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The homometallic Fe ludwigite E®,BO;3, is an oxyborate with a chain structure of oxygen octahedra
occupied by F& and Fé* with four different crystallographic sites. We repdfEe Mossbauer spectroscopic
studies on the magnetic spin arrangements and on the charge orderingDyBBg, between 4 and 450 K.

From the temperature dependence of the isomer shifts and quadrupole interactions, together with the informa-
tion from previous x-ray and transport data, we are able to discuss the structural arrangeméhaafifes*

and the dynamics of the electronic configurations. Beloy=112 K the Mdssbauer spectra show the onset of
antiferromagnetic order only for a fraction of the Fe ions, the complementary fraction remaining paramagnetic
down to 74 K. Below 74 K all the sample becomes magnetically ordered, and an increase and a canting of the
magnetic hyperfine field for each Fe ion is observed. This canting is related to the presence of weak ferro-
magnetism, as proposed from magnetization measurements. BebwK antiferromagnetic order is found.

From Md&ssbauer spectra taken under applied external magnetic fields, there is strong evidence for magnetic
short-range order abovRy; involving ferromagnetic clusters. The observed magnetic transitions appear to be
clearly related to charge ordering.

DOI: 10.1103/PhysRevB.70.174452 PACS nuni®er75.30.Kz, 76.80ty, 73.20.Jc

[. INTRODUCTION sition appears in the electronic state of the three Fe ions as
seen by Mossbauer spectroscépyhich could be of struc-

Research in metal oxides has been intensified considetural origin. Careful x-ray diffraction done on a single crystal
ably after the discovery of high critical temperature super-could indeed relate this to a structural transificharacter-
conductivity and giant magnetoresistafceRarticularly, ized by an alternate dimerization of the rungs in the ladder
charge ordering, electron delocalization, and unusual magwith a consequent doubling of the cell parameter in the
netic order occur in Fe oxides, with valence fluctuationsdirection.
making these materials even more interesting from the physi- Magnetization measuremefsnd our more recent Moss-
cal point of view. Oxyborates exhibit properties determinedbauer datadefine three characteristic temperatures for the
by a combination of strong correlations and low-dimensionaimagnetic behavior at 112, 74, and 50 K. From Mdssbauer
effects? They form a family of compounds having several spectra, an onset of magnetic hyperfine splitting is found at
chemical compositions with at least ten known differentT ;=112 K (phase AF)}— a transition which, however, is
crystalline structures. Those having the general chemical folardly visible in susceptibility. A transition to a weak ferro-
mula M?>*M3*OBO; crystallize as warwickites, while the magnetic phas¢WF) at Ty,~ 70 K is clearly traced from
ludwigites have a general formuM?*M3*0,BO;.

Fe;0,B0O3, which is known ahiomometallic Fe ludwigite
has a crystal structure basically formed by an assembly of
subunits in the form ofigzag wallsbuilt from four kinds of
edge-sharing nonequivalent oxygen octahésea Fig. 1.2~°
The sites in their centers, labeled 1-4 in the following, are
occupied by divalentl and 4 or trivalent(2 and 3 Fe ions.
The sequence of 3-2-3 sites forms a so-catl&tl that can
be described as three ¥esharing an extra electron. Evi-
dence for this distribution comes from x-ray diffraction and
from a first Mdssbauer study of this compound reported in
1983 by Swinnea and SteinfifKThe relative weights of the
different sites are 1/6 for F#&), 1/6 for Fe&2), 1/3 for
Fe3), and 1/3 for F&4).

The triads are linked closely to one another forming three-
leg ladders within the "walls” along theaxis. These ladders
are responsible for the transport properties of the system,
which can be described by an activated behavior with a FIG. 1. Projection of the ludwigite structure to thb plane. The
strong change of the activation energy around 220 K, indifour different crystallographic sites occupied by Fe ions are indi-
cating a crossover temperatrAt T.,~300 K a clear tran-  cated. The triad is formed by sites 3-2-3.

