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We investigated the effect of an applied magnetic field on the local distortions ofsMo@hedra in a
Lay 7Ca 30MnO; colossal magnetoresistiiilCMR) sample. Previously we have shown that the variance
a?(T) for the Mn-O pair distribution function is a function of the magnetizafiotiT); 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 changeofia CMR sample when a magnetic fieid
is applied at a fixed temperature. Two field-orientations were usedButhrallel and perpendiculdhorizon-
tally) to the x-ray polarization vectd?. Our measurements verify that the local distortion does indeed change
with B nearT., as expected.

[. INTRODUCTION also known that the resistivity is very sensitive to small
changes in volum&® Thus these relatively larger changes in
The substituted manganitesLagCaMnQs, form colos-  the local distortion are expected to change the resistivity, and
sal magnetoresistive materials farroughly in the range likely modify both the carrier effective mass and mobility.
from 0.2 to 0.5"4 These materials are ferromagnetic metals The logarithmic relationship between local structure and
(FM) at low temperatures below the Curie temperafige =~ magnetization was obtained from a combination of measure-
and have a metal-to-insulat@vll ) transition at a temperature ments ofo (measured by XAFBand of magnetization, each
Twmi» Which is often close td@..° The large size of the mag- as a function of temperature. However, every data point in
netoresistance, particularly in thin-film sampfe, led  such an analysis represents a different temperature. To verify
people to propose that a polaronlike lattice distortion musthat the local structure is directly related to magnetization,
also be preserit;*¥in addition to the double exchangBE) ~ measurements as a function of magnetic field for a fixed
interaction**~*®Over the last few years such distortions havetemperature are needed. Moreover, such measurements are
been observed, and the character and magnitude of theséso necessary for direct comparison to resistivity vs magne-
distortions as a function of temperature have now been welltization measuremenfs.In this paper we report our first
documented by x-ray absorption fine struct@®FS) ex-  results of such investigations.
periments and by pair distribution analysis of neutron dif- The ferromagnetic transition in these materials is often
fraction data in some colossal magnetoresisti@MR) not sharp. The magnetization is nearly constant at low tem-
systems’~23Such measurements, obtained at zero magnetiperatures and decreases to zerd approached ., typically
field, show that the amplitude of the Mn-O pair distribution over a range of 20-60 K. Magnetization measurements,
peak decreases rapidly wiffy for temperatures just below taken as a function of applied magnetic field, show that the
T.. This change can be modeled as a rapid increase the ~ value of T increases with external magnetic fiéflA low-
width of the pair distribution function, over this temperature est order approximation is that the magnetization curve is
range. At higher temperatures the change afith tempera-  rigidly shifted to higher temperatures. If the local structure is
ture is much slower; this leads to a well-defined breakpointirectly connected to magnetization, we expect the break-
at T, in a plot® of 0? vs T. point, in plots ofa? vs T, to also shift to higher temperatures;
In our recent XAFS experimerits*® we have shown that consequently for a given temperature ndar, o should
there is a direct relationship between the magnetization oflecrease when a magnetic field is applied. Here we report
the sample and changes in the local distortions belgw  our observation of this effect.
Specifically, InA¢?) is a linear function of the magnetiza- Experimental details about the XAFS experiments are
tion, whereA o2 is defined by the equation given in Sec. Il. The XAFS data and the analysis are pre-
sented in Sec. lll, and the conclusions in Sec. IV.

Ao?=02+ 0Lp— 0 (1)
Hereo$ is a measure of the phonon contributighe Debye- Il. EXPERIMENTAL DETAILS
Waller contribution, o, is the full polaronlike distortion For the initial experiments reported here, measurements
obtained at h|g2h temperature, which is defined as the differwere taken with magnetic fields of either 0 or 1 T, with the
ence betweewrg,,, and o7 at high temperature@boveT;),  magnetic field orientation either parallel or perpendicular

and o3, is extracted from fits of the XAFS dat&?°for the  (horizontally to the x-ray polarization vectd® (see Fig. 1
Mn-O peak.Ac? is zero aboveT, and InAo?) increases for orientation details XAFS is sensitive to distortions pri-
linearly as the sample’s magnetization incred$é&.It is  marily along the polarization vector; consequently with two
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FIG. 1. This plot shows the orientation of the x-ray polarization
vectorP and the two possible orientations of magnetic fiBld

field orientations we can probdistortionsthat are perpen-
dicular and parallel to the applied field.

The XAFS data were collected at the Stanford Synchro-
tron Radiation LaboratorySSRL), using beam line 4-2sili-
con{220 monochromator crystalend beam line 10-gsili-
con (111) monochromator crystgldor the 30% Ca doped
LCMO sample. Most of the data points were taken in the
vicinity of the transition temperaturé@., with some data
collected well above and well below,. The sample used
for these measurements is the same sample as used prev
ously, with a transition temperatures of 28DK; additional
sample details are provided in Ref. 18.

