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Spin-glass dynamics of La0.95Sr0.05CoO3
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Experimental studies of dynamic magnetic properties of a highly homogeneous sample of La0.95Sr0.05CoO3

perovskite evidence the existence of a low-temperature spin-glass phase. A dynamic scaling analysis of ac
susceptibility data according to conventional critical slowing down implies a finite spin-glass phase-transition
temperatureTg'14.6 K and a dynamic exponentzn'10.3. Low-field magnetic relaxation experiments show
essentially logarithmic magnetic relaxation and aging effects at all temperatures belowTg and that temperature
perturbations affect the relaxation function in a way that is characteristic for a low-temperature spin-glass
phase. Finally, it is also shown that ‘‘simple’’ remanent magnetization vs temperature curves, measured after
specific cooling protocols, can yield information on dynamic properties such as aging and memory phenomena.
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I. INTRODUCTION

Although the La12xSrxCoO3 ~LSCO! compounds do no
show a colossal magnetoresistance as do their manga
La12xSrxMnO3 counterparts, their magnetic behavior is ve
intriguing. In a pioneering work, Itohet al.1 presented a
phase diagram for the LSCO system where there exis
sharp change of the magnetic properties atx50.18; the
0.18<x<0.5 region is named ‘‘cluster glass’’ and a spi
glass~SG! phase is assigned to 0,x,0.18.

For the regionx>0.18, as reported in several previo
studies,2,3 glassy behavior is seen in compounds withx
50.5, which can be considered as a typical high Sr-con
compound of the ‘‘cluster-glass’’ phase. In a recent study
anx50.3 sample by Caciuffoet al.,4 neutron diffraction and
small-angle neutron scattering showed that short-range fe
magnetic correlation persists also at temperatures well ab
Tc . Both the number and sizes of the clusters slightly
crease with decreasing temperature but suddenly decrea
the temperature goes throughTc . Concurrent neutron-
diffraction results by Caciuffoet al.5 evidence the existenc
of ferromagnetic clusters with short-range correlations in
LSCO compounds with 0.1<x<0.3. However, in anothe
neutron-diffraction study by Satheet al.,6 ferromagnetic or-
dering was only observed forx>0.2. A concording result
from neutron-scattering studies is that antiferromagnetic c
relations are never observed.4–7

In the proclaimed spin-glass region, dynamic scal
analyses on anx50.15 sample have recently revealed th
there is no true SG phase at finite temperatures, altho
glassy dynamics is observed.8 A neutron-scattering study o
a La0.92Sr0.08CoO3 single crystal showed that the parama
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netic scattering increases steadily with decreasing temp
ture until a leveling off is observed belowTf524 K, the
same temperature as that where a freezing of the magn
moments is observed in magnetization measurement.7 This
observation suggests that the sample enters a spin-g
phase at low temperatures. Nevertheless, short-range f
magnetic correlation was still observed at all measuring te
peratures belowTf and also up to temperatures as high
600 K; the derived correlation length is about 8 Å and do
not change significantly with temperature, even when pa
ing throughTf . The authors suggested that the spin-gla
behavior could be caused by long-range Ruderman-Kit
Kasuya-Yosida type interaction between the magnetic c
ters. In addition, it has recently been proposed that in
LSCO compounds there is a formation of polarons—wh
might correspond to magnetic clusters—originating from
cal Jahn-Teller distortions.9

Contradictory results on the magnetic properties of LSC
samples of similar nominal composition have been repor
by different research groups. This fact reflects the difficult
related to fabricating high-quality LSCO materials, e.g.,
seems exceedingly difficult to obtain a fully homogeneo
distribution of Sr21 ions. Several magnetic properties of th
LSCO system are thus still not unambiguously settled. T
is especially true for the low Sr-concentration compoun
where the magnetic properties of the stoichiometric ph
may be masked by ‘‘ferromagnetic cluster’’ effects arisi
from an inhomogeneous distribution of the Sr21 ions.

