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The infrared absorptivity of the noble metals from 1.7 to 3.5 p has been measured in the range of 10 to 310 K.
Electropolished bulk specimens of copper, silver, and gold and films evaporated onto polished sapphire have
been studied. The results are interpreted in terms of the Holstein theories of phonon-assisted and surface-
assisted absorption. These theories are found to provide an accurate description of the absorptivity, when
allowance is made for anisotropy of the electron-phonon relaxation time over the Fermi surface. Values of this
anisotropy are obtained. The average scattering of electrons at the metal surface is found to be nearly

completely diffuse.

I. INTRODUCTION

The Mott-Zener formula® for the intraband-tran-
sition absorptivity of metals in the near infrared in-
dicates the possibility of determining the electron-
phonon relaxation time 7 from infrared data. It
has been frequently assumed that this infrared 7 is
identical to the dc-resistivity relaxation time,
despite Bethe’s early suggestion that a substantial
difference would appear at low temperatures. The
data of Weiss® and Ramanthan* on copper have con-
firmed the existence of such a difference. Roberts®
established that this difference could not be ex-
plained by the theory of the anomalous skin effect. ®

A quantum theory of 7 in the infrared, analogous
to the Bloch theory of the dc-resistivity relaxation
time, has been derived by Holstein' and by Gurzhi.®
This theory indicates that the absorptivity tends to
a nonzero value as the temperature approaches
zero, as observed by Ramanathan. * Biondi and co-
workers®™' measured the low-temperature ab-
sorptivities of copper and silver and found values in
agreement with Holstein’s theory, after allowance
for the anomalous skin effect. They further con-
firmed the independence of absorptivity on wave-
length for photon energies well below the interband-
transition edge.

One of the two principal objectives of the present
work is to study the infrared absorptivity over the
whole temperature range from 7<© to 7>0 (O is
the Debye characteristic temperature) for com-
parison with theory. The noble metals are particu-
larly suited for this study since they have well-
established electronic structures and are easily
electropolished.

Study of the anomalous skin effect® led to the dis-
covery of a previously unsuspected mechanism of
infrared absorption by conduction electrons, in-
volving the scattering of electrons at the metal
surface.® =15 The resulting absorptivity is pro-
portional to 1 —p, where p is the fraction of elec-
trons specularly scattered at the surface. At-
tempts to evaluate p have given widely differing
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results. Doremus'® found p=0.5-0.7, depending
on infrared wavelength, while both Lenham and
Treherne'” and Roberts® found p=0. Bennett et al. '®
found that surfaces of varying roughness gave values
from +1 through 0 to an apparently unphysical value
of -1, The zero-temperature data of Biondi®~!
indicate p =0, although Doezema and Koch'® have
recently demonstrated rather conclusively that at
least partial specularity can be achieved on elec-
tropolished copper.

The second principal objective of the present
work is to evaluate p for electropolished metals,
for comparison with these results. This paper is
a continuation and expansion of a preliminary in-
vestigation by one of the present authors. 2°

II. THEORY

The absorption of photons by conduction-band
electrons requires interaction with the lattice to
conserve momentum. Interband transitions are
excluded by limiting the photon energy 7w to well
below the absorption edge. Two intrinsic mecha-
nisms of momentum-conserving interactions are
known, namely, lattice vibrations and surface col-
lisions. Gurzhi® has shown that the two processes
can be considered independently and the results
simply added.

A. Phonon-assisted absorption

Holstein” has derived an expression for the pho-
non-assisted absorption. His theory is essentially
the infrared equivalent of the Bloch theory of dc
resistivity, assuming free electrons and a single
Debye-model phonon spectrum and excluding um-
klapp interactions. The resulting expression for the
effective relaxation time, as derived in the Appen-
dix, is

1 12 Tsff"” z* ]
R G W

where © is the Debye temperature and 7, is a con-
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| FIG. 1. Theoretical tempera-
ture dependence of infrared ab-
sorptivity A, due to phonon-as-
sisted intraband transitions and
dc resistivity p. Both quantities
are expressed as values of 7,/7.
The broken line is 7/®, which
represents the asymptotic be-
havior in each case,
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stant for each metal. This equation is derived in
the limit Ep> Zw> kT and kg®, wT>1 (Ef is the
Fermi energy). The £ term in (1) is due to spon-
taneous emission of a phonon by a photon-excited
electron, while the temperature-dependent term
corresponds to phonon absorption and stimulated-
emission processes.

