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The electrical resistance of Li, Pd, Au, and Pb is measured as a function of temperature and pres-
sure in the region —20'C to + 30'C and 0—1.3 GPa. Self-consistent linear muffin-tin orbital
band-structure calculations of these elements and of Al are performed at normal and reduced
volumes. Results are obtained for the density of states N (EF ), the average Fermi ve-

locity, the optical mass, the plasma frequency co, and the volume dependence of these parameters.
The pressure dependence of the electron-phonon interaction A, (p) is obtained from these measure-
ments and the calculated co(p). For the superconducting elements there is good agreement with the
measured superconducting T,(p). Results from our previous measurements and calculations on Al,
V, Nb, and La and published results for co(p) are included in this comparison. A, (p) increases with

pressure for bcc Li and decreases for Pd and Au. Pressure is expected to suppress spin fluctuations
much faster than A, (p) in Pd. The possibility of inducing superconductivity by pressure in Pd and
bcc Li is discussed. The electronic Gruneisen parameter y, is obtained from A, (p) and the volume

dependence of N(EF ). Comparison with other results for y, generally shows good agreement.

I. INTRODUCTION

It was shown recently' that the pressure dependence
of the electron-phonon —interaction parameter A, (p) can be
obtained from a combination of the calculated electron
plasma frequency co(p) and the measured pressure depen-
dence of the temperature derivative of the electrical resis-
tivity, dp/d T. By this method the electron-
phonon —coupling matrix elements are essentially mea-
sured by the resistance, which gives most of the pressure
variation of A,(p) for the nontransition metals. co(p)
represents a correction factor which, however, is particu-
larly important for the transition metals. co(p) is essen-
tially a Fermi-surface average of the magnitude of the
Fermi velocity U Therefore. , to obtain A,(p), we do not
need the density of states or the electron-
phonon —coupling matrix elements, both of which are
more difficult to calculate than co(p).

This method to determine A,(p) is also independent of
measurements in the superconducting state, such as the
superconducting critical temperature T, (p), the critical
field, the volume change at T„ortunneling spectroscopy.
Our results for A, (p) can conveniently be checked by com-
parison with such results, particularly with T, (p), using
McMillan's formula and reasonable assumptions for the
Coulomb pseudopotential and average phonon properties.
This comparison was made previously for Al and La with
encouraging results. ' In these cases, however, available
band-structure calculations were performed at large

volume reductions, well outside the range of pressures in
our hydrostatic experiment. Therefore, for Nb we calcu-
lated co(p) for a series of small volume reductions in steps
of 1% to make comparison with experiments more mean-
ingful. The result for X(p) was in favorable agreement
with that deduced from T, (p).

We now extend this method to include also nonsuper-
conducting elements and report results for A, (p) of bcc Li,
Pd, Au, and Pb. Our previous measurements of Al are
supplemented with a new band-structure calculation to
obtain comparable results for this metal. These elements
were chosen with the aim to cover, together with our pre-
vious results, representative superconducting and nonsu-
perconducting elements from different parts of the
Periodic Table. However, we have restricted ourselves to
cubic metals to facilitate the calculations.

In Sec. II the method used to obtain A, (p) is briefly out-
lined and some useful formulas are recalled. In Sec. III
the measurements are described and the results are
presented and analyzed. The band-structure calculation is
described in Sec. IV. We obtain results for the volume
dependence of the plasma frequency and some other aver-
age Fermi-surface properties, i.e., the Fermi velocity, the
optical mass, and the density of states N(Ez). The results
for A, (p) are presented and discussed in Sec. V. Having
obtained the volume dependence of N(EF) as well as A, , it
is useful to compare them with the electronic Gruneisen
parameter y, . This is briefly discussed in Sec. VI. The
main conclusions are summarized in Sec. VII.
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II. SUMMARY OF THEORETICAL DESCRIPTION TABLE I. Elements used.

We follow the same procedures as employed previous-
ly' to analyze the experimental data, calculate band-
structure properties, and obtain A, (p). Therefore only a
brief description is given here.

The measured resistance R (p, 1) at pressure p(opa) and
temperature T('C) around room temperature is fitted to
the form

R(p, T)=R (0,0)(1+AT)[1+Bp+(Cp )] .

Element

Li
Pd

Au
Pb

Nominal purity
(wt. %%uo)

99.9
99.993

99.9999
99.9999

Source

Alfa/Ventron (FRG)
Materials Research
Corp. (NY)
Cominco (Washington, D.C.)
Materials Research,
Ltd. (UK)

The term Cp can only be determined occasionally in the
available pressure range. In principle, only the pressure
dependence of R at a few different temperatures is need-
ed. This is difficult to achieve in the practice, however,
since even small temperature changes are important. For
the resistance of many metals a temperature change of 1

K corresponds to a pressure change on the order of kilo-
bars.

The volume dependence of the electron-gas plasma fre-
quency, co(V), is conveniently described by a parameter q
defined by

co'( V) =~'( Vo)/(1+q &V/Vo), (2)

where b. V= V —Vo. With these definitions of B and q,
one obtains the following expression for A,(p):

1+5V/3 Vo
&(p) =&(0) (1+Bp) .

1+q AV/Vo
(3)

In the derivation of this formula, it is assumed that
dk„/dp =dkldp. Here, k„is the transport electron-
phonon interaction, which differs from A, by a factor con-
taining an average of the scattering angle, and which is of
order unity.

In the calculation of co, the following form is suitable
for programming:

co =(e /12m co%') fuds, (4)

where the magnitude of the Fermi velocity, U, is integrat-
ed over the Fermi surface. A number of other Fermi-
surface properties can then be calculated simultaneously
as other averages of u:

X(EF )= ( V/8rr X)f u 'dS,

(u')= fudS fu-'dS

mop/mo =uoSo f udS

Here, X(EF) is the density of states at the Fermi level per
atom and spin for N atoms in the crystal volume V, (u )
is the expectation value of the Fermi velocity squared, and
m ~ is the optical effective mass. mo, Uo, and So refer to
the free-electron values.

