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Ferromagnetic Ordering and Unusual Magnetic Ion Dynamics in La0.67Ca0.33MnO 3
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Zero-field muon spin relaxation and resistivity experiments on La0.67Ca0.33MnO3 powder show that
the sublattice magnetizationnmsT d is well described forT # Tc by s1 2 TyTcdb , whereb ­ 0.345 6

0.015, characteristic of a second-order phase transition for a 3D spin system, and the ferromagnet
transition temperature (Tc ­ 274 K) and resistivity peak temperature coincide to within 1 K. BelowTC

nm and the zero-field resistivityr are correlated, withnm ~ 2 ln r. Unusual relaxational dynamics
suggest spatially inhomogeneous Mn-ion correlation times. These results are discussed in terms of t
possible effects of polarons on the spin and charge dynamics. [S0031-9007(96)00958-1]

PACS numbers: 75.30.–m, 72.80.Ga, 75.40.Gb, 76.75.+i
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The basic behavior and structure of doped LaMn3

was established many years ago [1]. LaMnO3 is an
insulating antiferromagnet (AFM) with a perovski
structure. As Ca21 is substituted for La31, charge con-
servation requires Mn31 conversion to Mn41, resulting
in FM correlations for0.2 # x # 0.5. Above TC the
system is insulating (i.e., the resistivity increases with
creasing temperature), but belowTC the system become
metallic [2]. There is growing evidence that polaro
formation in these materials plays an important role in
charge and heat transport. For example, a compariso
the activation energies obtained for the resistivityDr and
thermopowerDS for T $ TC in La12xCaxMnO3 gives
Dr ø 10DS ø 0.1 eV, a characteristic signature of pol
ronic transport [3]. The precise nature of these polar
has yet to be determined. Present interest therefore s
from the interplay of magnetism and electronic transp
in these materials, as evidenced by the discovery [4]
La12xCaxMnO3 and similar systems doped with Sr an
Ba possess a very large negative magnetoresistanceDR
nearTC, whereDRyRs0d ø 295% for 5 T field.

Theoretically, our current understanding of these m
ganites is far from complete. In the past, the transit
from an insulating paramagnet to a metallic ferroma
net has been interpreted in terms of a double-excha
(DE) mechanism [5]. Recent dynamical mean-field c
culations of the magnetoresistance near and aboveTC in
(La,Sr)MnO3 agree with this DE model [6]. However
other authors claim that the DE model alone greatly ov
estimates the magnitude of both the conductivity andTC,
and underestimates the largeDRyRs0d values [7]. They
suggest that the electronic transport near and aboveTC
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must involve charge, lattice, and spin degrees of freed
perhaps coupled in a spin-lattice polaron [7,8]. Finally
recent examination of DE with greater than one itiner
electron finds that the ground state contains onlylocal,
short-rangeferromagnetic correlations, i.e., no long-ran
ferromagnetic order [9].

Many recent experiments in these materials have
cused on electrical transport, structural properties, b
magnetization, and specific heat [10]. In this Letter
present zero-field positive muon spin relaxation (m1SR)
studies which (1) probe the microscopic developmen
the magnetic order parameter and (2) find evidence f
broad distribution of anomalously long and spatially inh
mogeneous Mn-ion correlation times near and belowTC.
These relaxation data, and the unusual scaling of the
der parameter with the resistivity, are features which
models of the ferromagnetic state in these maganites m
incorporate.

Time-differentialm1SR experiments were carried o
using the surface muon M15 channel at TRIUMF
Vancouver, Canada. The sample was a pressed p
of polycrystalline La12xCaxMnO3, x ­ 0.33, possessing
a maximum in the zero-field resistivity atTm ­ 272 6

1 K. This is near the metal-insulator transition temp
ature, which is usually taken to be the maximum
drydT (265 6 2 K). The sample temperature was co
trolled to within 1 K betweenT ­ 10 and300 K using
a helium-flow cryostat. Sample quality was investiga
using electron microprobe analysis to search for po
ble atomic clustering; no such evidence was found at
level of 5%. Furthermore, scaling plots of the magn
tization M (Mytb vs Hytbd, wheret ­j T 2 TC j) [11]
© 1996 The American Physical Society 1869
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measured in applied fields up to 1.8 T yield a well-defin
TC (262 6 3 K) for b ­ 0.35 and d ­ 4.8. This value
corresponds closely to the temperature wheredrydT has
its maximum. Collectively, these macroscopic data in
cate that the system is a well-behaved ferromagnet w
a range ofTC ’s from sample inhomogeneity of at most
few kelvin.

