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Short-range structural properties of Nd1.85Ce0.15CuO4 and Nd2CuO4
studied by multiple-scattering EXAFS data analysis
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An accurate multiple-scattering CuK-edge extended x-ray-absorption fine-structure~EXAFS! study of the
average local structure of Nd1.85Ce0.15CuO4 and Nd2CuO4 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 Å 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 thec
direction can be assigned to the shift of the Nd/Ce atoms toward the adjacent CuO2 plane. 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 CuO2

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 belowTc 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.@S0163-1829~98!01109-6#
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I. INTRODUCTION

Since its discovery by Tokuraet al. in 1989,1 the
Nd22xCexCuO42d ~NCCO! compound has played an impo
tant role in the high-Tc superconductor research field, due
the nature of the charge carriers~electrons!. Moreover, these
cuprates crystallize according to a tetragonalT8 structure,
differently from other families ofT-phase high-Tc supercon-
ductors, like La22x(Ba/Sr)xCuO42d or YBa2Cu3O72d ~see,
for example, Ref. 2!.

The existence of a strong interplay between supercond
ing properties and crystal structural distortions, defects
local vibrational properties in high-Tc superconductor cu
prates is well known.3,2 Considerable effort has been devot
to study structural and vibrational properties of neodymi
cuprates. Changes in the unit-cell parameters as a functio
doping have been studied by several authors~see, for ex-
ample, Refs. 4,5!. Some studies using x-ray, neutro
diffraction,6,5 and Raman7 spectroscopy reported evidence
structural distortions and coexistence of phases in NC
due to the presence of the dopants. In particular, the Cu2
planes were found to be buckled due to in-plane and out
plane oxygen atom displacements.6 Furthermore, various
techniques including neutron-diffraction and infrared refle
tivity spectroscopy showed evidence for polaron format
in this class of compounds, associated with local modes
volving the in-plane oxygens~see Refs. 8,9,6 and referenc
therein!.

X-ray-absorption spectroscopy~XAS!, due to its ex-
tremely high sensitivity to the short-range structure, can p
vide an important tool to study local structural properties
this class of cuprates. However, it should be stressed tha
presence of inhomogeneities in the local structure, an un
570163-1829/98/57~10!/6067~10!/$15.00
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larized XAS study rather provides information on the av
age short-range structure around a selected atomic site
this case, additional information obtained using differe
techniques are required for a complete structural charac
ization. A few extended x-ray-absorption fine structur!
~EXAFS! studies have been carried out in neodymium c
prates, mainly using standard data-analysis techniques.10–12

As an example, the existence of interstitial apical oxygens
the Nd2CuOy (y;4) crystal structure was suggested by E
AFS ~Ref. 11! and neutron diffraction,13 although other
neutron-diffraction studies gave a negative answer.14,6

Unfortunately, previous EXAFS studies on high-Tc cu-
prates, have rarely been recognized to give reliable struct
information complementing that obtained by other sp
troscopies. However, these studies were mainly condu
using standard data-analysis techniques which hardly
vide reliable information beyond the first-neighbor shell.

Modern EXAFS data-analysis methods,15–17 using
multiple-scattering~MS! theoretical approaches, offer th
possibility of a reliable investigation of the short-range stru
ture. In this way, we are able to obtain quantitative eval
tion of bond lengths, bond angles, and related variances
sociated with thermal motion and configurational disorde17

In particular, experimental determination of the short-ran
pair and triplet distribution functions around copper, whi
can be obtained by MS-EXAFS data analysis, can give
important information about structural distortions in c
prates.

In this work an accurate MS-EXAFS data analysis at
Cu K edge of Nd2CuO4 ~NCO! and Nd1.85Ce0.15CuO4
~NCCO! is performed, using the recently developed GNXA
method.17,18 This method includes accurate modeling
6067 © 1998 The American Physical Society
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6068 57SPERANDINI, DI CICCO, AND GAZDA
atomic background and MS contributions, providing also r
orous statistical analysis of the structural results.17,18 The
EXAFS spectra of layered cuprates invariably contain la
multiple-scattering signals associated with the Cu-O-Cu
plane linear configuration19–21 ~focusing effect22!. As previ-
ously reported, MS-EXAFS data analysis can provide r
able information on the Cu-O-Cu angle distribution, direc
related to the local corrugation of the CuO2 plane.20,21More-
over, due to the strong backscattering signals related to
and Ce atoms, the EXAFS result to be particularly sensi
to possible displacements of these atoms from their crys
lographic positions. The aim of this work is to obtain ne
information about the average local structure around Cu
function of temperature, doping, and about the nature of
above-mentioned structural distortions, taking into proper
count the context of published neutron diffraction and ot
spectroscopic data.

The paper is organized as follows: in Sec. II XAS expe
ments on neodymium cuprates are presented and analyz
a qualitative level; in Sec. III details concerning the multip
scattering data analysis of XAS measurements of cupr
are reported; results of the present work are discussed in
IV, while in Sec. V the main conclusions of this work a
resumed.