One of the remaining open questions for the LSCO s
tem is whether there exists a true spin-glass phase or n
low Sr concentrations. We have fabricated a high-qua
La0.95Sr0.05CoO3 sample and investigated its magnetic d
8989 ©2000 The American Physical Society
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8990 PRB 62NAM, MATHIEU, NORDBLAD, KHIEM, AND PHUC
namics by ac susceptibility, dc magnetization and tim
dependent magnetic relaxation experiments. The results
strong evidence for the existence of a low-temperature s
glass phase.

II. EXPERIMENTS

The La0.95Sr0.05CoO3 compound was prepared by th
standard solid-state reaction method. Stoichiometric amo
of La2O3, SrCO3, and Co3O4 were carefully mixed in etha
nol. The dried powder was pressed into pellets and calci
at 1423 K in air for two months with several intermedia
grindings. Afterwards, the calcinated pellets were sintere
1623 K for 12 h and then slowly cooled down to room te
perature. The final product was examined by x-ray diffra
tion technique showing a single phase material of rhom
hedral structure.

The temperature dependence of the zero-field-coo
~ZFC!, field-cooled~FC!, thermo-remanent~TRM!, and iso-
thermal remanent~IRM! magnetization was measured usi
a Quantum Design MPMS5 superconducting quantum in
ference device~SQUID! magnetometer. In the ZFC measur
ments the sample was cooled from room temperature to
in zero field before the application of the magnetic field. F
the FC and TRM measurements the sample was cooled i
applied field to 5 K, which was switched off at 5 K for th
TRM measurements. TheMZFC(T), MFC(T), MTRM(T), and
M IRM(T) data were all recorded during reheating. A Lak
shore 7225 susceptometer was used for the ac-suscepti
measurements at the frequenciesv/2p515, 125, and 1000
Hz. Low-frequency data (v/2p551, 5.1, 1, 0.51, 0.1, and
0.051 Hz! were measured using a Cryogenic S600 SQU
susceptometer. Relaxation of ZFC magnetizationm(t) and
temperature cycling experiments were made in a nonc
mercial low-field SQUID system.10 In these experiments, th
sample was cooled in zero field from a reference tempera
of 270 K to a measuring temperatureTm and kept there a
wait time tw before the application of a small probing fieldh.
m(t) was then recorded as a function of the time elap
after the field application. In the temperature cycli
experiments,11 the sample was additionally subjected to
temperature cycleDT just after the wait time and immedi
ately prior to the application of the magnetic field.

The field-cooling history dependence of the reman
magnetization was investigated using special experime
procedures that will be described below.

III. RESULTS AND DISCUSSION

A. dc magnetization and ac susceptibility

The main frame of Fig. 1 shows the temperature dep
dence ofMZFC(T) andMFC(T) in an applied field of 20 Oe
MZFC(T) exhibits a cusp at about 15 K and coalesces w
MFC(T) at a slightly higher temperature. These features
the dc-magnetization are also the most simple signatures
conventional spin glass. It is worth noting that for this LSC
sampleMZFC(T) andMFC(T) coalesce just above the cusp
the ZFC curve, an indication that the sample has a hig
homogeneous distribution of Sr21 ions.

The inset of Fig. 1 shows the in-phase component of
ac-susceptibility vs temperature at three different frequ
-
ve
n-

ts

d

at
-
-
-

d

r-

K
r
an

-
lity

-

re

d

t
al

n-

h
f
f a

ly

e
-

cies. x8(T) attains a maximum atTf that shifts towards
higher temperatures with higher frequencies. Below
maximum, the magnitude ofx8 is frequency dependent, bu
it becomes independent of frequency at temperatures
aboveTf . This behavior is qualitatively similar to that of
conventional spin glass. With decreasing temperature fr
the paramagnetic state the relaxation time of the spin g
slows down leading to a divergence of the maximum rel
ation time atTg , where the system enters the spin-gla
state. The frequency-dependent maximum inx8 indicates the
freezing temperatureTf where the maximum relaxation time
t, of the system is equal to the characteristic timet51/v set
by the frequency of the ac-susceptibility measurement.
measuring the variation ofTf in a wide range of frequencie
we can judge if a spin glass phase is approached by a fi
the data to conventional critical slowing down,12

t

to
}S Tf2Tg

Tg
D 2zn

.