The absorptivity is given by the Mott- =ner
formula, A=2/w,T, where w, is the calculated plas-
ma frequency: wp=(47rNez/m)”2, N is the electron
density, m is the electron effective mass. At low
temperatures, the volume absorptivity thus ap-
proaches a constant value, corresponding to the
spontaneous emission term in Eq. (1). This ab-
sorptivity is independent of the bulk resistivity of
the metal and is independent of wavelength provided
that w7>>1 and that the effects of interband transi-
tions are negligible. At high temperatures, the
volume absorptivity reduces to the classical result,
i.e., it is proportional to the dc resistivity. For
the noble metals the condition w7t >>1 is rather
stringent at 300 K and restricts the validity of Eq.
(1)tothenear infrared. For greater thanabout 4 u, the
correction term w?72/(1 + w?7?), discussed in the
Appendix, leads to a wavelength-dependent ab-
sorptivity. Figure 1 shows the temperature de-
pendence of the normalized volume term corre-
sponding to Eq. (1) and the ideal resistivity given
by Eq. (2) below.

Because of the approximations in the theory, it
is not practical to calculate the parameter 7,
which depends on the phonon-electron coupling C.
In the limit w-0, Eq. (A14) shows that the dc re-
laxation time is given by the Bloch-Griineisen re-

2.0

lation

T\5 fe/T 5
1.1 [4(..) f __z_ﬂi_z___z.] ’ (2)
T L8/ ) (F-D-e7)
so that 7, can be obtained empirically from the dc
resistivity p=4w/ w‘:‘,‘r. If 7 varies with position on
the Fermi surface, the value of 7, for infrared ab-

sorptivity will differ from the value for dc resis-
tivity. It can be shown that!®

(/=187

- (f%dsfuﬁds>/(fvpds)221 , (3

where vy is the position-dependent velocity on the
Fermi surface and the equality holds for isotropic
scattering.

While 7Zw is always well below the absorption
edges of the metals in our investigation, the ex-
istence of the interband absorption does affect the
intraband absorptivity. The absorption edge results
in a real term added to the complex dielectric con-
stant, the additional polarizability being nearly con-
stant from well below the absorption edge to w=0.
The effect on the intraband absorptivity can be es-
timated using the following simple procedure. In
terms of the complex index of refraction, N=n+ ik,
the absorptivity in the regime &> # is given by
A=4n/K?. “Adjusted” values for » and % can be ob-
tained by solving the equations for €; and €, with
b€, added:

71'2—k’2:€1:n2—k2+ o€, ,

2n'k' = €5 =2nk . @)
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With the same approximations used to obtain A
=4n/K?, the result is A’ =A(1+36¢,/2%%) and corre-
sponds to a negligible correction for the present
work,

The actual phonon spectra of the noble metals are
much more complex than the Debye form used in
the derivation of (1) and (2). It is possible to get
some idea of the effects of real phonon spectra by
examining intermediate equations in the Holstein
derivation. With the assumption of an isotropic
dispersion relation, but not assuming the Debye
form, the infrared absorptivity is proportional to
the integral

% jo.%%(h‘ eTz—_l> dq , (5)

where x=€(q)/kgT, and €(q) is the phonon dispersion
relation. The dc resistivity is proportional to

1 (% ¢’ dgq
kBTfo @-Dl-e™ " (6)

In the high-temperature limit [€(gy) < #7T], the in-
frared and dc expressions both take the form

W0 4

q aq
kg T s 7
B ﬁ &(q) ()

indicating that departures from the Debye disper-
sion relation will have the same effect on resis-
tivity and absorptivity for 7> ©. However, for
T -0 the infrared expression takes the form

g’ dg
hTﬁ % (8)
Hence, the zero-temperature phonon-assisted ab-
sorption involves a different weighting of phonon
modes from the high-temperature absorption.
Since the actual phonon dispersion relations differ
substantially from the Debye approximation, the
zero-temperature term in (1) may not take the
specified value £ (or, equivalently, a different To
may be required to describe the zero-temperature
absorptivity).

B. Surface-assisted absorption

The theoretical magnitude of the surface-colli-
sion-assisted absorptivity has been investigated by
several workers. 2* For a free-electron metal,
with specular electron scattering at the surface, the
absorptivity is given by the equation

Ag=3(w,/0P(vp/c), (9

where vy is the electron velocity at the Fermi sur-
face and c is the speed of light. This contribution
to the absorptivity is negligible, being about 1x 10
for the noble metals compared to the zero-tempera-
ture phonon-assisted absorptivity, which is about
1x1073,

For diffuse scattering of electrons at the surface,
the surface-assisted absorptivity is given by the
equation

Ag=%vg/c, (10)

which for a typical monovalent metal gives an ab-
sorptivity of about 3x 10, Kaganov and Slezov?
have extended this formula to the case of a non-
spherical Fermi surface with position-dependent
velocity. For cubic crystal symmetry, their ex-
pression for the effective velocity to be used in (10)

is
7e= 8 as\ /£,295
Ur= 3_(fvzlfch>/§vaF:

where vr is the magnitude of the velocity at the
Fermi surface, v, is the component normal to the
surface of the metal, and v, is the component along
an x axis, chosen arbitrarily in the plane parallel to
the surface. The integrals are over the regions of
the Fermi surface with v,> 0.