II. EXPERIMENTAL EVIDENCES

Well-characterized powders23 of Nd2CuO4 and
Nd1.85Ce0.15CuO4 obtained using standard preparati
methods1,4 were used to prepare samples suitable for X
measurements. X-ray diffraction and ac susceptibility m
surements were performed showing the expected struc
and conduction properties in these compounds~onsetTc 5
19 K!. The method and the procedure for XAS sample pre
ration are identical to that reported in the experimental s
tion of Ref. 21. The samples are pellets with a diame
about 13 mm and thickness about 1 mm, obtained by mix
the powders with appropriate amounts of boron nitride.

XAS data collection was performed in transmission mo
at LURE ~Laboratoire pour L’Utilisation du Rayonnemen
Electromagnetique! on D21 beamline using Si~311! mono-
chromator and harmonics rejecting mirrors. Low
temperature measurements from 5 to 150 K were perform
with a He flux cryostat. In Fig. 1 the experimentalk2x(k) as
a function of the photoelectron wave vectork;AE2Ee
~whereEe is the experimental threshold energy! in the range
of temperature between 5 and 150 K, are compared.
extraction method of the EXAFS oscillations from the ra
data~x-ray-absorption coefficient at the CuK edge! will be
illustrated in the next sections. Measurements are chara
ized by a very low statistical noise level~of the order of
1024) and a quite large energy range~up to k; 18.5 Å21)
at low temperatures. Clear differences between doped
undoped compound are easily detected.

The main differences are confined in the photoelect
wave-vectork interval between 10 and 15 Å21. This region
of the spectrum is substantially dominated by the hig
frequency Cu-Nd signal and the strong multiple-scatter
contribution coming from Cu-O-Cu linear configurations
the CuO2 plane ~focusing effect!. The attenuation of the
-
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structural signal obtained increasing the temperature
clearly visible at highk values, as expected.

Fourier transforms~FT! of experimentalk2x(k) for either
NCO and NCCO for all of the investigated temperatures
reported in Fig. 2. Several well defined peaks correspond
to interatomic distances between the Cu atom~photoab-
sorber! and atoms belonging to the near coordination sh
~backscattering atoms! are visible up to a distance of abou
8.0 Å. According to the published crystal structure,1 the
nearest-neighbor atoms are: In-plane oxygens~CuO2 plane!
with coordination numberN54 at 1.97 Å ~first coordination
shell!, Nd with N58 at 3.33 Å ~second coordination shell!,

FIG. 1. Experimentalk2x(k) signals for NCO~left panel! and
NCCO ~right panel! in the 5–150 K temperature range.

FIG. 2. Fourier transform of thek2x(k) for NCCO ~panel A!
and NCO~panel B! in the 5–150 K temperature range.
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57 6069SHORT-RANGE STRUCTURAL PROPERTIES OF . . .
O~2! ~out-of-plane oxygen! with N58 at 3.63 Å Cu with
N54 at 3.95 Å. Taking into account the negative phase-s
contribution, the FT peaks follow the succession of coor
nation shells. The first peak at about 1.6 Å is related to
in-plane oxygens; the second peak, which is the biggest
is associated with the Nd shell of atoms. Looking at t
crystal structure it is clear that the third peak at about
Å in Fig. 2 is due to both Cu-Cu and Cu-O~2! contributions.
However the contribution from the O~2! is very weak and
this peak is largely dominated by the MS Cu-O-Cu contrib
tion in the focusing configuration. Another prominent peak
about 6.35 Å is mainly due to another shell of 16 Nd ato
at 6.5 Å. The last peak at about 7.4 Å is related to the pr
ence of Cu atoms at about 7.9 Å in the Cu-O-Cu-O-Cu
plane configurations. Again, in spite of the large distan
from the photoabsorber, the relatively large amplitude of t
peak is related to the enhancement of the multiple-scatte
signal in linear atomic configurations.

The trend of the magnitude of the FT peaks as a func
of temperature is slightly different for the two compounds,
shown in Fig. 2. In particular, we observe a reduction of
height of the Cu-Nd/Ce peak~second peak! going from 30 K
~dashed line, aboveTc) to 5 K ~solid line, belowTc). This
effect is much less evident in the undoped compound. Be
the magnitude of the peaks directly related to the vibratio
amplitudes or to the static disorder of the atoms pair, t
occurrence suggests that the presence of the dopant co
utes to increase the structural disorder in the superconduc
phase, with respect to the insulating one. We also obser
similar behavior in the third peak~panel A! related to the
collinear configuration Cu-O-Cu in NCCO, absent in the u
doped compound.

