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Time-Dependent Phenomena in a Short-Range Ising Spin-Glass, Fe05Mn05Ti03
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Magnetization measurements have been made on an insulating random mixture, Feo qMn05Ti03.
An Ising spin-glass behavior has been observed below Tg=21.1 K. It is sho~n that the time-
dependent phenomena are well characterized by an algebraic function with the exponent described
by an exponential function of temperature. The results are compared with the computer-simulation
results obtained by Ogielski. In addition, we suggest the existence of a thermodynamic equilibrium
state in magnetic fields.

PACS numbers: 75.40.Dy, 75.25.+z, 75.50.Ee

Recent progress of theoretical and experimental
studies on spin-glasses is noticeable, and much under-
standing about them has been obtained. However,
some fundamental problems are still controversial: A
phase transition and thermodymamic equilibrium in
spin-glass systems are questioned.

In order to understand better the nature of spin-
glasses, distinguishing features of spin-glasses such as
the irreversible magnetization and the time-dependent
phenomena should be investigated in more detail. The
temperature-dependent behavior has been studied in

many spin-glass systems. Some investigators have re-
ported a logarithmic time dependence, ' and others an
algebraic dependence. z 3 Recently, on the other hand,
Chamberlin, Mozurkewich, and Orbach fitted the time
decay of the thermoremanent magnetization MTaM
measured for 2.6'/o Ag:Mn+0. 46'/o Sb with a stretched
exponential. ~ Ferre et al. have also shown that the
data of EuaqSr06S taken by Ferre, Rajchenbach, and
Maletta2 can be fitted better with a stretched exponen-
tial5 than with a power law used by Ferre, Rajchen-
bach, and Maletta, 2 after reanalyzing their data in
more detail. Chamberlin, Mozurkewich, and Orbach
have emphasized that a stretched exponential charac-
terizes the time decay of MTRM. However, an algebra-
ic dependence suggested on the basis of the
Sherrington-Kirkpatrick mean-field model seems to be
still attractive. Recently, moreover, Ogielski investi-
gated the dynamic behavior of short-range Ising spin-
glasses by using a specially designed fast computer,
and he suggested an algebraic decay for correlation
functions in the spin-glass phase. 7 Therefore, the
behavior of Ising systems should be closely checked.
Here, we report experimental results on a newly found
short-range Ising spin-glass, Feo 5Mno 5Ti03.

Both FeTi03 (TN =58.0 K) and MnTi03 (TN =63.6
K) are antiferromagnets having easy-axis anisotropy

along the hexagonal c axis. Nevertheless, we expected
that a spin-glass state appears at certain concentrations
of a random mixture Fe„Mni „Ti03, which is based
on the fact that spins within a c layer are coupled fer-
romagnetically in FeTi03, but antiferromagnetically in
MnTi03. The interlayer antiferromagnetic coupling J'
is much weaker than the intralayer coupling J: J'/J
——0.2 in FeTi038 and J'/J —0.04 in MnTi03. 9

Therefore, the competition between the ferromagnetic
and antiferromagnetic interaction within a c layer is
considered to be predominant. We grew a single crys-
tal of Fe05Mno 5Ti03 by the floating-zone method in a
controlled oxygen partial pressure.

The magnetization M was measured with magnetic
fields H between 2 Oe and 12.8 kOe by use of a
SQUID magnetometer. The zero-field-cooled (ZFC)
magnetization AI "c was measured by heating after
zero-field cooling to 4.5 K. On the other hand, the
field-cooled (FC) magnetization M"c was measured by
applying a measuring field Hat high temperatures and
then cooling. Figure 1 shows ZFC and FC susceptibili-
ty (X=M/H) measured with various values of H
parallel to the hexagonal c axis. The ZFC susceptibili-
ty XPc measured with H = 2 Oe has a sharp cusp at
21.1 K, and the corresponding FC susceptibility XIIc is
nearly temperature independent below 21.1 K. X~~ is
irreversible below 21.5 K, slightly above the cusp tem-
perature. The c-plane susceptibility was also mea-
sured. Details will be published elsewhere, but we
point out here that Feo sMno sTi03 is strongly
anisotropic and behaves as an Ising spin-glass with

Tg =21.1 K, like YEr. ' Since X~~ exhibits a typical
spin-glass character, we direct our attention to the
behavior of M

~~
or X

~~
in thc present work. For simpli-

city, we omit the subscript ii henceforth. The cusp of
Xz" is drastically broadened with increasing H, which
is similar to other spin-glass systems. " Thc tempera-
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FIG. l. Temperature dependence of field-cooled (FC)

and zero-field-cooled (ZFC) magnetizations divided by
measuring fields (M/H) for Fe05Mn05Ti03. Magnetic fields
are applied parallel to the c axis.
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ture below which the irreversibility appears shifts to-
ward lower temperatures with H; we define this tem-
perature as Tg(H).

