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Effect of annealing temperature on local distortion of La, Cay 3gMNnO 5 thin films
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Mn K-edge fluorescence data are presented for thin-film samples (3000 A) of colossal magnetoresistive
(CMR) Lay §,Ca 3dMN05: 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.

I. INTRODUCTION material. It is not yet clear what mechanisms are responsible
for suppressing:, My, andTy, in the other samples. Our
The double exchangéDE) mechanisth® was originally ~ €xperiments on transport and magnetization measurements
considered to be the main interaction contributing to the coShow similar annealing effects with significant changes in

lossal magnetoresistanéEMR). In the DE model, if the the resistivity and the magnetization. They also show that a

spins of two neighboring Mn ions are aligned, then an elechuge MR occurs for the films, especially for the as-deposited

- ; : sample at low temperature.
tron will require less energy to hop from one Mn site to ) -
another. Consequently, at low temperature, the lattice will XAFS experiments on these thin-film Samp'es a.IIOW.US to
have ferromagneti¢EM) order such that the total system observe the local structure around the Mn sites, primarily the

L local distortion of the Mn-O bonds. This paper focuses on
(both local and itinerant subsystentsas the lowest energy. , L
Although the DE model can explain many properties Offthechangesn the local structure of CMR thin films that are

CMR materials, the magnitude of the MR calculated fromlnduced by annealing at different temperatures. These results
the DE model ,is much smaller than the actual measured'?Y also help us to better understand how annealing modi-

MR.* Millis, Littlewood, and Shraiman suggested that local les other sample properties.

Jahn-Teller distortions also play an important role in CMR Diffraction studies of LaMn@ and CaMnQ have been

, : , rried out by several group$:*® They show that there are
tmhzt(:;:gl(sé;n%ailrr]etggse:%jaigraslam the large magnitude ﬁree groups of Mn-O bonds in LaMnOwith different

Both x-ray-absorption fine-structu(¥AFS) (Refs. 5, and lengths: 1.91, 1.97, and 2.17 Ahile in CaMnQ all bond

6) and pair-distribution functiofPDF) analysis of neutron- lengths are nearly the same at 1.90Ref. 15 (variation is

diffraction datd® have been done to study the local structure/Vithin 0.01 A). Our previous work has compared our XAFS
ata with the diffraction results, and found that the local

of the CMR materials and an important relationship betwee dth ite in LCMO C les |
the local distortions and magnetism in these materials hagtructure around the Mn site in LCM MR samples is very

been found’® These experiments investigate the local Struc_S|milar to the average structure determined by the diffraction

P data. More comparison details are shown in Ref. 6.
ture of thin films of L nO; (LCMO) to under- . ; e
sL:and morle albout this ?gg%ﬁgﬁip 5 ( ) . In Sec. I, we provide a brief description of the samples

Recent experiments show that the non-fully anneale@nd some experimental details. We present the magnetization
thin-film samples are oxygen deficiéht?the Curie tempera- and transport property data in Sec. Ill and our XAFS results

ture T, the saturated magnetizatidm,, and the resistivity in Sec. IV. The conclusions are given in Sec. V.

peak temperatur&,,, of the samples increase with increas- Il SAMPLES AND EXPERIMENTS
ing the oxygen stoichiometry, while the resistivity of the '
samples decreas&st? For the fully annealed thin-film The La,¢Cay 3Mn0; thin-film samples were deposited

sample,Tc andT),, are almost the same as those of the bulkon SrTiO; substrates using pulsed laser deposition; each film
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FIG. 1. A plot of magnetization vs temperature for
Lag 6.Ca& 3MNO; thin-film samples, with an applied field df e
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is 3000 A thick. See Ref. 10 for additional details. The Temperature (K)
samples we chose for the XAFS studies were: as-deposited at _ o
750 K. annealed at 1000 K. and annealed at 1200 K. Th%qFlG. 2. This plot shows the resistivity datlm scalg for three

. . in-film samples, with and without magnetic field. The open sym-
annealed samples were held at their respective temperaturf)o corresponds to data without field and the solid symbol corre-

Er 1? 21;: ftlowmg oxygen, and were heated and cooled at sponds to the data with a field of 5.5 T. There is a double peak
pe ute. . . tructure for the 1200 K annealed sample around 150 K, which is
The XAFS experiments were done on beamline 10-2 a b e

. . st visible in this figure.

