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X-ray-absorption fine-structure study of the 415 superconductors Nb;(Sn,Sb)
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X-ray-absorption fine-structure measurements at the Sn and Sb K edges were made on Nb;Sn,
Nb;Sb, and Nb;Sn,_,Sb, alloys. No temperature-dependent anomalies were noted for the Sn-Nb
and Sb-Nb distances or for the broadening in these distances for temperatures from 4.2 K to well
above the transition temperatures. The temperature dependence of the broadenings fits an Ein-
stein oscillator model well, with Einstein temperatures of 237 K for Nb;Sn and 254 K for Nb;Sb.
These results also agree with recent theoretical calculations. The Debye-Waller—type broadening
in the Sn-Nb and Sb-Nb distances for the alloys are not equal to one another, but instead are near-
ly equal to those of the binary end-point compounds, i.e., to Nb;Sn and Nb;Sb, respectively.

I. INTRODUCTION

Until the recent discovery of the higher-temperature
superconductors based on copper oxides, the highest su-
perconducting transition temperatures, 7,’s, were found
in a class of Nb compounds with the 415 crystal struc-
ture. A wealth of properties of these compounds has
been determined over the years, many of which are still
not fully understood.! The electronic structure displays
rich features: a strongly spiked density of states, direc-
tional bonds, and anisotropic properties dominated by
the chains of near-neighbor A4 atoms running in the
three orthogonal directions in the 415 structure of these
compounds which have the form 4;B.%® An anisotrop-
ic character is found for the lattice vibrational spec-
trum*> and the electron-phonon coupling. Different
temperature dependences are found for vibrations on the
chains of 4 atoms and interchain vibrations. Soft pho-
nons develop and a martensitic transformation® to a
slightly tetragonally distorted structure occurs for some
of the A15 compounds as the temperature is lowered.
The transformation temperature, T, is of the order of a
few tens of K, e.g., 37 K for Nb;Sn. Precursors in the
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form of buckled chains are expected well above T),.

A strongly temperature-dependent electron-phonon
coupling has been suggested.” The renormalization of
phonons when the interaction with the electron gas be-
comes the strongest energy in the problem leads to local-
ized ionic vibrations in a two-well potential. The two-
well limit with a large electron-phonon coupling goes
over to extended phonon states with large zero-point en-
ergies and a smaller electron-phonon coupling as the
temperature is lowered.

Extended x-ray-absorption fine structure (EXAFS) can
be used to measure the local structure: the number and
type of neighbors to absorbing atoms, the distances to
these neighbors, and the spread in distances. The mar-
tensitic transformation, the chain buckling, and the
two-well potential in the 415 crystals are all expected to
give small distortions which may unfortunately be of the
same order as the EXAFS experimental resolution of ap-
proximately £0.01 A. However, the temperature depen-
dence of the Debye-Waller-type broadening of the near-
neighbor peaks in the pair distribution function also
yields information about the vibrational states. Note
that the square of the width measured in EXAFS, o2, is
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not the deviation from the lattice position as for the con-
ventional Debye-Waller factor, but rather a spread in the
interatomic distances. Hence correlation effects are of
importance. These have been taken into account by
Weber® in a calculation of o? versus temperature for
Nb;Sn and Nb;Sb.

This study compares the EXAFS of Nb;Sn, Nb;Sb,
and alloys of these compounds. Nb;Sn is a high-T, su-
perconductor (=18 K) with a large electron-phonon
coupling strength (A=1.4). It displays a martensitic
transformation at 37 K (Ref. 8) and has highly aniso-
tropic electron and phonon behavior with different tem-
perature dependences for different bonds and phonon
modes. For x-ray experiments, Nb;Sb is almost the
same as Nb;Sn since Sn and Sb are neighbors in the
periodic table. Otherwise, it is significantly different: a
low T, (=0.4 K), a small A (=0.4), no substantial
softening of the lattice at low 7, no martensitic transfor-
mation, and more isotropic. Nb;Sn and Nb;Sb form a
solid solution with the 415 structure. There is a change
of the c¢/a ratio in the distorted state from c¢/a <1 at
Nb;Sn to ¢ /a > 1 as the Sb concentration exceeds about
10%. Actually, it is possible to obtain both deforma-
tions® within a certain concentration interval: first
c¢/a <1 and then ¢/a > 1 as the temperature is lowered
further. The Nb;Sn,_,Sb, alloy has been reported to
separate into two A15 phases in an intermediate compo-
sition range, one Nb;Sn rich and one Nb;Sb rich.’

