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McMillan’s theory of the transition temperature of strong-coupling superconductors is extended to
allow calculation of pressure effects on 7'; from measured shifts in the transverse and longitudinal peaks in
the phonon density of states. Using multiple-cutoff Lorentzians as a model for the phonon spectrum, we
show that the pressure dependence of a,?, the square of the electron-phonon coupling strength for the
phonon mode », can be expressed largely in terms of pressure-induced shifts in the phonon peaks and that
the remaining dependence can be calculated using pseudopotential theory. The results are evaluated for
Pb using pressure data from two different electron-tunneling studies. When the data of Franck and Keeler
are applied to the theory, the results are in good agreement with experiment. However, data from the
work of Zavaritskii ef al. yield a value of the pressure dependence of T'; which differs by more than a factor
of 2 from that found experimentally. In addition to these results, we have used our pseudopotential calcula-
tion to evaluate ,? and find for Pb a2=1.28 meV and a;2=1.36 meV. These values compare favorably to
a2=1.11 meV and a;?=1.34 meV which have been calculated directly from tunneling data by McMillan

and Rowell.

I. INTRODUCTION

HE effect of pressure on the superconducting tran-
sition temperature has been studied experimen-
tally for a large number of materials.! One might hope
that the effect could be explained from first principles
through direct examination of the self-energy equations
of strong-coupling superconductors.?* However, it is
generally appreciated that the equations themselves are
difficult to solve, and that many trial solutions are re-
quired in order to'sort out the relative significance of the
different properties of the normal state which enter the
theory.

The problem of calculating 7. has been approached
by McMillan* from a semiempirical point of view, and
he found that the transition temperature of a strong-
coupling superconductor can be approximated in closed
form as a relatively simple function of the Coulomb in-
teraction, the electron-phonon coupling strength, and
the phonon spectrum. Olsen, Andres, and Geballe® have
recently shown that McMillan’s general results can
be used to estimate the pressure dependence of T..
Their predictions are in qualitative agreement with
experiment for a number of non-transition-metal
superconductors.

In this paper, we examine in some greater detail the
effects of pressure on McMillan’s expression for 7°; and
apply these results to Pb using appropriate models for
the phonon spectrum and the electron-phonon interac-
tion. We show that the pressure dependence of o?, the
strength of the electron-phonon interaction, can be ex-
pressed largely.in terms of}pressure-induced shifts in

1 M. Levy and J. L. Olsen, in High Pressure Physics, edited by
by A. Van Ttterbeek (North-Holland Publishing Co., Amsterdam,
1965).

2V. Ambegaokar and L. Tewordt, Phys. Rev. 134, A805
(1964).

3D. J. Scalapino, Y. Wada, and J. C. Swihart, Phys. Rev. Let-
ters 14, 102 (1965).

4+W. L. McMillan, Phys. Rev. 167, 331 (1968).

5 J. L. Olsen, K. Andres, and T. H. Geballe, Phys. Letters 264,
239 (1968).
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the phonon spectrum, and that the remaining depend-
ence can be evaluated in terms of pseudopotential
theory. The pressure dependence of 7', is evaluated for
Pb using experimental data for pressure-induced shifts
in the transverse and longitudinal peaks of the phonon
density of states. We also make use of our pseudopoten-
tial calculation to obtain an independent estimate of 2.

II. THEORY

By fitting to experimental data a theoretically moti-
vated form of an expression for 7', for strong-coupling
superconductors, McMillan showed that a wide range
of metals and alloys obey the approximate relationship®

@ 1.04(1+))
T.= CXPI: :I ’
1.73

A—u*(14-0.62))
where w, is the upper cutoff frequency (in units of °K)
of the phonon density of states, and p* is the Morel and
Anderson” pseudopotential describing Coulomb cou-
pling. A is a dimensionless electron-phonon coupling
constant defined by ' :

)

3 3 we dw
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where o,(w) is the strength of an average electron-
phonon interaction, and F,(w) is the phonon density of
states for the phonon mode ».

We adopt the point of view that Eq. (1) is essentially
correct and examine the relationship between pressure-
induced changes in 7', w., and \,. Since the same value
of u*=0.1 is appropriate to all the polyvalent metals,*
we expect this parameter to be independent of pressure.
Taking the logarithmic derivative of Eq. (1) and sub-

6 This expression differs from Eq. (18) of Ref. 4 in that we have
used w, in place of Debye 6, this being closer in form to the original
theoretical solution [see Eq. (15) of Ref. 4].

