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We have carried out a comprehensive investigation of magnetic properties of LuFe,0O,4,s measuring ac
susceptibility, dc magnetization, and specific heat. A magnetic phase transition around 236 K is identified as a
paramagnetic to ferrimagnetic transition in accordance with previous studies. Upon further cooling below this
temperature, highly relaxational magnetic behavior is observed: the dc magnetization exhibits history and time
dependence, and the real and the imaginary parts of the ac susceptibility show large frequency dependence.
Dynamic scaling of the ac susceptibility data suggests that this low-temperature phase can be described as a
spin-glass phase. We also discuss the magnetic field dependence of the spin-glass transition and aging,
memory, and rejuvenation effect below the glass transition temperature around 229 K.
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I. INTRODUCTION

Geometrical frustration plays an important role in deter-
mining ground states and phase transitions in magnetic sys-
tems. A triangular lattice in two dimensions in particular is
one of the simplest systems to study the effect of geometrical
frustration. LuFe,0,4 (LFO) is a member of RFe,0, family of
compounds, where R can be Y, Ho, Er, Tm, Yb, and Lu.! All
these materials have hexagonal layered structure, in which
Fe ions form a triangular lattice within each bilayer.? Since
the average charge valence of Fe in this compound is +2.5,
this system is expected to exhibit charge order behavior simi-
lar to Fe;0, (Refs. 3 and 4) or half-doped manganites.’ How-
ever, due to the geometrical frustration introduced by the
triangular lattice, understanding charge order in this material
is not straightforward.® Previous electron and x-ray diffrac-
tion studies have shown that charge ordering sets in below
~300 K, and anomalous dielectric dispersion was observed
in this temperature range.®’ In particular, Ikeda et al. argued
that the observed pyroelectric signal below charge ordering
temperature indicates charge order driven ferroelectricity.’
This result has been drawing much attention®? since it would
be the first such observation of ferroelectricity originating
from charge ordering. In addition, it was observed that the
pyroelectric signal shows an unusual step around 250 K
which is very close to the spin ordering temperature of
~240 K.'%!! Large magnetodielectric response under low
magnetic fields was also observed in LuFe,O, at room
temperature,'”> which prompted further interest in this com-
pound as a possible multiferroic (or magnetic ferroelectric)
material.'?

Although whether the magnetic and the ferroelectric order
parameters are coupled in LuFe,O, is not clear at the mo-
ment, LuFe,O, exhibits quite interesting magnetic proper-
ties. Strong antiferromagnetic interaction exists between the
nearest spins on a triangular net'%!14 and as a result geo-
metrical spin frustration exists. Most earlier studies of the
magnetism in RFe,0, have been focused on YFe,O,. Tanaka
et al. first reported that the Fe spins order below 220 K based
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on their Mossbauer experiments.'> In their studies of trans-
port properties, they also observed that there are two distinct
transitions at 240 and 225 K, and the former corresponds to
Verwey-like charge ordering accompanied by magnetic
ordering.'® This was corroborated in the x-ray study of Na-
kagawa et al., and two first-order structural transitions were
found at ~230 and 190 K corresponding to transitions from
hexagonal to monoclinic and then to triclinic, respectively.!’
Recently, Ikeda er al. reported that there are at least five
different phase transitions below 225 K in YFe,O, based on
their x-ray powder-diffraction studies.!®

However, it was also realized that the oxygen nonstoichi-
ometry in YFe,O, can cause significant changes in its mag-
netic properties, while LuFe,0, is believed to be free from
such oxygen nonstoichiometry problems.'® In their compre-
hensive magnetization and neutron scattering work on
LuFe,0,, lida et al. were able to elucidate unusual magnetic
properties of this compound.'* Specifically, they found that
the system does not show any long-range three-dimensional
(3D) magnetic order down to 4.2 K. Instead, they argued that
the system at low temperature consists of ferrimagnetic clus-
ters of various sizes, based on their thermoremanent magne-
tization measurements. The ferrimagnetism in this case arises
due to the mixture of S=2 and S=5/2 spins. In recent
neutron-scattering experiments, however, sharp magnetic
Bragg peaks were observed, suggesting the existence of
long-range magnetic order.!! Therefore, the nature of the
magnetic ground state of LuFe,0, seems to vary depending
on the sample preparation. Indeed, we found that the oxygen
nonstoichiometry in LuFe,0, affects its ground-state prop-
erty significantly.