1098-0121/2004/4Q7)/1744528)/$22.50 70 174452-1 ©2004 The American Physical Society



LARREA J. et al. PHYSICAL REVIEW B 70, 174452(2004)

1000 Oe applied fieldrises sharply, reaches a maximum,
and then slowly drops with decreasing temperatures reaching
again the values found above the transition. Belfw the
magnetization is clearly history dependent. In addition, there
appears a spontaneous magnetization and a hysteresis loop
below about 70 K, which vanishes again below approxi-
mately 40-50 K, indicating a reentrant antiferromagnetic
state(AF2). This is in some contradiction to earlier neutron
diffraction measurements on §&,B0;,° which have shown
that at 5 K the iron ions in sites 1 and 4 are ordered ferro-
magnetically, whereas the iron ions in the triads are antifer-
romagnetically coupled.

In this paper, we focus on the electronic and magnetic
properties studied by Mdssbauer spectroscopy. The tempera-
ture dependences of the isomer shift and of the quadrupole
splitting can be very sensitive to transitions between ordered
and disordered charge states. A transition of this kind has
been proposed to occur in the Fe ludwigite based on trans-
port measurementsTherefore, we have studied the tempera-
ture dependencies of the Méssbauer parameters searching for
further evidence of charge ordering and their correlation with
the magnetic transitions in the Fe ludwigite. Moreover, we
extended thé@’Fe Méssbauer spectroscopic investigations to

3 2 1 0 ! 2 3 lower temperatures and also under external magnetic field in
velocity (mmvs) order to study the magnetic properties of;&§80; more

thoroughly. Some preliminary results of our investigation

(b) 3+ have been reported in Ref. 7 and were meanwhile corrobo-
[ T T ] F )y rated by another Mossbauer study by Douvadis all?

LT Fe2) Mainly below about 80 K there are, however, clear qualita-

T Fe\, & tive differences between their and our results, leading to a
———— — different picture of the low temperature electronic state.

Fe :(2)
I ‘Fe a4

(a) ) | the magnetic moments. Afly, the magnetization(in

Relative transmission

Il. EXPERIMENTAL PROCEDURE

The preparation of the F®,BO; samples is described
elsewheré. Their characterization by x-ray diffraction at
300 K, indicates a single-phase material with the ludwigite
structure.

*Fe Mossbauer spectra were taken with thgGz80;
sample kept in a variable temperature helium cryostat, in the
range from 4.2 to 310 K, and in a vacuum-sealed oven, in
the range from 295 to 450 K. THéCo:Rh source was kept
at room temperature, moving in sinusoidal mode outside of
the cryostat or the oven. Due to the large number of reso-
nance lines appearing in the low-temperature spectra, the
‘*;NAWVAT’W number of channels to collect the data was extended to 2048

ALY "“"'"\VE'N . _ . .
FM\"‘{" W *‘ in order to achieve a better resolution. Some spectra have

Relative transmission

4K been recorded under application of an external field of 7 T

ool oyt L oriented along the directiog-ray observation.
-10 8 6 4 2 0 2 4 6 8 10
velocity (mm/s)

FIG. 2. Temperature dependence of the Mossbauer spectra of 1. RESULTS AND DISCUSSION

igi > < . . . .
the ludwigite FgO,BO; (8) for T>116 K and(b) for T<116 K A series of Mdssbauer spectra of;EP8B0; was obtained

Méssbauer spectroscopy and also from a typical sharp signfetween 4 and 450 K. Some representative ones, for the
in the ac susceptibilit}:® The maximum ofy,. has a negli- paramagneti®M) (a) and magnetic phasgb), are shown in
gible frequency dependencies, implying that there is indeed &ig. 2. In the temperature range 113K <450 K the spec-
magnetic phase transition and not a progressive freezing dfa are typical for a paramagnetic regime. We decided to

174452-2



MAGNETISM AND CHARGE ORDERING IN FgO,BOs;... PHYSICAL REVIEW B 70, 174452(2004)

(@ between divalent and trivalent iron. They will be named
Fe*(3) and Fé*(2), respectively. Abovelco~300 K the

