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Changes in the local structure of a La0.70Ca0.30MnO3 CMR sample induced by a magnetic field
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We investigated the effect of an applied magnetic field on the local distortions of MnO6 octahedra in a
La0.70Ca0.30MnO3 colossal magnetoresistive~CMR! sample. Previously we have shown that the variance
s2(T) for the Mn-O pair distribution function is a function of the magnetizationM (T); however, in the earlier
study, each point is at a different temperature. Since an external magnetic field directly controls the sample
magnetization, we expect to observe a corresponding change ins2 of a CMR sample when a magnetic fieldB
is applied at a fixed temperature. Two field-orientations were used withB parallel and perpendicular~horizon-
tally! to the x-ray polarization vectorP. Our measurements verify that the local distortion does indeed change
with B nearTc , as expected.
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I. INTRODUCTION

The substituted manganites La12xCaxMnO3, form colos-
sal magnetoresistive materials forx roughly in the range
from 0.2 to 0.5.1–4 These materials are ferromagnetic met
~FM! at low temperatures below the Curie temperatureTc ,
and have a metal-to-insulator~MI ! transition at a temperatur
TMI , which is often close toTc .5 The large size of the mag
netoresistance, particularly in thin-film samples,6–8 led
people to propose that a polaronlike lattice distortion m
also be present,9–13 in addition to the double exchange~DE!
interaction.14–16Over the last few years such distortions ha
been observed, and the character and magnitude of t
distortions as a function of temperature have now been w
documented by x-ray absorption fine structure~XAFS! ex-
periments and by pair distribution analysis of neutron d
fraction data in some colossal magnetoresistive~CMR!
systems.17–23Such measurements, obtained at zero magn
field, show that the amplitude of the Mn-O pair distributio
peak decreases rapidly withT, for temperatures just below
Tc . This change can be modeled as a rapid increase ins, the
width of the pair distribution function, over this temperatu
range. At higher temperatures the change ofs with tempera-
ture is much slower; this leads to a well-defined breakpo
at Tc in a plot18 of s2 vs T.

In our recent XAFS experiments17,18 we have shown tha
there is a direct relationship between the magnetization
the sample and changes in the local distortions belowTc .
Specifically, ln(Ds2) is a linear function of the magnetiza
tion, whereDs2 is defined by the equation

Ds25sT
21sFP

2 2sdata
2 . ~1!

HeresT
2 is a measure of the phonon contribution~the Debye-

Waller contribution!, sFP
2 is the full polaronlike distortion

obtained at high temperature, which is defined as the dif
ence betweensdata

2 andsT
2 at high temperatures~aboveTc),

andsdata
2 is extracted from fits of the XAFS data,18,20 for the

Mn-O peak.Ds2 is zero aboveTc and ln(Ds2) increases
linearly as the sample’s magnetization increases.17,18 It is
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also known that the resistivity is very sensitive to sm
changes in volume.24 Thus these relatively larger changes
the local distortion are expected to change the resistivity,
likely modify both the carrier effective mass and mobility

The logarithmic relationship between local structure a
magnetization was obtained from a combination of measu
ments ofs ~measured by XAFS! and of magnetization, eac
as a function of temperature. However, every data poin
such an analysis represents a different temperature. To v
that the local structure is directly related to magnetizati
measurements as a function of magnetic field for a fix
temperature are needed. Moreover, such measurement
also necessary for direct comparison to resistivity vs mag
tization measurements.25 In this paper we report our firs
results of such investigations.

The ferromagnetic transition in these materials is of
not sharp. The magnetization is nearly constant at low te
peratures and decreases to zero asT approachesTc , typically
over a range of 20–60 K. Magnetization measureme
taken as a function of applied magnetic field, show that
value ofTc increases with external magnetic field.25 A low-
est order approximation is that the magnetization curve
rigidly shifted to higher temperatures. If the local structure
directly connected to magnetization, we expect the bre
point, in plots ofs2 vs T, to also shift to higher temperature
consequently for a given temperature nearTc , s2 should
decrease when a magnetic field is applied. Here we re
our observation of this effect.

Experimental details about the XAFS experiments
given in Sec. II. The XAFS data and the analysis are p
sented in Sec. III, and the conclusions in Sec. IV.

II. EXPERIMENTAL DETAILS

For the initial experiments reported here, measureme
were taken with magnetic fields of either 0 or 1 T, with th
magnetic field orientation either parallel or perpendicu
~horizontally! to the x-ray polarization vectorP ~see Fig. 1
for orientation details!. XAFS is sensitive to distortions pri
marily along the polarization vector; consequently with tw
8954 ©2000 The American Physical Society
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field orientations we can probedistortions that are perpen-
dicular and parallel to the applied field.

The XAFS data were collected at the Stanford Synch
tron Radiation Laboratory~SSRL!, using beam line 4-2~sili-
con ^220& monochromator crystals! and beam line 10-2~sili-
con ^111& monochromator crystals! for the 30% Ca doped
LCMO sample. Most of the data points were taken in t
vicinity of the transition temperatureTc , with some data
collected well above and well belowTc . The sample used
for these measurements is the same sample as used p
ously, with a transition temperatures of 260~2! K; additional
sample details are provided in Ref. 18.

