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turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
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EFFECTS OF LOCALIZED HOLES ON CHARGE TRANSPORT, LOCAL
STRUCTURE AND SPIN DYNAMICS IN THE METALLIC STATE OF CMR
La;.,Ca,MnO;

R. H. HEFFNER,' M.F. HUNDLEY' AND C. H. BOOTH"
!Los Alamos National Laboratory, Los Alamos, NM 87545
?Physics Department, University of California, Irvine, CA 92697

ABSTRACT

We review resistivity, x-ray-absorption fine-structure (XAFS) and muon spin relaxation (uSR)
data which provide clear evidence for localized holes causing polaron distortion and unusual
spin dynamics below Tc in “colossal magnetoresistive” (CMR) La;..Ca,MnQO;. Resistivity
measurements for x=0.33 under an applied field H have shown that In[p(H,T)] o« -M, where M is
the magnetization. The XAFS data show a similar functional dependence for the polaron
distortions on M. The data from these two measurements are interpreted in terms of some
fraction of the available holes x remaining localized and some increasing fraction becoming
delocalized with increasing M. Finally, this polaron-induced spatial inhomogeneity yields
anomalously slow, spatially inhomogeneous spin dynamics below T, as shown in the uSR data.
These experiments individually probe the charge, lattice and spin degrees of freedom in this

CMR system and suggest that the polarons retain some identity even at temperatures
significantly below T¢.

INTRODUCTION

In 1954 Volger [1] measured a large magnetoresistance effect near the ferromagnetic
transition in LaggSrooMnO;. At that time the double-exchange theory was being developed by
Zener [2], Anderson and Hasegawa [3], and deGennes [4], so the magnetoresistance was loosely
attributed to this mechanism. At the time, deGennes [4] pointed out that the theory of double
exchange (DE) really should include coupling to the lattice degrees of freedom. About 40 years
later, the consequences of such a coupling are now being appreciated. Recently, the
magnetoresistance in several related materials was studied [5] in more detail and found to be
quite large, prompting the term “colossal” magnetoresistance (CMR). Millis et al. [6]
recognized CMR was too large to be explained by the DE model without invoking lattice
distortions (polarons) in the paramagnetic state. Many subsequent experiments confirmed the
existence of both polaron transport [7,8] and local lattice distortions [9,10] that are partially
removed in the ferromagnetic state, as well as the expected isotope effect [11]. Moreover, there
is mounting evidence that the local lattice distortions play an even bigger role in the transport,
possibly dominating the electronic properties over a wide range of temperatures both above and
below any magnetic transitions. We review some of these measurements, including those that
demonstrate the strong dependence of magnetic field on the resistivity and the local polaron
distortions. These data have a remarkably similar functional dependence on the magnetization,
as we will show. Moreover, uSR experiments [12] indicate that there are anomalously slow and
spatially inhomogeneous spin dynamics in these systems, which can be associated with
considerable inhomogeneity in the local magnetic environment. Taken together, these data
suggest that there exist regions of the sample in the ferromagnetic state that are essentially still
conducting via polaron transport, and that the electronic properties are governed primarily by
how much the magnetization can change the relative size of these regions. Regions of various
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sizes can in principle give rise to different spin fluctuation rates. These different regions can

also support a wide range of polaron binding energies, consistent with the resistivity and local
structure measurements.

DEPENDENCE OF MAGNETIZATION ON RESISTIVITY

The temperature-dependent magnetization and resistivity of an epitaxial thin film of
Lay7Cag3MnOs3 grown via pulsed laser deposition are depicted in Fig. 1. The T-dependent
resistivities in zero field and in 50 kOe as well as the resulting magnetoresistance are shown in
Fig. 2. The Curie temperature for this specimen was determined to be 250 K from magnetization
Arrott plots. For temperatures above T¢, p exhibits Arrehenius behavior with an activation
energy of 0.1 eV. Hall measurements at 300 K indicate that the carrier concentration is
consistent with 0.3 carriers per formula unit and that the drift mobility is only 0.02 cm?V -sec,
corresponding to a mean-free path that is a fraction of a lattice constant. This clearly indicates
that conduction proceeds via nearest-neighbor adiabatic small polaron hopping above 7.
Thermopower and Hall effect measurements confirm that this is indeed the case [13,14]. By
applying a 50 kOe magnetic field the peak in p at T¢ is drastically suppressed and a substantial
magnetoresistance is achieved: Ap/po(50 kOe) = -85% at T¢.

