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Abstract

We report an extended x-ray absorption fine-structure investigation on the Mn K
absorption edge in La;_,Ca,MnO; as a function of temperature and magnetic
field. The results provide microscopic evidence that the modifications in the
local structure around Mn atomic sites, as a function of temperature and applied
magnetic field, are directly related to the magneto-transport properties of these
materials.

1. Introduction

In recent times hole-doped manganese oxide perovskites with basic formula A;_,B,MnO;
(where A is alanthanide and B is a divalent metal) have attracted unprecedented attention owing
to their very peculiar magneto-transport property, the so-called colossal magnetoresistance
(CMR) [1]. Itis believed thatin these systems the CMR is due to an interplay between structural,
magnetic and transport properties. Extensive experimental and theoretical efforts have been
made in order to obtain a detailed understanding of this interplay. In particular, La;_,Ca, MnO3
in the doping range 0.2 < x < 0.5 is insulating in the high-temperature paramagnetic state,
but becomes metallic in the low-temperature ferromagnetic state. The close interconnection
between magnetism and metallic state for T < T, is well documented in terms of the double-
exchange mechanism [2—4]. However, it is now generally accepted that the double-exchange
mechanism alone is not sufficient to quantitatively explain the unusual magneto-transport
properties and that the coupling between charge and lattice degrees of freedom [5-7] plays a
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key role in producing both the insulating behaviour at 7 > T, and the CMR effect around the
metal-insulator (MI) transition temperature, Ty;;. The undoped compound LaMnOj; exhibits
aJahn—Teller (JT) distortion around the Mn>** ion. Such a JT distortion is absent from the other
extreme compound CaMnO3, where only Mn** ions are present. For the hole-doped system
where both Mn** and Mn** sites are present, local JT polaronic distortions localize the charge
carriers in the high-temperature insulating phase. The size and strength of such polaronic
distortion are key points in such discussions; in the limit of strong coupling, often associated in
the literature with the formation of small polarons, the charge carriers are trapped on the locally
distorted sites and thus the conductivity is given by thermally activated hopping or tunnelling
between such distorted sites. The other limit of weak coupling is associated with the formation
of large polarons extending over a wide spatial range and having an itinerant character. In doped
perovskites different experimental techniques [8—20] have provided evidence for the evolution
from a strong-coupling insulating phase (T > Tys) to a metallic phase (T < T)ys;) in which
structural distortions are progressively reduced.

In this scenario the mechanism through which an applied magnetic field (H) promotes
the conductivity seems limited to the spin—charge coupling; it favours the charge hopping by
enhancing the ferromagnetic order as described in the double-exchange theory. Even though
spin—charge and charge—lattice coupling have been widely documented in the literature, only
a few works have attempted to reveal a direct spin-lattice coupling [12,20-23] in order to
determine whether and how the sample magnetization affects the structural distortions directly,
thereby influencing charge transport and contributing to the CMR effect.

The aim of the present work is to determine quantitatively the evolution of the Mn local
environment across the MI transition in the absence and presence of an applied magnetic field,
in order to relate directly the microstructural changes to the evolution of CMR effect. For
this purpose, we have carried out detailed extended x-ray absorption fine-structure (EXAFS)
investigations at the Mn K edge in La;_,Ca,MnO3; compounds, as a function of temperature,
doping and magnetic field. Our results, in agreement with previous EXAFS experiments [11,
15—19], confirm the peculiar temperature dependence of the Mn—O Debye—Waller (DW) factor
across the Tjs;, unambiguously indicating an increase in the electron—phonon interaction in
the insulating phase. In addition, they definitively assess the percolative nature of the insulator
to metal transition and quantify the residual distortions in the low-temperature FM phase.
These results, in agreement with recent EXAFS data on similar compounds [23], reveal that
the application of a magnetic field modifies the evolution of JT distortions across the T),; and
that these changes are directly related to the magnetoresistance effect.

2. Experimental method and data analysis

Two samples of La;_,Ca,MnO3, x = 0.25 and 0.33, were prepared by the conventional
solid-state method using La;O3, CaCO3 and Mn3O,4. Samples were characterized by x-ray
diffraction, resistivity, ac susceptibility and magneto-resistance measurements (figures 3(a)
and (b)). Mn K-edge EXAFS data were recorded in transmission geometry at the CRG-GILDA
beam line [24] at ESRF (Grenoble). Measurements were carried out between 77 and 360 K
with a sampling step of 10 K in the neighbourhood of T;,. For each sample two temperature
runs were performed on cooling with H = 0 and 1.1 T, taking care to measure at the same
temperature with and without the magnetic field. The EXAFS oscillations, x (k) were extracted
from XAS data (figure 1(a)) using a standard procedure [25,26]. The k>-weighted x (k) data
were Fourier transformed (FT) in the k range of 2.5-15 A-! (figure 1(b)). The effect of
decreasing the temperature is evident on both the EXAFS oscillations and FT by the increase
in their amplitudes. While the first intense peak at about 1.5 A in the FT corresponds to the
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Figure 1. (a) k-weighted EXAFS data, x (k), and (b) Fourier transforms of kz—weighted x (k) as a
function of temperature for the x = 0.25 sample.

