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Infrared Absorption of Aluminum, Copper, Lead, and Nickel at 4.2'K*
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The optical absorptivities of bulk samples of aluminum, copper, lead, and nickel have been determined
calorimetrically at 4.2'K over the wavelength range 1—11 p, . At longer wavelengths (X)4 p), Al, Pb, and Cu
exhibit absorptivities independent of wavelength and equal to 1.20, 1.16, and 0.41%, respectively. These
results are analyzed in terms of photon absorption by conduction electrons which are scattered at the metal
surface and in phonon-generating collisions in the skin-depth region. The values for copper and lead are in
satisfactory agreement with the predictions of the theories describing these processes; however, the pre-
dicted absorptivity value for aluminum is 30% lower than that observed. In ferromagnetic nickel, an at-
tempt was made to study photon absorption resulting from electron scattering at magnon-generating col-
lisions; unfortunately, the measured absorptivity varies with wavelength even at ) =11 p, , suggesting the
persistence of interbamd transitions. The 4.0% absorptivity of nickel at 11 p, is approximately twice the value
estimated for intrabund transitions involving surface, phonon, and magnon scattering of electrons.

I. INTRODUCTION that the electrons in the skin-depth region are scattered
much more frequently than one would estimate from
a consideration of the ordinary electron mean free
path /, alone. First of all, an electron coming from the
interior of the metal into the skin-depth region suffers
a scattering collision at the surface. If the collision
results in "specular" reflection of the electron, the
component of momentum parallel to the surface of the
metal is unchanged at the collision and little absorption
results. If the collision results in "diffuse" reflection,
that is, the parallel-momentum component after the
collision is randomly distributed, appreciable photon
absorption occurs. The theoretically predicted absorp-
tivity in the optical and infrared regions for an idealized
metal (spherical Fermi surface) is given by

'HE present paper reports an investigation of the
processes by which electrons in the conduction

bands of metals at low temperatures absorb optical
and infrared radiation. To this end we have extended
the long-wavelength limit of previous experiments''
from X 4p, to 11 p in an attempt to eliminate
absorption resulting from interband transitions. The
metals studied are sufficiently pure and the temperature
suKciently low that the electrical-conductivity mean
free path l, is large compared to the skin depth of
electromagnetic penetration 8, and hence we are in the
"anomalous-skin-effect" region. ' '

To the extent that a free-electron model suffices to
describe the behavior of the conduction electrons in the
metals under study, we can impose the condition that
absorption of an optical photon by an electron requires
a simultaneous scattering collision with some third
agent to permit momentum and energy conservation.
If the classical absorption theory' applicable at ordinary
temperatures, where l,&5, were valid in the present
case, we would expect very little absorption by the
conduction electrons as a result of the small likelihood
of scattering while in the region of penetration of the
electromagnetic field. However, it is observed experi-
mentally' ' that the low-temperature absorptivity
is only slightly smaller than that at room temperature.

The relatively large absorption results from the fact

2&ne' Vp' 'Vp
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where p is the fraction of conduction electrons specu-
larly scattered, (1—p) being diffusely scattered by the
surface; n, e, m* are the conduction-electron density,
charge, and eftective mass, respectively; co is the
radiation's angular frequency, c the velocity of light,
and ep the Fermi velocity. The subscript s on the
absorptivity indicates that the absorption results from
surface scattering.

A second source of absorption at low temperatures
involves electron-phonon scattering. %hen considering
electrical conductivity one neglects such processes, since
the lattice is in zero-point vibration and there are
neither phonons present to cause scattering nor does
the electron possess sufficient energy to generate a
phonon. In the case of absorption of an optical photon,
however, the electron clearly possesses sufficient energy
(since hv)kO~, where O~ is the Debye temperature) to
generate any phonon in the spectrum and hence such
scattering processes are important. The theory" for
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this process leads to prediction of an absorptivity

Aph ———',A,)O/T,

where A, q
——(m*/7ree')'"/r is the classical (high-tem-

perature) absorptivity obtained when l«8, r being the
mean free time between collisions, and T the tem-
perature at which the classical absorptivity is
determined.

