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Temperature-dependent local structure in the N@Ge superconductor studied
by high-resolution Ge K-edge EXAFS measurements
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Temperature dependent local structure of@b superconductor has been studied byKsedge extended
x-ray-absorption fine structure measurements. Correlated Debye-Waller factor of the Ge-Nb pairs shows a clear
change across the superconducting transition tempera@turd his change appears to be similar to the one
observed for the high-, 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-

superconductivity.
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. INTRODUCTION relations(much larger than otheA15 structures as NA,

V3Si, and CgSi) related to the one-dimensional Nb-Nb

Although electron-phonon interactions, the fundamentathains. On the other hand, Browenal '8 used the G&-edge
basis for the conventional superconductivity in metals, haveEXAFS to characterize NjGe thin films made by two dif-
been given minor importance to explain high-supercon- ferent techniques.
ductivity, recent experiments® support their active role in In this paper we report evolution of the local structure of
the characteristic properties of these complex copper oxideshe Nb;Ge in a temperature range of 6—300 K by high
Indeed, new models of superconductifitf in the highT, k-resolution fluorescence EXAFS, focusing in the region of
copper oxides seem to follow the emerging view of inhomo-superconducting transition temperature to explore possible
geneous electronic ground state of these materials with ple of local displacements. The Geedge EXAFS reveals
significant role of electron-lattice interaction. The credit alsoSignature of a change in the correlated Debye-Waller factor
goes to the studies aimed to reveal information on the loca®f the Ge-Nb bonds at the superconducting transition tem-
structuré=*° since the local structure is expected to play aPerature, similar to the case of high-cuprate superconduct-
distinct role in the superconductivity with short coherence©rs. This anomalous change acrossThsuggests an impor--
length (i.e., the case of high, copper oxides In addition, tant role of local displacements for the superconductivity in

the recent discovery of superconductivity in a simple Mgg te title compound.
structuré! has further ignited our interest to revisit the role
of lattice excitations in the superconductivity even at higher
temperature.

Here we have studied local structure of the;Sk super-
conducting system by extended x-ray-absorption fine struc- Well-characterized thin film of N{§se superconductor,
ture (EXAFS). It is worth recalling that until the discovery of grown by the chemical vapor deposition on a sapphire sub-
high-T, superconductivity in the cuprates, the intermetallicstrate(film thickness~2000 A) was used for the measure-
compounds withA15-type structure were called high-su-  ments. The polycrystalline film shows a sharp superconduct-
perconductors. The highe$t was found in the N§Ge sys- ing transition AT.=1 K) below 20.6 K (Fig. 1). The
tem that belongs to thA&15 structural family. TheAl5 su-  resistance ratioRsqq x/Ros k2.4 indicates the stoichio-
perconductors have been widely studied in the past for theimetric nature of the filn{see, e.g., Ref. 19The film was
characteristic transport and structural propertfésAlso the  characterized by x-ray diffractiofXRD) before the mea-
EXAFS, a tool of local and instantaneous displacements isurementgsee inset of Fig. )l The main diffraction lines
the condensed matt¥t, was used to study theAl5 were well indexed by theAl5 structure (space group
compounds®~8revealing some key information on their lo- Pm3n). The lattice parameter was determined to be
cal structure. For example, Cargét al'® used NbK-edge 5.1398 A (+0.0007) by refinement of the XRD pattern,
EXAFS to study lattice dynamics using polycrystalline consistent with earlier structural studies on high-quality sto-
NbsGe samples and found large anisotropic vibrational corichiometric NiGe films2®2° There are some traces of a mi-

Il. EXPERIMENTAL DETAILS
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FIG. 1. Resistivity of the NgGe film as a function of tempera-

ture showing a sharp superconducting transition at a temperature of

20.6 K. The x-ray-diffractio’XRD) pattern of the NpGe thin film
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recorded at 300 K is shown as inset. The main peaks in the XRD F|G. 2. EXAFS oscillationgmultiplied by k?) extracted from

correspond to a cubic structure with space gréup3n. There are
some extra weak peaKsarked withx) due to small impurity of
tetragonal phase NIBe;, estimated to be-4%.

nority phase(estimated to be-4%) of Nb;Ge; having te-
tragonal structuré!
The temperature-dependent Beedge absorption mea-

the GeK-edge absorption spectra measured on(®b at several
representative temperatures.

