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An accurate multiple-scattering G@-edge extended x-ray-absorption fine-structiEXAFS) study of the
average local structure of N@Ce, 1:CuQ, and Nd,CuQ, is presented in the range of temperature 5-150 K.
Clear differences between experimental EXAFS signals of doped and undoped compounds recorded at the
same temperature are found. Shortening of 0.015 A of the average Cu-Nd/Ce distance is unambiguously
detected in the doped-superconducting compound. We show that the contraction of the unit cell along the
direction can be assigned to the shift of the Nd/Ce atoms toward the adjacentplar@. No evidence for
anomalies of the in-plane Cu-Cu and Cu-O distance distribution is found as a function of temperature and
doping. The strong multiple-scattering signal associated with the quasilinear Cu-O-Cu chains in the CuO
planes is used to evaluate the angle distribution at the oxygen site, using a suitable model describing a realistic
three-atom vibrating system. Differences between the doped and the undoped compound are detected showing
that the angle distribution is broader beldw in the doped compound. The increased width of the angle
distribution is consistent with the existence of local modes or permanent structural distortions involving the
in-plane oxygens[S0163-18268)01109-9

I. INTRODUCTION larized XAS study rather provides information on the aver-
age short-range structure around a selected atomic site. In
Since its discovery by Tokuraetal. in 1989! the this case, additional information obtained using different
Nd,_,CeCuQ,_ s (NCCO) compound has played an impor- techniques are required for a complete structural character-
tant role in the highF, superconductor research field, due toization. A few extended x-ray-absorption fine strucjure
the nature of the charge carrigedectrong. Moreover, these  (EXAFS) studies have been carried out in neodymium cu-
cuprates crystallize according to a tetragofial structure,  prates, mainly using standard data-analysis technitfué.
differently from other families off -phase highF. supercon-  As an example, the existence of interstitial apical oxygens in
ductors, like Lg_(Ba/Sr)Cu0, 5 or YBa;CusO7- 5 (See,  the Nd,CuQ, (y~4) crystal structure was suggested by EX-
for example, Ref. P . AFS (Ref. 11 and neutron diffractiod® although other
The existence of a strong interplay between superconduclie tron-diffraction studies gave a negative ansiér.
ing properties and crystal structural distortions, defects, or Unfortunately, previous EXAFS studies on high-cu-

Iocetxl v!bratuljll?(al prg;zat(a:rtleslén h;)?m'c ﬁsu;t)(ra]rcogductzr cut- dprates, have rarely been recognized to give reliable structural
prates 1S Well knowr.-t.onsiderable etlort has been devoled; o a4ion complementing that obtained by other spec-
to study structural and vibrational properties of neodymium

cuprates. Changes in the unit-cell parameters as a function gpscopies. However, these studies were mainly conducted

doping have been studied by several authee, for ex- using standard data-analysis techniques which hardly pro-
ample, Refs. 45 Some studies using x—ray' neutron- vide reliable information beyond the first-neighbor shell.

diffraction® and Ramahspectroscopy reported evidence of ~ Modern  EXAFS  data-analysis methotds,”  using
structural distortions and coexistence of phases in NCcAnultiple-scattering(MS) theoretical approaches, offer the
due to the presence of the dopants. In particular, the 2Cuopos&blllty_of a reliable investigation of_the shor_t-ra_mge struc-
planes were found to be buckled due to in-plane and out-ofture. In this way, we are able to obtain quantitative evalua-
plane oxygen atom displacemeftd-urthermore, various tion of bond lengths, bond angles, and related variances as-
techniques including neutron-diffraction and infrared reflec-Sociated with thermal motion and configurational disorder.
tivity spectroscopy showed evidence for polaron formationln particular, experimental determination of the short-range
in this class of compounds, associated with local modes inpair and triplet distribution functions around copper, which
volving the in-plane oxygen&ee Refs. 8,9,6 and referencescan be obtained by MS-EXAFS data analysis, can give us
therein. important information about structural distortions in cu-
X-ray-absorption spectroscopfXAS), due to its ex- prates.
tremely high sensitivity to the short-range structure, can pro- In this work an accurate MS-EXAFS data analysis at the
vide an important tool to study local structural properties inCu K edge of NGCuOQ, (NCO) and Nd, g£Cey1CuUO,
this class of cuprates. However, it should be stressed that, iINCCO) is performed, using the recently developed GNXAS
presence of inhomogeneities in the local structure, an unpanethod'’'® This method includes accurate modeling of
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atomic background and MS contributions, providing also rig-
orous statistical analysis of the structural restit€ The
EXAFS spectra of layered cuprates invariably contain large
multiple-scattering signals associated with the Cu-O-Cu in-
plane linear configuratidfi=2* (focusing effect?). As previ-

ously reported, MS-EXAFS data analysis can provide reli-
able information on the Cu-O-Cu angle distribution, directly —
related to the local corrugation of the Cy@lane?®?*More- !
over, due to the strong backscattering signals related to Nc ™~
and Ce atoms, the EXAFS result to be particularly sensitive =<
to possible displacements of these atoms from their crystaIm;<
lographic positions. The aim of this work is to obtain new
information about the average local structure around Cu as ¢
function of temperature, doping, and about the nature of the
above-mentioned structural distortions, taking into proper ac-
count the context of published neutron diffraction and other
spectroscopic data.

