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Giant frequency dependence of dynamic freezing in nanocrystalline ferromagnetic LaCo0.5Mn0.5O3

R. Mahendiran,1,2 Y. Bréard,2 M. Hervieu,2 B. Raveau,2 and P. Schiffer1
1Department of Physics and Materials Research Institute, 104 Davey Laboratory, Pennsylvania State University,

University Park, Pennsylvania 16802, USA
2Laboratoire CRISMAT, ISMRA, Universite´ de Caen, 6, Boulevard du Mare´chal Juin,

14050 Caen Cedex, France
~Received 25 April 2003; published 4 September 2003!

We have investigated the magnetic properties of nanocrystalline LaCo0.5Mn0.5O3 . The temperature depen-
dence of the imaginary part of the ac susceptibility shows a strongly frequency-dependent maximum at a
temperatureTf , which is well below the ferromagnetic transition temperature (Tc;230 K). The frequency
dependence ofTf obeys the Arrhenius relation,f 5 f o exp(2Ea /kBT), with physically reasonable values off o

5109 Hz andEa /kB51518 K. The frequency shift ofTf per decade of frequency is one of the highest values
observed in any magnetic system, and a similarly large value is also found in LaCo0.4Mg0.1Mn0.5O3 , suggest-
ing that such behavior is intrinsic despite the apparent presence of long-range ferromagnetic order.
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The perovskite manganites La12xAxMnO3 (A5Ca, Sr,
Ba! have been a subject of intense research since
1950s,1–3 and there has been renewed recent interest du
the observation of ‘‘colossal magnetoresistance’’ near
transition to the double-exchange mediated ferromagn
metallic state.4 The Mn-site substituted materials of the for
LaMn12xM xO3 (M5Co, Ni, Ga! are also ferromagnetic fo
x50.5.5–10Although the Mn, Co, and Ni ions are in trivalen
states in the ternary compounds LaMnO3, LaCoO3, and
LaNiO3 , there is a tendency towards charge disproporti
ation in the quaternary materials LaMn12xM xO3 ~i.e., a com-
bination of Mn41 and M21 !,9,10 and ferromagnetism in
these insulating compounds is believed to be mediated
either vibronic superexchange interactions between M31

ions5 or positive superexchange interactions between Mn41

and M21 ions (M5Co or Ni!.7 The Curie temperature in
LaMn12xM xO3 series reaches a maximum forx50.5 (Tc

5220– 240 K forM5Co andTc5280 K for M5Ni),5–10

and there have also been suggestions of cationic orderin
Mn41 andM21 ions in these compositions.9,10

In this report, we investigate the ac and dc magnetic s
ceptibilities of ferromagnetic LaCo0.52xMgxMn0.5O3 (x50,
0.1!, a material which has been the subject of detailed str
tural and spin state studies~most recently in Ref. 9!. We find
a frequency-dependent maximum in the imaginary part
the ac susceptibility at a temperatureTf , well below the
ferromagnetic ordering transition. This maximum indicate
dynamic spin freezing, which is surprising given the app
ent presence of long-range ferromagnetic order. Furtherm
the frequency dependence ofTf is one of the strongest re
ported in any magnetic material, further indicating an u
usual physical origin to this phenomenon.

Polycrystalline samples of LaMn0.52xMgxCo0.5O3 (x50,
0.1! were prepared by the low-temperature nitrate method
described by Nishimoriet al.,11 and the samples were cha
acterized by x-ray diffraction, energy dispersive x-ray ana
sis, and electron microscopy~JEOL 2000!. The ac suscepti-
bility ( Hac52 Oe rms! and the dc magnetization (M ) were
measured using a Quantum Design PPMS cryostat an
superconducting quantum intereference device~SQUID!
magnetometer, respectively.
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In Fig. 1~a! we show a histogram of grain size distribu
tions of LaCo0.5Mn0.5O3 obtained with transmission electro
microscopy. The low-temperature synthesis resulted in sm
grains~40–160 nm! with an average grain size of about 9
nm in both materials. The electron microscopy of thex50
sample at 300 K revealed that the majority of the grains h
orthorhombic structure with GdFeO3-type distortions~space
groupPnma! with @100# and @001# oriented domains due to
twinning as commonly observed in many other La-site dop
manganites. In these data, we also observe superlattice
flections along the@100#* direction at incommensurate po
sitions@see the two arrows in Fig. 1~b!# at room temperature

