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The results presented here are for a single
lead film. Data fx'om two other lead films have
shown qualitatively similar behavior but have not
been analyzed in detail.

In conclusion, we have experimentally observed
a difference in the temperature dependence of the
photoelectric yield from a thin lead film between
the normal and superconducting states. We be-
lieve that this is due to the presence of the super-
conducting energy gap. The temperature depen-
dence is in reasonable agreement with the BCS-
based calculations of Slezov, ' assuming a spread
in transition temperature over the surface of the
film. Comparing experiment and theory on the
basis of temperatuxe dependence alone, a value
of b,,jhT, between 2 and 3 is obtained, consistent
with infrared absox'ption and tunneling measure-
ments of other observers. The si.ze of the effect,
however, is more than an ordex of magnitude
larger than that predicted by theory. This large
discrepancy is not understood. at the present time.
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Experimental measuxexnents of the optical mass of copper are interpxeted to yield a
Fermi-surface average of the Landau parameter which xelates the current carried by a
quasipax'ticle excitation to its velocity.

In this Letter we discuss the influence of quasi-
particle interactions on the optical effective mass
of metallic copper. An empirically adjusted non-
local potential has been constructed which is con-
sistent with Fermi-surface and interband absorp-
tion data and which therefore is fully renormal-
ized by the electron-electron interaction. From
the one-quasiparti. cle excitation spectrum derived
from this potential, we calculate, neglecting qua-
sipaxticle interactions, the optical effective mass
of copper. By comparing our calculated optical
mass with the experimental mass, we estimate
the Fermi-surface average of the Landau param-
eter which relates the current carried by a quasi-
parti. cle excitation to its velocity. Our result is
qualitatively consistent with the results of first-

px'lnclples calculations ln which band-stx'uctux'e
effects are neglected.

From the Dyson equation of many-body theory
one can show that, whenever lifetime effects are
negligible, the energies of quasiparticle excita-
tions in a metal can be derived from a single-
partlcle-like Schrodinger equation lnvolvlng R

nonlocal effective potential V, f&(r, k, E) into which
exchange and correlation corrections have been
absorbed. ' It is a convenient approximation to
separate the k dependence of the effective paten-
tial into radial and transverse components, fold-
ing the radial component into the energy depen-
dence, and expressing the transverse component
as an angular-momentum dependence so that V, f q

= V'err(» i~E).
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Since the Fermi surface of a metal is the sur-
face of constant quasiparticle energy E j, = p. , its
shape can be derived from the l-dependent effec-
tive potential V,«(r, I, p). Studies of the Fermi
surface of copper have shown that small l-depen-
dent corrections to the local potential proposed
by Chodorow' are sufficient to bring the shape of
the computed Fermi surface into agreement with
the experimental data. ' Exchange and correlation
corrections appropriate to the Fermi energy are
folded into the effective potential constructed in
this way.

In order to calculate the one-quasiparticle ex-
citation spectrum, it is necessary to determine
the energy dependence of the effective potential
away from the Fermi surface. As a first step we
establish that in the I andau-Silin approximation
the energy required to excite a quasiparticle pair
in unaffected by the quasiparticle interaction. In
this approximation the Hamiltonian may be writ-
ten

H QEk(ck —Ck-Bk )
7I

1+2 Z fq'(krak )ck+q' ck+k'-q' ck'&
71, 7I',

q +P

where E k is the one-quasiparticle excitation
spectrum, cI, and cI", are quasiparticle field
operators, and f~.(k, k') is the Landau coefficient
which describes the quasiparticle interaction;
spin indices have been suppressed. The response
to an external perturbation p~kk-„U~e" ' (where
pk-~=c-k„~ ~ck) can be calculated by solving the
equation of motion of the density operator. We
find that the density of quasiparticle-quasihole
pairs is given by

&p"-, & =(&-, '*"+Z- &p- -„&fg(k, k))

X(yak~-yak, - )[~-(Ek --gk)j

Thus the transition matrix element is renormal-
ized by the quasiparticle interaction, whereas
the transition frequency remains equal to the dif-
ference between the quasiparticle energies in the
initial and final states. Therefore, provided
that the lifetimes of the excited states are suffi-
ciently long that quasiparticle excitations are
well-defined, experimental measurements of op-
tical absorption frequencies in metals can yield
the quasiparticle excitation spectra. In copper
the lifetime condition is satisfied for excitations
of energy ~ «7.1 eV (=p).

