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Magnetic behavior of a reentrant Ising spin glass
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The ac susceptibility of the reentrant Ising spin glass Fej¢,Mn, ;3TiO; has been investigated in a

superconducting-quantum-interference-device magnetometer.

The data show a transition from a

paramagnetic to an antiferromagnetic state at Ty =32.8 K. At lower temperatures, the in-phase com-
ponent of the susceptibility, x¥'(w), becomes frequency dependent and, simultaneously, a finite out-of-
phase component of the susceptibility, y"'(w), appears. This behavior is interpreted to arise from a tran-
sition to a mixed spin-glass and antiferromagnetic state at T, =25.8 K. A dynamic scaling analysis of
X"(w) yields critical exponents quite different from those found for the pure Ising spin glass
Fey sMn, sTiO;. However, some apparent deviations from optimal scaling behavior are observed. Mag-
netic relaxation experiments on this reentrant spin glass reveal the existence of an aging phenomenon
similar to that observed in ordinary spin glasses. It is also found that the behavior of the magnetic relax-
ation can be interpreted within the context of spin-glass domain theories.

1. INTRODUCTION

The study of random magnets has been the focus of
many physicists for several years.! Spin glasses, an intri-
guing class of disordered and frustrated magnetic sys-
tems, have been of special interest. Particular problems
arise in systems where order and disorder coexist, as in
reentrant spin glasses (RSG’s). Most RSG’s hitherto re-
ported exhibit the coexistence of a ferromagnetic (FM)
and a SG phase.? However, some compounds showing
antiferromagnetic (AF) and SG order have been investi-
gated, e.g., the Ising system Fe, ssMgg 4sCl,.° Here, we
present a study of the dynamic behavior and mag-
netic relaxation of the reentrant Ising spin glass
Fey oMn, 33TiO; using a superconducting-quantum-
interference-device (SQUID) technique.

II. EXPERIMENTAL DETAILS

Magnetically, the system Fe,Mn;_,TiO; is well de-
scribed by a hexagonal structure of honeycomb layers of
Fe?™ or Mn®* ions, where each magnetic ion is sur-
rounded by three nearest neighbors. The system is Ising-
like, with the magnetic moments directed along the hex-
agonal c axis. FeTiO; and MnTiO; are both antifer-
romagnets: In the former, there is FM order within the
hexagonal layers and AF order between adjacent layers.
The Fe*' ion possesses strong single-ion anisotropy,
yielding the Ising behavior.* In the latter, there are both
intra- and interlayer AF interactions and the anisotropy
is caused by dipole-dipole interaction between the Mn?™
ions. When 0.38 <x <0.58, the random distribution of
exchange interactions within the layers gives rise to a SG
phase. Fey sMn, sTiO; is regarded as a model Ising spin
glass, with a SG transition at T, ~20.7 K. The dynamic
and static magnetic behavior of this system has been ex-
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tensively investigated.’~® For x >0.58 and x <0.38, the
system is antiferromagnetic, but also shows a reentrant
AF-SG transition at concentrations just above x =0.58
and just below x =0.38. A complete phase diagram of
the system Fe,Mn,_,TiO; is given in Ref. 4. Concern-
ing Fey ;Mn, 33TiO; (FMTO), the AF transition occurs
at Ty=33 K. At a lower temperature, Tg, the system
enters a state with SG order.’

The sample, a single crystal of FMTO, was cut into the
shape of a rectangular parallelepiped (2X2X4 mm) with
the long axis parallel to the hexagonal c axis. The crystal
was centered in one of the pickup coils of a third-order
gradiometer, connected to a SQUID sensor. For the ac-
susceptibility measurements, a magnetizing coil was
wound directly onto the sample, yielding a small time-
varying field, h =hgsinwt (hy=0.1 G), parallel to the c
axis. A second, similar coil was located in another part
of the gradiometer to compensate for flux changes due to
the direct influence from h. The ac susceptibility,
X(w)=x'(w)+ixy"(w), was registered in the temperature
interval 7<T <35 K and in the frequency interval
5X1073<w/27r<5X10° Hz. An analog Princeton Ap-
plied Research model 5204 lock-in amplifier was used for
w/2m=0.5 Hz and a digital lock-in amplifier was used
for w/2m<0.5 Hz. The noise level (Ay/x) was 1 X10™*
and 5X 10~ * for the analog and digital lock-in amplifier,
respectively. The zero-field-cooled (ZFC) magnetization
measurements were performed as follows: In zero field,
the sample was cooled from a temperature T, well
above T, to a temperature below T,. After waiting a
certain amount of time ¢, at stable temperature, a small
static field was applied parallel to the ¢ axis and the relax-
ation of the ZFC magnetization, M (¢), was recorded.
The measurements were performed at temperatures
11=T =27 K and in the time interval 0.3=<¢ <10000 s.
The magnitude of the field, typically H=3 G, is within
the linear-response regime of M (¢) versus H.
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III. RESULTS AND DISCUSSION