This integral has been evaluated for the noble
metals, using the Halse?® parameterization of their
Fermi surfaces. In contrast to the phonon-as-
sisted absorptivity, the surface absorptivity de-
pends on crystal orientation. Cubic symmetry
permits reduction of this calculation to #th of the
sphere representing all crystal orientations. Fig-
ures 2—4 show the stereographic projections of
this region for copper, silver, and gold, with con-
tours of constant 7. The values of vy are normal-
ized to the free-electron Fermi-surface velocities;
that is, vy, =(127%)"/%%/mya, where a is the lattice
spacing and m, the free-electron mass.

The question of whether the surface scattering
of electrons is specular or diffuse has received a
great deal of attention, with conflicting re-
sults. ®1116=18 poezema and Koch!® have shown that
specular scattering can be achieved for electrons
with trajectories nearly parallel (6 <1°) to the sur-
face. For infrared absorption the apparent specu-
larity depends on the angular dependence of the
probability of specular scattering and the angular
dependence of the effectiveness of electrons in
photon absorption. The probability of specular
scattering of an electron incident on the surface at
angle 6 (measured from the surface plane) is given
by the equation23

(11)

_ . 2
PS(G):e (4rh sind /rg) , (12)

where 7 is the rms surface roughness and X, the
de Broglie wavelength of the electron. The effec-
tiveness of an electron is proportional to cos?6,

a result that can be obtained from the Holstein
treatment®® and is also apparent in the velocity-
averaging integral (11). With a factor sin6 cosé
for the differential electron current, the net spec-
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FIG, 2. Calculated orientation dependence of vp [Eq. (11)] for copper. The values are normalized to the free-elec-

tron value (1279)!/3%/ma.

ularity for a free-electron distribution is given by
the equation

r/2
P=<f e~ Urhsif /2% 04,630 ging de)/
0

r/2
f cos®0sinfdo . (13)
0

This function is shown in Fig. 5. Since A; is 3 A
for copper and 5 A for silver and gold, it is clear
that the surface must be virtually perfect before
even partially specular electron scattering, as
measured by infrared absorption, can be achieved.

1II. EXPERIMENT
A. Apparatus

The calorimetric technique is best suited for
measuring the small absorptivity of the noble
metals in the infrared. ®'%2?° Reflectivity mea-
surements require two orders of magnitude greater
precision for a given accuracy in the absorptivity
and require optical finishes better than those pro-

duced by electropolishing. Ellipsometry is highly
sensitive to surface contamination and oxidation,
and again requires good optical finishes. The
nearly unavoidable 20-A oxide film of copper®* af-
fects ellipsometric measurements seriously. A
calculation of the effect of this oxide on a typical
ellipsometric measurement of » and %k indicates that
the value of % obtained would be in error by 8%, and
the value of absorptivity calculated from » and %
would be 15% low. This oxide film reduces the ab-
sorptivity as measured by normal-incidence calor-
imetry by only 0.5%.

The very low sensitivity of the calorimetric meth-
od at high temperatures necessitates an infrared
source of substantial power. In the presence of a
suitable laser, a broad-spectrum source was used,
taking advantage of the wavelength independence of
the absorptivity at low temperatures.9 At room
temperature the measured absorptances for copper
and silver have a-slight wavelength dependence, and
gold is more strongly wavelength dependent in the
region where theory predicts a constant value (2-"
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FIG. 3. Calculated orientation dependence of vy for silver.

1). Hence measurements made at an average
wavelength of 2.6 u may differ from those made at
a longer wavelength. A sketch of the apparatus

is shown in Fig. 6. One major modification of pre-
viously described calorimetric methods has been
made. Rather than tilting the sample and collecting
the reflected beam, the sample is mounted close

(6 mm) to the light-pipe aperture at true normal
incidence. Incident-beam power is measured se-
quentially by rotating a copper plate coated with a
heavy layer of gold black into the beam. This ar-
rangement avoids the difficulties of (a) small
amounts of scattered light reaching the sample
mount and contributing spurious heating, (b) col-
lecting all the reflected infrared, noting again that
the electropolished silver and gold are optically
rough, and (c) adjusting the results to compensate
for oblique incidence,

The infrared source must be very stable to pro-
vide useful results with this sequential procedure.
The lamp used in these measurements is a 1000-W
tungsten-halogen photographic lamp, type DXW.
Tests showed no detectable variation in infrared

power from this source over the lengths of time re-
quired to make the absorptivity measurements.
Incident-power data from run to run were generally
consistent to within the accuracy of measurement,
which is about +1.5%. Data over many runs
showed variations with lamp aging, but these varia-
tions were very slow and did not affect the absorp-
tivity measurements. Wavelengths shorter than
1.7 u are removed by a thick (1. 6-mm) germanium
filter. The long-wavelength limit is about 3.5 p,
determined by the tailing of the radiation function
and the transmission of a Pyrex vacuum-seal win-
dow. The calculated spectrum is fairly sharply
'peaked at 2.0 , the total infrared power incident
on the sample being about 3x10™ W. It is clear
that the resulting absorptivity should conform to the
equations developed in Sec. II.

