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ABSTRACT

The combined role of intraband and electron-localized mo-~
ment exchange in determining the magnetic behaviour of a system
composed of itinerant electrons and localized magnetic moments
is investigated. Having in mind rare-earth-transition metal and
rare-earth-normal metal intermetallic compounds, the critical tem
perature versus de  Gennes factors and the temperature dependen-
ce of the magnetizations ana susceptibilities of the two magnetic
species are studied. Results are obtained for two cases, a)a del
ta~like band (narrow band limit), and b)a parabolic density of
states, using the molecular field approximation both in the treat
ment of intraband interaction (Stoner-like description) and elec
tron-localized spin exchange. Some comments are made on the par
allel between computed and measured magnetic quantities in the
RFe (0<x<1 and R=heavy rare-earth).

systems RAl and R(Fel_XAl )
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1. INTRODUCTION

The magnetic behaviour of intermetallic compounds contain
ing rare-earth metals and transition metals, or normal metals ,
has been increasingly studied (Taylor (1971), Buschow (1977) ,
Kirchmayr and Poldy (1978), Burzo (1980). In particular, regula-
rities in the critical temperatures as a function of the parame-
ter of the rare-earth (e.g. the de Gennes factor) or as a function
of the relative concentration of the components, and the temvera
ture dependence of the magnetization and susceptibility have been
measured. These results have been understood in terms of simple
models that either treat the magnetic carriers (associated to
the rare—earth or to the transition metal) as localized (e.g.
Ilarraz and del Moral (1980)) or attribute to the conduction e-
lectrons (associated, e.g. to the 3d-4s bands in the iron series
or the 5d-6s bands of the rare-earth) a more explicit role. This
role is that of a vehicle of the interaction between the rare—
earths (e.g. Debray and Sakurai (1974)) or as a carrier of itine
rant magnetism, contributing to the total magnetic moment of the
system (e.g. Gomes and Guimardes (1974)). This latter point of
view is particularly interesting when the partner of the rare-
~earth is a transition metal.

The study of the temperature dependence of the magnetic

susceptibility of the RCo, compounds was made by Bloch and Lemaire

2
(1970) using the molecular field approximation: a molecular field
arising from the ionic part acts on the electronic part, and vice
versa. Phenomenological parameters measuring the electron — iQn;,

electron~electron, and ion-ion interactions were determined by

fitting the experimental results. Wohlfarth (1979) relates the



Curie temperatures T, of intermetallics of heavy rare-earths con
taining cobalt to the position of the rare-earth in the periocdic
table, extending the analysis of Bloch et al. (1975) for cobalt
concentrations that make the Y-Co system magnetic. It is interest
ing to note that the idea of a system of interacting localized
and itinerant moments was originally applied to the study of
transition metal magnetism (see Herring (1966) for a full dis-
cussion) although in that case the existence of localized maments
is an open question, in opposition to the situation of rare-
earth magnetism. The model that embodies this idea, sometimes re
ferred to as Zener-Vonsovskii model, has been adopted by Stearns
(1973) and by Sakoh and Edwards (1975), and more recently, Borgiel
et al. (1980).

In the present work we have investigated, in the molecular
field approximation, the relative importance of the electron-elec
tron and electron-ion interactions on the magnetic behaviour of a
system in which localized spins coexist and interact with conduc
tion electrons; the conduction electrons also interact with each
other. We have examined the following guantities: l)electronic
magnetization at T = 0; 2) critical temperatures; 3) temperature
dependence of the electronic and ionic magnetizations and suscep
tibilities. Two cases were considered: the narrow-band limit and
the wide~band limit (parabolic density of states).

1The structure of the paper is as follows: in Section 2 the
model Hamiltonian is presented and the parameters that describe
the rare-earths and the conduction electrons are made explicit.
In the molecular field approximation, equations that relate the

magnetizations (ionic and electronic) and the chemical potential



to the temperature and to the parameters of the model, are
obtained. In Section 3, the narrow-band case is studied, and in
Section 4, the case of a parabolic density of states. Finally ,
in Section 5, some comments are made on the connection between
the present results and magnetic data for the intermetallic com

pounds of the heavy rare-earth metals.