EXAFS oscillations were extracted from the ®eedge ab-
sorption spectra and corrected for the fluorescence self-
absorption. The EXAFS oscillations are weighted Kyto
highlight the higheik region and the oscillations with high

surements were performed in grazing incidence geometry aignal-to-noise ratio could be seen upkte 18 A™* even at

the beam line BL13B of the Photon Factory at the Highhigh temperature. An overall damping of the EXAFS oscil-
Energy Accelerator Research Organization in Tsukuba. Théations with increasing temperature is clear from the plots.
synchrotron radiation emitted by a 27-pole wiggler sourcelhe temperature-dependent behavior of the local structure
(maximum fieldB, of 1.5 T) inserted in the 2.5-GeV storage could be better seen in the Fourier transform of the EXAFS
ring with a maximum stored current of 360 mA was mono-0scillations providing a real-space information.

chromatized by a variable exit beam height double-crystal Figure 3 shows the Fourier transforf&T k’x(k)]| of
Si(111) monochromator and sagittally focused on the samplethe GeK-edge EXAFS oscillations. The Fourier transforms
Improvement of the storage ring and monochromator coolingFT’s) are performed betweerkyi,=3 A™! and Ky
system has been an added advantage for getting a stabtel8 A~* using a Gaussian window and not corrected by the
x-ray beam on the sample. The spectra were recorded hyhase shifts due to the photoelectron backscattering to rep-
detecting the fluorescence yield using a 19-element Ge x-rafgsent the raw experimental data. The FT represents the glo-
detector array, covering a large solid angle of the x-ray fluo-

rescence emissidii. The emphasis was on measuring the
spectra with a high signal-to-noise ratio, up to a high mo-
mentum transfer, and for that purpose we took several scans,

with each scan averaged over 19 channels. The sample tem-  Z 04
perature was measured using a diode sensor attached to the R ™
sample plate, in the vicinity of the sample. The sample tem- E’ 0.3

perature was controlled within an accuracy-of K using a
standard controller based on the proportional, integral, and
derivative(PID) algorithm. A standard procedure was used to
extract the EXAFS signal from the absorption spectftim
and corrected for the x-ray fluorescence self-absorption be-
fore the analysié3
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FIG. 3. Fourier transforms of the EXAFS spectra at several
temperatures. The Fourier transforms have been performéd at
=3-18 A"! using a Gaussian window and not corrected for the

Figure 2 shows EXAFS oscillations at several representaphase shifts. The inset shows an enlargement of the Ge-Nb FT peak.
tive temperatures measured using fluorescence yield modghe vertical dashed lines are guide to the Fourier filtering range for
on the thin film of the NhGe superconducting sample. The the fit (see text

IIl. RESULTS AND DISCUSSION
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To have further insight into the local structure of the

— Nbs;Ge system as a function of temperature, focusing on the
Nb-Nb chains around the Ge, we have analyzed the EXAFS
spectra due to the Ge-Nb bonds. The signal of Ge-Nb bonds
is well separated from the higher shells of other neighboring
atoms and could be separately analyzed. The EXAFS ampli-
— tude depends on several factors as can be seen from the