The paper is organized as follows: in Sec. Il XAS experi-
ments on neodymium cuprates are presented and analyzed at
a qualitative level; in Sec. lll details concerning the multiple-
scattering data analysis of XAS measurements of cuprates
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FIG. 1. Experimentak®y(k) signals for NCO(left pane) and
NCCO (right pane) in the 5-150 K temperature range.

are reported; results of the present work are discussed in Segfructural signal obtained increasing the temperature is
IV, while in Sec. V the main conclusions of this work are clearly visible at highk values, as expected.

resumed.

II. EXPERIMENTAL EVIDENCES
powdérs  of

Well-characterized

Fourier transformgFT) of experimentak?y (k) for either
NCO and NCCO for all of the investigated temperatures are
reported in Fig. 2. Several well defined peaks corresponding
to interatomic distances between the Cu at@ohotoab-
sorbej and atoms belonging to the near coordination shells
(backscattering atomsre visible up to a distance of about

Ndl.ssceb.4150U04 obtained using standard preparation8.0 A. According to the published crystal structdréhe
method$* were used to prepare samples suitable for XASnearest-neighbor atoms are: In-plane oxygeisO, plane
measurements. X-ray diffraction and ac susceptibility meawith coordination numbeK =4 at 1.97 A (first coordination

surements were performed showing the expected structurghel), Nd with N=8 at 3.33 A (second coordination shgll
and conduction properties in these compou(aissetT, =

19 K). The method and the procedure for XAS sample prepa-
ration are identical to that reported in the experimental sec-
tion of Ref. 21. The samples are pellets with a diameter
about 13 mm and thickness about 1 mm, obtained by mixing
the powders with appropriate amounts of boron nitride.

XAS data collection was performed in transmission mode
at LURE (Laboratoire pour L'Utilisation du Rayonnement
Electromagnetiqueon D21 beamline using &11) mono-
chromator and harmonics rejecting mirrors. Low-
temperature measurements from 5 to 150 K were performed
with a He flux cryostat. In Fig. 1 the experimenkdly(k) as
a function of the photoelectron wave vectkr-E—E,
(whereE, is the experimental threshold enejgy the range
of temperature between 5 and 150 K, are compared. The
extraction method of the EXAFS oscillations from the raw
data(x-ray-absorption coefficient at the Gu edge will be
illustrated in the next sections. Measurements are character-
ized by a very low statistical noise levébf the order of
10~ and a quite large energy rangep tok~ 18.5 A™1)
at low temperatures. Clear differences between doped and
undoped compound are easily detected.

The main differences are confined in the photoelectron
wave-vectork interval between 10 and 15 &. This region
of the spectrum is substantially dominated by the high-
frequency Cu-Nd signal and the strong multiple-scattering
contribution coming from Cu-O-Cu linear configurations in  FIG. 2. Fourier transform of th&®y(k) for NCCO (panel A
the CuG, plane (focusing effect The attenuation of the and NCO(panel B in the 5-150 K temperature range.

FT of experimental EXAFS signal
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O(2) (out-of-plane oxygenwith N=8 at 3.63 A Cu with 5 0o 15
N=4 at 3.95 A. Taking into account the negative phase-shift | | |
contribution, the FT peaks follow the succession of coordi- NCCO 2.01

nation shells. The first peak at about 1.6 A is related to the
in-plane oxygens; the second peak, which is the biggest one,
is associated with the Nd shell of atoms. Looking at the
crystal structure it is clear that the third peak at about 3.6
A in Fig. 2 is due to both Cu-Cu and Cut®) contributions.
However the contribution from the (@) is very weak and
this peak is largely dominated by the MS Cu-O-Cu contribu-
tion in the focusing configuration. Another prominent peak at
about 6.35 A is mainly due to another shell of 16 Nd atoms
at 6.5 A. The last peak at about 7.4 A is related to the pres-
ence of Cu atoms at about 7.9 A in the Cu-O-Cu-O-Cu in- 2 s
plane configurations. Again, in spite of the large distance k*Ax(%)=k"(x(k)ncco ~X(X) nco) 2-01

from the photoabsorber, the relatively large amplitude of this
peak is related to the enhancement of the multiple-scattering WVWWWW
signal in linear atomic configurations.

