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We have investigated the magnetic properties of nanocrystalline Mg :O;. The temperature depen-
dence of the imaginary part of the ac susceptibility shows a strongly frequency-dependent maximum at a
temperatureT;, which is well below the ferromagnetic transition temperatufe~230 K). The frequency
dependence of; obeys the Arrhenius relatiofi= f, exp(—E,/ksT), with physically reasonable values ff
=10° Hz andE, /kg=1518 K. The frequency shift of; per decade of frequency is one of the highest values
observed in any magnetic system, and a similarly large value is also found in WG®,Mny O3, suggest-
ing that such behavior is intrinsic despite the apparent presence of long-range ferromagnetic order.
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The perovskite manganites L.aA,MnO; (A=Ca, Sr, In Fig. 1(a) we show a histogram of grain size distribu-
Ba) have been a subject of intense research since thgons of LaCg sMngsO; obtained with transmission electron
1950s}* and there has been renewed recent interest due ticroscopy. The low-temperature synthesis resulted in small
the observation of “colossal magnetoresistance” near therains(40—-160 nm with an average grain size of about 95
transition to the double-exchange mediated ferromagnetigm in both materials. The electron microscopy of the0
metallic staté’. The Mn-site substituted materials of the form sample at 300 K revealed that the majority of the grains have
LaMn, _xM,O5 (M =Co, Ni, Gg are also ferromagnetic for - orthorhombic structure with GdFe@ype distortions(space
x=0.5.. Although the Mn, Co, and Ni ions are in trivalent group Pnma with [100] and[001] oriented domains due to
states in the ternary compounds LaMpOLaCoQ;, and  qyinning as commonly observed in many other La-site doped
LaNiO;, there is a tendency towards charge disproportionynanganites. In these data, we also observe superlattice re-
ation in the quaternary materials LaMnM,O; (i-., @ COM-  gociinngs along thé 100]* direction at incommensurate po-

bination of Mft* and M2* ) %1% and ferromagnetism in ... N
these insulating compounds is believed to be mediated b§|t|ons[see the two arrows in Fig ()] at room temperature

either vibronic superexchange interactions betweerf™n 1204
ions’ or positive superexchange interactions betweert Mn 00
and M?* jons (M=Co or Ni).” The Curie temperature in I
LaMn; ,M,0O; series reaches a maximum fg=0.5 (T, é 80r
=220-240K forM=Co andT.=280 K for M =Ni),>° 2 al
and there have also been suggestions of cationic ordering of 5
Mn*" andM?" ions in these compositiorfs? E 9
In this report, we investigate the ac and dc magnetic sus- Z ol
ceptibilities of ferromagnetic LaGg_,Mg,Mny =03 (x=0,
0.1), a material which has been the subject of detailed struc- 0740 60 80 100 120 140 160
tural and spin state studi¢siost recently in Ref. © We find Diameter (nm)

a frequency-dependent maximum in the imaginary part of
the ac susceptibility at a temperatufe, well below the
ferromagnetic ordering transition. This maximum indicates a
dynamic spin freezing, which is surprising given the appar-
ent presence of long-range ferromagnetic order. Furthermore,
the frequency dependence ©f is one of the strongest re-
ported in any magnetic material, further indicating an un-
usual physical origin to this phenomenon.

Polycrystalline samples of LaMi_,Mg,Co, s05 (Xx=0,
0.1 were prepared by the low-temperature nitrate method as
described by Nishimorét al,** and the samples were char-
acterized by x-ray diffraction, energy dispersive x-ray analy-
sis, and electron microscogyEOL 2000. The ac suscepti- FIG. 1. Top: Histogram of grain size of LageMny 05 ob-
bility (Hac=2 Oe rm$ and the dc magnetizatiorM) were  tained from the transmission electron microscopy. The average
measured using a Quantum Design PPMS cryostat and grain size is 95 nm. Bottom: Electron-diffraction image of the su-
superconducting quantum intereference devi&QUID) perlattice reflectiongshown by two arrowsalong[ 100]* direction
magnetometer, respectively. in LaCqy sMng 505 at room temperature.
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FIG. 2. Temperature dependence of zero-field-codlegen FIG. 3. The field dependence of the magnetization of
symbolg and field-cooledclosed symbolsdc magnetic suscepti- LaCaqy s ,Mg,Mngs0; for x=0 and 0.1 aff=5 K. The observed
bilites (M/H) of LaCqys_yMgMngsO; for x=0 andx=0.1 at  magnetization atl=7 T is close to the saturation momegsee text
H=0.01T. The inset shows a presence of a weak anomaly arounidr detaily.

