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Zero-field muon spin relaxation and resistivity experiments 0ggk@a, :sMNO; powder show that
the sublattice magnetizatiar), (7') is well described fof” < T. by (1 — T/T.)? , whereg = 0.345 *
0.015, characteristic of a second-order phase transition for a 3D spin system, and the ferromagnetic
transition temperaturel{ = 274 K) and resistivity peak temperature coincide to within 1 K. Belbw
v, and the zero-field resistivity are correlated, withv, « —Inp. Unusual relaxational dynamics
suggest spatially inhomogeneous Mn-ion correlation times. These results are discussed in terms of the
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

The basic behavior and structure of doped LaMnO must involve charge, lattice, and spin degrees of freedom,
was established many years ago [1]. LaMnB an perhaps coupled in a spin-lattice polaron [7,8]. Finally, a
insulating antiferromagnet (AFM) with a perovskite recent examination of DE with greater than one itinerant
structure. As CH' is substituted for L&', charge con- electron finds that the ground state contains dolal,
servation requires Mi™ conversion to MA", resulting  short-rangeferromagnetic correlations, i.e., no long-range
in FM correlations for0.2 = x = 0.5. Above T. the ferromagnetic order [9].
system is insulating (i.e., the resistivity increases with de- Many recent experiments in these materials have fo-
creasing temperature), but beldy the system becomes cused on electrical transport, structural properties, bulk
metallic [2]. There is growing evidence that polaron magnetization, and specific heat [10]. In this Letter we
formation in these materials plays an important role in theoresent zero-field positive muon spin relaxatign®GR)
charge and heat transport. For example, a comparison sfudies which (1) probe the microscopic development of
the activation energies obtained for the resistiity and  the magnetic order parameter and (2) find evidence for a
thermopowerAg for T = T¢ in La;—,Ca,MnO; gives  broad distribution of anomalously long and spatially inho-
A, = 10As = 0.1 eV, a characteristic signature of pola- mogeneous Mn-ion correlation times near and befw
ronic transport [3]. The precise nature of these polaron3hese relaxation data, and the unusual scaling of the or-
has yet to be determined. Present interest therefore sterdsr parameter with the resistivity, are features which any
from the interplay of magnetism and electronic transpormodels of the ferromagnetic state in these maganites must
in these materials, as evidenced by the discovery [4] thahcorporate.

La;—,Ca,MnO; and similar systems doped with Sr and Time-differential u* SR experiments were carried out
Ba possess a very large negative magnetoresistAice using the surface muon M15 channel at TRIUMF in
nearTc, whereAR/R(0) = —95% for 5 T field. Vancouver, Canada. The sample was a pressed pellet

Theoretically, our current understanding of these manef polycrystalline La—,Ca,MnO;, x = 0.33, possessing
ganites is far from complete. In the past, the transitiora maximum in the zero-field resistivity &t, = 272 =
from an insulating paramagnet to a metallic ferromag-1 K. This is near the metal-insulator transition temper-
net has been interpreted in terms of a double-exchanggure, which is usually taken to be the maximum in
(DE) mechanism [5]. Recent dynamical mean-field cal-dp/dT (265 * 2 K). The sample temperature was con-
culations of the magnetoresistance near and alfgvin  trolled to within 1 K between? = 10 and300 K using
(La,Sr)Mn0O; agree with this DE model [6]. However, a helium-flow cryostat. Sample quality was investigated
other authors claim that the DE model alone greatly overusing electron microprobe analysis to search for possi-
estimates the magnitude of both the conductivity @ad  ble atomic clustering; no such evidence was found at the
and underestimates the largde? /R(0) values [7]. They level of 5%. Furthermore, scaling plots of the magne-
suggest that the electronic transport near and alfgve tization M (M /t? vs H/tP® wherer =| T — T¢ |) [11]
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measured in applied fields up to 1.8 T yield a well-defined 100 1+ A R
Tc (262 = 3 K) for B = 0.35 andé = 4.8. This value
corresponds closely to the temperature whesgdT has 80
its maximum. Collectively, these macroscopic data indi- i ]
cate that the system is a well-behaved ferromagnet witt [
a range off'¢’'s from sample inhomogeneity of at most a 60| ]
few kelvin. M [
The zero-fieldu*SR data are well described by a :'2: .
relaxation function given by PO 1
G(t) = Ayexd—At]co2m v, (T)t + ¢] 20 [ ]
+ AZ eXd_(AI)K], (l) L 0 200 220 240 260 280
" T(K)
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where A; + A, = 1. Here v,(T) is the muon preces- 0 50 100 150 200 250 300
sion frequency, proportional to the sublattice magneti- T(K)

zation below T¢, A is the inhomogeneous linewidth, )
d A is the dvnamic spin-lattice-relaxation rate for aFIG._l. Temperature dependence of the zero-field muon pre-
an y P cession frequency, (T), proportional to the sublattice magne-

stretched-exponential relaxation function. Unlike previ-tization. The inset shows thaf, (T) is approximately linear in
ous u SR studies on orthoferrites [12], which showedtemperature, giving a value @ (see text)=1/3.

