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We have determined the effect of hydrostatic pressure on the electronic heat-capacity
coefficient ¥ of transforming Nb;Sn through measurements of the superconducting transi-
tion temperature T, the temperature derivative of the upper critical field near T,, and the
residual resistivity. We find that y and the bare density of electronic states are suppressed
by pressure. Results are discussed in terms of a pressure-dependent d-band occupancy.
From an analysis of the density-of-states change under pressure, we infer the existence of a
substantial electronic contribution to the Griineisen parameter of Nb;Sn.

I. INTRODUCTION

Compounds with the highest known supercon-
ducting transition temperatures T, are those having
the A15 crystal structure. A feature characteristic
of this structure is the occurrence of three mutually
orthogonal chains lying along cube faces. High-T,
compounds are those in which the chains are com-
posed of the transition-metal atoms Nb or V. This
chain structure led Weger' to propose a model and
later Labbé and Friedel® to develop a model of 415
compounds in which the one-dimensionality of
transition-metal atoms gives rise to a high and rap-
idly varying density of electronic states N(0) near the
Fermi energy Ep, a condition favorable to strong
electron-phonon coupling and hence a high T..
Measurements on the high-7, 415 compounds
Nb;Sn and V;Si that show strong thermal variations
in quantities such as the magnetic susceptibility,
elastic constants, and Knight shift have been inter-
preted as evidence supporting the Weger-Labbé-
Friedel (WLF) model.> Recent self-consistent
band-structure calculations,“‘6 however, now pro-
vide strong theoretical evidence suggesting that the
WLF assumption of noninteracting one-dimensional
chains is not justified but that the WLF model sim-
ply parametrizes a high and structured density of
states which follows directly from first-principles
calculations. Even though the WLF premise ap-
pears to be incorrect, these band calculations have
confirmed that several high-T, A15’, including
Nb;Sn and V;Si, do have moderately high, strongly
energy-dependent densities of states near Ep, sug-
gesting that N(0) may play a prominent role in pro-
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ducing high T,’s in these compounds.

Another interesting aspect of Nb;Sn is the
anomalously large softening of its elastic shear
modulus at low temperatures.” In extreme cases,
this softening leads to a cubic-to-tetragonal crystal-
lographic transformation at a temperature T ~350
K. Because the electron-phonon coupling parameter
A is proportional to an electronic term involving
N(0) divided by a mean-squared phonon energy,
softening of the phonon spectrum, as evidenced by
the tetragonal distortion, would be expected to
enhance T,. This has led to the proposal that soft
phonons are primarily responsible for high T,’s in
those compounds exhibiting a structural transforma-
tion.” However, Bilbro and McMillan® have sug-
gested that the Martensitic transformation actually
may depress 7T, somewhat. In their model, the
transformation is driven by a Peierls-type electronic
instability in the linear-chain structure of the 415
lattice. The net result of the instability is a Peierls
gap opening at Ep, which reduces the number of
electrons available for BCS pairing and hence de-
creases T, relative to the enhancement expected by
lattice softening. Indeed, one commonly finds lower
T,.’s in transforming samples compared to non-
transforming samples.

A controversy, similar to that encountered in as-
sessing the relative importance of N(0) and soft pho-
nons on T, at ambient pressure, is found in discus-
sions of the effect of hydrostatic pressure on T,.° In
a comprehensive survey of the pressure dependence
of T, for a wide selection of A15 compounds,
Smith!® found no correlation between either the sign
or magnitude of the pressure derivative of T,
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(dT,/3P), and quantities such as the e/a ratio and
T,. His results did indicate, however, that generally
dT, /3P is positive for vanadium-based A15’s and
negative for those based on niobium, although there
are notable exceptions to this trend. Within the
framework of an electronic interpretation of this ob-
servation, variations in these trends may be expected
because of disparities in the detailed electronic struc-
ture near Ep. Since Smith’s review, the effect of
pressure on T, and T, has been studied in Nb;Sn.!!
These experiments showed that pressure enhances
Ty and suppresses T,. That opposite signs are
found for the pressure derivative of T), and T, is
consistent with the viewpoint that the primary effect
of pressure is to shift the phonon spectrum to higher
energies. If soft phonons play the dominant role,
then one should invariable find sgn(d7,.dP)
= —sgn(dT), /0P). However, this is not always the
case.’ Difficulties arising from the phonon interpre-
tation are circumvented by considering the pressure
dependence of T, and T, to be governed not by
phonons but by the d-band occupancy Q. Using the
WLF model density of states, Labbé!? found that
the signs of 87, /0P and 3T, /9P are determined by
Q and its pressure derivative relative to Q values
that maximize T, and T),;. Therefore no correlation
is necessarily expected between the effect of pressure
on superconductivity and the structural instability.