The zero-fieldm1SR data are well described by
relaxation function given by

Gstd ­ A1 expf2ltg cosf2pnmsTdt 1 fg

1 A2 expf2sLtdK g , (1)

where A1 1 A2 ­ 1. Here nmsT d is the muon preces-
sion frequency, proportional to the sublattice magne
zation below TC, l is the inhomogeneous linewidth
and L is the dynamic spin-lattice-relaxation rate for
stretched-exponential relaxation function. Unlike pre
ous m1SR studies on orthoferrites [12], which showe
multiple muon frequencies (from different stopping site
and peaks inLsT d which were uncorrelated with the ma
terials’ magnetic transition temperatures (signifyingm1

diffusion), we found no evidence for either multiple sto
ping sites or muon diffusion in La0.67Ca0.33MnO3 in the
temperature range studied. The latter is probably due
disorder-induced localization. The muon site has not b
determined yet, though it likely lies near an oxygen ato
as found in other oxides [12,13]. AboveTC A1 ­ 0,
while below TC A1 increases, saturating at its maximu
value of 2y3 for T # 0.84TC . This low-temperature am
plitude behavior (A1 ø 2y3 and A2 ø 1y3) is expected
[14] for a multidomain sample in zero applied field, whe
the local magnetization averaged over domains po
along the muon spin direction with probability 1y3.

Figure 1 shows the order parameternmsT d plotted
as a function of temperature. The solid line is a
by the functionnmsTd ­ n0s1 2 TyTCdb; we find that
b ­ 0.345 6 0.015 andTC ­ 274.3 6 1.4 K. ThusTC

as determined fromm1SR as the onset of microscopi
spin ordering is slightly larger than determined from t
M scaling, but agrees within error with the resistivi
maximumTm.

The functional form for nmsTd, usually applicable
only to the asymptotic critical regimes1 2 TyTCd ,

1022 around a second-order phase transition, gives
reasonable description of the magnetic order param
over the entire temperature range measured. [At l
temperatures this may be due to the relatively larger err
in nmsT d.] Theoretical values of the critical exponent fo
3D Heisenberg,XY , and Ising systems are 0.38, 0.33, a
0.31, respectively [11], while a value of 1y2 corresponds
to a mean-field transition. The measured value ofb

is thus close to the theoretical critical value expect
for a 3D spin system, as shown in the inset of Fig.
wheren3

msT d is plotted as a function of temperature. W

note that 1
b dbydTC is only 0.012–0.016 forTyTC ­
1870
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FIG. 1. Temperature dependence of the zero-field muon
cession frequencynmsTd, proportional to the sublattice magne
tization. The inset shows thatn3

msT d is approximately linear in
temperature, giving a value ofb (see text)>1y3.

0.90 0.95 and dTC ø 10 K. Thus the error inb due
to the possible spread inTC is small.

The inhomogeneous linewidthl in zero field (not
shown) has about the same temperature depend
below TC as nmsT d, with lys2pnd ø 1y3 at T ­ 10 K.
This represents a distribution of local fields which
roughly consistent with (1) the calculated distributio
of demagnetization factors produced by varying gr
shapes in a multidomain sample, and (2) the calcula
distribution of dipole fields arising from a random mix o
Mn31 (S ­ 2) and Mn41 (S ­ 3y2) ions in a 2:1 ratio.

Earlier studies of 1000 Å thick films of thex ­
0.30 material [15] found an interesting correlation b
tween the magnetizationM and the resistivityr below
TC in applied fields$1 T. This relation, rsH, T d ­
r0 expf2MsH, T dyM0, is not understood theoretically
but is indicative of how the evolving magnetic order a
fects the dc conductivity belowTC. It is therefore of in-
terest to see if the exponential relation betweenr and
M found at high fields still holds in zero field. Figure
shows that indeednmsT d ~ M ~ lns1yrd. This is impor-
tant because, unlike the uniform magnetizationM, m1SR
measures thelocal spin polarization inzeroapplied field,
rather than a uniform average in an orienting field.