2. FORMULATION OF THE PROBLEM

The model Hamiltonian is

Ho= He +He-i +HZeeman (1)

where
H o=J3mT.ch o, +1 Jn..n (2a)
e & Ti3 Tio Tjo 21474
ijo
i z .z
Ho_; = —(g-1) I é I, s (2b)
_ z z
Hyeeman = ~ M8 Ho %‘2 S, +9Jp ) (2¢)
_lB(Bi'B )
where T,.=1/N ] £, J, €, is the energy of the band elec
I % =

tron, I is the intra-band interaction, Cig (C:c) is the destruc
tion (or creation) operator at site i with spin o(toré), Jo is
the electron-ion exchange interaction, g is Landé's factor
of the rare-earth, Ji and si are the projections of the angular
momentum operators, respectively,for the ion and conduction elec

trons at site i, and Ho is the applied magnetic field.



The Hamiltonian (1) is similar to that used by Bloch et
al. (1975); we have attempted to use in our formulation a set of
physically significant parameters (JO, I , etc), the meaningof
which is implied in the model Hamiltonian, rather than purely

phenomenological parameters (e.g. JRM’ J as usual in the lite-

MM
rature (see the review of Burzo (1980)). Although in the inter-
metallic compound series the heavy rare-earth moment couples

antiferromagnetically to the electron band, we have taken JO>O,
since the individual magnetizations (electronic and ionic) de-

pend only on |J

oI :
The basic magnetic quantities are the electronic magne

tization and the ionic magnetization:
- z

M = ZNeUB <s™> (3a)
- z

M, = gNiuB <J"> (3b)

where Ne and Ni are the number of electrons and ions in the sam-

ple.

<s%> and <J%> are computed in the molecular field appro
ximation: the electron gas is subjected to the external magnetic
field and to the effectivé field arising from the ionic and elec
tronic magnetization ; conversely, the ions feel the external
field and the field associated to the magnetization of the band. This self-

consistent magnetization process is described by the following

equations:

pBg [f(e§¢) - f(85¢) = Me (4a)



}{ [f(em) + f(815+)- =N (4b)
gJNiBJ(x) =M, = gJNici (4c)
where
x = - i“?Hi : (5)
B
€xo = S T OMp Hy (6)

and BJ(X) is the Brillouin function.

The magnetic fields acting on the electrons and on the

ions are, respectively

= ._l.... - ! |
H, = H, + i (J(g l)JoCi + kBe ce) (7a)
H, = H + -2 (g-1)J_¢ (7b)
i e} UB 0’e

The function f(EkG) is given by

_ 1
ko' T oG o) )
e 50 +1

£ (e

where y is the chemical potential, B= l/kBT, kB6'= I1/21is the
intra-band interaction in the Stoner (1951) notation, and the

normalized electronic and ionic magnetizations are given by

M M
r . = ' L, = = “(9)
e NeuB i 9JNiuB



In oxder to investigate the influence of electron - ion
and electron-electron interactions on the behaviour of the mag-
netic quantities, equations 4 are examined under the following

conditions:

a) in the limit T=0; here, the equi—ce curves are obtained in
the plane (g-l)JO b kﬁV;

b) in the limit T=Tc; here, the equi—Tc curves are obtained in
the same plane of a);

c) for TSTC; in this case, the temperature dependence of the e-
lectronic and of the ionic magnetizations is obtained, for seve

ral pairs of parameters [(g-l)Jo; kB@'], for the same value of

T
Ci

d) for TZTC; in this case, the temperature dependence of the sus

ceptibilities (electronic and ionic) is obtained.

