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Coexistence of ferromagnetic and glassy behavior in the L@aSr, sCoO; perovskite compound
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Dc magnetization, ac susceptibility, and zero-field-cooled relaxation measurements are carried out for a
cluster glass compound of §.&6r, sCo0O;. The temperature dependence of the magnetic properties could be
distinguished into two regimes: a high-temperature regime with the time-independent parameters originating
probably from the intracluster ferromagnetism, and a lower-temperature regime where the freezing of clusters
takes place with a considerabe frequency dependence of a shoupddnand a hump iny”(T). The cusp
in M2ze(T) atT,, as well as the high-temperature maximumyi{T) are discussed in terms of an existence
of the local anisotropy inside the clusters. The high-temperature maximyf() is interpreted in connec-
tion to the reversibility temperatur@&, . Empirically, we foundT, o« —H while T, —H%58 We report also the
long-time relaxation and the ageing phenomenon in this compound. The ageing effect is much more pro-
nounced in the ferromagnetic state than in the cluster glass state and the system does not reach equilibrium for
time scales up to T0s. The relaxation and ageing effects are attributed to the cluster growth slowed down by
the presence of the frustratigf$0163-1829)00105-9

. INTRODUCTION as a typical CG member of the LaSr,CoO; system in
several studie$>’ Itoh et al. observed a large difference be-

The substitution of S for La®* in La, _,Sr,CoO; con-  tween zero-field-coole@FC) and field-cooled FC) magne-
verts an adapted number of the trivalent Co to tetravalent Ctization, M ,-(T) and M(T) respectively, and a cusp in
introducing a predominantly ferromagnetiEM) order due  Mz(T), but could not observe the ageing effect, a signa-
to the double-exchange interactions betweefi"Cand Cd' ture of a variety of frustrated ferromagnets. Moreover, a
ions}~3 On the other hand, the €6—Cc®" and C4* comparison of the static and dynamic response of this CG to
—Cd*" couplings are antiferromagneti&F) due to the su- those of SG, reentrant spin glag®SG), and canted spin
perexchange interactions. Frustration may appear in conseystems by magnetic measurements has been pregented.
guence of the coexistence and the competition of AF and FMhis paper, we represent the magnetic properties of the
interactions. Randomness may be achieved by the randob®g, sSr, Co0O; compound verified from the magnetic mea-
occupation of the different valence Co ions in the crystal.surements. The physical meanings of the specific tempera-
These conditions may be sufficient for the system to possegsres of the system are analyzed and phenomenologically
spin-glass-like behavior at low temperature if AF and FMdiscussed in terms of intracluster ferromagnetism and mag-
interactions are comparable. netic glassy behavior of the cluster system. The time-

Recently, the magnetic phase diagram ofdependent magnetization(t) and the relaxation ratg(t) at
La, _,SK,CoO; (x=<0.5) has been reportéd,in which the 10 and 180 K, with wait times of £010°,10* s, are also
system with x<0.18 was reported as a spin-glaéSG presented. The results are discussed in the light of the “drop-
phase. Atx=0.18 there is a very sharp transition of the mag-lets” modef®!° adopted for the ferromagnetic clusters.
netic characterization and the system was identified as
“cluster-glass” (CG) with 0.18<x=<0.5. A remarkable fea-
ture of the system is that its magnetic behavior changes dras-
tically with x in the SG region while it changes only slightly ~ The La sSrpsCo0O; compound was prepared following
asx increases from 0.2 to 0.5. From ac susceptibility resultsthe conventional solid-state reaction method. X-ray diffrac-
the behavior of La_,Sr,CoO; has been explained by rather tion shows that the sample is of almost single phase with
complicated interaction processes caused by the transitiorcaibic structure. There is an indistinct peak in the x-ray-
of spin states of Ct" ions® diffraction pattern indicating a possible signature of CoO,

The La sSrp sCo0; compound has recently been chosenwhich is known as an antiferromagnet with=291 K.