The basic principle of XAFS is that when a photoelectr
is ejected from an atom by the incoming x ray, the outgo
electron wave will be back scattered by the neighboring
oms. Interference between the outgoing and back-scatt
waves modulates the absorption coefficientm as a function
of x-ray energy—i.e.,m5m0(11x), wherem0 is a smooth
background function26 and x is the oscillatory XAFS func-
tion. The energy scale is usually converted tok space@k
5A2me(E2E0)/\, whereE0 is the edge energy# and a the-
oretical expression forkx is given by27

kx~k!5Im (
i

AiE
0

`

Fi~k,r !

3
gi~r 0i ,r !ei @2kr12dc~k!1d i ~k!#

r 2
dr, ~2!

where the amplitude factorAi is given by

Ai5NiS0
2 . ~3!

Ni is the number of atoms in shelli andS0
2 is an amplitude

reduction factor, which corrects for many-body effec
Fi(k,r ) is the back scattering amplitude of the photoelect
wave from shell i with a mean-free path reduction, an
gi(r 0i ,r ) is the pair distribution function~assumed here to b
Gaussian! for the atoms atr 0i . dc(k) andd i(k) are the phase
shifts of the photoelectron for the central and backscatte
atoms respectively. The program FEFF6~Ref. 28! provides
excellent values forFi(k,r ) and the phase shifts.

III. XAFS DATA

The k-space data for a temperature very close toTc , are
presented in the top panel of Fig. 2~30% Ca sample!; they
were collected using silicon̂220& monochromator crystals

FIG. 1. This plot shows the orientation of the x-ray polarizati
vectorP and the two possible orientations of magnetic fieldB.
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The y axis representskx(k), with x(k) obtained from
x(k)5m(k)/m0(k)21. In the bottom panel of Fig. 2 we
plot the Fourier transform of thek-space data for the sam
temperature, with and without a magnetic fieldB applied
perpendicular to the polarization vectorP ~B is parallel to the
x-ray beam!. This figure shows that there is a small chan
in the amplitude of the Mn-O~first! peak in the Fourier trans
form (r -space! data, induced by the application of a ma
netic field.

IV. XAFS DATA ANALYSIS

The Mn-O peak was fit inr space using theoretical func
tions generated by the programFEFF6 ~Ref. 28! with the
quantity S0

2N fixed at 4.3, based on earlier work.17,18,20 In
these fits, onlys andr were varied. The value ofs2 for the
Mn-O peak was obtained for each temperature and magn
field. Three scans were taken for each configuration and a
lyzed independently. The root mean square~r.m.s.! variation

FIG. 2. Top panel is a plot of thek-space data for the 30%
sample atT5260 K. Bottom panel shows the Fourier transform
kx for the same sample with and without a magnetic field appl
~perpendicular to the x-ray polarization vector!. There is clearly an
increase in amplitude of the first peak~Mn-O! when a magnetic
field is applied nearTc .
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of the values ofs2 from these fits provides an estimate of t
relative errors~There is an absolute overall uncertainty ins2

of order 10–15%!.
In Fig. 3 we plots2 as a function of temperature for th

30% sample~silicon ^220& monochromator crystals!, with
and without a magnetic field applied perpendicular or pa
lel to P. At low temperatures, there is essentially no chan
when the magnetic field is applied. A similar result is al
obtained well aboveTc . However, in a range of tempera
tures nearTc , the value ofs2 is clearly decreased when th
magnetic field is present. To make this change clearer,
plot in Fig. 4 the difference ins2, with and without a mag-
netic field present for both orientations@sdiff

2 5s2(H)
2s2(0)#. There is a clear dip in the difference curve that
greater than the two-sigma error estimate, which is indica
by the dotted lines. The results for the field parallel toP
~perpendicular to the x-ray beam!, are also plotted on Figs.
and 4; again there is a dip in the vicinity ofTc ; the data
suggest a slightly smaller dip than the result for the perp
dicular ~parallel to the x-ray beam! case, but a better signa
to-noise is needed for a definitive conclusion.

Similar measurements were also made for this sample
ing silicon^111& monochromator crystals as shown in Fig.
In the top panel, the data are plotted as a function of te
perature for magnetic fields of 0 and 1 T, and the same
field orientations. Although we have fewer data points
this run, the apparatus/beam was more stable. For this
set, we observed the same general behavior, a dip very c
to Tc , and the suggestion of a slight difference insdiff

2 for

FIG. 3. A plot ofs2 vs T for the 30% sample, with and withou
a magnetic field applied both parallel and perpendicular to the x
polarization vector. The upper panel shows the case withB'P and
the bottom panel shows the case withBiP. The error bars of these
data points are about the size of the symbols, and are not show
this figure.
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the two field orientations, withusdiff
2 u slightly larger when the

B field is perpendicular toP. However, the magnitude of th
effect is also a little smaller. In the bottom panel we plot t
difference functionsdiff

2 , as a function of temperature for th
two field orientations, which shows this difference nearTc
more distinctly. Again both at low temperatures and at te
peratures well aboveTc , there is no difference within the
relative errors.usdiff

2 u has a maximum near 260 K as observ
using silicon^220& monochromator crystals.