The analysis is done in two limits: narrow-band limit
(Section 3) and wide-band limit (parabolic density of states;

Section 4)

3. NARROW-BAND LIMIT

In this limit, &_ = ¢ for every k, and the equations4a

and 4b reduce to

1 1

_ = Ce (10a)
eB(sO-uBHe—u)+l eB(eO+uBHe-u)+l
1 N 1 =1 (10b)
es(eo_“BHe—u)+l e6(€o+uBHe_“)+l



The physical solutions of equations (10) and (4c) are

obtained from

= ...__.l_._ 1 - B )

z tanh {2] T kBe g+ J(g-1)J Ci+uBH_» (1la)
1 i -

Ly = BJ {T_T 1J(g 1)J ¢+ gJuBH_» (11b)

One should note that equations (11) correspond to two
localized systems interacting via molecular fields (since tanh(x)
= Bl/zbd). Although we have started with an itinerant - localized
system, in the narrow-band limit we arrived at a result equiva-
lent to two localized spins.

In the limit T = Tc we have

k.6"' 2 2
B J(J+1) (g-1) o) } ] -
l_k T 3 K TCJ 4=1 (12)

From this equation one draws the equi—‘I‘C curves (parabo
lae) in the plane J(g-l)Jox kBe'(Fig.l), for kBTC=%LO4OeV,(LO6ZéV
and 0.080 eV in the narrow ~ band limit. Figure 2 shows the electro
nic and ionic magnetizations ¢ and s (from Eg. 11) and the cor
responding inverse susceptibilities for pairs of parameters
(kBe';J(g—l)Jo) for the same values of T.- It is worth noting
that the curves of Qi versus T (for J=7/2) are more sensitive to
changes in parameters kBe' and J(g-—l)Jo than the corresponding
curves ce(T). The inverse susceptibilities may show deviations
from the Curie-Weiss law (Fig. 2a and 2b). Note in Fig. 2c¢ and
2d that the paramagnetic Curie temperatures of the ionic and e-

lectronic magnetizations are near zero and Tc,respectively. In



the extreme situation depicted in Fig. 24, J(g—l)JoszeU%O,the

magnetism is

interaction, and the ions,although having the same T, of

band, exhibit a nearly paramagnetic response. Note that

is nowhere

sustained practically

larger than ce(T),for a given Tc' In Fig. 2b,

intermediate temperatures,the curvature of Ce

that of Ci (see Section 5).

4.

WIDE BAND (PARABOLIC DENSITY OF STATES)

only by the

intra - band
the
£, (T)
for

is smaller than

In this case equations (4a) and (4b) are written

n(&)de

eB(S_uBHe_“)+l

g o~

n(€)de

E{E=TH_—H)

e 1

Q -

€l/2
where n(g)

nergy,
0

jn(e)ds
0

—

Ne/2

Using the expression for He and Hi from Section 2,

13 can be re-written
F(n+y) - F(n-v)

F(n+y) + F(n-vl

where

Neeo372

i

it

n(eyde ‘
— =N © (13a)
) eSY€+uBHe uf+l e’e
o}
> n(€)de
+ = N (13b)
[ -
J eBY’+uBHe “)+1 e
O
and Eo is the free electron Fermi e-
(14)
equations
‘€ 3/2
4 ‘0
3 kBT) Ce (15a)
(e 3/2
4 o)
3 E~TI (15Db)
B




n =1uk_ T (16a)
B
el
v =|¥B ‘oz +3@D |20l |, "% % | (16p)
€o kBT EO BT i o kBT
and
e o]
X1/2
F(a) = " dx (16c)
I e +1
V]
In the limit T=0 equations (15) and - equation (4c¢)
lead to
k., o' J
2/3 _ _ 2/3 _ B _ 0o
(1+Ce) (1 Ee) = 2 Eo Ee + 2J(g-1) gg (17)

v .
In the plane J(g-l)Jo/eO x ko /eo the equl—Le(O) curves
are straight lines (Eg. 17). These are shown in Fig. 3 for'ceﬂ»=

= 0.23, 0.26 and 0.50. These straight lines cut the axis kBG'/eO

near 2/3, which is the minimum value of kBe‘/eo for Stoner—type
magnetic order.