In the case of ferromagnetic metals, one must also
consider an analogous electron-magnon (quantized spin
wave) scattering process as a possible absorption
mechanism. Again, at low temperatures the magnon
spectrum will be unexcited; however, upon absorbing
a photon a conduction electron will have sufhcient
energy to excite any part of the magnon spectrum,
inasmuch as hp&kT„where T, is the Curie tempera-
ture. The theory for this effect has not been worked
out, but descriptions of scattering processes aftecting
electrical conductivity in ferromagnets indicate ap-
preciable scattering of electrons by magnons as well
as phonons at certain temperatures. "

An obstacle to the study of these various mechanisms
of optical absorption by conduction electrons is the
occurrence of interband transitions in the metal over
the wavelength region studied. In addition to the strong
absorption resulting from direct interband transitions
(k 't. kf' j), one must consider, in the case of warped
energy bands, absorption at longer wavelengths (lower
energy) as the result of indirect transitions, k&;„,&
=k;„;~.&q, where g is the wave vector of the phonon
required to conserve momentum. ' "Although the wave-
length positions of absorption bands resulting from
direct transitions are well known for many metals, the
weaker indirect transition contributions are less weH

known and may contribute to the absorption in the
near-infrared region.

The metals studied in the present work, Al, Cu, Pb,
and Ni, were chosen for their rather different surface,
phonon, and magnon scattering contributions to the
optical absorption.

II. METAL SAMPLE PREPARATION

In order to investigate the absorptive properties of
bulk meta, ls, solid samples rather than evaporated Alms

were used. To obtain surfaces which represented, as
nearly as possible, the undisturbed metal lattice and
also exhibited a suitable optical finish, procedures
involving cutting, polishing, etching, annealing, chemi-
cal brightening, and electropolishing were developed
for ea,ch metal. The samples, in the shape of disks
—, in. in diameter with a small threaded boss protruding

"For a discussion of scattering mechanisms important in
determining the electrical conductivity of nickel, see D. A.
Goodings, Phys. Rev. 132, 542 (1963)."L.H. Hall, J. Bardeen, and F. J. Blatt, Phys. R,ev. 95, 559
(1954).

from the back, were machined from high-purity material
and then processed as follows:

Alemiegm S.amples were machined from 99,999+ %
pure material which had been vacuum-melted. Samples
were successively mechanically polished, chemically
brightened, and electropolished (see Appendix) and
then vacuum-annealed at 500-550'C for 6 h. Samples
were given a final electropolish and distilled water
rinse in a helium-filled dry box, dried in a helium jet,
and installed under the helium atmosphere in the
apparatus. The samples were checked under intense,
grazing incidence light for surface filming or defects.
The apparatus was evacuated and cooled to low
temperatures as soon afterwards as possible. Instal-
lation and examination of the other metal samples also
followed this procedure.

Copper. Samples were machined from 99.999+ %
pure, vacuum-melted material and were then lightly
polished —mechanically, chemically, and at last electro-
lytically —under a helium atmosphere and installed.

Lead. Samples were machined from 99.999+
pure material which had been vacuum-melted and
then were lightly polished mechanically using 4/0
emery and white oil, then rinsed with ether and alcohol.
Following chemical brightening and a rinse in preboiled
distilled water, the samples were electropolished under
a helium atmosphere and installed.

nickel. Samples A and 8 were machined from
99.99% pure material, while sample C was machined
from the same material after it had been vacuum-
melted. All samples were mechanically polished with
diamond dust, electrolytically etched lightly, and
rinsed with distilled water. Samples were vacuum-
annealed at 750—850'C for 12 h. Samples A and 3 were
chemically brightened and installed in the apparatus.
Sample C was electrolytically polished under a helium
atmosphere and installed.

