem ser calculados?®. Sendo e =
= + 0,0802 nm, encontrarenos gue Mo 7 -0,1547 nm e H = 232 KGauss,

ot

temperatura ambiente.

0 aparecimento do campo magnético no nucleo pode ser ex-
plicado pela distribuiclo angular e radial da densidade eletronica
no atomo e pelo spin. A contribuicZo mais importante provem da in-’
teracao de contato de Ferml, que consiste no acoplamento direto eé
tre o nlicleo e os elétrons s. No nucleo aparecem diferengas nas den
sidades de carga dos eletrons st (spin-up) e eletrons st (spin-cown)
se a carga eletrdnica contiver uma camada magnetica parcilalmente
cheia, por exermplo, a camada 3¢ do dtomo de ferro. A interagao en-
tre a camada d polarizade e um eletron s e atrativa, enguanto cue
entre a camada d e um eletron s e repulsiva. As partes radiais das
funcoes de onda dos eletrons s serao diferentes, sendo uma impeli-
da na direcao do ﬁﬁcleo, ao passo que a outra se afasta do nucleo.
Consequentemente, & interagao de contato de Fermi provoca um Campo
magnetico local no nicleo, o gual pode ser da ordem de algumas cen
tenas de KGaues.

I-6-3 INTLRACAC HACGHNLETICA E ELETRICA COHEINADAS
Se um nlUcleo estiver num campo eletrico e num campo Fag- .
nético g, as posicdes dos sub-nivels da estrutura hiperfina cepen
derio ua razao entre as erergias de interacao magnetica e elétrica,

dGa simetria do gradiente ce campo elétrico, do angulo formado pelo
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elxo principal do itensor d¢ gradicnte de compo elétrico e pela di
regac do canpo magnctico .

Se o tensor do gradiente de campo eletrico tiver  sime-

. 3 . " =+ . . — .
tria axial e seu elxo for paralelo a H, a energia de interacdo hi-

perfina eclétrica e magnética para Ie = 3/2 seri?b-,27;
L . mo | 21/2 ;
E = -guy Hm, + (—1)l II e2qQ/u (I-32)
m n Tl
e 4322
' wielqd
. -
/,-—--—-("‘uz ¢'ga f\\ 9yin Mo t1/2
372 A — -~
\ - -2 -
A - -3s2
\ -
123456
) -2
va — ' < Sopatt
- +/2

Fig. I-8 Desdobramento hiperfino do nivel I=3/2 para Vzi paralelo
a h.
Se 0 eixo de simetria de um tensor axialmente simetrico

do gradiente ae campo elétrico formar um angulc © #= 0 com a dire-

-
gao do campo magnético B, para I = 3/2, a energia de interagao hi
perfina elétrica e magnética seri?%:27;

_ . 1y imy|+#1/2 e2£0Q, ,3cos?%0 - 1 -
Em = gunhml + (-1) (_14 ) 5 ) (I-33)

Em geral € bastante dificil determinar e?qQ/4. Entretan
ito, se a determinagac experimental da posigao das linhas de absor-
gac em relagaoc ao seu centro de gravidade e consequentemente suas
separagocs forem suficientemente precisas, esta quantidade em prin

cipic pode ser obtida.
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INSTRULTITAGSO HUSSBAULT e TECHICAS EXPERIVMINTAILS

11-1 1WTRODUCAD

Em otica, fenCmenos ressonantes foram demonstrados no
comego deste século. R.V.Vood em um experimento simples foil capaz,
e 1804, de demonstrar a radiacio ressonante, usando a familiar
luz amarela (linhas D) emitida pelos atomos de sodio.

A possibilidade de fluorescencia ressonante nuclcar foil
prevista por Kuhn? em 1529, mas somente em 1851 HMoon?, usando uma
ultra centrifuca para compensar a enérgia de recuo, fol capaz de
oLservar. flucrescencia ressonante nuclear.

As investigagCes classicas em fluoresceéncia ressonante
otica e nuclear, convencionais, foram todas executadas como expe-
riupentos Ge espalnamento.

Lmn trabalhos ce efeito Mossbauer comumente chservamos 4
transmissso. As razoes prinecipalis s30 uma maior intensidade e uma
geometria favoravel.