/\ following general equation for EXAF&!
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FIG. 4. Crystal structure of the NBe system with black and : KR;
white circles representing, respectively, the Ge and Nb atoms. X Sin 2kR, + &,(K)].
bal atomic distribution of the nearest neighbors around the ] ] ] ]
absorbing Ge atom in the system. Here it is worth recalling HereN; is the equivalent number of neighboring atoms, at
that the NBGe crystal structurésee, e.g., Fig. Mbelongs to & distanceR;. Sj is an amplitude correction factor due to
the A15 family. The NhGe lattice has Ge atoms at the bcc photoelectron correlatiotalso called passive electron reduc-
sites with Nb atoms in the pairs on the cubic faces, formindion factoy, f;(k,R;) is the backscattering amplitudeis the
three sets of orthogonal chains in the extended structur@hotoelectron mean free path, amef is the correlated
Near-neighbor distances from the Ge atoms in the structurBebye-Waller  factor (DWF) of the photoabsorber-
are 2.88 A(12 Nb atomy 4.47 A (8 Ge atomy and 4.66 A  backscatterer pair&Ge and Nb. Apart from these, the pho-
(12 Nb atom¥ respectively, for the Ge-Nb, Ge-Ge, and toelectron energy origit, and the phase shift§ should be
Ge-Nb shells. Following the geometry around the photoabknown. The above parameters can be either fixed or allowed
sorbing Ge, the main peak in the KFig. 3 is denoted by to vary when an experimental EXAFS spectrum is param-
Ge-Nb, representing the scattering of the ejected photoele&lfized. We have used the conventional procedure for the
tron at the Ge site with the nearest 12 Nb atoms. The peakXAFS analysis following diffraction studies as the starting
between 4 and 5 A Corresponds to the Ge-Ge scatterin ,Oint. In this approach the DWF include all distortion ef-
mixed with the contribution due to the next Ge-Nb shell. Thefects, taking into account both static and dynamic distortions.
peaks do not appear at the real atomic distances and the We made an attempt to model the EXAFS by a single
position should be corrected for the photoelectron back&e-Nb distance as suggested by the diffraction studies, how-
scattering phase shifts to find the quantitative value of th&Vver, we could not obtain a satisfactory fit using either
atomic positions with respect to the central Ge. Looking af3aussian or non-Gaussian approach. In addition, increase in
the temperature dependence of the FT peaks we find an ifbe width of the Ge-Nb distribution suggested another coex-
crease of intensity with decreasing temperature. This is cledpting Ge-Nb distance. In fact, a smaller Ge-Nb distance of
from the inset of Fig. 3 where the enlargement of the Ge-Ni~2-66 A was indicated to coexist with the crystallographic
FT peak is shown, revealing the expected increase with dedistance of~2.88 A in this system by an earlier EXAFS
creasing temperature. The temperature dependence can $igdy.® This made us to use a starting model with two

better seen in Fig. 5, where we have plotted the magnitude d¢e-Nb distances. Introduction of the model with two Ge-Nb
the FT peaks due to the Ge-Nb bonds. distances improved the fit index by40% with respect to

the model of one Ge-Nb distance.

The number of parameters which may be determined by

07 1 EXAFS is limited by the number of independent data points:
0.6@% ] Nina~ (2AKAR)/ 7, whereAk andAR are, respectively, the
2 § %'? ranges irk and R space over which the data are analyzed. In
5 osf t i3 ] our caseAk=15 A~ andAR=2 A (see the vertical dashed
< T lines in Fig. 3 give Nj,q~20 for the EXAFS due to the
o o4 ‘i»i 1 Ge-Nb shell* In the present analysis, the effective ampli-
E o4 g ] tude reduction factosS; is fixed to 0.64, obtained by the
’ TR best-fit results. Although it is in good agreement with the
0. 1 - - ' - - other GeK-edge studies, reportirﬁ to be between 0.6 and
o %0 10 ,;5((;{) 200 250 300 0.7242% g slightly lower value of the amplitude reduction

factor could be due to preferred orientation of the thin film

FIG. 5. Temperature dependence of the Ge-Nb Fourier transStudied in this work. The best-fit value of the photoelectron