EH. EXPERIMENTAL APPARATUS

The present apparatus is very similar to the calori-
metric optical-absorption apparatus described in detail
previously. ' ' The evacuated envelope housing the
samples under study is immersed in the liquid helium
(see Fig. 1).The base, in contact with the liquid helium,
is electronically temperature-controlled to approxi-
mately &0.0001'K by means of a heater winding (H)
and a sensing carbon resistance thermometer (T). The
metal sample target is threaded into a copper stage
containing a heater and a thermometer and mounted
on thin-walled stainless steel tubing connected to the
base. A similar stage supports the total absorber,
coated with gold black. Fine copper wires from the
stages to the base adjust the thermal response time of
the stages to energy inputs. The infrared radiation
enters the top of the apparatus (not shown) through a,

Kodak fortran 2 window (Irtran 2 transmits radiation
between 1 and 13 y in wavelength), down an electro-
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IV. RESULTS AND DISCUSSION

The measured absorptivities (corrected to normal
incidence") are given as functions of wavelength in
Table I for aluminum, copper, lead, and nickel. The
values represent averages of several measurements at
each wavelength. In the case of nickel, the data given
for sample C refer to the electropolished specimen
made from vacuum-melted material, which consistently
gave values 2—10% lower than for the chemically
brightened samples A and 8, whose absorptivity

Tmxz I. Measured absorptivities (corrected to normal incidence)
as a function of wavelength for metals at 4.2'K.

Absorptivity (%)
Wavelength

(g) Aluminum Copper Lead

1.0
1.1
1.3
1.5
1.8
2.0
2.2
2.5
3.0
4.55

10.9

3.88
3.46
2.63
2.38
2.18
1.77
1.74
1.66
1.45
1.22
1.18

~ ~ ~

0.45
0.44
0.41
0.39

0.41
~ ~

0.41
0.41

12.71
8.26
3.42
1.72
1.32
1.25
1,24
1.20
1.19
1.15
1.16

Nickel
C Aand3

21.4 (22.9)
2O. 1 (22.2)
18.9 (20.7)
16,8 (17.9)
14.4 (15.5}
13.4 (14.6)
12,2 (13.8)
11.2 (12.0)
8.6 (1o.o)
5.6 ( 6.o)
4.O ( 4.1)

polished stainless steel light pipe, and is focused by the
Irtran 2 lens onto the target at an angle of incidence of
15'. That part of the radiation not absorbed by the
target is reflected into the absorber bucket, where it is
essentially totally absorbed. As discussed previously, "
tests are made to eliminate the small e6'ects of stray
radiation on the determinations.

In operation, a steady intensity of radiation of the
desired wavelength is allowed to fall on the target
until the target and absorber stages arrive at stationary
temperatures slightly above the base temperature. The
resistance values of the thermometers in each stage
are then precisely determined. With the radiation
turned o6, dc power is supplied to the heaters imbedded
in the stages to reproduce the target and absorber
temperature rises by reproducing the resistance ther-
mometer readings. The required dc powers are then
precisely measured and the absorptivity is calculated
from the formula A=P~/(Pr+P~), where the sub-
scripts T and A refer to the target and absorber stages,
respectively.

Radiation at wavelengths X&3 p is obtained from a
120-% tungsten projection lamp dispersed by a Bausch
and Lomb high-intensity grating monochromator.
Radiation at wavelengths greater than 3 p, is obtained
from an open Nichrome wire glower. Two Kodak
infrared interference 61ters have been used to select
portions of the spectrum, one having maximum trans-
mission at P =4.55 p, and a half-intensity width,
~X=0.08JM, the other X =10.9p and QA=1.1 p.

=Stainless Steel Light Pipe

Kodak Irtran 2 Lens

Gold Black Absorber

Absorber Stage
Target
Optical Stop

Torget Stage

Stainless Steel SUpports

OH OT

Copper Base

Be —Copper Flanges

Gold Gosket

QH = Heaters

QT = Carbon Resistance Thermometers

FIG. i. Schematic diagram showing the evacuated envelope
of the optical-absorption apparatus, which is immersed in a
liquid-helium bath at 4.2'K.

values appear in parentheses. A plot of absorptivity
versus wavelength for these materials is given in I'ig. 2.
An estimate of random and systematic errors in the
measurements places the errors between 1 and 5%,
the larger error being associated with those wavelengths

( 2-3 p) where the available incident radiant energy
was small ((100pW) and with the metals having the
smallest absorptivities (especially Cu). No estimate of
the error due to defective surface preparation is avail-
able; we have adopted the procedure of preparing
successive samples, until the minimum absorptive
values are attained, and give the data for the 6nal
sample group.