7 P. Morel and P. W. Anderson, Phys. Rev. 125, 1263 (1962).
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stituting this value of p*, we find

dInT, dlnw, | 1.23 3 d\,

T .
apP dP  (A\—0.11)2 » 4P

©)

To proceed further requires a specific model of the
phonon spectrum. Thus, from this point onward we shall
restrict our discussion to the case of Pb. We obtain an
analytic expression for A, for Pb by assuming the
multiple-cutoff Lorentzian model of Scalapino, Schrief-
fer, and Wilkins?® for the phonon density of states:

Fy(w) =A,[

)
(@—wr)?(@7)? () 4()?d’

]w—wl”l <wg

lo—wr|>wy (4)

iri ws” wg’ -1
A y= —I:— arctan— —'_‘——']
2L wy’ w?  (09)?F (05")? .

normalizes F,(w); and wi!=4.4 meV, wy!=0.75 meV,
wit=1.5meV, w1'=8.5 meV, wy!=0.5 meV, and w;'=1.0
meV have been chosen to approximate the phonon spec-
trum as determined by inelastic neutron scattering data
on Pb.? If @,% is assumed to be independent of frequency,
then Eq. (2) can be integrated directly,

20,24, wy’ w3’
A\ =————1 2— arctan—
(wr)?+ (w)L wy’ wy’

Wi’ 2__ wa’ Z Wi’ ws”
_(( )2 —( 3))ln( ’+ 3>:| )

(@) (wg)? wy’ —wg”
Substituting values of o,? derived from tunneling data!®
(a2=1.11 meV and o;?=1.34 meV), we find \,=0.51
and A\;=0.32. The fact that we obtain >_,%\,= 1.34 using
the tunneling ,?’s and the cutoff Lorentzian model for
F,(w), as compared to A=1.3320.02 calculated from
o?(w)F(w) derived wholly from tunneling data,® is an
indication that this phonon model is well suited to our

purposes. '

To determine the pressure dependence of A,, we make
the simplifying assumption that only «,? and the center
of the Lorentzian distribution wy” are shifted by pres-
sure. Then

8 D. J. Scalapino, J. R. Schrieffer, and J. W. Wilkins, Phys. Rev.
148, 263 (1966). L : .

9 B. N. Brockhouse, T. Arase, G. Caglioti, K. R. Rao, and A. D.
B. Woods, Phys. Rev. 128, 1099 (1962).
a ;06;;7 L. McMillan and J. M. Rowell, Phys. Rev. Letters 14, 108
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With the assumed values of w,’, the approximation
made in obtaining Eq. (7) from Egs. (5) and (6) is ac-
curate to within 3%,. ‘

To calculate d Ine,?/d P, we examine the first moment
of a,%(w)F,(w), which can be evaluated in terms of our
phonon spectrum model

00

IyE / avz(w)Fv(w)wdw =ay2w1y . (8)
Therefore, ’
dna,? dlInl, dIlnwy

ap apP apr

9

Our motivation in relating a,? to 7, is twofold. First, as
we shall see below, the pressure dependence of 7, can be
calculated in a reasonably straightforward fashion from
pseudopotential theory. Second, from general arguments
presented in Sec. V of McMillan’s paper, we expect 7, to
be only weakly dependent on pressure, and our calcula-
tion in the Appendix bears this out. Thus, since ¢ Ina,?/
dP is determined largely by d lnwy’/dP in Eq. (9),
errors introduced by approximations made in our
pseudopotential calculation of & Inl,/dP are of only
minor importance to our final result.

Substituting Eqgs. (7) and (9) into Eq. (3) gives the
main result of this paper

dInT, dlnw,
P dP

1.23 3 dInl, dlnwy
+ > xp( 2 ) (10)
0—0.112 5 "\ ¢qp P

The least accessible term in this expression is d InZ,/
dP. McMillan has noted that 7, is independent of pho-
non frequencies and can be expressed in terms of the
screened ionic pseudopotential

N(O) 2kF \
Iv—?ﬂ}‘ . ((eg @)?av

X ertalolkn)l iy / [

2kF

qdg, (11)

where V(0) is the electronic density of states per atom
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TaBLE I. Comparison between values of «,2 in meV calculated
from experiment and values calculated from various mathematical
models.