III. EXPERIMENTAL METHODS AND RESULTS

A. Sample characterization and experimental details

The source and nominal purity of the elements used are
given in Table I. The Pb sample was identical to that

used previously in an investigation of the high-
temperature resistivity. The sample was in the form of a
0.4-mm-diam wire. The residual resistance ratio was
above 6300 prior to the present measurements. The Au
sample was cold-drawn to a wire of 0.40 mm diameter,
annealed at 600 C for 3 h, and water-quenched. Care was
taken to minimize further cold-work, to which the tem-
perature dependence of the resistivity is very sensitive for
this element. " For Pd, care was taken to handle the sam-
ple without contact with contaminating tools. Therefore,
a piece suitable for the measurements of dimensions
-0.5X0.5)&9 mm was spark-cut from a 10-mm-diam
rod supplied by the manufacturer. The Li sample was in
the form of a 3.2-mm-diam wire. Since this was too large
for us to use directly, the wire was extruded in a small
hand-operated hydraulic press to 1 mm in diameter.

The Pb, Au, and Pd samples were provided with spot-
welded current and potential leads. In our first experi-
ment on Li, contacts were formed by simply pushing thin
Ni wires directly through the sample, and applying a
slight pressure on each contact afterward to press the two
materials into close contact. Although these contacts
were not stable for more than a few hours even under oil
at normal pressure, they worked fairly well at high pres-
sure. This is probably due to the large compressibility of
Li, which caused the sample to shrink around the Ni con-
tacts at elevated pressures, thus improving the contact.
However, the sample is probably mainly plastically de-
formed in this process, and there was therefore a tendency
for the contacts to break as soon as pressure was de-
creased. In the second run we tried to obtain better con-
tacts by implementing small spring clips from piano wire.
These were mounted in pairs, as current and potential
clips, on miniature Perspex bases and soldered to the con-
necting leads in the usual way. To avoid cutting the soft
Li wire, it was placed in a shallow groove in the Perspex
base. Immediately after the spring clips were applied, the
contact area was covered with a thin coat of nail varnish
to protect it from oxidation. These contacts were quite
stable at atmospheric pressure, even in air. However, we
found that even these contacts had a tendency to break
when pressure was released from above 1 GPa. A third
resistance measurement was made using the contactless
high-pressure method developed by Sundqvist and Lund-
berg. However, since the resolution of this method
necessarily is an order of magnitude smaller than that of
the standard four-probe method, this experiment only
confirmed the general trend of the results of the two pre-
vious experiments. Apart from the contactless measure-
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ments just mentioned, the experimental equipment and
methods used were identical to those used before, and we
refer to our previous papers' ' for details.

B. Results and analysis

The resistance was measured as a function of tempera-
ture and pressure in the range —25'C to +35'C and
0—1.4 GPa, respectively. The data are given in Table II
in chronological order for each element. The analyses are
summarized in Table III.

It was straightforward to fit these data to Eq. (1). We
checked that the fitting errors were uniformly distributed,
which led to the removal of only a few data points. These
have been given within parentheses in Table II. Exclusion
of these data had little infIuence on the parameters Ro, 3,
and B, but improved the rms value significantly. A term
Cp in the pressure-dependent term of Eq. (1) was re-
quired to adequately fit the data for Pb. For Pd and Au
the magnitude of such a term could not be determined
within the limited pressure range employed.

1. Lithium

For Li our value for the pressure coefficient of resis-
tance, B, is slightly lower than Bridgman's results of

0.077 or 0.074 GPa ', and is also in agreement with the
result of Dugdale and Gugan for the pressure coefficient
of the ideal resistivity. When our data for Li around 21'C
were corrected for small differences from a mean tem-
perature and plotted versus pressure, it was found that the
first correction to a linear term is a term Cp with C&0.
This observation is in agreement with that of Bridgman.
However, repeating this analysis around the lower
measuring temperature of —22 C gave a value of C
which was much smaller. Therefore, presently we can
only conclude that there are indications of a positive term
Cp in the resistance of Li at constant temperature. Fur-
ther work is required to determine the magnitude of this
term and its possible temperature dependence, which is
not accounted for by Eq. (1).

The temperature coefficient of resistance, A, is some-
what smaller than that obtained by Bridgman and by
Dugdale and Gugan, 0.0045 K '. In our experiment,
however, temperature and pressure were varied simultane-
ously. For instance, when pressure is decreased in a pres-
sure cycle, various internal strain conditions may remain
which affect the temperature dependence.

The Li results discussed so far refer to our second and
best experiment. For the first experiment the data (not
shown) were more scattered and the parameters A and 8

TABLE II. Resistance as a function of temperature and pressure'for samples of the elements investi-
gated.

(20.63
21.26
21.29
21.29
21.31
21.21
21.21
22. 18

(GPa)

0.0001
0.093
0.196
0.356
0.499
0.662
0.808
0.939

R
(mA)

3.601)
3.630
3.653
3.694
3.731
3.777
3.814
3.862

Li

T
('C)

21.16
21.24
(21.08

—23.02
—23.22
—22.79
—22.47
—22.9

P
(GPa)

0.937
1.083
1.245
1.211
1.074
0.948
0.797
0.653

R
(mQ)

3.849
3.893
3.936)
3.254
3.220
3 ~ 199
3.172
3.134

(20.79
21.02
20.95
21.08
21.00
21.18
21.08
21.58
0.85

—0.19
—0.76
—0.16
—0.05

(0
0.76

—19.09
—18.95
—18.46
—17.64

0.0001
0.107
0.260
0.503
0.757
1.003
1.266
1.242
1.205
0.991
0.811
0.607
0.399
0.229
0.123
0.071
0.185
0.382
0.598

4.164)
4.156
4.143
4.124
4.103
4.085
4.063
4.072
3.799
3.798
3.805
3.827
3.845
3.859)
3.878
3.606
3.599
3.592
3.586

Pd
—16.59
—15.31

21.18
35.34
35.77
35.39
34.95
35.11
35.62
36.03
22.26
22.57
22.84
22.97
22.89
22.86
22.71
22.73

0.795
1.013
1.021
1.030
0.802
0.607
0.399
0.218
0.106
0.103
0.072
0.489
1.002
1.365
1.160
0.747
0.254
0.0001

3.587
3.590
4.083
4.266
4.292
4.302
4.312
4.329
4.345
4.352
4.171
4.142
4.104
4.076
4.091
4.123
4.160
4.183
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TABLE II. ( Continued).