In this paper, we report our comprehensive study of mag-
netic properties of LuFe,0,, 5 (excess oxygen) using ac sus-
ceptibility, dc magnetization, and specific heat. We have ob-
served two magnetic transitions: the high-temperature
transition occurs at ~237 K and corresponds to the previ-
ously observed ferrimagnetic transition.!®!114 The signature
of this transition is also observed in our specific-heat mea-
surements. In addition to this ferrimagnetic transition, we
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observe an unusual magnetic transition at a lower tempera-
ture, which shows relaxational behavior similar to that of a
spin-glass (SG) phase.

This paper is organized as follows. In the next section, we
will explain our sample preparation and characterization in
detail. In Sec. III, our experimental results from magnetic
susceptibility and specific-heat measurements are presented.
In Sec. IV, we will discuss the implication of the observed
results and the possible connection with the charge order and
ferroelectricity.

II. EXPERIMENTAL DETAILS

LFO single crystals were grown using the traveling sol-
vent floating zone method at Brookhaven National Labora-
tory following the method reported in Ref. 20. Our experi-
ments were done using the crystals from the same batch
without any special annealing procedure. The chemical com-
position of one of the crystals was examined with electron
probe microanalysis with beam size less than 1 wum. The
Lu/Fe ratio was analyzed at 25 randomly selected points on
the sample surface. The average Lu/Fe ratio was 1.98 £0.02,
which shows that Lu and Fe are homogeneously distributed
with almost stoichiometric ratio. We found out that the
magnetic and structural properties of LuFe,O,,s varies
widely among the as-grown samples due to oxygen
nonstoichiometry.'! The oxygen contents of two pieces ex-
hibiting different magnetic behavior were studied using ther-
mogravimetric analysis (TGA). The samples were heated in
reducing atmosphere (5% H,:Ar) up to about 1025 °C, at
which temperature the LFO sample decomposes into Lu,0;
and Fe. The oxygen concentration of the sample showing
magnetic properties reported here is 4.07 =0.03, while the
other sample has less oxygen content and is close to stoichi-
ometric value of 4. Detailed study of phase diagram is still in
progress, but the rest of this work is based on the study of
6=0.07 sample, which has a rectangular parallelepiped shape
(3X3 X1 mm). dc magnetization and ac susceptibility mea-
surements were done using Quantum Design superconduct-
ing quantum interference device magnetometer. Specific-heat
measurements on the same sample were carried out using the
thermal relaxation method on Quantum Design Physical
Property Measurement System (PPMS).

III. EXPERIMENTAL RESULTS
A. dc magnetization

In Fig. 1(a), we show the temperature dependence of the
thermomagnetization of LuFe,0, obtained with 10 Oe field
applied parallel to the crystallographic ¢ axis which is per-
pendicular to the hexagonal planes. A sharp peak appears in
the magnetization curve at a temperature of ~237 K, below
which the field-cooled data begin to diverge from the zero-
field-cooled (ZFC) data. In Fig. 1(b), thermomagnetization
obtained in a field perpendicular to the ¢ axis is shown. Note
that the magnetization in this direction is two orders of mag-
nitude smaller than that shown in panel (a). The possible
sample misalignment with respect to the field direction,
which is less than 1°, can entirely account for this small
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FIG. 1. Temperature dependence of magnetization measured
with 10 Oe field applied (a) parallel and (b) perpendicular to the ¢
axis, respectively.

magnetization. This also illustrates that the easy axis is along
the ¢ axis and the Ising anisotropy is very large. The nonzero
ZFC magnetization at low temperature in this case is prob-
ably due to the small residual field in the magnetometer. This
peak at 237 K was also observed in dc magnetization by lida
et al.,"* which is ascribed to the formation of ferrimagnetic
clusters. Recent neutron-scattering experiments showed that
long-range ferrimagnetic order forms below the temperature
of dc magnetization peak,'®!" indicating that the peak ob-
served here comes from the ferrimagnetic ordering.