FIG. 1. Top: Histogram of grain size of LaCo0.5Mn0.5O3 ob-
tained from the transmission electron microscopy. The aver
grain size is 95 nm. Bottom: Electron-diffraction image of the s
perlattice reflections~shown by two arrows! along@100#* direction
in LaCo0.5Mn0.5O3 at room temperature.
©2003 The American Physical Society02-1
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in a small fraction of the grains (,5%). Theamplitude of
the modulation vector (q) which characterizes the superla
tice reflections varies betweenq50.42 and 0.44 in differen
grains, and no significant change in the value ofq was found
down to T592 K, the lowest temperature studied. This s
perstructure indicates some regions of short-range orde
with dimension about 10 nm, which are also seen~with much
weaker intensity! in the x50.1 sample. A possible origin
could be ionic ordering among the Co21 and Mn41 ions,9,10

but a definitive identification of such ordering would requ
high-resolution electron microscopy or neutron-diffracti
study in single-crystal samples which are beyond the sc
of the present work.

The main panel of Fig. 2 shows the temperature dep
dence of the dc magnetic susceptibility (M /H) while warm-
ing from 5 K in afield of H50.01 T after zero-field cooling
~ZFC! and during cooling in the same field~FC! from 300 K.
The sharp increase in the FC susceptibility aroundTc
'230 K forx50 ('208 K forx50.1) indicates the onset o
ferromagnetic ordering. While the FC susceptibility cont
ues to increase with decreasing temperature as expected
conventional ferromagnet, the ZFC susceptibility devia
from the FC curve just belowTc , suggesting the importanc
of domain effects in this material. This is also indicated
the large coercive field (Hc'0.55 T), which is demonstrate
in Fig. 3 where we plot the field dependence of the mag
tization M (H). Note also that the maximum value ofM
52.7mB /f.u. for x50 (M52.6mB /f.u. for x50.1) at H
57 T. This saturation moment is close to the theoreti
spin-only value of 3mB /f.u. for x50 (2.85mB /f.u. for x
50.1) expected for the ferromagnetic alignment of Co21

and Mn41 spins.9 This nearly complete saturation of the m
ment is important in that it demonstrates the presence
long-range ferromagnetic order in this material forT,Tc .

The main panel of Fig. 4 shows the temperature dep
dence of the real part of the ac susceptibility (x8) at different
frequencies forx50, and the inset shows corresponding d
for x50.1. For both compounds,x8 increases rapidly at the
onset of ferromagnetic order and decreases at lower temp

FIG. 2. Temperature dependence of zero-field-cooled~open
symbols! and field-cooled~closed symbols! dc magnetic suscepti
bilities (M /H) of LaCo0.52xMgxMn0.5O3 for x50 and x50.1 at
H50.01 T. The inset shows a presence of a weak anomaly aro
T5175 K in the zero-field-cooled magnetization ofx50.
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tures. Although the change in the frequency affects the v
ues ofx8, there is no clear shift of the maximum atTc and
only a small shift ofx8(T) for T,Tc . The imaginary part of
the ac susceptibility,x9(T), shows a rise atTc and a clear
maximum well belowTc at a temperatureTf as shown in
Fig. 5. This lower temperature feature~which is seen for both
samples! is strongly frequency dependent, shifting down
temperature, decreasing in magnitude, and broadening
decreasing frequency. There is also a small steplike fea
aroundT5175 K for x50, seen clearly at low frequencie
which is also reflected in the ZFC dc susceptibility~Fig. 2
inset!. We speculate that this step is caused by the onse
magnetic ordering within the regions which show superstr
ture in the electron diffraction.

The appearance of the frequency-dependent maximum
x9(T) below Tc suggests dynamic spin freezing at a te
peratureTf,Tc within the ferromagnetic state. The absen
of a corresponding feature inx8(T) can be understood as
consequence of the large real part of the susceptibility a
ciated with ferromagnetism.14 To characterize the frequenc
dependence of this feature, we plot 1/Tf vs ln(f ) in Fig. 6.

nd

FIG. 3. The field dependence of the magnetization
LaCo0.52xMgxMn0.5O3 for x50 and 0.1 atT55 K. The observed
magnetization atH57 T is close to the saturation moment~see text
for details!.