Derived from Calculated by This work This work

Phonon tunneling ~ SWSP using using using

mode data® B=160° £=46.0 B=60
Transverse 1.11 1.05 1.28 1.08
Longitudinal 1.34 1.98 1.36 1.49

» Reference 10. b Reference 3. ¢ In units of Ry (a. u. of volume).
at the Fermi surface, M is the ionic mass, k5 is the Fermi
wave number, &4 is the phonon polarization unit vector,
and (g4 q)? is averaged over the angular distribution of
q. (krt+q|w|kr) is the screened electron-ion pseudo-
potential form factor connecting two points on the
Fermi sphere. Calculation of the pressure dependence
of I, is shown in the Appendix, where we find d InI,/dP
=—0.1X10"% bar~! and d Inl;/dP=1.9X10"¢ bar~.

III. RESULTS AND DISCUSSION

The pressure dependence of the phonon density of
states in Pb can be obtained from the recent experi-
mental work of Franck and Keeler. Their data are par-
ticularly appropriate to this discussion, since they used
the same experimental apparatus to measure pressure-
induced shifts in both the phonon spectrum?!! and in 7'.!?
of Pb films. Thus, any systematic error that may have
occurred in their determination of the pressure will
cancel in all terms of Eq. (10), except the term & InZ,/dP
which is small to begin with. Franck and Keeler’s pho-
non results are d Inw!/dP=(5.320.7) X 10~® bar~! and
d Inw!/dP=(7.0£0.7)X107% bar~.. As pointed out by
these authors,!! these data imply values of the tempera-
ture-dependent Griineisen parameter which are in excel-
lent agreement with those derived from thermal-expan-
sion and heat-capacity data by White.!* The term
d Inw,/dP in Eq. (10) is evaluated by assuming that the
relative shift in w, is given by the relative shift in the
longitudinal peak. Equation (10) then predicts a pres-
sure-induced shift in the transition temperature
of d InT./dP=—5.0X10"% bar~. This is to be com-
pared to Franck and Keeler’s experimental value of
(—4.940.2) X10~¢ bar~'. Experimentally determined
values of d InT./dP for bulk Pb are (—S5.2740.10)
X106 bar~! as measured by Garfinkel and Mapother!*
and (—5.3720.17) X107% bar~! as measured by Smith
and Chu.1®

More recently, Zavaritskii, Itskevich, and Voronov-
skii!6 have published additional tunneling data on the

11 J, P. Franck and W. J. Keeler, Phys. Letters 254, 624 (1967).

127 P. Franck and W. J. Keeler, Phys. Rev. Letters 20, 379
(1968).

13 G. K. White, Phil. Mag. 7, 271 (1962).

14 M. Garfinkel and D. E. Mapother, Phys. Rev. 122, 459
(1961).

15T, F. Smith and C. W. Chu, Phys. Rev. 159, 353 (1967).

18 N. V. Zavaritskii, E. S. Itskevich, and A. N. Voronovskii, Zh.
Eksperim. i Teor. Fiz. Pis’'ma v Redaktsiyu 7, 271 (1968) [English
transl.: Soviet Phys.—JETP Letters 7, 211 (1968)].
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pressure dependence of the phonon peaks of Pb. They
found d Inw!/dP= (10.1£1.4)X10~¢ bar~, d Inw'/dP
=(7.05£0.7) X10~% bar!, and d Inw,/dP=(7.141.4)
X 10~¢ bar~. The large discrepancy between their value
of d Inw!/dP and that found by Franck and Keeler is
not understood. Furthermore, Zavaritskii’s data imply
a low-temperature Griineisen parameter!® which is
larger by a factor of 2 than that calculated from thermal-
expansion data.!®V” Using Zavaritskii’s results in Eq.
(10), we find d InT,/dP=—12.9X 10~ bar~!, in poor
agreement with experiment.

We note that, in addition to its use in evaluating the
pressure dependence of T, Eq. (8) can be used to obtain
an independent theoretical estimate of ;% For this pur-
pose the “band structure” value!® of N(0), obtained
from the electronic heat-capacity coefficient, is used in
the calculation of 7, in the Appendix. We find a?=1.28
meV and a;?=1.36 meV. These results are to be com-
pared to those calculated! from experimental tunneling
data noted earlier: a?=1.11 meV and o?=1.34 meV.