B. Specific heat

Figure 2 shows the temperature dependence of the spe-
cific heat, C(T), of the same sample used in the magnetiza-
tion study. One can identify two features in this curve. The
high-temperature feature above 300 K is relatively broad and
has a maximum at ~330 K. This feature is related to the 3D
charge order observed in previous electron and x-ray diffrac-
tion studies.® The low-temperature peak emerges below
~250 K and has a cusp at ~237 K. The peak position of
this low-temperature feature is very close to the peak in mag-
netic susceptibility, suggesting that this feature is related to
the ferrimagnetic phase transition.

C. ac susceptibility

Figure 3 shows the real and imaginary parts of the ac
susceptibility as a function of temperature. The different
curves correspond to data obtained with different driving fre-
quencies. The amplitude of the ac field was kept constant at

024419-2



SPIN-GLASS BEHAVIOR IN LuFe,0...

190 T T T T T T T T
180 —
170 —
160 —

150 -

C (J/K/mole)

140 |- d
130 |- & B

120 |- -

200 250 300 350
T (K)

FIG. 2. Temperature dependence of heat capacity C(7) mea-
sured on continuous cooling.

h,.=1 Oe. A well-defined peak is observed for the real part
of the susceptibility y’ at 237 K and the low-temperature tail
of this peak decreases with increasing frequency. The imagi-
nary part of the susceptibility, x”, appears below ~240 K
and consists of two peaks. The high-temperature component,
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FIG. 3. Temperature dependence of the ac magnetic susceptibil-
ity obtained with different frequencies as labeled. ac field with am-
plitude h,.=1 Oe was applied and the magnetization was mea-
sured. The real and the imaginary parts of the susceptibility are
shown in parts (a) and (b), respectively. The solid lines in part (b)
are the fitting results as described in the text. For the 0.1 Hz data,
individual components are shown as dashed lines and the inflection
point is noted with an arrow.
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appearing as a shoulder, is located at ~237 K and grows as
the frequency increases, while the peak position remains the
same. This shoulder position is almost the same as the peak
position of the dc magnetization, suggesting the ferrimag-
netic origin of this component. On the other hand, the low-
temperature peak grows and shifts to higher temperature
with increasing frequency. Such a frequency dependence of
ac susceptibility is commonly observed in spin-glass sys-
tems. For a spin-glass system, the spin dynamics become
sluggish with decreasing temperature, so that it takes longer
time for a spin to relax and the maximum relaxation time
increases accordingly. When an external ac magnetic field
with a driving frequency w/27 is applied to a spin-glass
system, if the maximum relaxation time 7,,,, is longer than
27/ w, the system will not be able to keep up with the oscil-
lating field and becomes out of equilibrium. Therefore, one
can define the freezing temperature, Ty, as the temperature at
which 7, =27/ . As a result, Ty is a function of driving
frequency w. Experimentally 74 w) can be determined from
the maximum of x’(w), while sometimes the inflection point
of x"(w) is used to determine 7 in the case when the peak in
x'(w) is not clear. Both methods have been widely used in
finding 7 in SG systems.?'~> Since the maximum of y’ is
difficult to identify in our system due to the second peak
located at 237 K, we use the imaginary part x”(w) which
shows a double-peak feature. Two asymmetric peaks were
used to fit x"(w), and T could be extracted from the inflec-
tion point of the low-temperature peak. The fitting function
used in our analysis is a purely empirical form ~exp(—e*
+x) with x= TV_V—TO, where T, and W, denote the peak position
and the width.2!

The maximum relaxation time and 7/{(w) can be modeled
with conventional critical slowing down?

