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Using many-body techniques, we evaluate the three dielectric screening functions of a free-electron gas
including exchange self-energy and exchange ladder bubble diagrams. The three dielectric functions are
et (x, w), (%, o), and e, (x, w), appropriate for screening the interaction between an electron and a test
charge, between a pair of test charges, and between a pair of electrons. An approximation for integrals of
the screened exchange interaction previously used by Hubbard and by us enables us to evaluate the di-
electric screening functions for all values of wave vector x and frequency w. The form of e and e is similar
but not identical to that obtained previously using self-consistent-field techniques.

I. INTRODUCTION

VER since Lindhard! derived the dielectric screen-
ing function in the random-phase approximation
(RPA), there has been much effort expended toward
obtaining the dielectric function in approximations
beyond the RPA. In spite of this fact, no one has in-
cluded exchange effects in calculating something as
simple as the lifetime of an electron above the Fermi
surface of a metal [which depends only on an integral
of Im1/e(x, w) ]. The reason for this is that the extreme
difficulty of carrying the dielectric function beyond the
RPA has forced most workers to work in limits which
have no applicability to the electron lifetime problem.
DuBois? has calculated the contributions of the dia-
grams shown in Figs. 1(a) and 1(b) (with a bare
Coulomb interaction) to e(k,w) in the limit x—0.
Osaka3 calculated the contributions of all iterations of
diagrams in 1(a) and 1(b); a typical such diagram
being shown in 1(c). He used a Coulomb interaction
screened with a static RPA dielectric constant and
worked in the limit w=0, x—0. Glick? used a Thomas-
Fermi screened interaction in summing the same
diagrams as Osaka but was able to work in the some-
what more general limit x—0, «—0, but the ratio
r=k/w a free variable. Geldart and Vosko® obtained
II=«*(e—1) including diagrams of the form 1(a),
1(b), and 1(d). They used the full frequency-dependent
RPA screened Coulomb interaction but were only able
to obtain results in the »=0 and r=oc0 limits. They
showed that in order to satisfy their compressibility
theorem

C/Co=11"/T1,> (1)

to order 72 in the high-density limit, one must include
the diagram 1(d). In Eq. (1), C is the compressibility
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calculated from the Gell-Mann and Brueckner® result
for the correlation energy at high density, II® is the
r=co limit of II, and the subscript zero signifies the
RPA value. On the other hand, Glick* has demon-
strated that unless the complete set of ladder bubble

F1e. 1. Diagrams included by various authors in calculating
the dielectric constant. The doubly dashed line represents the
Coulomb interaction screened in the RPA or some approximation
of the RPA.

diagrams are summed (which Geldart and Vosko did
not do) the dielectric function will have an unphysical
singularity for = (2kp)~L

Hubbard® has suggested an approximation for the
sum of the ladder bubble diagrams which allows one to

6 M. Gell-Mann and K. A. Brueckner, Phys. Rev. 106, 364
(1937).
7 J. Hubbard, Proc. Roy. Soc. (London) A243, 336 (1957).
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estimate corrections to the dielectric function for all
values of x and w. Unfortunately, he made a computa-
tional error; he also neglected to include the exchange
self-energy correction, without whose inclusion the
ladder bubble diagrams yield an incorrect plasma fre-
quency. We? have recently, using self-consistent-field
(SCF) techniques, evaluated the dielectric function
including screened exchange matrix elements and the
exchange self-energy. Our calculation corresponds as
closely as possible (in the SCF theory) to summing the
same set of diagrams as Glick* and Osaka,? but we used
the approximation of Hubbard so as to obtain e for all
values of x and w. Our dielectric constant was correct
in every limit in which we could test it except that it
did not obey the compressibility theorem.

In this paper we develop a simplified method for
summing the same set of diagrams as Glick? and
Osaka,? and again we use the Hubbard approximation
so as to obtain the dielectric function for all values of
x and w. Besides obtaining the ordinary dielectric
function, which we call e because it screens the po-
tential seen by one test charge due to another, we also
obtain e, and eq-, which screen the potential seen by
the kth electron due to a test charge and due to the %’'th
electron. The functions e, and ¢, are similar but not
identical to those we obtained using SCF techniques.®
We are not able to say which result is more nearly
correcl; however, the diagrammatic method has the
advantage that higher-order diagrams may be included
and, in principle at least, the dielectric function calcu-
lated to as great an accuracy as one wishes. The dia-
grams also yield e, which we were unable to obtain
with the SCF technique. The main advantage of the
diagrams is, however, that they demonstrate clearly
what are the correct dielectric screening functions to
use in calculating an electron’s self-energy (and hence
its lifetime).