T
{'C) (GPa)

R
(mn)

T
('c) (GPa)

R
(mQ, )

(20.66
{20.63
20.58
20.63
20.63
20.60
20.63

8.67
20.47
0.11

—0.03
—0.79

0.33
—0.08
—0.38

20.76
(20.87
21.05
21.02
20.89
21.08
21.16
34.70
35.82
35.93
35.47
35.47
35.72
35.70

0.0001
0.084
0.258
0.498
0.752
0.995
1.264
1.249
1.242
1.229
1.229
1.002
0.810
0.611
0.400

0.0001
0.102
0.269
0.500
0.765
1.006
1.263
1.270
0.981
0.742
0.493
0.238
0.231
0.159

14.053)
14.015)
13.94
13.845
13.746
13.642
13.542
12.97
13.549
12.565
12.556
12.597
12.72
12.77
12.833

36.443
35.935)
35.15
34.067
32.907
31.944
30.977
32.513
33.80
34.833
35.93
37.20
37.265
37.632

Pb

0.55
1.85

34.80
34.82
35.47
35.36
35.23
35.00
22.00
21.89
21.89
21.84
21.79
21.66

(21.81

21.29
—0.33
—0.25

( —0.22
(—0.49
—0.55
—0.11

—19.81
—20.42
—19.63
—20.12
—19.83

( —19.43

0.221
0.093
0.094
0.259
0.521
0.719
0.995
1.257
1.234
1.006
0.755
0.503
0.255
0.096
0.0001

0.112
0.103
0.263
0.406
0.610
0.821
1.020
0.991
0.793
0.607
0.383
0.270
0.130

12.947
13.058
14.717
14.648
14.567
14.48
14.357
14.241
13.625
13.706
13.801
13.9
13.994
14.05
14.077)

35.94
33.12
32.43
31.822)
30.945)
30.10
29.40
27.185
27.77
28.545
29.342
29.827
30.445)

were therefore more difficult to determine. The best fit to
Eq. (1) for these data gave values for A and 8 which
were, respectively, 20%%uo and 2%%uo higher than those in
Table III, and a rms value of the scatter which was about
5 times larger. Besides the increased scatter of the data,
this may again reflect that Eq. (1) be inadequate for Li.
For instance, including the possibility that the pressure
coefficient of resistance, B, depends on temperature
within our measuring range improves the fit somewhat
and would suggest that 8 increases with temperature by
about 0.3%/K. This result is in qualitative agreement
with the results by Dugdale and Gugan, who found signi-
ficant temperature dependence of the pressure coefficient

Li
Pd
Au
Pb

4.19
3.52
3.85
4.01

+7.36
1.88

—2.79
—13.86 1.51

14
35
27
23

TABLE III. Analysis of resistance data.

No. of
B C data rms

Element (10 K) (10 GPa ') (10 2 GPa ) points (10 )

of resistivity at lower temperatures. In Bridgman's re-
port, however, the pressure coefficient is temperature in-
dependent between 0 and 100'C.

It is more informative to compare the temperature
derivatives of dp/dp since there is also a strong tempera-
ture dependence in the pressure coefficients from the fac-
tor 1/R. We take po

——8.5 pQ cm at 0 C and p
dp/dT=O 0045 K ',. and the compressibility' x.=0.080
GPa '. From Bridg man's measurements at 30 and
75 C, we then obtain d pjdTdp=1. 8 nQcm/KGPa.
From Eq. (1) one has d pjdTdp=poA(8 —~ /3), which
yields 1.7 nQ cm/K GPa from Table III and 2.0
nQcm/K GPa for our first Li experiment. From the
work of Dugdale and Gugan, the corresponding result is
3.8 nQ cm/K GPa, which may not be directly comparable
since it involves lower temperatures down to 220 K.

In conclusion of our discussion of our experimental re-
sults for Li, we find that there may be a number of in-
teresting questions concerning the detailed temperature
and pressure .dependence of the resistance that remain to
be resolved. The main features, however, are in agreement
with previous work. In particular, the quantities required
for the present work have been determined and we find
d p/dT dp = 1.8+0.2 nQ cm/K GPa for two different
experiments.
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2. Palladium, gold, and lead

The rms error of the Pd fit was larger than for Au and
Pb. This is due, in part, to the low resistance of this sam-
ple, which increased the measurement error somewhat,
and, in part, to the following observation. The resistance
of the first eight data points for Pd was about 0.15%
larger than expected from the rest of the data. This may
have been caused by a contact displacement. We did not
correct for this error in our final analysis since this im-
plies some arbitrariness. The effects on the parameters 3
and B from such a constant error were small and can be
disregarded.

For Pd, Au, and Pb the temperature coefficierits of
resistance at 0 C are also somewhat lower than those ob-
tained from experiments where the temperature was
varied at p =0. For Pd, a handbook value" for 3 is
3.9&&10 K '. For Au, 2 =4.06X10 K ' was pre-
viously obtained for a similarly treated sample from the
same ingot, while for Pb we calculate 3 =4.11&&10
K ' from previous measurements on the same sample.
As mentioned, these differences are presumably due to the
sensitivity of 3 to various states of strain in the sample.
Despite the form of Eq. (1), we do not completely separate
the effects of pressure and temperature, but rather mea-
sure an average temperature coefficient under the condi-
tions of the experiment.