Clarification of controversies surrounding A15
compounds is fundamental to an improved under-
standing of high-temperature superconductivity. To
this end, we have undertaken measurements aimed
specifically at establishing whether electronic
changes are induced by the application of hydrostat-
ic pressure. If pressure does produce electronic
changes, these may be reflected in a systematic vari-
ation of the electronic heat-capacity coefficient y as
a function of pressure. From appropriate
Ginzburg-Landau relationships, it is possible to cal-
culate ¥ as a function of pressure through measure-
ments of T, the temperature derivative of the upper
critical field near T, (H,,), and the residual resistivi-
ty po. Using this procedure, we have established
direct evidence for pressure-induced electronic
changes in both transforming and nontransforming
V38i.13 Our observations on V;Si were interpreted
as providing support for the idea of pressure-
induced interband charge transfer. The primary
purpose here is to search for the existence and na-
ture of pressure-induced electronic changes in
transforming Nb;Sn and to determine whether the
concept of charge transfer is also applicable to
Nb3Sn.

In Sec. IT we give details of the sample prepara-
tion and experimental procedure used in these mea-
surements. Section III contains a brief account of

the theoretical foundation upon which our measure-
ments are based. Results on Nb;Sn are presented in
Sec. IV and discussed in Sec. V. Conclusions are
summarized in Sec. V1.

II. EXPERIMENTAL

A. Sample preparation and characterization

Nb;Sn was prepared by closed-tube vapor trans-
port using iodine as the transporting agent. Growth
was carried out at 600 to 1000°C over a period of
about four months. From a group of crystals an ir-
regularly shaped single crystal with approximate di-
mensions of 1X1.5X 1.5 mm® was selected for mea-
surement. X-ray diffraction analysis on deposits
grown at the same time showed only sharp lines
characteristic of the A15 structure and gave a
room-temperature lattice parameter of 5.290+0.001
A. Ambient-pressure resistance measurements on
this sample revealed an anomaly near 50 K that we
associate with a cubic-to-tetragonal lattice distor-
tion. The resistively measured midpoint T, was
17.87 K with a transition width AT, (10—90 %) of
0.08 K. Values of 7T, and AT, are in excellent
agreement with those measured inductively on
another single crystal grown at the same time and
used in de Haas—van Alphen experiments.!* The
resistance ratio between room temperature and 19.4
K was 15.6. In the temperature range T, < T <40
K, the resistance followed a T2 behavior, in agree-
ment with previous observations.!> Assuming that
the T2 dependence continued to T=0, we estimated
a defect-limiting resistance ratio R(300 K)/R(0 K)
=45. Resistance measurements on another po-
lycrystalline part of the deposit also showed an ap-
proximate 7> dependence and R (300 K)/R (0K)
=50.

B. Measurements

Hydrostatic pressure was generated in a self-
clamping beryllium-copper cell, with a 1:1 mixture
of isoamyl alcohol and n-pentane as the pressure-
transmitting medium. Pressure in the cell was
determined at low temperatures by a lead manome-
ter located in close proximity to the sample. Before
measuring the lead transition temperature, we care-
fully demagnetized the cell to ensure that any
remanent magnetic field in tungsten-carbide com-
ponents was removed.