T=175 K in the zero-field-cooled magnetization>of 0.

tures. Although the change in the frequency affects the val-
ues ofy’, there is no clear shift of the maximum &t and
only a small shift ofy’ (T) for T<T.. The imaginary part of
the ac susceptibilityy”(T), shows a rise al; and a clear
maximum well belowT, at a temperaturd; as shown in
Fig. 5. This lower temperature featumhich is seen for both

in a small fraction of the grains<{5%). Theamplitude of
the modulation vectord) which characterizes the superlat-
tice reflections varies betweep=0.42 and 0.44 in different
grains, and no significant change in the valug avas found
down to T=92 K, the lowest temperature studied. This su-

perstructure indicates some regions of short-range orderingam les is strongly frequency dependent, shifting down in
with dimension about 10 nm, which are also séith much P gly Treq y dep ’ 9

: N N . .. temperature, decreasing in magnitude, and broadening with
weaker intensity in the x=0.1 sample. A possible origin : . .
S . Y. 910 decreasing frequency. There is also a small steplike feature
could be ionic ordering among the €oand Mrf* ions?” B - :
aroundT=175 K for x=0, seen clearly at low frequencies

but a definitive identification of such ordering would require which is also reflected in the ZFC dc susceptibiliiig. 2

high-resolution electron microscopy or neutron-diffraction; . .
o . inse). We speculate that this step is caused by the onset of
study in single-crystal samples which are beyond the scope . : o ; .
magnetic ordering within the regions which show superstruc-
of the present work. . : .
ture in the electron diffraction.

The main panel of Fig. 2 shows the temperature depen- The appearance of the frequency-dependent maximum in
dence of the dc magnetic susceptibilityl (H) while warm- " bp quency-dep .
x"(T) below T, suggests dynamic spin freezing at a tem-

ing from 5 K in afield of H=0.01 T after zero-field cooling eratureT ;< T. within the ferromagnetic state. The absence
(ZFC) and during cooling in the same fig(EC) from 300 K. P U - 9 :
. . 0o of a corresponding feature ip'(T) can be understood as a
The sharp increase in the FC susceptibility arouhd S
consequence of the large real part of the susceptibility asso-

~230 K forx=0 (=208 K forx=0.1) indicates the onset of . d with f . h o the f
ferromagnetic ordering. While the FC susceptibility contin-cIate with ferromagnetisri. To characterize the frequency
dgpendence of this feature, we ploTdi/As In(f) in Fig. 6.

ues to increase with decreasing temperature as expected for
conventional ferromagnet, the ZFC susceptibility deviates
from the FC curve just below., suggesting the importance
of domain effects in this material. This is also indicated by
the large coercive fieldH{,~0.55 T), which is demonstrated Zr
in Fig. 3 where we plot the field dependence of the magne-
tization M(H). Note also that the maximum value ™
=2.7ug/f.u. for x=0 (M=2.6ug/f.u. for x=0.1) atH
=7 T. This saturation moment is close to the theoretical
spin-only value of Jg/f.u. for x=0 (2.85ug/f.u. for x
=0.1) expected for the ferromagnetic alignment of?Co
and Mrf™ spins? This nearly complete saturation of the mo-
ment is important in that it demonstrates the presence of
long-range ferromagnetic order in this material Tox T, . 0
The main panel of Fig. 4 shows the temperature depen-
dence of the real part of the ac susceptibiligy X at different FIG. 4. Temperature dependence of the real paf} ©f the ac
frequencies fox=0, and the inset shows corresponding datasusceptibility at different frequencies for Lagng O;. The ar-
for x=0.1. For both compoundg,” increases rapidly at the row indicates increasing frequency=t10, 100, 1000, 2000, and
onset of ferromagnetic order and decreases at lower tempersd 000 H2. The inset shows the data fer=0.1.
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FIG. 5. Temperature dependence of the imagina#) (part of  quency dependence is seen in superparamagnetic materials in
the ac susceptibility at different frequencies faf x=0 and(b) x  which magnetic particles are well separated and can respond
=0.1. The appearance of a frequency-dependent maximdmiat  independently to the applied ac magnetic field. Such behav-
indicated by the arrows. ior is not a good model for the present case, however, since
this material is a long-range-ordered ferromagnet. We be-