The sample is thermally nearly isolated, with a
thermal relaxation time relative to the temperature-
controlled base of about 60 min at 100 K. Hence,
the temperature rise under excitation is practically
linear for the periods of 2—6 min used in the mea-
surements. The rate of temperature rise is on the
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order of 5%10™* K/min above 100 K. This tem-
perature change is detected with thermistors: an
Artronix model TH-1 for the temperature range 10—
125 K, a Veco model 05A2 for 125-250 K, and a
Veco model 21A2 for 180-310 K. Accurate mea-
surement of this temperature rise requires high
background-temperature stability. Temperature
variations due to thermal radiation from the vac-
uum container are eliminated by immersing the
container in liquid nitrogen or helium. Electrical
leads to the sample are thermally grounded to a
massive base controlled by a Cryogenic Research
TC-103 temperature controller, modified for im-
proved performance.

Because the thermal link from sample to base
is weak, high-temperature operation requires set-
ting the base temperature significantly above sam-
ple temperature to compensate for thermal radia-
tion from the sample mount. It is necessary to de-
pend on the thermistors for absolute temperature
measurement as well as for temperature-change
detection. With a good thermal link attached from
sample mount to base, the thermistors were cali-

[ho]

Calculated orientation dependence of vy for gold.

brated against the platinum resistance thermometer
used for temperature control of the base. Since
the temperature-precision requirements of this
experiment are relatively low, this procedure was
quite adequate.

B. Sample preparation

The bulk samples were prepared from single-
crystal or polycrystalline boules with resistivity
ratios in excess of 500 to 1. They were machined
in the form of disks 2.5 mm thick and 1.29 cm
diam with a threaded stud for screwing the sample
into the mount. These disks were then abrasion
polished by hand to moderate optical finishes, end-
ing with 1 g alumina. The silver and gold speci~
mens were etched in hot acid until all traces of
machining damage were removed. Because copper
can be electropolished to great depths, only a light
clean-up etch was used for this metal. The sam-
ples were annealed in vacuum (107 Torr) and al-
lowed to cool by radiation. After electropolishing,
they were quickly rinsed, dried, and placed in the
apparatus for immediate evacuation. Subsequent
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Laue x-ray photographs showed that the copper and
gold samples were strain-free single crystals with
normals along the [211] and [100] directions, re-
spectively. The silver sample was polycrystalline
with grain size less than 10 pu.

Film specimens were prepared by Hoffman of
Westinghouse Research Laboratories. The films
were rapidly evaporated onto thin, polished sap-
phire wafers soldered to copper bases. The sub-
strate temperature during the depositions was 65—
85 °C; the thickness of the films was 2000-3000 A.
A measure of the roughness of these films was ob-
tained by Choyke of Westinghouse Research Labora-
tories through measurement of the amplitude of the
surface-plasmon absorption of a silver film.? This
indicated an rms surface roughness on the order of
186A. A dc-resistivity measurement at room tem-
perature was made on the evaporated gold, using a
strip on a glass slide placed next to the absorptivity
sample during evaporation. The result was iden-
tical to the handbook value for bulk gold to within
10%. No residual resistivity data were obtained for
the films.

IV. RESULTS AND DISCUSSION

Figures 7-9 show the data obtained for the three
metals. The single-crystal data for copper are a
composite of measurements on four samples: (4)

a 0.50 n

0.25 -

0.01 0.1 | 10
h/Xg

FIG,. 5. Apparent infrared specularity p as a function
of h/Ay, where k is rms surface roughness and X4 is the
electron de Broglie wavelength,
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FIG. 6. Schematic view of absorption apparatus.

annealed 60 min at 475°C, 12 u removed in electro-
polishing; (v) the same specimen after removal of
an additional 17 u by electropolishing; (©) an-
nealed 820°C, 60 min, 48 u removed in electro-
polishing; (©) the same specimen after removal of
an additional 11 u by electropolishing. The close
agreement among these four sets of data is evidence
that lattice distortion produced by the mechanical
polishing has probably been eliminated. However,
there is still the possibility of absorbed oxygen
being present on all copper samples since the an-
nealing was not done in ultrahigh vacuum, and cop-
per is known to be an excellent getter for oxygen.
The samples were prepared in essentially the

same way as those described by Koch in his magnet-
ic surface-state experiments and by Biondi and
Ra,yneg in their original low-temperature absorp-
tivity measurements. Thus the present results
should be comparable to these earlier ones. In
every case the absorptivity of the film is higher
than the absorptivity of the electropolished bulk
metal. In the case of silver the difference is
small, so the film data have been shifted up in

Fig. 8 by 0. 0010 to avoid confusion with the bulk-
silver data.