Figure 3 shows the dynamical relaxation rateL as a
function of temperature. One observes a peak inL cor-
responding to the critical slowing down of the local fie
fluctuations forT $ TC. The dynamical fraction of the
relaxation function (with amplitudeA2) changes from an
exponential (K ­ 1) near 300 K to a “root exponential
(K ­ 1y2) at T ø TC (see inset in Fig. 3), and is we
described usingK ­ 1y2 for 150 K , T , TC. Below
about 150 K the relaxation rate is too small to dist
guish unambiguously between the exponential and n
exponential forms. Most ferromagnetic materials stu



VOLUME 77, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 26 AUGUST 1996

on

N

tu

a
rv
it

io

m
io

-
a
o
o
e
fo

a

lu

f

er
ce
e
n

a

hat
on
re
la-

ne

.g.,

n

-
d

ar
of

e

a-
f
n

FIG. 2. Temperature dependence ofnmsT d vs resistivity on a
log scale. The solid line is a least squares fit showingnmsT d ~
2 lnfrsT dg. The inset shows resistivity vs temperature.

ied by m1SR show an exponential relaxation functi
with a rate which approaches divergence atTC. This is
seen, for example, in the Heisenberg ferromagnet Gd5,
where TC ­ 31.5 K [16]. Furthermore, in GdNi5 both
the magnitude of the relaxation rate and its tempera
dependence [T 2 lnsTd] at low temperatures (T ø TC) are
consistent with that expected [17] for a two-magnon sc
tering process. Similar behavior has also been obse
in the random ferromagnet Pd-2.0 at. % Mn alloy, w
TC ­ 5.8 K [18].

In a ferromagnet such as GdNi5, where the relaxation
function remains exponential, the spin-lattice-relaxat
rate L ~ sDv2dt, where Dv2 is the coupling strength
between them1 and the Mn spins, which originates fro
dipolar and hyperfine interactions. The time-correlat
function of the local fluctuating fieldd $Hstd can be char-
acterized by a single correlation timet, i.e., kd $Hs0d ?

d $Hstdl ~ exps2tytd. Significant deviations from an ex
ponential relaxation function usually signify either a bro
distribution of correlation times or a broad distribution
coupling strengths. This may be from either “intrinsic”
“extrinsic” sources. Intrinsically, this situation has be
observed inm1SR studies of spin-glass alloys, where,
example, dilute concentrations of Fe or Mn (,1%) are
dissolved in Au or Ag [19] or in oxide spin glasses such
Fe1.75Ti 1.25O5 [20]. In these cases, the variations inDv2

andt arise because of the random positions of the di
magnetic ions relative to them1 and the1yr3 dependence
of the dipolar coupling. Alternatively, a distribution o
measured correlation times nearTC could arise from ex-
trinsic sample inhomogeneity, for example, if there w
a broad distribution of transition temperatures produ
by an inhomogeneous chemical composition. As m
tioned above, however, the chemical inhomogeneity is
large, and furthermoreTC is a slowly varying function of
hole doping near 33% Ca [2]. Also, the scaling beh
i
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FIG. 3. Temperature dependence of them1SR stretched
exponential relaxation rateL, with the inset showing the
exponentK vs temperature [see Eq. (1)]. BelowT ­ TC , K ­
1y2 was used to fit the data.

ior of M indicates a macroscopic spread inTC of only a
few kelvin, as noted above. We therefore conclude t
the observation of a nonexponential relaxation functi
for 150 K , T # TC suggests that the spin dynamics a
“glassy,” i.e., cannot be characterized by a single corre
tion timet.