The data in Figs. 1 and 2 show that both dp/dH and dp/dT are largest near 7c. This region
is exactly where dM/dT is a maximum and where an applied magnetic field has the greatest
effect on the microscopic magnetism. Thus there is clearly a close connection between charge
transport and magnetic order in the manganite CMR compounds. To more fully explore the
relationship between p and M, careful measurements of p(H,T) and M(H,T) were made on the
same thin-film sample used to produce the data shown in Figs. 1 and 2. The data were measured
at nine temperatures from 272 K to 10 K in fields sufficient to saturate the domain structure so
that the measured M would correspond to a microscopic magnetization. The results are presented
in Fig. 3 where p(H,T) is plotted versus M(H,T) rather than as a function of H or T. The data

indicate a correlation that encompasses two orders-of-magnitude variation in p and can be
parameterized as

p(H,T) =p,exp{-M(H,T)/ M}, (M
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Figure 3: p(H,T) plotted as a function of M(H,T).
At each temperature points are shown for applied
fields of 10, 20, 30, 40, and 50 kOe. The solid
line is a least-squares fit to the data.

with pm = 21 mQ-cm and 4nM, = 2.0 kG. This resistivity-magnetization correlation was first
reported by Hundley ef al. [7] and has since been confirmed by many others in both thin
film [13,15] and bulk samples [12] of CMR compounds with ordering temperatures less than
room temperature. Because this correlation appears to hold throughout the temperature range
below T¢ it is evident that the CMR compounds are not conventional ferromagnetic metals even
at low temperatures. Clearly, electronic transport is influenced by magnetic order in a highly
unusual way.

By making a few simple assumptions, the phenomenology expressed by Eq. 1 can
provide insight into the transport process below T, One approach is to assume that the adiabatic
small polaron hopping description that is valid above T¢ will still apply over a limited
temperature range below the ordering temperature. In this scenario, the developing
magnetization acts to reduce the polaron binding energy Wp that characterizes the degree to
which charge carriers are localized. By following this approach [16] it is straightforward to show
that Eq. 1 leads to the simple result that Wp is reduced linearly by the magnetization that
develops from either reducing the temperature below 7¢ or by applying a magnetic field.
However, this analysis cannot directly validate the physical picture implied by the adiabatic
small polaron theory, namely that Wp is a measure of the spatial extent of the polaron distortion.
Consequently, more local experiments, such as a local structure or a local magnetic probe, are
necessary to provide a microscopic picture of the transport mechanism.

LOCAL STRUCTURE MEASUREMENTS OF MnOs OCTAHEDRA, AND RELATION TO
MAGNETIZATION

We now report on local-structure measurements of the MnQg distortions in CMR
La;.Ca,MnO3 and how they relate to the zero-field magnetization. (These measurements are also
discussed in Refs. [17,18].) The Mn-O bond length distribution width is measured using the
x-ray-absorption fine-structure (XAFS) technique. The measured changes in this width Ac due
to removal of the polaron distortions below T¢ are found to relate to the zero-field magnetization
simply as In(Ac) o« M. Using a simple model whereby each doped hole is either localized
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Figure 4: Mn K edge Fourier transforms Figure 5: (a) Amplitude of the Mn-O peak
(FT) of ky(k) vs. r for (a) LaMnOj3 and (b) in the FT of ky(k) at 300 K as a function of
CaMnO; at 50 K. The oscillating curve is x for La;«Ca,MnO;s. (b) As in (a), except at
the real part and the envelope is the 50 K. The dotted lines in (a) and (b) are

amplitude of the complex transform linear fits to the data. The (upper) dashed
([Re*tIm’]'"?).  Dotted lines are from line is approximately the amplitude one
simulations  using  structures  from expects if the individual Mn ions were
diffraction, as described in the text. actually mixed valent.

