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Temperature-dependent local structure in the Nb3Ge superconductor studied
by high-resolution Ge K-edge EXAFS measurements
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Temperature dependent local structure of Nb3Ge superconductor has been studied by GeK-edge extended
x-ray-absorption fine structure measurements. Correlated Debye-Waller factor of the Ge-Nb pairs shows a clear
change across the superconducting transition temperatureTc . This change appears to be similar to the one
observed for the high-Tc cuprates, indicating a common cause of pairing in the short coherence length super-
conductors. The results suggest an intimate relation between the local atomic displacements and the short
coherence superconductivity, provoking models based on local electron-lattice interaction for the high-Tc

superconductivity.
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I. INTRODUCTION

Although electron-phonon interactions, the fundamen
basis for the conventional superconductivity in metals, h
been given minor importance to explain high-Tc supercon-
ductivity, recent experiments1–3 support their active role in
the characteristic properties of these complex copper oxi
Indeed, new models of superconductivity4–6 in the high-Tc

copper oxides seem to follow the emerging view of inhom
geneous electronic ground state of these materials wi
significant role of electron-lattice interaction. The credit a
goes to the studies aimed to reveal information on the lo
structure7–10 since the local structure is expected to play
distinct role in the superconductivity with short coheren
length ~i.e., the case of high-Tc copper oxides!. In addition,
the recent discovery of superconductivity in a simple Mg2

structure11 has further ignited our interest to revisit the ro
of lattice excitations in the superconductivity even at high
temperature.

Here we have studied local structure of the Nb3Ge super-
conducting system by extended x-ray-absorption fine st
ture~EXAFS!. It is worth recalling that until the discovery o
high-Tc superconductivity in the cuprates, the intermeta
compounds withA15-type structure were called high-Tc su-
perconductors. The highestTc was found in the Nb3Ge sys-
tem that belongs to theA15 structural family. TheA15 su-
perconductors have been widely studied in the past for t
characteristic transport and structural properties.12,13Also the
EXAFS, a tool of local and instantaneous displacements
the condensed matter,14 was used to study theA15
compounds,15–18revealing some key information on their lo
cal structure. For example, Cargillet al.15 used NbK-edge
EXAFS to study lattice dynamics using polycrystallin
Nb3Ge samples and found large anisotropic vibrational c
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relations~much larger than otherA15 structures as Nb3Al,
V3Si, and Cr3Si) related to the one-dimensional Nb-N
chains. On the other hand, Brownet al.18 used the GeK-edge
EXAFS to characterize Nb3Ge thin films made by two dif-
ferent techniques.

In this paper we report evolution of the local structure
the Nb3Ge in a temperature range of 6–300 K by hig
k-resolution fluorescence EXAFS, focusing in the region
superconducting transition temperature to explore poss
role of local displacements. The GeK-edge EXAFS reveals
signature of a change in the correlated Debye-Waller fac
of the Ge-Nb bonds at the superconducting transition te
perature, similar to the case of high-Tc cuprate superconduct
ors. This anomalous change across theTc suggests an impor
tant role of local displacements for the superconductivity
the title compound.

II. EXPERIMENTAL DETAILS

Well-characterized thin film of Nb3Ge superconductor
grown by the chemical vapor deposition on a sapphire s
strate~film thickness;2000 Å) was used for the measur
ments. The polycrystalline film shows a sharp supercond
ing transition (DTc51 K) below 20.6 K ~Fig. 1!. The
resistance ratioR300 K/R25 K;2.4 indicates the stoichio
metric nature of the film~see, e.g., Ref. 19!. The film was
characterized by x-ray diffraction~XRD! before the mea-
surements~see inset of Fig. 1!. The main diffraction lines
were well indexed by theA15 structure ~space group
Pm3n). The lattice parameter was determined to
5.1398 Å (60.0007) by refinement of the XRD pattern
consistent with earlier structural studies on high-quality s
ichiometric Nb3Ge films.19,20There are some traces of a m
©2003 The American Physical Society07-1
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nority phase~estimated to be;4%) of Nb5Ge3 having te-
tragonal structure.21