II. EXPERIMENTS
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FIG. 1. Typical Mz(T) and Mg(T) measured at 100 FIG. 2. The field dependences of the reduced temperatijres
(circles, 300 (diamonds, and 500 G(triangles. The empty sym- =T, /T, (triangles and,=T, /T, (dotted squargsThe solid lines
bols are forM ;£<(T) and the solid symbols fal .(T). Mz(T)  are the fitting results showing thate —H and 6, —H%% Some
attains a maximum at temperature denotedThyand T, the tem-  data points are extracted from Fig. 1
perature wherdM (T) and M (T) start deviating. See text for

detail. that these reduced temperatures could scale Mithas

However, our magnetic measurements show no anomaly AT

around 291 K implying an as small as negligible amount of Oq,x1— T—HQX. Q)
the CoO remnants. The magnetization measurements were ¢

performed by a Quantum Design MPMS superconductingrpg pest fits are obtained witha~0.36 andn~ 1.0 for the
qguantum interference devi¢€QUID) magnetometer. In the case off, and Car~2.37 andn~0.58 for the case of,.
ZFC measurements the sample was cooled down from roof,, s whereT, is replaced by the spin-glass transition
temperatured 5 K in zero field before a measured field was temperature, mean-field theory prediots 2 and this value

applied. In the FC measurements the sample was cooled |g iy endorsed by very many experimental results. How-
an applied field from room temperature to 5 K. All of _the ever, this is only a necessaflyut not a sufficientfeature of
Mzec(T) and Me(T) data was collected during warming 5 G transition. In ordinary SG systems, the cusp in
the sample up to 300 K. The temperature-dependent ZFGy ~_ 1y is governed by SG dynamic transition and usually
susceptibility measurements were carried out in a CoOmMmelshqarved in the temperature region where the SG transition
cial Lakeshore 7225 susceptometer using the same ac aPes place. We assume that, in ok8r,<Co0O;, the
plied field H;?°=10 G for frequencies,/2m=15, 125, and 1 (T) cusp may be governed by a local anisotropy field
1000 Hz. A noncommercial SQUID magnetometer was Used cting on the spins inside each cluster. Magnetic moments of
for the relaxation measurements. The sample was rapidle spins may be frozen in directions energetically favored
cooled in zero field from a reference temperature of 270 K q,y their |ocal anisotropy or by the external field if the system
the measured temperaturgs,, and was kept for different g cooled down from high temperature in a zero or nonzero
wait timest,,. The .relaxat|on Qf magnetizatiom(t) was _ field, respectively, leading to a difference betweép:(T)
recorded as a function of the time elapsed after an appllcaandMFC(T)_ In this case, probably, there would be a com-

tion of a probing fielch=0.5 G. petition between the local anisotropy and the influence of the
external field acting on the spin moments. The former is
Il. RESULTS AND DISCUSSION predominant af <T, and so is the later at>T,. We thus

suppose that the broad cuspTgt marks a crossover region
where the average anisotropy energi(T)=HyT)

In Fig. 1 some typicaM ze(T) andMg(T) curves with  AM(T), hereH,(T) andM(T) are the temperature depen-
different applied fields$H,, are presented. The paramagneticdences of the average anisotropy field and magnetization
(PM)-ferromagnetic phase transition occurSgt=250 Kin  vectors, respectively, and the enerfy(T)=Hq/\M(T)
accordance with that of l,aSr, CoO; reported in several caused by the external field, are comparable. In the revers-
previous studiés>’” and M ,-<(T) shows a cusp, namely at ibility region, T=T,, the sample would be substantially
T,, where it attains a maximunM zec(T) andMe(T) are  “saturated” in the applied field.
substantially identical in a regioh,<T=<T_ implying a re- In our measurements, there is still a slight field depen-
versibility of magnetization,T, denotes the temperature dence of magnetization in the reversibility region and the
whereM z-(T) and Mg(T), with a fixed field, start merg- lack of a complete saturation in high fieldsp to 5.5 7
ing. With higher fieldsT, and T, both shift to lower tem- indicating an existence of some magnetic moments being
peratures and thisl ,-(T) cusp is broadened. In an attempt misaligned with the applied field. The misaligned moments
to compare to ordinary SG in validity of the De Almeida- might either be associated to some related impurities or, as
Thouless(AT) line we have plotted the reduced tempera-supposed in Ref. 9, be attributed to the moments not belong-
tures0,=T,/T. and 6, =T, /T, vs He, in Fig. 2 and found ing to the ferromagnetic clusters and retain their random ori-