The best fit, which is displayed in Fig. 2, usesTg'14.6 K,
zn'10.3 andto'2.3310210s. The obtained magnitude o
to is larger than in conventional spin glasses (to'10213s).
It is however still of reasonable size, since the microsco
magnetic entities in LSCO probably are not single atom
spins, but nano-sized clusters of ferromagnetically coup
spins. The value ofzn is consistent with that of conventiona
three-dimensional~3D! spin glasses.13

B. Relaxation and aging

The relaxation time of a spin glass diverges atTg , and
remains infinite also at lower temperatures. In this tempe
ture region, the spin glass exhibits slow logarithmic rela
ation on all time scales as well as aging phenomena.14 The
time dependence of the zero-field-cooled magnetizat
m(t), of La0.95Sr0.05CoO3 measured in the spin-glass phase
plotted vs logt in Fig. 3~a!. In the relaxation measuremen
depicted in this figure, the system was kept atTm510 K for
different wait times,tw5102, 103 and 104 s, in zero field

FIG. 1. MZFC andMFC vs temperature using an applied field
20 Oe. The inset showsx8(T) using an ac field of 10 Oe at differen
frequencies 15, 125, and 1000 Hz. All data were measured
heating.
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PRB 62 8991SPIN-GLASS DYNAMICS OF La0.95Sr0.05CoO3
before the magnetization was recorded as a function of t
elapsed after the field application. The shape of them(t)
curves changes with changingtw , implying an age-
dependent phenomenon. The most striking feature being
all them(t) curves have an inflection point at an observat
time closely equal totw . In Fig. 3~b! the corresponding re
laxation rates,S(t)51/h„]m(t)/] log10 t…, are plotted vs
log10 t. The curves show a maximum at the observation ti
where the inflection point is observed in the correspond
m(t) curves. A similar aging behavior is observed at oth
finite temperatures belowTg .

One early theoretical approach that predicts aging effe
in spin glasses is the droplet model15 in which the maximum
of the relaxation rate can be interpreted to be associated
a crossover from quasiequilibrium dynamics at short obs
vation times (t!tw) to nonequilibrium dynamics at long ob
servation times (t@tw). Aging phenomena in glassy system
are currently subject to intense theoretical work.16 Results
from Monte Carlo simulations for two- and three
dimensional Ising spin-glass systems show that the re
ation rateS(t) indeed exhibits a maximum att'tw .17 How-
ever, nonequilibrium dynamic effects in the magne
relaxation very similar to those reported here f
La0.95Sr0.05CoO3, have also been observed in a variety
disordered and frustrated systems including some mixed
lent perovskites (R,A)MO3 such as La0.85Sr0.15CoO3,8

La0.5Sr0.5CoO3,2,18 Nd0.7Sr0.3MnO3,19 and Y0.7Ca0.3MnO3.20

Low fields are required to probe intrinsic nonequilibriu
dynamics of frustrated and disordered magnets. A too str
field will disturb the equilibration process and modify th
dynamics. However, under a sufficiently low field the syst
yields a linear response indicating that the field does
affect the intrinsic dynamics of the spin glass. An examin
tion of field dependence of the response of our sample a
K is presented in the inset of Fig. 3~b!. The fiveS(t) curves
measured in 10, 15, 20, 25, and 30 Oe all virtually me
into one line, i.e., a linear response is observed at leas
fields up to 30 Oe for this temperature. Compared to m
other disordered and frustrated systems, the dynamic
La0.95Sr0.05CoO3 appears to be rather robust to magne
fields. The CMR ferromagnet Nd0.7Sr0.3MnO3 does not show

FIG. 2. The best fit ofTf(v) data extracted from ac susceptib
ity measurements tot/to5@(Tf2Tg)/Tg#2zn. Tg514.6 K andzn
510.3.
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linear response even in fields as low as 0.2 Oe and obs
able aging is erased in fields above 2 Oe.19 Studies on a
re-entrant ferromagnet21 show that the dynamics is mor
fragile in the ferromagnetic phase than in the spin-gl
phase. The rather high fields up to which our sample sho
linear response may be considered as indicative for a
glass phase, but it is also a consequence of a rather
susceptibility of the sample.