Liquid hydrogen was employed as the cryogen for
measurements in the temperature range 14 < T <20
K. The temperature of the liquid-hydrogen bath
could be determined, from its vapor pressure, and
maintained to an accuracy of +10 mK. The use of



liquid hydrogen proved extremely valuable because
it eliminated the need for tedious magnetic field
corrections to our carbon-glass thermometer, which
was embedded in the side of the cell, and ensured
good thermal equilibrium between the cell and sam-
ple. To reach temperatures outside the liquid-
hydrogen range, the cell was slowly lowered toward
a pool of boiling liquid helium. Previously, we have
established this as a reliable technique in zero mag-
netic field.'®

The upper critical-field slope H,,, T,, and residu-
al resistance were measured using a four-terminal ac
technique. Values we quote for 7, and H,,
represent resistive midpoint transitions. An indica-
tion of the degree of hydrostaticity present in our
pressure cell is provided by a measure of transition-
width broadening at pressure. We find that at the
highest pressure (16 kbar) AT, has increased by only
20 mK relative to AT, of 80 mK at P=0. To deter-
mine H;,, H,, was measured typically at 10 to 12
different temperatures in the range 14 K< 7T <T,.
Magnetic fields up to 9 T were generated by a super-
conducting solenoid. The field was homogeneous to
10.1% over the high-pressure volume.

III. THEORETICAL RELATIONS

The electronic heat-capacity coefficient ¥ can be
calculated through the Ginzburg-Landau relation-
ship!’

771102( Tc)

—H;,= R(A,)

-2
n2/3s

X 9.55X 10%/°T,

+5.26 X 10*p, | - (1)

In Eq. (1) S is the Fermi-surface area, Sp is the
Fermi-surface area of a free-electron gas of density
n, po is the residual resistivity, and R(A,) is a
correction factor of order unit [R(A,)~1.003 and
decreases slowly toward unity with increasing pres-
sure]. The effect of strong coupling corrections to
H_, near T, is contained in ny_(T.), which depends

only on T, and a frequency characteristic of the
phonon distribution. The pressure dependence of
ng_,(T,) is governed primarily by oT,/dP. Neglect-
ing any reasonable pressure-induced shift in the pho-
non spectrum in calculating anz( T,) produces at
most a 0.3% uncertainty in the pressure dependence
of y. Orlando et al.'” have shown that S /Sr=0.35
is characteristic of nontransforming Nb;Sn thin
films at ambient pressure. The ratio S/Sr was
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selected by requiring that y calculated from Eq. (1)
agree with heat-capacity measurements by Vieland
and Wicklund.!® In light of the prevailing contro-
versy concerning the interpretation of heat-capacity
measurements on Nb3;Sn, we have chosen to adjust
S /Sr to agree with the more recent heat-capacity re-
sults’® on a transforming polycrystalline sample of
Nb;Sn (also grown at the same time as our sample)
which show that y is notably smaller than previous-
ly supposed. With this normalization, we find
S/SFp=0.25. We note that this value is also con-
sistent with the measurements of Orlando et al.
when allowance is made for the revised y. In calcu-
lating y(P), we assume that n2/3S /S is pressure in-
dependent. Because 97T),,/d0P >0, the Bilbro-
McMillan model for the structural transformation
suggests that S/Sr decreases with increasing pres-
sure. Because this ratio enters Eq. (1) as (ySg/S)?
for a given H,,, we underestimate changes in y pro-
vided vy decreases with pressure.

Changes in the bare density of electronic states
under pressure are found through the relationship

N©)=y/[+mk3(1+M)], 2)

where A is the electron-phonon mass enhancement
parameter. From the measured pressure dependence
of T,, we may estimate A(P) by numerically invert-
ing the equation®

f1f2wlog
1.2

oo 1-04(1EA)
P A Z(1+0.62uMn |’

(3)

where ) is a logarithmically averaged phonon fre-
quency, u* is the Coulomb interaction parameter,
and functions f; and f, are given by Allen and
Dynes.”’ To a very good approximation f; and f,
are insensitive to pressure variations in the phonon
spectrum. We take wj,;=10.8 meV (Ref. 21) and
pu*=0.13. Because the pressure dependence of wj,,
is unknown, we assume that it increases linearly
with pressure by 3% up to 16 kbar. This assump-

T,=

tion is consistent with estimates’?’ of the lattice

contribution to the Griineisen parameter of Nb;Sn.