There are two features apparent from these curves;
with the exception of Ni, as we go further into the
infrared the absorptivity values appear to become
independent of wavelength, as expected for the conduc-
tion-electron absorption processes discussed in the
Introduction. The second feature is the sharp rise in
absorption at shorter wavelengths noted for all four
metals (earlier work on Cu'' showed this sharp rise
at X 0.6 p, , beyond the range of the infrared optical
elements used in the present experiment). The sharp
rise to large absorptivity values is taken as an indication
of the onset of direct, interband transitions. That
portion. of the spectrum in which a rather gradual rise
in absorptivity is noted for all four metals is dis-
cussed later. Inasmuch as the physical quantities
necessary for calculations of the absorptivities (e.g.,
the conduction-electron density) are not equally well
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Using these values in Eqs. (1) and (2), we obtain, on
the assumption of completely diGuse surface scattering

=0),
A =A,+A, i,=0.28+0.17=0.45%,

C
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known for the four metals, we discuss them in the order
of decreasing available information.

Copper. The finding of an absorptivity independent
of wavelength for X)1.8 p (see Table I and Fig. 2) is in
agreement with the results of earlier studies' ' '; how-
ever, the value A = (0.41&0.02)% is somewhat smaller
(10—20%) than the previous values, perhaps owing to
a somewhat better surface knish by use of both chemical
polishing and electropolishing. We may compare the
observed value with the predictions of theory by the
use of Eqs. (1) and (2). For copper we take an effective
mass m*= 1.38m and a Debye temperature 0=344'K
from speci6c-heat data. " The conduction-electron
density n is 8.5)&10" cm ' and the dc conductivity at
T=300'K is 00——5.33X10'7 esu. ' These parameters
may be used to evaluate the absorptivity through Eqs.
(1) and (2) by noting that the one-electron modeli' gives

wo ——(k/m*) (3N/87r)'"

where h is Planck's constant, and

1/r = ice'/m*o o.

(3)

' W. S. Corak, M. P. Garfunkel, C. B. Satterthwaite, and A.
W'exler, Phys. Rev. 98, 1699 (1955).

'4 R. B. Dingle, Physica 19, 348 (1953).
5 See, for example, Frederick Seitz, The Modere Theory oj

Solids (McGraw-Hill Book Co., Inc., New York, 1940), Chap. IV.

wovelerlgth (micron')

Fn. 2. Measured optical absorptivities versus wavelength at
4.2'K of nickel, aluminum, lead, and copper. The + symbols
refer to values deduced from room-temperature determinations of
the complex index of refraction of nickel by I. N. Shkharevskii
and V. G. Padalka, Opt. Spectry. 6, 45,505 (1959).

in good agreement with the measured value, considering
both the experimental and theoretical uncertainties.

Rayne' obtained a value of A~i, =0.38% in his
analysis by using a Debye temperature 0~1,=1.50'

appropriate for the longitudinal-phonon spectrum in
the volume-scattering formula, inasmuch as Holstein's
formulation' discusses a particular photon —electron-
phonon coupling interaction which involves only the
longitudinal phonons. Rayne was led to this analysis
by his absorption measurements at higher temperatures,
which seemed to require substantial specular surface
scattering (p)0), leading to a smaller surface contri-
bution and hence the need for a larger volume contri-
bution to bring theory into agreement with experimental
results. ' We do not agree with this analysis because, as
Holstein points out, "measurements of the temperature
dependence of electrical resistivity agree with the
predictions of a theory employing the ordinary Debye
0, indicating that transverse as well as longitudinal
phonons contribute signi6cantly to the scattering.
Thus, in the volume-optical-absorption theory one
should expect coupling mechanisms in addition to the
one Holstein considered explicitly, which should then
bring both transverse and longitudinal phonons into
play. Further, microwave absorption studies of copper, "
where the skin depth is only an order of magnitude
larger than in the optical case ( 200 A), indicate best
agreement with theoretical predictions for completely
diffuse (p=0) scattering.