A. ac susceptibility

Figure 1 shows Y'(w) and x''(w) versus temperature;
the different curves correspond to different frequencies of
the ac field. Studying Fig. 1(a), we observe a peak around
T =34 K, reflecting the AF transition: the maximum in
9Y'T /9T versus T yields T, (Ref. 10) (which here is lo-
cated at 32.8 K). Furthermore, there is a frequency
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FIG. 1. x¥'(w) and x"'(®) of the ¢ axis ac susceptibility vs tem-
perature. The different curves correspond to different frequen-
cies of the applied ac field, h,=0.1 G. T5=32.8 K and
T,=25.8 K. (a) y'(w) vs T. 10% of x'(w) at Ty is indicated.
() x"(w) vs T. 0.5% of ¥'(w) at Ty is indicated.

K. GUNNARSSON et al. 46

dependence of x'(w) below ~30 K, a signature of SG be-
havior. This is also accompanied by the appearance of an
out-of-phase component of the ac susceptibility, Y (w),
shown in Fig. 1(b). The x"'(w) curves exhibit two maxi-
ma, the first at T~ 30 K and the second at T~ 10 K.

In an ordinary SG system, e.g. Fey sMng sTiO;, the
X'"'(w)-versus-T curves are characterized by a rapid in-
crease to a single maximum at T > T, followed by a con-
tinuous decrease to zero at T=0.° The initial behavior
of Y"(w) versus T down to the first maximum [Fig. 1(b)]
is quite similar to an ordinary spin-glass transition. The
major difference compared to the transition in
Fey sMn, sTiO; (Ref. 6) (and other three-dimensional spin
glasses) being about a 4-times-lower value of the ratio
X'(w)/X'(w) at the first maximum in Y'’. The tempera-
ture and frequency dependence of ¥’ can in this region be
reasonably scaled according to classical dynamic scaling
(and also activated dynamic scaling) as discussed below.
However, on further decreasing the temperature, Y (w)
starts to increase and reaches a second maximum and
finally decreases almost linearly towards zero at 0 K.
This temperature dependence of Y"'(w) is also reflected in
an “S”-shaped character of ¥'(w) on lowering the tem-
perature towards zero. This peculiar dynamic behavior
clearly distinguishes this spin-glass phase from an ordi-
nary spin-glass phenomenon. A neutron-scattering inves-
tigation on the same compound by Yoshizawa et al.*
shows that the diffuse intensity increases below T,
whereas the intensity of the antiferromagnetic Bragg
peaks decreases. An interpretation of the ac susceptibili-
ty and the neutron data is that as the temperature is de-
creasing below Ty, an increasing number of spins leaves
the antiferromagnetic order and enters a spin-glass
“phase.” This also implies the coexistence of both an an-
tiferromagnetic and a spin-glass phase at low tempera-
tures.

The overall behavior of the susceptibility measured
parallel to the c axis and the results from transverse sus-
ceptibility measurements primarily indicate the Ising
character of the mixed spin-glass and antiferromagnetic
behavior.  Also, other susceptibility studies of
Fe Mn,_, TiO; on samples of other concentrations (x)
show clear Ising properties. However, results from
Mossbauer-spectroscopy studies on this sample'"!? and
on Fe, sMn, sTiO; (Ref. 13) have been interpreted to
show a large canting of the Fe spins (an angle of 45° and
60° relative to the c axis, respectively). This result is
quite puzzling and almost paradoxical when combined
with the susceptibility behavior.