IV. RESULTS

Results of our measurements on Nb;Sn are sum-
marized in Fig. 1. From a linear least-squares fit to
T,(P) data, we find 3T, /dP=—2.2X 107> K/bar.
Chu and Vieland®* have determined the pressure
dependence of T, on a transforming single crystal of
Nb;Sn using a calorimetric technique. In contrast
to our results, they found 37,/dP= —1.4X1073
K/bar. This discrepancy may be attributed to
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FIG. 1. (a) Midpoint transition temperature, (b) tem-
perature derivative of the upper critical field near T, and
(c) extrapolated T=0 K residual resisitivity of transform-
ing Nb;Sn as functions of pressure. Error bars represent
estimated uncertainty in absolute values of T, (+30 mK)
and of H;, (£150 Oe/K) and relative uncertainty in p
(£1%). Error in measuring the pressure is estimated to
be +0.5 kbar.

differences in sample quality. Their sample had a
resistance ratio of seven between 300 and 20 K,
whereas ours is over 15. Determinations of T, /3P
on several V;Si samples have shown that the pres-
sure derivative of T, is strongly sample dependent.?
We expect this to be true also of Nb;Sn. Contrary
to our observations on transforming V;Si,!* in which
O0H/,/0P>0, we find that H/, for Nb;Sn is
depressed by pressure. We note that the zero-
pressure value of H,, agrees very well with that
determined on the de Haas—van Alphen Nb;Sn sin-
gle crystal’® which is of comparable quality. The
relatively low H_, is consistent with the low residual
resistivity of our sample and the fact that it
transforms. We should also point out that we do
not know the crystallographic orientation of the
sample with respect to the applied magnetic field.
However, this should not affect our conclusions
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FIG. 2. Electronic coefficient of the heat capacity as a
function of pressure.

since Foner and MCcNiff’® have shown that the
critical-field anisotropy is small and temperature in-
dependent. Finally, we see in Fig. 1(c) that the resis-
tivity extrapolated to T=0 decreases with increasing
pressure. The resistivity at 19.4 K follows the same
pressure dependence as p, (T=0).

With the data of Fig. 1, we can calculate y from
Eq. (1). The pressure variation of y is displayed in
Fig. 2. The existence of pressure-induced changes in
v is obvious. At 16 kbar, ¥ has decreased by more
than 4% from its zero-pressure value. This varia-
tion is well outside our estimated uncertainty (+1%)
in the relative values of ¥ vs P. As indicated in Sec.
III, because y decreases with pressure, we are prob-
ably underestimating its suppression. The point at 1
kbar appears anomalous compared to the relatively
small scatter in the rest of the data; however, it does
fall within our experimental error. A smooth extra-
polation of the high-pressure data to near the zero-
pressure point is likely to be characteristic of y(P).

The density-of-states contribution to ¥ can be cal-
culated from Eq. (2). However, the pressure depen-
dence of the electron-phonon coupling must be
determined first. Using the procedure outlined in
Sec. III, we have obtained A(P), which is plotted in
Fig. 3. Two cases have been considered for the ef-
fect of pressure on the phonon spectrum, corre-
sponding to the two data sets shown. The upper set
of points corresponds to a pressure independent wjog,
while the lower set reflects the behavior of A assum-
ing @), increases linearly by 3% at 16 kbar. With
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FIG. 3. Electron-phonon coupling parameter as a

function of pressure. Upper data set calculated assuming
wyog is pressure independent; lower set obtained assuming
Wiog increases linearly with pressure by 3% at 16 kbar.
Lines through the data are to indicate the nearly linear
dependence of A on P.
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FIG. 4. (a) Bare density of electronic states at the Fer-