Tmax = T()(Tf/Tg - 1)_ZV3 (1)

where T, is the spin-glass transition temperature, z is the
dynamical exponent, v is the usual critical exponent for the
correlation length, and 7, is the microscopic flipping time of
the fluctuating spins. The dynamic scaling of the ac suscep-
tibility is shown in Fig. 4, and the best fit to Eq. (1) yields
T,=229*1 K, zv=69*1.38, and 7o=10"130=20 5 The
value of 7, is very close to the microscopic spin-flip time
~10713 s in other spin-glass systems.?!2320 The value of zv
is within the range of well-known spin glasses such as CuMn
(4.6 at. %) (zv=5.5) (Ref. 27) and CdCr,(In)S, (zv=7).28
This value of zv is also close to the value obtained from
numerical simulations in 3D Ising spin glasses.?*3! Due to
the existence of high-temperature peak, it is difficult to ex-
tract T for high-frequency data, which result in large error
bars. However, the observed scaling behavior is consistent
with canonical spin-glass behavior and indicates that the
low-temperature phase is quite possibly a spin-glass phase.
Thus, taken together with the heat capacity and the suscep-
tibility data, LFO seems to undergo a continuous phase tran-
sition from a Curie paramagnetic phase to a ferrimagnetic
phase at ~237 K and then to a spin-glass phase below 229
K. It is not clear at the moment whether the magnetic order
disappears in the spin-glass phase.
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FIG. 4. Dynamic scaling of the reduced temperature vs
Tmax(T)=27/ @ in a log-log scale. The solid line is Eq. (1) with
2v=6.9, 1=1X10"" s, and T,=229 K.

D. Nonequilibrium phenomena

Although spins are considered “frozen” in the spin-glass
phase, the system in fact simply does not reach the equilib-
rium state within the experimental time scale due to the slow
dynamics. As a result, spin-glass systems exhibit nonequilib-
rium phenomena. One such example is aging. When a spin-
glass system is cooled below T, the domains begin to grow
logarithmically in time, and the relaxation rate can be de-
fined as S=(1/H) M/ log(¢).>* In Fig. 5, we show S(7) as
a function of log;(). Note that the sample was cooled down
to 0.877,~200 K in the absence of magnetic field. After
waiting for a certain amount of time (¢,,=1000, 5000,
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FIG. 5. Relaxation rate S defined in the text is plotted as a
function of log(7) at T=0.87T, (T,=229 K). Each curve is ob-
tained by measuring at H=10 Oe after waiting for ¢#,, following the
cool down.

PHYSICAL REVIEW B 80, 024419 (2009)

T T T T m
L T
ok ﬂ"i'\_.'_
~ T=0.87 T (48000 s oS}
Ov : g( ) ooo/oqp Ly
o Q
) ¥ !
5 Fo
= [ §
\CQ <& o
el |
— %]
‘-'o Tlf 0.7 Tg (72000 s) |
— o Tcp
\1 2 F . dbfdb 7
2 /07)&%;?5/- y
= w1 L
e I8
2 ””’ 9 o O/oooo% ’
3k -7 L& \@/\@%Dg%/ A i
. (5 O gtumn g
og?lya/odg’éfpﬁ.fnf. "‘-l'lf.;
e
" 1 1 " 1 1
120 150 180 210
T(K)

FIG. 6. The relative magnetization M-M,, is plotted as a func-
tion of temperature. The magnetization measured on continuous
cooling in H=10 Oe field is plotted as solid symbols. During the
cooling, there were two halts at 7,=0.7T, and 7,=0.87T, (Tg
=229 K). The open symbols denote the measurements done on
reheating. The reference M, was obtained by continuously cooling
and reheating in 10 Oe. The cooling and heating rates in both mea-
surements were 2 K/min.