multiple muon frequencies (from different stopping sites)

and peaks iM\(T") which were uncorrelated with the ma-

terials’ magnetic transition temperatures (signifyind () 90-095 and 8Tc ~ 10 K. Thus the error ing due
diffusion), we found no evidence for either multiple stop- g the possible spread i is small.

ping sites or muon diffusion in Lg;Cag;MnO3 in the The inhomogeneous linewidth in zero field (not
temperature range studied. The latter is probably due tghown) has about the same temperature dependence
disorder-induced localization. The muon site has not beegg|ow Tc asv,(T), with A/27v) ~ 1/3 atT = 10 K.
determined yet, though it likely lies near an oxygen atomirpjs represents a distribution of local fields which is
as found in other oxides [12,13]. AbovEc A1 =0, youghly consistent with (1) the calculated distribution
while belowT¢ A; increases, sa}turatlng at its maximum ¢ demagnetization factors produced by varying grain
value of 2/3 for T = 0.84T¢. This low-temperature am- ghapes in a multidomain sample, and (2) the calculated

plitude behavior 4; =~ 2/3 and A, =~ 1/3) is expected jstribution of dipole fields arising from a random mix of
[14] for a multidomain sample in zero applied field, where g3+ (S = 2) and Mrt* (S = 3/2) ions in a 2:1 ratio.

the local magnetization averaged over domains points garlier studies of 1000 A thick films of ther =

along the muon spin direction with probability . 0.30 material [15] found an interesting correlation be-
Figure 1 shows the order parametey,(T) plotted tween the magnetization and the resistivityp below
as a function of temperature. The solid line is a fItTC in applied fields=1T. This relation, p(H,T) =
by the functionv,(T) = »o(1 = T/Tc)P; we find that  , "exd— ar(H. T)/M,, is not understood theoretically,
B = 0.345 = 0.015 andTc = 274.3 * 14 K. ThusTc  pyt js indicative of how the evolving magnetic order af-
as determined from.™ SR as the onset of microscopic fects the dc conductivity belowc. It is therefore of in-
spin ordering is slightly larger than determined from theyeest to see if the exponential relation betwgerand
M scaling, but agrees within error with the resistivity )/ found at high fields still holds in zero field. Figure 2
maximumt, . _ shows that indeed,, (T) « M « In(1/p). This is impor-
The functional form for »,(T), usually applicable tant pecause, unlike the uniform magnetizatidn .+ SR
0”'_3/2 to the asymptotic critical regimel — T'/Tc) <  measures théocal spin polarization irzeroapplied field,
1077 around a second-order phase transition, gives gather than a uniform average in an orienting field.
reasonable description of the magnetic order parameter Figure 3 shows the dynamical relaxation rateas a
over the entire temperature range measured. [At lovynction of temperature.” One observes a peal inor-
temperatures this may be due to the relatively larger errorg,sponding to the critical slowing down of the local field
in v,(T).] Theoretical values of the critical exponent for ¢,ctyations forr = 7. The dynamical fraction of the
3D HeisenbergXY, and Ising systems are 0.38, 0.33, andrg|axation function (with amplitude,) changes from an
0.31, respectively [11], while a value of/2 corresponds exponential K = 1) near 300 K to a “root exponential”
to a mean-field transition. The measured value®f (r — 1/2) at T = T¢ (see inset in Fig. 3), and is well
is thus close to the theoretical critical value expecteyascribed usingk = 1/2 for 150 K < T < Tc. Below
for a 3D spin system, as shown in the inset of Fig. 1ahoyt 150 K the relaxation rate is too small to distin-
whereuu({) is plotted as a function of temperature. We gish unambiguously between the exponential and non-
note thatEdB/ch is only 0.012-0.016 forT /T =  exponential forms. Most ferromagnetic materials stud-
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FIG. 2. Temperature dependence:Qf(T) vs resistivity on a  exponential relaxation rate\, with the inset showing the
log scale. The solid line is a least squares fit showipdr’) = exponentk vs temperature [see Eq. (1)]. Beldv= T, K =
—In[p(T)]. The inset shows resistivity vs temperature. 1/2 was used to fit the data.