We examined the time-dependent phenomena exist-
ing below Tg(H) by observing the decay of MTRM and
the growth of M "c. The former was measured as fol-
lows: (1) A magnetic field H of 80 Oe or 3200 Oe was
applied to the sample at —40 K well above Tg, (2) the
sample was field cooled to a temperature below
Ta(H), (3)H was removed and MTRM was recorded as
a function of time r. The waiting time at T & Tg be-
fore H was removed was not carefully controlled but it
scattered by + 30 s around 20Q s. On the other hand,
the growth of MzFc, i.e., the growth of the isothermal
remanent magnetization MtRM, was measured as fol-
lows: (1) The sample was zero-field cooled from —40
K to a temperature below Tg(H), (2)H of 80 Oe or
3200 Oe was applied to the sample and MzFc was
recorded as a function of t. We put r =0 when H was
removed (MTRM) or when H reached the measuring
field (MIRM). However, the measurements were
started at t = 300 s, because a certain time ( ( 300 s)
was needed in order to bring our superconducting
magnet to the persistent mode. Below, we show the
results obtained by use of H=3200 Oe, but similar
features are also derived from the results for H = 80
Oe.

In Fig. 2(a), log-Iog plots of MTRM vs r are shown at
four temperatures. The data points at each tempera-
ture lie on a straight line. This indicates that the decay
of MTRM proceeds with a po~er law
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FIG. 2. (a) Log-log plot of the thermoremanent magneti-
zation MTRM of Fe05Mn05Ti03 ~hen cooled in 0= 3200 Oe
as a function of time at various temperatures. (b) Log-log
plot of —d ln(MTRM)/dt. The solid line is the best fit to the
data. The slope of this line gives ft = 1.00 ~hen MTRM is ex-
pressed in a form of the stretched exponential as MTRM
= M' exp [ —C (ru I ) ' "/(1 —n) ].

1O'

2(b) a log-log plot of —d In(MTRM)/dr vs r for the
data at 11 K. As is clearly seen from Fig. 2(b), the
slope gives n =1.QQ. Similar results are obtained for
the data at three other temperatures (n =1.00-1.02).
This fact just supports an algebraic decay instead of a
stretched exponential one. We have also checked that
the decay of MT„M is not a logarithmic function of
time.

In Fig. 3, we give a similar plot for the growth of
MzFc. The ordinate in Fig. 3 is not Mz"c itself but
Mti —Mz"c, where Mo, which depends on fields too, is
a fitting parameter. The value of Mti is determined so
as to make the log-log plot of Mo —M " vs t a straight
line. The value of Mo thus determined is listed in
Table I. This result means that the growth of Mz"~ is
vvell described by

~TRM = ~t M'F'=M, -~r- . (2)

In order to check critically whether our data can be
fitted by a stretched exponential MTRM ——M'
xexp[ —C(cur)' "/(1 —n)) or not, we show in Fig.

It has been also checked that the slope of a log-log plot
of —d ln(MO —M "c)/dt vs tgives n =0.95-1.02, and
that the growth of Mz"c cannot be fitted with a loga-
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10 TABLE I. The values of Mo in Eq. (2) at various tem-

peratures determined so as to make the log-log plot of
Mo —M "c vs r a straight line (see Fig. 3). The measuring

field is 3200 Oe. The corresponding M"c is also shown.

11.0& S.O
9.0

11.0
12.0

Mo (emu/g)

6.0(0.1)
6.1(0.05)

6.24 (0.03)
6.17(0.02)

M"c (emu/g)

6.04 (0.005)
6.04 (0.00')
6.12(0.005)
6.15(0.005 )
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FIG. 3. Log-log plot of Mo —AP" in Fe05Mn05TiO& as a
function of time, where M c is the zero-field-cooled mag-
netization, and Mo is a fitting parameter. The value of Mo is
determined so as to make a log-log plot of MD —AP"c vs r a
straight line (see Table I). The measuring field is 3200 Oe.

rithmic function. As is clear from Eq. (2), Mo is the
saturation value which the zero-field-cooled magneti-
zation reaches at an infinite time. In other words, Mo
is the thermodynamic equilibrium value of the mag-
netization in a magnetic field H. Thus, our finding

strongly suggests that there exists a thermodynamic
equilibrium state for spin-glasses exposed to magnetic
fields. This is also supported by the fact that the sa-

turation value Mo is very close to M"c (see Table I).
It is well known that the value of M"c depends on the
cooling rate at which a temperature below Tg is
reached'z and that the decay rate of MTaM is remark-
ably affected by the waiting time before H is re-
moved. '3 From these experimental facts, it is thought
that the field-cooled state reached at least within a fin-
ite time is not in thermodynamic equilibrium. On the
other hand, however, it is also known that the cooling
rate dependence of M"c is very small and the value of
M"c does not change appreciably with time when a
temperature is kept constant. ' Accordingly, it is be-
lieved that M"c observed in the field-cooled state is

very close to thermodynamic equilibrium value.
Therefore, if Eq. (2) describes reasonably the time
dependence of the growth of Mz"c and if the system
can attain a thermodynamic equilibrium state at long
times, Mo should be close to but a little larger than
M"c.'4 Our observation shows that Mii is equal to or a
little larger than M"c (see Table I). Thus, by investi-

gating the growth of Mz"c, we suggest the existence of
a thermodynamic equilibrium state for an Ising spin-
glass in magnetic fields.