The trend of the magnitude of the FT peaks as a function
of temperature is slightly different for the two compounds, as
shown in Fig. 2. In particular, we observe a reduction of the
height of the Cu-Nd/Ce pealsecond peakgoing from 30 K
(dashed line, abové,) to 5 K (solid line, belowT.). This
effect is much less evident in the undoped compound. Being
the magnitude of the peaks directly related to the vibrational
amplitudes or to the static disorder of the atoms pair, this 0 2 4 6 8
occurrence suggests that the presence of the dopant contrib- R ( A)
utes to increase the structural disorder in the superconducting
phase, with respect to the insulating one. We also observe a
similar behavior in the third peakpanel A related to the
collinear configuration Cu-O-Cu in NCCO, absent in the un-
doped compou_nd. Lo . . tween doped and undoped compound related signals. Lower panel:

Even more interesting is the analysis of the differences: .o transform of the difference spectrum.
between the doped and undoped compounds at fixed tem-

perature. A simple subtraction between EXAFS spectra &fon, However, the vicinity of the huge Cu-Nd/Ce peak, gen-
the same temperature is able to highlight the main differeating ripples in the FT, could complicate the interpretation
ences related to the local structure of the two compoundst this region of the difference spectrum. As a matter of fact,
This is especially interesting below the critical temperaturgne cu-0-Cu-0-Cu MS signal is much more sensitive to de-
of the doped compound NCCO. In Fig.(Bpper panglwe yiations from linearity of the chain than the corresponding
report the experimentat®y (k) at T= 5 K for NCCO and  sjgnals due to both the three-atom Cu-O-Cu and O-Cu-O
NCO. ~ The result of the subtractionk®Ax(k) — configurations, as it can be shown by direct calculation.
=k* [X(K)ncco™ X(K)nco ] is shown in the middle panel Therefore, the presence of the peak around 7.4 A in the
of the same figure on the same scale of the starting signalgfference spectrum is by itself an indication that in-plane
For the other temperatures we obtained similar results. Ag-0-Cu configurations are perturbed by the presence of the
mentioned above the difference becomes quite large startingopant.
from k=10 A~*, but now one can see differences in the full  These experimental evidences indicate the local structure
range of the measurement associated with well defined frgp, doped and undoped compounds are remarkably different
quencies. A Fourier transform of the difference spectrumang these differences can be easily revealed by EXAFS. At
(Fig. 3, lower pangl shows the main contributions to the thjs point, in order to proceed in the quantitative interpreta-
total k?A x(k) in the R space. . tion of the EXAFS data we need to use modern EXAFS
The main peak in the FT of the difference spectrum carnyata-analysis methods taking proper account of the strong
be unambiguously assigned to differences in the Cu-Nd/Cgyytiple-scattering contributions to the total EXAFS signal.

Contribution, related to Val’iations Of the CU'Nd/Ce diStance]'he next Sections are devoted to e|ucidate the methodo'ogy
distribution. The smaller peak at about 6.35 A can be aSand report the results of the data ana'ysis_

signed to variations of the distant shell Cu-Nd/Ce contribu-

tion, and _therefore give us essentially the.same informatiqn. Ill. MULTIPLE-SCATTERING DATA ANALYSIS

The last important peak at about 7.4 A is associated with

variations of the high-frequency signal related to the Cu-O- Multiple-scattering(MS) EXAFS data analysis was per-
Cu-O-Cu chains, as previously mentioned. Differences arformed using the GNXAS methdd:'® In this section we
much less pronounced in the region 3.6—4 A where variaintroduce the fundamental aspects of the method with refer-
tions of Cu-O-Cu distribution should also give a contribu-ence only to the specific case under consideration, referring

NCO

kx(k) (87%)

k (871

k*Ax(k) (A7%)

FT(k*Ax(k))

FIG. 3. Upper panel: Comparison between NCCO and NCO
experimental EXAFS k2x(k)] signal. The dashed line indicates
x(K)=0. Middle panel: Difference EXAFS spectrukiA y(k) be-
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for the details to the original papefsee Refs. 17,18 and
references therejn

The method is based on a comparison between the experi-
mental absorption coefficient,,{E) and the theoretical
model of absorption, calculated according to equation

amoo<E)=ao<E>[1+S%xmoo<E—Eo)]+abgk<E>+aexc<E()1,)

k%y(k)(R %)

where ay(E) is the atomic absorptiony,q(E) is a smooth
polynomial function taking into account underlying absorp-
tion channels,aq{E) accounts for possible multielectron
excitation channels, and,.{E—Ey) is the structural
EXAFS signal.E, defines the energy scale of the theoretical
signal (corresponding within a few eV to the edge enegrgy Nco
andSS is an amplitude correction factor ranging usually be-
tween 0.8 and 1.

Particular attention was paid to the background modeling
in order to perform an accurate quantitative EXAFS data
analysis. In a recent papérabout the study of local struc- [1.50
tural properties of La_,(Sr/Ba)CuQ, the existence in the T T
absorption background of an importast,{E) contribution 5 10 15
due to the presence dfls3p] double-electron excitation k (&7
channels was pointed out. In the present work, we used the
background shape observed in Ref. 21 for fHis3p] chan- FIG. 4. Upper panel: M&2y(™ signal associated with the main
nel. two-atom and three-atom configuration contributing to the total

The modelymofK) was calculated as a sum of the two- k’x(k). Lower panel: Experimentalsolid curve and model
body v and three-body® MS signals associated with the (dashedik’x(k) for NCO and NCCO at 5 K.
local n-atom configurations including the photoabsor(feu
in our case The ¥ and y® signals are oscillating func-
tions in thek space. The/?) terms are associated with pairs
of atoms and probe bond lengths and bond variances; t