ior of M indicates a macroscopic spreadZip of only a

ied by u"SR show an exponential relaxation functionfew kelvin, as noted above. We therefore conclude that
with a rate which approaches divergenceTat This is  the observation of a nonexponential relaxation function
seen, for example, in the Heisenberg ferromagnet GdNi for 150 K < T = T, suggests that the spin dynamics are
where Tc = 31.5 K [16]. Furthermore, in GdNj both  “glassy,” i.e., cannot be characterized by a single correla-
the magnitude of the relaxation rate and its temperatur@on time r.
dependence[? In(T)] at low temperaturesT{ < T¢) are The development of the magnetic order parameigr)
consistent with that expected [17] for a two-magnon scatappears to be quite “normal” for a 3D spin system. One
tering process. Similar behavior has also been observed therefore led to ask whether the low temperatirés
in the random ferromagnet Pd-2.0 at. % Mn alloy, withcharacteristic of two-magnon relaxation, as seep 18R
Tc = 5.8 K[18]. experiments on other ferromagnets, both ordered (e.g.,

In a ferromagnet such as Gdjiwhere the relaxation GdNis) and disordered (e.g°dVin). For a 3D Heisenberg
function remains exponential, the spin-lattice-relaxatiorferromagnet the. ™ SR relaxation rate from a two-magnon
rate A o« (Aw?)7, where Aw? is the coupling strength process is given for dipolar coupling by [17]
between theu* and the Mn spins, which originates from
dipolar and hyperfine interactions. The time-correlation Ay = [97;,7.G(kgT)*/16(mD)*]
function of the local fluctuating fieléH(r) can be char-
acterized by a single correlation time i.e., (8H(0) - X In(ksT/hiws), (2)
6H (1)) = exp(—t/7). Significant deviations from an ex- wherey, and vy, are the muon and electron gyromag-
ponential relaxation function usually signify either a broadnetic ratios,D is the spin-wave stiffness constant, and
distribution of correlation times or a broad distribution of w4 is the anisotropy energy. The quantify depends
coupling strengths. This may be from either “intrinsic” or on the muon location and lattice geometry. A similar
“extrinsic” sources. Intrinsically, this situation has beenrelation for hyperfine coupling gives the same order of
observed inu* SR studies of spin-glass alloys, where, formagnitude forA,,. To estimateA,, we obtainD from
example, dilute concentrations of Fe or M%) are  the low-temperature magnetization dat&(T). For a
dissolved in Au or Ag [19] or in oxide spin glasses such as3D Heisenberg syste (T)/M, = 1 — b(T/T¢)*/* and
Fe, 7<Ti 1,05 [20]. In these cases, the variationsAmw? D = a%kzT¢(0.06/SQb)*? [21]. HereS is the average
and 7 arise because of the random positions of the dilutévin spin, a is the lattice constant, and = 1 for the per-
magnetic ions relative to the ™ and thel /3 dependence ovskite structure. We find that/(T') is well described
of the dipolar coupling. Alternatively, a distribution of by this 7%/2 “Bloch law” for T = 80 K, and we derive
measured correlation times neBg could arise from ex- D = 155 meV A2 for this system. For comparison, pure
trinsic sample inhomogeneity, for example, if there wereFe hasD ~ 280 meV A% and GdNi hasD =~ 5 meV A2
a broad distribution of transition temperatures producedh value of 155 meV K givesAy = 107 — 1076 us™!,
by an inhomogeneous chemical composition. As menwhich is 3—4 orders of magnitude smaller than the mea-
tioned above, however, the chemical inhomogeneity is nasured A for T = 100 K, with any reasonable choice of
large, and furthermor@& is a slowly varying function of w4 and G in Eq. (2). Linear spin-wave theory, upon
hole doping near 33% Ca [2]. Also, the scaling behavwhich this simple analysis is based, often holds fos
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Tc/3. Thus, there exists an additional low-temperaturegested by recent theoretical calculations for the many-body
relaxation mechanism which dominates in this systemDE model mentioned above [9]. This needs further theo-
and is not characteristic of typical ferromagnets such asetical understanding.

GdNis, or even random ferromagnets sucHatvn. This We thank D. Emin, A. Millis, M. B. Salamon, and S.
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