Alguns experimen

tos de espalhamento3l, 32

s 19,4 keV r- roy |

contudo, tem sido executa- a)

QoS por observacgao de raios
- 7,3 kev e~

- X giretamente, medindo . Os 20

railos X gue Seguem O pro- 63

Pra boH keV £ x roy
27

cesso de conversao interna, T
¥ - 1oy % 6,3 keV e

ou detetanas oS eletrons

de conversao (Fig. II-1)

. b}
Fipg. II-1
s A Compton Del. _» Compion
a) ksquema do processo de 122keV Y " o foto-ent o
gty taty S ey
—_ . e 100 B B e et 1= Fotp- elet.
9 r oA St ws R |} R U
conversao interna para A T Y e scinein o

. o~ . . 6,3 keV X-roy
transicdo 1u.4KeV do Co¥ e L ey o

10

e

\\-\ 15,4 hev Y

£, ke

b) Processos de degeneragao

da enrnergia em uma fonte,

avsorvedor ¢ Getetor em Fitiro

un sistena de  detegao
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Ur esguema pera um cexperdnmente de Méssicuer  (transmis-

sao) ¢ coguematizado na Fip. I1-2.

A fonte de goma & movimentada ccir uma velocidade v ocom
respeito ao absorvedor. 0 ralo gema entao sofre unm deslocamento
voppler E = (v/c)L eonde L € a ¢nerpia do raio pama.

A intensidade IexP no detetor é determinada como fungio

da velocidade v. A& velocidade v & definidz como positiva se a fon
te se move em diregao ac absorvedor. Plota-se I(v)/I(=), (¢g. I-11)
onde I(v) = I.,;, - B e B & o "background” (rote-se gue em veloci-

dadecs grandes, nenhuma absorgao. ressonante ocorre).

I1-2 LQPLCTHG LTRO HMUSSEAUZR

-

Um espectrometro MBsstauer®:17:32:23 consiste de  tres

partes:

a) fonte HMGssbauer

b) Absorvedor léssbauer

c) Dispositivo e Controle de Velooidade

Séo usados basicamente dois modos diferentes de se  ob
ter um espectro lM¢sshbauer. Im um, a fonte (absorveder) se move

com uma velocidade constante por um tempo pre-estabelecido e con-
tagens durante esse periodo sac registradas. A velocidade e entao
trocada por um nove valor e o procedimento € repetido até o espec

tro inteiro ser obtidco.
0 trabalho original de Mdssbauer fol executado dessa ma
neira
No segundo metodo, a fonte varre periodicamente um ran-
ge ce velocldade e a contagem emwm . intervalos pré-estabelecidos de
velocidade sao armazenados em diferentes canais de um analisador

muliticanal.

Esses dois metodos juntam informacoeS na mesna razao,
mas cade um tem vantagens para certos tipos de investigagoes. Con
um sistema de velocidade censtante, pequeng parte do especiro po-

de ser investigada com alta precisao.

Cow: o sistema de varrecura de vclocidade, o espectro in
teiro é obtido simultancamente e uma primeira impressao pode ser
obtida rapidemente.

Ii-2-1 TFOILTL e ABSCRVIDOR 1USSRAULR

Ac observar o cfeito Mdssbauer pocomOs cstar intercoca-
dos no ebsorve.or (fonte); neste caso usarcmos ume fonte (absorve
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dor) que apresenta una unica linha de emissdo (absorcéo), bem es-
ircite, ¢ uma alta fregao sem recuo, f. -

Hao existe metodo bem provado, de acordo com o qual ros
sa-se prcparar fontes c¢ absorvedcres que fornecgam linhas tao for-
ltes quanto possivel e tao finas quanto a largura de linha natural
Um procedimento levando ao melﬁor resultado tem que ser encontra-
do para cada isotouo, principalmente por tentativa.

Indicagoes de preparacao de fontes e absorvedores podem
ser encontradas em muitos artigos experimentais2?:>23,34,

0 material radioativo gue constituira a fonte ¢ incorro
rado ém uma matriz onde seus niveis nucleares permanecemn inaltera
dos. Qualguer metal diamagnético cubico serd uma boa escolha des
de que o radioisétopo penetre na fede substancialmente.

-4+ fonte usada por noés foi de Co®7 com uma atividade ini

cial de 25 mC, em matriz de cobre, e os valores do deslocamento
a) lm TONS - 2" DIA.
] .
L y
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io para comrproessao do material lcosioaer.
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isonfrico sdo dacdos relativos a essa founte. £ velocidade da fonte

fol pericodicanente calilrada com forro metalico.

0 material, ou © composto guimico, que conténm nuclidics
no estado funcamental e gue poden ser associados com o processo
ae absorgio ressonante do raio gama ¢ chamado absorvedor.