SSRL using Si2200 monochromator crystals and a 13-

element Ge detector to collect M§, fluorescence data. The

thin-film samples were aligned at55.0° with respect to the

x-ray beam to make, y andz axes equivalent, and thus

annealed sample; the resistivity decreases and the peak
moves to higher temperature for the 1200-K annealed
. > sample. There is no metal-to-insulator phase transition for
correspond to a powder. This angle comes from the polarizane as-deposited sample; this sample also shows a very large
tion dependence of the photoelectric efféttFor each resistivity at low temperature. When the external magnetic
sample, we made four sweeps at each temperature; for two gfq s raised to 5.5 T, the resistivity drops dramatically with
these sweeps, we rotated the sample by 1.5° in order 0 dgyagnetic field for the 1000 and 1200 K annealed samples at
termine the position of glitches, which must be removed.  temperatures near the resistivity peak, and the resistivity
peaks move to higher temperature. For the as-deposited
. MAGNETIZATION AND RESISTIVITY sample, the biggest change in MR occurs at the lowest mea-
uring temperatur€70 K). It should also be noted that the
eak in resistivity is very close td. for the 1200-K an-
nealed sample, but well below. (over 10 K differencgfor
fae 1000-K annealed sample.

The magnetization vs temperature data for these thin-filn?
samples are shown in Fig. 1. All samples have broa
ferromagnetic-to-paramagnetic phase transitions Bgudn-

creases with the annealing temperature. From these measu ;
9 P Figure 3 shows CMR%expressed as a percentages

ments, we extracTc for these sampletsee Table ). mperature data for these samples on. astrale. Here, we
The saturated magnetization of the samples increases witfmperatu P € ' » W
gefine CMR% to be

annealing temperature. This indicates that at higher anneal
ing temperature, a larger fraction of the sample becomes fer- _
romagnetic in the FM phase at low temperature. Our previ- CMR%=100(Ro~Ry)/Ry,
ous experiments show that the 30% Ca-doped LCMQuhereR, is the resistivity without magnetic field arRl; is
powder sample has a Curie temperature-@&60 K, which  the resistivity with a 5.5-T field.
is very close to thd ¢ of the fully annealed thin-film sample.  The magnetoresistance for these thin films is very large
Figure 2 is a plot of I of the resistivity vs temperature compared to that of the corresponding powder sanfiléss
for a.” thl’ee Samples. We ShOW bOth the da.ta in Zero f|e|d anﬂ; especia”y true for the as_deposited Samp|e at IOW
at 5.5 T. The I’eSiStiVity decreaseS W|th annealing temper&emperature_the Change Of magnetoresistance at 70 K is
ture. At zero field, a large peak is present for the 1000-Kapout 3200%. The maximum CMR% is about 1000% for the
1000-K sample and about 250% for the 1200-K sample.
There is a double peak structure for the 1200-K annealed
sample clearly visible in Fig. 3. As mentioned earlier, our
thin-film samples are deposited on SrE{OTO) substrates.
Te(K) 164(5) 202(5) 257(5) When the sample is deposited on STO, some Sr diffuses into
the first few hundred A of the film and changes the stoichi-

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

Sample  As-deposited Annealed 1000 K Annealed 1200 K
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FIG. 3. A plot of CMR% (In scalé vs temperature for the r-space peak. We obtain some results from these data
Lag 5.Cay 3gMNO5 thin-film samples in a field of 5.5 T. The double Without having to resort to curve fitting. First, the amplitude
peak structure for the 1200-K annealed sample is obvious in thi®f the Mn-O peakthe first peak decreases with increasing
plot. temperature. That means there are increasing distortions in

each sample with increasing temperature. Second, for the
ometry of that layer. This Sr diffusion could produce a resis-higher annealing temperature, the amplitude at low-
tance peak at a lower temperature and may be responsible ftgmperature increases and the change of the amplitude with
this extra peak. We chose to use STO substrates instead @fmperature for the Mn-O peak is larger than that for the
LaAlO; (LAO) substrates, which have no diffusion problem, other samples. The amount of distortion removed at low tem-
because the large L&,-edge XAFS from the substrate
would interfere with our MrK-edge XAFS data. Our XAFS — SR s e o s
data are sensitive to this Sr diffusion layer only if we focus A As Deposited
on the further neighbors such as Mn-La, Mn-Ca, and Mn-Sr. 0.2
The Mn-O bond distance does not change much between C 0
and Sr substitution. Consequently, for the Mn-O pair distri-
bution function which is the focus of this paper, we are not
very sensitive to Sr in the lower 10% of the film.

