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Electron-spin resonance in the spin-glass-like system Fe& „Ga Sb04
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We report ESR measurements in the spin-glass-like system Fel Ga Sb04 for O~x ~0.8. A single
broad line associated with the resonance of Fe'+ is observed at g =2.00(5). The temperature depen-
dence of the ESR linewidth shows two different regimes. Between 200 and 640 K the temperature
dependence is discussed in terms of a mean-field approximation for the magnetic interactions between
neighboring Fe ions, and the experimental data have been correlated to the behavior of the static mag-
netic susceptibility. From this analysis we have determined the high-temperature limit of the linewidth,

(seLHpp ( ~ ), for different values of x. Below approximately 200 K a strong enhancement of the linewidth
is observed, and, from the temperature dependence measured in this region, we have estimated values of
the spin-freezing temperature for different concentrations of magnetic ions and determined a concentra-
tion of Ga atoms, xo =0.285(15), above which there is no evidence of spin freezing for T & 4.2 K. The
large absolute value of the high-temperature linewidth for FeSb04 and its increase when the system is

magnetically diluted through Ga substitution indicate the importance of spin-diffusion processes in these
materials. This observation, together with the comparatively high magnetic-percolation concentration
determined from the x dependence of the freezing temperature, suggest that large portions of the system
may present low-dimensional magnetic behavior. This possibility is analyzed in terms of the antisite cat-
ionic order proposed for these compounds.

I. INTR@DUCTION

Iron antimonate, FeSb04, is a compound with a rutile-
related structure that presents interesting magnetic prop-
erties. Electron-diffraction experiments in this material
have been interpreted in terms of a partially ordered ar-
ray of the Fe and Sb cations, which form a superlattice
with three rutile units stacked along the c axis, as shown
in Fig. 1. FeSb04 presents a complex magnetic behav-
ior ' sharing many characteristics with canonical spin-
glass materials. The low-field l0.01-T}magnetic suscepti-
bility shows two peaks at =70 and 25 K, while magnetic
irreversibility has been observed below 80 K. In addi-
tion, a Anite magnetic correlation length has been mea-
sured below 160 K in neutron-diffraction experiments,
which saturates at a value of =30 A below 70 K. The
functional dependence of the magnetization about the
maximum at 70 K is very sensitive to the strength of the
applied magnetic 6eld and a peak of the nonlinear part of
the magnetic susceptibility has been recently measured
at 72 K. However, this nonlinear contribution varies less
than an order of magnitude around the freezing tempera-
ture unlike the 3 orders of magnitude change observed in
spin-glass systems like CuMn. This has been taken as an
indication that the observed freezing should be interpret-
ed as inhibited antiferromagnetism, rather than as a true
spin-glass transition. It has been suggested ' that the
origin of the complex observed spin-glass-like behavior

may be associated with the particular antisite cationic or-
dering proposed' for the crystallographic structure of this
compound. A study of the freezing process in
Fe& Ga Sb04 has shown that this magnetic system is
strongly affected by the dilution of the magnetic species
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FIG. 1. Atomic ordering proposed in Ref. 1 for the Sb and
Fe ions in the FeSb04 structure, where oxygen positions have
been omitted for clarity. J indicates the nearest-neighbor cou-
pling constant and J' that corresponding to next-nearest neigh-
bors.
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(through the Ga substitution for Fe) and for x =0.30, no
maximum of the susceptibility has been observed above
4.2 K.

We report here an electron-spin resonance (ESR) study
of this system, where we analyze the temperature depen-
dence of the linewidth for different Fe concentrations. In
Sec. II we present the experimental results in two
diFerent temperature ranges: (a) the high-temperature
limit where the system is paramagnetic and (b) the
intermediate-temperature region where the linewidth
evolves in correspondence with the developing of antifer-
romagnetic correlations. In Sec. III we analyze the con-
centration dependence of the ESR linewidth in terms of a
spin-diff'usion model and discuss qualitatively the possi-
ble relation between the observed linewidth behavior and
the magnetic structure expected for the antisite cationic
order proposed in Ref. 1, which may induce two-
dimensional (2D) behavior in large portions of the sys-
tem.