and 10 000 s) without external field, the magnetization was
recorded as a function of time with 10 Oe magnetic field
applied. As can been seen from the figure, ¢ at which the
maximum relaxation rate occurs increases with increasing 7,
and in fact it is almost equal to #,,. This kind of aging behav-
ior illustrates nonequilibrium dynamics of domain growth
and is commonly observed in other spin-glass systems.?>33
Another interesting example of nonequilibrium dynamics
of spin-glass system is the so-called memory effect. In order
to show this effect, we have measured temperature depen-
dence of M(T) in two distinct routes. The first, M,,;, was
obtained by cooling in 10 Oe magnetic field from 300 K
down to 50 K at a constant cooling rate of 2 K/min and then
heating back continuously at the same rate. In the second
route, M was recorded on cooling in 10 Oe at the same rate
from 300 to 50 K with two halts at 7;=160 K for 72 000 s
and at 7,=200 K for 48 000 s. During the halts, the exter-
nal field is turned off to let the magnetization relax. After
each halt, M shows a clear deviation from the reference as
illustrated in Fig. 6 due to aging. After reaching 50 K, the
sample temperature is increased continuously at 2 K/min rate
in H=10 Oe. During the reheating, the system exhibits a
steplike feature at both 7, and 75. The jump at 7 is not very
pronounced but clear jump in M(T) around T, is clearly vis-
ible. This suggests that the system somehow remembers the
history of halts during cooling. Exceeding the halt points, M
recovers to the reference value and the system is called re-
juvenated. Such aging, memory, and rejuvenation behaviors
were observed in other spin-glass systems as well.263%3
These observations also suggest that the low-temperature
phase of LFO is consistently described as a spin glass.
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FIG. 7. (a) The real and (b) the imaginary parts of ac magnetic
susceptibility versus temperature. The driving frequency was fixed
at w/27=10 Hz and h,.=1 Oe. Each curve was obtained under
different applied static magnetic field of H. The inset shows the data
obtained with H=1 T.

E. Magnetic field dependence

In Fig. 7, ac susceptibility at 10 Hz driving frequency is
plotted as a function of temperature for different external
static magnetic fields H. As can be seen in the figure, x' is
suppressed by the magnetic field. As the field increases, the
main peak of x’ decreases and a double-peak feature
emerges. The ferrimagnetic phase-transition temperature de-
termined from dc magnetization and specific heat is quite
close to the position of the high-temperature peak in y’,
which slightly increases with increasing field. The low-
temperature peaks in y’ and x” correspond to the spin-glass
transition. As the field increases, the low-temperature peak in
x' decreases and finally disappears under ~1 T (as shown
in the inset). The peak in x” also shifts to lower temperature
with increasing field. Under very high external field (above 1
T), the spin-glass transition seems to be completely sup-
pressed.

The field versus temperature phase diagram obtained from
this ac susceptibility measurement is shown in Fig. 8. Due to
the large uncertainties associated with determining transition
temperature of two nearby phase transitions, the error bars at
low field are relatively large. However, the field dependence
of the PM-FM transition is very weak in this region, while it
is clear that the transition temperature gradually increases
with increasing field at high fields. The spin-glass transition
temperature, T, determined using the method described in
Sec. III C, also exhibits substantial field dependence. Specifi-
cally, T, is suppressed rapidly as external field larger than
200 Oe is applied. Below this threshold, 7, does not show a
systematic change with the change in the field. According to
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FIG. 8. Field vs temperature phase diagram. In order to show AT
line, we plot H*3 versus T,. The open and closed symbols denote
the low- and the high-temperature transition temperatures as de-
scribed in the text. The thick solid line is the linear fit to the AT line,
Eq. (2), with Hy=6.5 T and T,(0)=239 K.

the mean-field theory, there exists a phase boundary in H-T
phase diagram called de Almeida-Thouless (AT) line,3°
whereby a spin-glass phase can only exist under this bound-
ary (in the low-field region). The AT line is given by*®

T (H) 3/2
H=H°(1_ Tg(O)) ' @

Here H is the external magnetic field and T,(H) is the
field-dependent glass transition temperature.’’ Our data fit
this relation very well as shown in Fig. 8, in which a linear
relationship between 7, and H?? is clearly illustrated.