Um bom absorvedor deve satisfazer ("transigao sem recuo)
as seguirtes condigoes experimentais:

1. 0 material deve ser uniformemente distribuido (gm/cm?);

2. 0 diametro e a espessura do absorvedor deve ser tal que a in-
tensidade (1 exy ) scja significativa;

3. 0 material do absorvedor deve ser cstavel (mudanga de estado
fisico ou reagdes guimicas) durante as medicas;

4. Quando estudamos OS5 pararetros Mossbauer como funcgao da tempe-
ratura, precaugOes devew ser tomades para evitar gradiente de
temperatura noe absorvedor;

5. 0 absorvedor deve ser montado em um suporte rigido. Bolhas de
nitrogenio liguidc em "dewars", vibracgOes provocadas por &aco-
plamentcs ¢e Lombas de vicuc a0 sistema, por exemplo, alargara
as linhas consideravelmente, se precaugoes nao forem tormadas.

Os absorvedores usados neste trabalho sao policristali-
nos (125um) e por compressio (Fig. II-3) entre folhas de aluminio
(0,062 mm) formamos pastilhas (2cn: de diametro) contendo ~10mg Fe/

/cm?,

11~2~2 DISPUOSITIVO e COHMTROLE DE VELOCIDADES?

0 sistema de varredura de velocidade, usando um analisa
aor multicanal foi o utilizado neste trabalho (Fig. I1-2).

A fonte € movimentada de tal modo que saoc computadas as
velocidades de -vyax a +tvpay- A fonte esta presa a um transdutor
eletro-mecanico que mede a velocidade instantanea v(t). Esse si-
nal é usade tara ecunuler o pulso de energia selecionad0 no cOnLta
acr ern aiferentes canais do nulticanal ,(Tig. ITI-4).

Os trenscutores eletro-mecanicos de velocidade podem ser
construidos ce varios mocos!?s33. 0 mais simples e utilizar auto-
-falantes, usando uma bobina para coirandar o cone e a outra para
medir v(t) como podenos ver na Fig II-5.

0Os coneg estao T'TESCS por urna aste rigica e a esta prern
denos a fonte wc gara.

Ixtremo cuideado deve ser 1omado nmo sentido de eliminar

perturlagdes ne forna ce onda. € mitodo para tal consiste em usar
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un sistema de realimentagacd3, (Fip. I1II-5).
I>isten outras possibilidodes de dispositivos de velocs
aade3d3, Tais como cristals pilczoelétricos e variactes na tempera-

tura da fonte ou absorvedor,

II-3 DETEGAO DA RADIACAU GAMA

0 equipamento utilizado para detetar a radiagao
l¥ssbauer € o mesmo da espectroscopia nuclear.

Fuitas substdncias cintilam quando bombardeadas por ra-
diagﬁgs nucleares, maS aguelas comumente usadas na pratica caem
em trés classes: plasticos, liquidos e cristais orgdnicos e inor-
ganices.

Como detetor usamos um cristal de MNal(Tl), de pequena
espessura, pols estamos interessados em detetar somente o nivel
14 .4 KeV,

Cristais de Ioceto de Sodic ativado com Tallo, sao Oti-
mos para detetar Ralcs-X e Gama. Eles podem ser feltos com ume al
ta eficiencia e a quantidade de luz emitida pode ser relacionada
& energia da radiagao 1nclocnbe

A maloria dos’ Getetores de radiacao ndo poden funcionar
satisfatoriemente sem o auxilio de equipamenios eletrénicos, tais
como amplificauores, discriminadores e "scaler".

0 pulsc de luz emitida por um raioc gama, ao passar atra
ves de um cristal de cintilagac, pode ser detetadc somente TOr uma
fotomultipiicacdora sensivel. O pulso elétrico de uma fotomultipli
cadora € entac armplificade, aiscriminado em altura e levaco &o
"scaler" ou multicanal (Fig. II-2). |

Outros detetores, tais como contadores proporcioconal e
detetores usande semicondutores sao também usados em espeCtrosco-

pla HM&ssbauer.

II-% SISTILFAS DU AQULCINERTO e TRATAMENTC 'TERIIICO

Cs espectros ii6ssbauer do composte FeS04.7H0 e de seus
subprodutos foram agui estudados conmo fungdae da temperatura ne va
cuo, ar e na atmosfera de nitrogenio.

Fore:r utilizaces weis sistemas: um "cryostat™ para tem-

R )

; - 0 . -
s na faixa de -193 a +100°C e um fornoe na feixa de +25

ur
°c.

perat
+ 400

0 wisteia “"crycstat" ¢ do tipo comercial e o fornio ¢ O
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I11.7.

Para controlar a ilenperatura usamos ¢ esguema da Fig.

mostrado no escuona da Fig.
IT-E.

A parte mals importante deste esquema € O estagio de‘eg'
traca (2) , que se constitue de um amplificador operacional.

A finalidaue deste amplificador € executar a diferenga
entre os sinais do termopar (E1) e o sinal de referencia (E,).