II. DIELECTRIC SCREENING FUNCTIONS

In Fig. 2 we show the diagrammatic coupled integral
equations for e where e, is the test-charge—electron

8 L. Kleinman, Phys. Rev. 160, 585 (1967).
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F16. 2. Diagrammatic coupled integral
equations for e and .. The wiggly and
bubbly lines represent the Coulomb inter-
action screened by ex and ex, respectively.

dielectric function e averaged over all k<kr. The
dashed line represents the bare Coulomb interaction;
the wiggly line represents the Coulomb interaction
screened by e, i.e., it includes all vertex corrections
at one end of the Coulomb line; the bubbly line repre-
sents the Coulomb interaction screened by ey, i.e.,
it includes all vertex corrections at both ends of the
Coulomb line. Note that the interaction of an electron
with another electron or with itself, providing there
is an intervening vertex, is screened by ey, but that a
self-interaction with no intervening vertex is screened
by e. This is demonstrated clearly in Fig. 3, where the
simplest self-energy diagram of Fig. 2(b) is expanded
into an infinite hierarchy of diagrams. Diagram (a)
is equal to (b) (the double dashed line represents a
Coulomb interaction screened by e, i.e., with no
vertex corrections) plus diagrams (c), (d), (e), +--,
identical with (b) but for single, double, triple, «--
vertex corrections at one end only. These vertex coriec-
tions are Coulomb lines screened by ew, and so they
themselves contain vertex corrections at both ends.
Diagrams (g), (h), and (v) are just (c), (d), and (e)
with no further vertex corrections; (i) and (j) come
from (c) with a single vertex correction to the vertex
correction; (k), (1), (m), and (n) come from (d) with
a single vertex correction to one of the vertex correc-
tions; (o), (p), (q), and (r) arise from adding a
vertex correction to a vertex correction to the vertex
correction of (c); (s), (t), and (u) arise from adding
a double vertex correction to one end of the vertex
correction of (¢) or adding a single one to each end.
Note that had diagram (a) contained a bubbly instead
of a wiggly Coulomb line, we should have had to add
vertex corrections on both ends of (b). The diagram
like (g) but with the vertex correction on the other
end would have been identical to (g), the diagram like
(g) but with vertex corrections on both ends would
have been identical to (j); in fact, every diagram would
have appeared twice.

We now solve the integral equations of Fig. 2 for
€., keeping the first three terms on the right of 2(a)
and the first two on the right of 2(b). By iteration one
sees that this is sufficient to generate all the diagrams
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of Glick* and Osaka,® but with the addition of vertex
corrections to all the screened interaction lines. In
practice we shall approximate all screened interaction
lines (except the line to the external vertex) in a suffi-
ciently crude manner that these additional vertex cor-
rections do not enter. Once we have ¢, we will easily
be able to obtain e, €, and . In principle, we could
then recalculate e using Coulomb lines screened by
the & and s of the previous interaction and thus
include the extra vertex corrections. Following the
usual rules,® we have from Fig. 2(a),

; V() S(k) S(k+x) =v(x) Zk S(E)S(k+x)
+2iVo(k) (k) D S(k)S(k+k) S(E)S(k+x)

kk!

—iVe(k) 2, S(E)S(E k) Vel by k', ' +x)
1224
XS(k)S(k+x), (2)

where v(k) =8x/«? is the Fourier transform of wave
vector x of the potential of an unscreened unit test
charge oscillating with frequency xo=w; Ve(k, &', k')
is the screened electron—electron interaction (see Fig.
. 5), and

Velk) =v(x) /€t(x, w) (3)

is the screened test-charge potential seen by an aver-
age'* electron in the Fermi sea. The sum over % stands
for

(2m)~ / Dk dho,

DIELECTRIC SCREENING FUNCTION

385

Fic. 3. Infinite set of self-energy diagrams with ordinary e
screening of Coulomb lines which is generated by a single self-
energy diagram with e screening.