B. Dynamic scaling

The spin-glass relaxation occurs over a time window
that is narrow at high temperatures and broadens with
decreasing temperature. Assuming critical slowing down
on approaching T, from above, the maximum relaxation
time 7p,,, follows:'

Tmax =T Tp /Ty — 1), (1

where 7, is the single-spin-flip time (=103 s) and zv is
a dynamic exponent. If 7 is identified as the tempera-
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ture where Y'(w) deviates from the equilibrium (static)
value, 7p,( Tf)=co—1. This temperature coincides with
the inflection-point temperature of Y’ (w) versus 7. Us-
ing this definition of T, the best fit of the data in Fig.
1(b) to Eq. (1) yields zv=13%+2 for T,=25.8+0.4 K.
Geschwind et al.'® have proposed the following dynamic
scaling equation to be valid for SG systems:

X”T/CDB/ZV:f(E/(D]/ZV) , (2)

where e=T/T,—1, B is a critical exponent, and
f(x =e/w'/?") is a scaling function; f(x)—>const when
x—0. Using a correct set of parameters, all ¥"()-
versus-T curves should collapse onto the same curve in a
scaling plot according to Eq. (2). The maximum, X,,, of
each curve in Fig. 1(b) will be imaged to the same point in
the scaling plot. Utilizing this property, Eq. (2) can be
simplified:

Ximax T (Ximax) < P77 . (3)

This equation provides a method of both estimating 8/zv
separately and of reducing the number of free parameters
in Eq. (2). Using the data in Fig. 1(b), the best fit to Eq.
(3) was obtained for B/zv=0.07110.005. Guided by the
results above, we now perform a complete scaling plot ac-
cording to Eq. (2). Figure 2 displays x"'T/oP’** versus
e/w'*", where B/zv=0.071, T,=25.8 K, and zv=13,
which yields the best data collapse. Thus, the value of 8
will be 0.910.1. The values of the critical exponents can
be compared to zv=10 and B=0.54 reported for
Fe, sMn, sTiO;.%% The quality of this data collapse is
not perfect; some deviations from satisfactory scaling are
always observed in the analysis. One explanation for the
deviations can be the comparatively low magnitude of Y
in the scaling region. Another possible reason for non-
perfect collapse is the influence of aging, i.e., the none-
quilibrium character of '’ measured in the vicinity of
(and below) T,.'®'? However, we have accounted for
that problem by omitting all data that could be affected
by aging. The main reason for the deviations from satis-
factory scaling behavior is, instead, the increasing num-
ber of spins contributing to the spin-glass phase as the
temperature is lowered (cf. the discussion above). This
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FIG.2. x"T/0P/*" vs € /w'/*” where e = T/T,—1 and the pa-
rameters have the following values: T,=25.8 K, zv=13, and
B/zv=0.071. The following frequencies have been used, w/27
(Hz): 0.5 (A), 1.7 (W), 5(0), 17 (X), 56 (A), 170 (#), 510 (O),
1700 (@), and 5100 (O).
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property of our system obscures the analysis and may
also result in effective values of the critical exponents that
are different from their true Ising values. To our
knowledge, no dynamic scaling analysis of an
AF—-to-AF-SG transition has been reported previously.
A dynamic scaling analysis of preliminary data on this
system was reported by us in Ref. 18.

The high value of zv obtained in the conventional dy-
namic scaling analysis may indicate that activated dy-
namic scaling, originally proposed for random-field (RF)
Ising systems, should be the appropriate scaling approach
in FMTO. However, such an analysis also shows devia-
tions from satisfactory scaling behavior similar to those
illustrated in the classical analysis described above.

C. Aging

An ordinary spin glass is subject to an aging process at
time scales shorter than the maximum relaxation time in
the system. After a temperature quench from a high-
temperature, T, to a lower temperature, T, the SG sys-
tem only approaches equilibrium logarithmically slow.
This nonequilibrium property can be observed in ZFC
magnetization experiments, where the response will vary
with the wait time at constant temperature prior to the
field application, i.e., M (t)=M (t,,,1).

In order to reveal a possible aging behavior of FMTO
in the AF-SG phase, ZFC magnetization experiments
have been performed. Figure 3 shows the relaxation rate,
S(t)=0M(t)/3d1nt, versus log,(t) for three different
values of 7, at T/T,=0.75. All these curves display pro-
nounced maxima at log(t)=logo(t,), the very signa-
ture of the aging process in ordinary spin glasses.!” In
plots of M (t) versus log,(t) these maxima appear as
clear inflection points at logy(¢)=log(¢,). Figure 3
confirms that the reentrant AF-SG phase of FMTO is
subject to an aging process similar to that of an ordinary
spin glass, which also implies (as has been evidenced from
extensive studies on different spin-glass systems?) that
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FIG. 3. S=dM/d lOglo(t) vs IOglo(t) at T=075Tg