Mn-0 bond lengths, the second one at about 3.2 A has contributions not only from Mn-La/Ca
and Mn—Mn (along the cube edge) pairs, but also includes multiple-scattering contributions
from the almost collinear Mn—O-Mn triplets. We restrict our analysis to the Mn-O first
shell by inverse Fourier transforming (Fourier filtering) the data in the range 0.5-2.6 A. The
filtered data were fitted using a standard single-scattering EXAFS formula [25] and theoretical
amplitude and phase functions [27]. We find two Mn—O sub-shells are required to fit the data
in the whole temperature range for both the samples (figure 2); one with about four oxygen
neighbours at R, >~ 1.93 A and the other with about two oxygen atoms at R, ~ 2.05 A. In the
final analysis the coordination numbers were fixed to Ny, = 4 and Nli)/an = 2 respectively,
in agreement with a Q3-type JT distortion of the MnOg octahedron. Fixing the coordination
numbers reduces the uncertainty on the DW factors (o'2), that were found to vary smoothly
from about 1.7 x 107> A% at LN temperature to about 2.5 x 107> A? at RT, in agreement with
other doped compounds [19] as well as pure CaMnO; [15], that is expected to be free from
the Jahn—Teller distortion effect.

The possibility to distinguish a sub-shell structure in the first FT peak is relevant for
the interpretation of the Mn EXAFS data in manganites and is a controversial issue in the
literature [11, 15,18, 19]. Such a possibility is related to the extension of the data in k-space,
the windowing in the FT space, the number of independent fitting parameters [29] and the
statistical noise in the experimental data. Figure 2(a) shows that the two-shell model improves
the fit, reducing the residual by about a factor of three. However, the most suitable way to assess
the accuracy and reliability of the best fit is a statistical analysis of the results, that is performing
a x2- and an F-test on the results. Figure 2(c) shows the iso-x2 curves in the space of R,
and R;, parameters calculated using the CONTOUR option in the MINUIT package [28], for
the x = 0.25 sample measured at LN temperature. Starting from a minimum (x), each curve
depicts a 5% increase in the best-fit reduced 2 [29]. Two local minima are evident in the figure:
one, with R, ~ R, ~ 1.965 Aanda larger DW factor (62 =2.6x1073 Az), means a single-
shell MnO distribution; the other, with R, ~ 1.925 A, R, ~ 2.04 Aand 02 = 1.7 x 1073 A2,
improves the reduced x 2 by about 10%, so demonstrating that a bimodal distribution improves
the fitting. An F-test ensures that this improvement is statistically significant.

The possibility that such a bimodal distribution shares a more complex sub-shell structure
cannot be excluded. However an F-test, according to [29], shows that, in our data, adding a
third shell in the fitting is not statistically significant. Nevertheless, the longer Mn—O distance,
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Figure 2. Example of fitting k3—weighted filtered EXAFS data (T = 77 K) with one (a) or two (b)
shells. Experimental (- --- - - ) data and theoretical (- ) curves are shown. The residuals (Res.
=3 Xexp — Xtn)) are shown, shifted for clarity. Panel (c) reports the iso- x?2 curves for the fit as a
function of R, and R}, parameters (see the text). The values of the DW factors in the two minima
(x) are reported.

R, = 2.08 A, that we find for x = 0.25 in the insulating phase coincides with the value
obtained by averaging the two long Mn—O bond distances (2.01 and 2.13 A) as reported
in [19]. Moreover, the 02 ~ 2.5 x 1072 A2 found in the single-shell local minimum is in
agreement with the value reported in [15], which points to the consistency of our results with
previous ones.

The panels in figures 3(c), (d) report the two Mn—O coordination distances, R, and R;, as a
function of temperature obtained with H = 0 (open symbols) and H = 1.1 T (filled symbols).

3. Results and discussion

The changes in the R;(T) as a function of temperature (figures 3(c) and (d)) describe
the structural evolution across the insulator—metal as well as paramagnetic—ferromagnetic
transitions. The average Mn—O bond length, R = (4R, + 2R;)/6, is about 1.97 and 1.96 A,
respectively, for x = 0.25 and 0.33 samples. In contrast, for both the samples, R, decreases
and R, weakly increases on lowering 7 through 7j,, so the amplitude of the distortion,
AR = R, — R,, decreases from 0.16 (0.15) to 0.11 (0.10) A in the x = 0.25 (0.33) sample.
This, in agreement with experimental [ 19] and theoretical [30] findings, points out the transition
from a stronger-coupling regime, characterized by larger distortions of the MnOg octahedron,
to a weaker- (intermediate-) coupling regime, having smaller MnOg octahedron distortions.