The temperature-dependent GeK-edge absorption mea
surements were performed in grazing incidence geometr
the beam line BL13B of the Photon Factory at the Hi
Energy Accelerator Research Organization in Tsukuba.
synchrotron radiation emitted by a 27-pole wiggler sou
~maximum fieldB0 of 1.5 T! inserted in the 2.5-GeV storag
ring with a maximum stored current of 360 mA was mon
chromatized by a variable exit beam height double-cry
Si~111! monochromator and sagittally focused on the sam
Improvement of the storage ring and monochromator coo
system has been an added advantage for getting a s
x-ray beam on the sample. The spectra were recorded
detecting the fluorescence yield using a 19-element Ge x
detector array, covering a large solid angle of the x-ray fl
rescence emission.22 The emphasis was on measuring t
spectra with a high signal-to-noise ratio, up to a high m
mentum transfer, and for that purpose we took several sc
with each scan averaged over 19 channels. The sample
perature was measured using a diode sensor attached t
sample plate, in the vicinity of the sample. The sample te
perature was controlled within an accuracy of61 K using a
standard controller based on the proportional, integral,
derivative~PID! algorithm. A standard procedure was used
extract the EXAFS signal from the absorption spectrum14

and corrected for the x-ray fluorescence self-absorption
fore the analysis.23

III. RESULTS AND DISCUSSION

Figure 2 shows EXAFS oscillations at several represe
tive temperatures measured using fluorescence yield m
on the thin film of the Nb3Ge superconducting sample. Th

FIG. 1. Resistivity of the Nb3Ge film as a function of tempera
ture showing a sharp superconducting transition at a temperatu
20.6 K. The x-ray-diffraction~XRD! pattern of the Nb3Ge thin film
recorded at 300 K is shown as inset. The main peaks in the X
correspond to a cubic structure with space groupPm3n. There are
some extra weak peaks~marked with!) due to small impurity of
tetragonal phase Nb5Ge3, estimated to be;4%.
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EXAFS oscillations were extracted from the GeK-edge ab-
sorption spectra and corrected for the fluorescence s
absorption. The EXAFS oscillations are weighted byk2 to
highlight the higherk region and the oscillations with high
signal-to-noise ratio could be seen up tok518 Å21 even at
high temperature. An overall damping of the EXAFS osc
lations with increasing temperature is clear from the plo
The temperature-dependent behavior of the local struc
could be better seen in the Fourier transform of the EXA
oscillations providing a real-space information.

Figure 3 shows the Fourier transformsuFT@k2x(k)#u of
the GeK-edge EXAFS oscillations. The Fourier transform
~FT’s! are performed betweenkmin53 Å21 and kmax
518 Å21 using a Gaussian window and not corrected by
phase shifts due to the photoelectron backscattering to
resent the raw experimental data. The FT represents the

of

D FIG. 2. EXAFS oscillations~multiplied by k2) extracted from
the GeK-edge absorption spectra measured on Nb3Ge at several
representative temperatures.