USRI Fe**(3) doublet has double intensity compared witlF f2),

v R v R | thus, the extra electron in the triads may be considered to be

o B -o-Fe'Q) : : H i

PN located mainly in the columns of sites 2, the central sites of
: the triads. In the range 113KT<300 K, i.e., below the

charge delocalization transitidrit is necessary to introduce

a fourth doublet to fit the MS. The three irons of the triad can

now be distinguished since the two¥8) sites in a triad

Lgbab e b ®
P

”VVWV I ]; reveal differentss and AEg values. The doublet having
JPU - larger s and AEq values is named F&3)™ and the one
: l{ with the smaller values, B&3)". According to their isomer
Too 4E shift values, F&(2) and Fé*(3)” are mixed valent, with
A valences close to a value of 2.5. The spectral weights for
T&W@m 360 400 440 430 Fe**(3)" and Fé*(3)” are equal and add up to that of
Fe**(3) found at higher temperatures. Before continuing our
(b) discussion of the charge distribution in the Fe ludwigite

structure, we will describe the magnetic spectra in order to
establish the magnetic struture of;EgBO; and combine it

m Fe 0 with the charge order transitions.
o F ()
o0 r2'w
”“""'---~....__l B. The magnetic spectra at zero external field
) . """"'--»v-.,, When cooling down the sample beloWy;~112 K, a
A SN T complex®’Fe Méssbhauer spectrum split by magnetic hyper-
e R fine interactions appeaif$ig. 2(b)] indicating the onset of
et N magnetic order. In order to fit the data in the temperature
"“"“A--4:";:"&»»'34}‘&'“"'”" Bog...m range 74 KT=<105 K, five sites were considered: four
o6 i FE o with combined electrical and magnetic interactions and a
04} TT:’TlNZ N Tfo paramagnetic one. Taking into account the hyperfine param-
02 =0 30 120 160 200 240 280 320 360 400 440 30 eters of the paramagnetic doublets abdyg, the following
Temperature (K) attributions were made: the paramagnetic site corresponds to

the Fé" at sites Fe*(1)], the other divalent Fe sites show-
FIG. 3. Temperature variation @¢&) isomer shift(gs) and (b) ing a magnetic hyperfine interaction belong to positions 4

quadrupole splitting AE) for the Fe ludwigite. [FE*(4)]. The present results clearly show that théF2)"

and the mixed valent ions F&2) and F€*(3)" order mag-
distinguish separate intervals of temperature with differennetically atTy,~112 K.
fitting strategies, as described below. For the analysis of the spectra with combined magnetic
and quadrupole interactions, we used the eigenvalues and
eigenvectors derived from the diagonalization of the full hy-
perfine Hamiltonian allowing for an anglé between the

To analyze the Mdssbauer specthS) in the tempera- magnetic hyperfine field, ; and the main axis of the electric

ture range between 300 and 450 K, three doublets were coffield gradient produced by the different octahedral oxygen
sidered. From the isomer shiffis) and quadrupole splitting  coordination around the individual iron sites. In view of the
(AEq) values(Fig. 3), two of the doublets can be assigned tolarge number of parameters, we tried to restrict them to a
high-spin Fé&*, and the third to high-spin P& all of them  minimum, as already accomplished in Ref. 7. Douvalis
having octahedral oxygen coordinatitin this temperature  al.X° followed a similar method, but introduced additional fit
range, the relative area of Feis ~50%, in agreement with parameters. Although these may be justified for describing
the charge balance per chemical formula fof*Fe sites 1  the full Hamiltonian, they cannot, from first principles, all be
and 4312 This, together with the behavior at low tempera- determined from one spectrum. As shown in Ref. 13, at best
tures, leads us to attribute one of theFeoublets to sites 1 five hyperfine parameters can be independently determined
and 4. Because thés and AE, values are identical in the in the case of the nuclear spin 3/2 to 1/2 transitiort &.
whole paramagnetic range, it is not possible to distinguistWe will concentrate in the present context on the most es-
Fe&*(1) and Fé*(4). Therefore, we will call this component sential results from our analysis. Details and a complete set
Fe?*(1,4). Since it has a regular variation 6 andAEg, we  of data will be made available elsewhere.
conclude that it is not related with charge ordering and delo- In Fig. 4 the magnetic hyperfine field of the magneti-
calization effects[see Figs. @) and 3b)]. The remaining cally ordered Fe ions are plotted as function of temperature.
doublets are attributed to the Fe ions belonging to the triadelow 112 K the magnetic hyperfine fields for the*/8)"
One has ads value typical of Fé&', while the other lies ions and the two mixed valent ions #€&) and Fé*(3)"”

