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Effect of annealing temperature on local distortion of La0.67Ca0.33MnO3 thin films
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Mn K-edge fluorescence data are presented for thin-film samples (3000 Å) of colossal magnetoresistive
~CMR! La0.67Ca0.33MnO3: as deposited, and post annealed at 1000 and 1200 K. The local distortion is analyzed
in terms of three contributions: static, phonon, and an extra, temperature-dependent, polaron term. The polaron
distortion is very small for the as-deposited sample and increases with the annealing temperature. In contrast,
the static distortion in the samples decreases with the annealing temperature. Although the local structure of the
as-deposited sample shows very little temperature dependence, the change in resistivity with temperature is the
largest of these three thin-film samples. The as-deposited sample also has the highest magnetoresistance, which
indicates some other mechanism may also contribute to the transport properties of CMR samples. We also
discuss the relationship between local distortion and the magnetization of the sample.
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I. INTRODUCTION

The double exchange~DE! mechanism1–3 was originally
considered to be the main interaction contributing to the
lossal magnetoresistance~CMR!. In the DE model, if the
spins of two neighboring Mn ions are aligned, then an el
tron will require less energy to hop from one Mn site
another. Consequently, at low temperature, the lattice
have ferromagnetic~FM! order such that the total syste
~both local and itinerant subsystems! has the lowest energy
Although the DE model can explain many properties
CMR materials, the magnitude of the MR calculated fro
the DE model is much smaller than the actual measu
MR.4 Millis, Littlewood, and Shraiman suggested that loc
Jahn-Teller distortions also play an important role in CM
materials, and are needed to explain the large magnitud
the MR ~Ref. 4! in these materials.

Both x-ray-absorption fine-structure~XAFS! ~Refs. 5, and
6! and pair-distribution function~PDF! analysis of neutron-
diffraction data7,8 have been done to study the local structu
of the CMR materials and an important relationship betwe
the local distortions and magnetism in these materials
been found.5,6 These experiments investigate the local str
ture of thin films of La0.67Ca0.33MnO3 ~LCMO! to under-
stand more about this relationship.

Recent experiments show that the non-fully annea
thin-film samples are oxygen deficient;9,10 the Curie tempera-
ture TC , the saturated magnetizationM0, and the resistivity
peak temperatureTMI of the samples increase with increa
ing the oxygen stoichiometry, while the resistivity of th
samples decreases.9–12 For the fully annealed thin-film
sample,TC andTMI are almost the same as those of the b
PRB 610163-1829/2000/61~17!/11373~6!/$15.00
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material. It is not yet clear what mechanisms are respons
for suppressingTC , M0, andTMI in the other samples. Ou
experiments on transport and magnetization measurem
show similar annealing effects with significant changes
the resistivity and the magnetization. They also show tha
huge MR occurs for the films, especially for the as-deposi
sample at low temperature.

XAFS experiments on these thin-film samples allow us
observe the local structure around the Mn sites, primarily
local distortion of the Mn-O bonds. This paper focuses
thechangesin the local structure of CMR thin films that ar
induced by annealing at different temperatures. These res
may also help us to better understand how annealing m
fies other sample properties.

Diffraction studies of LaMnO3 and CaMnO3 have been
carried out by several groups.13–15 They show that there are
three groups of Mn-O bonds in LaMnO3 with different
lengths: 1.91, 1.97, and 2.17 Å,14 while in CaMnO3 all bond
lengths are nearly the same at 1.90 Å~Ref. 15! ~variation is
within 0.01 Å). Our previous work has compared our XAF
data with the diffraction results, and found that the loc
structure around the Mn site in LCMO CMR samples is ve
similar to the average structure determined by the diffract
data. More comparison details are shown in Ref. 6.

In Sec. II, we provide a brief description of the sampl
and some experimental details. We present the magnetiza
and transport property data in Sec. III and our XAFS resu
in Sec. IV. The conclusions are given in Sec. V.

II. SAMPLES AND EXPERIMENTS

The La0.67Ca0.33MnO3 thin-film samples were deposite
on SrTiO3 substrates using pulsed laser deposition; each
11 373 ©2000 The American Physical Society
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11 374 PRB 61CAO, BRIDGES, WORLEDGE, BOOTH, AND GEBALLE
is 3000 Å thick. See Ref. 10 for additional details. T
samples we chose for the XAFS studies were: as-deposite
750 K, annealed at 1000 K, and annealed at 1200 K.
annealed samples were held at their respective tempera
for 10 h in flowing oxygen, and were heated and cooled a
K per minute.