Perhaps it is worthwhile to comment on the differ-
ences between our results and previous values of a:?
=1.05 meV and a;2=1.98 meV calculated by Scalapino,
Wada, and Swihart® (SWS). These authors also em-
ployed the pseudopotential approach, but in a some-
what different scheme in which they calculated a.?(w)
as a function of w. The results quoted are this function
evaluated at the frequencies of the respective peaks in
the phonon spectrum. A particularly significant differ-
ence between the calculations is that SWS used a value
of 8=60 Ry (a. u. of volume) in the point-ion model of
the bare ion pseudopotential [see Eq. (A7)]. This was
determined from early calculations by Harrison!? of the
pseudopotential form factors for Pb. Our value of
B=46.0 Ry (a.u. of volume) was also obtained by
Harrison,?° but by curve fitting to later and more de-
tailed calculations by Animalu and Heine.?! In order to
investigate the sensitivity of our results to this param-
eter, we recalculated o,2 using 3=60 Ry (a.u. of volume)
obtaining e;*=1.08 meV and o= 1.49 meV. The differ-
ent results are summarized in Table I.
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APPENDIX: PRESSURE DEPENDENCE OF [,

We derive here the pressure dependence of I, prin-
cipally from consideration of the ionic pseudopotential.??

17 J. G. Collins and G. K. White, in Progress in Low Temperature
Physics, edited by C. J. Gorter (North-Holland Publishing Co.,
Amsterdam, 1964), Vol. 4.

18 See Sec. IV of Ref. 4 for a discussion of this parameter.

19 W. A. Harrison, Rev. Mod. Phys. 36, 256 (1964).

20 W. A. Harrison, Pseudopotentials in the Theory of Metals (W.
A. Benjamin, Inc., New York, 1966), p. 57.

21 A, O. E. Animalu and V. Heine, Phil. Mag. 12, 1249 (1965).

22 In this section we rely heavily on Ref. 20, Chap. 2.
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FIRST NEAREST-

FIRST BRILLOVIN
ONE

Fi16. 1. Model of i space showing first Brillouin zone and six of
the first nearest-neighbor image spheres.

Since kr appears as a natural pressure-dependent vari-
able in Eq. (11), we begin by relating d Inl,/dP to
changes in this parameter. Expressing &r in terms of the
volume of a unit cell Q

kr=(372Z/Qy)'3, (A1)

we obtain
dlnl, 1 dlnl,
iP  BdInQ 3BI, dkp

1 kpdl,

(A2)

where B is the bulk modulus. For the purpose of evaluat-
ing the pressure dependence of I,, we assume that the
electronic density of states is given by its free-electron
value

N(0)=3Zm/ 2%k s* (A3)

where Z is the valence, and m is the electronic mass. In-
troducing this approximation and a change of the vari-
able of integration (n=gq/kr) into Eq. (11) we obtain

=

3Zm [*
8Mh2/0 ((en M) Dav| krta|w|kp)|2ndn. (A4)

Within the approximations to be given below,
((exv*M)?)av 1s purely a geometric factor, independent of
the scale of the atomic lattice. We therefore expect
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-SURFACE OF CONSTANT =7}

n" NEAREST-NEIGHBOR
IMAGE-SPHERE -

T1G. 2. Relationship between the parameters used in
the calculation of (sin2@)ay.

FBZ

((e*m)%)sy to remain constant under changes in
pressure.

To evaluate the pseudopotential contribution to (A4),
we assume that the self-consistent screening of the ion
by the electron field is carried only to first order, such
that the form factor can be written as a simple ratio

(kp+q|w|kp)= (krt+q|wo| kr)/eq, (AS)

where (kr+q|wo|kr) is the bare ion pseudopotential,
and ¢, is the static Hartree dielectric function

2me? /4—772 249
e,=14 n I + 1)
thﬂzkp\ 49 2—1q
=14f(n)/kr. (A6)

For the unscreened pseudopotential we use the point-ion
model in which the ionic forces are represented by a
Coulomb attraction outside a é-function hard core:

k¢’ (—47rZe2

3r?z\ %k p?

(kr-t-q| w0 ke) = +a> . @

We take the value 3=46.0 Ry (a.u. of volume) for the
strength of the core repulsion for Pb. This result was
obtained by Harrison by fitting the point-ion model to
more detailed calculations of the form factor by
Animalu and Heine.2! From this work Harrison also
deduced that 8 is relatively insensitive to changes in
ionic density. We therefore take 8 to be independent of
pressure.

