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Optical measurements above the Debye temperature are used to determine the electron-phonon coup-
ling constant A which appears in the expression for the renormalized electron mass on the Fermi
surface and in the equation for the critical superconducting transition temperature. The determina-
tion is based on a simple relation between A and the electron relaxation time, due to electron-phonon
interaction above the Debye temperature, when the entire phonon spectrum is excited. The values of
A obtained by optical measurements and by other methods are compared for Pb, Sn, In, Al, Zn, Nb,

V, NbSSn, and V3Ga.

1. The electron-phonon coupling constant is an ex-
tremely important microscopic characteristic of
metals which determines the renormalized electron
mass on the Fermi surface, the electronic specific
heat at low temperatures, and, perhaps most important,
the critical superconducting transmon temperature.

We know!(!) that the superconducting transition tem-
perature T. can be expressed by

T 1,04(1 4 1) 1
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where Tp is the Debye temperature associated with
the mean phonon frequency, p* is the Coulomb pseudo-
potential, and A is the electron-phonon coupling con-
stant.

Equation (1) shows that A is one of the basic
parameters in the expression for T¢. Its exact deter-
mination is therefore very important for the theory of
superconductivity. The electron-phonon coupling con-
stant is determined from the expression!!

A=2J'a’(m)g(m)j£l, (2)

where the integration extends over the entire phonon
spectrum, g(w) is the density of phonon states, w is
the maximum phonon frequency, and

@*(0) g(0) = (m, (Ids“) ds”
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Here the integrals containing dSk extend over the
entire Fermi surface, vk is the electron velocity on
the Fermi surface, and wk-k’ o is the phonon fre-
quency.

2. Certain kinetic characteristics of metals which
are associated with the electron-phonon interaction
are also ultimately expressed using integrals of
a*(w)g(w). It is an important circumstance that if the
entire phonon spectrum contributes to the electron-
phonon coupling constant because of virtual transitions,
then the kinetic characteristics associated with scatter-
ing by real phonons are determined by the portion of
the spectrum that is excited at a given temperature.
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We can therefore expect an essential correlation be-
tween the electron-phonon coupling constant and the
kinetic properties of a metal that are measured above
the Debye temperature, when the entire vibrational
spectrum of the crystal is excited. Indeed, as was
pointed out by one of the present authors in[zl, a direct
relation exists between A and the linearly temperature-
dependent resistivity. It was shown, specifically, that
the variation of A, and therefore of T;, due to any
defects is proportional to the variation Ap of the
linear resistivity coefficient that results from the

same defects:
AT, Ap . T)p
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The existence of this relationship has been confirmed
experimentally inl®), A similar concept of the correla-
tion between high-temperature resistivity and the
electron-phonon coupling constant was utilized in (41 to
determine Ferml liquid parameters for alkali metals.

Hopfleld %) has recently proposed the use of infrared
optical measurements to determine the electron-phonon
coupling constant. His argument is based on the fact
that the Drude-Zener equation is valid for transition
metals and alloys at frequencies below those of inter-
band transitions. This equation relates the complex
dielectric constant € to the concentration N of conduc-
tion electrons and to the effective frequency Vep of
electron-phonon collisions:

4ne*N 4)
mo (e — iv.p)
Here e and m are the charge and mass of a free elec-
tron; w is the angular velocity of the light. ') the
relation between Vep and A for T > Tp is given by

A= iv'_p (5)
2 kT

Here k is Boltzmann’s constant and T is the tempera-
ture. The values of A calculated by Hopfield for the
two metals Np and Mo were in reasonable qualitative
agreement with known values. Where electron scatter-
ing by impurities is significant Hopfield proposed the
use of the derivative of the static resistivity with re-
spect to temperature and the value of N/m obtained
from infrared optical measurements.

e=A4 —
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3. It should be noted that the electron-phonon coup-
ling constant A is very directly related to the decay
time 7g¢p, averaged over the Fermi surface, or a
quasiparticle state with momentum k; for T >Tp
this is given by[

B 2kaT ( dS;)“Zdeu Sy [M(k,F)|*

T(P (231) : 17% Aor-w'0

(6)

In the relaxation time approximation the classical ef-
fective frequency of electron-phonon collisions which
appears in the formula for the static electric conduc-
tivity at hxgh temperatures is related to Tep very
simply:"
'Vepel = 1/"[::11- (61)

The optical frequency Vep in (4) is expressed by a
more complicated equation than (6'). In optics Aw
> kpgT even in the infrared region, and important ef-
fects are associated with the quantum character of the
electron-photon interaction.[””® Although calculations
performed for a spherical Fermi surface!” indicate

that there is little difference between vg, and vg

when T > Tp, experiments have shown(® 10 that
uep/V°1 ~ 1.3, Therefore we consider that A is deter-

mined more accurately by using VCI Then, as seen
from (2), (3), (6), and (68"), a valid expresswn for A is
(5) with Vep replaced by "e%)