It therefore appears that photon absorption by the
conduction electrons during disuse surface scattering
and phonon-generating volume collisions explains the
observed optical absorptivity of copper rather well,
for the wavelength region 1.8 p, ()«11p, . The gradual
increase in absorptivity with decreasing wavelengths
below X=1.8 p and before the main absorption edge
at X=0.6g has been attributed to indirect (phonon-
generating) interband transitions, ' as discussed in the
Introduction. As we shall see in the discussion of lead,
it is possible that, instead, the eQect results from
conduction-electron (intrab and) absorption and a
change of the electromagnetic penetration depth on
approaching a strong absorption edge.

I.cud. In order to provide a better test of the theory
describing the volume absorptivity arising from phonon
generation, we chose the metal lead, with the expec-
tation that the volume-scattering term would sub-
stantially outweigh the surface-scattering term. Un-
fortunately, the quantities needed in the theoretical
evaluation are less well known; we have taken et*=m,

'6 T. D. Holstein (private communication).' R. G. Chambers, Proc. Roy. Soc. (London) A215, 481 (1952).
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ss=1.32X10's cm ' (four conduction electrons/atom),
O~=110'K ' ~ and a0=4 6&(10
Fermi velocity in the second zone of lead has been
determined" as 8.4X 10' cm/sec. "For these values, we
find from Eqs. (1)—(4),

A =A,+A,=0.21+1.18=1.39%.

This value is in fair agreement with the long-wavelength
experimental value A= (1.16&0.02)%, in view of the
uncertainties in the quantities used in the evaluation
of the theoretical formulas. Until better values of
such quantities as m* are available, we can only note
that, in a metal where the decreased conductivity
suggests stronger electron-phonon scattering, the contri-
bution to the absorptivity of the phonon-generating
process seems to account for most of the observed
value.

In preliminary studies of lead" we sought to explain
the gradual increase in absorptivity with decreasing
wavelength below ) 2 p, , but before the main absorp-
tion edge at X 1 p (see Fig. 2). We considered the
effect on the electromagnetic penetration depth of the
existence of a strong interband absorption at ) 1 p
and the attendant effect on the conduction electrons'
absorption in the infrared. Using the observed absorp-
tion versus frequency curve, extended in physically
reasonable fashion to zero and to high frequencies,
Sieringer22 made a rough numerical integration of the
Kronig-Kramer relationship and found a small (& 10%
at 1.4 p) progressive increase in the penetration depth
8 at frequencies approaching, but less than, the threshold
for interband absorption. (In the anomalous skin-effect
theory, 8 is considered to be independent of wave-
length. ) Thus, it appears that the gradual increase in A

with decreasing wavelength noted for a number of
metals, e.g., Pb, Cu, Ag, Al, may result in part from
increased penetration of the radiation as one approaches
a strong absorption edge. This explanation of the
increasing absorption is physically more satisfying than
that based entirely on indirect interband transitions.
Such transitions require warped energy bands (so that
the minimum energy gap does not correspond to a
"vertical, " k, =kr, transition), and it does not seem
reasonable to expect all metals to exhibit the ap-
propriate warped band structure.

2/Nmielm. The shape of the absorptivity versus
wavelength curve for aluminum suggests that for
X&4.5 p, the absorptivity approaches the constant

' American Institute of Physics Handbook (McGraw-Hill Book
Co., Inc. , New York, 1963), 2nd ed."R. L. Dolecek, Bull. Inst. Intern. Froid, Annexe 3, 300
(1955}.