The quantity §;7 = \/ é Z,N: L (Rmno; — Rwno)? (where N = 6), reported in figures 3(e) and
(), quantifies the local JT distortion of the MnOg octahedron as a function of temperature
and applied magnetic field, across the MI transition. These values are somewhat larger than
the long-range coherent JT distortions obtained by diffraction techniques [9, 10]. In the
paramagnetic regime the amplitude of the JT effect observed in our data is reduced with
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Figure 3. (a), (b) Resistivity, (¢), (d) bimodal distribution of Mn—O bond lengths and (e), (f) local
Jahn-Teller distortions of the MnOg octahedron in the absence (H = 0T) and presence (H = 1.1T)
of magnetic field as a function of temperature. In panels (g) and (h), the relative variations in the
DW factors (Ao*lzi = (0121 — og)/afzi) and magnetoresistance (M R = (Ry — Ro)/ Ry ) as a function
of temperature are shown. Panels (a), (c), (e) and (g) ((b), (d), (f) and (h)) refer to the x = 0.25
(0.33) sample.

respect to that measured in fully distorted LaMnOj (in which 8,7 ~ 0.1 A) by a factor roughly
equal to the chemical concentration of Ca, in agreement with the hypothesis of large distortions
localized on each Mn?* site (small polaron). This average distortion is relatively insensitive
to T away from T),;, with a considerably larger magnitude in the high-temperature phase,
clearly pointing out the presence of larger lattice distortions in the insulating state as expected
for a stronger-coupling regime. §;7(7T") decreases rapidly only in the vicinity of Ty, closely
following the rapid decrease of resistivity with temperature. This effect signals the progressive
reduction of charge—lattice coupling through the transition.

The amplitude of the JT distortion and its evolution through the transition represents an
important parameter in the physics of CMR compounds. These results definitively prove that
relatively large distortions remain in the FM—metallic phase, reaching about 50% of that found
in fully JT-distorted LaMnO3 compounds. The reductions of 6 ;7 and A R across the transition
definitively confirm the transition from a single-site strong-coupling regime (small polarons)
to an intermediate-coupling regime in which weaker distortions of MnOg octahedra are spread
over a few (two to four) neighbour sites (large polarons) [7, 13, 14,19, 30]. It is evident that
present experimental results are clearly in contrast to the models envisaging complete removal
of the distortions and full delocalization of charges and a complete vanishing of JT distortions.

Another important conclusion drawn from the data reported in figures 3(a)—(f) is that
most of the structural changes occur mainly within the metallic region, starting from Tj,;. It
is also clear from these figures that the lattice distortions are consistently suppressed, though
only weakly, on application of magnetic field of just 1.1 T. To quantify the structural effects
induced by T and H, we characterized the transition from strong- to weak-coupling regimes
in terms of some empirical parameters using the phenomenological relation

87 (T) = —arct ° +381 (1)
1 arc
J g AT J
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Table 1. Empirical parameters characterizing the evolution of 8 ;7 (7T") across the MI transition.

x H(M AR T,(K) AT X &1 (A)
0.25 0 0.027(2) 179(2) 13(3) 0.063(2)

1.1 0.023(2) 187(3) 17(2) 0.062(2)
033 0 0.020(1) 224(2) 10(3) 0.061(2)

1.1 0.0152) 232(3) 14(3) 0.058(1)

to fit the §,;7(7T") data. Here A represents the variation of the amplitude of the JT distortion
across the transition, 7, is the mean temperature which characterizes the cross-over temperature
for the coupling strength and AT gives an estimate of the transition sharpness. The best-fit
results so obtained are reported in table 1. Assuming that larger distortions indicate a larger
number of strongly coupled sites and/or trapped carriers, §;7(T) describes how the average
electron—phonon strength evolves as a function of temperature. With such an assumption,
the quantity P(7) = 0.5 + %arctan (TA_TT”) can be interpreted as the probability of having
strongly coupled, heavily distorted Mn sites, where P(T > T,) ~ land P(T < T,) ~ 0
would indicate the maximum and minimum numbers of distorted sites, respectively. Within
this model the quantity P(T),;), indicating the fraction of heavily distorted sites (thus of
trapped carriers) at Ty, is higher than 85-90% in both the samples. This demonstrates
that a relatively small fraction of free charge carriers, proportional to the undistorted sites,
produces the turn-over in resistivity giving rise to the MI transition. This result strongly
supports that the sharp drop in resistivity derives from a percolative effect through domains
of weakly distorted sites (weakly coupled itinerant charge carriers) microscopically dispersed
into the heavily coupled insulating phase in agreement with the phase separation model in the
neighbourhood of T),; recently emphasized by several authors (see [31, 32] and references
therein).