The basic principle of XAFS is that when a photoelectron
is ejected from an atom by the incoming x ray, the outgoing
electron wave will be back scattered by the neighboring at-
oms. Interference between the outgoing and back-scatterec
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waves modulates the absorption coefficignais a function
of x-ray energy—i.e.;u= uo(1+x), whereyy is a smooth
background functioff and y is the oscillatory XAFS func-
tion. The energy scale is usually convertedkti@space[k

=2my(E—Ep)/A, whereE, is the edge enerdyand a the-
oretical expression foky is given by’

kX(k)=Im2i Aif:Fi(k,r)

Gi(rop 1) @12KT+20c(0+5,(1]
X

dr, (2

r.2

where the amplitude factadk; is given by

N; is the number of atoms in shelland S is an amplitude
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FIG. 2. Top panel is a plot of th&-space data for the 30%
sample aff =260 K. Bottom panel shows the Fourier transform of
ky for the same sample with and without a magnetic field applied
(perpendicular to the x-ray polarization vegtoFhere is clearly an
increase in amplitude of the first pedkin-O) when a magnetic
field is applied neafl ..

The y axis representky(k), with y(k) obtained from
x(K)=u(K)/ no(k)—1. In the bottom panel of Fig. 2 we
plot the Fourier transform of thk-space data for the same
temperature, with and without a magnetic fidddapplied
perpendicular to the polarization vect®kB is parallel to the

reduction factor, which corrects for many-body effects.X-ray beam. This figure shows that there is a small change
Fi(k,r) is the back scattering amplitude of the photoelectronn the amplitude of the Mn-Q@first) peak in the Fourier trans-
wave from shelli with a mean-free path reduction, and form (r-spac¢ data, induced by the application of a mag-
gi(roi ,r) is the pair distribution functiotassumed here to be netic field.

Gaussiapfor the atoms at; . 5.(k) ands;(k) are the phase

shifts of the photoelectron for the central and backscattering

atoms respectively. The program FEFfef. 28 provides
excellent values foF;(k,r) and the phase shifts.

IIl. XAFS DATA

The k-space data for a temperature very closd o are
presented in the top panel of Fig.(20% Ca sample they
were collected using silicof220) monochromator crystals.

IV. XAFS DATA ANALYSIS

The Mn-O peak was fit im space using theoretical func-
tions generated by the prograrerre (Ref. 28 with the
quantity S3N fixed at 4.3, based on earlier work!®2°|n
these fits, onlyr andr were varied. The value af? for the
Mn-O peak was obtained for each temperature and magnetic
field. Three scans were taken for each configuration and ana-
lyzed independently. The root mean squarm.s) variation
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FIG. 3. A plot of a2 vs T for the 30% sample, with and without 100 200 300

a magnetic field applied both parallel and perpendicular to the x-ray
polarization vector. The upper panel shows the case Bt and . L _ _
the bottom panel shows the case wihP. The error bars of these FIG. 4. The difference im” betweerB=1.06 T andB=0 for

data points are about the size of the symbols, and are not shown fwo field orientations. In both panels, the solid line represents the
this figure curve calculated from Ed4), with AT=5 K for both orientations.

The dot-dashed line is a fit to E¢G). This fit includes the possi-
of the values ofr? from these fits provides an estimate of the bility that the local distortion transition, plotted in Fig. 3, broadens
relative errorgThere is an absolute overall uncertaintysih ~ With magnetic field. Again, we plot the same calculated curve for
of order 10—15% both orientations. The dotted line shows the two-sigma error esti-

In Fig. 3 we plota? as a function of temperature for the Mate and the dashed line is the zero line.
30% sample(silicon (2200 monochromator crystals with
and without a magnetic field applied perpendicular or paralthe two field orientations, witho3| slightly larger when the
lel to P. At low temperatures, there is essentially no changeB field is perpendicular t®. However, the magnitude of the
when the magnetic field is applied. A similar result is alsoeffect is also a little smaller. In the bottom panel we plot the
obtained well abovel,. However, in a range of tempera- difference functions, as a function of temperature for the
tures neafT, the value ofo? is clearly decreased when the two field orientations, which shows this difference n@ar
magnetic field is present. To make this change clearer, weore distinctly. Again both at low temperatures and at tem-
plot in Fig. 4 the difference imr?, with and without a mag- peratures well abov@,, there is no difference within the
netic field present for both orientationgoy=a?(H) relative errors| o has a maximum near 260 K as observed
—0?(0)]. There is a clear dip in the difference curve that isusing silicon(220) monochromator crystals.
greater than the two-sigma error estimate, which is indicated One way to begin to model the dip in these plots, is to first
by the dotted lines. The results for the field parallelRo consider a rigid shift of ther? vs T plot to higher tempera-
(perpendicular to the x-ray beanare also plotted on Figs. 3 ture when a magnetic field is applied, consistent with the
and 4; again there is a dip in the vicinity @f,; the data shift of T, observed previousl§® Then the difference func-
suggest a slightly smaller dip than the result for the perpention is approximately given by
dicular (parallel to the x-ray beaptase, but a better signal-

to-noise is needed for a definitive conclusion. ) A a?)