The XAFS experiments were done on beamline 10-2
SSRL using Sî220& monochromator crystals and a 1
element Ge detector to collect MnKa fluorescence data. Th
thin-film samples were aligned at;55.0° with respect to the
x-ray beam to makex, y and z axes equivalent, and thu
correspond to a powder. This angle comes from the polar
tion dependence of the photoelectric effect.16 For each
sample, we made four sweeps at each temperature; for tw
these sweeps, we rotated the sample by 1.5° in order to
termine the position of glitches, which must be removed.

III. MAGNETIZATION AND RESISTIVITY

The magnetization vs temperature data for these thin-
samples are shown in Fig. 1. All samples have bro
ferromagnetic-to-paramagnetic phase transitions andTC in-
creases with the annealing temperature. From these mea
ments, we extractTC for these samples~see Table I!.

The saturated magnetization of the samples increases
annealing temperature. This indicates that at higher ann
ing temperature, a larger fraction of the sample becomes
romagnetic in the FM phase at low temperature. Our pre
ous experiments show that the 30% Ca-doped LCM
powder sample has a Curie temperature of;260 K,17 which
is very close to theTC of the fully annealed thin-film sample

Figure 2 is a plot of lne of the resistivity vs temperatur
for all three samples. We show both the data in zero field
at 5.5 T. The resistivity decreases with annealing temp
ture. At zero field, a large peak is present for the 1000

FIG. 1. A plot of magnetization vs temperature f
La0.67Ca0.33MnO3 thin-film samples, with an applied field ofH
55000 Oe.

TABLE I. The Curie temperature for each thin-film sample.

Sample As-deposited Annealed 1000 K Annealed 1200

TC(K) 164~5! 202~5! 257~5!
at
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annealed sample; the resistivity decreases and the
moves to higher temperature for the 1200-K annea
sample. There is no metal-to-insulator phase transition
the as-deposited sample; this sample also shows a very
resistivity at low temperature. When the external magne
field is raised to 5.5 T, the resistivity drops dramatically w
magnetic field for the 1000 and 1200 K annealed sample
temperatures near the resistivity peak, and the resisti
peaks move to higher temperature. For the as-depos
sample, the biggest change in MR occurs at the lowest m
suring temperature~70 K!. It should also be noted that th
peak in resistivity is very close toTC for the 1200-K an-
nealed sample, but well belowTC ~over 10 K difference! for
the 1000-K annealed sample.

Figure 3 shows CMR%~expressed as a percentage! vs
temperature data for these samples on a lne scale. Here, we
define CMR% to be

CMR%5100•~R02RH!/RH ,

whereR0 is the resistivity without magnetic field andRH is
the resistivity with a 5.5-T field.

The magnetoresistance for these thin films is very la
compared to that of the corresponding powder samples.6 This
is especially true for the as-deposited sample at l
temperature—the change of magnetoresistance at 70
about 3200%. The maximum CMR% is about 1000% for t
1000-K sample and about 250% for the 1200-K sample.

There is a double peak structure for the 1200-K annea
sample clearly visible in Fig. 3. As mentioned earlier, o
thin-film samples are deposited on SrTiO3~STO! substrates.
When the sample is deposited on STO, some Sr diffuses
the first few hundred Å of the film and changes the stoic

FIG. 2. This plot shows the resistivity data~ln scale! for three
thin-film samples, with and without magnetic field. The open sy
bol corresponds to data without field and the solid symbol co
sponds to the data with a field of 5.5 T. There is a double p
structure for the 1200 K annealed sample around 150 K, whic
just visible in this figure.
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PRB 61 11 375EFFECT OF ANNEALING TEMPERATURE ON LOCAL . . .
ometry of that layer. This Sr diffusion could produce a res
tance peak at a lower temperature and may be responsibl
this extra peak. We chose to use STO substrates instea
LaAlO3 ~LAO! substrates, which have no diffusion proble
because the large LaLI-edge XAFS from the substrat
would interfere with our MnK-edge XAFS data. Our XAFS
data are sensitive to this Sr diffusion layer only if we foc
on the further neighbors such as Mn-La, Mn-Ca, and Mn-
The Mn-O bond distance does not change much between
and Sr substitution. Consequently, for the Mn-O pair dis
bution function which is the focus of this paper, we are n
very sensitive to Sr in the lower 10% of the film.