Even more interesting is the analysis of the differen
between the doped and undoped compounds at fixed
perature. A simple subtraction between EXAFS spectra
the same temperature is able to highlight the main diff
ences related to the local structure of the two compoun
This is especially interesting below the critical temperat
of the doped compound NCCO. In Fig. 3~upper panel! we
report the experimentalk2x(k) at T5 5 K for NCCO and
NCO. The result of the subtraction k2Dx(k)
5k2 @x(k)NCCO2x(k)NCO # is shown in the middle pane
of the same figure on the same scale of the starting sign
For the other temperatures we obtained similar results.
mentioned above the difference becomes quite large sta
from k510 Å21, but now one can see differences in the f
range of the measurement associated with well defined
quencies. A Fourier transform of the difference spectr
~Fig. 3, lower panel! shows the main contributions to th
total k2Dx(k) in the R space.

The main peak in the FT of the difference spectrum c
be unambiguously assigned to differences in the Cu-Nd
contribution, related to variations of the Cu-Nd/Ce distan
distribution. The smaller peak at about 6.35 Å can be
signed to variations of the distant shell Cu-Nd/Ce contrib
tion, and therefore give us essentially the same informat
The last important peak at about 7.4 Å is associated w
variations of the high-frequency signal related to the Cu
Cu-O-Cu chains, as previously mentioned. Differences
much less pronounced in the region 3.6–4 Å where va
tions of Cu-O-Cu distribution should also give a contrib
ft
i-
e
e,

e
6

-
t
s
s-
-
e
s
g

n
s
e

g
l

is
rib-
ng
a

-

s
m-
at
-
s.
e

ls.
s

ng
l
e-

n
e

e
-
-
n.
h
-

re
-

tion. However, the vicinity of the huge Cu-Nd/Ce peak, ge
erating ripples in the FT, could complicate the interpretat
of this region of the difference spectrum. As a matter of fa
the Cu-O-Cu-O-Cu MS signal is much more sensitive to
viations from linearity of the chain than the correspondi
signals due to both the three-atom Cu-O-Cu and O-Cu
configurations, as it can be shown by direct calculati
Therefore, the presence of the peak around 7.4 Å in
difference spectrum is by itself an indication that in-pla
Cu-O-Cu configurations are perturbed by the presence of
dopant.

These experimental evidences indicate the local struc
in doped and undoped compounds are remarkably diffe
and these differences can be easily revealed by EXAFS
this point, in order to proceed in the quantitative interpre
tion of the EXAFS data we need to use modern EXA
data-analysis methods taking proper account of the str
multiple-scattering contributions to the total EXAFS sign
The next sections are devoted to elucidate the methodo
and report the results of the data analysis.

III. MULTIPLE-SCATTERING DATA ANALYSIS

Multiple-scattering~MS! EXAFS data analysis was per
formed using the GNXAS method.17,18 In this section we
introduce the fundamental aspects of the method with re
ence only to the specific case under consideration, refer

FIG. 3. Upper panel: Comparison between NCCO and N
experimental EXAFS@k2x(k)# signal. The dashed line indicate
x(k)50. Middle panel: Difference EXAFS spectrumk2Dx(k) be-
tween doped and undoped compound related signals. Lower p
Fourier transform of the difference spectrum.
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6070 57SPERANDINI, DI CICCO, AND GAZDA
for the details to the original papers~see Refs. 17,18 an
references therein!.

The method is based on a comparison between the ex
mental absorption coefficientaexp(E) and the theoretica
model of absorption, calculated according to equation

amod~E!5a0~E!@11S0
2xmod~E2E0!#1abgk~E!1aexc~E!,

~1!

wherea0(E) is the atomic absorption,abgk(E) is a smooth
polynomial function taking into account underlying absor
tion channels,aexc(E) accounts for possible multielectro
excitation channels, andxmod(E2E0) is the structural
EXAFS signal.E0 defines the energy scale of the theoreti
signal ~corresponding within a few eV to the edge energ!,
andS0

2 is an amplitude correction factor ranging usually b
tween 0.8 and 1.

Particular attention was paid to the background mode
in order to perform an accurate quantitative EXAFS d
analysis. In a recent paper21 about the study of local struc
tural properties of La12x(Sr/Ba)xCuO4 the existence in the
absorption background of an importantaexc(E) contribution
due to the presence of@1s3p# double-electron excitation
channels was pointed out. In the present work, we used
background shape observed in Ref. 21 for this@1s3p# chan-
nel.

The modelxmod(k) was calculated as a sum of the tw
bodyg (2) and three-bodyg (3) MS signals associated with th
local n-atom configurations including the photoabsorber~Cu
in our case!. The g (2) and g (3) signals are oscillating func
tions in thek space. Theg (2) terms are associated with pai
of atoms and probe bond lengths and bond variances;
g (3) functions, associated with triplets of atoms, probe bo
angles, bond-bond, and bond-angle correlations.