form (FT) peak for the NgGe system. Different symbols corre- €Nergy originEq was kept fixed at 4.2 eV above the Ge
spond to the peak intensities taken at different distances around tfRPsorption jump value. Therefore, except the two Ge-Nb ra-
peak positions. The Ge-Nb FT peak intensity appears to shows @ial distances and corresponding DWF's, all other param-
change across thE,, indicated by a vertical dashed line. The dot- eters were kept fixed in the conventional least-squares para-
ted lines are guide to the eyes. digm. Figure 6 shows representative fits for the isolated
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FIG. 6. Representative fit&olid line) to the Ge-Nb EXAFS o %
(data pointsat 12 K(solid line) and 300 K(dotted ling using two ‘sﬁ 0.006} % .
distancegsee text The isolated Ge-Nb EXAF@nultiplied by k?) z A
at 12 K is shown as inset with the fit. b T '
000s| ¢ r1 11 $ ]
Ge-Nb EXAFS using the two distances. While the shorter %ﬁ*ﬁ
Ge-Nb distance{ 2.66+ 0.01 A) shows a small but gradual o004l | T,=230K |
increase with decreasing temperature, the longer bond re- 07350 00 150 200 250 300

mains temperature independent?2.880+0.005 A, in the
temperature range studied here. Relative probabilities of the
two distances(1/3 and 2/3, respectively, for the short and  FiG. 7. Temperature dependence of the correlated Debye-Waller
long bond$ were found to be temperature independentiactors(symbols of the Ge-Nb pairsg?,, (lowen and o2, (up-
within the experimental uncertainties. pen. The expected temperature dependence of the Debye-Waller

Temperature dependence of the Debye-Waller factors ofctors for a fully correlated motion of Ge and Nb, calculated by
the Ge-Nb pairsg?,,; ando?,, determined from the above Einstein model, are shown by the dotted lines. B, and o3,
analysis, are shown in Fig. 7. The uncertainties in the paramare well described by the Einstein model with=230 K and 210
eters were estimated by the standard EXAffarabola K, respectively, above th&. (see text An enlarged view of the
method?®~28In this method, the quality of fit parameter, pro- change at thd is shown in the inset as a function of normalized
portional to the statisticay?, is determined as a function of temperature.
the concerned parameter. The uncertainties are usually esti-
mated from a fractional increageof y? above its minimum  tionship between the superconducting transition temperature
value. This fractions depends on several experimental andand the value of the drop in the DWR ¢2) at theT, for the
data analysis factors. In order to establish the reported unceguprates? plotted with the drop in the DWF for the NBe.
tainties we have analyzed four independent EXAFS scans avhile DWF for the Cu-O bonds are used, being the main
each temperature. electronic component, the DWF for the Ge-Nb is given con-

The DWF's follow smooth behavior for both Ge-Nb sidering the fact that the orthogonal Nb chains are the impor-
bonds as a function of temperature, at least down &) K.  tant structural elements for the electronic structure of the
Below this temperature there seems some divergence frofdb;Ge system. Th& versusA o appears to indicate some
this smooth behavior. The temperature dependence could lénd of relationship between the two parameters. At this
fitted with an Einstein model with Einstein temperatufgs  stage it is rather hard to argue on the precise role of the local
=230 K and Te=210 K, respectively, for thesr?,, and
o3, With constant value$0.005 and 0.0017, respectivily 0003 T T T T T T T I T T T T T T
for the zero-point energies. While the value =230 K
for the o2, is consistent with the earlier reporfs?°we find o
slightly differentTe=210 K for the o 3,.