and S(k) is the electron propagator given by
S(k) =f(k)/[ko—w (k) — M (k) —in]
+[1—f(k) I/ [ko—w(k) — M (k)+in], (4)

where M (k) is the self-energy to be determined from
the equation corresponding to Fig. 2(b), w(k)=4?
(in atomic units),  is a positive infinitesimal, and
f(k) is the zero-temperature Fermi function. If we ap-
proximate M and V, by the frequency-independent
functions M (k) and V.l(k, kK, k'+x) the integrals
over ko and % in Eq. (2) become trivial. Solving for
9(k)/V(x) one obtains

en(x, w)=1+2v(:<)(27r)_3/e(k’)dak'——(Zr)”“f/ O(k) Vao(k, k’,k’—l—x)e(k’)d3kd3k'/fe(k)d%, (5)

where
ok — S8 (1= (e+) ] Jet) 170 "
w(k+x)+M(k+x) —w(k) —M (k) —o—in  w(k)+M (k) —w(k+tr)—M (k+x)+o—ip
We show in the Appendix that Eq. (6) is equivalent to
(k) = S (k&) —f(k+x) )

w(k+x)+M(k+x) —w(k) — M (k) —w—in sgne

when M is real. When M is complex, one can neglect the infinitesimal n and Eq. (7) follows immediately from

Eq. (6). Let us write

O (k) =[ f(k) —f(k+x) ID_*(%),

where

Dy (k) =[w(k+x)+M (k+x) —w(k) — M (k) dw+1in sgne L

(8)

9 J. R. Schrieffer, Theory of Superconductivity (W. A. Benjamin, Inc., New York, 1964), Sec. 5-9.
10 This average is of course defined by V.(k) ZxS (k) S (k+«) = ZxVi(x) S(&) S (k+x).
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Then one easily sees that!!

[owar= [ 100[Du(0)+D @)1,
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9

/ O(k) Vee(k, K, kK'+x)O(F)d%k d3k’=[ SR (&) {Dy (k) Dy (F') Veol k, K, K +x)

+D_*(k) D_*(K) Veo(ktx, K+, &)+ Dy (k) D*5(F) Vo (kbx, K, K —x)

+D_*(k) Dy (K) Voo(k, K+, K) } &k &', (10)

We now make the approximation’?® that V.(k, k', k’+x) in the integral of k and ¥’ over the Fermi sea takes on

the average value

Veo(k, W, K+x) = Voo (K — k) R81/ (20?4 Ks?)

(11)

and that Ve(k'd-x—k)~8n/(2akr*+ >+ Kg?), where Ky is an inverse screening wavelength and « is a factor to

be determined in the next section.!? Defining

x(x, 2£0) =4(m) [ DB/ K)o,

we have

ca(x, @) =14+-30x(1, o) " (x, —) - ;_[

where
A=3[x¥/ (2akr*+Ks*) ],

B=4[x¥/ (2aks* 4+ Kg) .

To evaluate x(x, Z=w) we first must determine M (k).
The Dyson equation of Fig. 2(b) is (first two diagrams
on right-hand side only)

S(k) = So(k)+So(k) M (k) S(k),

(14)

where

M®) =iz [ Su(k+o) Vil) g da

=—(2m)"3 f f(k+q) Vi(q) d%. (15)

Because M (k) is to be integrated over the Fermi sea
in Eq. (12) we use the same approximation for
Vi(q—k) as for Ve(k'—k) [see Eq. (11)]. This is
consistent with the fact that to this order neither con-
tains vertex corrections. Thus

ME@A— (207 [ @ V.a—K)dy

=—(4/37) [kr?/ (20kr*+Ks?) ]. (16)
Similarly M (k+x) =— (4ks?/37) (20kr®+ >+ Ks?) and
A(x) =M (k+x) — M (k)
= 4 Eid «
T3 (20ke+ 2+ Ks?) 20k Ks?)
1 This follows immediately from letting k4 x—k in the f(k-+x)
terms and then letting x——x.
12 Previously (Ref. 8), following Hubbard (Ref. 7), we did not

have the factor 2a multiplying kp? in the denominator of
Veo(K'—k+x).