Due to the short mean free path of the ejected photoe
tron (;5210 Å! a limited number of irreducibleg (n) terms
is sufficient to calculate the model EXAFS signal. In t
present analysis onlyg (2) andg (3) signals were used in th
model xmod(k) calculation, reproducing the experiment
features up to about 4 Å~cutoff distance! from the photoab-
sorber. Theg (n) signals were calculated using the muffin-t
approximation with an overlap of about 10% between ne
est atomic spheres and using a Hedin-Lundqvist comp
exchange-correlation potential.17

In Fig. 4 ~upper panel! MS g (2) andg (3) irreducible sig-
nals calculated for the NCO compound are shown. A tota
six g (n) signals, associated with the main two-body a
three-body atomic configurations up to a distance of 4
from the Cu site, are reported. They are, from the top to
bottom of Fig. 4~upper panel!: the first-neighborg (2) Cu-O
signal related to the in-plane oxygens at 1.97 Å; the Cu-O~2!
two-body contribution related to the out-of-plane oxygens
3.63 Å; the strong high-frequency Cu-Ndg (2) signal; the
important three-body term associated with the linear C
O-Cu in-plane configurations; the in-plane two-body Cu-
contribution, and the three-body Cu-O-Nd signal involvi
in-plane oxygens. All of the signals include thermal facto
specified in the next section.

Notice the clear difference in frequency between
Cu-O signal~low frequency! and the signals related to th
other outer coordination shells~high frequency!. Both the
ri-
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low- and high-frequency signals contribute to determine
Cu-O distribution. In fact, the Cu-O-Cu signal (g (3)) is about
three times larger than the Cu-Cu (g (2)) one, as expected
due to the focusing configuration. The proper inclusion
the Cu-O-Cu signal allows us to determine more accura
the Cu-O distance distribution. We remark that the comm
procedure used to treat the focusing contribution, i.e., the
of an artificial increase of the Cu-Cu coordination numb
cannot work properly because the Cu-O-Cu MS signal ha
different phase with respect to the Cu-Cu two-body one.

In the same figure~lower panel! we report the fitting re-
sults atT5 5 K for both the compounds under consideratio
The experimental EXAFS signalk2x(k) was obtained by
subtracting the best-fit atomic background functi
abgk(E)1aexc(E) to the raw data@aexp(E)# and using a
hydrogenic model for theK-edge atomic absorption as a no
malizing factor. The small discrepancy in the second pea
k;4.7 Å is due to the difficulty in the proper modeling o
the onset of the@1s3p# double-electron excitation channe
In any case, all the experimental features are quite accura
reproduced in the entire range of investigated temperatu

In the framework of the GNXAS method, the evaluatio
of best-fit structural parameters and their statistical error
performed by minimizing the differences between expe
mental and model absorption, using a square residual fu
tion:

R~$l%!5(
i 51

N
@aexp~Ei !2amod~Ei ,l1 ,l2 , . . . ,lp!#

s i
2 ,

~2!

where$l%5(l1 ,l2 , . . . ,lp) indicates the set ofp param-
eters on whichamod depends. Each energy pointEi of the

FIG. 4. Upper panel: MSk2g (n) signal associated with the mai
two-atom and three-atom configuration contributing to the to
k2x(k). Lower panel: Experimental~solid curve! and model
~dashed! k2x(k) for NCO and NCCO at 5 K.
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57 6071SHORT-RANGE STRUCTURAL PROPERTIES OF . . .
experimental signal is assumed to be affected by rand
Gaussian noise with standard deviations i .

Following the standard statistical theory18 it is possible to
evaluate the optimal values of the fitted parameters find
those values,$l%5$ l̄% that minimize the residual function
The correlated errors on the structural parameters can
evaluated looking at the confidence intervals defined by
equation

R~$l%!,Rmin1C, ~3!

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

In this analysis six structural parameters were float
RCu-O, RCu-Nd, sCu-O

2 , andsCu-Nd
2 interatomic distances an

variances; the Cu-O-Cu angular deviationdu ~see the next
section! and the bond-bondrRR correlation used to param
etrize the Cu-O-Cu distribution. The other structural quan
ties are associated with minor multiple-scattering contri
tions and were fixed to the corresponding crystallograp
values. Explicit introduction of the Cu-Ce and Cu-O-Ce co
tributions were shown to be useless to improve the quality
the fit. Those contributions were grouped with the cor
sponding Cu-Nd and Cu-O-Nd ones. Moreover, introduct
of asymmetric distance Cu-Nd/Ce distribution by usi
G-like functions or the cumulant expansion was found no
lead to statistically significant improvements of the fittin
results. Therefore, a total number of eight parametersp
58) was used in the fitting procedure, the six structural
rameters mentioned above plus theE0 and S0

2 parameters
defined in Eq.~1!. The energyE0 resulted to be 8994~1! eV
for NCCO and 8995~1! eV for NCO, while we found
S0

2; 0.96 in all cases. The residual function defined in E
~2! follows thex2 distribution withp degrees of freedom,18

therefore for a 95% confidence interval, we findC515.5.
The contour plots associated withRCu-O ~upper panel! and