There appears a divergence from the normal behavior of
the DWF's with a small anomaly in the local structure at the
T., which is more clear in the temperature dependence of
the o,,. This interesting and anomalous change at the su-
perconducting transition temperature appears to be similar to b
the one observed in the highs cuprate superconductors by 20 40 60 80 100 120
Cu K-edge EXAFS' Incidentally, similar behavior, with a T (K)
drop atT., was observed in the cuprate superconductors by ¢
ion channeling experimeritin addition, the drop in the cu- FIG. 8. Change in the Debye-Waller factors¢?) across thd,
prates was found to depend on the critical temperafigre  vs theT, for the cuprate$Ref. 10 is compared with the change for
being larger while thd ; is higher. Figure 8 shows the rela- the NxGe.
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lattice displacements, however, we think that the fundamenture, determined by the correlated Debye-Waller factor of the
tal electronic band structure near the singularity poidt ( Ge-Nb bonds, indicate a small but clear divergence from
point in the cuprates an@ point in theA15 intermetallics  their normal temperature dependence. The decrease of the
could be modified by these small displacements. DWEF at the superconducting transition temperatligeap-

It should be recalled that some of tBe5 intermetallics pears similar to the one found for the DWF of Cu-O bonds in
show martensiticlike transition, at a temperature severahe highT. cuprate superconductors. The results indicate
kelvins above theT..?° This transition is characterized by that the local displacements are tied to the superconductivity
shortening of the Nb-Nb distance along one of the chains andf the materials with small coherence length. In conclusion,
an enlargement of the distance along the orthogonal chainthe results suggest importance of the local displacements in
The instability has been studied by different experimentathe superconductivity in the short coherence length super-
techniques??° however, the transition seems sample depenconductors as the doped cuprates andAi& compounds.
dent and was observed mainly in thgSi and NQSn sys- Therefore the experimental findings support the approach
tems. We speculate that coexisting Ge-Nb distances observédsed on local electron-phonon interactfbto discuss the
in the present experiment may be a signature of martensitidiigh-T, in the A15 superconductors, resulting in an effective
like phase in the NfGe system. Since no evidence was everdouble-well potential and anharmonic phonon modes.
found for martensiticlike phase in the NBe system using
conventional experimental techniques, the phase may be ex-
isting only at a local scale. However, more efforts are needed
to clarify the possibility of martensiticlike phase in the title  The authors thank the PF staff for their cooperation during
system. the experiments. This research has been supported by the

In summary, we have studied temperature-dependent locMURST (under the project cofinanziamento Leghe e com-
structure of the NgGe superconductor by the Géedge posti intermetallici: stabilitaermodinamica, proprietiisiche
EXAFS measurements. The local and instantaneous atomereattivita, by the INFM (under Grant No. PA-LLDS-SQS
displacements across the superconducting transition temperand by the CNRunder the project 5% Superconduttiyita

ACKNOWLEDGMENTS

1A. Lanzara, P.V. Bogdanov, X.J. Zhou, S.A. Kellar, D.L. Feng, SEXAFS and XANE®dited by R. Prinz and D. Koningsberger

E.D. Lu, T. Yoshida, H. Eisaki, A. Fujimori, K. Kishio, J.-I. (Wiley, New York, 1988.
Shimoyama, T. Nodak, S. Uchida, Z. Hussain, and Z.-X. Shenl®G.S. Cargill, lll, R.F. Boehme, and W. Weber, Phys. Rev. Lsit.
Nature(London 412 510(2002. 1391(1983.
2A. Lanzara, G.-m. Zhao, N.L. Saini, A. Bianconi, K. Conder, H. *®T. Claeson, J.B. Boyce, and T.H. Geballe, Phys. Re25p5666
Keller, and K.A. Muler, J. Phys.: Condens. Mattdr, L541 (1982.
(1999. 173.B. Boyce, F. Bridges, T. Claeson, T.H. Geballe, G.W. Hull, N.
3D. Rubio Temprano, J. Mesot, S. Janssen, K. Conder, A. Furrer, Kitamura, and F. Weiss, Phys. Rev.3, 54 (1988.
H. Mutka, and K.A. Miller, Phys. Rev. Lett84, 1990(2000. 18G.S. Brown, L.R. Testardi, J.H. Wernick, A.B. Hallak, and T.H.
4AH. Castro Neto, Phys. Rev. 84, 104509(2002. Geballe, Solid State CommuB3, 875 (1977).
5S. Andergassen, S. Caprara, C. Di Castro, and M. Grilli, Phys!°L.R. Testardi, R.L. Meek, J.M. Poate, W.A. Royer, A.R. Storm,
Rev. Lett.87, 056401(2001), and references therein. and J.H. Wernick, Phys. Rev. Bl, 4304(1975.
6S.R. Shenoy, T. Lookman, A. Saxena, and A.R. Bishop, Phys?°G.W. Hull and L.R. Newkirk, J. Low Temp. Phy&9, 297(1977);
Rev. B60, R12 537(1999. A.H. Dayem, T.H. Geballe, R.B. Zubeck, A.B. Hallak, and G.W.