(T,=25.8 K). The different curves correspond to different wait
times ¢, at T prior to the application of H=1 G. 0.5% of x'(»)
at Ty is indicated.
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M(t) probes equilibrium dynamics at time scales of
logo(t) <<logyo(t, ). A specific study of the influence of
aging on the measured ac susceptibility has been per-
formed on FeysMng sTiO;;.!7 Analysis of these data
shows that aging results in a nonequilibrium character of
X'(w) and that the measured value of Y'(w) slowly
evolves with time (until the system is kept at a constant
temperature for a time t=1/w=7,,,). The equivalence
in the dynamic properties between FMTO and ordinary
spin-glass systems implies that the low-frequency ac-
susceptibility data close to T, are affected by nonequili-
brium influences and must be omitted in the dynamic
scaling analysis.

D. Spin-glass domains

Referring to SG domain theory,?"?? the characteristics
of Fig. 3 can be interpreted as follows: At T there is a
growth of SG domains containing the equilibrium spin
correlations {s;}. The domains are characterized by a
length R ~[TIn(t+1,)/A]"Y (¥ is the barrier-height
exponent). M (t) probes relaxation processes on a “length
scale” L, which grows in a way similar to R after the ap-
plication of H, ie, L~[TIn(z)/A]"’Y. As long as
L <<R, equilibrium dynamics will be measured. When
In(t)=In(z,), L ~R and there is a crossover to nonequili-
brium dynamics, which is reflected by the maximum of
S(t) versus log,ot at log,o() =log (2, ).

In identifying a SG system, aging is a necessary but
insufficient feature. It may also be found in other disor-
dered systems.! However, in the SG {s;} is unique for
each temperature, and at two temperatures T and
T+ AT, there is an overlap of {s;} only up to a certain
overlap length scale, /,;. Hence, if we perform a ZFC
experiment, and after ¢,, prior to the field application,
make a short temperature cycling AT, S (¢) will show ei-
ther of the following behaviors: (1) AT is small, /,7> R,
and there will be no major difference in S(¢) as compared
to AT=0. (2) AT is sufficiently large, /,; <R, the “old”
domains will start tc break up, and ‘“young” domains will
start to grow frora /,7; hence, the S(t)-versus-log,q(?)
curve will exhibit two maxima, due to the two charac-
teristic domain sizes®* (the position of the first maximum,
corresponding to the “young” domains, is largely due to
the experimental cooling rate). (3) AT is large, the “old”
domains are destroyed, and S(¢) reflects the effect of
“young” domains only.

Figure 4 shows S(z) versus log;,(?) from such a ZFC
experiment, with T=0.75T, and t,=10* s. AT was
varied in the interval 0<AT <4.6 K, yielding the
different curves shown in the figure. Also, an ““infinite”
step is included, i.e., a step such that T+AT> T,.
Indeed, S(z) display the behaviors outlined above. For
AT =0.65 K, S(z) remains quite unaffected, i.e., a max-
imum occurs at logo(t)=logo(t,, =10* s). The growth
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FIG. 4. S=0M/dlog(t) vs logylt) at T=0.75T,
(T,=25.8 K), H=3 G. The different curves correspond to

different temperature pulses, applied after 7, =10* s. 0.2% of
X'(w) at Ty is indicated.

rate of the domains is increased during the cycling to
T +AT. Therefore, the system appears to be somewhat
older after the cycling. For 0.65<AT <4.6 K, the
curves mirror the “old” domains of size R (¢, =10*s) and
the “young” domains. Here, two maxima are observed.
Finally, for the ““infinite” step, the curve is similar to the
result of an ordinary ZFC experiment with ¢, =0.

IV. SUMMARY

ac-susceptibility measurements on the reentrant spin-
glass system Fe; ¢;Mn, ;3TiO; reveal an extraordinary be-
havior of x"(w) below T,. A dynamic scaling analysis of
ac-susceptibility data at the transition from an AF phase
to an AF-SG phase is performed. The critical exponents
extracted are zv=13 and B=0.9. These values are
different from those reported on the Ising SG
Fe, sMn, sTi0;.%® However, due to the very different
dynamics of FMTO at low temperatures compared to an
ordinary spin glass, it is possible that these differences
only reflect that effective values of the critical exponents,
different from the true Ising values, are obtained from the
scaling analysis. Below T,, FMTO shows characteristic
properties of a true spin-glass phase, e.g., aging. Also,
the response to temperature-cycling experiments is simi-
lar to that of ordinary spin glasses. These results are also
interpreted to support the validity of droplet theories for
the spin-glass phase.
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