mi energy as a function of pressure for Nb;Sn. Vertical
bars correspond to assumed pressure variations in @, (b)
N(0) as a function of pressure for transforming V;Si.
Data taken from Ref. 13.
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FIG. 5. Average electron-phonon matrix element
squared as a function of pressure. @—calculated assum-
ing (w?) is pressure independent. A—calculated assum-
ing (@?) « [wie( P

this information, we can calculate N(O) vs P. Our
results are shown in Fig. 4(a). Vertical bars on
representative points are indicative of our assumed
pressure variation in wy,,. Even with this allowance,
there is still clearly a trend for N(0) to decrease
under pressure. For comparison, we show in Fig.
4(b) the pressure dependence of N(0O) for a
transforming V;Si sample. The contrast is striking
and reflects the influence of dN(0)/dP on determin-
ing the sign of 8T, /0P.

The coupling parameter is commonly written as
A=N©O){I?)/M{®»?), where {I*) is the average
electron-phonon matrix element squared, M is the
ionic mass, and (w?) is a squared characteristic
phonon frequency. From the data in Figs. 3 and
4(a), (I?) can be calculated, assuming the pressure
dependence of (w?) is given by [wi,(P)]%. (I?) asa
function of pressure is shown in Fig. 5. Although
considerable scatter in the data is evident, a tenden-
cy toward larger (I?) with pressure is indicated.
This is understandable since pressure-induced band
broadening results in reduced screening and, hence,
an increase in {I*). Because {(I2) has been deduced
from a product of calculated quantities, the experi-
mental error has been compounded. The maximum
change in (I?) given by the lower bound in Fig. 5 is
just outside our estimated uncertainty in the relative
pressure variation of (I2). Therefore, if (I%) in-
creases at all under pressure, the effect is small.

V. DISCUSSION
A. Charge transfer

From self-consistent atomic-sphere calculations
on 4d transition metals, Pettifor?” has established



2786 K. C.LIM, J. D. THOMPSON, AND G. W. WEBB 27

theoretically that pressure broadens the narrow d
bands and shifts both the bottom of the s band and
Er up in energy. These calculations imply a
pressure-dependent d-band occupancy Q. Based on
a WLF density-of-states model, Labbé'? has calcu-
lated T, and T, as functions of Q. For Nb;Sn, he
found that T, and T, reach a maximum at Q_,, and
QOumum, respectively, where Q,,, < Q < Qpp. Provid-
ed charge transfer is from s to d bands, these calcu-
lations imply 87, /0P <0 and 8T, /0P >0, in agree-
ment with experiment.!! Similar arguments applied
to V;Si successfully predict both the sign difference
for the pressure derivatives of T, and Tj, (Ref. 9)
and the thermal response of the shear modulus pres-
sure derivative®® When considered in terms of
band-structure calcuations for cubic V;Si, a shift of
Ep to higher energies due to increased d-band occu-
pancy qualitatively explains pressure-induced
enhancement of N(0) in nontransforming V,Si.!?
We emphasize that these conclusions are based on
general arguments?’ not specific to the Labbé!?
model but in agreement with it. Interestingly,
ON(0)/9P is comparable in transforming V;Si [Fig.
4(b)], which suggests that the energy dependence of
the density of states near Er in tetragonal V,Si is
similar to that in cubic V;Si.