FIG. 3. Fourier transforms of the EXAFS spectra at seve
temperatures. The Fourier transforms have been performedk
53 –18 Å21 using a Gaussian window and not corrected for t
phase shifts. The inset shows an enlargement of the Ge-Nb FT p
The vertical dashed lines are guide to the Fourier filtering range
the fit ~see text!.
7-2
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bal atomic distribution of the nearest neighbors around
absorbing Ge atom in the system. Here it is worth recall
that the Nb3Ge crystal structure~see, e.g., Fig. 4! belongs to
the A15 family. The Nb3Ge lattice has Ge atoms at the b
sites with Nb atoms in the pairs on the cubic faces, form
three sets of orthogonal chains in the extended struct
Near-neighbor distances from the Ge atoms in the struc
are 2.88 Å~12 Nb atoms!, 4.47 Å ~8 Ge atoms!, and 4.66 Å
~12 Nb atoms!, respectively, for the Ge-Nb, Ge-Ge, an
Ge-Nb shells. Following the geometry around the photo
sorbing Ge, the main peak in the FT~Fig. 3! is denoted by
Ge-Nb, representing the scattering of the ejected photoe
tron at the Ge site with the nearest 12 Nb atoms. The p
between 4 and 5 Å corresponds to the Ge-Ge scatter
mixed with the contribution due to the next Ge-Nb shell. T
peaks do not appear at the real atomic distances and
position should be corrected for the photoelectron ba
scattering phase shifts to find the quantitative value of
atomic positions with respect to the central Ge. Looking
the temperature dependence of the FT peaks we find an
crease of intensity with decreasing temperature. This is c
from the inset of Fig. 3 where the enlargement of the Ge-
FT peak is shown, revealing the expected increase with
creasing temperature. The temperature dependence ca
better seen in Fig. 5, where we have plotted the magnitud
the FT peaks due to the Ge-Nb bonds.

FIG. 4. Crystal structure of the Nb3Ge system with black and
white circles representing, respectively, the Ge and Nb atoms.

FIG. 5. Temperature dependence of the Ge-Nb Fourier tra
form ~FT! peak for the Nb3Ge system. Different symbols corre
spond to the peak intensities taken at different distances aroun
peak positions. The Ge-Nb FT peak intensity appears to show
change across theTc , indicated by a vertical dashed line. The do
ted lines are guide to the eyes.
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To have further insight into the local structure of th
Nb3Ge system as a function of temperature, focusing on
Nb-Nb chains around the Ge, we have analyzed the EXA
spectra due to the Ge-Nb bonds. The signal of Ge-Nb bo
is well separated from the higher shells of other neighbor
atoms and could be separately analyzed. The EXAFS am
tude depends on several factors as can be seen from
following general equation for EXAFS:14

x~k!5(
i

Ni

S0
2

kRi
2

u f i~k,Ri !ue22Ri /le22k2s2

3sin@2kRi1d i~k!#.

HereNi is the equivalent number of neighboring atoms,
a distanceRi . S0

2 is an amplitude correction factor due t
photoelectron correlation~also called passive electron redu
tion factor!, f i(k,Ri) is the backscattering amplitude,l is the
photoelectron mean free path, ands2 is the correlated
Debye-Waller factor ~DWF! of the photoabsorber
backscatterer pairs~Ge and Nb!. Apart from these, the pho
toelectron energy originE0 and the phase shiftsd i should be
known. The above parameters can be either fixed or allow
to vary when an experimental EXAFS spectrum is para
etrized. We have used the conventional procedure for
EXAFS analysis following diffraction studies as the starti
point. In this approach the DWF include all distortion e
fects, taking into account both static and dynamic distortio

We made an attempt to model the EXAFS by a sin
Ge-Nb distance as suggested by the diffraction studies, h
ever, we could not obtain a satisfactory fit using eith
Gaussian or non-Gaussian approach. In addition, increas
the width of the Ge-Nb distribution suggested another co
isting Ge-Nb distance. In fact, a smaller Ge-Nb distance
;2.66 Å was indicated to coexist with the crystallograph
distance of;2.88 Å in this system by an earlier EXAFS
study.18 This made us to use a starting model with tw
Ge-Nb distances. Introduction of the model with two Ge-N
distances improved the fit index by;40% with respect to
the model of one Ge-Nb distance.