I, can now be written explicitly in terms of k¢ by
using Eqs. (A5)—-(A7) in (A4):

Thus,

mk 4 2 (_4,’r62/772+k v2;3)2
I,= ’ / ’ (g 1)*avndn . (A8)
2 M h2Z /o [kp+f(n)]2
dl, kp® 2Tk 2 —4rxZe?/n?+kp*B) 42k B[ k —4xZe*/n?+kp?
mk g f Lkrt2f(n)](—4rZe?/n*+k*B)>+ 2k p*BLk r+ f(n) ](—4nZe?/n*+- FB)((s.,y-n)z)avndn. (49)
0

dkp 120M72Z

These integrals can be numerically integrated quite
easily on a computer if, for every value of ||, we are

Lert f(n) I

able to evaluate ((en:#)?)av. From the orthonormal

properties of €, we note that if ¢ is the angle between
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0 . . . . . L
06 08 10 1.2 14 16 18 20
= @I/K,
Fic. 3. sin?p averaged over the | 1| =constant surface as a func-
tion of |n|. The contribution from below the discontinuity at
|| =(@3)1® is due to overlap of first nearest-neighbor image

spheres into the FBZ. The discontinuity itself is due to a change in
normalization upon leaving the FBZ.

e, and 7, then _
((snt ) )av= %[«snil' 1))avt <(9ﬂtz' 7’)2>av:|

= %772<Sin2 §0>av y
((snl' 1'l)2>av= 772(1'— <Sin2¢>av) ,

and our problem is reduced to one of evaluating
(sin*¢)av.

To calculate (sin?¢),, we make two major simplifica-
tions. First, we assume that e, lies in a direction parallel
to n reduced to the first Brillouin zone (FBZ). That is
to say that only longitudinal phonons couple to electrons
via normal scattering processes. Then ¢ becomes simply
the angle between 1 and (n+K), where K is the recipro-
cal lattice vector necessary to reduce n to the FBZ.
Since Pb is a fcc structure in real space, its lattice in
reciprocal space is bee, and K must be some translation
vector of this structure. The length & of one edge of the
unit cell in reciprocal space is determined in reduced
units by noting that the volume of the cell, which con-
tains four electronic states per atom, is equal to that of
the Fermi sea of Pb, which has a valence of Z=4. Thus
b= (4m)/3 in units of g/kr. As our second approxima-
tion, we replace the FBZ by a sphere of equivalent vol-
ume in phase space. Since the FBZ occupies half of the
unit cell, the radius of this sphere is just 7o=(3)/? in
reduced units.

These simplifications provide a simple model which
determines the mechanics of the calculation. We envi-
sion in n space a set of slightly overlapping spheres of
radius 7o centered on the lattice points of a bec lattice

(A10)
(A11)
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as shown in Fig. 1. One of these points is taken as the
origin, and the sphere centered on it is the FBZ. All
other spheres are labeled as #th nearest-neighbor image-
spheres (each is an image of the FBZ translated by the
reciprocal lattice vector connecting the origin to its
center). For » falling within -a given image sphere, ¢ is
simply the angle between 1 measured from the origin
and 1 measured from the center of that sphere, as shown
in Fig. 2.

The average of sin?¢, for some value of |9/, is taken
over those portions of a spherical surface of radius |n|
which lie within image spheres

. 2w NoJS sin?e dQ,
(sin?@)ay= ,

Zn andﬂn

where N, is the number of #th nearest-neighbor lattice
points in the bec structure, and dQ, is an element of the
solid angle bounded by the intersection of the surface of
constant | 9| with an zth nearest-neighbor image sphere.
This approximation amounts to counting twice those
points in n space enclosed by two spheres (the overlap)
and neglecting points not enclosed by any sphere.
Using only simple geometric relationships, we find

/ sin%p dQ,
sin26 do

Omax
=2rK,? /
o Ka?+1?—2K,n cosb

™ l Kn'—"l I
—_— (KnZ —772)2 lnm
2K »9?

(A12)

7o

ALKk n+ 2K ) 1]

X[702_(Kﬂ_7l)2] ’

Omax
/d9n=27r/ sinf df=
0 2

where K, is the length of the #nth nearest-neighbor
reciprocal lattice vector. Using these forms, (sin?¢)ay
is readily evaluated, and the results are plotted as a
function of |n| in Fig. 3.

Equations (A8) and (A9) can now be integrated nu-
merically for substitution into (A2). Using White’s
value of the bulk modulus (B=4.88X10% bar) calcu-
lated from elastic-constant data, we find d Inl,/dP
=—0.1X10"% bar~! and d Inf;/dP=1.9X107% bar%.

(A13)

Knn[ro2 —(Ka—n)*], (A14)