We have measured the EXAFS at the Sn and Sb K
edges in Nb;Sn;_,Sb, alloys and the binary endpoint
compounds. Less anomalous (and interesting) properties
are expected around the Sn and Sb atoms than around
the Nb atoms. However, the structural information in
the vicinity of the Sn and Sb atoms is more easily inter-
preted for the 415 structure since the first neighbor Nb
shell around the Sn or Sb atoms is well separated from
the second and following neighbor shells. This is in con-
trast to the situation around the Nb atoms, where the
EXAFS peaks due to the first, second, and third shells
interfere and so are not as easily separable. This study
concentrates on the temperature dependence of o for
the nearest-neighbor distances.

II. EXPERIMENTS

Nb;Sn and Nb;(Sn,Sb) samples were grown from the
melt as described in Ref. 8. Such samples had previous-
ly been used to map out the. tetragonal phase transfor-
mations in Nb;Sn;_,Sb,. We used samples with
x =0.0, 0.075, 0.11, 0.22, 0.25, 0.37, 0.63, and 1.0. Two
Nb;Sb samples were investigated: one made at Bell Labs
and one grown from the gas phase at Grenoble. A sam-
ple of Nb;Sn;_,Sb,, with x =0.5, was also grown using
the Bell Labs technique.

The crystals were ground into a fine powder, mixed
with epoxy, and molded into strips with a thickness of
about 2.5 absorption lengths at the Sn and Sb K edges.
The x-ray absorption spectra of the samples were mea-
sured at several temperatures between 4.2 and 300 K. In
addition, for the two binary compounds, measurements
were made above room temperature, up to about 350°C.

Data were taken on the wiggler beamline IV-1 of the
Stanford Synchrotron Radiation Laboratory, using a
Si(220) monochromator. The double-crystal monochro-
mator was detuned on the rocking curve to roughly
maximum intensity to minimize harmonic reflections.
Ionization counters with Ne and Ar gas were used to
measure the incident and transmitted x-ray intensities,
respectively.

III. RESULTS

The EXAFS data were reduced in the usual way.'!°
The EXAFS k-space spectrum on the Sn and Sb K edges
was Fourier transformed to real space using a k window
of 3.8-15.8 A~' broadened by a Gaussian of width 0.5
A~ An example of the EXAFS data in k space at the
Sn K edge for Nb;Sng 15Sb, 5 is shown in Fig. 1(a). The
Sb K edge intrudes on this spectrum at k =18.4 AL
The Fourier transform to real space is shown in Fig.
1(b). The peaks give the nearest-neighbor locations but
are shifted inward by a small amount as a result of a
phase shift in the scattering process. The first neighbor
distances from the absorbing atom (Sn or Sb) to the Nb
is easily determined relative to that distance in the
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FIG. 1. (a) EXAFS in k space above the Sn K edge for

Nb;Sng 758b 55 at 4.2 K. The sharp rise above 18 A is due to
the Sb K edge which is 1290 eV above that of Sn, i.e., at 18.4
A7, (b) The magnitude (envelope) and the real part of the
Fourier transform of the EXAFS, kX(k) of part (a), over a k-
space wmdowl of 3.8-15.8 A~ broadened by a Gaussian of
width 0.5 A . The vertical lines show the locations of the
first five shells of neighbors around the absorbing Sn atoms,
with the height being proportional to the number of neighbors
(12 Nb first neighbors, 8 Sn and Sb second neighbors,. .. ).
Phase shifts have to be added to the EXAFS peak positions to
give the corresponding distances in the pair distribution func-
tion.
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structural standard, i.e., Nb;Sn or Nb;Sb. In the alloys,
as well as in the binary compounds, the further neigh-
bors are not as well distinguished due to greater thermal
disorder in addition to possible structural disorder.