RCu-Nd ~lower panel! versusE0 at T5 30 K are reported in
Fig. 5, upper and center panels. The inner elliptical cur
correspond to the intersection of the 95%p-dimensional con-
fidence interval with the particular two-parameter plane.E0
and bond distances are found to be strongly correlated
usual. On the other hand, bond variances are mainly co
lated with theS0

2 amplitude factor, as expected. From co
tour plots we infer the statistical errors on the structural
rameters including correlation with the other variables. F
example, in Fig. 5, lower panel, we report the contour pl
associated withRCu-Nd anddu

2 , which result to be practically
uncorrelated. Two-dimensional contours are especially in
esting for parameters which are found to be very correla
in order to get the more realistic estimates for statistical
rors. In this way, a statistical error of about 0.004 Å on t
Cu-O and Cu-Nd distances is found looking at Fig. 5. Er
in the angular deviationdu as determined by Fig. 5, lowe
panel, resulted to be around 1°.

As a final comment about the data analysis we would l
to remark that high-frequency contributions~effective dis-
tanceR.4 Å! not explained by the present theoretical mod
have not dramatic consequences on the statistical evalu
of the results. In fact, the minimum of the residual functi
results simply translated by a residual associated with
high-frequency components.18
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IV. RESULTS AND DISCUSSION

As a result of the above-mentioned data-analysis meth
ology, we obtained the best-fitting modelsxmod(k) as a func-
tion of temperature for the two compounds under consid
ation.

Let us first consider the difference between the EXA
spectra of the doped and undoped compounds atT5 5 K, for
which qualitative considerations have been anticipated
Sec. II~see Fig. 3!. In Fig. 6~upper panel! the two theoretical
k2xmod(k) are reported and superimposed to highlight th
phase and amplitude differences. The difference spect
k2Dxmod(k) ~solid line! is also reported below and compare
with the experimental difference spectrum of Fig. 3~dashed
line!. Our models are therefore able to reproduce very ac
rately also the relatively small differences found betwe
NCO and NCCO EXAFS spectra.

FT spectra of the model~solid line! and experimental
~dashed line! k2Dx(k), reported in Fig. 6~lower panel!, con-
firm that the main differences between doped and undo
compound can be unambiguously assigned to changes in
Cu-Nd/Ce distance distribution. Similar results were fou
for the other investigated temperatures.

Best-fitting Cu-O, Cu-Nd, and Cu-Cu interatomic avera
distances and variances for NCCO and NCO as a functio
temperature are reported in Table I. TheRCu-Cu and sCu-Cu

2

bond distances and variances have been evaluated as a
tion of the floating parameters defining the Cu-O distan
Cu-O-Cu angle distributions, following methods reported
Ref. 18. The results about the Cu-Nd/Ce average dista
reveal that there is a contraction of about 0.015 Å for t

FIG. 5. RCu-O-E0, RCu-Nd-E0, and RCu-Nd-du
2 contour maps de-

rived by EXAFS data analysis. The inner elliptically shaped curv
represent the 95% (2s) confidence interval.
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6072 57SPERANDINI, DI CICCO, AND GAZDA
doped compound, in the full range of temperatures. Dista
variances are found of the same order of magnitude in b
cases, although a slight anomalous increase atT55 K for
NCCO is found. These results can be compared with rec
pair-density function~PDF! analysis of neutron powder
diffraction measurements of NCCO,6 where small displace
ments of Nd/Ce atoms from their crystallographic positio
~less than 0.03 Å! were reported. In that study, these d
placements were considered deviations contained within
thermal motion of atoms. From the local point of view pr
vided by EXAFS, the shift of 0.015 Å in the Cu-Nd/Ce di
tance is measured with high accuracy and cannot be

FIG. 6. Upper panel: Comparison between best-fitting mo
k2x(k) for NCO ~dashed! and NCCO~solid! at 5 K. Below, the
comparison between experimental~dashed! and model~solid! dif-
ference spectra is reported. Lower panel: Fourier transform of
perimental~dashed! and model~solid! difference spectra.
e
th

nt

s

e

n-

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

On the other hand,RCu-O andRCu-Cu distances are found
to be in a good agreement with the results obtained w
diffraction techniques.24,6,13 The Cu-O variances are in sub
stantial agreement with those estimated using a simple
stein model with the Cu-O stretching frequencyvCu-O
;513 cm21, measured in NCO by infrared spectroscopy25

The calculated bond variance atT55 K resulted to be
sCu-O

2 ; 0.0026 Å2. The structural parameters reported
Table I have been used to reconstruct the Cu partial dis
bution functiong(r ) ~calculated using the atomic densityr
50.0743 Å23). In Fig. 7 we report the comparison betwee
calculatedg(r ) distributions for NCO~dashed! and NCCO
~solid! at T55–30 K. Notice that the Cu-O~first peak! and
Cu-Cu~third peak! average distances are basically not infl
enced by doping with Ce. No significative statistical corre
tions have been observed between Cu-Nd/Ce structural
rameters and the in-plane Cu-O-Cu ones~see, for example,
Fig. 5, lower panel!. For sake of clarity, the Cu-O~2! ~out-
of-plane oxygen! distance distributions is not reported in th
figure. The two insets in Fig. 7 show a magnification of t
differences in the second peak of theg(r ) related to the
Cu-Nd/Ce interatomic distance.

