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Dynamic magnetic properties ofy¥Ca 3MnO3 are reported. The system appears to attain local ferromag-
netic order afTsge~70 K, where SRF is short-range ferromagnetism. Below this temperature the low-field
magnetization becomes history dependent, i.e., the zero-field-c¢dle@ and field-cooled magnetization
deviate from each other and close logarithmic relaxation appears at our experimental time scales
(0.3-10 sec). The zero-field-cooled magnetization has a maximuiy-at30 K, whereas the field-cooled
magnetization continues to increase, although less sharply, also below this temperature. Surprisingly, the
dynamics of the system show nonequilibrium spin-glass features not only below the maximum in the ZFC
magnetization, but also in the temperature region between this maximuiisapdThe aging and temperature
cycling experiments show only quantitative differences in the dynamic behavior above and below the maxi-
mum in the ZFC magnetization; similarly, memory effects are observed in both temperature regions. We
attribute the high-temperature behavior to the existence of clusters of short-range ferromagnetic order below
Tsre; the configuration evolves into a conventional spin-glass state at temperaturesThelow
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[. INTRODUCTION is short-range ferromagnetism.
We describe the empirical findings in detail in the follow-

Magnetic frustration resulting from the competing coex-ing sections. The dynamic magnetic properties of YCMO are
istence of ferromagnetic double-exchange and antiferromagound to be quite unusual and do not conform to the corre-
netic superexchange interaction is present in colossal magngponding properties of a spin glass or a “cluster” glass, nor
toresistance CMR) materials. Recently, frustration related to those of a reentrant ferromagnet, standard behaviors that
effects have been observed in the CMR ferromagne@re anticipated for single phase systems that have a random
Nd0‘75r0_3|\/|noa;l also, a reentrant spin-glass phase has beegdistribution of interaction with zero or positive mean.
evidenced in Lggg (Nd,K( 0MNO; (Ref. 2 using magnetic

relaxation experiments. In a recent papapin-glass(SG) Il. SAMPLE AND EXPERIMENTS
behavior has been advocated to occur ig- Qe MnO; '
(YCMO) from a cusp atT~30 K in the Mz(T) curve The Yy ,Ca 3MnO; compound was prepared using a stan-

(where ZFC is zero-field cooleédnd from a corresponding dard solid-state reaction. After sintering at 1300° C, the
frequency dependence of the cusp in the in-phase ac suscapixture was annealed in oxygen at 1000, 800, and 600° C
tibility. In the present work, we have performed low-field for several days at each temperature. The final product was
magnetic relaxation and associated temperature cycling meaharacterized by x-ray-diffractiofKRD) technique as show-
surements at temperatures above and belowMbe(T) ing a single phase of orthorhombic structure. The XRD mea-
maximum. The relaxation of the low-frequency ac susceptisurements were performed at room temperature using a Si-
bility is also studied to investigate memory effects in the twoemens D5000 diffractometer with CyKradiation
temperature regions. Belo® the system exhibits the char- =1.5406 A) and a scanning step of 0.02°. The sample was
acteristic relaxational features of a true SG state. Howevefjrst mixed with a high-purity Si powder for standard angular
these features, e.g., long-time relaxation and aging andalibration. As seen in the diffractogram presented in Fig. 1,
memory phenomena, are also observed at higher temperaich includes the Si peaks, the YCMO reflections can be
tures, well abovel; . indexed according to an orthorhombic structure. The ob-
A positive Curie-Weiss temperature=65 K) is found tained lattice parameters ara=5.528, b=7.441, and
and discloses a dominance of ferromagnetic interaction it=5.293 A. No secondary phases or impurities were
the sample. However, the field, temperature, and frequencgetected.
dependence of the magnetization shows that long-range fer- The temperature dependence of the zero-field-cooled
romagnetic order never develops, indicating that the attaineZFC), field-cooled(FC), and thermo-remanetRM) mag-
ferromagnetic order is spatially confined to finite dispersechetization, as well as the relaxation of ZFC magnetization
volumes - clusters - at temperatures belbykr, where SRF m(t) and temperature cycling measuremémisre made in a
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FIG. 1. Room-temperature x-ray diffractogram of the YCMO 2000
compound mixed with Si powder. The index of the YCMO reflec-
tions is added, and the Si peaks identified.
1500
noncommercial low-field superconducting quantum- %
interference devicéSQUID) systent the background field E
of which is less than 1 mOe. In the relaxation experiments, & 1000
the sample was rapidly cooled in zero field from a reference %
temperature of 80 K to a measuring temperailiyeand kept
there during a wait time,,. After the wait time, a small 500
probing field H was applied andn(t) was recorded as a
function of the time elapsed after the field application. In the
temperature cycling measurements, just after the wait time 0 1 .
and immediately prior to the application of the probing field, 0 200 400 600 800 1000 1200