’R.P. Sharma, S.B. Ogale, Z.H. Zhang, J.R. Liu, W.K. Wu, B. Veal, Hull, Jr., Appl. Phys. Lett30, 541 (1977.
A. Paulikas, H. Zhang, and T. Venkatesan, Nailuendon 404, 213, Jagner and S.E. Rasmussen, Acta Crystallogr., Sect. B: Struct.

736 (2000, and references therein. Crystallogr. Cryst. ChenB1, 2881(1979.
8E.S. Bozin, G.H. Kwei, H. Takagi, and S.J.L. Billinge, Phys. Rev. 2H. Oyanagi, R. Shioda, Y. Kuwahara, and K. Haga, J. Synchro-
Lett. 84, 5856(2000, and references therein. tron Radiat.2, 99 (1995; H. Oyanagi,ibid. 5, 48 (1998.

R.J. McQueeney, Y. Petrov, T. Egami, M. Yethiraj, G. Shirane, L. Troger, D. Arvanitis, K. Baberschke, H. Michaelis, U. Grimm,
and Y. Endoh, Phys. Rev. Lei2, 628 (1999, and references and E. Zschech, Phys. Rev.45, 3283(1992.

therein. 24E.A. Stern, B.A. Bunker, and S.M. Heald, Phys. Re2B 5521
10N.L. saini, A. Bianconi, and H. Oyanagi, J. Phys. Soc. Jf). (1980.

2092 (2001), and references therein. 25 . Incoccia, S. Mobilio, M.G. Proietti, P. Fiorini, C. Giovannella,
113, Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. and F. Evangelisti, Phys. Rev. ®l, 1028(1985.

Akimitsu, Nature(London 410 63 (2001). 26G.G. Li, F. Bridges, and C.H. Booth, Phys. Rev. 3, 6332
125ee, e.g., the general review 815 materials by J. Mier, Rep. (1995.

Prog. Phys43, 641(1980. 2’Report of the International Workshop on Standards and Criteria in
13gee, e.g., a review on structural aspectdbs materials by L.R. X-ray Absorption Spectroscopy, in Proceedings of the 5th Inter-

Testardi, Rev. Mod. Phy<l7, 637 (1975. national Conference on X-ray Absorption Fine Structure, edited

14X Ray Absorption: Principle, Applications Techniques of EXAFS, by F. W. Lytle, D. E. Sayers, and E. A. StefRhysica B158

104507-5



SAINI, FILIPPI, OYANAGI, IHARA, 1YO, AND BIANCONI PHYSICAL REVIEW B 68, 104507 (2003

701(1989]; Proceedings of the 6th International Conference on 293 B. Hastings, Y. Fujii, G. Shirane, and S.J. Williamson, Phys.

X-ray Absorption Fine Structureedited by S. HasnairEllis Rev. B28, 322(1983; K. Hirota, L. Rebelsky, and G. Shirane,
Horwood, England, 1991 p. 751. ibid. 51, 11 325(1995.

?8R.W. Joyner, K.J. Martin, and P. Meehan, J. Phys20Z4005  30- ¢ vy and P.W. Anderson, Phys. Rev. L&, 6165(1984).
(1987.

104507-6