FIG. 4. Temperature dependence of the real part (x8) of the ac
susceptibility at different frequencies for LaCo0.5Mn0.5O3 . The ar-
row indicates increasing frequency (f 510, 100, 1000, 2000, and
10 000 Hz!. The inset shows the data forx50.1.
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The observed linear behavior in this plot implies that t
dynamic spin freezing follows the Arrhenius law,f
5 f 0 exp(2Ea /kBTf), with t051/f 054.1431029 s and
Ea /kB51518 K for x50 andt051.3131029 s andEa /kB
51923 K for x50.1. The observed values oft0 andEa /kB
are physically reasonable and the observedt0 is in the
range expected for superparamagnetic particlest0
51028– 10213 sec).15 The frequency dependence ofTf can
be quantified byg5DTf /@TfD(log10@ f #)#50.23 for x50
(g50.19 for x50.1), which is one of the largest values r
ported in any magnetic material. The extremely largeg
found in both samples suggests that this is an intrinsic
havior. By contrast, typical values for spin glasses areg
;0.005– 0.01,12 the rare-earth-site doped manganites exh
g,0.05,13 and g;0.03– 0.06 was reported in the ‘‘cluste
glass’’ compound La0.5Sr0.5CoO3.14 Higher values ofg, of
order 0.06–0.09, are found in Fe nanograins embedde
amorphous Al2O3 and Fe2O3 particles dispersed in
polymer.15 Freezing withg>0.1 occurs in a few system
with superparamagnetic-blocking-like transitions in mate
als such as Ca3CoRhO6 (g50.10),16 La0.994Gd0.06Al2 (g
50.13),17 Ni vermiculite intercalation compound (g
50.24),18 or Ho2O3•B2O3 (g50.28),19 molecular clusters
of Mn-12 (g50.24),20 or in the exotic glassy freezing of th
spin ice material Dy2Ti2O7 (g50.18).21 In all of these com-
pounds withg.0.1,Tf&10 K, which contrasts sharply with
the maximumTf*100 K in the present study. Furthermor
none of the above compounds withg.0.1 also exhibit long-
range magnetic order.

The observed large values ofg and physical reasonabl
value of to (;1029 sec) suggest a superparamagneticl
relaxation could be responsible for the dynamic spin freez
in our compounds. As mentioned above, such a giant

FIG. 5. Temperature dependence of the imaginary (x9) part of
the ac susceptibility at different frequencies for~a! x50 and~b! x
50.1. The appearance of a frequency-dependent maximum atTf is
indicated by the arrows.
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quency dependence is seen in superparamagnetic materi
which magnetic particles are well separated and can resp
independently to the applied ac magnetic field. Such beh
ior is not a good model for the present case, however, s
this material is a long-range-ordered ferromagnet. We
lieve that there are two possible explanations for the
served dynamic spin freezing atTf . First, the superstruc
tured, ionic ordered domains which are nonmagnetic at ro
temperature could become magnetic at low temperatures~the
anomaly observed aroundT5175 K in dc and ac suscepti
bilities for x50 is possibly caused by such ordering!. Since
the local symmetry of these domains is different from t
rest of the matrix, the relaxation of magnetization with
these domains could be independent of the rest of the ma
and may be analogous to dynamical freezing of nanos
size superparaelectric domains found in relax
ferroelectrics.22 Another possibility is that the peak inx9(T)
results from oscillations of pinned domain walls.23 The na-
nometer sized grains in this material will certainly affect t
domain-wall structure and pinning and thus could lead to
observed anomalously large values ofg @which are not ob-
served in other signatures of domain-wall effects
x9(T)23#.

Regardless of the origin of the largeg, the observed dy-
namic magnetic freezing phenomenon is qualitatively diff
ent from previously observed behavior in magnetic oxid
The existence of glassy behavior in a long-range-orde
magnetic material, provides a further indication of the ri
physics accessible in nanometer-scale magnetic mater
Further study with local probes such as Mo¨ssbauer spectros
copy, muon spin relaxation, or small-angle neutron scatte
will be important in further investigating the microscop
origins of the behavior.

The work at Pennsylvania State University was suppor
by NSF Grant No. DMR-0101318. R.M. also acknowledg
financial support form MENRT~France!. We are also grate-
ful for helpful discussions with J. Blasco.

FIG. 6. The frequency dependence of the maximum inx9(T)
data forx50 andx50.1. The solid lines are fit to Arrhenius law
f 5 f 0 exp(2Ea /kBT) as described in the text.
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MAHENDIRAN, BRÉARD, HERVIEU, RAVEAU, AND SCHIFFER PHYSICAL REVIEW B68, 104402 ~2003!
1G. H. Jonker and J. H. van Santen, Physica~Amsterdam! 16, 337
~1950!.

2E. O. Wollan and W. C. Koehler, Phys. Rev.100, 545 ~1955!; J.
B. Goodenough,ibid. 100, 545 ~1955!; P. G. de Gennes,ibid.
118, 141 ~1960!.

3J. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phys.48, 167
~1999!.

4C. Zener, Phys. Rev.81, 440 ~1951!.
5J. B. Goodenough, A. Wold, R. J. Arrot, and N. Menyuk, Ph

Rev.124, 373 ~1961!.
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