We can calculate Vg%, as follows. It is assumed in
first approximation that the effective frequency of
electron-phonon collisions is Vgl + Ved, Where vegq is
the frequency of collisions with defects. Then

e N

Vob Ve = (7)
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Here 0gt is the static conductivity, and Ryeg/R is the
ratio between the residual resistivity and the resistiv-
ity at the temperature T. For pure metals we have
ved K vel , but for alloys these quantities are alike in
order of magnitude. For T > Tp we obtain u01 from
(7) and (8) if N/m is known.

As shown in{®! we obtain N/m from optical ex-
periments in the long-wave region regardless of the
character of the skin effect.? It has been shown ex-
perimentally(®! that in the cases of polyvalent metals
at high temperatures the corrections for an anomalous
skin effect are small (comprising only a few percent).

For pure metals we can in most instances neglect

DThe use of Tep to give the effective frequency of electron-phonon
collisions, rather than the transport relaxation time, which differs from
Tep in that the integral includes the factor (1—cos 6), where 6 is the
angle between the vectors k and k', results from the fact that in the
equation for the conductivity the average of a product of functions is
replaced by the product of the averages and the factor No /m appears.
In the deduction of the Drude-Zener equation averages are separated
similarly.

DFor cubic metals N/m = 2(2nh)™3 fvdS. For noncubic metals we

have the tensor .
N 2 v«’
- =— | —dS
( m) ¢ (2nh)* S v

For polycrystals Sp(N/m); assumes the role of N/m.

Experimental and theoretical values of A

Aexp Acale
T,° i Supercon-
oK Optical ductivity 9] 0
method method *

Pb 72 1.03 [°-19 1.12 1.32—1.34 ’ 1.55
Sn 3.7 0.68 [10.15] 0.60 0.78—0.99 0.92
In 3.4 0.66 [*10.1 0.69 0.84—1.16 0.74
Al 1.15 0.27 * [>19] 0.38 . 0.52—0.53 0.41

0.85 0.23** [217] 0.38 0.27—0.42 0.41
Nh i 9.2 0.68 ['] 0.82 - —

5.2 0.62** 27 0.60 - -
Nhasn 18.2 0.89 [#] 1.12%%** -— —
ViGa 14.2 0.91 '3 0.98 **** -_— —

*Measurements for Al were performed at room temperature, which is some-
what lower than Tp.
**Values of gy for Zn and V were obtained from handbooks.
***For Nb the values of X obtained by Hopfield from [2%*'] were 0.74 and
0.93, respectively. However, the optical measurements were here performed on
mechanically polished samples, thus yielding results that apply to cold-hardened
metal.
**+*These values of A were obtained in [**] by a procedure similar to that used
['] with u*=0.13.

[18,25]

the constant A in (4) and use both Re € and Im € to
determine N/m; the corresponding equations are given
in'®1, For alloys the contribution of virtual interband
transitions in Re € is comparable with the contribution
of conduction electrons; this means that A should not
be neglected. Therefore only Im € should be used. A
very convenient procedure for extracting N/m from
the optical data for alloys has been described int*2],

After ,,gl is obtained, A is calculated from (5); the
results are shown in the table. For all the metals and
alloys except Zn and V the optical constants and
static conductivity were measured for the same sam-
ples. The errors were 3—7% for pure metals and
20-—-25% for alloys.

Our table also contains values of Aexp obtained by
McMillan!!! from superconductivity data, and values of
Acalc calculated mBa’“]in the pseudopotential
approximation. Int**]several values of A corresponding -
to different pseudopotentials were obtained; the table
gives the extreme values. We observe that for the non-
transition metals the values of A derived from optical
measurements are in good agreement with those ob-
tained by McMillan and with other values calculated
by several authors. The values of A are correlated
with values of T,.

The situation is not so good for the transition
metals, where the values of A exhibit very little cor-
relation with each other or with T¢. This result ap-
pears to indicate that the transition-metal values are
significantly influenced by band structure or anisotropy,
which are not taken into account in (5).

For the alloys NbsSn and V;Ga we can use (1) to
obtain p*. Using Tp = 304°K for NbySn and 310°K for
VsGa, we obtain 0.06 and 0.11, respectively, as the
values of pu*. The small values of u* may indicate a
phonon mechanism of superconductivity in these alloys.

We wish to thank V. L. Ginzburg for a discussion of
this work.
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