A. dc magnetization
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2 ——— ] the coercive force but also the saturated magnetization lead-
L 25 T, 1 ing to an abrupt decrease pf(T) towards zero. So, it seems
320 \9 ] that the temperature position of this maximum is correspond-
L5 jf, 15 A ing to T, observed in the dc magnetization measurements.
gb L & 10 Because there is no hysteresis of magnetization in the PM
= %5 phase,T. should be determined as the position whet€T)
e LE o ] is essentially equal to zero as indicated in Fig. 3.
g We want to emphasize that because of the small differ-
= os | H, =10 G (rms) 1 ences betwee,, T,, and T., especially in low fields
L ;1 which are usually applied for ac susceptibility measure-
L }(z)(S)OHI-ZIz ™ | mgnts, one might thgrefore eqsily be confused and determin.e
0 L I mistakenly the physical meanings of these temperature posi-

0 50 100 150 200 250 tions. Our arguments fof, and T, are also_in agreement
T(K) with the results reported by l\_/lukherjeﬂ al,’ whc_) fqgnd _
that the high-temperature maxima in the susceptibilities shift
FIG. 3. x/(T) measured with ac fieltH™=10 G for w/2m 1O lower temperature with an increase of ac field amplitude
=15 (diamond$, 125 (squarel and 1000 Hzcircles. The inset ~Whereas no frequency dependence of these maxima is ob-
showsy’(T) correspondingly. The arrows mark the specific tem-served. Furthermore, also reported in Ref. 7, there is no dif-
peratures. See text for detail. ference between ZFC and FC susceptibilities above these
maxima. The frequency independencelgfand T, convinc-

entations. However, we suggest that this or maybe all théngly indicate that the high-temperature maximaxh(T)
behavior mentioned above are very similar to those of @nd x"(T), together with the cusp iMzc(T) are entirely
canted spin system and we should consider seriously the pi@ssociated with the FM state originated from the intracluster
ture of local spin distortions introduced by De Gennes forferromagnetism and, unlike canonical SG systems, not asso-
La;_,CaMnOs,° taking into account the possibility of Cciated to the freezing of the magnetic moments. This behav-
bound states and the self-trapping of Zener electfdnghat ~ i0r of LagsSihsCo0; is somehow similar to that of a reen-
picture, there is a nonhomogeneously canted arrangement BNt spin glass, (ReNigg7sP16BsAls, where in the high-
spins surrounding the hole impuritiéfsr instance, St* ions ~ temperature FM phase, there exists in susceptibilities a field-

in the present cagdorming the clusters as a result of the dependent cusp governed by coercive fdre'*
double-exchange couplings. With lowering temperature, the cluster glassy behavior is

exposed by a shoulder jp'(T) at T; and a hump in”(T)

at Tf as marked by the arrows in Fig.(8ee Fig. 3 and the

inset thereip T; andT{ are frequency dependent and con-
ac susceptibility measurements are a compatible techsiderably shift to lower temperatures with lowering fre-

nique usually used to search for the magnetic glassy behavigfuency. The exact position of the shouldendf(T), T;, as

in a material. In Fig. 3, we present the temperature depenye|| as its frequency dependence is rather difficult to deter-

dence of the ZFC out-of-phase susceptibift{T), the inset  mine. The hump in¢"(T) is much clearer and is determined

shows the corresponding in-phage(T). At about 250 K, 4¢ T/~164.5, 167.5, and 175 K fow/27w=15, 125, and

both the susceptibilities abruptly and rapidly decrease 4 900 Hz, respectively. An attempt at fittirig (w/27) data
zero, exhibiting the FM-PM phase transition. Despite theto conventional slowing down

time-dependent dynamics due to the blocking process of the
clusters, the temperature dependencg 'dfT) including the - (T’{—Tf) —zv

B. ac susceptibility

maximum at 240 K may be qualitatively explained similarly —
To

@

as we have dealt wittvl;c(T) implying a resemblance in Ti

physical meaning of this maximum to the cusp observed inyivesT,;=162.6 K, while T=157.7 K is obtained by fitting
the dcMze(T) curves. This maximum is frequency inde- g the Volgel-Fulcher scaling law,