The band gaps corresponding to certain inter-

band transitions in copper, as calculated from
the modified Chodorow potential, have been
shown' to be in satisfactory agreement with the
interband transition frequencies obtained experi-
mentally by Gerhardt. ' This agreement suggests
that, even though the modified Chodorow poten-
tial is independent of energy, it provides a satis-
factory model of the one-quasiparticle excitation
spectrum.

In the collisionless regime (z~»1) the real
part of the dielectric function of a metal can be
expressed in the from

~,(+) = 1-4m¹2/m, ,(oP + 7 ') + e„.(m),

where N is the number of conduction electrons
per unit volume and e„(v) is the contribution due
to interband transitions. Neglecting the interac-
tion between quasiparticle excitations, the opti-
cal mass can be expressed in terms of Fermi-
surface parameters by'

(4)

where SF is the surface area of the Fermi sur-
face, &vk') is the Fermi-surface average of the
Coulomb-renor maliz ed quasiparticle velocity,
and SF and v „,

' are the free-electron Fermi-sur-
face area and velocity, respectively. For typical
values of 7, experimental frequencies in the col-
lisionless regime satisfy the further condition
v» &uD (the Debye frequency), so the experimen-
tal value of the optical mass is not expected to
be affected by the electron-phonon interaction. '
We have used the values of SF and vk ' deduced
from the modified Chodorow potential to calcu-
late the optical mass of copper. We find that

m, p, /m =1.29+0.01

which may be compared with an earlier by Segall'
obtained from the Chodorow potential: m, p, /m
=1.3 + 0.1.

When the interactions between quasiparticle
excitations are taken into account, the optional
mass is given by

m, ,/m =S„'jFO/s, &jk),

where jp is the current associated with the states
of wave vector k. For a metal whose Fermi sur-
face is derived from a single band, the quasipar-
ticle current jk is related to the Coulomb-renor-
malized quasiparticle velocity vp' by'

ji =~i ++k f fr(k k )"k ~(Ek P)~-
If in evaluating the second term we neglect the
Fermi-surface anisotropy and the anistropy of
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Table I. Comparison of estimates of the experimen-
tal optical effective mass of copper.

Source

Roberts (Ref. 12)
Schulz (Ref. 13)
Myers, Wallden,

and Karlsson (Ref. 6)
Beaglehole (Ref. 16)
Ehrenreich and Philipp (Ref. 11)
Present work

1.44(1)
1.45(6)
1.46(V)

1 46(5) a

1,42(5) '
1.89 (6)

Includes correction for interband transitions.

v k ', we find that

(8)

where A, ' is the l =1 component of the Legendre
polynomial expansion of the effective quasiparti-
cle interaction f,«(k, k'). The optical mass is
then given by

m, ,/m =SF'v Fo/S, (vp')(I+A, ') '. (9)

m, ~,/m =1.&9 + 0.06. (10)

Our preferred value is compared with other esti-
mates"' of the optical mass in Table I.

In the isotropic approximation, the experimen-
tal optical mass is related to parameters of the
Fermi surface by Eq. (9). Therefore, by com-
paring the experimental mass with the mass cal-
culated from Eq. (4) (i.e., neglecting quasiparti-
cle interactions), one can determine a Fermi-
surface average of the Landau parameter A, '.

Experimentally, the optical mass is determined
from measurements of e, (~). However, the data
must first be corrected for the frequency depen-
dence of the interband contribution e„.(v). Ehren-
reich and Philipp" have shown that such a cor-
rection can be carried out by Kramers-Kronig
inversion Of interband absorption data. Correct-
ing experimental measurements of e,(&) by Rob-
erts" and Schulz, ~s they found m, z,/m =1.42
+0.05. Recent absorption data by Pells and Shi-
ga' suggest that the earlier data may have un-
derestimated the interband correction. We have
therefore computed the interband correction from
both sets of absorption data. Using Ehrenreich
and Philipp's data to correct the value of the op-
tical mass obtained by Schulz at 0.62 eV, we find
that m, ~,/m =1.14, whereas Pells and Shiga's
data give m, ~,/m =1,38. This correction, when

applied to the average optical mass obtained by
Ehrenreich and Philipp, yields our preferred val-
ue of the experimental optical mass of copper:

Table II. Comparison of first-princip1es calculations
of the Landau parameter A~' for r, =2.66 with the re-
sult derived from the optical mass of copper.