From the parameters given in the table 1, it is clear that the effect of the applied magnetic
field on 8,7 (T) is similar for both the samples. The applied magnetic field shifts 7, towards
higher temperatures by about 10 K, in agreement with [23]. Moreover, itincreases AT, making
the structural transition broader, and also reduces the overall distortion amplitude. These
results, when compared with the resistivity in both the absence and presence of magnetic field
(see figures 3(a), (b)), indicate that the effects produced by the applied magnetic field on the
magneto-transport properties also have a counterpart in the local structure around Mn ions:
that the drop in JT distortions as a function of temperature and magnetic field closely follows
the onset of FM—metallic state with and without magnetic field.

Most convincing evidence of structural effects of H and its relation to magneto-transport
properties is reported in figures 3(g) and (%), where the relative variation of the DW factors,
Aoy = (0}_og — 051 1)/0h_, - is plotted. To obtain Ao}, we used the data collected
with H = 1.1 T as a model to extract experimental amplitude and phase functions, which
were used to fit EXAFS data collected in the absence of magnetic field, at each temperature.
The analysis of EXAFS data of a sample using experimental backscattering amplitude and
phase functions, extracted from EXAFS data collected on a model sample, is largely agreed
as the most sensitive and accurate method to quantify weak differences between chemically
similar samples. Further, as the two data sets (H = 0 and 1.1 T) were collected in the
same experimental conditions and treated using the same procedure, we expect that systematic
errors from measurements and/or data treatment are temperature independent, thus they may
affect the absolute values of AGIZ{ but not its overall behaviour. The quantity Aole reported
in figures 3(g) and (4) should be considered as the microscopic structural counterpart of the
magnetoresistance effect MR = (Ry — Ry)/Rpy, reported in the same panels for the sake
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of comparison. It is clear that the peak in AGIZJ follows the peak in MR as a function of
temperature, as is evident from the correlated shifts of Ao,zi and MR between the two samples
by nearly 40 K.

These results, in agreement with the recent results [23], definitively establish the
strict relation between local distortions around Mn and evolution of magneto-transport
properties: reduced resistivity, shift of the Curie temperature and evolution of the structural
distortions upon the application of a magnetic field are intimately related effects. Structural
modifications induced by magnetic field have also been pointed out in magnetostriction
measurements [21, 22]. However, EXAFS results focus on the local distortions around
Mn, which are incoherent, while magnetostriction, in contrast, is a coherent volume
effect. The amplitude of the magnetostriction effect, AV/V = 10~* [21,22], is several
orders of magnitude smaller than the local effect observed in our EXAFS data, which
is ~10~!. This finding definitively demonstrates that the distortions of the Mn local
environment play a dominant role in determining the magneto-transport properties of hole-
doped perovskites.

The Ao} values at high temperatures do not decay to zero, but instead increase to
quite large values 50-60 K above the first maximum discussed above. This effect has
been consistently observed in all the samples investigated by us and also in an independent
experiment [20]. The growth of AU}, in the PM phase suggests that the structural effect
of an external magnetic field cannot be simply explained with a rigid shift of the structural
transition [23], but it involves more interesting microscopic changes. We suggest interpreting
such an effect with the enhancement of the Debye temperature under applied magnetic field
in the PM—insulating phase. A possible path for this could be weakening of charge—lattice
coupling through the softening of spin polarons. This hypothesis could be confirmed by
monitoring the shift of vibrational frequencies under applied magnetic field by Raman and/or
IR spectroscopies. In this regard, it is worthwhile to note that pressure-induced hardening of
vibrational frequencies has been recently reported [33] as a consequence of the pressure-
induced reduction of charge-lattice coupling, and it is well known that applied pressure
and magnetic field have a similar effect, at least in the low-/intermediate-pressure and field
regions [34].

4. Conclusions

Our results describe and quantify the evolution of Mn local distortions through the MI transition
and the microstructural effects induced by an applied magnetic field, definitively showing that
the modifications of the local structure are intimately related to the evolution of magneto-
transport properties and in particular to the MR effect. Furthermore the observed effects
cannot be explained assuming that the applied magnetic field only enhances the charge hopping
through the double-exchange mechanism, without the participation of the lattice; they imply
that H also reduces the structural distortions through a softening of the electron—lattice coupling.
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