It is extremely difficult to obtain any unambiguous
information about the absorption mechanisms from
room temperature data alone. Therefore, a de-
tailed comparison of the present results with pre-
vious measurements at or near 300 K will not be



680 JACK A. McKAY AND JOHN A. RAYNE 13

Absorptivity (%)

1
o] 100 200

Temperature (K)

FIG, 7. Temperature dependence of the absorptivity
for copper. The broken lines are calculated curves as-
suming isotropic 7T and the solid lines are fitted curves.,
Data for films indicated by (<).

attempted. The theoretical background presented
previously shows that the temperature dependence
of the absorptivity allows a more definitive analy-
sis. Accordingly we focus attention on the curves
in Figs. 7-9, which are calculated from the equa-
tions given in Sec. II. The lower theoretical curve
corresponds to completely specular electron scat-
tering at the surface (p=1), the upper to complete-
ly diffuse scattering (p=0) assuming isotropic 7.
The data do not agree precisely with either calcu-
lated curve. While disagreement with the p=0
curve at zero temperature is small for copper and
practically zero for silver and gold, there is in
each case a divergence with increasing tempera-

Absorptivity (%)

Temperature (K)

FIG. 8. Temperature dependence of the absorptivity
for silver. The broken lines “Max” and “Min” refer to
the range of surface absorptivity as a function of crystal
orientation. The calculated curve for p=0 is for an
average over-all crystal orientation, For clarity the
film data have been displaced upward by 0,1% in abso-
lute absorptivity. Data for films indicated by (0).
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FIG. 9. Temperature dependence of the absorptivity
for gold, Data for films indicated by ().

ture.

There is some uncertainty in the determination
of the parameters used in obtaining the calculated
absorptivity curves. Four parameters are in-
volved in calculating the phonon-assisted absorp-
tivity: the electron density N, the electron effec-
tive mass m, the Debye characteristic temperature
O, and the inverse relaxation time coefficient 1/7,.
The electron density is taken to be 1 electron per
atom, so that N=4/a°, where q is the cubic lattice
spacing. Following White and Woods?® © is taken
to be the high-temperature limit of the specific-
heat value. Their values of resistivity at T=0 are
used to obtain 1/7, from Eq. (2) and the relation
p=4n/uiT, w,being calculated from N and m. The
latter can be computed from the Halse parameteriza-
tion of the Fermi surfaces, using the formula®’

1

1
m 12mNT f”FdS ’ (14)

where the integral is over the entire Fermi surface.
Values obtained in this manner are listed in Table
I, which also gives empirical effective masses ob-
tained by several workers from optical data,28=30
The calculated values, based on cyclotron reso-
nance data, should be higher than the optical values
by the factor (1+ 1), where 2 is the electron-phonon
mass enhancement. Although the mass enhancement
is supposed to be about 0. 10,%! no consistent dif-
ference is apparent. Therefore, we have chosen to
use the optical values of Ehrenreich ef al. 29 in both
Egs. (1) and (2), disregarding the question of mass
enhancement.

Calculation of the surface-assisted absorptivity
for p=0 is straightforward, using results obtained
from Eq. (11). The appropriate values of 75 for
copper and gold are taken from Figs. 2 and 4, re-
spectively, given the crystal orientations from x-
ray analysis. For the polycrystalline silver an
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TABLE I. Electron effective masses for the noble
metals, as ratios to the free-electron mass, The values
in column 1 are calculated from Eq. (14) and the values
in columns 2—4 are calculated from optical data.

Effective mass

Metal Theory Experiment

Copper 1.43 1.45° 1, 42" 1,49°
Silver 0,98 0.97* 1,03° 0, 99°
Gold 1.08 0. 98" 1.04° 0. 99°

*Reference 28.
*Reference 29.

“Reference 30,

average over-all orientation is used, the segments
labeled “Max” and “Min” in Fig. 8 indicating the
range of displacement of the p =0 curve for extre-
mal values of Px. Table II lists the values of the
parameters used in the calculations of the absorp-
tivity.

Taking N and m as fixed, three parameters de-
scribe the infrared absorptivity: @, 7y, and p.
Ideally, all three could be obtained by fitting curves
to the data, but the lack of structure in the absorp-
tivity and the limited accuracy of the data prevent
reasonable determination of all three. It is possi-
ble, for example, to set p=1 and fit the copper
data acceptably by adjusting © and 7,. However,
the results are difficult to accept, since the re-
sulting anisotropy factor (75°/7¢F) is 2.7 and the
Debye temperature is 470 K. The number of curve-
fitting parameters must therefore be reduced. It
is most reasonable to fix ©, taking the high-tem-
perature specific-heat value as before. Curve
fitting then proceeds by subtracting the measured
zero-temperature absorptivity from all the data
and fitting the remainder to the temperature-de-
pendent term of Eq. (1), thus giving the value of
1'5". Disregarding the possible effects of non-Debye
dispersion relations discussed in Sec. II, the term
0.8/w,7¢" is subtracted from the zero-temperature
absorptivity and the remainder attributed to sur-
face-assisted absorption. Comparison with the
calculated value for p=0 yields the value of p shown
in Table III.