(causing a polaron distortion) or delocalized (causing no polaron distortion), we find that the
delocalized hole concentration ngs also changes as In(rgn) o< M. This result is in agreement with
the dependence of the resistivity on magnetization In(p) « -M shown in Fig. 3. These local
structure measurements and the transport measurements therefore provide empirical relations
between the spin, charge and lattice degrees of freedom in the Ca-doped CMR manganite
perovskites.

The XAFS experiments yield the local structure around a central species of atom, chosen
by tuning an incident x-ray beam to a particular absorption edge. For these experiments we
measure the absorption region ~900 eV above the Mn K edge. The absorbing photon forces the
ejection of a photoelectron with wave vector k given by E-Ey=h*k*/2m,, where Ej is the edge
energy and m, is the electron mass. As the photoelectron is back-scattered from near-neighbor
atoms, it interferes with itself at the absorbing atom, causing the absorption coefficient p to
oscillate as sin(24r), where r is the distance to the neighboring atom. By isolating the oscillatory
part of the absorption (defined as y()), a Fourier transform (FT) of ky(k) yields peaks in the
amplitude that correspond to the distance (r) between and the number (V) and distribution width
(o) of neighboring atoms. Since the photoelectron back-scattering amplitude F(k) is also a
function of k, the FT of ky(k) is only related to the radial distribution function (RDF). However,
F(k) can be calculated to high precision by multiple scattering codes such as FEFF [19], and
therefore fits to the FT of ky(k) can yield N, r, and o for the near-neighbor (< ~ 4.5 A) atoms.
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Considering the large distortions present in £ delocalolized holes. Ferir/.
both of these compounds (the La/Ca site sits ~ ©F 9€0Ca101Zed nOIES, F=rgn/x (see text).
off-center within the perovskite cube, creating
a wide range of Mn-La/Ca bond lengths near 3.3 A), the agreement between the diffraction and
XAFS data is remarkably good. One should note that the Mn-O peak at ~1.5 A (corresponding
to Mn-O bond lengths near 1.95 A) is much lower in amplitude in LaMnOj; than in CaMnO;.
This decreased amplitude is a consequence of the Jahn-Teller (JT) distortion that occurs around
Mn>* ions. In contrast to the undistorted MnOg octahedra in CaMnOj; which gives six Mn-O
pairs at ~1.90 A, the JT distortion causes three distinct bond lengths in LaMnQO;, with two
oxygen neighbors to the manganese at 1.91 A, two at 1.97 A and two at 2.15 A.

Now we must consider the effect of Ca substitution for La in LaMnOj3 on the local Mn-O
environment. If each added calcium converts a Mn®* (distorted) into a Mn** (undistorted) ion,
one expects that the amplitude of the Mn-O peak in the FT of ky(k) will be linear in the calcium
concentration x. This assertion can be verified by simulating such a local environment with
FEFF. This linear relation indeed is shown to exist experimentally, as seen in Fig. 5a.
Therefore, above T¢, the Mn-O amplitude is an accurate predictor of the localized hole
concentration.

As we drop below T¢, samples with 0.2<x<0.5 undergo an insulator-to-metal (CMR)
transition, together with a (partial) removal of the JT distortion of the MnOg octahedra. Samples



outside of this concentration range remain insulating, regardless of their magnetic state. For
such samples, the linear relationship between x and Mn-O peak amplitude still holds, while for
the CMR samples, the peak amplitude is higher than the line describing the non-CMR samples
(Fig. 5b). If the distortion were completely removed, one might expect the Mn-O peak to be
undistorted. The lowest amplitude that could be expected would be determined from the sum of
the Mn®™" and O% ionic radii, and is roughly shown as the (upper) dashed line in Fig. 5b.
(XAFS amplitudes decrease with increasing r.) The real amplitudes for the CMR materials fall
well below the line describing the undistorted case, and therefore significant distortions still
exist, even well below T¢.

To quantify these effects with temperature, we have performed fits to the XAFS spectra,
using a Gaussian distribution of six Mn-O bonds, with a bond-length distribution width 6. These
Mn-O widths are displayed in Fig. 6, showing only the CMR samples and the end-members of
the La;.,Ca,MnOs series for clarity. The other (non-CMR) samples show little or no change in
o at their magnetic transitions, and their magnitudes are given roughly by interpolating 1/c
between the end members.