II. EXPERIMENTAL RESULTS

Polycrystalline samples of Fe] Ga„Sb04, with nomi-
nal compositions 0+x ~0.8 were prepared as described
in Ref. 1. ESR measurements were made at the X band
(9.3 GHz) in the temperature range from 77 to 640 K us-
ing conventional techniques. For all the samples studied,
a single broad line with a peak-to-peak linewidth
AH & 0. 16 T, was observed with a temperature-
independent g value, g =—2.00(5). We associate this line
to the resonance of Fe + ions in their ground-state
configurations: 3d' S,&z. No hysteresis was observed in
the ESR experiments or diff'erences in the spectra related
to the magnetic history of the samples, i.e., difFerences be-
tween cooling them in zero applied field [zero-field cooled
(ZFC)] or in a finite field [field cooled (FC)]. The absence
of these characteristic eff'ects of spin-glass materials is in
agreement with magnetization measurements which also
show no hysteresis or dependence on the magnetic histo-
ry of the sample in the magnetic field and temperature
ranges of our ESR measurements.

A. High-temperature liuewidth (210& T & 640 K)

In the high-temperature limit, the ESR linewidth of a
magnetic system results from the competition between
broadening through dipolar interactions and exchange
narrowing. In this limit, the ESR line is generally as-
sumed to have a truncated Lorentzian line shape with a
temperature-independent linewidth given by

AH~ =Ace/y=(1/y)co /cu, , (1)

where A~ is the linewidth in frequency units, y is the
gyromagnetic ratio, ~ is the rms dipolar perturbation
frequency, and cu, is the exchange frequency. When
co, »~, the rapid exchange-induced Auctuations pro-
duce the loss of the dipolar-induced spin correlations.
From Ref. 9 we have that

co ~g'(1+cos 0, )/R,
J

"~~J2 1/2
COe

J

where the sums are performed over all magnetic ions and
the result is statistically independent of the ith atom tak-
en as a reference. Here R; is the distance and J,. is the
exchange constant between the spins in the lattice sites i
and j, and 0,

&
is the angle between R; and the applied

magnetic field H.
The temperature range where this expression is expect-

ed to remain valid corresponds to the regime where the
system is paramagnetic and the magnetic correlations
are negligible, i.e., the magnetic susceptibility, y(T), fol-
lows a Curie law. In FeSbO„, g(T) follows a Curie-
Weiss law for T &600 K, with an eff'ective moment,
p, s.=6.Opia/Fe atom, and an antiferromagnetic Curie-
Weiss temperature, 0=580 K. No evidence of magnetic
correlations has been found in the neutron-diff'raction
patterns at 600 K.. We approach this paramagnetic re-
gime in the upper temperature limit of our ESR experi-
ments (640 K). At lower temperatures, a progressive de-
viation from the Curie-Weiss behavior has been observed
indicating a longer range for the magnetic correlations,
giving rise to the formation of ordered spin clusters.

In this temperature range the ratio of dipolar to ex-
change energies corresponding to the spin clusters
changes continuously and this process is reflected in the
ESR linewidth. ' In this regime the temperature depen-
dence of the linewidth shows significant variations that
can be related to the measured magnetic susceptibility
through the expression'

(T)= [C/Ty(T)]b, H„( oo ), (3)

where C is the Curie constant for Fe + ions and
b,H„( ~ ) is the high-temperature limit for the linewidth,
given by Eq. (1).