the sample was additionally subjected to a temperature cycle H/M (emu/g/Oe)!
AT of durationt,,,. Using the same SQUID system, low-

frequency ac susceptibility experiments were used to inves- FIG. 3. (&) Curie-Weiss law from magnetization measurements
tigate memory phenomena. made in a larger fieldH=20 Oe) up to higher temperatureb)

Additional “high-field” measurements were performed in Arrot plots of magnetization curves measured at 5, 45, 55, and 65
a commercial Quantum Design MPMS5 SQUID magneto—K'

meter (with Curie-Weiss behawolr and Arrot plc)lts.a.nd a IIl. RESULTS AND DISCUSSION
Lakeshore 7225 susceptometewith ac susceptibility in
large superimposed dc fields A. dc measurements
Figure 2 presents theM e(T)/H, Mg(T)/H, and
3 ' R J R M1rm(T)/H curves measured at an applied field of 0.1 Oe.
FC - 25 ] Mze(T) exhibits a maximum aff;~30 K in agreement
2.5 é d-1 0e ] with a previously reported resultThe inset shows the ZFC
_ £ 2t 0.5 Oc ) ] and FC curves for 0.1 and 0.5 Oe; a substantial suppression
2 2 f T L5 ¢ ] of M(T)/H is seen, whereas ;c(T)/H is virtually unaf-
g. = 1t ] fected by the increased field strength. This is in accord with
g 15 | 05 1 the behavior of spin glasses, where, in the limit of weak
% 0 L fields, a linear response is observed for the ZFC but not for
20 30 40 50 60 70 80] the FC magnetizatiof.

As demonstrated in Fig.(8), a Curie-Weiss behavior is
observed at temperatures abdwg~70 K. Mgy appears
nonzero below gge, and bothM ;e(T) andM (T) deviate
from Curie-Weiss behavior suggesting an establishment of
ferromagnetic (FM) correlations related to the double-
20 30 4 50 60 70 80 90 100 exchange mechanism. However, &litH) measurements in
applied fields upd 3 T and the corresponding Arrot plots

FIG. 2. Myrc/H, Mec/H, andM+ry/H as functions of tem-  [Fig. 3(b)] show no indication of spontaneous magnetization.
perature using an applied field of 0.1 Oe. The inset shidwis-/H These results imply that the ferromagnetism appearing below
andMgc/H atH=0.1 and 0.5 Oe. Tsrre is spatially confined, i.e., only clusters of FM order
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FIG. 4. Relaxation rateS vs observation timet for (@) T FIG. 5. Relaxation rat& recorded afa) T,,=27 and(b) 45 K
=27 Kand(b) 45 K; results fort,,=0 (open symbolsand 3000 s after positive and negative temperature cyclingls=0.1 G and
(filled symbolg are presentedd=0.1 Oe. t,1=3000 s.t,,=30000 s for negative cycles,,=0 s for the

positive ones. InfinitA T corresponds td,,;=0 s.
exist belowTgge. Similar magnetic properties have previ-
ously been reported for (TRhLays)Ca,sMNO; wherein  two- and three-dimensional Ising spin-glass systems also
short-range ferromagnetic correlations abdvwewere evi-  show that the relaxation ratg(t) exhibits a maximum at
denced from magnetic and small-angle neutron-scattering-t,, .2
measurements. The nonequilibrium dynamics observed at temperatures