¥ functions, associated with triplets of atoms, probe bon he Cu-O-Cu signal allows us to determine more accurately

angles, bond-bond, and bond-angle correla_tlons. the Cu-O distance distribution. We remark that the common
Due to the short mean free path of the ejected phOtoelec'rocedure used to treat the focusing contribution, i.e., the use
tron (~5— 10 A) a limited number of irreducible™ terms P 9 =

is sufficient to calculate the model EXAES sianal. In theof an artificial increase of the Cu-Cu coordination number,

i vsi v and +@ signal 9 d" th cannot work properly because the Cu-O-Cu MS signal has a
present analysis only™ - andy™= signais were used in e - oot phase with respect to the Cu-Cu two-body one.
model xmodK) calculation, reproducing the experimental

: In the same figurélower panel we report the fitting re-
feaLuresTLrJ]p t(?,)ab.OUI |4 Acutoff dllst?ncifrom thi phot?fgb—. sults atT= 5 K for both the compounds under consideration.
sorber. They™ signa's were calculated using the mutfin-tin experimental EXAFS signa®y(k) was obtained by
approximation with an overlap of about 10% between near- the bestfit atomic background function

est atomic spheres and using a Hedin-Lundqvist comple>%UbtraCting
i i ) E)+ E) to the raw dat E)] and using a
exchange-correlation potentil. apg(E) + aexd E) W datd] el E)] using

h i | for th&- [ i -
In Fig. 4 (upper pandIMS 2 and 4 irreducible sig- ydrogenic model for th&-edge atomic absorption as a nor

alizing factor. The small discrepancy in the second peak at
n_als E%Icu_lated for the NCO Comp"“”d are shown. A total o ~4.7 A is due to the difficulty in the proper modeling of
six y\" signals, associated with the main two-body and

. ) . ) the onset of thg¢ 1s3p] double-electron excitation channel.
three-body atomic configurations up to a distance of 4 A In any case, all the experimental features are quite accurately
from the Cu site, are reported. They are, from tr12e top 10 thee s quced in the entire range of investigated temperatures.
bottom of Fig. 4(upper panel the first-neighbory®) Cu-O In the framework of the GNXAS method, the evaluation
signal related to the in-plane oxygens at 1.97 A; the G800 ot pest-fit structural parameters and their statistical errors is
two-body contribution related to the out-of-plane oxygens atperformed by minimizing the differences between experi-

. H 2 H .
3.63 A; the strong high-frequency C“'N?‘( ) signal; the  mental and model absorption, using a square residual func-
important three-body term associated with the linear Cusjgn-

O-Cu in-plane configurations; the in-plane two-body Cu-Cu

contribution, and the three-body Cu-O-Nd signal involving N N — . o

in-plane oxygens. All of the signals include thermal factors R({)\})IE ool B1) amOO(Elg’)\l’)\Z’ ')\p)],

specified in the next section. =1 i 5
Notice the clear difference in frequency between the 2

Cu-O signal(low frequency and the signals related to the where{\}=(\1,\,, ... \p) indicates the set op param-

other outer coordination shelihigh frequency. Both the eters on whicha,,,q depends. Each energy poift of the

NCCO

Kx(k)(7%)

low- and high-frequency signals contribute to determine the

Cu-O distribution. In fact, the Cu-O-Cu signa}'®’) is about

rC%\ree times larger than the Cu-Cy(f)) one, as expected,
ue to the focusing configuration. The proper inclusion of
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experimental signal is assumed to be affected by random Reuoo (K)
Gaussian noise with standard deviation "

Following the standard statistical the&Ht is possible to gogg 295 1096 1965 197 1975
evaluate the optimal values of the fitted parameters finding E/V | |

those values{\}={A} that minimize the residual function. 8995
The correlated errors on the structural parameters can be
evaluated looking at the confidence intervals defined by the
equation

E; (eV)

8994

RN <RpintC, 3 8993 - 8996

whereC, depending upon the number of tpefree param-
eters, defines the confidence interval.

In this analysis six structural parameters were floated:
Reuor Reung: 02y, andod, g interatomic distances and
variances; the Cu-O-Cu angular deviatiép (see the next LT
section and the bond-bonggrg correlation used to param- 3.315 3.32 3 325

etrize the Cu-O-Cu distribution. The other structural quanti-

ties are associated with minor multiple-scattering contribu- E
1 1 1 Il |

3.33

8995

8994

\

8993

tions and were fixed to the corresponding crystallographic
values. Explicit introduction of the Cu-Ce and Cu-O-Ce con- L
tributions were shown to be useless to improve the quality of -
the fit. Those contributions were grouped with the corre- C
sponding Cu-Nd and Cu-O-Nd ones. Moreover, introduction 0 \, | .
of asymmetric distance Cu-Nd/Ce distribution by using 3.31 3.32
I'-like functions or the cumulant expansion was found not to Reu—va/ce) (&)
lead to statistically significant improvements of the fitting

results. Therefore, a total number of eight paramet@rs ( FG. 5. Ry, ¢Eq ReunaEor @nd Reyngd2 contour maps de-
=8) was used in the fitting procedure, the six structural patiyed by EXAFS data analysis. The inner elliptically shaped curves
rameters mentioned above plus tBg and Sé parameters represent the 95% (& confidence interval.