Results from temperature cycling experiments can

used to distinguish SG states22,23 from other aging magnetic
systems. Temperature cycling experiments on spin gla
have shown that an aging state established atTm during a
wait time at constant temperature is fully re-initialized by
large enough positive temperature cycleDT, but remains un-
affected by a negative temperature cycleDT. I.e., the relax-
ation rate curve measured without a temperature cycle
the one with a negative temperature cycle of short dura
are indistinguishable from each other, both showing a p
nounced maximum at an observation time closely equa
tw . A relaxation curve measured after a large enough p
tive temperature cycle however becomes fully reinitializ
and similar to the relaxation curve measured immediately
reachingTm after cooling from a temperature aboveTg .
Studies on a re-entrant ferromagnet23 show that in the re-

FIG. 3. ~a! Relaxation of the ZFC magnetization,m(t) vs log10 t
and~b! the corresponding relaxation rateS(t) vs log10 t recorded at
Tm510 K in a field of h510 Oe after different wait timestw

5102, 103, and 104 s in zero field. The inset shows the relaxatio
rate measured in 10, 15, 20, 25, and 30 Oe, respectivelytw

5103 s.
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8992 PRB 62NAM, MATHIEU, NORDBLAD, KHIEM, AND PHUC
entrant spin-glass phase the behavior is similar to a con
tional spin glass, while reinitialization occurs in the ferr
magnetic phase irrespective of the sign ofDT. A similar
non-SG like behavior has also been seen in frustrated
disordered ferromagnets, i.e. the systems are reinitialized
both positive and negative temperature cyclings,DT.18,19

The temperature cycling results for La0.95Sr0.05CoO3 dis-
played in Fig. 4 show characteristics of a conventional s
glass. In these experiments, the sample was aged fotw
5103 s in zero field atTm510 K before it was subjected to
temperature cyclingTm1DT. When Tm was recovered, a
probing field of 20 Oe was applied and the relaxation of
magnetization was recorded. TheDT5` curve corresponds
to S(t) with tw50 and shows a maximum at an observati
time related to the ‘‘effective wait time’’ governed by th
cooling rate and the time needed for thermal stabilizat
when approachingTm . It is seen from the figure that fo
positive temperature cyclesDT.0 of increasing magnitude
the original aging maximum ofS(t) at t'103 s is suppressed
and a new maximum appears at a short observation t
while for DT,0 @Fig. 4~b!# all measuredS(t) curves are
closely identical implying that the aging states remain vir

FIG. 4. S(t) recorded atTm510 K after positive~a! and nega-
tive ~b! temperature cycles. A field of 20 Oe and a wait time
103 s are used for all the measurements. Cycling temperaturesTm

1DT: ~a! Positive temperature cycles:DT50, 1.0, 1.5, 2.0, and 3
K. The curve markedDT5` is S(t) measured after a positiv
cycle which heats the system aboveTg . ~b! Negative temperature
cycles:DT50, 24, and25 K. The relaxation rate appears una
fected by the negativeDT’s.
n-

nd
or

n

e

n

e,

-

ally unaffected by the temperature cycle, independent of
magnitude. I.e., a behavior characteristic to a spin-gl
phase is observed.

It should be noted in this connection that the FC mag
tization becomes cooling-rate dependent at temperat
close toTg and below. Consequently, the FC magnetizat
also relaxes if the temperature is kept constant in this te
perature range. This relaxation of our La0.95Sr0.05CoO3

sample shows the characteristics of the relaxation
the field-cooled magnetization of an ordinary spin-gla
phase:24–27 a downward relaxation of the field-cooled ma
netizationMFC(t) is observed well belowTg whereas only
an upward relaxation is seen close to and slightly aboveTg .