IV. DISCUSSION

We have presented several pieces of experimental evi-
dence showing that the LFO sample goes through a spin-
glass transition around 229 K. Before discussing the micro-
scopic origin of the spin-glass behavior, it is useful to
examine magnetic interactions. In LFO, both the Fe?* and
the Fe** ions are in their high spin configuration, with the
spin angular momenta S=2 and S=5/2, respectively. The
exchange interactions between Fe**-Fe?* and Fe’*-Fe’* are
presumably antiferromagnetic through the superexchange
path via intervening oxygen ions, although recent calculation
suggests that ferromagnetic Fe?*-Fe?* interaction is energeti-
cally very close to antiferromagnetic one.’® However, the
magnetic interaction between the Fe?* and the Fe* ions re-
quires further consideration. Note that the Fe?* is in d° con-
figuration and the Hund’s rule dictates that the extra electron
in this ion, compared to the Fe**(d°) ion, should point in the
opposite direction of the rest of the “d>” electrons. Therefore,
one can expect the interaction between Fe?* and Fe** to be
ferromagnetic based on a kinetic-energy argument, analo-
gous to the double exchange mechanism in manganites.
This argument is corroborated by the calculation in Ref. 38.
However, since this compound is insulating at all tempera-
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tures, such “extra” electron cannot be mobile but presumably
resides in a resonance state between the two neighboring Fe
ions. Therefore, it is quite conceivable that two neighboring
Fe?* and Fe’* ions form a “dimer,” sharing a minority-spin
electron. In fact, such bond dimerization scenario has been
considered in their study of mixed valence B-site Fe ions in
Fe;0,4 by Seo et al.** Further structural investigation of this
system is required to address this speculation.

In general, disordered spin arrangements or interactions
(random site or random bond) are necessary to produce mag-
netic frustration required for spin-glass behavior. The obvi-
ous source of such magnetic disorder in this sample is the
oxygen nonstoichiometry. The TGA measurement reveals
that about 0.07 additional oxygen per formula unit is present
in our sample, implying that the ratio between the Fe** and
the Fe?* ions is roughly 4:3, which is comparable to other
spin-glass system in terms of disorder concentration. For ex-
ample, Eu,Sr;_.S, is in the spin-glass ground state for 0.13
<x<0.5.* The uneven distribution of Fe**-Fe?* ions most
likely will alter local magnetic interactions. One can consider
at least two ways this might happen. For example, in the
above-mentioned bond dimerization picture, changing Fe**
into Fe** will break up the dimer and create “impurity,” spins
which will introduce site disorder. However, it is also plau-
sible that the nonstoichiometry fundamentally changes the
property of charge ordering itself. Since the magnetic inter-
action between spins crucially depends on whether the ions
involved is Fe®* or Fe**, magnetic property is intimately re-
lated to the charge order. If the charge ordering at 300 K is
not of the second-order kind, and has some relaxational com-
ponent, such as charge-glass-type ordering, then this under-
lying glassy charge order will introduce bond disorder and
might lead to spin-glass order. Detailed x-ray scattering stud-
ies are under way in order to elucidate complex temperature
dependence of charge ordering in this compound.

We observe spin-glass phase transition that occurs within
the ferrimagnetic-ordered phase. At this point, it is not clear
whether this transition is accompanied by the destruction of
ferrimagnetic long-range order (reentrant spin glass) or not.
The possibility of coexistence of ferrimagnetic and spin-
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glass orders cannot be ruled out. Further neutron-scattering
studies will be necessary to address this question. We also
would like to note that the spin-glass transition temperature
in this system is quite high compared to other well-known
spin-glass systems. Our observation of spin-glass behavior at
temperatures above 200 K is not only unusual but very sur-
prising for a quasi-two-dimensional system since the lower
critical dimension of Ising spin glass is believed to be two.*?
Again, these observations all indicate a quite unusual origin
of the spin-glass behavior in this system.

V. SUMMARY

The magnetic properties of LuFe,0,, 5 single crystals with
excess oxygen (6~0.07) were investigated with dc magne-
tization, ac susceptibility, and specific heat. Based on the
dynamic scaling of ac susceptibility, nonequilibrium behav-
ior such as aging and memory effects, it is suggested that
LuFe,0,, s goes through two phase transitions as a function
of temperature. The high-temperature transition is a ferri-
magnetic ordering at 237 K and the lower temperature tran-
sition at ~229 K is into a spin-glass phase. The field depen-
dence of the spin-glass transition temperature is described
well by the well-known de Almeida-Thouless theory. It was
also observed that the ferrimagnetic transition temperature
shows quite sizable field dependence. The possible role of
oxygen nonstoichiometry as the microscopic origin for such
spin-glass behavior has been discussed.
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