0 sinal de referéncia fornecido pelo sistema () & con
trolazao pelo resistor R; e pelo resistor do sistema (7). Este ul-
timo e programado por um motor, quando necessario, como uma
fungao do tenpo. _

U sistema (3) alimenta a resistéhcia de aquecimento R
do sistema (W), com uma tensao I que € proporeional ao sinal 'Eo
fornecido pele sistema (). -

Uma opcdo sem realimentacdo € fornecida pelo sistema Q)
e muitas vezes usada pare complemeniar o sistema © fornecendo
una maior poténcia aoc sistema (0).

G sistema C)_possibilita uma leiltura da temperatura
(na regiao do abscrvedor) como uma fungao da voltagem (mv) do ter
mopar‘(cobreweonstantén) e o sistema (8) registra em funcdo do
tempo esta leitura. '

0 ganho deste controle de temperatura &€ ajustado nos fg
sistores R,, Rz, Ry,, Ry e Ry.

Lste controle de temperatura possibilita uma serie de
facilidades experimentais.

Por exemplo, o controle do sistema da Fig. II1-8 e do sis
tema termo-gravimetrico esquematizado na Fig. I1-9.

0 sistema da Fig. I1-8 foil utilizade para preparar os
absorvedores lissbauer, em atmosferas e temperaturas preé-estabele
cidas. ' _ '

Acaptando o sistema de Fig. I1-7 a uma balance analiti-
ca (Fip. I3I-¢), foi possivel fazer estudos de perda de peso en
fungao da temperatura Go material Eossbauer.

A varizg¢zo do peso, como fungao da voltagen medida na
Lobina da fiz. II-9 e da temperatura foram registradas em funcao
do tenpe no sistema , (Fzg. II-86).

Zliuns resultades ce perda de peso sao apresentados  ra

Fig. ITI-Y ¢ poucm perfeitamentie ser comparados com o resultaco ob
tigo por Gallagher e outroes autores®®??7
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1. Hontagem'do absorvedor {veja Fig.I11-3b)
2. junta de Teflon -
3. jenela de aluminio (0,02mn)
4. juntas de Teflon
B - 5. abscrvedor
€. posigao do termopar
7. resisteéncia de eaquecimento
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Fig. II-8a Forno utilizadc para preperar o material liossbauer

1. Circulacao para agua

2. resistencia de aquecimento

. ceramica

k., isolante termico

5. recipiente de vidro (pyrex)
6. termopar
7. lampada

8. suporte co recipiente 5

]
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Desenho explodido da parte superior do siStema da

Fig. 11-8a.

1. Hedidor de pressao

2. conexao do sistema de vacuo

3. valvula de protecao

4. entrada de gas

5. saida de cas (conectacda a uma bomba de vacuo ne-
canicez)

£. visor

7. conexeo <o terropar
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Fig I1-9 Isquena cm bloes do equipamento utilizado para  preparar

os absorvedores POosobaucr,

N

1) Sistema Fig. IT-8a3; 2) bomba mecanica; 3) bomba de difusao; 4)
"trap"; 5) eilindro de gas (Ny); 6) sistema Fig. 11-6.

Fig. II-10 Sistema termo-gravimetrico.
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LOUIPAMELRTO UTILIZALY e TSPECITICACDLE

perimentos {oram:
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Os equipanmentos mais importantes utilizados cm nossos ox

Multicanal DIDAC-800, no modo "Multicanal Scali g"

noo®c
300
Looe

20 mm

Fig. II-2
(INTERTECHNICGUE)
Sistema "Drive-Transducer"
(ELSCINT, AME-3D)
I
As Lerguras das Linhas_do Espectro Mdssbauer
do Padrdo Ma,|Fc(CH)IsNO}.2li,0 analizado neste
sistema sao:
ry= 0,2380 +  (,0119 mm/seg
r,= 0,2383 + 0,0119 mn/seg
\ _ (1.7034 = 0.0C18 mm/sep)®
canal ~ 231.374 canais -~ 100.037 canais
Fig. II-6 TFonte de Potencia
(FEVLETT PACKARD - £224A)
Amplificador de Diferenga
(OPERACIONAL NEXUS SD-35)
Contrcle de Linha de Base
(ELSCINT ABA-1)
Fig. 1I-7 Forno HMOssbauer
(confeccionado em Aluminio, na UnB)
Intervalc c¢e Temperatura + 25 a
ILstabilizacao + 0,04 a
Potencia Reoguisitada 60 a
Diametro do Absorvedor .
Fig. I1-10 Balanca Analitica
(VEB OSCHATZER WAAGENFABRIK - Tipo 705.21)
Ref. 22,
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