The EXAFS in r space at the Sn K edge for Nb;Sn is
shown for a few temperatures in Fig. 2. Due to an in-
crease of o? with temperature, the structure is
broadened significantly. This causes an increase in the
peak width with a subsequent reduction in peak height.
Note, however, that no substantial changes in near-
neighbor distances with temperature are evident.

For a quantitative comparison, data in real space were
fit to structural standards in order to determine any
change in neighbor distances and spreads in distance
with temperature. The real-space EXAFS signature of
either the same sample or the Nb;Sn,_, Sb, sample with
x =~0.5, both at 4.2 K, were used for the comparisons.
Surprisingly, the latter gave the sharpest signature, i.e.,
the smallest spread of nearest-neighbor distances. The
comparison range in these r space fits at different tem-
peratures was 2.3-2.9 A for both the Sn and Sb edge
data.

In these fits, no significant changes in the nearest-
neighbor distances and coordination numbers were noted
over the entire temperature range. Any distortion or
change must, therefore, be spaller than the experimental
resolution of about +0.01 A in distance and *1 neigh-
bor in coordination (out of 12 Nb first neighbors). The
only substantial change with temperature in the near-
neighbor environment is an increase in the width of the
pair distribution function, the Debye-Waller-type

4.2K

FT [kXx(k)]
<)
o

or 4
-0.5
0.5 T T T
627K
o GQW .
_0‘5 1 1 1
2 4 6 8

r(R)

FIG. 2. The EXAFS in r space for Nb;Sn at 4.2, 300, and
627 K. The data were Fourier transformed from k space using
a window of 3.8-15.8 A~' Gaussian broadened by 0.5 AL
The large changes in the peaks with increasing temperature are
due to the increase in the thermal width of the pair distribu-
tion functions.

broadening. Since the same sample at 4.2 K is used as
the structural standard, the quantity determined is the
change in width, namely,

Ac¥T)=0%T)—oc%4.2 K, same sample) . (1)

Ao’ is given as a function of temperature in Fig. 3 for
the Sn-Nb and the Sb-Nb distances in Nb;Sn and Nb,Sb.
The solid lines are the theoretical predictions of an
Einstein-oscillator model with the Einstein frequency ad-
justed to fit the data (see discussion below). Figure 4
compares these data with the theoretical predictions of
Weber,” with no adjustments other than the subtraction
of a constant, the zero-point motion, to yield Ac?. The
linear slope of Ao? versus T, for high T, is larger for
Nb;Sn than it is for Nb;Sb but not quite as large a
difference as predicted by Weber.”> On the whole, the
agreement between theory and experiment is very good.
Figure 5 compares the Ao*(T) for the alloys with the re-
sults for Nb;Sn and Nb,Sb. It appears that Ao? for the
Sn-Nb distance has the same temperature dependence in
the Nb4(Sn,Sb) alloys as in Nb;Sn itself. Likewise, there
is a similar tendency for the Ac? of the Sb-Nb distance
to correlate with that for pure Nb;Sb rather than the
one for the Sn-Nb distance in the same sample. The
possible observation of very local correlations in the al-
loys is interesting, but the measurements should be ex-
tended to higher temperatures in order to fully establish
such behavior. A similar analysis for the further neigh-
bor peaks was not carried out since these peaks are
significantly smaller (see Fig. 2).
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FIG. 3. The Debye-Waller-type broadening, Ac*(T)

=0%T)—o%4.2 K, same sample), of the nearest-neighbor dis-
tances in Nb;Sn (open circles) and Nb;Sb (solid circles) from
the EXAFS at the Sn and Sb K edges, respectively. The uncer-
tainties in the data are approximately +0.2 x 1073 A’ The
solid lines are fits to the data using an Einstein-oscillator mod-
el, Eq. (2), with the adjusted parameter being the Einstein tem-
perature, yielding 6 (Nb;Sn)=237 K and 6;(Nb,;Sb)=254 K.
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FIG. 4. The Debye-Waller-type broadening, Ao*(T)
=0XT)—o0%4.2 K, same sample), of the nearest-neighbor dis-
tances in Nb;Sn (open circles) and Nb;Sb (solid circles) from
the EXAFS at the Sn and Sb K edges, respectively. The uncer-
tainties in the data are approximately +0.2 X 1073 A’ The
solid lines are from theoretical calculations (Ref. 5) of Weber
with no adjustments. These curves are very similar to those
for an Einstein oscillator with Einstein temperatures of
O8Y(Nb,;Sn) =221 K and 68*°7(Nb,Sb)=249 K.