For a paramagnetic system in a temperature range
where the magnetic interaction with neighboring spins is
described, in a mean-field approximation, through a
Curie-Weiss law the temperature variation is given by a
factor (1+0/T). This dependence is most noticeable'
in magnetic systems with strong competing interactions
such that the paramagnetic regime extends down to or-
dering (or freezing) temperatures much smaller than O.
In FeSb04, the ratio between 8 and the freezing tempera-
ture Tf, is 0/Tf =8 and we have found that the func-
tional temperature dependence of the linewidth is well
described by Eq. (3) in the temperature range
200 (T (640 K, where the magnetic susceptibility close-
ly follows a Curie-Weiss law. Typical spectra are shown
in Fig. 2 for the case x =0, and the temperature depen-
dence of the linewidth is presented in Fig. 3. A compar-
ison of the experimental data with the predictions of Eq.
(3) is also made in Fig. 3, using in the calculations the
magnetic susceptibility reported in Ref. 2. From this
comparison we have obtained an extrapolated value,
hH~~( ~ ) =0.082(5) T, for undiluted FeSb04. From the
measured linewidth at room temperature, we have es-
timated the high-temperature limit for the linewidth of
all the samples, using Eq. (3) and values of the Curie-
Weiss temperature interpolated from the results of Ref. 2.
We have found a continuous increase of 4H~~( ~ ) as a
function of x, as shown in Fig. 4. We have also explicit-
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FIG. 4. High-temperature limit of the ESR linewidth,
AH»( ~ ), as a function of the Fe concentration. The dashed
line is a guide for the eye.
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FIG. 2. ESR spectra of FeSb04 taken at di6'erent tempera-
tures. The narrow signal at low fields is due to magnetic impur-
ities in the quartz dewar.

ly verified the agreement between the calculated tem-
perature dependence and the experimental results
for x =0.15 and 0.50, in the temperature range
200& T &450 K.

B. Intermediate-temperature region (140 & T & 210 K)

Below a characteristic temperature, T0=210 K, the
measured linewidth for FeSb04 increases, as a function of

decreasing temperature, more rapidly than predicted by
Eq. (3), indicating that other contributions to the
linewidth are present, probably due to Auctuations associ-
ated to the onset of a new magnetic state. Consequently,
the ESR signal amplitude decreases and we were no
longer able to observe the spectrum below —140 K. This
behavior below T0 is accompanied with a strong devia-
tion of the magnetic susceptibility from the high-
temperature Curie-Weiss regime. This deviation has been
interpreted as a stabilization of spin clusters which in-
teract antiferromagnetically. For the dilute samples with
x =0.10 and 0.15, the temperature range where the ESR
linewidth is enhanced starts at about the same charac-
teristic temperature T0. However, the magnitude of the
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FIG. 3. Temperature dependence of the ESR linewidth,

Ji~sekHpp ( T) for FeSb04. The dashed line corresponds to a fit of
the high-temperature data of Eq. (3) and the solid line to a fit of
the low-temperature data of Eq. (4).

FIG. 5. AH»(T) as a function of x for Fe, „Ga Sb04, taken
at dift'erent temperatures.
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low-temperature contribution to the line broadening is
strongly dependent on the Ga concentrations x. At any
given temperature in the range 140 K & T & To, we have
found a linear decrease of the linewidth with x, the slope
being a function of the temperature, as it is shown in Fig.
5. From the experimental data we have extrapolated a
limiting Ga concentration, xo =0.285(5) above which no
extra contributions to the linewidth were observed.

III. DISCUSSION

In order to discuss our results we have chosen for com-
parison two different compounds that share some charac-
teristics with our materials: MnF2 and Mn, Cd Te. In
both compounds the Mn ions are isoelecronic with the
Fe + ions. MnF2 has the same basic crystalline structure
as FeSb04 and orders in a 3D antiferromagnetic
configuration. " In Mn& Cd Te, the Mn + ions form a
spin-glass or a random antiferromagnetic state for a wide
range of solid solutions, ' as it seems to be the case for
Fe& Ga Sb04.

Some peculiarities are observed in the Fe& Ga„Sb04
compounds when we compare the measured values of
AH (~ ) with those corresponding to the reference ma-
terials. A comparison of b.H ( ~ ) for the two isostruc-
tural compounds MnF2 and FeSb04 shows that the ESR
line is wider for FeSbO~ (0.082 T as compared' to 0.026
T for MnF2). However, according to Eq. (1), the
linewidth would be expected to be much smaller since the
dipolar energies are of comparable magnitude in the two
compounds and the exchange interaction is much
stronger for FeSb04. In fact, an estimate of J=25 —50
K has been made from the measured Curie-Weiss temper-
ature 0=580 K, and this value should be compared to
J=3.5 K, determined" for MnFz.