-0.2

IV. XAFS DATA ANALYSIS AND DISCUSSION

We collected all MnK-edge data in fluorescence mode.
First the pre-edge absorptigabsorptions from other edges
was removed using the Victoreen formula. Next we extract
kx(k) where the photoelectron wave vectoris obtained
from k= \2m(E—E,)/h? and the XAFS functiony(k) is
defined asy (k) = u(k)/ uo(k) — 1. We fit a seven-knot spline
to u(k) (the K-edge absorption data above the edigeob- 0.2
tain the background functiopy(k) (embedded atom func- 0
tion). An example of such data is shown in Fig. 4. Next we
obtain ther-space data from the Fourier transfo(fiT) of
kx(K); fits to the data were carried out mspace'® Some -0.4
details of these fits are shown later in this paper. See Refs. £
6, and 19 for additional details.

In Fig. 5, we show the MrK-edge Fourier transformed
(FT) r-space data for all three thin-film samples. In this fig- . FIG. 5. A comparison of the change in the Fispace data with
ure, the position of each peak corresponds to an atom pajgmperature for the L, Ca, :MnO; thin-film samples with differ-
shifted by a well understood phase sift; for example, the  ent annealing temperatures. Top: 750-K annéal deposited
first peak corresponds to the Mn-O pairs and the seconghiddle: 1000-K anneal, bottom: 1200-K anneal. FT range is
peak, which is near 3 A, corresponds to the Mn-La (Mn-Ca)3.3-10.5 A%, with 0.3-A~* Gaussian broadening. The curve inside
pairs. The widtho of the pair distribution function is a mea- the envelope, with a higher frequency, is the real part of the FT
sure of the local distortions in a shell of neighboring atoms(FTg). The envelope is defined as:\/FT3+FTZ where FT is the
In XAFS, a largeo leads to a decrease in the amplitude ofimaginary part of the FT.
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FIG. 6. A plot of ¢® vs temperature for the as-deposited,
1000-K, and 1200-K annealed § gCa 3qMn0O; thin-film samples.
(Hereo is the pair distribution width of the Mn-O peakThe solid
line is the thermal contribution% from Caan,s'6 the dashed line
corresponds too3+ 02, and the dotted line isr3+ o2,

+ o2, for the annealed 1200-K samplsee text

perature is smaller for the 1000-K annealed sample, Wh”%n
most of the distortion in the as-deposited sample is still

present afT=20 K. The amplitude of the-space data at
high temperaturd310 K) is almost the same for all three

samples; this suggests that the amount of distortion at hig
temperatures does not change very much with the annealin
temperature; however, it is still clearly less than the local

distortion observed previously in LaMnGt 300 K>©

Our r-space data were fit using a Gaussian pair distribumum

tion function for the Mn-O, Mn-Ca/La and Mn-Mn shells.
The pair distribution widthr(T) (for Mn-O) was determined

from these detailed fits to the data, which were carried out

using FEFF6 theoretical functioffs(see Fig. 6. In the fit,
S3N was fixed at 4.3, wherdl is the number of nearest
neighbors(six O neighbors andS3 is an amplitude reduc-

tion factor.kx(K) arrives from single-electron process and is

normalized to the step heigrﬁg corrects for the fact that the

measured step height also includes multielectron proces@xpected Deb

There is an absolute uncertainty$j of roughly 10%, how-
ever small changes i85 move all the curves up or down in
Fig. 6 and do not change the shape or relative position.

The values ofr? obtained from the fits provide a measure

of the distortion of the Mn-O bond. Different contributions
to the broadening add in quadrature and henéehas the
general form

2_ 2 2 2
o _Ustatic+ Uphonons+ Oother mechanisms

At low temperatureg? is dominated by zero-point mo-
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variations in bond lengths, such as occurring for CaMnO
are not directly observed imr. It is surprising that the net
distortion of the substituted CMR samples is about as small
as that observed for the more ordered CaMms@ucture at

20 K.

For each temperature four traces are analyzed and aver-
aged. The relative errors shown in Fig. 6 are the root-mean-
square(rms) variation of the fit result at each temperature.
For the as-deposited sample? has a very small change
with decreasing temperature; there is a larger change for the
1000-K annealed sample, and an even larger temperature de-
pendence for the 1200-K annealed sample. We also find in
Fig. 6 that, at 320 Ko increases as the annealing tempera-
ture is lowered. This indicates that some of the static defects
in the as-deposited sample can be removed during the an-
nealing process.