17

(12)
AN (x, o) +x*2 (%, —w) J4+2Bx (%, o) x*(x, ——w)] 13
X(Fe) Tx"(e, —a) > 19
The integral (12) for
x(%, ) =x1(x, o) —i (sgnw) xa(x, £w) (18)
yields
2
xi(x, ) = _2_3 {[kp2— (ﬁw)z]
TK 2k
K24 A(x) o+ 2kkyp kr
XIn K+ A(x) w—2ckp + _; Let+ato) :tw]} ’
(19)
2 2 2
- = & [ (LAY
K 2k
if wtA(x) <2kkr—i2  (20)
=0 otherwise,
—\2
xa(%,— ) = '2'3 I:kpa_ (M‘ﬁ) ]
K 2k
if K2—2kr<ow—A(x) <i2+2kpx  (21)

=0 otherwise.

This x(x, &) is identical to that in the SCF theory?
except for the — sgnew factor multiplying x» in Eq. (18).
This factor leads to the field-theoretic €, obeying the
condition®® e (%, +w) =€, (x, —w), whereas the true
(SCF) dielectric constant obeys e (x, +w) =
e*(x, —w). Note that e; of Eq. (13) also has the
property e.(x, +w) =€, (%, —w).

18 P. Nozieres, Theory of Interacting Fermi Systems (W. A.
Benjamin, Inc., New York, 1964), Appendix A.
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Now that we have e.(x,w), the dielectric constant
appropriate to an average electron in the Fermi sea,
we can easily obtain the dielectric constant appro-
priate to a particular electron of wave vector k. From
Fig. 2(a) we have (dropping the contributions from
the incoming and outgoing propagators)

Vi(k) =v(k)+20(k) 2, Vir(x) S(E')S(k'+«)
k!

—i 2 V() Veolk, B, K1) S(R) S(k'+x). (22)
k!

Using

one obtains for e (x, w) =v(«x)/Vi(x),

DIELECTRIC SCREENING FUNCTION
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Now Vi (k) =Vi—(k) is the screened potential matrix
element between states | k) and | k’'z=«); it is summed
in (22) over k’ within the Fermi sea and therefore may
be replaced by its average value V.(x). Thus,

Vi(k) =v(k) —20%(x) (21) [eee(x, 0) T
X / O(E') &k (21) = () [earlkt, ) T

th(K, (JJ) =

where

X [ 00 Valle &, K+ k. (23)
/ O(K) Veolk, K, K +x) B3 = /’f(k’)[D_,*(k’) Veelk, X', K'+x)+ D, (F) Voo —k, K41, k') Jd3k'  (24)
and approximating V..(k'+x+k) when k' only is integrated over the Fermi sea by
V(K +x+k)~8r/[ (k+x) >+ aks*+ Ks?], (25)
Get(K, w) (26)
€er(%, w) _%I:X(K) +w) +X* (Kr ""w) ]+12‘[Akx*('<) _w) +BkX(K: w)] ’
Ax=3[«/ (FP+okr+Ks') ],  Bi=3{x*/[(k+x)*+akr’+Ks']}. (27)

To obtain e,,(x, w), the dielectric function with no vertex corrections ( this is the “standard” dielectric function),
we refer to Fig. 4. Taking diagram (a) = (b)+(c), we have

or

Ceatv o T {15

or

V() SH) SG1) = 32 Vo) SR S(btx) —i 2 Vo) Vealk, Ky K1) S(B) S(h4-1) SB) S(H+x)  (28)
k k ki
&M%, 0) =€ (1, @) —iei (6, @) 2 Veolk, K, K +1) S(k) S(k+1) S(K) S('+x)/ 22 S(k) S(ktx). (29)
kk! =
The sums in (29) have previously been evaluated in determining e, and thus we obtain
1 AD(x, +w) +x*2 (%, —w) J+2Bx (x, +w) x*(x, -—w)} ~ ,

x (%, +w)+x*(x, —w) =[eu(x, 0)] (30)
1 ADA(x+w) +x*(x, —0) 1+2Bx (x, @) x*(x, _w)r -

2 x (%, +w)+x*(%, —w) :

fdmw=Hﬁ&wﬁwHwﬂm—w]h—

To obtain e (%, w) we again refer to Fig. 4. We see
that diagram (a) = (f)+4(g)+ (h)4-++- can be written
in the form (dropping incoming and outgoing electron
propagators)

Vi(k) =V(k) {1—F (&, k+x) }.
On the other hand, referring to Fig. 5, we see that
Veelk, &', ')
=Vi(k){1—=F(k, k+) } {1—F(E", k' —x) }.