The pressure coefficients of resistance B for Pd and Au
given in Table III are somewhat smaller than those report-
ed by Bridgman. For Pd at 26 C his average value of 8
up to 1.5 GPa was' —2.03&10 GPa ', while for Au
at 30 C the corresponding result was —2.89 & 10
GPa '. For Pb Bridgman reported B= —0. 1278 GPa
up to 1 GPa at 30'C and, later, ' —0. 1298 GPa ' to 0.7
GPa at 0 C. These values are not directly comparable to
8 in Table III since we have also used a term Cp for
lead. If this term is excluded, the rms value is significant-
ly larger, about a factor of 7, and B is —0.1203 GPa
which again deviates from Bridgman's results in the same
direction. Recently, Eiling and Schilling reported on the
resistance of Pb up to 10 GPa under hydrostatic condi-
tions. ' From their Fig. 2 the results for R (p) versus p at
large p smoothly join the Bridgman data at lower p.

IV. BAND-STRUCTURE CALCULATION

A. Zero-pressure results

A series of self-consistent linear muffin-tin orbital
(LMTO) band-structure calculations were performed for
each of the elements investigated experimentally, and for
Al, to supplement our previous measurements. The pro-
cedures used in these calculations were identical to those
employed previously and details were given there. The
results for N(EF), uz, m,„,and fur at zero pressure are
given in Table IV.

There have been a number of band-structure calcula-
tions for Pd which report N(EF). In units of
(Ry spin atom) ', several results are 14.8, ' 15.3, '

17—20 16 0 21 16.3 22 16.8 23 17 0 24 and 17 3 25 Th
scatter of these data reflect the difficulty of obtaining reli-

TABLE IV. Band-structure results at zero pressure.

N(E ) (u2)1/2
Element [(Ry spin atom) '] (10 cm/s) m,~/m

fun

(eV)

Li
Al
Pd
Au
Pb

3.25
2.61

14.3
1.76
3.55

0.83
1.51
0.35
1.43
1.44

1.62
1.82

20.6
11.1
0.49

6.33
11.72
6.76
8.99
9.65

B. Volume dependence

The volume dependence of N(EF), (u )', m, „/m,
and ~ was obtained by performing the band-structure cal-
culation for a series of reduced volumes in steps of 1%
down to 0.95 V0. Repeated calculations with small
volume steps facilitate the control of possible numerical
errors and allow for more direct comparison with experi-
ments in a pressure region where hydrostatic conditions

able results for N(EF) in a high-density-of-states material.
Our result may be somewhat too low.

For the nontransition elements, results for N(EF) are
not so sensitive to details of the calculation. For Li our
result is identical to that by Janak' and a few percent
smaller than that by Papaconstantopoulus et al. ,

' and
for Al our result is in between those in these two pa-
pers. ' ' Our result for N(EF) of Pb is a few percent
smaller than in Ref. 26 and a few percent larger than in
Ref. 27. For Au, finally, recent results for N(EF) are
1.65 or 1.76 (Ryspinatom) '. This last result, which is
in excellent agreement with ours, was obtained by a rela-
tivistic augmented-plane-wave (APW) method with the
Xa (a=0.8) potential. It was noted in Ref. 29 that this
potential gave very good reproduction of both the optical
transition energies as well as the Fermi-surface parame-
ters, and less good agreement with the observed electronic
specific-heat coefficient y. However, this last conclusion
was based on unrenormalized y values. With observed y
values in units of (Ry spin atom) ' of Nr (EF )
=2. 158+0.027 or ' 2.103+0.017, and our value of
N(EF)=1.76, we obtain A, =Nr(EF)/N(EF) 1=0.23—
+0.02 (Ref. 30) or 0.20+0.01 (Ref. 31). Recent resistivity
measurements gave A, =0.24.

Our results for N(EF) are thus in agreement with previ-
ous calculations. This supports our computational
methods and further results for which there is little com-
parable information available in the literature. The fol-
lowing results provide some examples. The Fermi veloci-
ty of Li was found to be 0.84&&10 cm/s. m, ~/m for Li
was calculated by an APW method with results in the
range 1.4—1.6 for different realistic values of a screening
parameter. A pseudopotential calculation for Al gave
values for m, ~/m of about 1,35. For Pd the average
Fermi velocity was found to be 0.33X10 cm/s, while
the plasma frequency calculated by us from the results of
Ref. 20 is fico=6.65 eV. All of these results are in agree-
ment with ours, except perhaps m, p/pl fof Al, where the
result of Ref. 35 is about 25%%uo smaller than that in Table
IV.
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1,05

O

0.95. 00

O.OZ 0.04 0.06 0.02

-aVjV0

0.04 0.06

FIG. 1. Density of states normalized to its zero-pressure
value as a function of volume reduction.

/

FIG. 3. Same as Fig. 1 for the optical mass defined in Eq.
(7).

are feasible. The results are shown in Figs. 1—4 normal-
ized to the values at p =0 which were given in Table IV.
The plasma frequency is plotted as co ( Vo)/co ( V) versus
b, V/Vo to permit an immediate evaluation of q from Eq.

(2). The advantage of this form is that it reduces to the
free-electron-like limit, q =1, at all pressures. For exam-
ple, if the data for Pd are plotted as co ( V)/co ( Vo) versus
5 V/Vo, there is a clear (upward) curvature, in contrast to
the straight line of Fig. 4. The results for q are given in
Sec. V below.

1.05

L"g
A

OI .

A

V

O.OZ 0.04
a V/Vo

0.06 O.OZ 0.04 0.06

FIG. 2. Same as Fig. 1 for the average Fermi velocity defined
in Eq. (6).

FIG. 4. Volume dependence of the plasma frequency plotted
to evaluate q from Eq. (2).
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It can be seen from Figs. 1—4 that m increases with
pressure for all five elements, while for the other quanti-
ties studied the pressure effect has different signs for dif-
ferent elements, with Al and usually Li deviating from the
heavier elements. Different volume variations in the se-
quence Al, Li, Au, Pb, and Pd are observed for each of
the four properties studied. In free-electron-like models,
dln[N(E~)]/dlnV= —', , din(U )'~ /dlnV= ——,, m, is
independent of volume, and, as mentioned, q =1. Figures
1—4 show that only Au is close to free-electron-like
behavior, while none of these properties scales with
volume in such a simple way for the other elements stud-
1ed.