The solid line in Fig. 6 corresponds to the data for the
Mn-O bond in CaMn@, which has a high Debye tempera-
ture (950 K); o2 for this sample will be denoted%. (The
CaMnQ; data we use in this figure are obtained from a pow-
der samplé. There might be a difference up to 10% between
powder samples and thin-film samples since they are in dif-
ferent form and this difference may change the effective
value of S for the fit process.

The difference between?,,, and o at low temperature
is due to a static distortion?,,;., which is defined as

Ugtaticz O-Sata( 20 K)— 0"%’( 20 K).

To estimate this quantity, we shift the solid line vertically
til it fits the low-temperature data for the 1200-K annealed
sample. This yields the dashed line in Fig. 6, which is de-
fined to beo?+ 02,,,.. Although o2, is almost zero for

e 1200-K annealed sample, it is large for the other samples.
t&e include it here for the 1200-K annealed sample to clarify
its definition. The contribution to3,,, above the dashed line
is attributed to a polaron distortion, where the f(ihaxi-
polaron distortionoZ, is defined by

02p=03,12(300 K)— 02(300 K) — 02 1yic-

We have found in previous wotk that a useful parameter
is the distortion removed aBEdrops belowT., Ao?, which

we define below. First, the% curve is shifted verticallyby

an amount o5+ 02,0 such that it fits the high-
temperature data. This yields the dotted line shown in Fig. 6
which is 02+ 02,4+ 02 . This dotted line represents the
ye behavior plus static distortion if no polaron
distortion were removed upon cooling. We define? as the
difference between the dotted line and the data:

A0-2:0-'2l'+O'IZZP"_O-gtatic_ Ugata'

A similar analysis is carried out for the as-deposited
sample and the 1000-K annealed sampterresponding
curves foro2+ o2,4ic and o2+ o2 i+ o2p are not shown
in Fig. 6). It is also important to point out that the difference
betweeno? for the 1200-K annealed sample and that of
CaMnQ; at 20 K is very small, which suggests that the

tion and some static distortions. For all the manganites, th&In-O local structure of the fully annealed sample can be as

smallest value foro is about 0.04 A; consequently, small

ordered as that of CaMnven though it is a doped sample.
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FIG. 7. A plot of InA¢® vs M/M, is presented for the as-

deposited, 1000-K, and 1200-K annealed, &2, :MnO; thin- other. This suggests that the local structure of the fully an-

film samples, as well as a haCa, sMnOs powder sampleM is nealed thin film behaves similarly to that of the correspond-

the measured magnetization akig is the saturated magnetization; ing bulk sample. .
M/M, is the relative magnetization. In order to see the effect of annealing temperature on the

local distortion more clearly, we plot the distortion contribu-

The same result was obtained for,LaCaMnO; CMR  tions T2 atic and (T%p as a function of annealing temperature
powder samples x=0.2~0.5) from our previous I Fig. 8. 'Th|s f|gur¢ shows that the static distortion de-
experiment€® The reason for this phenomena for the thin créases with annealing temperature, while the polaron con-
films can be explained as follows: first, the high-temperaturdribution increases with annealing temperature. This suggests
annealing process appears to remove most of the static gthat part of the static d|st_ort|ons obs_erved.m thg as-deposited
fects such as dislocations and vacancies; second, at very lo¥@mple become dynamic, polaronlike, distortions after an-
temperatures, there is almost no difference between the tweealing, forT>Te. o
types of Mn sites in the DE model, the electron moves rap- It should be noted that although the_ magnetization only
idly from one site to another on a time scale fast compared t§rops by roughly 50% for the as-deposited sample,othe
the appropriate phonon frequency. Consequently, Jahn-Telléontribution becomes much small@f order 5%. Conse-
distortions do not have time to form. guently, there must be statically distorted regions in the as-