Recent band-structure calculations by Weber and
Mattheiss® show that the tetragonal distortion in
Nb3Sn produces, on the scale of millirydbergs, signi-
ficant modifications to the cubic Nb;Sn band struc-
ture. They find that the I'j, subband near Ej is
split by 6—8 mRy into a pair of equally flat I';
and I';, subbands in the tetragonal phase. Further-
more, their calculations show that the Fermi energy
is shifted up in energy, relative to Er in the cubic
phase, so that it resides on an increasing portion of
the density-of-states curve instead of at a point
where N(0) has a negative energy derivative, as is the
case for cubic Nb;Sn. Therefore, on the scale of a
few mRy about Ep, the density-of-states behavior of
tetragonal Nb;Sn is similar to that of cubic V,Si.’
Considering these band-structure results and assum-
ing pressure moves Er to higher energies, we are led
to conclude that N(0) vs P should be similar in cubic
V;3Si and tetragonal Nbs;Sn. Figure 4 shows clearly
that this is not the case. [We note again that the
pressure dependence of N(0) is similar for both
transforming and nontransforming V;Si.] There are
at least two possible explanations for this discrepan-
cy: (1) Either the band-structure calculations in-
correctly assign the position of Ep relative to the
I';, subband, or (2) Er moves down with pressure.
Concerning the first possibility, we note that an un-
certainty of approximately 2 mRy in the positioning
of Er could remove the inconsistency between our
observations and the band-structure results. In spite

of impressive advances in the accuracy of band cal-
culations, uncertainty on the order of a few mRy
remains a problem. Furthermore, electron lifetime
broadening of sharp density-of-states features has
been neglected in these calculations but many play
an important role on such a fine energy scale.’® The
second possibility is unlikely since pressure-
promoted band broadening moves Er to higher ener-
gies.”” However, under pressure, the motion of E F
relative to the I';, state could produce an effective
shift of Er down the density-of-states peak. Confir-
mation of this possibility must await future band-
structure calculations.

B. Griineisen parameter

From thermal-expansion measurements, Smith
et al.?3! have calculated the total Griineisen
parameter Y as a function of temperature for
transforming Nb;Sn. They find that as the tempera-
ture is lowered from approximately 80 K, y¢ begins
to increase rapidly from its high-temperature limit
of 2 to as large as 4—6 near T,. Smith and Finlay-
son®! proposed that this anomalous behavior is a
consequence of significant lattice anharmonicity as-
sociated with the structural instability. However,
this interpretation is inconsistent with the sign of
0T, /0P. That is, a large positive yg implies
enhanced lattice stability, whereas enhanced lattice
instability is suggested by a positive pressure deriva-
tive of Tjs. The total Griineisen parameter is the
sum of lattice and electronic contributions. Because
they were unable to separate the thermal-expansion
coefficient into its lattice and electronic components,
it was not possible for them to assess the relative im-
portance of these two contributions to ;. From the
data of Fig. 4(a), we may estimate the electronic
component ¥,, which is defined through the rela-
tionship ¥, =0InN(0)/0InV. This may be rewritten
as —BJInN (0)/dP, where B is the bulk modulus,
which we take equal to 1.65X 10° kbar.3> Assuming
N(0) decreases linearly with pressure for P < 10 kbar,
we find y,=2.5+1. At higher pressures, 7, will be
larger due to the negative curvature in N(0) vs P.
Therefore, our results suggest that there is a signifi-
cant electronic contribution to yg at low tempera-
tures. Because of differences between our sample
and the ones studied by Smith et al., it is difficult to
determine if the electronic contribution completely
resolves the anomalous y; behavior; however, our
findings do indicate that lattice anharmonicity does
not play as important a role as previously supposed.

VI. CONCLUSIONS

We have established direct evidence for pressure-
induced electronic changes in transforming Nb;Sn
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and argue that these changes may be due to a
pressure-enhanced d-band occupancy. Density-of-
state behavior is consistent with band-structure cal-
culations for cubic Nb;Sn, but discrepancies on the
scale of a few mRy exist with calculations for
tetragonal Nb;Sn. From an analysis of N(0) vs P,
we are able to estimate the electronic contribution to
the low-temperature Griineisen parameter and find
it to represent a significant fraction of the
anomalously high y; deduced from thermal-
expansion measurements. Finally, we note a correla-
tion between the signs of N (0)/9P and 97, /3P for
both Nb3;Sn and V;Si, even when a reasonable al-

lowance is made for possible pressure-induced pho-
non changes. Therefore electronic effects appear to
be a prominent factor in determining 07, /dP in
these compounds.
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