~ A. V. Gold, Phil. Trans. Roy. Soc. London A251, 85 (1958).
~ The Grst zone of lead is ulled; the third and fourth zones

represent smaller sections of the Fermi surface; therefore we have
used the second-zone Fermi velocity as most representative of
the absorbing electrons in lead.

~~ R. Bieringer, M.S. Thesis, University of Pittsburgh, 1962
(unpublished).

value, A = (1.20&0.03)%. This value is in reasonable
agreement with Ramanathan's value, ' A=1.11%, ob-
tained with room-temperature blackbody radiation
(X, 14 p) incident on his sample. In order to com-
pare our value with theoretical predictions, we have
used the values v=1.8&10'3 cm '," vs*=1.5m'4 and
us=1.34X10' cm/sec, s' together with os=3.5X10' esu
at T= 293'K and 0~=428'K "'4" The resultant value
of absorptivity, assuming diffuse-surface scattering, is

A =A,+A„=0.34+0.50= 0.84%.

This value is 25—30% less than Ramanathan's or our
value.

The lack of agreement may indicate the de6ciencies
of attempting to apply the theory, based on spherical
Fermi surfaces, to actual metals having more compli-
cated Fermi surfaces. However, aluminum has probably
the least-distorted Fermi surface of the metals studied,
and therefore we should have expected greater success
with the free-electron model in this case. It should be
noted that the assumption of less than total diffuse
scattering (i.e. , P&0) makes for even poorer agreement
between experiment and theory. Finally, the gradual
increase in absorptivity going toward shorter wave-
lengths may result from indirect interband transitions
or a changing penetration depth, as discussed for the
cases of copper and lead.

Ei eke/. In earlier, unpublished studies of nickel
over the wavelength range 0.4—3.3 p, we observed
strong absorption ( 10%), indicating the persistence
of interband transitions even at X=3 p. The present
study was therefore undertaken to obtain data at
longer wavelengths, ) =11p, where interband transi-
tions hopefully wouM not longer occur. Nickel, like
lead, exhibits the reduced dc electrical conductivity,
which suggests strong volume-electron scattering and
therefore should exhibit an optical absorption resulting
from volume-electron scattering which strongly out-
weighs the surface-scattering contribution. A compli-
cation, not appreciated at the outset, is that the
volume-electron scattering can result not only from
phonon-generating collisions, as in lead, but also from
magnon-generating collisions, owing to the ferromag-
netic properties of nickel.

From Table I and Fig. 2 it will be seen that nickel,
unlike the other metals studied, apparently has cot
reached a constant absorptivity value, even at X= 11p.
Also, the smallest value found, A =4.0%, is much too
large to be accounted for by the surface and volume
scattering of electrons, as can be seen from the following

~ T. E. Faber and A. B. Pippard, Proc. Roy. Soc. (London)
A231, 38 (1955}.

'4
¹ Phillips, Phys. Rev. 114, 676 (1959).

~~ E. Fawcett in The Fermi SNrface, edited by W. A. Harrison
and M. B. Webb (John Wiley R Sons, Inc. , New York, 1960},
p. 197.

"N. V. Zavaritskii, Zh. Eksperim. i Teor. Fiz. 34, 1116 (1958)
LEnglish transl. : Soviet Phys. —JETP 7, 778 (1988)g.
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estimate. The available data on the relevant properties
of nickel are meager; we use the magnetic moment value
of 0.6 conduction electrons/atom" to estimate that
n= 5. 5X1(P cm ' (copper has n=8.5&&10" cm '). If
we assume m*=m, then &,=0.34%.

From the analysis of Beattie and Conn" of the
optical constants of nickel, we obtain op ——1.15&10'~
esu and 7=8.4&10 " sec at 270'K, which values are
consistent with those given by Mott and Jones('
0 p= 1,36&(10" esu and v =9.76&& 10 " sec at 273'K.
The Debye temperature of nickel is taken as 450'K."""
If we neglect for the moment the magnon contribution
to scattering in determining o.

p and the volume absorp-
tivity, we obtain an estimate of the absorptivity,
Av&=1.9%. Thus the total absorptivity is estimated
to be of the order of A=A, +Ave=2. 2%, or approxi-
mately half the value observed at X=11p. No reason-
able adjustment of such quantities a,s m~ seems likely
to provide significantly better agreement with the
observed value.