The observed linear behavior in this plot implies that the’ . .
dynamic spin freezing follows the Arrhenius lawf lieve that there are two possible explanations for the ob-

—f,exp(—E,/kgTy), with 7,=1/f;=4.14x10°s and served dynamic spin freezing at . First, the superstruc-
E./kg=1518 K forx=0 andr,=1.31x10 9 s andE,/kg tured, ionic ordered domains which are nonmagnetic at room
=1923 K forx=0.1. The observed values of andE,/kg  emperature could become magnetic at low tempera(tmes_
are physically reasonable and the observgdis in the —anomaly observed arounti=175K in dc and ac suscepti-
range expected for superparamagnetic particles, ( bilities for x=0 is possibly caused by such _ordet)n@mce
=108-10 '3 sec) !5 The frequency dependence Bf can the local symme_try of these dpmalns is d|ffe_ren.t from the
be quantified byg=AT,/[T;A(log,{ f])]=0.23 forx=0  rest of the matrix, the relaxation of magnetization within
(g=0.19 forx=0.1), which is one of the largest values re- these domains could be independent of the rest of the matrix,

ported in any magnetic material. The extremely lage and may be analogous to dynamical freezing of nanoscale

found in both samples suggests that this is an intrinsic beSiZ€  Superparaelectric ~ domains ~ found in  relaxor

havior. By contrast, typical values for spin glasses gre ferroelectrics™ Another possibility is that the peak jef'(T)
~0.005—0.012 the rare-earth-site doped manganites exhibit €Sults from oscillations of pinned domain walfsThe na-
g<0.05%% and g~0.03—0.06 was reported in the “cluster nometer sized grains in this material will certainly affect the
glass” compound LgsSr, £C00;.1 Higher values ofg, of domain-wall structure and pinning and thus could lead to the

order 0.06-0.09, are found in Fe nanograins embedded iﬂbserveq anomalou§ly large valuesg)[which are not ob- .
amorphous AIO; and FeO, particles dispersed in s$rveg in other signatures of domain-wall effects in
polymer!S Freezing withg=0.1 occurs in a few systems X (1) ! »

with superparamagnetic-blocking-like transitions in materi- Rggardless_of the orgin of the Iarga_ the obse_rved dY'
als such as GELORhQ (g=0.10)° La,4eGth oeAl» (g namic magnetic freezing phenomeno_n is quahtatlv_ely dl_ffer-
—0.13)} Ni vermiculite intercalation compound g( ent from previously observed beha\_/lor in magnetic oxides.
~0.24) 1 or Ho,O5-B,05 (g=0.28) 12 molecular clusters The existence of glassy behavior in a long-range-ordered
of Mn-12 (g=0.24) 2° or in the exotic glassy freezing of the magnetic material, provides a further indication of the rich
spin ice material DyTi,O, (g=0.18) 2 In all of these com- physics access!ble in nanometer—scal_(_a magnetic materials.
pounds withg>0.1, T;=<10 K, which contrasts sharply with Further study W'th Iocal_probes such as #sbauer spectros-
the maximumT ;=100 K in the present study. Furthermore, copy, muon spin relaxation, or small-angle neutron scattering

none of the above compounds wigh-0.1 also exhibit long- W|_II .be important in further investigating the microscopic
. origins of the behavior.
range magnetic order.

The observed large values gfand physical reasonable  The work at Pennsylvania State University was supported
value of 7, (~10"° sec) suggest a superparamagneticlikeby NSF Grant No. DMR-0101318. R.M. also acknowledges
relaxation could be responsible for the dynamic spin freezindinancial support form MENRTFrance. We are also grate-
in our compounds. As mentioned above, such a giant freful for helpful discussions with J. Blasco.
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