C. Temperature memory effect

The fact that a negative temperature cycling does not
fect the aging at the higher temperature is the simplest
ample of a ‘‘memory effect’’ in spin glasses. More sophis
cated examples of memory phenomena have recently b
reported and illustrated by low-frequency ac susceptibi
experiments.27–29 In these experiments, the magnetic mem
ries are created by intermittent halts at constant temperat
Ts,Tg of durationts during cooling from aboveTg . A halt
at constant temperature allows the system to relax toward
equilibrium state atTs , causing a decay of the magnitude
both components of the low-frequency ac-susceptibility. T
equilibrated state becomes frozen in on further lowering
temperature, and can be retrieved on reheating. A mos
triguing fact in these experiments is that equilibration at o
high temperature has no influence on the behavior only a
kelvin below ~outside a region of overlap!. That is, if a sec-
ond halt is made at a lower temperatureTs8 , an independent
aging process occurs, that appears indistinguishable from
aging process observed on cooling without a stop at
higher temperature. This indicates that the equilibrium sta
at the two temperatures are different or chaotic. However
spite of an obvious reconfiguration of the spin structure
Ts8 , there is a full memory of the original equilibration atTs

when this temperature is recovered on heating.~The weak
low-frequency ac field employed in this kind of experime
does not affect the nonequilibrium processes that are int
sic to the sample, but works only as a nonperturbing prob
the system!.

To further illustrate the memory behavior and the agi
phenomenon, we show in Fig. 5~a! results on the temperatur
dependence of the remanent magnetization. The ther
remanent~TRM! and isothermal remanent~IRM! are mea-
sured on heating the sample in zero field from a low te
perature. The different curves have been measured a
cooling the sample using a protocol described below:

~1! The sample is cooled in constant fieldHo ~TRM! or
zero field~IRM! from a reference temperature aboveTg to a
stop temperatureTs , where the sample is kept a stop timets1
without changing the field.

~2! A field change is made: In the TRM case the field
either cut to zero~zero-field stop, ZFS! or kept constant
~field stop, FS!; for the IRM, Ho is applied. The new mag
netic field value is kept during a timets2.
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PRB 62 8993SPIN-GLASS DYNAMICS OF La0.95Sr0.05CoO3
~3! The field is then switched back to its initial value an
the sample is immediately cooled to a lowest tempera
Tmin , where

~4! the field is cut to zero~TRM! @or kept at zero~IRM!#
and the remanent magnetizationMTRM(T) ~denoted as
TRMZFS and TRMFS for the case of ZFS and FS, respe
tively! or M IRM(T) ~denoted as IRM! is measured on heatin
the sample at a constant heating rate.

Figure 5~a! shows two different TRMZFS curves, two
TRMFS curves, and two IRM curves all usingTs511 K. The
different curves are measured for two different values ofts1:
0 s and 3000 s, respectively, and in all casests253000 s.
There are also two reference curves plotted in the figure.
ordinary TRM curve, i.e., the sample is directly cooled
Tmin55 K, where the field is switched off and the remane
magnetization is recorded on heating. The other is the z
field reference curve which is measured after cooling
nominal zero field and recording the magnetization on
heating in the same nominal zero field.

There is a significant difference between the reman
magnetization curves in Fig. 5~a! measured using differen
stop times,ts1 in constant field. During the stop at consta
temperatureTs , the system ages and the response to a fi
change duringts2 alters, ~c.f. Fig. 3!. A longer wait time
gives a smaller change of the magnetization. When the fi
is recovered an unperturbed response is maintained du

FIG. 5. ~a! The remanent magnetization vs temperature m
sured using a cooling protocol as described in the main textTs