It does not seem probable that the dc conductivity
at high temperatures and the optical absorption at
low temperatures are affected differently enough by the
magnon and the phonon scattering of electrons to
account for the factor-of-two discrepancy between the
theoretical and experimental values of the absorptivity.
This statement is based on the fact that the Debye
and Curie temperatures (T,=631'K) of nickel, the
phonon and magnon spectrums, and the electron-
scattering powers of magnons and phonons do not
appear to di8er sufficiently to account for the eGect.
However, the present theory of volume optical absorp-
tivity" restricts itself to consideration of imtrabued

transitions of the conduction electrons.
In nickel, if one considers ieterbamd scattering

between the overlapping s and d bands, the relative
contribution of magnon (and phonon) scattering to
high temperature dc conductivity and to low-tempera-
ture optical absorption may be quite diferent. In
low-temperature optical absorption, the electron can
reach final energy states e& e,+hv, and final wave-

vector states kq=k, +q Lwhere q indicates the wave

vector of the generated magnon (or phonon)]. Since hv

is not negligible (&0.1 eV), a different part of the
neighboring band is accessible to the scattered electron
in this case than in that of the high-temperature elec-

trical conductivity, where e&~e; and k~=k, &q (the
~sign indicating either generation or absorption of a
magnon or phonon). " Thus, ivltevbavld transitions be-

tween the unfilled 3d and 4s bands of nickel may
account for the added absorption.

~7 M. F. Mott and H. Jones, The Theory of the ProPerties of
Metals and Alloys (Dover Publications Inc. , ¹wYork, 1958).

2' J. R. Beattie and A. K. T. Conn, Phil. Mag. 46, 989 (1955).
~ W. K. Keesom and C. W. Clark, Physica 6, 513 (1939).
' J.A. Rayne and W. R. G. Kemp, Phil. Mag. 1, (8) 918 (1956),

At high temperatures, thermal excitation of the magnons and
phonons makes them available for absorption at a collision with an
electron.

The observed decrease in absorption with increasing
wavelength also is consistent with an indirect, interbaed
transition eGect. Theoretical calculations~ suggest that
interband transitions below 0.2 eV energy are possible.
These s-d interband transitions evidently lead to an
internal photoelectric absorption band, weakly peaking
at X 1.0 p.33 Very recent studies of direct, interband
optical-absorption transitions in nickel films have been
carried out by Hanus et al. ,~ using a thermally modu-
lated reQectivity technique. These studies indicate
additional structure at X 3 p, (hv=0. 4 eV) and at

5 p (0.25 eV). The band-structure models suggested
by them'4 to explain various data on nickel (optical
reQectivity, ferromagnetic Kerr eft'ect, magnetoresist-
ance, and de Haas —van Alphen effect) admit the
possibility of the longer-wavelength indirect interband
transitions apparently required by our results.

Thus, it appears that in nickel we have not been able
to carry out measurements at sufhciently long wave-
lengths to avoid interbued transitions. One can not
proceed to much longer wavelengths to test the Astru-
baed volume absorption theory, inasmuch as the
present theory' is based on the assumption that
hv& ko~, which places a long-wavelength limit at about
20 p for complete excitation of the phonon spectrum.
(For excitation of the magnon spectrum, the related
condition kv) kT, would limit measurenients to
wavelengths shorter than 15 p.)