defined in Eq(1). The energyE, resulted to be 89941) eV

for NCCO and 8995(1) eV for NCO, while we found IV. RESULTS AND DISCUSSION

S~ 0.96 in all cases. The residual function defined in Eq.  As a result of the above-mentioned data-analysis method-
(2) follows the x? distribution withp degrees of freedof,  ology, we obtained the best-fitting modals,{K) as a func-

6 6(Cu—0—Cu) (degz)

therefore for a 95% confidence interval, we fi@e- 15.5. tion of temperature for the two compounds under consider-
The contour plots associated wiRy,.q (upper pangland  ation.
Rcu-ndg (lower panel versusE, at T= 30 K are reported in Let us first consider the difference between the EXAFS

Fig. 5, upper and center panels. The inner elliptical curvegpectra of the doped and undoped compounds=as K, for
correspond to the intersection of the 9§¥limensional con-  which qualitative considerations have been anticipated in
fidence interval with the particular two-parameter plag.  Sec. li(see Fig. 3. In Fig. 6(upper panélthe two theoretical
and bond distances are found to be strongly correlated, a&y,..(k) are reported and superimposed to highlight their
usual. On the other hand, bond variances are mainly corrgsghase and amplitude differences. The difference spectrum
lated with theS3 amplitude factor, as expected. From con- k2A Xmod K) (solid ling) is also reported below and compared
tour plots we infer the statistical errors on the structural pawith the experimental difference spectrum of Fig(dashed
rameters including correlation with the other variables. Forline). Our models are therefore able to reproduce very accu-
example, in Fig. 5, lower panel, we report the contour plotsately also the relatively small differences found between
associated witlR¢,.ng @and 6%, which result to be practically NCO and NCCO EXAFS spectra.
uncorrelated. Two-dimensional contours are especially inter- FT spectra of the mode(solid line and experimental
esting for parameters which are found to be very correlateddashed lingk2A x(k), reported in Fig. lower panel, con-
in order to get the more realistic estimates for statistical erfirm that the main differences between doped and undoped
rors. In this way, a statistical error of about 0.004 A on thecompound can be unambiguously assigned to changes in the
Cu-0O and Cu-Nd distances is found looking at Fig. 5. ErrorCu-Nd/Ce distance distribution. Similar results were found
in the angular deviatiord, as determined by Fig. 5, lower for the other investigated temperatures.
panel, resulted to be around 1°. Best-fitting Cu-O, Cu-Nd, and Cu-Cu interatomic average
As a final comment about the data analysis we would likedistances and variances for NCCO and NCO as a function of
to remark that high-frequency contributiotsffective dis-  temperature are reported in Table I. TRg,.c, and o2, ¢,
tanceR>4 A) not explained by the present theoretical modelbond distances and variances have been evaluated as a func-
have not dramatic consequences on the statistical evaluatigion of the floating parameters defining the Cu-O distance
of the results. In fact, the minimum of the residual function Cu-O-Cu angle distributions, following methods reported in
results simply translated by a residual associated with th®ef. 18. The results about the Cu-Nd/Ce average distance
high-frequency components. reveal that there is a contraction of about 0.015 A for the
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FIG. 7. Cu partial radial distribution functiog(r) for NCCO
(solid) and NCO(dasheglat 5 K (left pane) and 30 K(right panel.
A magnification of the difference between doped and undoped com-
pound in the Cu-Nd related peaks is reported in the insets.

fused with the thermal motion, which is related with the
distance variance, also accurately measured.

On the other handR¢,.c and R¢,,.c, distances are found
to be in a good agreement with the results obtained with
diffraction techniqued*®13The Cu-O variances are in sub-
stantial agreement with those estimated using a simple Ein-

FIG. 6. Upper panel: Comparison between best-fitting modeistein model with the Cu-O stretching frequeneyc, o
k2x(k) for NCO (dashedi and NCCO(solid) at 5 K. Below, the ~513 cm !, measured in NCO by infrared spectroscépy.
comparison between experimentdashegl and model(solid) dif- The calculated bond variance a&ti=5 K resulted to be
ference spectra is reported. Lower panel: Fourier transform of exU-(Z:u_o~ 0.0026 A2. The structural parameters reported in
perimental(dashegl and model(solid) difference spectra. Table | have been used to reconstruct the Cu partial distri-