A. The paramagnetic spectra
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so-gz;;é;-s;,ézs,é,_s,,;_m;v' ' T Fz;i" fine fiﬁld valuesI fqllolw Ia regular magnetilzation curve, ap-
sfesas200007% :.,o.:F,,»@ Eroac ing a re_atlvey ow saturation value Biq(74 I_() _
40_<‘>‘o-o-oovo..g.gﬁg;'&& = =5 T. Below this temperature, analogous to the Fe ions in
P or O the triads 3-2-3, their corresponding magnetization curve
»r T splits in two(Fig. 4), implying that there are two fractions of
g f AR e Fe?* ions in sites 4, each one with different magnetic hyper-
< . _ S , gnetic hyper
B Bloaooososg) ' . fine field and of equal spectral weight. Below 74 K, for one
W}o-0000 owo.c,o_;_of%a AFL % -oro fraction of F&*(4) there is a more pronounced increase of
15 LR M B,; than for the other. In addition, the angl@seveal differ-
1] PP %: ent temperature dependenci€sg. 5). The Fé&* ions in sites
sk \9%-0.»0.,0 o 1 are the only ones to remain paramagnetic down to 74 K,
T L. B RN . S but below this temperature they also order magnetically.
0 10 20 30 40 30 60 70 80 9 100 110 120 130 140 150 Lowering the temperature, theBy; increases, following a
Temperature (K) regular magnetization curve, and reaches saturation at

FIG. 4. Magnetic hyperfine fields as a function of temperature~40 K (Fig. 4. It should be noted that the onset of magne-

for the different magnetically ordered Fe ions. The dashed Iine§Ism for sites 1, a“—N2~74, K, coincides W'th, the appearancg
of the weak ferromagnetic phase, suggesting that the canting
of spins, caused in the triads by the order of sites 1, is related
follow the temperature dependence of regular sublatticé0 this ferromagnetism. The Fi¢4) reveal a hyperfine mag-
etic field between 74 and 112 K, however, only a weak one,

;LagKn?géggzgvif;\/es’ reaching values of 33, 36, and 41 T a\{/}vhich may be associated with a transferred field from the

Below 74 K a small but significant increase Bf; at the already magnetically ordered three-leg ladder.

F&*(2) and F&*3)™ ions is observed and an even more Below 74 K the onset of magnetic order of ) trig-
pronounced one for the B&3)" (Fig. 4). Below this tem- gers the canting of the spins of the Fe ions, inside the triads,

perature all magnetic sextets except fof'£&) are split into and th_us |nd|rect_ly of the F&(4). In addition (see Fig. 4
two sextets with equal spectral weight and with the saige there > a clear increase of Ui, values, for the species

) X : Fe*(3)", as compared with those values for the other irons
and AEq but differentBy,; and anglesd. This can be inter- of the triad
preted with the formation of two fractions at two magneti- There a.re onlv minor chanaes in the maanetic patterns
cally inequivalent sites for each of these iron sites. In Fig. 5 y 9 g P

we show the temperature dependence of the aAgte the below 50 K where, e}ccordlng to magnetization and also to
different iron sites. neutron data, an antiferromagnetic state is formed. Notably,

The other subsystem formed by %dn sites 1 and 4 between 74 and 50 K, there occurs a severe change in isomer

. . shifts and quadrupole interactions of the ions forming the
behaves in a different way. For 112KT=74 K only the triad [see Figs. @) and 3b)]. Below 50 K the mixed valent

o . < )
Fe" ions in sites 4 are magnetically ordered and the hyper:sites at higher temperatures can be clearly assigned to diva-
lent and trivalent iron, with the parameters ofR8)” now
;méﬂ T being identical to F&(3)". This indicates that, in this tem-
R perature range, the electronic exchange has become negli-

gible and the extra electron in the triad is localized at site 2,
meaning that charge order is established in the triads.