Pines and Nozieres +0.03
approximation (Ref. 17)

Hubbard approximation {Ref. 17) 0.00
Screened exchange (Ref. 18) -0.045
Rice (Ref. 18) + 0.020
Expansion method (Ref. 18) -0.031
Present work -0.07 + 0.05

Combining our calculated value of the optical
mass of copper in Eq. (6) with the experimental
value in Eq. (10), we find that

A, ' = -0.07 + 0.05.

Our approximation of isotropy is likely to be ade-
quate for the contribution of the belly region of
the Fermi surface to the optical mass. The ap-
proximation is likely to overestimate the correc-
tion on the necks, but their area is small, and
their contribution to the optical mass is further
reduced by the low quasiparticle velocity on this
region of the Fermi surface. Our result indi-
cates that on the belly of the Fermi surface of
copper the quasiparticle current is reduced by
backflow.

Several authors have estimated the Landau pa-
rameters of the quasiparticle interaction from
microscopic theory. ""Values of A, ' for a uni-
form electron gas having the same density as in
copper (~, =2.66) are set out in Table II. The re-
sults of the first-principles calculations vary
widely among themselves, but are qualitatively
consistent with our result. Quantitative agree-
ment cannot be expected because the first-princi-
ples calculations neglect band structure effects.

The uncertainty in our estimate of the Landau
parameter Ay ls dominated by experimental er-
ror in the optical mass. More accurate mea-
surements of the infrared dielectric constant of
copper are needed to determine this parameter
with greater precision.

We are indebted to Professor M. H. Cohen for
several helpful discussions.
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Synchrotron radiation has been used to measure the reflectance spectra of KCl, KBr,
RbC1, CsCl, CsBr', CaF2, SrF2, and BaF2 for photon energies 6&~ &36 eV at tempera-
tures 90 &T &400 K. Excitations of both valence and core electrons show sharp structure
and strong 1' dependence. Analysis of the data in terms of excitonic and interband transi-
tions from core states is made with regard to T dependence, crystal structure, and
chemical composition.

Our understanding of the electronic band struc-
ture of ionic crystals is not as advanced as for
many other solids, even though the alkali halides
were among the first materials studied in solid-
state physics. This situation arises because the
large energy gaps of these crystals place their
fundamental absorption spectra in the vacuum
ultraviolet, a region not easily accessible for ex-
periments. This paper reports the normal-inci-
dence reflectance spectra of several ionic crys-
tals for photon energies 6&5~&36 eV and tem-
peratures 90 & T &400 K. Low-v. ' measurements
beyond 12 eV, the transmission cutoff of LiF
windows, were made possible for the first time
by the use (without windows) of synchrotron radi-
ation as a light source. A number of new struc-
tures have been observed, particularly at low T.

Synchrotron radiation from the 240-MeV elec-
tron storage ring at the University of Wisconsin
was used. The experimental system' employs
the rotating-light-pipe scanning-ref lectometer
technique' to obtain detailed reflectance spectra
directly. Before measurement, bulk samples
are heated to 400 K in the ultrahigh vacuum to
remove absorbed gases from the surface.

Figure I shows the reflectance spectra of KCl,
KBr, HbCI, CsCl, CsBr, CaF„SrF„and BaF,.
Correction was made for second-order light from
the grating. Reflectance shifts separate the spec-
tra at different temperatures, placing the 90-K

curves above and the 400-K curves below the
300-K measurements. The wavelength resolution
is AA. =5 A.

The spectra have been divided by dashed verti-
cal lines into three regions. Structure in region
I arises from electronic excitation of the valence
bands, which originate predominately from the
filled p states of the negative ions. Region II be-
gins with the onset of excitations from flat core
bands which lie below the valence bands and or-
iginate from the p states of the positive ions.
This core threshold may be determined for K+(3p)
and Cs+(5p) at 19.9 and 13.2 eV, respectively,
by observing which structures are insensitive to
changes of the halide. Atomic x-ray levels' help
to determine the onset in the other crystals. Re-
gion II, several eV wide, is composed of very
sharp peaks (width &0.2 eV) which also character-
ize the core threshold. Their width is resolution
limited. %e believe, in agreement with others,
that these sharp peaks correspond to core ex-
citons. The present analysis uses this interpre-
tation. It should be noted, however, that the ex-
perimental results do not exclude the possibility
that the sharp peaks are caused by interband
transitions. An abrupt change to much broader
Dlunl at X3. The A, ' peak may be the first excit-
ed state of the A, exciton. 'o

most likely arises from interband transitions be-
tween core and conduction bands.