bution functiong(r) (calculated using the atomic densijiy

doped compound, in the full range of temperatures. Distance-0.0743 A~3). In Fig. 7 we report the comparison between
variances are found of the same order of magnitude in botbalculatedg(r) distributions for NCO(dashegl and NCCO
cases, although a slight anomalous increasé&-ab K for  (solid) at T=5-30 K. Notice that the Cu-@first peak and
NCCO is found. These results can be compared with recer@u-Cu (third peak average distances are basically not influ-
pair-density function(PDF analysis of neutron powder- enced by doping with Ce. No significative statistical correla-
diffraction measurements of NCCOyhere small displace- tions have been observed between Cu-Nd/Ce structural pa-
ments of Nd/Ce atoms from their crystallographic positionsrameters and the in-plane Cu-O-Cu orisse, for example,
(less than 0.03 Awere reported. In that study, these dis- Fig. 5, lower panel For sake of clarity, the Cu-Q) (out-
placements were considered deviations contained within thef-plane oxygehdistance distributions is not reported in the
thermal motion of atoms. From the local point of view pro- figure. The two insets in Fig. 7 show a magnification of the
vided by EXAFS, the shift of 0.015 A in the Cu-Nd/Ce dis- differences in the second peak of to¢r) related to the
tance is measured with high accuracy and cannot be corGu-Nd/Ce interatomic distance.

FT(k®AxXmoa(k))

TABLE |. Best-fitting structural parameter values as function of temperature for NCCO and NCO.
Numbers in parentheses are statistical errors of the last significant digit.

T (K) Rewo (A) ‘T<2:u-o A 2) Reung (A) ‘T<2:u-Nd (A 2) Reu-cu A) Uéu-Cu (A 2)

NCCO 5 1.9644) 0.00228) 3.3194) 0.003@4) 3.9258) 0.00318)
30 1.96%4) 0.002%8) 3.3204) 0.00274) 3.92@8) 0.00298)
70 1.9644) 0.00238) 3.3214) 0.00294) 3.9268) 0.003@8)
150 1.9635) 0.002%9) 3.3246) 0.00455) 3.921) 0.003%9)

NCO 5 1.9614)  0.00248)  3.3344) 0.00284) 3.9218) 0.003G8)
30 1.9614)  0.00238)  3.3344) 0.00274) 3.9228) 0.00318)
70 1.9634)  0.00268)  3.3354) 0.00324) 3.9238) 0.00328)
150  1.9625)  0.00299)  3.3376) 0.00475) 3.921) 0.00419)
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The change in thd&k¢,.ng distance distribution obtained k (871
introducing Ce atoms in the structure of NeuO, deserves
some considerations. In tAg crystal structure the Nd atoms 5 10 15

are located along the direction defined by theaxis, above
(and below the center of squaredhelonging to the Cu®
planes having the Cu atoms at the corners and in-plane O
atoms in the center of each side. A generic Cu atom has eight
Nd neighbors at the same distance of about 3.33 A. Simple
symmetry considerations suggest that the Nd/Ce displace-
ment occurs in the perpendicular directiath,) towards the
CuO, plane. On the contrary d,, displacement, parallel to
the CuQ, planes, would result in a broader Cu-Nd/Ce distri-
bution, or even in a splitting of distances for the doped com-
pound, ruled out by present investigation. According to this
picture we can conclude that the introduction of the dopant
produces a displacemed;~0.026 A of the Nd atoms to-
wards the CuQ@ planes. Therefore we find a shortening of
the vertical side of the cage composed by the eight Nd atoms
around copper of about 0.052 A. \
Therefore, our EXAFS analysis shows that the contraction TR S
of the unit cell in thec direction is related to the Nd/Ce 0 2 4 6 8
displacement. According to the structure of theunit cell, R &)
we have to account for a total of fody, displacement in the
c direction, each one towards the nearest Gylane, result- FIG. 8. Upper panel: Difference spectrum between experimental
ing in a total shorteningAc~0.0026<x4=0.104 A. This k?x(k) spectra of NCCO at 30 and 5 K. Notice the large statistical
value is already in very good agreement with the differenceoise at high wave-vector values. Lower panel: Fourier transform of
Ac~0.1 A between NdCuO, and Nd, g-Ce,,;CUO, re-  experimentaldashediand model(solid) of difference spectra.
ported in the literaturésee, for example, Ref)4In our local
determination, the contraction of tleeaxis results to be due Changing the conduction properties und’gr A |arge debate
only to the shift of the Nd/Ce atoms towards the GU&H- s still open on the nature of structural distortion of the GuO
jacent planes, without affecting the layer of oxygens, nearesfjane. Indeed it is not clear if the CyQplane is locally
neighbors of Nd and Ce atoms. buckled or it presents a long-range distortion in the crystal