When extrapolating the magnetic hyperfine fields from
AF1 PM this low temperature regime to higher temperatures, one

serve as guides for the eye.
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_V.V.‘:szvw vv_ould expect the magnetic hyperfine field to vanish at a

[ ‘ higher temperature than the actually measured Néel tempera-
v vy ryvyy _»_:V’W-vvvv-v-v A “1:(1) ture Ty;. Therefore, one may also suspect that some short-
:888&‘68 s )OSl 0 ﬁzﬂm range order is Igft abo_ve the experlmentally det.errr_u‘ﬁ,ep

] o0, o&omn v By O There are also indications for this from magnetization data.

L ® vk o As main results drawn from our Mossbauer study in the

i absence of an applied field, we can summarize: Below 112 K

‘ all the Fe ions, except the Feions in sites 1, order mag-

netically. There is only a weak coupling of three-leg ladders
of triads consisting of trivalent iron and mixed valent pairs of
iron and divalent iron, attached to the triads in sites 4. The

AALALAAAAL QAL

[ADAAAABAN;

i g

0 (degrees)
S B 8E Y ocB8ERE 283323

mixed valent character of the pairs implies some ferromag-
0 2'0 4'0 0 80 100 120 140 netic coupling of them. This means that the overall antifer-
Temperature (K) romagnetism may be established by an alternating spin ar-
rangement of neighboring triads.
FIG. 5. Temperature dependence of the angldsetweenB; At 74 K an unusual increase @,; and a change in its
andV,, direction with respect to the main axis of the electric field
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gradient is observed for all the ordered Fe ions. In addition50 K, the 85 of Fe*(3)" and Fé*(3)" are clearly different,
the Fé* in sites 1 order magnetically below this temperature.with the 85 of F€*(3)™ rising to higher values, typical for
We suggest that the appearance of weak ferromagnetism bien with an intermediate valence of about 2.5, and dreof
low Ty,=74 K is related to these findin§s. Fe**(3)", decreasing to smaller values typical forFerur-
Below 50 K all the Fe ions spins are locked and the systhermore, thes,s of F€*(2) decreases to values belonging to
tem returns to an antiferromagnetic state, as inferred fronfre?>*. This behavior, for thesg, is followed consistently by
bulk magnetizatiofi. This coincides with charge ordering, the corresponding quadrupole interactions. All of these
which results in localized iron states over the three-changes start above 50 K and stabilize around 74 K. This
dimensional structure of the Fe ludwigite. temperature range coincides with the appearance of weak
In the reentrant antiferromagnetic state below 50 K, theferromagnetism in F©,BO; (see above It can serve to
spin of F&*(1) do not contribute to the total magnetization. define a first transition afy3=50 K, where one extra elec-
We therefore propose that spins in the chains 6f@gions  tron can tunnel between two irons on sites 2 and 3 inside the
possess some degree of frustration, resulting in a spin-glastfiad, perpendicular to the direction. To a less extent, this
like magnetic configuration. Spin-glass formation also wagnay occur within the triads along the axis. The charge
observed in the Fe—Cu and Fe—Ni ludwigites, where it isransfer picture in the triad, among sites *f&) and
due to positional disordéf: Fe*(3)™, is compatible with the magnetic measurements, if
Next we want to describe the electronic structure in thethe magnetic moments at sites’R@) and Fé*(3)" possess
different temperature regimes and we will return to the magsome ferromagnetic component abdyg, as expected from

netic structure latter. a double-exchange model for ferromagnetism.
Between 74 and about 120 K the quadrupole interactions
C. Electronic structure in different temperature regimes for Fe**(3)™ and F€*(2) and the isomer shifts are very simi-

lar. This means that the sites 2 and 3, sharing one electron,
can hardly be distinguished, probaly due to an onset of pair
localized hopping. In consequence, the two magnetically in-
i ) ; i i equivalent sites 4 merge to one. This is the range where
ture, the isomer shift values of the iron sites with the same,yiterromagnetism of the triads is found and where the sites
oxidation state are identical. The isomer shifts of*Fim 1 outside the triads have lost their magnetic order.