Plots similar to Figs. 3-5 are obtained when compar-
ing the samples at different temperatures to the ~50:50
Nb,(Sn,Sb) sample at 4.2 K. However, in such plots, the
background in the form of 0% (4.2 K) is smaller for the
50:50 alloy. The Nb;Sn samples have a larger Ac? value
than Nb;Sb. The x =0.37 and 0.63 samples showed
smaller EXAFS amplitudes, but the values for Ac¥(T)
agree with the results from the other alloys. The smaller
amplitudes are most probably caused by the interference
between two A15 phases with slightly different lattice
constants.®® X-ray diffraction showed extra peaks, and
the superconducting transition regions were broad for
these two samples.

IV. DISCUSSION

For the temperature variation of the observed Debye-
Waller-like broadening of the pair distribution function
with the assumption that the individual bonds can be
treated as Einstein oscillators, we have!!1%13

oA T)=[#/2ueg)] coth(fiwg /2kg T) , )

where p is the reduced mass of the pair of atoms and wg
is the Einstein frequency, which can be considered as a
measure of the average phonon frequency for the actual
phonon density of states. At high temperatures,
0 T)=kyT /uwk. As discussed above, the absolute
width o2 was not determined but rather Ac?(T), given
by Eq. (1). Equation (2) fits the data well, as shown in

Fig. 3, yielding the following Einstein temperatures,
9 E~= ﬁa) E / k B-

6 (Nb;Sn)=237 K
and
0 (Nb;Sb)=254 K .

The value of 8z (or wg) for NbySn is 7% smaller than
for Nb,Sb.

Our results on Nb;Sn differ from those of Heald and
Tranquada'* (HT) in that their data over the smaller
temperature range of 4.2 to 300 K do not fit a single
Einstein-oscillator model. The two sets of data agree
well at 300 K and below 100 K, but HT observe a small-
er Ao*(T) than ours for the three data points in the tem-
perature interval of 100 to 250 K. This difference causes
a deviation from a single Einstein-oscillator result which
they interpret as a softening of the Sn-Nb vibrations as
the temperature is lowered toward T, =37 K. Our data
show no such softening but rather agree well with an
Einstein-oscillator model and the theoretical calculations
of Weber,? discussed below. The reasons for this
discrepancy are unknown but may lie in possible
differences in the samples; HT point out that large static
disorder could also explain their results. In addition, it
should be noted that the actual differences between the
two sets of data do not substantially exceed the error
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FIG. 5. The Debye-Waller-type broadening of the nearest-
neighbor distances in Nb;(Sn,Sb) alloys at the Sn K edge (open
symbols) and Sb K edge (solid symbols). The uncertainties in
the data are approximately +0.2x 10~3 A’. The solid lines are
the Einstein oscillator model fits to the data on the pure binary
compounds, Nb;Sn and Nb;Sb, shown in Fig. 3. Note that the
individual widths in the alloys differ from one another but are
approximately equal to the widths in the respective binary
compounds, i.e., the Sn-Nb width in the alloys is about the
same as that in the pure Nb;Sn compound, with a similar situ-
ation for the Sb-Nb width.
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bars, e.g., HT find Ac%(242 K)=~(1.75+0.2)x 103 A?
compared with our Ao?(220 K)=(2.22+0.2)x 1073 Az
Recently, Weber® has calculated o*(T) for the intera-
tomic distances in Nb;Sn and Nb,Sb, i.e., the o2 that is
observed in the EXAFS. Figure 4 shows that these cal-
culations are in reasonably good agreement with the ex-
perimental results. Weber used highly accurate lattice
dynamical models for the phonon-dispersion curves and
included the correlation of the pair of atoms in the 4B
structure that results because of the strong radial spring
constants between the A-B pairs. These phonon curves
are consistent with neutron scattering measurements in
which it is found that the vibrational modes in Nb;Sn
are about 10% softer than in Nb;Sb. (Some intra-Nb
chain modes are lowered much more than 10% and are
the modes which are supposed to couple strongly to the
electrons and cause the high T..) This 10% difference
agrees well with our 7% difference. Weber’s calculated
values of 0%(T) can be fit extremely well to a simple Ein-
stein model, with the resulting Einstein temperatures of

6'8°¥(Nb;Sn) =221 K
and
6h°Y(Nb;Sb) =249 K .