It is also interesting to remark that the slight increase Ofgy,ctyre. In any case, no definitive results are still available

the U%U_Nd plistanqe _variance _bglow 30 K, although practi- (see Ref. 7 and references thejein
cal(!y conta_uned within the statistical error b(aiefmed. by the Previous EXAFS studies of layered superconductors cu-
95% confidence level follows the anomalqus slight de- rates showed that important multiple-scattering contribu-
crease of the Qu-Nd FT peak of thg experlmgfgtal EXAF ions associated with the Cu-O-Cu linear configuration in the
spectrun{sie Fig. 2 The effe_ct of t.h.e INCrease olc,.ng for CuO, plane can be successfully used to study the angular
NCCO atT=5 K can be easily verified looking at the iNSets ;i ion in the Cu-0-Cu chaif€2! In lanthanum cu-
of Fig. 7. The slight modifications in the average distance - . X
. . . prates, for example, large deviations from collinearity for the

and variances beloW, in NCCO could be also evidenced by Cu-O-Cu in-ol fiouration were found. with average
the difference spectrumk?Ay(k) = K2 [x(K)sp -0 - Y IN-plane configuration w und, with averag
~ x(K)s«], although in this case the relatively large statisti- 2 ?cu-0-ci=180-fcu.o.cu values of the order of 10
cal noise obtained in the subtraction proced(eo times  (fcuo-culS the angle measured at the oxygen)site o
the statistical noise of the raw datenakes it difficult to Inthe NCCO and NCO systems, we found that significant
observe oscillations at large wave-vector values. The unfilShifts of the mean angle value frofi=180° lead to an un-
tered difference spectrum is shown in Fig. 8, upper panel@cceptable poor agreement between experimental and calcu-
showing a large statistical noise above 10 ‘A However, lated EXAFS signals. As it is well known, the first derivative
the Fourier transform of this signal, shown in Fig. 8, lower of the MS three-body signals vanishesfat 180° and there-
panel, presents a well-defined peak at about 3.2 A slightljore we used a second-order derivative expansion to account
above the noise levdindicated approximately by the dot- for angle fluctuations around an average exactly linear Cu-
dashed line in Fig. Bwhich can be mainly assigned to O-Cu configurationRef. 18, and references thergin
changes in the Cu-Nd/Ce distribution beldw. The inten- The three-body distribution to be used for linear configu-
sity of that FT peak is nicely reproduced by the FT of therations needs some clarificatidhin a real vibrating system
analogousk®A (k) signal obtained using multiple-scattering composed by three aligned atorfeverage positions of the
best-fit simulation. in-plane Cu-O-Cu configuration in NCO and NCLCte an-

The observed modifications of the Cu-Nd/Ce distribution,gular probability distribution vanishes @t=180°. Distance
and in particular the shortening of the average distance beand angular distributions can be factorized and a suitable
tween NCO and NCCO, could influence the structural andnodel for the angle distribution function, depending only on
vibrational characteristics of the CyOplane, drastically the §, parameter, can be written as

k?ax(k) (477)

exp.

— — — — model

FT(k*Ax(k))
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FIG. 9. Panels A and C: Angle distribution functiétg) as a function of temperature for NCCO panel and NCO, respectively. Panel B:
Comparison betweef( #) for NCCO (solid) and NCO(dasheglat 5 K. Error bars showing the accuracy of the present angle distribution
determination are also shown.

(180 6) % (6—180)2 found in the doped compound leading to a broader angle
f(9)= exp —

2 € 552 );os 6<180. (4)  distribution (Fig. 9, panel B.
o o Unfortunately, the large statistical noise contained in the
difference spectrum of Fig. 8 does not allow us to reveal
In absence of the linear term (18®), &3 would be the unambiguously the change in the Cu-O-Cu distribution be-
angle variances arountt= 180°. The condition for vanishing low T, in NCCO using this simple self-evident procedure.
probability até=180° implies a change in the shape of the The FT peak around 3.6 A of the simulated signaashed
distribution which has the maximum af,,=180°-§,. line in Fig. 8, lower pang] representative of possible
Therefore, the most probable angle value is always differenthanges in the Cu-O-Cu distribution, is not found in the dif-
from 6=180°. For large angular fluctuation$,, a disor- ference of experimental datgolid line in Fig. 8, lower
dered linear configuration fc,.0.cy = 180°) cannot be eas- pane). However, it is clear that these changes can be hidden
ily distinguished from a bent average configurationby the relatively large noise of the difference experimental
({Ocu.0.co #180°), but in the present case small values inspectra. In fact, the statistical noise of the difference spec-
the ranges,=2°—5° have been found in the temperature trum is two times larger than that of the original raw data and
rangeT=5-150 K. the FT spectrum(Fig. 8 contains many interfering peaks
In Fig. 9 (panel A and ¢ we report the best-fitting angu- without direct structural meaninghe noise level is approxi-
lar distribution functionf () in the range T= 5-150 K for ~ mately indicated by the horizontal dashed Jinia this case,
NCCO and NCO, respectively. Statistical error analysispossible changes in the Cu-O-Cu signal can be better re-
showed thaty, is determined with an accuracy of about 1° vealed by studying the differences in the simulated best-fit
(see Fig. 5, lower panglAs a consequence of this relatively signals which take into account the original data and not
large error bar, we can extract only qualitative informationdifference signals affected by a much larger noise.
about the different behavior as a function of temperature be- Error bars showing the accuracy of the present determi-
tween the doped and undoped compound as shown in Fig. fation of the angle distribution are reported in Fig. 9, panel
However, the trend as a function of temperature is very cleaB. Error bars are determined by propagation of errors analy-
showing a broadening of the angular distribution for increassis on 4. In spite of the relatively large statistical error,
ing temperature with the remarkable exception of NCCO asignificative portions of the angular distributions of NCO
T=5K. and NCCO aff =5 K are not overlapped. In particular, angle
The NCO angle distribution at 30 and 150 K is slightly distribution in NCCO is different from zero fat in the 170—
narrower with respect to the NCCO one. However, there is 475° range and has a lower intensity near 180°. In principle,
very slight difference at high temperature between NCO andhis effect could be due both to different vibrational ampli-
NCCO angle distributions, suggesting that the structural distudes and to static structural distortionhomogeneous local
order could be also related to the onset of the superconducstructurg. Previously, experimental evidence supporting
ing phase. Below the critical temperature, a larggris  changes in local structure acro§s were also observed by
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PDF analysis of neutron-diffraction detaHowever, broad- tion and to the in-plane Cu-O-Cu three-atom distribution.
ening of the NCCO angle distribution observed beldw  Statistical errors on the structural quantities are estimated
(panel A rather suggests the activation of vibrational modesshowing that accurate short-range information can be derived
The decrease of the Cu-O-Cu FT peak observed in NCCO dty EXAFS in neodymium cuprates, providing that modern
T=5 K (see Fig. 2 can be explained by this broadening. = methods for data analysis are used.