IV. XAFS DATA ANALYSIS AND DISCUSSION

We collected all MnK-edge data in fluorescence mod
First the pre-edge absorption~absorptions from other edges!
was removed using the Victoreen formula. Next we extr
kx(k) where the photoelectron wave vectork is obtained
from k5A2me(E2E0)/h2 and the XAFS functionx(k) is
defined asx(k)5m(k)/m0(k)21. We fit a seven-knot spline
to m(k) ~the K-edge absorption data above the edge! to ob-
tain the background functionm0(k) ~embedded atom func
tion!. An example of such data is shown in Fig. 4. Next w
obtain ther-space data from the Fourier transform~FT! of
kx(k); fits to the data were carried out inr space.18 Some
details of these fits are shown later in this paper. See Ref
6, and 19 for additional details.

In Fig. 5, we show the MnK-edge Fourier transforme
~FT! r-space data for all three thin-film samples. In this fi
ure, the position of each peak corresponds to an atom
shifted by a well understood phase shiftDr ; for example, the
first peak corresponds to the Mn-O pairs and the sec
peak, which is near 3 Å, corresponds to the Mn-La (Mn-C
pairs. The widths of the pair distribution function is a mea
sure of the local distortions in a shell of neighboring atom
In XAFS, a larges leads to a decrease in the amplitude

FIG. 3. A plot of CMR% ~ln scale! vs temperature for
La0.67Ca0.33MnO3 thin-film samples in a field of 5.5 T. The doubl
peak structure for the 1200-K annealed sample is obvious in
plot.
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the r-space peak. We obtain some results from these d
without having to resort to curve fitting. First, the amplitud
of the Mn-O peak~the first peak! decreases with increasin
temperature. That means there are increasing distortion
each sample with increasing temperature. Second, for
higher annealing temperature, the amplitude at lo
temperature increases and the change of the amplitude
temperature for the Mn-O peak is larger than that for
other samples. The amount of distortion removed at low te

is

FIG. 4. A plot of the k-space data for the 1200-K anneale
sample at 20 K to show the quality of the data. Although there
some noise in the data, the quality is good up to 11 Å21.

FIG. 5. A comparison of the change in the FT,r-space data with
temperature for the La0.67Ca0.33MnO3 thin-film samples with differ-
ent annealing temperatures. Top: 750-K anneal~as deposited!,
middle: 1000-K anneal, bottom: 1200-K anneal. FT range
3.3-10.5 Å21, with 0.3-Å21 Gaussian broadening. The curve insid
the envelope, with a higher frequency, is the real part of the
(FTR). The envelope is defined as:6AFTR

21FTI
2 where FTI is the

imaginary part of the FT.
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perature is smaller for the 1000-K annealed sample, w
most of the distortion in the as-deposited sample is s
present atT520 K. The amplitude of ther-space data a
high temperature~310 K! is almost the same for all thre
samples; this suggests that the amount of distortion at h
temperatures does not change very much with the annea
temperature; however, it is still clearly less than the lo
distortion observed previously in LaMnO3 at 300 K.5,6

Our r-space data were fit using a Gaussian pair distri
tion function for the Mn-O, Mn-Ca/La and Mn-Mn shells
The pair distribution widths(T) ~for Mn-O) was determined
from these detailed fits to the data, which were carried
using FEFF6 theoretical functions20 ~see Fig. 6!. In the fit,
S0

2N was fixed at 4.3, whereN is the number of neares
neighbors~six O neighbors!, andS0

2 is an amplitude reduc
tion factor.kx(k) arrives from single-electron process and
normalized to the step height;S0

2 corrects for the fact that the
measured step height also includes multielectron proc
There is an absolute uncertainty inS0

2 of roughly 10%, how-
ever small changes inS0

2 move all the curves up or down i
Fig. 6 and do not change the shape or relative position.

The values ofs2 obtained from the fits provide a measu
of the distortion of the Mn-O bond. Different contribution
to the broadening add in quadrature and hences2 has the
general form

s25sstatic
2 1sphonons

2 1sother mechanisms
2 .

At low temperature,s2 is dominated by zero-point mo
tion and some static distortions. For all the manganites,
smallest value fors is about 0.04 Å; consequently, sma

FIG. 6. A plot of s2 vs temperature for the as-deposite
1000-K, and 1200-K annealed La0.67Ca0.33MnO3 thin-film samples.
~Heres is the pair distribution width of the Mn-O peak.! The solid
line is the thermal contributionsT

2 from CaMnO3,5,6 the dashed line
corresponds tosT

21sstatic
2 , and the dotted line issT

21sstatic
2

1sFP
2 for the annealed 1200-K sample~see text!.
le
ll

h
ng
l

-

t

s.

e

variations in bond lengths, such as occurring for CaMn3
are not directly observed ins. It is surprising that the ne
distortion of the substituted CMR samples is about as sm
as that observed for the more ordered CaMnO3 structure at
20 K.