(32)

(33)

Replacing the various V’s by the bare potential screened
by the appropriate dielectric constant and solving (32)
and (33) for e (%, w), one finds immediately
e (K, ©) =€xe(%, ) eri(— %, —w) feu(®, w).  (34)
In the present degree of approximation we have shown,
and although we have not proven it, it seems likely to
be true in general, that e (%, w) =€ (%, —w). Thus,
(35)

et (%, ©) =6k, ) Grrg(—%, w) fei (%, @) .
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F1c.74 fDiagrammatic integral equation for e in"terms of e and
iteration of that equation.

From(](26)fand (27) we notefthat e (x, ») depends on
k+x; hence the minus sign may not be dropped from
the x in (35).

III. DISCUSSION

If we take Kg?=gkr (the Fermi-Thomas value of 8
is 4/7) we may evaluate the ratio of ¢;,—1 to the RPA
value in the limit w=0, «—0, kr—o. We obtain

L=1—aN18m)2, (36)
where N=(wkp)~'. This is to be compared with the
value found by Geldart and Vosko® from the
compressibility:

L=1—-X—(1— In2))\2 (37)
This implies that in this limit a good choice for the
factor o appearing in (11) would be e=1. This is not
too surprising since for x—0 only electrons at the
Fermi surface contribute to the dielectric screening
and the average value of (k—k’)? when both are con-
fined to the Fermi surface is 2k#% On the other hand,
for large x, all k and k' contribute equally and the
average value of (k—k’)? over the entire Fermi sea is
6k#?/5. We would therefore suggest that a be taken
as a function of %, decreasing from its value 1 at
x=0 to £ at «w>kp. The preceding considerations follow
from the factor f(k)—f(k+x) in (7) and hence
apply to the V..(k—k’) and Ve (k+x—k') terms to-
gether, i.e., the same value of « is used in 4 and B
[Eq. (14)] even though A does not contain x in its
denominator. Similar considerations show that the «
in Ay and By [Eq. (27)] are identical to those in
A and B.

A good estimate of Kg? is to be obtained from

Klerpa(K) =K*+ K2, (38)
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where K is the average momentum transfer, (2a)?kr,
(2akp?+x2)12, (akp?+k?)12, and (aks®+E2+42) in 4,
B, A, and By, respectively. One finds for K=V2kr
that Kg?=1.03kr (cf. the Thomas-Fermi Kg?=4kp/7) .1
Note that the compressibility theorem cannot be satis-
fied to order A\? except with a negative screening con-
stant. Since (37) is valid only in the high-density limit
where A\? is small, this should not bother us too much.
Our choice for Kg¢? is probably as good as one can do
over the entire range of the variables w, %, and Zp.

[EThe present results differ from the SCF results.®
It appears that these differences are mainly due to a
loss of Hermiticity of the potential in Ref. 8 which
occured when making the approximation (k—k’)*—
kg? and (k—k’+x)2—kp®+«2 This has been pointed
out by Langreth (to be published) along with a
prescription for obtaining a Hermitian self-consistent
potential. In any event, in those limits in which x is
real, the SCF and field theoretic results are identical.
In the limits x=0 and x— one finds x and hence
e.: to be real; the field-theoretic and SCF e, are found
to be exactly identical in these limits. Equation (30)
for 1/e, is easily seen to be equivalent to Eq. (26)
of Ref. 8 whenever ¢, is real; thus the SCF and field-
theoretic eli are identical when their ¢, are. The evalu-
ation of the dielectric constants in these limits has been
performed in Ref. 8 and will not be repeated here.
[ In order to improve upon the present calculation,
one must both include more diagrams from Figs. 2(a)
and 2(b) in the integral equations and screen the

Fi16. 5. Diagrammatic equation for e in terms of €.

14 Tf one wishes to use only one value of Kg? for all momentum
transfers, Kg?=1.03kr would be a good choice since for large x
the momentum transfer in B is greater than V2kr and in 4 is
less than V2&p.