It is observed in our m(t) measurements that aboveT; may tentatively be attributed to the random dipolar
Y 0.7C& aMnO; exhibits logarithmically slow dynamics at all interaction between the ferromagnetic clusters. In this region,
temperatures belowWw gge. Furthermore, together with the the relaxation time of the system may remain finite although
long-time relaxation, aging effeétsan also be seen not only it is much larger than the time scales employed in our ex-
below but also well abové;. Figure 4 displays the relax- periments. In fact, in original SG systems, aging effects are
ation ratesS(t) =1/H[dm(t)/dlogt] derived from the ZFC found also at temperatures aboVg at time scales shorter
m(t) curves recorded ata) T,=27 K<T; and (b) T,, than the maximum relaxation time of the syst&.
=45 K>Ts; H=0.1 Oe and,=0 (10) and 3000 s. The In both two- and three-dimensional spin glasses, tempera-
figure shows thaS(t) attains a characteristic aging maxi- ture cycling experiments have shown that aging states are
mum at an observation time closettp, where there exists virtually unaffected by a negativaT, while reinitialization
an inflection point in the correspondimg(t) curves; a simi- occurs for a sufficiently large positiveT>0.1* On the other
lar nonequilibrium behavior has been observed in a varietphand, for frustrated ferromagnetic systems, reinitialization
of frustrated and disordered systems including some othevccurs irrespective of the sign a&fT.%**41° This difference
perovskite compounds®®2°In spin glasses, the aging effect can be used to distinguish a spin glass from other frustrated
can be interpreted within the droplet motlaby associating magnetsS(t) measured af,,=27 K with AT=0, —3, and
the maximum in the relaxation rate to a crossover between a5 K andt,,=0 s are indistinguishable from each other,
quasiequilibrium dynamic regime at short observation timesvidencing spin-glass behavior beldw; the corresponding
(t<t,) and a nonequilibrium regime at long observationexperiments aboveé; at T,,=45 K give the same result. As
times ¢>t,). Results from Monte Carlo simulations for shown in Figs. &) and(b), if a long wait timet,,, is added,
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400 - . . . . quency dependent maximum in the in-phase component and
(a) a corresponding but more pronounced frequency dependence
of the out-of-phase component. Using these data it is pos-
sible to define a freezing temperaturgthat decreases with
decreasing frequency. Employing the position of maximum
slope in the out-of-phase component as a definition of the
freezing temperature at observation time 1/w, we have
analyzed the data according to possible dynamic scaling sce-
narios. The physically most plausible parameters were ob-
tained using activated dynamics and a finite critical tempera-
ture,

3001
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n
o
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T

with y=0.87 andT4=28.9 K. However, a microscopic re-
laxation time of orde 1 s was encountered. Analyzing the
data according to conventional critical slowing ddWwme-
sulted in rather poor fits. Also, analyses according to Ahr-
enius or generalized Ahrenius slowing down of the dynamics
gave no or unphysical parameters. There are thus strong in-
dications of the existence of a finite phase-transition tem-
perature, albeit not necessarily in a conventional low-
temperature spin-glass phase.

To further characterize the low- and high-temperature re-
50 80 70 80 gions, memory effects were investigated both below and
T(K) aboveT; using the relaxation of the out-of-phase component
of the ac susceptibility. When cooling from aboVegg (T
susceptibility for different frequencies: 510, 170, 51, 17, 5.1, an n a conventional SG cakea halt at constant temperature

1.7 Hz; h,=0.01 Oe. The inset shows an enlargement of the h<Tsrr IS maq_e durlngh, allowing the system to relax
55-85 K region. towards its equilibrium state &t,; both components of the

ac susceptibility then decay in magnitude. In spin glasses,
a small but noticeable reinitialization occurs, in accordancdnis €quilibrated state becomes frozen in on further lowering
with the behavior of ordinary spin glassésThe spin con- the temperature, and is retrleved.on reheating the systgm to
figuration of the aging state at, seems to be frozen in as 'n- 1he weak low-frequency ac field employed in this kind
the temperature is lowered. In the positive cycling experi-0f €xperiment does not affect the nonequilibrium processes
ment one notices an increase §ft) at short-time scales intrinsic to the sample, but only works as a nonperturblng
indicating reinitialization of the configuration. probe of the system. A memory effect here is clearly ob-