The development of the magnetic order parameternmstd
appears to be quite “normal” for a 3D spin system. O
is therefore led to ask whether the low temperatureL is
characteristic of two-magnon relaxation, as seen inm1SR
experiments on other ferromagnets, both ordered (e
GdNi5) and disordered (e.g.,PdMn). For a 3D Heisenberg
ferromagnet them1SR relaxation rate from a two-magno
process is given for dipolar coupling by [17]

LM ­ f9g2
mg2

eGskBT d2y16spDd3g

3 lnskBTyh̄vAd , (2)

where gm and ge are the muon and electron gyromag
netic ratios,D is the spin-wave stiffness constant, an
vA is the anisotropy energy. The quantityG depends
on the muon location and lattice geometry. A simil
relation for hyperfine coupling gives the same order
magnitude forLM . To estimateLM we obtainD from
the low-temperature magnetization dataMsT d. For a
3D Heisenberg systemMsTdyM0 ­ 1 2 bsTyTCd3y2 and
D ­ a2kBTCs0.06ySQbd2y3 [21]. HereS is the average
Mn spin,a is the lattice constant, andQ ­ 1 for the per-
ovskite structure. We find thatMsT d is well described
by this T 3y2 “Bloch law” for T # 80 K, and we derive
D ø 155 meV Å2 for this system. For comparison, pur
Fe hasD ø 280 meV Å2 and GdNi5 hasD ø 5 meV Å2.
A value of 155 meV Å2 givesLM ø 1025 2 1026 ms21,
which is 3–4 orders of magnitude smaller than the me
suredL for T # 100 K, with any reasonable choice o
vA and G in Eq. (2). Linear spin-wave theory, upo
which this simple analysis is based, often holds forT &
1871
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TCy3. Thus, there exists an additional low-temperatu
relaxation mechanism which dominates in this syste
and is not characteristic of typical ferromagnets such
GdNi5, or even random ferromagnets such asPdMn. This
points to anomalously slow spin fluctuations, as discuss
below.

To summarize, the static magnetic properties
La0.67Ca0.33MnO3 behave as expected for a typical 3D fer
romagnet [nmsTd3 ~ n

3
0 s1 2 TyTCd andDMsTd ~ T3y2].

Despite these “normalities,” however, we find sever
novel distinguishing features in this system. First, th
spin dynamics of La0.67Ca0.33MnO3 are unusual, giving
evidence for a broad microscopic distribution of very slo
spin-spin correlation times. These slow fluctuations pr
duce additional low-temperature relaxation not observ
in more typical ferromagnets, where spin wave excitatio
dominate. Second, belowTC the resistivity falls off
exponentially with the growth of the spontaneous FM
order parameter in our powder samples. This behav
is apparently quite general, because it was also obser
[15] in thin-film samples under applied fields of severa
tesla where the domain structure was saturated.

The inhomogeneous relaxational dynamics sugges
kind of glassy state, where the fast-relaxing and slo
relaxing regions retain their identity for a time.L21. The
fact that the local static spin correlations are projected
set in slightly above theTC determined from the scaling
of the bulk magnetizationMsH, T d and continue to grow
belowTC [as shown by the gradual increase in theA1 coef-
ficient in Eq. (1)] indicates that the microscopic spin free
ing percolates over an extended temperature range, ag
suggesting a kind of unconventional glassy state. (Altern
tively, it may be that the system approachesTc from below
as a second-order phase transition, but is interrupted
a weakly first-order transition to the paramagnetic stat
One possible scenario is that the small polarons indica
aboveTC by transport measurements [3] grow larger b
low TC, retaining some identity to temperatures signifi
cantly below the onset of magnetic order. This could yie
variable-size spin clusters belowTC, which may undergo
diffusive relaxation. In this connection, recent neutron e
periments [22] on (La,Ca)MnO3 show the growth of an
anomalous quasielastic scattering peak belowTC, with a
width which is consistent with the fluctuation rates ob
served in ourmSR studies (ø1011 s21). These different
kinds of experiments could be observing the same spin d
namics; however, becausemSR probes in real space (and
neutrons in momentum space) we are able to demonst
the spatial inhomogeneity present in the spin fluctuation
Although our results may be interpreted in terms of pol
ronic degrees of freedom, we wish to emphasize that th
are more general; i.e., it may be that the ground state
these ferromagnets is simply not homogeneous, as s
1872
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gested by recent theoretical calculations for the many-b
DE model mentioned above [9]. This needs further th
retical understanding.
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