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Far-Infrared Properties of Cuprous Oxide
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(Received 16 August 1965)

The transmission and reQectance of cuprous oxide has been measured from 6 to 250 p and analyzed by
classical dispersion theory. The two infrared-active vibrational frequencies are given by v&=613 cm and
F2=146.0 cm ' with corresponding longitudinal-mode frequencies of 638 and 149 cm '. The maximum
values of the extinction coe%cient are calculated to be 2.7 and 4.0, respectively, for the two modes; both
are higher than the literature values. The high-frequency and static dielectric constants are found to be
e„=6.6 and Ep= 7.6, respectively.

INTRODUCTION

1
CUPROUS oxide has a cubic symmetry known~ as the cuprite structure. Elliott' and IIuang'

have shown there should be two isotropic, infrared-
active, lattice-vibrational modes. Absorption measure-
ments by Pastrniak. ' and by Bouster et a/, ' have enabled
the latter to specify all of the observed bands and in
particular the two infrared-active modes as vj=610
cm ' (16.4ts) and us ——147 cm ' (68tt). O'Keeffe' has
measured the reQectivity of single crystals of Cu20 in
the region of p1, his results are included in the discussion
below. The present work is an extension of these
measurements to obtain a description of the second
vibrational mode at v2

——147 crn '.

EXPERIMENTAL DETAILS

The polycrystalline samples used in these experiments
were prepared by oxidizing and then annealing copper
sheets' which were subsequently ground and mechani-
cally polished. Transmission and spectral-reQectance
measurements were made on two of the samples at room
temperature with a Perkin Elmer Model 301 spectro-
photometer in double beam mode from 6 to 250 p. These
samples had areas of approximately 3.5 and 1.7 cm'
with average thicknesses of 0.085 and 0.025 cm, re-
spectively. Neither sample had perfectly Qat parallel
faces and the thicknesses varied by about 6 and 10%%u~,

respectively, from the above values. When the samples
were etched in HNO3 solutions they showed single-
crystal grains of 1 to 10 mm'. There was no appreciable
difference in reQectance spectra taken before and after a
slight etch, although stronger etching reduced the
reQectance, presumably because of preferential etching
at grain boundaries which roughened the surface.

The reQectance measurements were made at an inci-
dent angle of 9' and compared to the reQectance of an
aluminum-coated mirror which was taken to be 99%
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reQecting. ' ' The surface reQectivity Eo and absorption
coefficient o. were determined from the relations'

T= (1—Rs)'e ~"/(1—Rose '~")
and

R=[RsyRs(1 —2RQ)e 'a"]/(1 —Rs'e '~") (2)

where T and E. are the measured transmission and
reQectance, and. d is the thickness of the sample. Eo and
n are related to the optical constants by

Rs ——[(zz—1)'+k']/[(rz+1)s+k']
and

rr =4zrk/P,

where e and k are the real and imaginary parts of the
index of refraction (k is also called the extinction
coefficient). The die]ectric constant is also related to the
above by .= (n+zk)'.

Interference effects were not observed in these meas-
urements, and in view of the nonuniformity of d as noted
above, would not be expected except perhaps at the
longest wavelengths for the thinner sample. Because of
the relatively thick samples used, the absorption coefh-
cient could not be determined from Eqs. (1) and (2) in
regions of strong absorption where the transmission
became too small.

DISPERSION THEORY

The classical oscillator dispersion theory has been
presented by several authors"" and will not be repro-
duced here. The result is an expression for the dielectric
constant

in terms of a strength 5;, frequency co, , and damping
constant p; of the jth mode, and the high-frequency

' p. W. Kruse, L. D. McGlauchlin, and R. B. McQuistan,
Elemelts of infrared Technology (John Wiley 0 Sons, Inc. , New
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dielectric constant e„(i.e., at frequencies high compared
to the lattice vibrational modes but below the fre-
quencies of electronic motion). The sum in Eq. (6)
extends over all of the infrared active modes of the
lattice (i.e., j=1, 2 for CusO). The static dielectric
constant is found by setting to=0 in Eq. (6),

(7)

For a given set of dispersion parameters, one can calcu-
late Rs from Eqs. (3), (5), and (6) with the aid of a
computer. The best choice of parameters is found by
comparing Eo with the measured values and adjusting
the parameters until the best fit is obtained.

RESULTS AND DISCUSSION
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TABLE I. Dispersion Parameters of Cu20.

Frequency r; (cm ')
Wavelength X;(y)
Strength S,
Damping constant y;

(cm ')
(Dielectric e„

constants)

Q'KeeBe
v1 mode

609
16.4

0.65&0.03
15

6.46~0.10

Present work
v1 mOde v2 mOde

613&3 146.0~0.7
16.3 68.5

0.70&0.05 0.30&0.03
21~3 1.3 ~0.2

6.6~0.4
7.6a0.4

"H. Szymansld, Theory and Practice of Infrared Spectroscopy
(Plenum Press, Inc. , New York, 1964), p. 54.

"R. Narahari Rao, R. V. de Vore, and E. K. Plyler, J. Res.
Natl. Bur. Std. , Phys. and Chem. 67A, 351 (1963).

O'Keeffe' has performed this analysis for the v& mode
of cuprous oxide. Our results are in reasonably good
agreement with his and only the parameters of the
calculation are reproduced here. Table I lists these
parameters together with O'Keeffe's for comparison.
Our value of the high frequency dielectric constant,
e„=6.6, is determined from the high-frequency side of
the reQectivity spectrum where Eo——0.195&0.010.From
Eqs. (3) and (5) (with %=0) one can see that an error of
0.01 in Re shows up as an error of 5% in e. O'Keeffe's
value, e„=6.46, was determined from interference
fringes in the transmission of thin films and is probably
more reliable.