One way to begin to model the dip in these plots, is to fi
consider a rigid shift of thes2 vs T plot to higher tempera-
ture when a magnetic field is applied, consistent with
shift of Tc observed previously.25 Then the difference func-
tion is approximately given by

ds252
]~s2!

]~T!
DT~B!. ~4!

To obtain the derivative function, a smooth curve is first
to the experimental data. The slope of this curve is then u
in Eq. ~4! which is plotted in Fig. 4 as a solid line, with
DT;5 K for both orientations. This functional form fits th
difference data moderately well within the relatively larg
errors, except in a region from roughly 180–210 K. A

y

in

FIG. 4. The difference ins2 betweenB51.06 T andB50 for
two field orientations. In both panels, the solid line represents
curve calculated from Eq.~4!, with DT55 K for both orientations.
The dot-dashed line is a fit to Eq.~5!. This fit includes the possi-
bility that the local distortion transition, plotted in Fig. 3, broade
with magnetic field. Again, we plot the same calculated curve
both orientations. The dotted line shows the two-sigma error e
mate and the dashed line is the zero line.
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though a slightly better fit can be achieved using differ
values ofDT for the two orientations, the shift inTc should
be independent of field orientation. This, plus the poor fit
the range 180–200 K indicate that a one-parameter mod
too simple to describe the data well. The fact that the d
near 190 K lie well above the solid curve suggests that th
is also a change in the width~in temperature! of the struc-
tural transition, that might in principle be different for th
two field orientations. Consequently we consider a mo
that has both a shift ofTc ~same for both field orientations!
and a broadening of the transition region. This can be p
nomenologically described by adding a function to Eq.~4!
that looks, similar to the derivative of a Lorentzian~or
Gaussian! function, i.e., a function that is positive below an
negative above the transition. Then

FIG. 5. The upper panel is a plot ofs2 vs temperature. Data fo
both orientations of magnetic field~parallel and perpendicular to th
x-ray polarization vector! as well as data without a magnetic fie
are shown in this window. The error bars of these data points
not shown in this window since they are about the size of
symbols. The bottom panel shows the difference ins2 betweenB
51 T andB50 as a function of temperature for two field orie
tations. The solid line and dotted line in this bottom panel sh
@](s2)/](T)#DT(B) for B'P and BiP, respectively, withDT
5761 K and 461 K for these two orientations.
t
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ta
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ds252
]~s2!

]~T!
DTc~B!2A

~T2Tc1B!/W2

$11@~T2Tc1B!/W#2%2
, ~5!

where A is an amplitude,W is the effective width, andB
determines where the center is relative toTc . This model is
plotted as a dot-dash line in Fig. 4, and fits the data be
over the entireT range with the same value ofDTc(B) ~5 K!
for both field orientations. Here we have also keptA, B, and
W the same (0.0183 Å2, 41.29 K, 42.76 K) for the two
field orientations.

In Fig. 5 we only plot the rigid shift model since there
no data below 250 K with which to compare. Here we u
two values ofDT, 4 and 7 K toshow the difference in the fi
for the two orientations. This data is more suggestive of
orientation dependence but still not conclusive. If this diffe
ence is real—i.e.,usdiff

2 u is larger with the field perpendicula
to the x-ray polarization~see bottom panel of Fig. 5!—then
this means that there is also a small magnetostrictive ef
for these materials, which could be modeled by differe
values of the parameterW in the above phenomenologica
model. To have a larger decrease of local distortion when
magnetic field is perpendicular to the polarization vect
would require that distortions perpendicular to the magne
field are more easily removed, or conversely, that the
maining distortions are preferentially parallel to the appli
magnetic field. Another way to view this situation is th
within the transition regime~200–260 K!, the hopping prob-
ability may be slightly different for hopping parallel or pe
pendicular to the appliedB field. The sign of the apparen
magnetostriction would be consistent with that obtained
Lofland et al. in microwave spectroscopy experiments29

However, additional experiments using larger magne
fields will be needed to verify this very tentative result.

In these experiments, it was not possible to investig
how s2 varies as a function of the applied magnetic fie
because the available magnetic field range was too small
extend the measurements in this way will likely require fie
of 10 T and above. Such measurements would be impor
for understanding the connections between the local st
ture, charge, and magnetization. Specifically we need to
termine if the changes in the local distortions, induced b
magnetic field, depend primarily on the magnetization
also depend on other parameters such as the conductivi

V. CONCLUSION

In conclusion, these experiments show directly that
local distortions of the MnO6 octahedra do change when
magnetic field is applied. The largest changes occur v
close toTc where the temperature dependence ofs2 is stron-
gest; when the magnetization is zero or when it is near s
ration, such as occurs at low temperatures, there is no
nificant change in the local distortions in the presence ofB
field.
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