Spin-glass behavior in mixed metal oxides with a rutile-type structure
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We report here on the magnetic properties of compounds of composition Fe, _, Cr, §bO, and
Fe,_,Ga,SbO,. The introduction of paramagnetic Cr** and diamagnetic Ga®* into the
rufile-related iron antimonate lattice does not destroy the antisite atomic ordering which exists
in iron antimonate of composition FeSbO,. The initial slope of the Curie temperature

dependence on x is similar in both series, indicating that Fe’*-Cr

** interactions are very

small. The magnetic susceptibility measurements recorded from the compounds of
composition Fe,__, Cr, $bO,, x < 0.4, and Fey , Gay, SH0, show them to behave as spin glasses
at low temperatures. The inhibition of compounds of the type Fe, _, Cr, SbQ,, x> 0.4, and
Fe,_ . Ga,ShO,, x> 0.1 to undergo a spin-glass transition above 4.2 K is associated with a

dilution effect.

INTRODUCTION

We have recently reported’ on the observation of spin-
glass behavior in the rutile-refated iron antimonate of com-
position FeSbO,, which contains a superlattice,” and have
associated the spin-glass transition with antisite atomic or-
dering.' We are currently accumulating experimental data
to increase the general understanding of the mechanisms in-
volved in spin-glass behavior, in this paper we describe the
changes in the magnetic properties of this rutile-related ma-
terial which result from the substitution of the Fe®* species
by paramagnetic Cr’* and diamagnetic Ga’*.

EXPERIMENT

The compounds of composition Fe, _, Cr, SbO, (x = 1,
0.7, 0.6, 0.4, 0.1) and Fe; _,Ga,Sb0, (x=0.7, 0.5, 0.3,
0.1) were prepared by coprecipitation technigues.

*"Fe and '*'Sb Mdssbauer spectra were recorded at var-
ious temperatures between 77 and 298 K with a micropro-
cessor controiled Mdsshauer spectrometer using °'Co/Rh
and Ca'?'SnQ, sources. All the specira were computer fit-
ted. The magnetic susceptibility measurements were per-
formed in the temperature range between 1.7 and 80 K with
a SHE SQUID magneiometer with applied fields up to 100
Oe, and with a Faraday balance in the temperature range
between 80 and 1000 K with applied fields up to 5000 Ce.

RESULTS AND DISCUSSION

The magnetic susceptibility data recorded between
1.7 and 1000 K for the compounds of composition
FegoGag, SO, and Fey Cry s SO, are shown in Figs. 1
and 2, respectively. The maximum in the zero-field-cooled
(ZFC)  magnetic  susceptibility  recorded  from

FIG. 1. Temperaiure dependence of the inverse of
the magnetic susceptibility of the compound
Feg o Gag,y SHO,.
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FIG. 2. Temperature dependence of the inverse of the
magnetic  susceptibility of the compound
Fe,, Cry, 4 850,. The inset shows the irreversible zero-
field-cocled and field-cooled susceptibilities.
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Fe,_ .Cr, 800, (x = 0.1, 0.4) and Fe,,Ga,, SbO, at low
temperatures, together with the irreversible ZFC and FC
magnetic susceptibilities at 1000 Oe, suggest that these three
compounds behave as spin glasses. Compounds in which the
Cr** concentration exceeds 0.4, or those in which the con-
centration of Ga’* is larger than 0.1 show no minimum in
the low-temperature susceptibility data which suggests the
disappearance of the spin-glass behavior or a decrease of the
spin-freezing temperature below 4.2 K (Fig. 3).

The *'Fe Méssbauer spectra recorded at 298 and 77 K
from the compounds in the series Fe,_, Ga,S$bC, and
Fe, _,Cr,Sb0, were all similar (Fig. 4} and show the pres-
ence of high-spin Fe** cations. The similarities between the
chemical isomer shift and quadrupole splitting data record-
ed from the two series of mixed oxides are consistent with the

wee

antisite atomic ordering which exists in iron antimonate be-
ing conserved when Cr’* and Ga®* enter the lattice. The
219 Mossbauer spectra recorded at 298 K from all the sam-
ples were characteristics of Sb° . The cbservation of broad-
ened lines in the spectra recorded at 77 K is indicative of the
presence of a supertransferred magnetic hyperfine field at
the *'Sb nuclei.”