The polaron contribution to the total width can be isolated and compared to the zero-field
magnetization. The total width ¢ above T¢ can be written as the sum (in quadrature) of a
thermal (Debye) contribution op and the fully-developed (static) polaron contribution op:
0'=(0'D2+0'p2)” 2. For these data, we determine op by fitting the data for CaMnO; and adding a
static op, as shown in Fig. 6. The thermal dependence of ¢ above T¢ in the CMR materials
appears to agree well with the data for CaMnO;. Below T, the change in the width due the
finite magnetization can be written as Ao=(c’-op>+op2)”. The zero-field magnetization can be
estimated by the SQUID-measured magnetization M normalized to the low temperature
magnetization M. (Magnetization measurements are reported in Ref. [17,18].)

Fig. 7a demonstrates that In(Ac) o« M/M,, with all the data from this small sample set
falling on the same line. This relationship strongly supports the existence of the JT distortions
below T¢, and shows how they develop with decreasing magnetization, and thus increasing
temperature. These data are in agreement with PDF data on the related La;.,Sr,MnO; system
which demonstrate the existence of JT distortions below T¢ for x< ~0.35 [22]. It is important
that such a relationship is calculable within a double-exchange theory that includes polarons
[23], and thus may provide an important test of such theories [24,25].

A “two-fluid” model of the Mn-O distortions and the conductivity

A simple “two fluid” model can describe these data as well. Consider that in the metallic
state each of the doped holes x can be either in a localized (non-conducting) or a delocalized
(conducting) state. Such a model ignores the effect of changes in the carrier mobility on the
structure, such as may occur if the states become only partially extended. With this assumption,
we can model the effect of the distortions that we measure by assuming that each localized
charge will create a Mn®" site and a JT distortion around that site. This model exactly describes
the linear relationship in the paramagnetic state shown in Fig. 5a. When the material becomes
ferromagnetic, some fraction of the holes become delocalized and no longer contributes to the
lattice distortion. In the limit of no distortion, the width of the peak should be the same as
CaMnOs. With such a simple distribution of distortions, we can immediately write down the
delocalized hole concentration ng,. In terms of distribution amplitudes (which are slightly
different that the amplitude of the FT of ky(k) in Fig.5 [18]), ns is given by the difference
between the measured amplitude 4 and the amplitude one expects if the distortion remains fully
developed 4p, normalized by the difference between the amplitude expected for no distortion
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Figure 9: Temperature dependence of the
uSR frequency (upper panel), proportional
to the sublattice magnetization, in
Lag 67Cag 33Mn0O;. Temperature dependence
of the inhomogeneous linewidth 1/T,

the precession frequency o, divided by the precession frequency o,

Anp and Ap. These amplitudes are given by the number of Mn-O neighbors (six) times (2nc?) ™.
We may therefore write

A(x,T,M)— A, (x,T)
AND (x: T)_ AD(x> T)
_ 1Vo-1/o,

dh
@)

_l/O'ND—l/O'D

A plot of the fractional number of delocalized holes F = ngy/x determined in this fashion is
shown in Fig. 7b. Again, In(F) «c M. Using fits to these data, one also finds that even at 7=0,
not all the holes in these samples are completely delocalized: ng(7=0)/x goes from 0.77—0.86

for x=0.21—0.30. We do not have a good explanation of this change in ng(0), but it may be
related to the number of cation vacancies in these samples.

ANOMALOUSLY SLOW, INHOMOGENEOUS SPIN DYNAMICS BELOW 7. FROM uSR

The XAFS data described above present strong evidence for significant average lattice
distortions at temperatures far below T¢, which in turn is associated with charge localization.
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Figure 11: Temperature dependence of the
puSR  rate 1/T; in the Heisenberg
ferromagnet GdNis (T¢ = 32 K).

The clear connection between the residual distortion, the overall sample magnetization and the
resistivity relates the microscopic lattice degrees of freedom to the macroscopic charge and spin
degrees of freedom. This correlation with the spin degrees of freedom can be explored
microscopically using the muon spin relaxation (USR) technique. Here 100% spin polarized
muons are implanted interstitially and the relaxation of the muons’ polarization in time is
detected by monitoring the anisotropy in the direction of the emitted decay positrons. This leads
to a relaxation function that is given [12] by the formula

G(H=4, exp(-(t/Tl)K) + 43 exp (-t/T) cos 2nv, t + ¢). €))

Here T, and 75" are the respective homogeneous and inhomogeneous linewidths, ©, = 2nv, =
Y. |Bl is the muon Larmor precession frequency in the internal field B, and 4, and 4, are the
relative amplitudes of the fluctuating and precessing components of the local field, respectively.
The above assumes a single muon magnetic environment, so that 4, + 4, = 1.