The temperature dependences of the exponent ix

and the prefactor A determined from Figs. 2(a) and 3
are shown in Fig. 4. The ntRM for the growth of MtitM
is larger than the cxTttM for the decay of MTRM, indicat-
ing that the system is forced to relax faster by the ap-

plied field. The exponent atttM increases rapidly with
increasing temperature. We have a semilog plot of
ixtRM vs r[=—1 —T//Ts(H) j and we have found that
~~RM increases exponentially with temperature as crtRM
=1.6exp( —r/0 17) . On . the other hand, the prefac-
tor A,„M decreases linearly with increasing tempera-
ture and the extrapolated value becomes zero at a tem-
perature a little below but close to Ts(H) . [Notice that
AtRM corresponds to the isothermal remanent magnet-
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FIG. 4. (a) Temperature dependence of the exponent a
for the algebraic decay or growth of MrRM or M "c The.
solid lines are the best fits by n = a exp( —r/b):nTxM
=0.48 exp( —r/0. 24) and aiRM = 1.6 exp( —r/0 17), respec-.
tively. (b) Temperature dependence of the prefactor A of
the algebraic decay or growth of MTgM or Mz"c. The dashed
lines are guides for the eye. The cooling field or the measur-
ing field is 3200 Oe.
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ization at r = 1 s. Therefore, it is natural that Aia& be-
comes zero at a temperature a little belo~ T~(H). l

These temperature dependences of atR& and AiR& in-
dicate that the irreversibility disappears at Tg(H) in a
manner that the relaxation becomes very fast and at
the same time the irreversible part of the magnetiza-
tion itself approaches zero. This fact strongly suggests
that Tg(H) is the temperature determining a phase
boundary. The temperature dependence of the ex-
ponent ~qR~ for the decay of Mzaivt is also well fitted
with an exponential function, ~q&~=0.48exp( —r/
0.24). The prefactor A&a~ changes also linearly with
temperature. A temperature where A&it~ is extrapo-
lated to zero is a little lower than that for AtR~, we be-
lieve that the difference between them is not essential.

Theoretically, a power-law dependence below Tg has
been predicted by calculations based on the mean-field
model6 and by computer simulations. 7'5 Qgielski in-
vestigated the dynamic behavior of a model of short-
range Ising spin-glasses7 which can be said to be a
representative of our system Fe05Mn05Ti03. He has
stated in his paper that in the spin-glass phase the de-
cay of the order parameter

q(t) = (Sx(0)Sx(r))

is fitted by a power law of time, q(t)~ t x", where
r —= 1 —T/T~. He has also described that variation of
the exponent X(7) with temperature above Ts seems
to be linear but different temperature dependence is
observed below rg. Since he did not give a functional
form of X(7) below T~, we read the values of X(r)
on Fig. 17 in Ref. 7 and made a semilog plot of X(r)
as a function of r. As a result, we have found that
X(r) below Ts is well described by an exponential
function of:X(r)= 0.07 exp( —r/0. 28), in which we
put Tz = 1.175 according to his choice.

Thus, the computer simulation done by Ogielski
reproduces very nicely the time-dependent behavior of
Fe05Mne 5Ti03, which is a short-range Ising spin-glass,
including the functional form of temperature variation
of the exponent for the algebraic decay. It should be
noted that the temperature dependences of the ex-
ponents nqaivi(r) and X(7) are very similar to each
other except for the values of prefactor of the ex-
ponential function. Ogielski has investigated the
dynamics of equilibrium fluctuations. Qn the other
hand, we have observed the nonequilibrium relaxation
of the system. Nevertheless, the similarity between
our experimental results and his computer simulation
is remarkable. This may intimate that the decay of
Mqa~ and the growth of M " can be treated as a re-
laxation of fluctuated deviations from equilibrium
obeying the fluctuation-dissipation theorem.

In conclusion, we have suggested the existence of a

thermodynamic equilibrium state in magnetic fields by
observing the growth of M" . We have also shown
that the time-dependent phenomena in an Ising spin-
glass are well described by an algebraic function. The
prefactors Aia~ and Azaivi decrease linearly with in-

creasing temperature and become zero at temperatures
a little below T~(H). The exponents ~ia~ and ~&a&
are also temperature dependent and they increase ex-
ponentially with temperature. We point out that a re-
cent computer simulation for short-range Ising spin-

glasses done by Ogielski gives a correlation function
with a similar algebraic decay including the functional
form of the temperature variation of the exponent.
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