16 This difference holds for positive frequency, i.e., it is not just
the trivial one e(x, —w) =¢(x, w) versus e(x, —w) =€¢*(x, w).
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Coulomb lines with the e(x, w) and e (%, w) found
in this calculation. The inclusion of the fourth diagram
on the right-hand side of Fig. 2(a), which when iterated
contains Fig. 1(d) among its infinity of diagrams, is
needed to satisfy the compressibility theorem to order
A2, There is no reason for believing, however, that this
diagram is any more important than the fifth one,
which is of the same order. Although the above program
is too complicated to consider attempting, the calcula-
tion of T, the imaginary part of the self-energy M, is
practical and will be the subject of a later paper.l®* We
have, from Eq. (15),

T'(k) = Imi(2r)~* f B#aSo(k+9)0(Q) /e, @) (39)

Using the fact that 1/e.(q, g) is analytic above the
real axis for positive ¢y and below the real axis for
negative go, one obtains

I(B) =7 Tim [ & (a—k){[1—/(@ Wlho—o(@)]

where 6 is the unit step function. If, as is usually the
case, one is interested in the self-energy of an electron
on the energy shell, one has ky=w(k). Note from Egs.
(31) and (13) that the effect of exchange is generally
to increase €, and decrease €. Hence, if one attempts
to improve the self-energy by including exchange
effects in e, he actually obtains a result less accurate
than that of the RPA unless at the same time he also
includes the contribution of the infinity of vertex cor-
rection diagrams displayed in Fig. 3. Thus we demon-
strate the usefulness of e:, which, without being any
more complicated than e, automatically includes this
infinity of vertex corrections.

Perhaps the largest errors in our dielectric screening
functions are due to the use of static vertex correc-
tions. Had we treated everything dynamically [i.e.,
not dropped the £k, dependence of M(k) and
Veelk, k', F'+«)], we would have found effective-
mass corrections from the » dependence of A(x) of
Eq. (17) and renormalization corrections due to the
residues of the integration over % and ko’ in Eq. (2).
Heine, Nozieres, and Wilkins (HNW)¥ have studied
the dielectric constant of a quasiparticle e, (x,0),
where | kp+x | =kp. Our dielectric screening function
in this limit appears to be equivalent to theirs. They
find &,(x,0) in terms of a vertex function and re-
normalization factor. In the limit x—0, the renormaliza-

18 F. Vernon and L. Kleinman (to be published).
(1‘97 V5 Heine, P. Nozieres, and J. W. Wilkins, Phil. Mag. 13, 741
66) .
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F16. 6. Relationship between the four-point vertex function and
the e screened Coulomb interaction.

tion factor is canceled by one contained in the vertex
function and &, (x—0, 0) approaches the RPA result
but with m* replacing m. Our static approximation
also yields the RPA result in this limit but without
the m* correction. For the denser metals (2<7,<3) m*
is within 29, of m so this correction is small. On the
other hand, the cancellation does not occur for larger
x; since the renormalization factor z is believed to be
about 0.7 for these metallic densities,'® errors of this
magnitude could be present in our dielectric function.
We note, however, that the numerical values of z were
obtained!8 using the Hubbard approximation and could
conceivably be much closer to unity. Although our
e(x, w) appears to be equivalent to that of HNW,
our electron—electron screening functions are not.
Theirs refers to the full four-point vertex function,
whereas ours merely screens a single Coulomb inter-
action line. The relationship between the four-point
vertex function and the screened electron-electron
interaction is shown graphically®® in Fig. 6.

The Hubbard” approximation has been widely used
because it is the only one that gives the dielectric
screening function for all values of wave number and
frequency.? In this paper we have corrected Hubbard’s
error of double counting the (k—k'4+x) momentum
transfer while neglecting the (k—k’) momentum
transfer altogether. We have also included the self-
energy corrections which Hubbard neglected. As we
have thoroughly discussed, there are still grave un-
certainties in the approximation; it is our feeling,
however, that the SCF method, to which the present
approximation is equivalent, is inherently more ac-
curate than these uncertainties would indicate. The
cancellation of the renormalization factors in the
w=0, x—0 limit and the fact that the exact plasma
frequency is obtained® indicate that this may be the
case.

18T, M. Rice, Ann. Phys. (N.Y.) 31, 100 (1965).

19 The relationship between the four-point vertex function and
the Landau quasiparticle interaction function f(k, k') is given in
Eq. (6-246) of Ref. 13.