There are few results in the literature for band-structure
properties under pressure, and in these cases the volume
reductions used are usually large. An exception is the cal-
culation of the effect of pressure on the Fermi surface of
Au by Ramchandani, where reduced volumes of 98.5%
and 97%%uo, respectively, were used. Unfortunately N(EF)
or other average Fermi-surface properties were not calcu-
lated. The Fermi energy was given in Ref. 36, however,
and from two data points we calculate d 1nEF /
d ln V= —2. 1+0.2, which can be compared with our
average value of —1.96+0.1 from five reduced volumes.
The Fermi velocity for Li was calculated at 10% volume
reduction, from which we deduce a small value for
d jn(u )'~ /d lnV of 0.12, in fair agreement with our re-
sult of 0.04 from Fig. 2, for smaller compressions.

The calculation of mop for Al at large volume reduc-
tions would suggest that m, ~ increases faster than
linearly with larger reduced volume. From Fig. 3 we ob-
tain d lnm, ~/d ln V= —0.6, while, from Ref. 35,
AUl p VQ /Ul pA VQ is —2, —2.6, and —3.5 at 10%, 20%,
and 30% volume reduction, respectively. There is also a
calculation of pressure-dependent properties of Al which
confirms that q for Al is small. From Fig. 2 in that pa-
per the variation of co is nonmonotonic over a pressure
range corresponding to b, V= —5%%uo, but an upper limit of
q would be about 0.2. The pressure dependence of N(EF)
will be discussed in Sec. VI in connection with the elec-
tronic Gruneisen parameter y, .

V. A(p)

Some results have been collected in Table V, from
which the pressure dependence of A, (p) can be calculated
from Eq. (3). q was evaluated from the slopes of the
straight lines in Fig. 4. Our older measurements of B for
Al supplement the present calculation of q, and the re-
sults for 8 and q of Nb are also given for comparison.
Since there is some useful information available about q
for V and La, our previous results' for B of these metals
have also been included.

With the compressibility ~ = —b V/( Vop ), the low-
pressure limit of Eq. (3) can conveniently be written as

0 ink =8+~(q ——, ) .1

Gap
(8)

The values calculated from Eq. (8) are listed in Table V.
For the superconducting elements these results can be

compared with measured properties. We choose to com-
pare them with the measured T, (p) and use the following
simplified method. T, (p) for each element is calculated
from McMillan's formula,

r

8 1.04(1+A, )

1.45 A, —p*(1+0.62K, )
(9)

where 8 is the Debye temperature and p* the Coulomb
pseudopotential. A, (p) is taken from Table V and we as-
sume that

and

p' =const (10)

8(p) =8(0)(1+y Girp ) .

yG is the Gruneisen parameter. For each element, yG is
taken from Ref. 30 and ~ according to Table V, and a
combination of 8, p", and A, (0) is chosen which is in
agreement with accepted values and reproduces the ob-
served zero-pressure T, in Eq. (9). These values are
shown in Table VI. The calculated change of T, at 1

GPa, b, T, = T, (1 GPa) —T, (0 GPa), is compared to the

TABLE V. Results for d ink, /dp. Unfootnoted values are from the present work.

B K

Element (10 GPa ') (10 GPa ')

AT, =T, (1 GPa) —T, (0 GPa)
d ink/dp Calculated Observed

(10 GPa ') (K) (K)

Li (bcc)
Al
V
Nb
Pd
La (dhcp)
Au
Pb

+7.4
—4.25'
—1.61"
—1.56'
—1.88
—0.81"
—2.79

—13.86

8.00"
1.26'
0.70
0.68'
0.53g

4.06'
0.67'
2 36'

0.70
0.35
16
1.95'
1.87
2.6+0.2'

1.03
1.69

+ 10.3
—4.2
—0.7
—0.5
—1.1
+8.4+0. 8
—2.3

—10.7

—0.26
—0.07

0'

+ 1.1+0.1

—0.34

—0.28"
+0.06'
—0.02

+ 1.3"

—0.36'

'Reference 6.
Reference 1.

'Reference 2.
"Reference 10.
'Reference 38.

'Reference 39.
References 30 and 40.

"Reference 41.
'Reference 42.
'Reference 43.

"Reference 44.
'Reference 45.

Reference 46.
"Reference 47.
'Reference 48.
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TABLE VI. Zero-pressure parameters for the superconduc-
tors in Table V.

Al
V

Nb
La
Pb

2.1

1.5
1.74
0.7
2.8

O(0)
(K)

430
4oo'
28Ob

142'
75'

0.10
O. 13b

013
0.13"
0.105'

0.384b
o.6b

0.815
0.85"
1.55'

'Reference 30.
Reference 49.

'Reference 50.
"Calculated from Eq. (9).

A. Aluminum, niobium,
' and lead

For these elements there is good agreement between the
calculated and observed T, (p). For Nb and Pb the
discrepancies between the observed and calculated T, in
Table V are both within the variation which may occur
due to different choices of zero-pressure parameters. This
was discussed previously for Nb and is illustrated for Pb
by the results of Clark and Smith. They find
d ink, /d lnV=4. 2 from their observed T, (p) arid
McMillan-like zero-pressure parameters, while we find a
slightly smaller T, depression than observed by them
from d Ink, /d ln V=4. 5 in Table V and tunneling parame-
ters in Table VI.

For Al it was previously found empirically that q =0.
The measured pressure dependence of dR/dT, including
terms of order p, gave excellent agreement with observed
T, (p) data up to about 4 GPa. With the present calcula-
tion of q, this agreement is only slightly lessened. At
higher pressures the values of AT,"" obtained with
q=0. 35 and the previous resistivity results can be com-

observed AT, in the last two columns of Table V.
A correction to this model is the expected small de-

crease of p* with pressure which will lead to an increase
of the calculated T, at 1 GPa. One possibility of estimat-
ing this effect is based on a Thomas-Fermi model of p*
by which Smith obtained

d Inp*/d ln V=0.27[d In[N(EF)]/d lnV] .