In the limit T=Tc, one can obtain from (15) and (4c¢)

2 |
Fi{ng 3 ! 1/2 (182
2 (%/%) "  3kg®'  IkgTo
J(J+1) (g-1) T +
B ¢ 80 8O 80
F(n) = 2 1 (18b)
© 3 [kt |*2
BYc
1
O

In Fig. 4, equi—TC curves are shown in the plane
J(g-l)JO/eO X kBe'/eo. To draw these curves we have made use of

the expression (Mc Dougall and Stoner (1938))
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2
F(oc)=—§— 03’2 (14 L. 0”2 (19)

valid for a>>1.

Figure 5 shows the electronic and ionic magnetizations
and inverse susceptibilities, for increasing values of
kBB'/so, fixing kBTC/so = 0.0155.

The values of kBe'/so were chosen in correspondence with
those adopted in the study of the narrow band case (Section 3).
It can be observed that the electronic magnetizations and in-
verse susceptibilities are more sensitive to the variations in

kBe'/eo than the ionic quantities.

5. COMPARISON WITH EXPERIMENTAL DATA

The intermetallic compounds formed with the rare-earth
metals and d-transition metals correspond to metallic systems
where localized (4f) magnetic moments coexist with (s,d) itine
rant moments. In the RM2 compounds, for instance, one finds se
veral magnetic "types" (Gomes and Guimaraes (1974)): a)systems
like YC02, where TczOK; b) systems where the intra-band inter
action is responsible for the magnetic order (e.g.YFez); c)sys
tems where the intra-band interaction is smaller, and the mag
netism is driven by the 4f moments (e.g. GdNiz) and finally,
d) systems where 4f moments and d-d interactions are important,
like GdFe,.

In the framework of the present model we have studied
how the critical temperature Tc depends on a) the rare-earth de

Gennes factor in the RAl, and RFe, compounds (Fig. 6) and on

b) the relative concentrations of the transition metal in sys
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tems like R(All-xFex)Z' where the ratio of the number of rare -
earth atoms to transition metal atoms varies along the series.
In this study we have taken JO = 2.1 x 10_3ev independently of
x and independently of which heavy rare—earth is present. For the compound
RA12 (x=0) we have taken € = 8ev and~kBe'/eo slightly below 2/3, whereas
for x=1 (RFez), €y = 4 eV and kBe'/eO is slightly above 2/3. The
choice of the eo's corresponds to the fact that the transition
metal has a narrower band; the parameter kBe'/so was chosen ta
king into account that YAl, is non-magnetic (kBe'/5052/3)andiimt

YFe., is magnetic (kBe‘/eo>2/3).

2

The curve of T. (or TN) versus rare-earth de Gennes fac
tor computed for the compounds RA12, with kBe'/so slightly below
2/3 and JO = 2.1 x lO-'3 eV is shown in Fig. 6a. We have imposed
that T, (YAlz) = 0K and Tc(GdAlz) = 200K. The same curve for the

RFe, compounds was computed with kBe'/sO slightly above 2/3 and
3

again J_ = 2.1 x 10 ° eV (Fig. 6b).The end-points are Tc(YFe =

2)
= 542K and T, (GdFez) = 796K. The first curve (for the RAl, com
pounds) is a straight line, and the second (RFez) is almost
straight, with a slight curvature; this agrees with the general
linear dependence observed experimentally (Taylor (1971)).

For 0<x<1 in the Gd(All_xFex)2 we have assumed, for sim

plicity, a linear dependence of kBe'/eo on X:

[}
kBG

GdAL
(20)

The computed Curie temperatures versus x are shown in Fig. 7,
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for two band widths (eo = 4eV and 8eV), and J, = 2.1 x 10 3ev ;
Fig. 7 also shows that Tc(x) is not too sensitive to such varia
tio in €o°

It is interesting to observe that we have been able to
compute the curves of Fig. 6 and Fig. 7 using the same value of
Jo (and of the right order of magnitude). This imposes a non-vani-
shing value for ke'/eO (slightly below 2/3) in the case of RAlz,
suggesting that intraband exchange enhancement effects may be
relevant in this series.