Similar measurements were also made for this sample us- do°= a(T) AT(B). )
ing silicon(111) monochromator crystals as shown in Fig. 5.
In the top panel, the data are plotted as a function of temTo obtain the derivative function, a smooth curve is first fit
perature for magnetic fields of 0 and 1 T, and the same twdo the experimental data. The slope of this curve is then used
field orientations. Although we have fewer data points forin Eq. (4) which is plotted in Fig. 4 as a solid line, with
this run, the apparatus/beam was more stable. For this dateT~5 K for both orientations. This functional form fits the
set, we observed the same general behavior, a dip very closkfference data moderately well within the relatively large
to T., and the suggestion of a slight differencedf@iff for  errors, except in a region from roughly 180-210 K. Al-

Temperature (K)
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where A is an amplitudeW is the effective width, and
determines where the center is relativeTta This model is
plotted as a dot-dash line in Fig. 4, and fits the data better
over the entirel range with the same value AfT(B) (5 K)
for both field orientations. Here we have also képB, and
W the same (0.0183 A 41.29 K, 42.76 K) for the two
field orientations.

In Fig. 5 we only plot the rigid shift model since there is
no data below 250 K with which to compare. Here we use
two values ofAT, 4 and 7 K toshow the difference in the fit
for the two orientations. This data is more suggestive of an
orientation dependence but still not conclusive. If this differ-