For each temperature four traces are analyzed and a
aged. The relative errors shown in Fig. 6 are the root-me
square~rms! variation of the fit result at each temperatur
For the as-deposited sample,s2 has a very small chang
with decreasing temperature; there is a larger change for
1000-K annealed sample, and an even larger temperature
pendence for the 1200-K annealed sample. We also fin
Fig. 6 that, at 320 K,s2 increases as the annealing tempe
ture is lowered. This indicates that some of the static defe
in the as-deposited sample can be removed during the
nealing process.

The solid line in Fig. 6 corresponds to the data for t
Mn-O bond in CaMnO3, which has a high Debye tempera
ture ~950 K!; s2 for this sample will be denotedsT

2 . ~The
CaMnO3 data we use in this figure are obtained from a po
der sample.6 There might be a difference up to 10% betwe
powder samples and thin-film samples since they are in
ferent form and this difference may change the effect
value ofS0

2 for the fit process.!
The difference betweensdata

2 andsT
2 at low temperature

is due to a static distortionsstatic
2 , which is defined as

sstatic
2 5sdata

2 ~20 K!2sT
2~20 K!.

To estimate this quantity, we shift the solid line vertical
until it fits the low-temperature data for the 1200-K annea
sample. This yields the dashed line in Fig. 6, which is d
fined to besT

21sstatic
2 . Although sstatic

2 is almost zero for
the 1200-K annealed sample, it is large for the other samp
We include it here for the 1200-K annealed sample to cla
its definition. The contribution tosdata

2 above the dashed line
is attributed to a polaron distortion, where the full~maxi-
mum! polaron distortionsFP

2 is defined by

sFP
2 5sdata

2 ~300 K!2sT
2~300 K!2sstatic

2 .

We have found in previous work5,6 that a useful paramete
is the distortion removed asT drops belowTC , Ds2, which
we define below. First, thesT

2 curve is shifted vertically~by
an amount sFP

2 1sstatic
2 ) such that it fits the high-

temperature data. This yields the dotted line shown in Fig
which is sT

21sstatic
2 1sFP

2 . This dotted line represents th
expected Debye behavior plus static distortion if no pola
distortion were removed upon cooling. We defineDs2 as the
difference between the dotted line and the data:

Ds25sT
21sFP

2 1sstatic
2 2sdata

2 .

A similar analysis is carried out for the as-deposit
sample and the 1000-K annealed sample~corresponding
curves forsT

21sstatic
2 andsT

21sstatic
2 1sFP

2 are not shown
in Fig. 6!. It is also important to point out that the differenc
betweens2 for the 1200-K annealed sample and that
CaMnO3 at 20 K is very small, which suggests that th
Mn-O local structure of the fully annealed sample can be
ordered as that of CaMnO3 even though it is a doped sampl
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The same result was obtained for La12xCaxMnO3 CMR
powder samples (x50.2;0.5) from our previous
experiments.5,6 The reason for this phenomena for the th
films can be explained as follows: first, the high-temperat
annealing process appears to remove most of the static
fects such as dislocations and vacancies; second, at very
temperatures, there is almost no difference between the
types of Mn sites in the DE model, the electron moves r
idly from one site to another on a time scale fast compare
the appropriate phonon frequency. Consequently, Jahn-T
distortions do not have time to form.

For the as-deposited sample, the large CMR% occ
when there is a large value fors2 at low temperature; this
suggests that the distortion in the sample may, in part, be
origin of the unusually large magnetoresistance in thin-fi
samples. We have recently observed similar results in
study of Ti- and Ga-doped LCMO powder samples.21

In Fig. 7, we plot lnDs2 vs M /M0. Our previous studies
of La12xCaxMnO3 powder samples showed that there is
linear relationship between lnDs2 and the magnetization,5,6

which provides evidence that there is a strong connec
between the local distortion and magnetism in these ma
als. The solid squares in Fig. 7 show the linear relations
for a La0.70Ca0.30MnO3 powder sample from our previou
work.5,6 For the thin-film samples, there is a similar conne
tion between local distortion and magnetization. For
1000- and 1200-K annealed samples, we find a small de
tion from a straight line belowM /M0;0.3. Since the error
of the data in this range (M /M0,0.3) is large, it is not clear
if this is a real effect or not. The data for the as-deposi
sample appear to follow a straight line, but the errors in
difference are too large to draw conclusions. Also, we fi
that the data for the 1200-K annealed thin-film and the po
der sample~both La0.70Ca0.30MnO3) almost overlap each

FIG. 7. A plot of lnDs2 vs M /M0 is presented for the as
deposited, 1000-K, and 1200-K annealed La0.67Ca0.33MnO3 thin-
film samples, as well as a La0.70Ca0.30MnO3 powder sample.M is
the measured magnetization andM0 is the saturated magnetization
M /M0 is the relative magnetization.
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other. This suggests that the local structure of the fully
nealed thin film behaves similarly to that of the correspon
ing bulk sample.