V. CONCLUSIONS

Our attempts to study low-temperature optical ab-
sorption resulting from phonon-generating, electron-
scattering collisions in the skin-depth region have been
successful only in lead, where the surface scattering
contribution to the optical absorption is rather small
((20%) and the effect of interband transitions at long
wavelengths seems to be absent. VVe have been able
to verify, within experimental error, the earlier results
obtained for copper. ''' Our attempts to study the
long-wavelength absorption in nickel resulting from
imtruband electron transitions involving phonon- and
magnon-generating collisions appear to be frustrated
by continuing iet'erbmd s-d scattering even at X=11p
(hv~0. 1eV). Studies at longer wavelengths (A&20 p)
may avoid interband eGects; however they will require
a modification of the available theory" to take into
account the inability of the electron, having absorbed
the photon, to excite the full phonon or magnon
spectrum.
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APPENDIX CHEMICAL BMGHTENING AND
ELECTROPOLISHING SOLUTIONS

The following solutions and procedures were used in
the preparation of the various target samples:

Alleuelm. KlectropolIshIng: Al cathode. Electro-
lyte; 200:112:1.00 solution of orthophosphoric acid,
sulfuric acid, and distilled water at 94'C. Current
density, 0.8 A/cm'. Polishing time 3-5 min.

Copper. Chemical brightening: 4:11:5 solution of
nitric acid, orthophosphoric acid, and glarial acetic
acid at 60—70'C. Polishing time 30—60 sec.

Klectropolishing: Cu cathode. Electrolyte, 2:1 solu-
tion of orthophosphoric acid and distilled water at
20-25'C. Voltage drop across cell 1.5—2.0 V. Polishing
time 5 min.

Lead. Chemical brightening: 7:3 solution of acetic
acid and hydrogen peroxide at 25'C.

Klectropolishing: Stainless steel cathode. Electrolyte,
7:3 solution of acetic acid and perchloric acid at
20-30'C. Voltage drop across cell 10 V. Polishing time

2 min.
nickel. Chemical brightening: 5:3:1. :1 solution of

glacial acetic, nitric, sulfuric, and orthophosphoric
acids at 90'C. Polishing time 10—15 sec.

Klectropolishing: Xi cathode. Electrolyte, 39:29
solution of sulfuric acid and distilled water at 30'C.
Current density 0.5 A/cm'. Polishing time 30 sec.
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Optical Phonons in BeO Crystals*
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The optical, phonons of BeO crystals have been studied by measurements of polarized infrared reAection
spectra in the range 400-4000 cm '. Raman spectra for shifts in the range 100—1500 cm ' at room tempera-
ture were analyzed. Oscillator 6ts to the reAectivity spectra lead to values for the frequency, linewidth,
and strength of the A& and 8& vibrations. The infrared data are con6rmed by the Raman measurements,
which also give the Raman-active-only E2 vibrations. Within experimental error, the high-frequency g2
mode at 684 cm ~ coincides with the A& transverse mode and is at about twice the frequency of the low-
frequency E2 mode. The multiple-phonon absorptions at zone boundaries have also been measured at room
temperature on the high-energy side of the reststrahlen band up to 4000 cm—',

I. INTRODUCTION

HE metal oxide of smallest cation radius 0.34 A
is beryllium oxide. It therefore has many unique

properties. These are, for example, high heat con-
ductivity' due to large Debye temperature, high elec-
trical resistivity due to high-energy gap, ' and simple
crystal structure (wurtzite). ' ' Beo is also one of the
principal reactor-Inoderating materials. The dielectric
and lattice properties of BeO single crystals have been
studied by several authors. Austerman et ul. ' and Smith
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el a/. ' have studied its polar properties by measuring
piezoelectric, dielectric, and pyroelectric constants.
Brugger et al.~ have measured some parts of the dis-
persion relations of BeO by inelastic neutron scattering.
Morrows and others" have measured the infrared
transmission of thin BeO single crystals. Recently,
Cline t, t a/. have determined the volume compressibility'0
on polycrystalline BeQ and elastic constants" by meas-
uring ultrasonic velocities in BeO single crystals.

Lattice vibrations of BeO were studied by rneasure-
ment of the polarized spectra of both infrared reQect-
ance and Raman scattering on single crystals at room
temperature. The spectra are simple, yet they clearly
show the eGect of the anisotropy of the wurtzite
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