The number of parameters which may be determined
EXAFS is limited by the number of independent data poin
Nind;(2DkDR)/p, whereDk andDR are, respectively, the
ranges ink and R space over which the data are analyzed
our caseDk515 Å21 andDR52 Å ~see the vertical dashe
lines in Fig. 3! give Nind;20 for the EXAFS due to the
Ge-Nb shell.14 In the present analysis, the effective amp
tude reduction factorS0

2 is fixed to 0.64, obtained by the
best-fit results. Although it is in good agreement with t
other GeK-edge studies, reportingS0

2 to be between 0.6 and
0.7,24,25 a slightly lower value of the amplitude reductio
factor could be due to preferred orientation of the thin fi
studied in this work. The best-fit value of the photoelectr
energy originE0 was kept fixed at 4.2 eV above the G
absorption jump value. Therefore, except the two Ge-Nb
dial distances and corresponding DWF’s, all other para
eters were kept fixed in the conventional least-squares p
digm. Figure 6 shows representative fits for the isola
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Ge-Nb EXAFS using the two distances. While the shor
Ge-Nb distance (;2.6660.01 Å) shows a small but gradua
increase with decreasing temperature, the longer bond
mains temperature independent,;2.88060.005 Å, in the
temperature range studied here. Relative probabilities of
two distances~1/3 and 2/3, respectively, for the short an
long bonds! were found to be temperature independe
within the experimental uncertainties.

Temperature dependence of the Debye-Waller factor
the Ge-Nb pairs,sNb1

2 andsNb2
2 , determined from the abov

analysis, are shown in Fig. 7. The uncertainties in the par
eters were estimated by the standard EXAFS~parabola!
method.26–28In this method, the quality of fit parameter, pr
portional to the statisticalx2, is determined as a function o
the concerned parameter. The uncertainties are usually
mated from a fractional increased of x2 above its minimum
value. This fractiond depends on several experimental a
data analysis factors. In order to establish the reported un
tainties we have analyzed four independent EXAFS scan
each temperature.

The DWF’s follow smooth behavior for both Ge-N
bonds as a function of temperature, at least down to;50 K.
Below this temperature there seems some divergence
this smooth behavior. The temperature dependence coul
fitted with an Einstein model with Einstein temperaturesTE

5230 K and TE5210 K, respectively, for thesNb1
2 and

sNb2
2 with constant values~0.005 and 0.0017, respectively!

for the zero-point energies. While the value ofTE5230 K
for thesNb1

2 is consistent with the earlier reports,18,20we find
slightly differentTE5210 K for thesNb2

2 .
There appears a divergence from the normal behavio

the DWF’s with a small anomaly in the local structure at t
Tc , which is more clear in the temperature dependence
the sNb2

2 . This interesting and anomalous change at the
perconducting transition temperature appears to be simila
the one observed in the high-Tc cuprate superconductors b
Cu K-edge EXAFS.10 Incidentally, similar behavior, with a
drop atTc , was observed in the cuprate superconductors
ion channeling experiment.7 In addition, the drop in the cu
prates was found to depend on the critical temperatureTc ,
being larger while theTc is higher. Figure 8 shows the rela

FIG. 6. Representative fits~solid line! to the Ge-Nb EXAFS
~data points! at 12 K ~solid line! and 300 K~dotted line! using two
distances~see text!. The isolated Ge-Nb EXAFS~multiplied byk2)
at 12 K is shown as inset with the fit.
10450
r

e-

e

t

of

-

sti-

er-
at

m
be

of

of
u-
to

y

tionship between the superconducting transition tempera
and the value of the drop in the DWF (Ds2) at theTc for the
cuprates,10 plotted with the drop in the DWF for the Nb3Ge.
While DWF for the Cu-O bonds are used, being the m
electronic component, the DWF for the Ge-Nb is given co
sidering the fact that the orthogonal Nb chains are the imp
tant structural elements for the electronic structure of
Nb3Ge system. TheTc versusDs2 appears to indicate som
kind of relationship between the two parameters. At t
stage it is rather hard to argue on the precise role of the lo

FIG. 7. Temperature dependence of the correlated Debye-W
factors~symbols! of the Ge-Nb pairs,sNb1

2 ~lower! andsNb2
2 ~up-

per!. The expected temperature dependence of the Debye-W
factors for a fully correlated motion of Ge and Nb, calculated
Einstein model, are shown by the dotted lines. ThesNb1

2 andsNb2
2

are well described by the Einstein model withTE5230 K and 210
K, respectively, above theTc ~see text!. An enlarged view of the
change at theTc is shown in the inset as a function of normalize
temperature.