The magnetic susceptibility data recorded from all the
compounds in the high-temperature regime, i.e.,, 7> 300 K,
obey Curie-Weiss laws which aliow an evaluation of both the
Curie temperature & and the effective dipolar magnetic mo-
ment y.e. The results are collected in Table I. The @ value
increase with decreasing values of x, and the effective dipolar
magnetic moment varies within each series according to the
concentration of paramagnetic Fe>* and Cr*" ions or dia-
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FIG. 4. °"Fe Mibssbauer spectra recorded from Feg o Cry, o SbO, at (a) 298K
and (b) 77 K.

magnetic Ga®* ions. The initial slopes of the @(x) curves are
similar for the two series showing that the magnetic interac-
tions between Cr** and Fe** and between Cr*™* and Cr*™
are very small. Although the resulis obtained in this high-
temperature regime are characteristic of pure paramagnetic
behavior, the large values of 6 indicate that strong antiferro-
magnetic interactions exist between the spins. The paramag-
netic behavior in both series is conserved until a temperature
of 80 K is attained for compounds in which the iron concen-
tration is less than 0.6, i.e., x > 0.4. The magnetic susceptibil-
ity data for compounds in which x < 0.4 begins to deviate
from the Curie-Weiss behavior at temperatures below 200
K. The decrease of the effective paramagnetic moment in
this regime is indicative of onset of clustering between the
individual Fe’* species at these temperatures. However,
after a regime in which the data follow a Curie-type depen-
dence on temperature a new straight line relationship with
smaller magnetic momentsis observed which corresponds to
the formation of clusters with antiferromagnetic correla-
tions. The positive 8 values of this new Curie-Weiss behav-
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TABLE 1. Effective magnetic moments per formula unit and Curie tem-
peratores  for compounds of composition Fe, . Cr SbQ, and
Fe, _,Ga, SbO, deduced from the high-temperature regime (7> 300 K).

X oy {Bohr magnetons) 6(K)
Fe,_.Cr, SbO,
i 4.01 108
0.7 4,62 189
0.6 4.86 250
0.4 5.29 356
0.1 5.73 446
Fe,  Ga, b0,
8.7 3.05 39
G.5 4.09 210
0.3 4.96 347
0.1 5.62 447

ior may be related with ferromagnetic interactions between
clusters. In the final temperature regime, ie, T<20 X, a
minimum is observed in the ZFC susceptibility which corre-
sponds to the freezing of the spins. The freezing temperature
decreases when x increases, and no minimum in the ZFC
susceptibility is observed zbove 4.2 K in compounds in
which x> 0.4

Despite evidence of the cluster formation below 200 K,
the Mdossbauer data above 77 K do not show any slow relaxa-
tion phenomena. The resuits indicate that the relaxation
times of the short-range magnetically ordered clusters are
significantly faster than the Mdssbauer time scale 7,,.°
Further Mdssbauer spectroscopic experiments below 77 K
are currently in progress to examine the variation of the re-
laxation times with temperature. In this respect it is perti-
nent to note that the broad-lined unresolved *"Fe Méssbauer
spectrum recorded’ at 77 ¥ from iron antimonate, FeSbO,,
shows that at this lower temperature some of the short-range
magnetically ordered clusters have a relaxation time 7 com-
parable to the Mossbauer time scale. It therefore appears
that although the introduction of Cr’* and Ga’" into the
rutile-type structure does not affect the occurrence of cluster
formation, the relaxation times at given temperatures of the
clusters in the Fe, _ , Cr, 8$b0, and Fe, _, Ga,Sb0, systems
are faster than both 7 and 7, 2s a consequence of the de-
crease in the cluster-cluster magnetic correlation.
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