Present results indicate that the local structural properties The overall picture which emerges from our investigation
of NCCO and NCO are very different, as already shown by acan be summarized a§) the in-plane distance distributions
preliminary analysis of the raw data reported in Sec. Il. InCu-O and Cu-Cu are not affected by doping and do not
particular, the evident shortening of the Cu-Nd/Ce distancehange appreciably in the 5-150 K range of temperatiide;
in NCCO is accompanied by a broadening of the in-planghe Cu-Nd/Ce distance distribution is strongly affected by
Cu-O-Cu angular distribution. Evidence for anomalous in-doping and a shortening Rg,.ngics~ 0.015 A is found in
crease of the width of the angle distribution and of the Cu-the doped compoundjii) the in-plane Cu-O-Cu angle dis-
Nd/Ce distance variance beloWl, is found. Present esti- tribution is slightly broadened as a consequence of doping;
mates of the most probable angle value and width of thdiv) broadening of the angle distribution is enhanced below
angle distribution are consistent with the in-plane oxygenT. in the doped superconducting compound.
vertical displacement of about 0.1 A, as reported in Ref. 6. These results are consistent with previous studies showing
The broadening of the Cu-O-Cu angular distribution is defi-a contraction of the axis as a function of doping and with
nitely consistent with the presence of local vibrational modegreviously observed vertical displacements of the oxygen at-
involving in-plane oxygens. However, the existence of inho-oms(see Sec. 1. Distance variances are also in accord with
mogeneous local structure, compatible with present values afibrational modes measured by infrared spectroscopy. The
distance and angle variances, is not ruled out by present datshortening of thec side is fully explained in terms of the
No evidence for variations of the Cu-O and Cu-Cu meariocal displacement of the Nd/Ce atoms in the vertical direc-
distances are found, differently from the results obtained fotion, toward the adjacent Cuplanes. The reduction of the
lanthanum superconductor cuprates, where clear changes diktance between the Nd/Ce atoms and the Cplane in the
the in-plane average distances were found as a function afoped compound is found to be accompanied by an en-
doping (see Ref. 21 and references thejeiMoreover, no hanced structural disorder on the same plane. This effect
anomalous features for distance varianees, o, 02,c, becomes more visible beloW,. This is quite remarkable,
were found as a function of temperature. This occurrencéecause changes in the angular distribution induced by dop-
suggests that local modes or permanent structural distortionig could be associated with the onset of the superconducting
probably induced by the charge carried by the Ce dopanphase. The broadening of the Cu-O-Cu angle distribution is
approaching the Cu@planes, are mainly associated with assigned to variations in the local vibrational modes involv-
motion of oxygens perpendicular to the in-plane Cu-O bondng the in-plane oxygens, induced by doping. The absence of
direction. detectable changes in the Cu-O distance distribution suggests

that those local modes are related to motion of oxygens per-
V. CONCLUSIONS pendicular to the direction of the Cu-O bond. Formation of

) _ polarons surviving belowl is therefore compatible with
The local structure around the Cu site in present evidence.

Nd; gCe& 1:CU0, (NCCO) and Nd,CuQ, has been investi-
gated in the range of temperature 5—-150 K. Clear differences
in the average local structural properties of the two com-
pounds are evidenced in the raw data in the entire range of We would like to thank Professor Sergio Stizza for his
temperature under investigation. help during the experiments. This research was financed by

Low-noise EXAFS data are analyzed using accuatie Consiglio Nazionale delle Ricerche(Contract No.
initio multiple-scattering calculations finding that the spectra96.00844.ST76 MURST and Istituto Nazionale di Fisica
are particularly sensitive to the Cu-Nd/Ce distance distribudella Materia.
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