TABLE II. Parameters used to calculate 7 and the
free-electron Fermi-surface velocity vg,.

Copper Silver Gold
a 3.608 4,0776 4,0702 A
m 1,42 1.03 1,04 m,
o(T=0)* 1.80 1.16 1.32x10°¢ Q em
ch 310 220 185 K
& 3.111 5.054 4,460 x10™! sec
Vge 1,58 1.39 1.40 x10° m/sec

*Reference 26.

TABLE III, Values of anisotropy factor 7iF and specu-
larity p from infrared-absorptivity data.

5 Anisotropy
Metal (10" sec) (rya/m) ?
Copper 2,39+0,19 1,30+0,10 0,10+0,10
Silver 4,00+0,20 1.26+0,10 0,07+0,10
Gold 3.05+0,20 1.46+0,10 0.21+0,10

The uncertainty limits listed in Table III are de-
termined by the range of values that permit reason-
able fit to the data. No allowance is made for un-
certainty in the input parameters © and m, nor is
allowance made for possible refinements of the
theory. One possible refinement is correction of
the approximations that lead to the expression
A=2/w,7. Because the theory leading to Eq. (1)
was developed specifically for this expression, it is
not certain how such corrections should be made;
the simplest assumption is that 7 as given by Eq.
(1) can be used in the complete Drude formulation.
The effects of the approximation 1+ w*72~ o?7% are
on the order of 1x10™ and can be neglected. A
more serious approximation is

A=dn/[n+ 1P+ ]~ /K .

Taking k= w,/ w and evaluating » from the measured
absorptivity with the exact expression, it is found
that the exact and approximate expressions differ
by about 1%. Adjustment for this approximation in-
creases the anisotropy factor of Table III by 1%
and increases the quantity 1 -p by 1%.

Another possible refinement is allowance for the
interband transitions, using the method described in
Sec. II. For the interband contribution to ¢;,
Ehrenreich and Philipp®® found 5¢,(w=0) to be 4.7
for copper and 2.3 for silver. The effects of in-
cluding this refinement are to change the anisotropy
factor and p for copper to 1.26 and 0.13, respec-
tively, while for silver the corresponding values
are 1.24 and 0.08. These adjustments are smaller
than the experimental uncertainties. More im-
portant is the uncertainty in the value of ©, since
one might choose to use Of, the resistivity Debye
temperature, instead of the specific-heat value.
Small changes in © will change 7¢¥ approximately
in inverse proportion, maintaining the product
O7{" constant. Since 73° will be changed in the
same manner, there is no change in the anisotropy
factor although the specularity p will be altered.
With ©=335 K instead of 310 K for copper, for ex-
ample, p increases from 0.10 to 0. 17.

Kellysz has studied the temperature dependence
of ®g, considering both the range of Debye tem-
peratures to be expected and the general validity of
the theoretical model. Over the appropriate tem-
perature range 100-300 K, Of for copper varies
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from 320 to 340 K while Oy for silver is less con-
stant, varying from 210 to 260 K. For gold Of
varies from 180 to 330 K, indicating a basic failure
of the theoretical model. This observation renders
our values of anisotropy and specularity for gold

of somewhat uncertain significance. There is also
the possibility that © is different in the infrared
case from both the dc-resistivity and specific-heat
situations. The photon energy is on the order of
one-tenth the Fermi-surface energy and this may
affect the mix of umklapp transitions, changing the
averaging over the different phonon modes and di-
rections. Only a detailed computation with realis-
tic phonon descriptions and Fermi-surface geome-
try can predict the changes in © and ‘ré‘ due to this
complication.

The values of the anisotropy factor listed in
Table III are distinctly different from unity. Few
other quantitative estimates of this anisotropy fac-
tor are available for comparison. Ziman®® has ob-
served that the Hall effect in the noble metals im-
plies anisotropic 7, although Dugdale and Firth, **
also using Hall-effect data, come to the opposite
conclusion. Springford35 concludes that 7 is
isotropic except at very low temperatures. Nowak®
has calculated 7 for copper in the small-angle
scattering limit; a crude evaluation of the integrals
of Eq. (3) with his results yields an anisotropy fac-
tor of just 1.02. The calculations of Taylor®” indi-
cate that 7 is isotropic for T>30©. However,
Fletcher ef al.® conclude from Righi-Leduc data
that 7 is significantly anisotropic. Our results
indicate substantial anisotropy, but must be con-
sidered conditional in the absence of the computa-
tions that would resolve the effects of high photon
energy and non-Debye dispersion relations.