For the as-deposited sample, the large CMR% occurg§eposited sample that are also ferromagnetic. The reduction
when there is a large value for? at low temperature; this of the saturated magnetization can arise in several ways.
Suggests that the distortion in the Samp'e may, in part' be thEirSt, because of the inhomogeneous matel’ial, small regions
origin of the unusually large magnetoresistance in thin-filmmay be antiferromagneti¢AF). Second, it has been sug-
samples. We have recently observed similar results in ougested that the crystal field, particularly in regimes where the
study of Ti- and Ga-doped LCMO powder sampfés. inhomogeneity causes a chal reduction c_)f the_tolera_\nce fac-

In Fig. 7, we plot Io? vs M/M,. Our previous studies 1Or, can result in a low spin Mf(,g) configuration with a
of La,_,CaMnO; powder samples showed that there is alocal 50% decrease in Mn momée#itThird, the spins in a
linear relationship between &v? and the magnetizatioh®  small domain may not be exactly parallel. However, to ex-
which provides evidence that there is a strong connectioplain the entire decrease in saturated magnetization would
between the local distortion and magnetism in these materrequire very large canting angles. Fourth, the magnetization
als. The solid squares in Fig. 7 show the linear relationshiwectors of each domain may not be aligned. The number of
for a Lay7Ca 3gMNO; powder sample from our previous domain walls may be important for calculating the resistiv-
work >® For the thin-film samples, there is a similar connec-ity. However, for domains large compared to a unit cell,
tion between local distortion and magnetization. For theslightly canted spins within a domain or a lack of alignment
1000- and 1200-K annealed samples, we find a small deviasf the magnetization of various domains would not lead to a
tion from a straight line belovi/M;~0.3. Since the error significant decrease in the polaron contribution to the broad-
of the data in this rangeM/M(<0.3) is large, it is not clear ening in XAFS. Consequently, the presence of static distor-
if this is a real effect or not. The data for the as-depositedions but essentially no polaronlike contributions in the as-
sample appear to follow a straight line, but the errors in thedeposited material indicate both a significant fraction of AF
difference are too large to draw conclusions. Also, we findmaterial, and the presence of some low spin Mn sites, pos-
that the data for the 1200-K annealed thin-film and the powsibly induced by the disorddinterstitials, vacancies, inho-
der sample(both La ;L Ca 3MNO3) almost overlap each mogeneous Ca concentrations, etdhis disorder must pin
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the local distortions which would also suppress the electromoles for this sample; it will decrease the resistivity for the
hopping frequency, thereby reducing the effectiveness of theonducting pathways that exist B&=0 and may also make
DE interaction. some “marginal” pathways become conducting.

All three thin-film samples were prepared in the same
way, except for the annealing temperature. During the an-
nealing process, part of the static defects in the sample such V. CONCLUSION
as vacancies and interstitials can be removed. In addition, the Erom our analvsis. we find that the annealing temperature
annealing process can also change the amount of oxygen il’} the thin fil yff ’t the local distorti ft% pt Al
the samplé=22 The sample is slightly oxygen deficient be- &' "¢ Ik?l In"I]?] alec S he ocal distortion o e(:jmha ena S”
fore the annealing process, and oxygen is incorporated du?—ﬁprec'a. y.l GII arge c ang_ehm resistivity anf t f] sma
ing annealing. The fully annealed samglE200 K) is ex- g ange ('jn ocal structurehW|t ltempe&aturg or the aS.E)
pected to be fully stoichiometric(similar to the eposited sample suggest that only small regions are contrib-

cortesponding powder sampt s el cocumented trat 4479 10 reSStuy and percoalon ey play & role. e
samples without sufficient oxygen can have higher resistivi- 9

ties, a lower resistance peak temperature, a Ioleand a distortions, resistivity, and magnetism in the fully annealed

lower saturated magnetizatidn?> We have the same trends thin-flm materials, which behaves much like a powder
in our experiments sample. For the 1000-K annealed sample, the resistivity and
Compared to the 1200-K annealed sample, the samplel\gR peaks are well belowl . In this case(including the

annealed at lower temperatures have a large decre ﬁ. in as-deposited samplehe local distortions correlate well with
P g the magnetization, but there is no featuresithat occurs at

ano_l a _Iarge increase in resistivity, while the satur_ated magy, temperature at which the resistivity has a peak.
netization changes by less than a factor of 2. This suggests
that much of the distorted magnetic regions probably do not
cont_ribute to t_he _conductivity and that the frac_tion of con- ACKNOWLEDGMENTS

ducting material is very low for the as-deposited sample.
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