20 The HNW screening function (Ref. 17) is written in terms
of undetermined vertex functions and renormalization factors.
Only in the w=0, ¥x—0 limit is a numerical value obtainable.
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APPENDIX

We here show that the ©(%) of (7) is identical to
that defined in (6). To save writing let W(k) =
w(k)+M (k). Using

(x—azin)1=P(x—a) ' Fird(x—a), (Al)

we have immediately from (6) that

'LEONARD KLEINMAN
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Because f(k) is either 0 or 1, f(k) =f*(k), and thus
[ f(k)+f(k+x) —2f (k) f(k+x) ]=[ f(k) —f(k+x) ]
==+[ f(k) —f(k+x) ].
(A4)
If k and k-+x are both greater or less than #kp,
[ f(k)—f(k+x)]=0 and the = sign is immaterial. If,
however, k> kr and k+x<kp, the minus sign holds
and if k<kr and k-+x>kr, the plus sign holds. In the

first case w=W (k+x)—W (k) is negative and in the
second, positive. Thus,

ImO (k) =ir sgne[ f(k)—f(k-+x) ]

k) —f(k+x — ®¥)tw
Ree(k)=PW(];(+))_f_(W_'(_k))_ , (A2) O[T (k) — W (k) +wl. (AS)
¥ @ (A2) and (A5) combine, using (A1), to yield
ImO (k) =in[ f(k)+/(k+x) — 2/ (k) f(k+x) ] f(k) —f(k+x)
0 (k) = : . (A6)
XO[W (k) — W (k+%)+w]. (A3) W (k+x) — W (k) —w—in sgnw
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Specific Heat of a Spherical Type-II Superconductor®
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Specific-heat measurements on a spherical 7.05 wt%, Pb-In alloy [type-II superconductor with «(7%) =
0.727 are discussed, with special emphasis on the difference in the effect of irreversibility on the determina-
tion of Maki’s parameters x and & in calorimetric and magnetization measurements. Evidence is presented
to show that x can be extracted reliably from specific-heat measurements even in the presence of severe

irreversibility. «(7T)/x(T.) showed a much stronger temperature dependence than that predicted by
current theories for the case of noninfinite mean free path of the electrons.

HE specific heat of a superconducting spherical

sample of 7.05 wt%, Pb~In alloy in constant applied
magnetic fields at temperatures between 1.6 and 4°K
has been measured. The alloy was prepared by the
Indium Corporation of America from 99.9999, pure
indium and 99.9999, pure lead. A sphere of 2-in. diam
was obtained by vacuum-casting the material into a
spherical graphite mold. After a 10-h cooldown the
sample was annealed at 135°C for 10 days. A vacuum
calorimeter with a mechanical heat switch was used in
conjunction with carbon resistor thermometry.

The results are presented in Fig. 1 as [¢(H,, T)—
cn(T)]/T versus T, in which H, is the applied field
and ¢, is the specific heat in the normal state. The
field was always applied after the sample had been
cooled down to the lowest temperatures.

The value of the normal specific heat at temperatures
below 2.5°K could be fitted to ¢,=1.757+41.704T%
(mJ/mole °K) with a standard deviation of 0.5%.

* Work supported by the U.S. Atomic Energy Commission and
the Wisconsin Alumni Research Foundation.

The coefficient of the electronic term y=1.75 mJ/mole
(°K)%is larger than the value of y=1.60 mJ/mole (°K)?2
for pure In.! Ninth-order polynomials in odd powers
of T were used to fit both ¢, and ¢, over the whole tem-
perature range of the measurements. About 70 points
were used for each fit, and the standard deviation was
less than 0.6%,. No systematic deviation of the meas-
ured points from the fits could be detected. The lattice
specific heat ¢;=c¢,—vT [with y=1.75 m]/mole (°K)?]
was compared with the Debye expression and an effec-
tive temperature-dependent Debye temperature Op(7")
was determined. It has an approximately constant value
of 104.5°K at temperatures below 2.5°K and then drops
rapidly to 99.5° at 4°K.

The critical temperature was T,=3.65°K. It is not
inconsistent with the data to assume a zero-field transi-
tion width of less than 15 mdeg. Assuming zero tran-
sition width, the fits for ¢, and ¢, were used to calculate
the thermodynamic critical field H.(T) from the re-

1C. A. Bryant and P. H. Keesom, Phys. Rev. 123, 491 (1961).