positions 1 and 4 remains almost constant with increasing  on, fyrther increasing the temperature, the isomer shift of
temperaturg¢see Fig. 83)], indicating that the divalent irons, 4 species P&(2) shows a clear increment dt=150 K,

which are oqts.ide of the triads, are not participating in_ Charg?eaching again values typical for iron, whereas #heof the
ordering. This is an agreement with the fact t'hat the_ d'Stance§pecies F¥(3)" and F&*(3)™ do not show any pronounced
between F&(1) and Fé'(4) and the trivalent iron neighbors change. We suppose that around this temperature, electron
in thg t”"%ds are>3.A,16 which impedes electron e>§change. hoppiné along the axis is activated adding up to tr{e tun-
Considering the triads as formed by thre€’*Fsharing an neling and hopping that take place in ke plane within the

extra electron, one may expect a changing charge behanlriad already at lower temperaturé3he electron exchange
along the temperatures as follows. If the electron is at _the I:‘éllong thec axis is permitted since the distances between
that is at the middle, this would be a#gand the remaining positions 2-2 and 3-3, parallel to theaxis, are close to

T}th Fe lcart1 haye ah3|m|(ljar eI?ctror:}c sttr)u?ture cltose ?;Fe 3.0 A, which is at the limit where direct exchange can take
e electron is shared or tunneling between two( place31® In parallel, there occurs a dramatic change in the

middle one with the left or right onethey can have similar transport properties revealing a drop of the activation

Ch"%rge- This is the case for,qze) and Fé+(3), g The re- energy! The higher activation energy found for low tempera-
maining Fe of the triad, which does not participate in thisy,res’should however not be related with the electron tunnel-
process, would have more trivalent charaf;(t&‘ieamng & ing in the individual triads, but it is rather connected with the
smaller isomer shift valyeas is found for FE()". _ disorder, which at low temperatures, is still frozen and be-
We now discuss our data starting from 4 K and going t0.omes more dynamic above 150 K. At aroungs¥ 300 K,
the higher temperatures. From Fig. 3 we clearly see the dify new charge configuration is reached where we can no
ference in the electronic structure of the three iron sites beronger distinguish F&(3)" and F&*(3)” from the Mdss-
Iongi_ng to the triad. Three ranges .of tempgratures+are* to b4 er parameters. Assuming fast charge dynamics, this
conS|de+red;*BeIow 50 K the triad sites, attributed t9'F®" g imply complete delocalization along tleedirection.
and '_:é (3)", have the samés. The value is typical for  Thg fast electronic dynamics leads to an averaged hyperfine
Fe* in the high-spin stat€S=5/2), while the F&'(2) is  interaction at sites 3, which therefore appear indistinguish-
close to high-spin F&. This indicates that, at these low tem- able. Since sites 2 are still distinctly different, the charge
peratures, there is negligible charge transfer froM*@2.  hopping between sites 3 and 2 should stay much slower. In
Notice that the magnetic arrangement in the triads, as ohcontrast to model calculations given in Ref. 4, the divalent
tained by neutron scatterif@t 5 K, is such that the two jon of the triad prefers site 2 at all temperatures. In fact,
magnetic moments at sites¥¢8)" and F&"(3)" are parallel  recent x-ray diffraction data have verified the conclusions
and both in turn are antiparallel to that at sit¢%2). This  from the Méssbauer isomer shift and quadrupole data. This
antiferromagnetic coupling inside the triad is not favorablepreference may be sought in the symmetric position of site 2,
for the electron exchange between the three sites. Abowrhich is stabilized for electrostatic reasons probably due to