l

x-

FIG. 7. Cu partial radial distribution functiong(r ) for NCCO
~solid! and NCO~dashed! at 5 K ~left panel! and 30 K~right panel!.
A magnification of the difference between doped and undoped c
pound in the Cu-Nd related peaks is reported in the insets.
CO.
TABLE I. Best-fitting structural parameter values as function of temperature for NCCO and N
Numbers in parentheses are statistical errors of the last significant digit.

T ~K! RCu-O ~Å! sCu-O
2 ~Å 2) RCu-Nd ~Å! sCu-Nd

2 ~Å 2) RCu-Cu ~Å! sCu-Cu
2 ~Å 2)

NCCO 5 1.964~4! 0.0022~8! 3.319~4! 0.0030~4! 3.925~8! 0.0031~8!

30 1.965~4! 0.0025~8! 3.320~4! 0.0027~4! 3.926~8! 0.0029~8!

70 1.964~4! 0.0023~8! 3.321~4! 0.0029~4! 3.926~8! 0.0030~8!

150 1.963~5! 0.0025~9! 3.324~6! 0.0045~5! 3.92~1! 0.0035~9!

NCO 5 1.961~4! 0.0024~8! 3.334~4! 0.0028~4! 3.921~8! 0.0030~8!

30 1.961~4! 0.0025~8! 3.334~4! 0.0027~4! 3.922~8! 0.0031~8!

70 1.963~4! 0.0026~8! 3.335~4! 0.0032~4! 3.923~8! 0.0032~8!

150 1.962~5! 0.0029~9! 3.337~6! 0.0047~5! 3.92~1! 0.0041~9!
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The change in theRCu-Nd distance distribution obtaine
introducing Ce atoms in the structure of Nd2CuO4 deserves
some considerations. In theT8 crystal structure the Nd atom
are located along the direction defined by thec axis, above
~and below! the center of squares~belonging to the CuO2
planes! having the Cu atoms at the corners and in-plane
atoms in the center of each side. A generic Cu atom has e
Nd neighbors at the same distance of about 3.33 Å. Sim
symmetry considerations suggest that the Nd/Ce displ
ment occurs in the perpendicular direction (dz) towards the
CuO2 plane. On the contrary adxy displacement, parallel to
the CuO2 planes, would result in a broader Cu-Nd/Ce dist
bution, or even in a splitting of distances for the doped co
pound, ruled out by present investigation. According to t
picture we can conclude that the introduction of the dop
produces a displacementdz;0.026 Å of the Nd atoms to-
wards the CuO2 planes. Therefore we find a shortening
the vertical side of the cage composed by the eight Nd at
around copper of about 0.052 Å.

Therefore, our EXAFS analysis shows that the contract
of the unit cell in thec direction is related to the Nd/C
displacement. According to the structure of theT8 unit cell,
we have to account for a total of fourdz displacement in the
c direction, each one towards the nearest CuO2 plane, result-
ing in a total shorteningDc;0.00263450.104 Å. This
value is already in very good agreement with the differen
Dc;0.1 Å between Nd2CuO4 and Nd1.85Ce0.15CuO4 re-
ported in the literature~see, for example, Ref. 4!. In our local
determination, the contraction of thec axis results to be due
only to the shift of the Nd/Ce atoms towards the CuO2 ad-
jacent planes, without affecting the layer of oxygens, nea
neighbors of Nd and Ce atoms.

It is also interesting to remark that the slight increase
the sCu-Nd

2 distance variance below 30 K, although prac
cally contained within the statistical error bar~defined by the
95% confidence level!, follows the anomalous slight de
crease of the Cu-Nd FT peak of the experimental EXA
spectrum~see Fig. 2!. The effect of the increase ofsCu-Nd

2 for
NCCO atT55 K can be easily verified looking at the inse
of Fig. 7. The slight modifications in the average distan
and variances belowTc in NCCO could be also evidenced b
the difference spectrum k2Dx(k) 5 k2 @x(k)30 K
2x(k)5 K#, although in this case the relatively large statis
cal noise obtained in the subtraction procedure~two times
the statistical noise of the raw data! makes it difficult to
observe oscillations at large wave-vector values. The un
tered difference spectrum is shown in Fig. 8, upper pa
showing a large statistical noise above 10 Å21. However,
the Fourier transform of this signal, shown in Fig. 8, low
panel, presents a well-defined peak at about 3.2 Å slig
above the noise level~indicated approximately by the do
dashed line in Fig. 8! which can be mainly assigned t
changes in the Cu-Nd/Ce distribution belowTc . The inten-
sity of that FT peak is nicely reproduced by the FT of t
analogousk2Dx(k) signal obtained using multiple-scatterin
best-fit simulation.