Also, when a comparison is made on the dependence of
AH (oo) on the concentration of the magnetic spe-
cies, we observe an important difference between
Fe& Ga„Sb04 and the cubic spin-glass-like system
Mn& Cd„Te. In the latter, the linewidth decreases with
the random dilution of the magnetic ions. This is an ex-
pected result from Eqs. (1) and (2), where the dipolar and
exchange energies vary with concentration according to
the relations

and

co~(x) =(1—x)co„(0)

co, (x)=(l —x)' co, (0)

In the Fe, Ga Sb04 system, instead, we have ob-
served that the linewidth increases when the Fe species
are diluted with nonmagnetic Ga ions. In order to ex-
plore the possible connection between these observations
and the particular antisite ordering proposed for these

since the probability of having each term contributing to
the sums in Eq. (2) is proportional to (1 —x), which is the
concentration of magnetic ions. ' These relations predict
a linewidth decrease with magnetic dilution given by

b H (x)= (1 x)'i hH (0) . —

compounds, we have made numerical evaluations of
bH ( ~ ) for magnetically diluted systems using the ex-
act expressions given in Ref. 13 rather than the approxi-
mations given by Eq. (2). The sums have been carried out
over =12 atomic cells finding negligible contributions to
the linewidth from dipolar interactions with magnetic
ions beyond this limit. We have analyzed two different
cases: random distribution of magnetic sites and cationic
ordering as shown in Fig. 1. For the two cases we have
obtained the same ( 1 —x )

' ~ dependence already antici-
pated from general considerations. The absolute values
calculated for the linewidth are slightly smaller in the
case of antisite ordering. We conclude, then, that the
simple exchange-narrowing mechanism expressed by Eq.
(1) is not enough to correctly describe our experimental
results, even if we take into account effects of cationic or-
dering.

However, based on the particular ordering proposed
for the Fe ions (see Fig. 1), it is possible to expect 2D
characteristics in the magnetic properties of this material
since planar arrays of Sb ions separate atomic layers
where the Fe ions are concentrated. Thus, it is expected
that the exchange-narrowing process will be affected in
this magnetic configuration. As pointed out in Ref. 7, the
expression given by Eq. (1) "assumes that the exchange-
induced fluctuations are sufnciently rapid to average to
zero the dipolar field seen by a spin in a time r, = 1/co„
which is much less than the relaxation time I/b, co." In
magnetic systems with low dimensionality, the rate at
which the spin correlation decays as a function of time is
reduced as compared with 3D systems because of the lim-
itation in the possible paths of diffusion. As a conse-
quence, the exchange narrowing is much less effective
giving rise ' to larger values of AH (oo). For analo-
gous reasons, the presence of diamagnetic impurities in
the paths of diffusion cannot be so easily avoided as it is
done in 3D systems. ' Thus, further reduction of the
exhange-narrowing effectiveness is also expected when
the magnetic ions are diluted. ' ' Consequently, the
high-temperature linewidth of Fe& Ga„Sb04 may be ex-
pected to increase with the addition of Ga, as it does, for
instance, in the 2D dilute antiferromagnet'
Rb&Mn& „Mg„Fe4.