511 K, Ho520 Oe.~b! The difference between the pairs of curv
shown in~a!: DIRM, DTRMZFS, andDTRMFS. The inset shows
the difference (DTRMZFS2DIRM) andDTRMFS ~which is marked
by the same symbols as in the main frame!.
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about 1 s, then the cooling is recaptured and a part of
excess magnetization lost or gained duringts2 is frozen in.
Looking again at the curves in Fig. 5~a! and comparing the
ts150 s to thets153000 s, we see that the 0 s curve lies
significantly below the 3000 s curve for TRMZFS whereas the
0 s curve lies above the 3000 s curve for IRM. This effe
tively illustrates the influence of aging on the magnetic
laxation of our system. Looking at the TRMFS curves and
comparing these to the reference TRM, we see that the
TRMFS curves lie significantly above the reference curv
i.e., there has been a considerable reinforcement of the
structure during the total stop timets11ts2 at constant field
and temperature.~Although there is a small downward relax
ation of the FC magnetization during the stop at 11 K, t
dominating influence of the equilibration process atTs is to
reinforce the spin structure causing a slower decay of
TRM when passing throughTs .) On the other hand, the
difference between stopping 3000 and 6000 s atTs is signifi-
cant but comparably smaller. Looking at the overall beh
ior, the IRM remanence disappears rapidly when the te
perature increases aboveTs . The TRMZFS and TRMFS
curves similarly coalesce at a temperature somewhat ab
Ts , but remain finite up to a temperature slightly aboveTg .
~There is also a weak tail in the TRM curves up to a te
perature a few degrees higher thanTg that may indicate a
marginal influence of Sr-ion inhomogeneity in the sample!

FIG. 6. ~a! TRMZFS vs temperature using different values ofts

as indicated in the figure.~b! TRMZFS vs temperature halting at 14
11, and 8 K; 14 and 11 K; 14 K and a reference curve withou
halt. The stop times at each halt are equivalent,ts5104 s.

-
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Provided the experiments are made at low enough fi
where there is a linear response to a field change and one
relate the results from different relaxation experime
through the principle of superposition. This implies, e.
that30

MZFC~ tw ,t !5MFC~0,tw1t !2MTRM~ tw ,t !.

Figure 5~b! shows the difference plots of the TRMZFS and
IRM curves shown in Fig. 5~a! giving a direct measure of th
frozen-in excess magnetization due to aging. Also plotted
the figure is a difference plot of the TRMFS curves. The inset
shows a plot ofDTRMZFS-DIRM and DTRMFS, the two
curves look very similar and suggest an increased validity
the superposition principle to apply also to the temperat
dependence of the frozen-in excess magnetization of a
glass.~DIRM reflectsMZFC, DTRMZFS reflectsMTRM , and
MFC corresponds toDTRMFS.)

To further illustrate the possibility to usefully investiga
rather complicated dynamic properties by simpleM vs T
experiments, we show in Fig. 6~a! TRMZFS curves measured
after different halt timests at Ts511 K. ~In these experi-
ments,ts150 and ts2[ts .) The halt times are logarithmi
cally spaced and the corresponding TRMZFS curves conse-
quently show almost equidistant separation at l
temperatures. The different curves merge with the refere
curve at higher and higher temperature with larger value
ts . Figure 6~b! shows an example of a multiple memo
behavior in the spin-glass phase. The figure shows TRMZFS
curves where a sequence of 0, 1, 2, and 3 stops have
made during cooling. Among the curves are also refere
ones employing 0, 1, and 2 stops at the same tempera
and for equivalent stop timets5104 s. All curves merge with
the corresponding reference curves just above their low
common stop temperature. A memory phenomenon sim
to this is expected to occur in a system with independ
relaxing entities governed by thermally activated relaxati
n
,
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It is more surprising that a spin glass in a nonequilibrium a
chaotic phase allows such a multiple memory of ‘‘historic
dynamic processes. Similar experiments were performed
a canonical AgMn 3D spin glass31 to check the validity of
the method.

IV. CONCLUSION

We have found that a highly homogeneo
La0.95Sr0.05CoO3 has dynamic magnetic properties indisti
guishable from those of a 3D spin-glass phase. A dyna
scaling analysis using conventional critical slowing down
dicates a finite transition temperature to the spin-glass ph
at Tg'14.6 K. Long time relaxation and aging effec
were observed at all temperatures in the spin-glass ph
Temperature cycling experiments also confirm th
La0.95Sr0.05CoO3 has a low-temperature spin-glass pha
The existence of a spin-glass phase evidences disorder
frustration; i.e., there is a random distribution of ferroma
netic and antiferromagnetic interaction in the system.

We have also introduced a simple dc-magnetizat
method, that is applicable to most commercial magnetom
ters, to derive rather sophisticated knowledge about the
namics of complex slowly relaxing magnetic systems.
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