pendent and being positioned by the ac field amplitude. On
the other hand, as can be seen in Fig. 3, there also exists a
maximum iny”(T) at 240 K independent of frequency. Thus
the two maxima iny’ (T) andy”(T) seemingly appear at the
same temperature. However, we suppose that they may bithese values are all relatively higher than those reported in
not associated and might be differently originated. It is wellRef. 7 leading to suggestion that the average size as well as
known thaty”(T) reflects the magnetic energy dissipation inthe distribution of the clusters may vary in samples prepared
the sample and, naturally in this cagé(T) is proportional by different methods. In fact, a drastic change of the mag-
to the area of the hysteresis loop within one period of the ametic and electrical properties of the samples prepared by
field at an equilibrium temperature. The high-temperaturadifferent synthesis techniques has recently been repbtted.
maximum in x”(T) is therefore assumed to appear at theOne may therefore connect the glassy behavior of
temperature where the sample is substantially saturated whésa, sSr, sCoO; to the blocking of superparamagnetic single-
the field has just reached to the peak value of the ac ampldomain particles, where the freezing process is resulted from
tude and the hysteresis loop area has therefore an extrerae distribution of particle sizes and therefore relaxation
value. Further increasing temperature will reduce not onltimes®® If we consider the system as an assembly of clusters,

T ”
_OceEa/k(Tffo). (3)
To
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FIG. 4. x"(T) measured witH1*=10 G for w/27=15 (dia- 12 b
monds, 125 (squares and 1000 HZcircles in a superimposed dc - () T,=10K
field of 500 G. The inset shows an enlargement of the correspond- _ 10 | ~100
ing x'(T) around the freezing temperature. The arrow marks the *g ‘ ty= § oooo"
singular point around 230 K in consistence 1§ with Hg, 28F ° t,=1000's
=500 G shown in Fig. 1. 3 a
w O
for a certain field and frequency, with decreasing tempera- 4
ture, the larger size clusters will be frozen at higher tempera- )
ture when their relaxation time becomes longer than the
characteristic time of the measurement=2=/w. We sup- oL v
pose that, being strikingly differerfand additional to the 101 100 101t( )102 103 104
S

conventional superparamagnetic single-domain particles, the

clusters in Lg Sty sCoO; would also change their sizes with . o

temperature, and together with the presence of frustrationh F|G|' 5. ZFC relaxation magnetlzatlon(_t) @ anql k(]:orre_sp_ond-

leading to a long-time relaxation and an age-dependent e —g_re axation rateS(t) (b) measured aly,=10 K with wait time
. . . .. t,=100 (circles, 1000 (squares and 10000 gtriangles using

fect, which we discuss in Sec. Il C. Another characteristic robing fieldh=0.5 G

feature is that the intercluster couplings in this system are n(ﬁ D

negligible and hence their effects may be inevitable. ] ) o

Figure 4 presents”(T) measured in a superposed dc time-dependent relaxat|pn of the ZFC magnetizatioft)

field of 500 G. The susceptibility is drastically suppressed byneasured af,=10 Kwitht,,= 1¢?,16°,10° s and the cor-

the biasing field. There is a notable abrupt decreagg () responding relaxation rates

towards zero at around 230 @narked by an arroy This

anomaly seems frequency independent in position and prob- 1 am(t)

ably is according to the high-temperature maximunyi(iT) S(t)=— .

measured with the zero-biasing field plotted in Fig. 3. Inter- h dlnt

estingly, the temperature value of this anomaly is quite con-

sistent with the value of, for the case of 500 G dc applied The similarly measured procedure is also applied for the re-

field (Fig. ). Moreover, the application of the superposed dclaxation measurements at,=180 K and the results are

field would tend to order the spins in the field direction andpresented in Figs.(8) and &b). It is clear that the relaxation

therefore hinder the randomly freezing process of the clusterate, at both measured temperatures and with all the wait

moments causing a drastic shift 8f to lower temperature. times, attains a maximum at the elapsed time very close to

Another remarkable feature is thgt(T) seemingly tends to the wait time indicating convincingly an age-dependent ef-

be frequency independent at low temperature for both casefgct, which is often observed in SG, and recently, even in the

4

with and without a superimposed fie(figs. 4 and Bindi-  ferromagnetic phase of a reentrant spin dfa¥s™and the
cating a rather slow response of the system to the probintyvo-dimensional random-exchange Ising ferromagnet
field with the measured frequencies. Rb,Cuy §C00 11F4 . 121" Furthermore, those reports show that

the relaxation rate in the FM phase is much more pro-
nounced than that in the SG phase. In comparison, a similar-
ity of the ageing effect is found for l,aSr, :CoO;, as one

In contrast with the results previously reported in Ref. 4,can compare in Figs.(B) and Gb), that the relaxation at 180
for LaysSrp sCo0;, we have observed the long-time relax- K is much faster and even stronger than that at 10 K. Using
ation of magnetization and the ageing effect with time scaléhe phenomenological domain growth theory for interpreting
as long as 19 s. The ageing effect is clearly seen not only atthe ageing effect in RICW, gdC, 11F4, the authors in Ref. 17
temperature below but also well above the freezing temperéhave attributed the faster relaxation in the FM phase to the
ture of the cluster moments. Figure@band §b) presentthe more steady domain growth.