The temperature To, below which the linewidth
enhancement is observed, has been found to be indepen-
dent of the Ga concentration x. This fact is taken as an
indication that, at this temperature, the thermal energy is
of the same order of magnitude of the exchange coupling
constant (zJ =200 K) related to the formation of the first
spin cluster in the system. In the FeSb04 crystal struc-
ture it is expected that the magnetic coupling would be
dominated by the exchange interaction (J) between the
magnetic ions located at the center and corners of each
rutile unit (see Fig. 1), as it does in similar magnetic sys-
tems' like MnF2. The cationic ordering shown in Fig. 1

implies that the number of nearest neighbors involved in
the cluster formation varies from z =1 to 4. Assuming
that To corresponds to the freezing of clusters with
highest energy (z =4), we obtain an estimate of J=50 K.
The low-temperature region, where the linewidth is
enhanced above the predictions of Eq. (3), extends well
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above the spin-glass freezing temperature, Tf -—72 K,
that corresponds to the maximum value of the ZFC mag-
netization measured in a field of 0.01 T. Referred to the
freezing temperature, Tf =72 K, we found that the re-
gion of enhanced linewidth extends, for undiluted
FeSb04, up to temperatures =3Tf, which resembles the
behavior of spin glasses' such as Mn, „Cd Te. The ex-
tension of this temperature region is in accordance with
the observation of a finite correlation length in neutron-
diffraction experiments up to at least 160 K.

In Mn& Cd Te, the temperature dependence of the
linewidth has been adequately described by the expres-
sion'

bH „~[T/Tf(ESR) —1 j (4)

where the exponents adopt a value, /3=1. 5, independent
of the Mn concentration for x (0.7, and Tf(ESR) is
determined from the experimental data. Although the
temperature range where we can observe the ESR line is
well above the freezing temperature of Fe& Ga Sb04,
we have been able to fit our data to Eq. (4) assuming a
fixed value P=1.5. From this fit we have determined
values of Tf(ESR) for different Ga concentrations. For
x =0 we have found Tf(ESR)=59(8) K, in reasonable
agreement with the determination made from magnetic
susceptibility and neutron-diffraction experiments. ' For
x =0. 1, a lower value, Tf(ESR)=47(7) K, was required
for the fit and, for x =0.15 we obtained Tf (ESR)=4(13)
K. This decrease of the freezing temperature has also
been observed in magnetic susceptibility measurements,
where no maximum appears above 4 K for x =0.30. The
critical concentration, x0=0.285(5), determined in Fig.
4, is consistent with the fast depression observed for the
freezing temperature as a function of Ga concentration.
From this value, and taking into account that the di-
amagnetic Sb ions also dilute the magnetic Fe lattice
(down to 50%), we have determined a percolation con-
centration of p, =0.357. This value for p, is larger than
that found in other compounds with the same rutile crys-
tal structure, ' such as Mn& Zn F2, where p, =0.24. In
this latter case the measured value is very close to the
percolation concentration calculated for a bcc lattice,
which is the effective magnetic structure' for MnF2. The

larger value found for Fe& Ga Sb04 may also be tak-
en' as an indication of low dimensionality in these com-
pounds, although p, is still far from the value, p, =0.59,
calculated' for a 2D square lattice.

In conclusion, we have shown that the behavior of the
high-temperature limit of the ESR linewidth, hH ( oo ),
cannot be explained in terms of a purely 3D exchange-
narrowing process. The experimental data would be
better described within a spin-diffusion model with the
paths of diffusion strongly reduced from a perfect 3D
magnetic lattice. This kind of behavior is possible in the
rutile structure if (a) the cations have the proposed'
antisite ordering shown in Fig. 1 and (b) the exchange in-
teractions (J) between nearest neighbors dominate the
magnetic coupling, as it has been found in other com-
pounds with the same rutile structure. " In this array,
large portions of the spin system will behave as in a 2D
magnetic lattice, although the absence of a long-range
correlation of this cationic order and non-negligible
next-nearest-neighbor interactions (J in Fig. 1) actually
lead to 3D magnetic coupling within the system. This
partial reduction of the magnetic dimensionality is also
supported by the concentration found for percolation,
p, =0.357, determined from the dependence on Ga con-
centration of both the freezing temperature and the mag-
nitude of the linewidth enhancement below To. Since the
proposed spin-diffusion mechanism should have strong
effects on the angular dependence of the ESR line shape
and linewidth, ' ' ' experiments with single crystals
would be very interesting in order to obtain a more de-
tailed characterization of the spin dynamics of this mag-
netic system.
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