A similar result is obtained by scaling a semiempirical fit
of values of p* to a function of N(EF). ' As an example,
we recalculated AT, in Table V with the Thomas-Fermi
expression for p*, d ln[N(EF)]/d lnV for the supercon-
ductors of Table VII below, d In[N(E~)]/d lnV=1. 1 for
fcc La, and a rough value of 1.8 for V. ' The following
results are then found [element, b, T, (K)]: Al, —0.26; V,
—0.06; Nb, +0.02; La, +1.16; Pb, —0.33.

The differences between these numbers and those in
Table V are small, smaller, e.g., than those resulting from
different reasonable choices of zero-pressure parameters
and other element-specific considerations which are dis-
cussed below. By using one simple and common method
to calculate AT„asin Table V, we emphasize the general-
ity of our method to obtain A,(p).

B. Vanadium

The band-structure calculation ' of q for V is not com.-
pletely comparable to our later results since corrections to
the atomic-sphere approximation were not applied and,
furthermore, large volume reductions up to 25% were
used. The reason for the discrepancy between the calcu-
lated and observed hT, in Table V, however, is, most like-
ly not due to an inaccurate value of q but rather to spin
fluctuations. Our result for q is confirmed by unpublish-
ed work. "

Spin fluctuations have long been expected to influence
the properties of V. A range of different values of the
paramagnon coupling constant A,, has been suggested,
such as 0.38, 0.34, 0.07, or roughly 0.2+0. 1.
Apart from the magnitude of A,

„

it is also unclear how to
account for the depression of T, due to k, . One approach
used frequently is based on rescaling of all parameters in
McMillan's equation, yielding expressions of the type

1.04( 1+k+ k,, )
T, = exp

. 1.45 k —A,, —p" (1+0.62K, )
(12)

The pressure dependence of X, can be estimated from '

IN(Ep)
A,, =4.5IN(Ep)ln 1+

12 1 IN(Ep)— (13)

where I is the exchange-correlation integral and v a cutoff
parameter. It was argued that Eq. (12) and similar ex-
pressions overestimated the effect on T, due to k„and
that a third square-well potential, characterizing the
paramagnon spectral function, had to be introduced in ad-
dition to the electron and phonon cutoff frequencies in
conventional expressions for p*.

We have attempted to estimate T, (p) both from Eq.
(12) and a simplified version of the formalism of Ref. 59.
We chose A,,(0)=0.2 and took I and N (EF ) from Ref. 19.
By Eq. (13), this required v=0.73, which is a reasonable

pared to the experimentally observed depression AT,'" '

from Ref. 44 or Ref. 53 by the following sequence of
values [ b, T—,""(K) and —b, T,'" '(K)]: at 2 GPa, 0.47
and 0.47; at 3 GPa, 0.64 and 0.64+0.03; at 4 GPa, 0.78
and 0.82+0.03, and larger differences at still higher pres-
sures. Apparently, the result for A, (p) is comparatively in-
sensitive to the value of q for Al. The good result for this
metal may instead be due to accurate higher-order terms
in both the compressibility and the pressure dependence of
dR/dT, Cin Eq. (1).

Pb is the only other metal where we have succeeded in
determining C. In this case, however, the calculated
depression of T, is significantly smaller than the ob-
served depression at higher pressures. This may be due
to our value of C, since a reduction of C by 25% is suffi-

~ cient to remove this discrepancy for pressures up to 4
GPa. Such a smaller value of C is not unreasonable since
the corresponding value deduced by us' from Bridgman's
data was even smaller. In the p term in the compressi-
bility of Pb there is a difference of a factor of 4 between
the results of Vaidya and Kennedy and those of Bridg-
man.
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(dP/dT)ob, (dP/dT)p)——,+(dP/dT), , (14)

it is seen that the phonon contribution (dp/dT)~q would
be somewhat larger than (dp/dT), b„and that this differ-
ence would decrease with pressure when spin fluctuations
are suppressed. Hence, 8 of Table V would-still be nega-
tive and of larger magnitude. . In this case, therefore, the
conclusion would be reinforced that the increase with
pressure of T, of V is due to suppression of spin fluctua-
tions. If, instead, there is a small positive (dp/dT),
around O'C similar to what has been assumed for Pd,
then

~

B
~

would be smaller and this would lead to a de-
creased value of the estimated paramagnon coupling con-
stant A,

C. Lanthanum

For La the measurements' were performed on dhcp La,
while the band-structure calculations were made on fcc
La. Furthermore, the calculation of ~ under pressure
used highly compressed volumes far outside of the experi-
mental range. We calculated q from the results of Ref. 42
at the two reduced volumes used there and found q=2. 8
at b V/ Vo = —16% and q =2. 3 at b, V/ Vo ———27%. The
value for q in Table V is a rough average of these results.

There is, nevertheless, rather good agreement between
the calculated and observed AT, for La. In view of the
poorer compatibility between theory and experiment for
this metal, this agreement should not be overemphasized.
The results suggest that our model for X(p) is valid for La
and that different crystal structures do not appear to have
a strong influence on the result for q of this element.

value. I was assumed to be independent of pressure, while
the rough value for d in[%(EF)]/d lnV of" 1.8 was used.
This gives the pressure dependence of A,, by Eq. (13).
A,(0)=0.98 yields the correct T, (0) in Eq. (12), and the
pressure dependence was taken from Table V. Equations
(10) and (11) were used for 0 and p*, with p" =0.13.
With these assumptions, AT, at 1 CxPa changed from
—0.07 to +0.27 K. To compare Eq. (12) with the theory
of Leavens and MacDonald, we use—as much as is
possible —identical parameters and a number of additional
assumptions. The effect on AT, is then smaller. We ob-
tain AT, =+0.13 K.

Unfortunately, the model parameters are not known ac-
curately enough to calculate a reliable value of A, These
examples illustrate that such a calculation is possible in
principle. The pressure-induced increase of the T, of V
may thus be due to the decrease of the destructive influ-
ence of spin fluctuations. This effect is apparently some-
what stronger than the weak decrease of A, with pressure
obtained in Table V.