Figs. 8 and 9 show the temperature dependence of the muon frequency v, and the
fractional linewidth 1/(2nT>v,) in both LaMnOs; and Lage7Cag3sMnO;z. The v, values are
proportional to the local sublattice magnetization. There are two frequencies found in LaMnOs,
corresponding to two magnetically inequivalent muon sites in the antiferromagnetic structure.
Only a single muon line is observed in the doped material, indicating a single interstitial site. In
an earlier publication [12] we showed that the temperature dependence of v, in Lag 67Cap33Mn0O;
is well described by the functional form expected for a second order phase transition v, =
vo(1-T/Tc)".  Both of the lines for LaMnOs are fit by this same expression, but with an
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exponent of about 0.29. The lower panel in Fig. 8 shows that the inhomogeneous linewidth in
the undoped sample is quite narrow, except near Tn. By contrast, in Lag¢;Cag33MnO3 (lower
panel, Fig. 9) the linewidth tracks the sublattice magnetization and is at least an order of
magnitude larger than in the undoped material. In this case both the magnitude and temperature
dependence (proportional to the magnetization) of the linewidth suggest that its origin comes
from a distribution of grain shapes in the polycrystalline sample, giving rise to a distribution of
demagnetization factors. We return to this point below.

Fig. 10 shows the temperature dependence of the spin lattice relaxation rates in LaMnO;
and Lag¢7Ca933Mn0O;. The open and closed symbols are for zero and 3 kOe applied field,
respectively. One expects almost no relaxation below the ordering temperature in magnets with
appreciable spin stiffness constants [26]. This is because 1/7) is usually dominated by two-
magnon relaxation from spin waves, which is proportional to T(In7)/D’, where D is the spin
wave stiffness [26]. The stiffness constant in the manganites is indeed large enough that no
relaxation from the spin waves is expected (D = 155 meV A%in Lag ¢7Cag33Mn03). This is what
is observed in LaMnOs; i.e., no appreciable pSR rate is observed below Ty. However, in the Ca-
doped material the relaxation below T¢ is appreciable and is attributed to the effects of spin-
lattice polarons, as discussed below. An important point to note is that 1/7} o« A? 1, where A is
the amplitude of the fluctuating hyperfine field and 7 is the correlation time of the fluctuations.
Thus anomalously slow fluctuation rates or long correlation times 1 are associated with the
relaxation below T¢ in Lag 67Cag 33MnOs.

These anomalously slow fluctuations produce a puSR rate that is very sensitive to an
applied field, as seen in Fig. 10. Whereas a field of only 3 kOe completely destroys the peak in
the relaxation rate for Lag 67Cag33MnO3, one still sees the relaxation peak in the antiferromagnet
LaMnO;. Although one would expect an applied field to couple more strongly to a ferromagnet
than an antiferromagnet, fields of comparable sizes in other ferromagnetic materials do not have
such a drastic effect. This is seen in the case of GdNis, a typical Heisenberg ferromagnet, shown



in Fig. 11. The application of a small field actually enhances the relaxation rates near Tc
presumably because the field slows down the fluctuations.

We have also performed measurements on the material Lag 9oCag 10MnQOs, which lies in a
region of the phase diagram where canted antiferromagnetic order has been suggested [27] (i.e.,
ferromagnetism is just beginning to develop). A comparison of the relaxation rates for the three
systems with x = 0.0, 0.10 and 0.33 is shown in Fig. 12, where the axes have been normalized.
One notes that the relaxation below the ordering temperature increases in magnitude relative to
its peak rate as the system is doped with Ca. Thus the presence of doped holes (and presumably
their associated spin-lattice polarons) is responsible for the anomalously slow relaxation below
Tc.