The thermal variations of thés and AE, values are
shown in Figs. 8a) and 3b), respectively. Theg values are
corrected for second-order Doppler shfftAt each tempera-
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sured macroscopic magnetization in this temperature range.
The magnetic moments governing the local magnetization
can be derived from the measured internal fiddds. Modi-
fying the relation given by Craigt all’ for free spins by
introducing an effective interaction via the Curie-Weiss tem-
perature, we geBefszhf+Bext=Bsalg(S+ 1)MBBext/[3kB(T
-0)]+B,,, With this, we find for the triad sites a range of
momentsySug=12-15up, giving further evidence for mag-
netic short-range order in the triad sites extending far above
Tni1- From the value of the moment, it is tempting to associ-
ate it with ferromagnetic coupling within the three triad sites
of individual rungs of the three-leg ladders. This ferromag-
netic trimer would also be in agreement with the electron
hopping within the triad taking place in this temperature
range, as concluded from the isomer shift and quadrupole
data. There is definitely no evidence for the formation of
nonmagnetic singlets between the trivalent species of the
triad, as claimed in Ref. 4. The macroscopically reduced mo-
ment found in Ref. 4 may be caused by an antiferromagnetic
interaction between the ferromagnetic clusters. This is also
reflected in the antiferromagnetic Curie-Weiss temperature
found both in the macroscopic magnetization and the Moss-
hauer measurements. The presence of this short-range order
aboveTy; is probably also the reason that there is detected
only a minor change in susceptibility &;. From Mdss-
bauer spectroscopy, this transition is picked up due to its
gensitivity to the freezing of the fast fluctuating clusters at

1.02

0.96

g

AN
AN

Relative transmission
8
NS

&

0.90

-1 0 1 2
velocity (mmy's)

FIG. 6. Mossbauer spectra in the paramagnetic regime und
applied external field of 7 T.

the symmetric arrangements of the divalent sites 4 outsid

the triad. higher temperatures to the frozen antiferromagnetic state be-
low Ty;. These fast fluctuations of cluster magnetizations can
D. The magnetic spectra under application of an external be related to the low-dimensional ladder arrangement. From

magnetic field bulk magnetization, there is expected hardly any change in

The analysis of the MS taken under external applied field ©SPONSE:
can give more information about the arrangement of the Fe 2.(2) T< Ty
magnetic moments in different iron sites and their correlation h btained und o fiold bel .
with the electronic states discussed above. We will consider 1€ MS obtained under applied field beldy, cannot be

different temperature ranges keeping the same applied fiefanalyzed fully ;ince the nqmber of correlated fit parameters
of By =7 T becomes too big. We restrict ourselves to a qualitative argu-
ex "

mentation that may be drawn directly from visual inspection
of the MS and from comparison with simulation calculations.
BetweenTy; and Ty, [see Fig. 7a)], we can mainly recog-
The only spectra that could be reliably analyzed with anize a broadening of the subspectra referring to the triad
least-squares fitting are the spectra obtained abgyat 120  sites. The average magnetic hyperfine fields stay unchanged.
and 200 K. It turned out that the hyperfine magnetic fieldsThe relative line intensities within the subspectra are consis-
are fully aligned along the direction of the applied figdgte  tent with unpolarized moments, as expected for an antiferro-
Fig. 6). From the values of the measured hyperfine fields, wanagnetically ordered system in an applied field that is not
conclude that the internal fields of the triad sites 2 and 3 andoo large. The hyperfine fields for sites 1 and 4, however, are
also of site 4 are opposite to the external field, as expectefdilly polarized along the applied field with values close to
for a negative internal field of high-spin trivalent iron that is that of the applied field, indicating their still dominantly
dominated by the contribution from the polarized electronparamagnetic character.
cores. The direction of the field at site 1, however, is parallel In the weak ferromagnetic regime beldWw, the situation
to the external field, suggesting a positive hyperfine fields different: the moments of the triad sites are mainly aligned
probably due to a strong orbital contribution of the divalentperpendicular to the external field. This is consistent with an
iron. The spin contributions appear to be dominant for theantiferromagnetic arrangement of the triads with a small fer-
other sites, posing some doubts as to the assumption of umemagnetic component perpendicular to their moments due
guenched orbital momenta for all divalent ions, as proposetb canting. Site 4 remains polarized along the external field,
in Ref. 4. The values of the internal fields derived for threeagain a sign of its weak coupling to the triad. Site 1 seems to
triad sites and site 4 are roughly as expected from the lovhave random orientation of moments and supports the pic-
temperature saturation fields and a Curie-Weiss temperatutare that site 1 is responsible for the coupling between the
T of about —400 to —600 K. This agrees well with the mea-walls with domains of varying orientation. Thus, the orien-