So far we have neglected the possibility that the ob-
served (dp/dT), » is modified by a spin-fluctuation con-
tribution (dp/dT), . This problem is not resolved and dif-
ferent theories have suggested different forms and even
different signs of ( dp/d T), . If an analogy can be
made with the A1Mn system, then the (dp/dT), of V is
negative and numerically much smaller, below about 2/o
of dp/dT. Writing

D. Lithium

It is well known that Li undergoes a martensitic
transformation at a temperature Tj of about 75 K. T~
increases with pressure, although slowly, and our experi-
ments are completely within the bcc phase. Below T& the
structure is complicated. Li transforms partially to a
close-packed structure, hcp or fcc, by a fraction which de-
pends on temperature and sample treatment.

Such complexities are usually neglected in calculations
of electronic properties. This may be justified from the
often observed similarity between average electronic prop-
erties of elements and alloys in different crystal structures.
There are notable exceptions to this similarity, however.
Therefore our result for A,(p) of bcc Li should be regarded
as an indication only of the properties of real Li at low
temperatures. In addition, we, of course, expect our result
to be valid for the untransformed fraction of an experi-
mental sample.

The result for A,(p) of bcc Li in Table V shows that A, (p)
and hence also T, (p) are expected to increase with pres-
sure. This conclusion is the opposite of that reached by
Bose and Gupta, who predict a large decrease of T, with
increasing p. Their result was based on the traditional re-
lation d Ink, /d ln V= 2yG, however. If d 1nl, /d ln V is cal-
culated from Table V and compared to 2@& for the super-
conducting elements in Table VI, it is seen that this rela-
tion is clearly inadequate.

The absence of superconductivity in Li at zero pressure
above 6 mK is an unsolved problem. Various different
results suggest X=0.4, which would correspond to a T,
of about 1 K with conventional parameters in the McMil-
lan formula, Eq. (9). A possible reason for this failure is
charge-density-wave —spin-density-wave mixing. ' Pres-
sure may inhibit such mixing and, furthermore, as we
have shown, increase A, . It therefore seems that a low-
temperature pressure experiment may promote supercon-
ductivity in Li.

E. Palladium

The result for d ink/d lnp of Pd shows that A, decreases
comparatively slowly with pressure. N (EF ) decreases
with pressure as in Fig. 1. Consequently, the spin-
fluctuation contribution A,, is expected to decrease signifi-
cantly with pressure. To further investigate this question,
we extended the band-structure calculation for Pd to
higher volume reductions. The results are shown in Fig.
5.

N(E~) continues to decrease with decreasing volume,
more rapidly in the region from 5% to 8% volume reduc-
tion and leveling off at smaller V/Vo. We do not know
the reason for this steplike behavior of K(EF). Possibly,
it is an artifact of the calculation, e.g. , the slope of a flat
part of an energy band may appear to increase too rapidly
with pressure if the integration net were insufficiently
dense. If so, the curves for N (EF ) and ( U ) ' ~ in Fig. 5
should be drawn more smoothly to average errors of about
5%. On the other hand, mop and ~, which contain aver-
ages of v, are both linear in V to within l%%uo. Further-
more, from the results of Ref. 16 at reduced volume, there
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FIG. 5. Fermi-surface properties of Pd as functions of re-
duced volume normalized to their zero-pressure values.
X(EF) from this work; 4, X(EF) from Ref. 16 (also see Ref.
72); ~, ( U ) '~ from this work; g, m, ~ from this work; o, co

from this work.

A,, =4.5ln
1

3[1 IN(Ep )]— (15)

and T, was calculated from Eqs. (9), (10), and (12). With
these assumptions, the maximum in T, in Fig. 6 would
correspond to about 150 mK at 17 GPa.

Such an estimate is very uncertain. This can be illus-
trated by using the theory of Leavens and MacDonald
instead of Eq. (12). We take A, (0)=0.41, (1 IN) '=6-
at p =0, and I independent of pressure. The further as-
sumptions are the same as those used above for V. With

is some support for a strong reduction of N (EF ).
This strong decrease of the density of states under pres-

sure should lead to suppression of spin fluctuations and
possibly to superconductivity under pressure. A hy-
pothetical phase diagram is illustrated in Fig. 6. The
steep rise in T, would reflect the vanishing spin fluctua-
tions and the decrease at high pressures would correspond
to the continued decrease of k.

This suggestion was investigated recently in a brief re-
port. /I was extrapolated to higher pressures in two
ways, viz. , linearly in V and linearly in p using high-
pressure compressibility results. It seems likely that a
linear extrapolation in p overestimates the depression of A, .
Furthermore, A,, was estimated from a simple one-
parameter expression,

FIG. 6. Hypothetical phase diagram for Pd.

A,, from Eq. (15), the maximum T, would be about 200
mK. If Eq. (13) is used for A,„onecan adjust v so that A,,
fits specific-heat data. This is roughly obeyed for v= —,,
with A.,(0)-0.4. ' In this case, T, '" is about 60 mK.
The pressure at T, '" would be about 17.5+1,5 GPa, with
some uncertainty mainly due to questions about the de-
tailed volume dependence of N(EF).

If there is a contribution from spin fluctuations to the
resistivity of Pd around 0 C, this analysis will be modified
as discussed above for V. From the treatment of Pinski
et al. , a small and positive (dp/dT), of about 2% of
dp/dT in this temperature region would seem reasonable.
If such a term is present the observation of superconduc-
tivity under pressure would be somewhat favored, with an
increased estimate of T, '" and a smaller required pres-
sure.

From measurements of the magnetic susceptibility 7 of
Pd under pressure, it was inferred that the Stoner
enhancement factor S=[1 IN(EF)] —' should decrease
only slightly with pressure. Even when the volume
dependence of A, is included in this analysis, the pressure
dependence of S is much smaller .than found presently.
We do not understand the reason for this discrepancy.
Our result, however, is in qualitative agreement with the
observed strong enhancement of I of Pd in Au-Pd-Au
sandwiches, and with the calculated finite magnetic rno-
ment of expanded Pd. Furthermore, we find good quan-
titative agreement with the observed electronic Griineisen
y, as discussed in the next section.