It is worth noting that the computed electronic and io
nic magnetizations Me and Mi’ in the narrow-band limit (Fig.2)
show some distinctive qualitative features observed in publish
ed experimental results. In Fig. 2a the ionic magnetization
tends to show less curvature than the electronic magnetization,
for intermediate temperatures. This effect is present in the
measured total magnetization M(M = Mg+ Me), e.g., of Gd-Fe
intermetallic compounds; the magnetization of Gsze17 (where
the electronic, i.e., 3d magnetization, is dominant)  is more
convex, whereas for GdFez, with a relatively larger contribu-
tion of Mi' M is almost straight in the middle range of T (Figq.
10 in Burzo (1%80)). The same trend is found when we compare
57Fe hf fields (which are grossly proportional to Me) to the
rare-earth hf fields (roughly<xMi) in RxFey intermetallic com-
pounds (e.g., in DyFe2 (Bowden et al.(1968)).

The present model, although simple, allows the computa
tion of magnetic quantities (¢(T), X(T) and T ) that behave in
a similar way to the numbers obtained experimentally. 1In our
presentation we have emphasized the combined role of intraband

and electron-ion coupling parameters in determining the tempe-

rature dependence of the magnetizations and susceptibilities .
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A deeper analysis, with vista to fit the experimental values of
the available magnetic data, should consider, eventually increas
ing the degree of complexity: a more realistic band description
(taking into account degeneracy and s-d mixture), adequate g

factors for the electronic magnetization and proper consideration

for crystal field effects.
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FIGURE CAPTIONS

Fig. 1 - Equi-—Tc curves (parabolae) in the plane J(g—l)JO X kBe'

Fig.

Fig.

Fig.

Fig.

Fig.

2 -

3 -

for kBTC = 0.04eV, 0.062eV and 0.080eV, in the narrow

band limit for J = 7/2.

Ionic fi) and electronic (e) magnetizations and inverse
susceptibilities versus temperature in the narrow band
limit for pairs (J(g—l)Jo; kBe‘): a) kBe' = OeV,LHg~lM%f
= 0.134 eV; b) 0.08eV and 0.08eV; <c¢) 0.123eV and 0.0125eV;

d) 0.124evV and 0.0016l1l4eV, for kBTc = 0.0620eV.

Equi—;e(O)(eletronic mégnetizations at T=0) curves (straight

lines) in the plane J(g—l)Jo/sO X kBe'/eo for the follow

- ing values of ce(é): 0.23, 0.26 and 0.50 (the numbers

5 -

6 —

are those of the electronic magnetizations of Fig. 5 for

T=0) .

Equi—Tc curves (parabolae) in the plane J(g—l)Jo/eo x
1 —
kg8 /eo for kBTc/eO = 0.04/80, 0.0620/50, 0.08/80

(taking ey = 4ev) .

Ionic (i) and electronic (e) magnetizations and inverse
susceptibilities versus temperature for kBTC/ed#LO62®@O
and a) kBe'/so =0, J(g-l)JO/eO = 0.155, b) 0.1382 ,

0.1382, ¢)0.55, 0.065.

Calculated Curie temperatures versus rare-earth (R) de

Gennes factors to simulate the RAl2 and RFe2 compounds
' = = . ' =

a) for kBe /eo 0.6665, €q 8eV; b) for kBe /eo

= 0.6667, e_ = 4eV. In both curves J_ = 2.1 x 10 eV .

We have fixed the end-points at the values of TC (or TN)

determined experimentally (see text).



7 = Calculated Curie temperatures versug iron concentration

(x) to simulate the Gd(FexAll_Xi2 system, for two bang
widths a) €y = 4eV and b) So = 8eV. Here, as in Fig.6,
JO = 2.1 x 10_3eV and the end-points have been taken
from the literature.
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