As anticipated by the calculation of Sec. II,
electron scattering at the surface is essentially
diffuse. This is not in disagreement with the ob-
servation of magnetic surface-state resonances in
electropolished copper by Doezema and Koch. *°
Their experiment involves only glancing-incidence
electrons, for which the probability of specular
scattering may be quite high. If 2/), is such that
P(6=1° is equal to 0.98, the infrared specularity
p is still just 0.007. Considering the difficulty ex-
perienced by Doezema and Koch in producing copper
surfaces with adequate specularity for their ex-
periment, the p=~ 0 result of the infrared measure-
ment must be considered in good agreement with
their observations.

The investigation of evaporated films of the pres-
ent work was quite cursory, intended only to be a
rough check of the possibility that p might be in-
creased on smooth films. Bennett et al.'® have
found a transition from a physically anomalous
p=-1to full specularity, p=+1, around an rms
roughness of 60 fi, far above the transition rough-

ness predicted by the theory. A proper investiga-
tion of films is a formidable task, requiring metal-
lurgical and galvanomagnetic studies of film struc-
ture and theoretical work relating this structure to
the optical properties. Aggregation phenomena®®
and the possibility of a wavelength-dependent re-
laxation time?%*! must be considered. Our investi-
gation was limited to measuring the absorptivity
to see if a well-prepared film on smooth sapphire
might have lower absorptivity than the bulk metal.
Such a result would be evidence that increased
specularity had been achieved. Our results are
negative, in that the films invariably showed higher
absorptivity. This result does not necessarily re-
fute the claim of increased specularity, because it
is possible that absorption related to lattice defects
is dominating in a reduction in surface-assisted
absorption. For copper and silver, the film ab-
sorptivities are related to the bulk absorptivities by
a simple vertical translation of the fitted curve,
indicating a temperature-dependent extrinsic ab-
sorption, as is expected for absorption due to lat-
tice defects. For copper, the difference in ab-
sorptivity is 0. 0019 and for silver the difference is
0.0002. It is to be noted that the film data for sil-
ver have been shifted upward by 0. 001 in Fig. 8 to
prevent confusion. In the case of the gold film,
the fit achieved by an upward translation is not
very good, there being a systematic divergence be-
tween the displaced curve and the data. The fit is
nonetheless within the error limits for most points.
In this paper it has been assumed that the mea-
sured absorptance is independent of wavelength
when w7>>1 and the effect of interband transitions
is negligible. While this assumption has been shown
to be valid at low temperatures, ? it is less true at
room temperature, and particularly for gold some
measurements of the absorptance show a large per-
centage change in the 2-5-u wavelength region. *2
Thus if the temperature-dependent absorption mea-
surements were made at a longer wavelength where
the theoretical assumptions were still valid, the
shape of the measured curves might be in closer
agreement with the shape of the calculated curves.

V. CONCLUSIONS

The expression derived by Holstein and Gurzhi
for the temperature dependence of the conduction-
electron intraband-transition infrared absorptivity
of metals does provide an accurate description for
copper, silver, and gold, with the parameter 7,
differing from its value for dc resistivity. From
the adjusted 7, are obtained estimates of the an-
isotropy of 7 over the Fermi surface. The infra-
red-average scattering of electrons at the metal
surface is nearly completely diffuse, as anticipated
by a simple theoretical calculation. Smooth films
show higher absorptivities than bulk samples, fail-
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ing to show positive indication of increased specu-
larity of electron scattering.
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APPENDIX

The transport properties of an electron-phonon
gas have been treated in detail by Gurzhi® and Hol-
stein.”**® In this Appendix we present a brief de-
rivation of Eq. (1) based on these references. The
electrons are assumed to have an effective mass m
different from the free-electron mass mg, while

the phonons are described by a simple Debye model.

From Eq. (5.33) of Ref. 3 or from standard sec-
ond-order perturbation theory, the probability per
unit time for an electron to make a transition be-
tween states k and k’ , with simultaneous photon and
phonon emission or absorption, is given by

PHE-E)=[F(E D /avm e ]A(@)
x[1-f(Ep)]6(Ey - Ep t hwg+ iw) . (A1)

In this expression the superscript (+) refers to pho-
non emission and absorption, respectively, while
the subscript refers to the corresponding photon
processes. The electric field amplitude is E, V

is the sample volume, wg, w are the phonon and
photon frequencies, respectively, while f(E;)

is the usual Fermi distribution function. Momen-
tum conservation gives the condition

q=+(k-Kk") . (A2)

The quantities A®’(q) can be written in the form

A = qu(n +1> ’ (A3)

q ng

where the bracketed terms refer to phonon absorp-
tion and emission, respectively, where #j is the
original phonon occupation number and D is a con-
stant. In terms of the usual coupling constant C,*
the latter is given by

D=7C®/NM , (A4)

where N is the atomic density and M is the ion
mass.