In order to see the effect of annealing temperature on
local distortion more clearly, we plot the distortion contrib
tions sstatic

2 andsFP
2 as a function of annealing temperatu

in Fig. 8. This figure shows that the static distortion d
creases with annealing temperature, while the polaron c
tribution increases with annealing temperature. This sugg
that part of the static distortions observed in the as-depos
sample become dynamic, polaronlike, distortions after
nealing, forT.TC .

It should be noted that although the magnetization o
drops by roughly 50% for the as-deposited sample, thesFP

2

contribution becomes much smaller~of order 5%!. Conse-
quently, there must be statically distorted regions in the
deposited sample that are also ferromagnetic. The reduc
of the saturated magnetization can arise in several w
First, because of the inhomogeneous material, small reg
may be antiferromagnetic~AF!. Second, it has been sug
gested that the crystal field, particularly in regimes where
inhomogeneity causes a local reduction of the tolerance
tor, can result in a low spin Mn(4t2g) configuration with a

local 50% decrease in Mn moment.22 Third, the spins in a
small domain may not be exactly parallel. However, to e
plain the entire decrease in saturated magnetization wo
require very large canting angles. Fourth, the magnetiza
vectors of each domain may not be aligned. The numbe
domain walls may be important for calculating the resist
ity. However, for domains large compared to a unit ce
slightly canted spins within a domain or a lack of alignme
of the magnetization of various domains would not lead t
significant decrease in the polaron contribution to the bro
ening in XAFS. Consequently, the presence of static dis
tions but essentially no polaronlike contributions in the a
deposited material indicate both a significant fraction of A
material, and the presence of some low spin Mn sites, p
sibly induced by the disorder~interstitials, vacancies, inho
mogeneous Ca concentrations, etc.!. This disorder must pin

FIG. 8. Static and polaron distortion vs annealing temperat
for all three thin-film samples. The solid triangle symbol represe
the static distortion,sstatic

2 ; the open square symbol represents t
full-polaron distortionsFP

2 .
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11 378 PRB 61CAO, BRIDGES, WORLEDGE, BOOTH, AND GEBALLE
the local distortions which would also suppress the elect
hopping frequency, thereby reducing the effectiveness of
DE interaction.

All three thin-film samples were prepared in the sa
way, except for the annealing temperature. During the
nealing process, part of the static defects in the sample s
as vacancies and interstitials can be removed. In addition
annealing process can also change the amount of oxyge
the sample.9–12 The sample is slightly oxygen deficient b
fore the annealing process, and oxygen is incorporated
ing annealing. The fully annealed sample~1200 K! is ex-
pected to be fully stoichiometric ~similar to the
corresponding powder sample!. It is well documented tha
samples without sufficient oxygen can have higher resist
ties, a lower resistance peak temperature, a lowerTC and a
lower saturated magnetization.9–12 We have the same trend
in our experiments.

Compared to the 1200-K annealed sample, the sam
annealed at lower temperatures have a large decrease insFP

2

and a large increase in resistivity, while the saturated m
netization changes by less than a factor of 2. This sugg
that much of the distorted magnetic regions probably do
contribute to the conductivity and that the fraction of co
ducting material is very low for the as-deposited samp
However, the six orders of magnitude increase in resistiv
is much larger than the volume reduction of the regions t
still have a polaronlike distortion. Consequently, it is like
that percolation also plays a role for transport in the
deposited sample. Then the magnetic field may play
tt.
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roles for this sample; it will decrease the resistivity for t
conducting pathways that exist atB50 and may also make
some ‘‘marginal’’ pathways become conducting.

V. CONCLUSION

From our analysis, we find that the annealing temperat
of the thin films affects the local distortion of the materia
appreciably. The large change in resistivity and the sm
change in local structure with temperature for the
deposited sample suggest that only small regions are con
uting to the resistivity and percolation may play a role. W
also find that there is still a strong connection between lo
distortions, resistivity, and magnetism in the fully annea
thin-film materials, which behaves much like a powd
sample. For the 1000-K annealed sample, the resistivity
MR peaks are well belowTC . In this case~including the
as-deposited sample!, the local distortions correlate well with
the magnetization, but there is no feature ins that occurs at
the temperature at which the resistivity has a peak.
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