These values predict a 13% softer value for Nb;Sn com-
pared with our measured 7% difference. The theoretical
and experimental values agree more closely for Nb;Sb
than for Nb;Sn, as is evident in Fig. 4.

Nb;Sn is expected to be similar to V;Si in which there
is a pileup of charge, forming a quasibond, between Si
and V at room temperature but not at low tempera-
tures.> A similar charge concentration might explain the
apparent Sn-Nb correlation that remains in the ternary
alloys, leading to different Ao’s for Sn-Nb and Sb-Nb in
the same alloy. This is indicated, although weakly, in
the alloy data at 300 K, Fig. 5, where it is seen that the
individual widths differ from one another but are ap-
proximately equal to the corresponding widths in the
pure binary compounds. A somewhat related situation
has been observed in semiconductor pseudobinary al-
loys.!> For these (A,B_,,)C alloys it is noted that the
A-C and B-C distances are different from one another
and remain roughly constant as the concentration is
varied. This is the case even though the average lattice
constant varies linearly with x, i.e., follows Vegard’s law.

Yu and Anderson’ have proposed an interesting model
for A15 superconductors in order to explain several
anomalous electron-phonon properties, e.g., the satura-
tion of the electrical resistivity, p, at high temperature
and the large discrepancy between the high-temperature
A value derived from the resistivity and the low-
temperature A from superconductivity. They suggest
that the electron-phonon coupling can, in the limit of
very strong coupling, lead to a two-well ionic potential
at high temperature. Localized vibrations are due to
ions vibrating in either of them and hopping between the

two positions. The electron scattering is high. At lower
temperature, the oscillators become less anharmonic, the
neglected interoscillator coupling reasserts itself, and ex-
tended harmonic phonons can be defined. A study of lo-
calized phonons in the Mo-Re system by superconduct-
ing tunneling has recently given support'® to this Yu-
Anderson model.

The high-temperature separation of the two wells
would be too small to distinguish (being also thermally
blurred) in an EXAFS experiment. However, an anoma-
lous Debye-Waller factor’ might be remnant at low tem-
perature. In our case, one might expect differences in
the o”s themselves and in their temperature depen-
dences for Nb;Sn and Nb;Sb. The temperature depen-
dences of the resistivities of the two compounds are simi-
lar but the saturation (and renormalization) occurs at
different temperatures. Furthermore, the electron-
phonon coupling, A, is much larger for Nb;Sn. Hence
one would expect the renormalization to occur at a
lower temperature in Nb;Sn than in Nb;Sb.

No obvious anomalies in Ac*(T) were evident in ei-
ther Nb;Sn or Nb;Sb (see Figs. 3 and 4). Their tempera-
ture variations were qualitatively the same with a linear
relationship over the interesting temperature interval.
The larger Ac?® value for Nb;Sn is expected from
Weber’s model,” but the measured difference is small.
The possible localized character of the relative displace-
ments in the ternary alloys could also favor the Yu-
Anderson model, but again it is questionable at this
stage since a similar situation is observed in other alloys.

In conclusion, Nb;Sn and Nb;Sb show a similar tem-
perature dependence for the Debye-Waller—type
broadening of the Sn-Nb and Sb-Nb near-neighbor dis-
tances. No anomalies are observed in the temperature
range of 4.2 to 627 K. Good agreement between theory
and experiment is found, and both agree well with a sim-
ple Einstein-oscillator model. The experimental Einstein
temperatures are Oz(Nb;Sn)=237 K and 6;(Nb;Sb)
=254 K. The small difference can be explained by the
different phonon spectra. A localized vibration behavior
in the ternary alloys is indicated, but additional measure-
ments are needed to further quantify this conclusion.
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