The observed modifications of the Cu-Nd/Ce distributio
and in particular the shortening of the average distance
tween NCO and NCCO, could influence the structural a
vibrational characteristics of the CuO2 plane, drastically
ht
le
e-

-
-
s
t

s

n

e

st

f

e

-

l-
l,

r
ly

,
e-
d

changing the conduction properties underTc . A large debate
is still open on the nature of structural distortion of the Cu2

plane. Indeed it is not clear if the CuO2 plane is locally
buckled or it presents a long-range distortion in the crys
structure. In any case, no definitive results are still availa
~see Ref. 7 and references therein!.

Previous EXAFS studies of layered superconductors
prates showed that important multiple-scattering contri
tions associated with the Cu-O-Cu linear configuration in
CuO2 plane can be successfully used to study the ang
distribution in the Cu-O-Cu chains.20,21 In lanthanum cu-
prates, for example, large deviations from collinearity for t
Cu-O-Cu in-plane configuration were found, with avera
DuCu-O-Cu51802uCu-O-Cu values of the order of 10°
(uCu-O-Cu is the angle measured at the oxygen site!.21

In the NCCO and NCO systems, we found that significa
shifts of the mean angle value fromu5180° lead to an un-
acceptable poor agreement between experimental and c
lated EXAFS signals. As it is well known, the first derivativ
of the MS three-body signals vanishes atu5180° and there-
fore we used a second-order derivative expansion to acc
for angle fluctuations around an average exactly linear
O-Cu configuration~Ref. 18, and references therein!.

The three-body distribution to be used for linear config
rations needs some clarification.18 In a real vibrating system
composed by three aligned atoms~average positions of the
in-plane Cu-O-Cu configuration in NCO and NCCO! the an-
gular probability distribution vanishes atu5180°. Distance
and angular distributions can be factorized and a suita
model for the angle distribution function, depending only
the du parameter, can be written as

FIG. 8. Upper panel: Difference spectrum between experime
k2x(k) spectra of NCCO at 30 and 5 K. Notice the large statisti
noise at high wave-vector values. Lower panel: Fourier transform
experimental~dashed! and model~solid! of difference spectra.
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FIG. 9. Panels A and C: Angle distribution functionf (u) as a function of temperature for NCCO panel and NCO, respectively. Pan
Comparison betweenf (u) for NCCO ~solid! and NCO~dashed! at 5 K. Error bars showing the accuracy of the present angle distribu
determination are also shown.
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f ~u!5
~1802u!

du
2 expS 2

~u2180!2

2du
2 D ;0<u<180. ~4!

In absence of the linear term (1802u), du
2 would be the

angle variances aroundu5180°. The condition for vanishing
probability atu5180° implies a change in the shape of t
distribution which has the maximum atuM5180°2du .
Therefore, the most probable angle value is always differ
from u5180°. For large angular fluctuationsdu , a disor-
dered linear configuration (^uCu-O-Cu&5180°) cannot be eas
ily distinguished from a bent average configurati
(^uCu-O-Cu&Þ180°), but in the present case small values
the rangedu52°25° have been found in the temperatu
rangeT55–150 K.

In Fig. 9 ~panel A and C! we report the best-fitting angu
lar distribution functionf (u) in the range (T5 5–150 K! for
NCCO and NCO, respectively. Statistical error analy
showed thatdu is determined with an accuracy of about 1
~see Fig. 5, lower panel!. As a consequence of this relative
large error bar, we can extract only qualitative informati
about the different behavior as a function of temperature
tween the doped and undoped compound as shown in Fi
However, the trend as a function of temperature is very c
showing a broadening of the angular distribution for incre
ing temperature with the remarkable exception of NCCO
T55 K.

The NCO angle distribution at 30 and 150 K is slight
narrower with respect to the NCCO one. However, there
very slight difference at high temperature between NCO
NCCO angle distributions, suggesting that the structural
order could be also related to the onset of the supercond
ing phase. Below the critical temperature, a largerdu is
nt

s

e-
9.

ar
-
t
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s-
ct-

found in the doped compound leading to a broader an
distribution ~Fig. 9, panel B!.

Unfortunately, the large statistical noise contained in
difference spectrum of Fig. 8 does not allow us to rev
unambiguously the change in the Cu-O-Cu distribution
low Tc in NCCO using this simple self-evident procedur
The FT peak around 3.6 Å of the simulated signals~dashed
line in Fig. 8, lower panel!, representative of possibl
changes in the Cu-O-Cu distribution, is not found in the d
ference of experimental data~solid line in Fig. 8, lower
panel!. However, it is clear that these changes can be hid
by the relatively large noise of the difference experimen
spectra. In fact, the statistical noise of the difference sp
trum is two times larger than that of the original raw data a
the FT spectrum~Fig. 8! contains many interfering peak
without direct structural meaning~the noise level is approxi-
mately indicated by the horizontal dashed line!. In this case,
possible changes in the Cu-O-Cu signal can be better
vealed by studying the differences in the simulated bes
signals which take into account the original data and
difference signals affected by a much larger noise.