FIG. 8. Change in the Debye-Waller factors (Ds2) across theTc

vs theTc for the cuprates~Ref. 10! is compared with the change fo
the Nb3Ge.
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lattice displacements, however, we think that the fundam
tal electronic band structure near the singularity point (M
point in the cuprates andG point in theA15 intermetallics!
could be modified by these small displacements.

It should be recalled that some of theA15 intermetallics
show martensiticlike transition, at a temperature seve
kelvins above theTc .29 This transition is characterized b
shortening of the Nb-Nb distance along one of the chains
an enlargement of the distance along the orthogonal cha
The instability has been studied by different experimen
techniques,13,29 however, the transition seems sample dep
dent and was observed mainly in the V3Si and Nb3Sn sys-
tems. We speculate that coexisting Ge-Nb distances obse
in the present experiment may be a signature of martens
like phase in the Nb3Ge system. Since no evidence was ev
found for martensiticlike phase in the Nb3Ge system using
conventional experimental techniques, the phase may be
isting only at a local scale. However, more efforts are nee
to clarify the possibility of martensiticlike phase in the tit
system.

In summary, we have studied temperature-dependent l
structure of the Nb3Ge superconductor by the GeK-edge
EXAFS measurements. The local and instantaneous ato
displacements across the superconducting transition temp
g
.
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ture, determined by the correlated Debye-Waller factor of
Ge-Nb bonds, indicate a small but clear divergence fr
their normal temperature dependence. The decrease o
DWF at the superconducting transition temperatureTc ap-
pears similar to the one found for the DWF of Cu-O bonds
the high-Tc cuprate superconductors. The results indic
that the local displacements are tied to the superconduct
of the materials with small coherence length. In conclusi
the results suggest importance of the local displacement
the superconductivity in the short coherence length sup
conductors as the doped cuprates and theA15 compounds.
Therefore the experimental findings support the appro
based on local electron-phonon interaction30 to discuss the
high-Tc in theA15 superconductors, resulting in an effecti
double-well potential and anharmonic phonon modes.
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23L. Tröger, D. Arvanitis, K. Baberschke, H. Michaelis, U. Grimm
and E. Zschech, Phys. Rev. B46, 3283~1992!.

24E.A. Stern, B.A. Bunker, and S.M. Heald, Phys. Rev. B21, 5521
~1980!.

25L. Incoccia, S. Mobilio, M.G. Proietti, P. Fiorini, C. Giovannella
and F. Evangelisti, Phys. Rev. B31, 1028~1985!.

26G.G. Li, F. Bridges, and C.H. Booth, Phys. Rev. B52, 6332
~1995!.

27Report of the International Workshop on Standards and Criteri
X-ray Absorption Spectroscopy, in Proceedings of the 5th In
national Conference on X-ray Absorption Fine Structure, edi
by F. W. Lytle, D. E. Sayers, and E. A. Stern@Physica B158,
7-5



on ys.
,

SAINI, FILIPPI, OYANAGI, IHARA, IYO, AND BIANCONI PHYSICAL REVIEW B 68, 104507 ~2003!
701~1989!#; Proceedings of the 6th International Conference
X-ray Absorption Fine Structure, edited by S. Hasnain~Ellis
Horwood, England, 1991!, p. 751.

28R.W. Joyner, K.J. Martin, and P. Meehan, J. Phys. C20, 4005
~1987!.
10450
29J.B. Hastings, Y. Fujii, G. Shirane, and S.J. Williamson, Ph
Rev. B28, 322 ~1983!; K. Hirota, L. Rebelsky, and G. Shirane
ibid. 51, 11 325~1995!.

30C.C. Yu and P.W. Anderson, Phys. Rev. Lett.29, 6165~1984!.
7-6