Frequencies are known in general to better than 1%
and have been checked by measuring known water
vapor absorption lines. ""The quoted uncertainties in
the other parameters are the minimum deviations which
produced a noticeably poorer fit to the data. Since they
do not include experimental errors (which are difF cult to
determine) and since these parameters are interde-
pendent, not too much significance can be attached to
the uncertainties.

Figure 1 shows the measured and calculated values of
Eo for the v2 Inode. The solid and dashed curves are
obtained from the measurements on the two samples
and serve as an indication of the uncertainty in the
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FIG. 1. Reactivity of cuprous oxide in the region of v2
——146.0

cm '. The measured values for two samples are given by the solid
and dashed curves while the circles represent values calculated
from classical dispersion theory.

data. The reQectivity values on the long-wavelength
side are estimated to be accurate to +0.015, so that
there is no significant difference between the two curves.
Since the resolution is comparable to the bandwidth, the
height of the band is somewhat more in doubt. The
circles are values calculated from Eqs. (3), (5), and (6)
with the parameters listed in Table I.The uncertainties
in these parameters are found in the same way as noted
above.

Our value for the dispersion frequency, v2= 146 cm ',
compares favorably with the value given by Bouster
et al. ,4 v2= 147 cm ', from the position of the maximum
absorption. As has been pointed out by several authors, "
the dispersion frequency is given by the maximum of
ekv rather than the maximum value of k which occurs
at a somewhat higher frequency. In the present case,
this difference amounts to only about 0.5 cm '. From
Eq. (7) we can now find eo

——7.6 which is identical to the
value given by Frank, "and close to the value given by
Gross and Pastrniak, "«——7.5 (at T= 77'K). In view of
the rather large uncertainty in e„, this agreement must
be considered fortuitous. O'KeeGe's value for ~o is too
low since it does not include the contribution from S2.

As shown by Barker, " the longitudinal mode fre-
quencies can be obtained from the zeros of c', the real
part of the dielectric constant. They are found to be
v~, = 638 cm ' and vg, ——149 cm—'.

The extinction coe@cient is shown in Fig. 2 as solid
and dashed curves for the measured values and circles
for the points calculated from Eqs. (5) and (6). The

"T. S. Moss, Optica/ properties of Semiconductors (Butter-
worths Scienti6c Publications Ltd. , London, 1959), p. 16.

"H. Frank, Polovodice v feorii i pruxi (Std,tnt Nakladatelstvf
Technicke Literatury, Prague, 1955), referred to in Ref. 16."E.F. Gross and I. Pastrnialr, Fiz. Tverd. Tela 1, 518 (1959)
LEnglish transl. :Soviet Phys. —Solid State 1, 466 (1959)g.
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di6erence between the two measured curves is about as
expected if transmission measurements are uncertain to
1% of full scale. As explained earlier, k could not be
measured near the center of the band. The maximum
calculated value of k is 4.0 (at |=146.5 cm ') or
+=7300 cm ' which is an order of magnitude bigger
than the value given by Bouster eI al. directly from
absorption measurements on samples only as thin as
0.03 mm. In the case of the pi mode, the maximum
calculated absorption is k=2.7 or +=21000 cm ' which
occurs at 617 cm '. This is also higher than the value
given by Pastrniak' (a= 10'—104 cm ') from measure-
ments on Cu20 powder in a KBr pellet.

On either of the steep slopes of the band shown in
Fig. 2, the measured values are lower than the calcu-
lated ones. The transmitted intensity in this region is
approaching zero, so that inaccuracies of 1% (such as
stray light) could almost account for the difference. A
little farther to either side of the band, the measured

absorption is higher than that calculated, and well
outside the experimental error. This is reasonable, how-
ever, because the theory only accounts for absorption
from the fundamental lattice mode, and not from other
mechanisms. Several very weak bands may be present
on the short wavelength side of this lattice band at 163,
185, 197, and 211 cm '. These do not correspond to
anything reported by Bouster et al. Another weak band,
not known to have been reported previously, was ob-
served at about 330 cm ' (not shown in Fig. 2) which

may well be a combination frequency between v2 and the
Raman active mode' at 182 cm ', i.e., v=146+182
=328 cm '. Other absorption maxima were also ob-
served at shorter wavelengths, corresponding to those
reported by Pastrniak.

A Kramers-Kronig analysis" of the reQectivity data
was also attempted, but agreement with the present
results could be obtained only for k&1.0. For smaller
values of k, the agreement was extremely poor.
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SUMMARY

Ke have shown that the infrared dispersion of cuprous
oxide can be described by the classical theory with a
single oscillator for each of the two infrared-active
modes. The optical constants can be found by inserting
the dispersion parameters into the appropriate formulas.
These two bands were the only ones observed in the
reQectivity spectrum, although others were observed in
transmission. In particular, we observe a weak band
near 330 cm ' which is probably a combination fre-
quency. A rough calculation of the integrated absorp-
tion of these bands indicates that they would not
contribute appreciably to the dielectric constant. The
maximum calculated absorption from either of the two
fundamental lattice bands is higher than the published
measured values.
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FzG. 2. The extinction coefFicient of cuprous oxide in the region
of g 2 ——146.0 cm '. The measured values for two samples are given
by the solid and dashed curves while the circles represent values
calculated from classical dispersion theory. The maximum calcu-
lated value of k is 4.0 which occurs at 146.5 cm '.
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