Temperature (K) ence is real—i.e 054/ is larger with the field perpendicular
to the x-ray polarizatiorisee bottom panel of Fig.)5-then
this means that there is also a small magnetostrictive effect
L L A A L B L L L L AL BN for these materials, which could be modeled by different
N - 1 values of the parametéd/ in the above phenomenological
i a7 model. To have a larger decrease of local distortion when the
] iy magnetic field is perpendicular to the polarization vector,
~~~~~~~~~ 7. Y. would require that distortions perpendicular to the magnetic
L A= 4 field are more easily removed, or conversely, that the re-
ooooe - OB L P : . maining distortions are preferentially parallel to the applied
. magnetic field. Another way to view this situation is that
- 1 within the transition regimé200—-260 K, the hopping prob-
ability may be slightly different for hopping parallel or per-
pendicular to the applied field. The sign of the apparent
magnetostriction would be consistent with that obtained by
Lofland et al. in microwave spectroscopy experimefits.
000061 b o b VD However, additional experiments using larger magnetic
100 150 200 250 300 fields will be needed to verify this very tentative result.
Temperature (K) In these experiments, it was not possible to investigate

2 . B . - .
FIG. 5. The upper panel is a plot of vs temperature. Data for how ¢° varies as a function of the applied magnetic field,
both orientations of magnetic fielgarallel and perpendicular to the Pecause the available magnetic field range was too small. To

x-ray polarization vectoras well as data without a magnetic field €xtend the measurements in this way will likely require fields
are shown in this window. The error bars of these data points ar€f 10 T and above. Such measurements would be important
not shown in this window since they are about the size of thefor understanding the connections between the local struc-
symbols. The bottom panel shows the differencesfinbetweenB  ture, charge, and magnetization. Specifically we need to de-
=1 T andB=0 as a function of temperature for two field orien- termine if the changes in the local distortions, induced by a
tations. The solid line and dotted line in this bottom panel showmagnetic field, depend primarily on the magnetization or
[3(a))/(T)]AT(B) for BLP and B||P, respectively, withAT  also depend on other parameters such as the conductivity.
=7+1 Kand 4t1 K for these two orientations.
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V. CONCLUSION

though a slightly better fit can be achieved using different |n conclusion, these experiments show directly that the
values ofAT for the two orientations, the shift ili, should  local distortions of the Mn@ octahedra do change when a
be independent of field orientation. This, plus the poor fit inmagnetic field is applied. The largest changes occur very
the range 180-200 K indicate that a one-parameter model islose toT, where the temperature dependence dfs stron-

too simple to describe the data well. The fact that the datgest; when the magnetization is zero or when it is near satu-
near 190 K lie well above the solid curve suggests that thergation, such as occurs at low temperatures, there is no sig-
is also a change in the widtfin temperaturgof the struc-  hificant change in the local distortions in the presence Bf a
tural transition, that might in principle be different for the field.
two field orientations. Consequently we consider a model
that has both a shift of . (same for both field orientatiohs

and a broadening of the transition region. This can be phe- This work was supported by NSF Grant No.
nomenologically described by adding a function to E§. DMR9705117. The experiments were performed at SSRL,
that looks, similar to the derivative of a Lorentzidor  which is operated by the U.S. DOE, Division of Chemical
Gaussianfunction, i.e., a function that is positive below and Sciences, and by the NIH, Biomedical Resource Technology
negative above the transition. Then Program, Division of Research Resources.

ACKNOWLEDGMENTS



8958

1E.O. Wollan and W.C. Koehler, Phys. Red00, 545 (1955.

2G.H. Jonker and J.H. van Santen, Physisansterdan 16, 337
(1950.

3G.H. Jonker, PhysicéAmsterdam 22, 707 (1956.

D. CAO, F. BRIDGES, C. H. BOOTH, AND J. J. NEUMEIER

PRB 62

18C.H. Booth, F. Bridges, G.H. Kwei, J.M. Lawrence, A.L. Corne-
lius, and J.J. Neumeier, Phys. Rev5B, 10 440(1998.

195 J.L. Billinge, R.G. DiFrancesco, G.H. Kwei, J.J. Neumeier, and
J.D. Thompson, Phys. Rev. Le#t7, 715(1996.

*P. Schiffer, A.P. Ramirez, W. Bao, and S-W. Cheong, Phys. Rev29p_ Cao, F. Bridges, D.C. Worledge, C.H. Booth, and T. Geballe,

Lett. 75, 3336(1995.

SA.P. Ramirez, J. Phys.: Condens. Matfei8171(1997).

®R.M. Kusters, J. Singleton, D.A. Keen, R. McGreevy, and W.
Hayes, Physica B55 362(1989.

’R. von Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K.
Samwer, Phys. Rev. Letf.1, 2331(1993.

8S. Jin, M. McCormack, T.H. Tiefel, R.M. Fleming, J. Phillips,
and R. Ramesh, Scien@&4, 413(1994.

9A.J. Millis, P.B. Littlewood, and B.l. Shraiman, Phys. Rev. Lett.
74, 5144(1995.

104, Rader, J. Zang, and A.R. Bishop, Phys. Rev. L&®, 1356
(1996.

1A.J. Millis, B.I. Shraiman, and R. Mueller, Phys. Rev. Letf,
175 (1996.

12p 3. Millis, Phys. Rev. B53, 8434(1996.

13 3. Millis, R. Mueller, and B.I. Shraiman, Phys. Rev5B, 5405
(1996.

14C. Zener, Phys. Re82, 403(1951).

15p W. Anderson and H. Hasegawa, Phys. R0, 675 (1955.

8p G. de Gennes, Phys. ReM 8 141 (1960).

17C.H. Booth, F. Bridges, G.H. Kwei, J.M. Lawrence, A.L. Corne-
lius, and J.J. Neumeier, Phys. Rev. L&®, 853(1998.

Phys. Rev. B61, 11 373(2000.

21D, Ccao, F. Bridges, A. P. Ramirez, M. Olapinski, M. A. Subra-
manian, C. H. Booth, and G. Kweéunpublishegl

22G. Subas, J. Gara, M.G. Proietti, and J. Blasco, Phys. Rev. B
56, 8183(1997).

23T A. Tyson, J. Mustre de Leon, S.D. Conradson, A.R. Bishop, J.J.
Neumeier, H. Rder, and J. Zang, Phys. Rev. B8, 13 985
(1996.

243.J. Neumeier, K. Andres, and K.J. McClellan, Phys. Re%9B
1701 (1999.

25M.F. Hundley, M. Hawley, R.H. Heffner, Q.X. Jia, J.J. Neumeier,
J. Tesmer, J.D. Thompson, and X.D. Wu, Appl. Phys. L&Tf.
860 (1995.

263.J. Rehr, C.H. Booth, F. Bridges, and S.I. Zabinsky, Phys. Rev. B
49, 12 347(1994.

27C.H. Booth, F. Bridges, J.B. Boyce, T. Claeson, B.M. Lairson, R.
Liang, and D.A. Bonn, Phys. Rev. B4, 9542(1996.

283.]. Zabinsky, J.J. Rehr, A. Ankudinov, R.C. Albers, and M.J.
Eller, Phys. Rev. B52, 2995(1995.

23S E. Lofland, S.M. Bhagat, H.L. Ju, G.C. Xiong, T. Venkatesan,
R.L. Greene, and S. Tyagi, J. Appl. Phy®, 5166(1996.