One must also consider the possibility of breakdown in
the assumption dA, /dp=dA, „/dp, which was implied in
Eqs. (3) and (8). Careful calculations support the
stronger statement that A, =/I„.Recently, it has been ar-
gued that this agreement is accidental for Pd, and that
superconducting and transport properties are defined by
different parts of the Fermi surface. The electron-phonon
matrix elements between electron states on different sheets
of the Fermi surface, which contribute to dp/dT, may
change differently with pressure than the matrix elements
of k between predominantly d states. However, the dom-
inant contribution to the pressure dependence of k and A,

„

is due to the shift of the phonon frequencies. Although
these frequencies are averaged in different ways in k and
k„,the pressure dependence of these averages is similar
unless there is a significant mode dependence in the
Gruneisen parameter yG. Therefore it seems likely that
the qualitative nature of the proposed hypothetical phase
diagram, Fig. 6, will not be affected. The coordinates of
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the maximum T, may shift, however, and further work is
required to determine this shift.

F. Gold

For Au the result for d ink, /d p gives a moderately
strong decrease of k with pressure. Au is a candidate for
superconductivity at ultralow temperatures. The result
for A, (p) would therefore imply a strong relative decrease
of the T, of Au with pressure. If A(0)=0.24 and

p =0.125, then T, is of order 0.1 mK at zero pressure
and one would expect a 50% decrease of T, already below
1 GPa.

where the right-hand member may be directly measured
e.g., in a thermal-expansion experiment. Such a compar-
ison is thus a consistency check on three independent
sources of information, viz. , our band-structure calcula-
tion of N(EF) and q, the measurements of B, and the
low-temperature thermal-expansion experiment.

This comparison is shown in Table VII
d In[N(E+)]/d ln Vis obtained from Fig. 1. %hen N(E~)
varies linearly with volume, the slope of this line has been
evaluated. For Al and Pb we have used the data at
V=0.99Vo and the accuracy is therefore lower. The fac
tor A, /(I+~) is evaluated from Table VI and A(0)=0.4
for Li, 0.41 for Pd, and 0.24 for Au. The volume
derivatives of A, are calculated from A, (p) and v in Table
V.

For Li there are apparently no low-temperature
thermal-expansion experiments, ' nor have we found any
results for dln[N(EF)]/dlnV. For Al the experimental
y, =1.60 seems to be well established. ' Results -for y,

TABLE VII. Results for y, .

Element
d ln[N{EF)]

d lnV
A, d ink,

1+A, d lnV

Pe
Thermal

Calc. expansion

L1
Al
Nb
Pd
Au
Pb

0.25
0.09+0. 1

1.1'
1.67
0.63
0.82+0. 1

—0.37
0.93
0.31
0.57
0.67
2.75

—0.12
1.02
1.41
2.24
1.3O

3.57

1.60
1 ' 5
2.22
1.6
1.7

'Reference 2.
"Reference 81.

VI. y,

The results for the volume dependence of N(E~) and A,

permit the calculation of the electronic Griineisen param
eter y, . At a low temperature one has

d ln[N(EF)]
d lnV 1+A, d lnV

+

from other experiments show considerable scatter, but
are generally larger than our calculated result. As men-
tioned, our result for A, (p) agrees well with that expected
from the observed T, (p). Therefore we must suspect
that our result in the low-pressure region for
d In[N(E+)]/din V of Al is too small. For Nb and Pd
there is excellent agreement between calculated and ob-
served y, 's. Also, for Au the agreement is quite satisfac-
tory. A calculation of din[N(EF)]/d lnV for Au gave
1.23, which overestimates the experimental y, by about
the same amount that our result underestimates it.

Pb is the only case in Table VII where there is a serious
discrepancy between calculated and observed y, 's. In this
case the thermal-expansion result is less accurate due to
the low 0 and large lattice Griineisen parameter yG, and
more precise measurements were found to be necessary.
From both the pressure dependence of the critical field
and the volume change at T, larger values of y, were
found, viz. , 4.6+0.8 and 3.1+0.8, respectively. Our re-
sult is within these values and confirms the high value of
y, for Pb.

In concluding the discussion of our results for y„we
find satisfactory agreement with direct experimental re-
sults in all cases except perhaps for Al. This observation
gives further support that our results for N(EF), q, and B
are consistent.

VII. CONCLUDING REMARKS

The main result of this paper is the demonstration of
the usefulness of Eq. (8) to study the pressure dependence
of A, . For this purpose we have obtained accurate mea-
surements of the electrical resistance of Li, Pd, Au, and
Pb as a function of pressure and temperature in a region
around O'C and band-structure results for these metals
and for Al including the volume dependence of N(EF),
m.p, &U')'", and co.

It is found that Eq. (8) provides a straightforward way
of obtaining d Ink, /dp that appears to be very general.
Together with our previous results and published results
for co of La, we have investigated five superconductors,
i.e., Al, Pb, V, Nb, and La, and in all cases the change of
T, with pressure calculated from our results for A, (p) is
rather close to the experimental observation. In this cal-
culation we have used accepted values of p*, A,(0), yG,
and 0, but there is no further element-specific assump-
tion. In fact, except for La and V, the agreement with the
experimental dT, /dp is within about 0.02 K/GPa and we
have argued that spin fluctuations for V and the La calcu-
lation of q are likely reasons for the larger discrepancies
in these cases. In particular, our result for A, (p) of V sug-
gests that the small increase of T, with pressure for this
metal is due to suppression of spin fluctuations. As
demonstrated by the results for Nb, one can also obtain
small pressure variations from Eq. (8), smaller, e.g., than
those resolved in tunneling experiments.

The electronic Griineisen parameter y, was calculated
from the volume dependence of N(EF) and A, , and com-
pared to literature results of low-temperature thermal-
expansion measurements. The agreement is generally
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good, which gives further support to the consistency of
our theoretical and experimental results. For Al, howev-
er, this agreement is somewhat less convincing.

The method of determining d in', /dp is not limited to
superconductors. We have obtained results for Au, Pd,
and Li. For Au it is found that A, (p) decreases with pres-
sure. For Pd and bcc Li it is predicted that pressure may
induce superconductivity.
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