Error bars showing the accuracy of the present deter
nation of the angle distribution are reported in Fig. 9, pa
B. Error bars are determined by propagation of errors an
sis on du . In spite of the relatively large statistical erro
significative portions of the angular distributions of NC
and NCCO atT55 K are not overlapped. In particular, ang
distribution in NCCO is different from zero foru in the 170–
175° range and has a lower intensity near 180°. In princip
this effect could be due both to different vibrational amp
tudes and to static structural distortion~inhomogeneous loca
structure!. Previously, experimental evidence supporti
changes in local structure acrossTc were also observed by
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PDF analysis of neutron-diffraction data.24 However, broad-
ening of the NCCO angle distribution observed belowTc
~panel A! rather suggests the activation of vibrational mod
The decrease of the Cu-O-Cu FT peak observed in NCC
T55 K ~see Fig. 2! can be explained by this broadening.

Present results indicate that the local structural proper
of NCCO and NCO are very different, as already shown b
preliminary analysis of the raw data reported in Sec. II.
particular, the evident shortening of the Cu-Nd/Ce dista
in NCCO is accompanied by a broadening of the in-pla
Cu-O-Cu angular distribution. Evidence for anomalous
crease of the width of the angle distribution and of the C
Nd/Ce distance variance belowTc is found. Present esti
mates of the most probable angle value and width of
angle distribution are consistent with the in-plane oxyg
vertical displacement of about 0.1 Å, as reported in Ref
The broadening of the Cu-O-Cu angular distribution is de
nitely consistent with the presence of local vibrational mod
involving in-plane oxygens. However, the existence of inh
mogeneous local structure, compatible with present value
distance and angle variances, is not ruled out by present
No evidence for variations of the Cu-O and Cu-Cu me
distances are found, differently from the results obtained
lanthanum superconductor cuprates, where clear chang
the in-plane average distances were found as a functio
doping ~see Ref. 21 and references therein!. Moreover, no
anomalous features for distance variancessCu-O

2 , sCu-Cu
2

were found as a function of temperature. This occurre
suggests that local modes or permanent structural distorti
probably induced by the charge carried by the Ce dop
approaching the CuO2 planes, are mainly associated wi
motion of oxygens perpendicular to the in-plane Cu-O bo
direction.

V. CONCLUSIONS

The local structure around the Cu site
Nd1.85Ce0.15CuO4 ~NCCO! and Nd2CuO4 has been investi-
gated in the range of temperature 5–150 K. Clear differen
in the average local structural properties of the two co
pounds are evidenced in the raw data in the entire rang
temperature under investigation.

Low-noise EXAFS data are analyzed using accurateab
initio multiple-scattering calculations finding that the spec
are particularly sensitive to the Cu-Nd/Ce distance distri
ei,
n,
.
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tion and to the in-plane Cu-O-Cu three-atom distributio
Statistical errors on the structural quantities are estima
showing that accurate short-range information can be der
by EXAFS in neodymium cuprates, providing that mode
methods for data analysis are used.

The overall picture which emerges from our investigati
can be summarized as:~i! the in-plane distance distribution
Cu-O and Cu-Cu are not affected by doping and do
change appreciably in the 5–150 K range of temperature;~ii !
the Cu-Nd/Ce distance distribution is strongly affected
doping and a shorteningDRCu-Nd/Ce; 0.015 Å is found in
the doped compound;~iii ! the in-plane Cu-O-Cu angle dis
tribution is slightly broadened as a consequence of dop
~iv! broadening of the angle distribution is enhanced bel
Tc in the doped superconducting compound.

These results are consistent with previous studies show
a contraction of thec axis as a function of doping and wit
previously observed vertical displacements of the oxygen
oms~see Sec. IV!. Distance variances are also in accord w
vibrational modes measured by infrared spectroscopy.
shortening of thec side is fully explained in terms of the
local displacement of the Nd/Ce atoms in the vertical dir
tion, toward the adjacent CuO2 planes. The reduction of the
distance between the Nd/Ce atoms and the CuO2 plane in the
doped compound is found to be accompanied by an
hanced structural disorder on the same plane. This ef
becomes more visible belowTc . This is quite remarkable
because changes in the angular distribution induced by d
ing could be associated with the onset of the superconduc
phase. The broadening of the Cu-O-Cu angle distribution
assigned to variations in the local vibrational modes invo
ing the in-plane oxygens, induced by doping. The absenc
detectable changes in the Cu-O distance distribution sugg
that those local modes are related to motion of oxygens
pendicular to the direction of the Cu-O bond. Formation
polarons surviving belowTc is therefore compatible with
present evidence.
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