At T>T; [Fig. 5b)], the S(t) curves measured at 45 K served(see Fig. 7, not only atlT=27 K but, surprisingly,

with AT=0, —3, —5, and+5 K look very similar to the also at 45 K. 'The memory dip appears even more clearly
T,=27 K curves. The material still exhibits a characteristic When subtracting the reference curves as seen in K. 7
SG behavior, strikingly different from the behavior of a re- | "€ insét shows the out-of-phase component of the ac sus-
entrant ferromagnetic phase, which could have been anticEePtiPility recorded vs time af =27 and 45 K after direct
pated since there is a dominant ferromagnetic interaction if0°ling from aboveTsge. As already seen in the memory
YCMO. However, we deal here with a system that only ex-PIot the relaxation is comparably smallert45 K. One
hibits short-range ferromagnetic order. In passing, it is wort1°tices that the measured relaxation at both temperatures is
noting that the magnitude of the aging is large belByge, larger tha_n_ |n_the memory experiment; th!s is because thg ac
proving the effect to be intrinsic to the material rather thansusceptibility in this case was recorded directly after cooling

only associated with a possible spin disorder at grain bound!€ System from the reference temperature abiayg to the
aries. measurement temperature.

A superimposed dc field affects the ac susceptibility of
spin glasses in a peculiar and significant way. The in-phase
component is significantly suppressed, but only at tempera-

Figure 6 shows thé) in-phase andb) out-of-phase com- tures above the freezing temperatiéH, ), and the onset
ponents of the ac susceptibility vs temperature for differenbf the out-of-phase component is suppressed to lower tem-
frequencies. As seen in Fig(l§ and the inset, the ferromag- peratures, but also remains unaffected at lower
netic onset is frequency independent. Beldw 60 K, the temperatures? In Fig. 8 we have plottedy” in different
out-of-phase component decreases with decreasing fresuperimposed dc fields. FiguréaBshows that the nedrsge
quency. Further decreasing the temperature produces a frenset is fragile with respect to even a weak superim-

%" (arb. units)

% ” (arb. units)

% 30 20

FIG. 6. In-phasd€a) and out-of-phaséb) components of the ac

B. ac measurements - memory effects
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FIG. 7. (@ x" and (b) x" —x"rs Vs temperatures measured  FIG. 8. Temperature dependenceydfwhen superimposing dif-
during cooling(filled circles and ling or on reheatingopen circles  ferent dc fields(a) shows the results for small dc fields: 0,1,2, and

and dotted ling In the case of the curve with filled circles, the 5 Qg;(b) for high ones: 0, 10, 100, 300, 1000, and 10 000 Oe.
sample was kept for 10000 s at 45 and 27 K during cooling. The

inset shows the corresponding relaxationydf- x” -3 5 Vs time. The dynamic magnetic properties of YCMO are unusual

and we are not able to classify the behavior according to any

posed dc field,y” is substantially affected by a dc field of ~ ." . ! )
; existing theory or phenomenology for single phase materials
only 1 Oe, and is suppressed to lower temperatures already at . . . o
with random interaction with positive mean. However, there
5 Oe. At lower temperatures arouni} the out-of-phase

component remains unaffected by the dc field. At larger q&re ample indications that an electronic phase separation
fields, Fig. 8b) shows that the freezing temperature also be_causmg spatially confined clusters of ferromagnetic order in

o a nonordered matrix is the order of the day in manganites.
comes suppressed, but that the ac susceptibility bepw The theory for the magnetic dynamics of such a sy$tem
remains unaffected in a spin-glass-like fashibn.

yet to be developed.

IV. CONCLUSION
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