A detailed analysis of the dynamical component (the 4; component in Eq. 3) of the
relaxation function G,(¢) reveals that it has a stretched-exponential form below and slightly
above Tc, with an exponent K < %2. In the ferromagnetic compound GdNis discussed above, as
well as in the random ferromagnet PdMn (2%) [28], the relaxation function is exponential above
and below T¢c. A stretched exponential relaxation function implies that there exists a broad
distribution of relaxation rates 1/7}, leading to the conclusion that A and/or t are distributed
quantities.

To understand how a distribution in A affects the measured relaxation function we
convoluted both a Gaussian and a Lorentzian broadening function P(A) with the exponential
relaxation function exp(-#/T?), i.e.,

exp(-(t/T1)*) = | dA P(A)exp(-#/T)). “)

Using the value obtained from the inhomogeneous linewidth shown in Fig. 9 (lower panel) as an
upper limit for A, we find that K > 0.6. Obviously, the smaller the value of A the larger the value
of X, i.e., K =1 for A = 0. Recall that the physical meaning of A is the amplitude of the
fluctuating hyperfine field produced by the Mn spins at the muon site. Thus the actual value of
A for our experiment in Lag¢7Cag33MnOs is likely to be much smaller than the value obtained
from the inhomogeneous linewidth 1/75, which is presumably dominated by a distribution of
demagnetizing fields from the various grain shapes in the sample. Consequently, the measured
exponent K cannot be explained by a spread in the intrinsic A values alone, strongly suggesting
that the local-field correlation time 7 is also a distributed quantity. Because uSR is a local probe
one may therefore infer that the fluctuations are spatially inhomogeneous.

In summary, the principle findings from pSR are that the spin fluctuations below 7¢ in
Lag 67Cag 33MnO; are anomalously slow, spatially inhomogeneous and very sensitive to small-
applied fields. These results can be related to the combined XAFS, resistivity and magnetization
experiments by assuming that the small polarons observed previously in transport measurements
above Tc retain some identity in the ferromagnetic state; i.e., the system is not homogeneous
below Tc. The presence of structural inhomogeneity below T is quite clear from the XAFS
measurements, and as discussed above, this can be related to the existence of both localized and
delocalized charges. The pSR measurements likewise indicate inhomogeneity, but in the
fluctuations of the Mn spins.

To reconcile these results we hypothesize that the regions of localized and delocalized
charge (or alternatively, regions of large and small local lattice distortion) produce spin clusters
of varying sizes and that the fluctuation rates within a cluster depend on the cluster size. This
gives rise to a distribution of relatively slow fluctuation rates (we find 1/7 < 10! s near and
below T¢). One may estimate an upper limit for the cluster size by noting that when the spin
cluster or polaron reaches the size of the ferromagnetic coherence length it can support spin



waves, which do not relax the muon spin, as discussed above. Estimates of this correlation
length are > 15- 20 A [29]. A reasonable lower limit for the cluster size is 1-2 lattice spacings,
slightly larger that the expected size of the small polarons in the paramagnetic state. The
unusual field dependence observed for the pSR relaxation rate could thus be explained by
postulating that a small field will enlarge the cluster size a few lattice spacings (by enhancing the
charge transport which is mediated through the double exchange) until spin waves are again
supported locally. Note that a much larger field is required to significantly reduce the resistivity,
where charge must be transported across the entire sample.

In conclusion, we have presented three different types of measurements that separately
probe the charge, lattice and spin degrees of freedom in the Ca-doped CMR manganites. As
expected, the transport, local structure, and puSR measurements show clear evidence for the
presence of small polarons both in the electronic properties and from the Jahn-Teller distortions
in the paramagnetic state. What is surprising is that these measurements provide compelling
evidence that even well below T, there are still signatures of local lattice distortions and other
polaron-like effects, albeit diminished from those observed above T¢. Taken together, these
experiments are consistent with a model wherein regions of the sample display small spin-lattice
polaron dynamics and that these regions continuously change into regions with free-carrier-like
dynamics below the magnetic ordering temperature. The presence of polarons and the dramatic
effect they have on the transport, structure and magnetic properties indicates that these
compounds are not simple ferromagnetic metals well below T¢ and any description of the
underlying physical mechanism responsible for their unique properties must account for this fact.

These measurements therefore provide an important glimpse into the nature of the ground-state
in CMR compounds.
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