1. (1) T>Tw
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which the field was only applied after cooling down to the
respective temperature of measuremiaee Fig. )]. The

Loof 1 : ; : . ;
“%M M moments of the triad sites are mainly oriented perpendicular
*A, oA to the applied field similar to the situation in the weak ferro-
005 | 10K T 3{ : magnetic regime. The moments of sites 1 and 4 remain over-

N\

s

5

Relative transmission
= e
R

AN\
AN

all randomly directed. This rather speaks for a spin-glassy
component.

IV. CONCLUSIONS

The Mossbauer study of the ludwigite &BO; has
given a series of intresting aspects of the magnetic behavior
of this compound which in part need to be related also to its

~ ™ Je . . i . . _
LS s e s i peculiar electronic structure. The three-dimensional antifer
OKTT 2 e '-;"'-; romagnetic phase AF2 below 50 K reveals charge order of
experimental o T L divalent and trivalent iron within the so-called triads with

magnetically inequivalent trivalent sites. The various sites
with different canting angle® of magnetic hyperfine field

with respect to the electric field gradient may be caused by a
complex directionally modulated structure. FC effects show
the presence of some disorder. The weak ferromagnetic

10 38 6 4 0 phase between 50 and 74 K is characterized by a re-
velocity (nnv's) arrangement of spin directions as detected from the changes
®) of anglesé. This phase is characterized by a gradual forma-

§

&

Relative transmission
A\
\ o

tion of mixed valent pairs in the triads, also implying some
ferromagnetic coupling in these pairs. From 74 to 112 K an
antiferromagnetic regimeAF1) is entered. Here the sites 1,
which are interlinking the ladders formed by the triads, be-
come nonmagnetic, indicating frustration effects and weak
coupling to the triads. Sites 4 only reveal weak magnetic
hyperfine fields probably of transferred origin. Above 112 K
there is strong evidence for short-range magnetic order
within small ferromagnetically coupled clusters of the triads
(which may be the individual rungs of the laddershese
clusters are antiferromagnetically interacting among them-
selves. We have shown that charge ordering occurs in Fe

096 f < - .
v" L w7 ’V ludwigite belowTy3=50 K. Above 50 K there is some elec-
> v tron tunneling between pairs of sites 2 and 3 in aieplane
m'; . P of the triad 3-2-3. Above 74 K thermally activated electron

5K,7ZFC
0.96 |- simmiation

%%

-10 8 6 4

2 0 2 4 6 8 10
velocity (mny's)

hopping becomes more important giving a more homoge-
neous charge sharing between sites 2 and 3 in the tempera-
ture range from 74 to 150 K. Above 150 K there is an onset
of hopping between the triads along tbedirection with a
transition to fast delocalization abovie.o=300 K. Sites 1

and 4 outside the triads appear not to be affected by this
transition. There have been found clear relations with the

FIG. 7. (a) Mossbauer spectra beldli, in phases AF1 and WF - changes observed in the charge system and the magnetic be-
under applied magnetic field of 7 {b) Mossbauer spectrum at 5 K- hayior of the system, e.g., the appearance of the weak ferro-
(AF2_) under applied field after zero field coolifgFC) and field magnetic phase and the vanishing of order in the sites 1 and
cooling (FC). 4 in the antiferromagnetic regime above 74 K.

tation of the moments of site 1 is widely distributed.

Below Ty3 we find again broadened spectra with average
values not much changed even under applied field and ran- . o )
dom moment directions similar to the situation found also E. Baggio-Saitovitch and F. J. Litterst are grateful to
aboveTy,. This is consistent with an overall antiferromag- DAAD/CAPES and DAAD/CNPq for traveling support. E.
netic structure. In contrast to a pure antiferromagnet we findBaggio-Saitovitch and M. Continentino acknowledge partial
however, a clear change of the MS when comparing spectraupport by FAPERJCientistas do Nosso Estadand MCT
obtained after cooling in an applied field and spectra fofPRONEX 66201998-9
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