C. Relaxation and ageing effect
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L B B strong. Thus the ageing effect can be regarded as the evolu-
(@ T =180K tion of the clqsters and frustration plays the part of pinning
m centers slowing down the evolvement. The slower and
weaker relaxation at 10 K should be attributed to the stronger
frustration. We also suggest that the cluster growth at high
temperature could be probably responsible for the blocking
atT;.
It is also important to note that there certainly exists a
limiting field for the visibility of the ageing effect! Itoh
et al. have used a probing field of 100 G and the ageing
% signal could not be detectédiVe suppose that such a high
= field might be enough to suppress entirely the effect.

. t,=100s
£=1000s ¢
t9=10000s

m (arb.units)

0? 10° 10*

107! 10° 10! 1
t(s)

IV. CONCLUSION
150

Magnetic properties of LgSr, sCoO; have been repre-
125 - (b) T =180K sented. In the temperature region closeTtothe magnetic

~100 behavior probably reflect the predominant intracluster ferro-
100 - ° EW;IOOOSS /&““’ ] magnetism, however, because of the presence of the frustra-
. t0=10000s '

o

tion, this is not a true FM state. The cusphh,(T) atT,
as well as the high-temperature maximunyi{T) are prob-
ably governed by a local anisotrofgr intracluster anisot-

S (arb.units)
-
oy
T

50 ropy) field acting on spins inside each cluster changing their
25 | arrangement with temperature. The specific temperailiyes
and T, observed in dc measurements could be retrieved in
0 L % ™™ x'(T) and x”(T), respectively.T, is found to be propor-
107! 10° 10! 102 103 10* tional to —H, while T,(H) follows closely the AT line with

t (s) n=0.58. The glassy behavior is signaled with lowering tem-
perature by a frequency-dependent shouldey'ifiT) and a
FIG. 6. ZFCm(t) measured af,,=180 K (a) and correspond- hump in x"(T), which shifts to higher temperatures with
ing relaxation rates(t) (b) with t,,= 100 (circles, 1000(squares  higher measuring frequency, indicating a process of the clus-

and 10 000 dtriangles using the probing field of 0.5 G. ters freezing. The long-time relaxation and ageing effect ob-
served at both temperatures lower and higher than the freez-
The long-time relaxation observed for |81, <Co0; evi-  ing temperature indicate an important role of the frustration

dences an important role of the frustration, especially at 18@nd could be interpreted by adopting the ideas of the grow-
K, it is well aboveT; where the system is in FM state. The ing domains model®**The more pronounced aging effect at
cluster formation and the competing coexistence of théligh temperature is explained by the dimer frustration on the
Ca** —Cd"' double-exchange interaction and the superexsurface of the clusters. The cluster growth with lowering
change interaction of G6 —Co** and C4*—Cd** prob-  temperature may be responsible for the blocking of the clus-
ably set in simultaneously. Thus the frustration may exist irfers atT;. The magnetic properties of bgSrsCoO; are

the FM region even at temperatures closeTtoso that the quite similar to those of RSG and the obtained results also
whole system is not in a true ferromagnetic state. The longindicate clearly a coexistence of ferromagnetic and magnetic
time relaxation and ageing effect at both temperatures loweglassy behavior.
and higher than the freezing temperature of clusters convince

us that this is an inherent property of the studied system. We

suppose that double-exchange couplings are entirely domi-

nant inside each cluster and the frustration only appears in a This work is sponsored by the Swedish International De-
“transition region” between the cluster and the intermedia.velopment Agency(SIDA), the Swedish Agency for Re-
At high temperature, since the clusters relax on very shortsearch Cooperation with Developing Countri€SAREQ
time scales then the long-time relaxation of the system i@nd the International Science PrograiiSP) of Uppsala
expected to be mostly contributed from a layer near the surdniversity. The authors thank Dr. P.V. Phuc for the x-ray-
face of each cluster where frustration is supposed to bdiffraction measurements and phase analysis.
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