Averaging Eq. (Al) over all states k’ and over all
field directions with respect to K (or equivalently
with respect to E), we obtain

o I PN nif  nt
PR - g [, ol 2

X kqcos6 + hwg+ m;) [1-£(Ep]ddgde . (A5)

Here gqo=(67°N)!/3, and it is assumed that ng, Wy
and hence A(*’(.’) depend only on ¢ the magmtude
of q Further integration over 6 gives

& E?

- L]
POR - o)y, 141

X[1 -f(E;¥ hw,* fiw)]dq . (a6)

We now average over all occupied states to obtain
expressions for the corresponding relaxation rates,
namely

T = (LPE (k)f(Ez)>/ 2 F(EY)

T(x)

IIZ

= JpeiyEa (A7)

where ¢ is the Fermi energy. Substituting Eq.
(A6) into this result gives

1 _ EE fa°q3A‘*’(q)G‘*’(q)dq (A8)
T3 T 48T mw'k, J, * ’

where k; is the Fermi wave number.

G{t)(¢) is an integral

The quantity

() e(E-:;hwq#m)/kBT
G(t)(q) é.f 1+e(EE YATY4 1+g(E‘c““q“w)/kBTdE N
(A9)
which can be readily evaluated, namely
thw, +hiw
G)a )'zg S P RET ] ¢ (A10)

Case I (Tw<< kg@, kgT). These conditions conform
to the classical case. Here the power expended by
the electromagnetic field is

1
W= Z Lxm(_r(*) - ﬁ‘)ﬁw

(£) hw=0 (+

_ e'E 0 3 . ()
-% s, A0 S Sayda, A1

(2)

where the summation includes both phonon emission
and absorption. From Eqs. (A3) and (A10), and the
relation w,= c,q, where ¢, is the (isotropic) longi-
tudinal sound velocity, it is easy to show that this
relation can be written
ezEZ fqo h—qSD ehc,a/kBT
“16Tmatky kaT (e19/ 78T _ 1

v da- (A12)

Introducing the Debye temperature © we then have

PEXksT)°D

V= o mutrotiecs O/

where J;(x) is the usual transport integral, i.e.,

Js(x) fo .

z° ___Zdz
@E-1D1-¢9
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Finally,

w

2
97 2EPNC (T (A13)

5
- amw(2m) Prg0M 6) 350/T) ,

using Eq. (A4).
At high temperatures the corresponding dc re-
laxation time 7,4, is**
1 9n° n2C%N T)S
— = oo e\ ) S 7,
Tee 2 (2m)'*rPMrgo\0© $(0/7) , (A14)

which when inserted into (A13) yields

22
e°FE 1
—-—-zz & Ty (A15)

This corresponds to the usual formula for the high-
frequency conductivity (w7>>1), namély,

2
ne 1
Our =, 2 Tr; . (A16)

Case II (Hw> kg0, kg T). These conditions conform
to the case of interest in the present experiments.
Here we have

G¥)g) =3nw/2t ,

() -hw/knT (£) (A17)
GiNg)= (Brw/28)e™ *8T < GE)(q)
which gives the result
/¥« 1/t | (A18)

The power expended by the field is now given by

1 & E® %
Weto LT T, &, 40

® T @ o
(A19)
which can be written
272 A2 5 4
~ E*nC @ . [ _2¢°dq )
W= 2 FmPe kN, < 57J), /T _q

2E? 9r°ENCE /1 [ 24t
e 97 C< J xdx) (A20)

T M 8LkM \5 @ Jy T -1

It is convenient to introduce a relaxation time 7,
such that

1 978 #n2CAN

"8 @ MRS (a21)

so that

1

P (A22)
Defining z=x0/T, Eq. (A20) then becomes

W-ezEz l’:g 4<Z sj'e/T Z4d2
_mezrc 5" *\e 0 e‘—l],

(A23)

which corresponds to an effective relaxation time
given by Eq. (1) of the main text, viz.,

1AT2 L2y d]
T Tel5 0) Jy -1
At high temperatures (©/7 <« 1) this equation re-
duces to
FfE? 10 E® 1

Tom T, T 2ma’ Ty

(A24)

(A25)

which is the classical result. For low temperatures
(6/T> 1), (A24) reduces to

(A26)

which is a constant independent of the dc resistivity.
The detailed variation of the absorptivity with tem-
perature is shown in Fig. 1.

The above equations are only applicable in the
absence of interband transitions and for w7ty > 1.
If the latter condition is not satisfied, then the ab-
sorptivity involves an additional factor «*7%/
(1+ «’7%). This factor leads to the usual Drude
formula for the absorptivity in the classical limit.
It is responsible for the observed wavelength de-
pendence of the infrared absorptivity of the noble
metals at room temperature. However, in the
present experiments the range of wavelengths pres-
ent in the incident radiation satisfy the conditions
for the applicability of (A24) at all temperatures.
For example, in copper at 273 K taking 7=2.7
x107!* sec, we obtain wT= 15 and A=3.5 . The re-
sulting correction to Eq. (A24) is thus negligible
even in this worst case.
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