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Raman scattering and exciton luminescence and absorption have been studied in high-purity
single-crystal Cu,O at liquid-helium temperature using 4880-A laser excitation. The Raman-
active mode has been unambiguously identified at 515 cm™, and the first observation made of
luminescence from the n =2, 3, 4 yellow excitons and their continuum. Comparison of the
Raman spectra with the absorption and luminescence spectra near the » =1 exciton has clari-
fied the origin of the strong 220-cm™! Raman feature and yielded evidence for wave-vector-
independent and wave-vector-dependent exciton-phonon coupling, respectively, for the I'j,

and I'j; optic phonons.

INTRODUCTION

In this paper we present the results of Raman
scattering and laser-excited recombination lumi-
nescence from the yellow exciton series!~® in
cuprous oxide Cu,0. These measurements have
allowed us to unambiguously identify at 515 cm™
the I'y; Raman-active mode whose frequency has
previously been reported as 220,197, and 598 cm™!
by various groups.*-® We have also observed for
the first time the direct recombination radiation
from the n=2, 3, 4 and higher exciton states and
from the series continuum. Comparison of the
Raman spectra with the phonon-assisted 1S exci-

ton luminescence has clarified the origin of other
features of the Raman spectrum, such as the
strongest peak at 220 cm™! which we identify as
scattering from two 110-cm™! phonons. Finally,
digital measurements of phonon-assisted 1S exci-
ton absorption have indicated that the exciton-
phonon coupling is independent of the phonon wave
vector g for the I'j, phonon but linear in g for the
I'{s phonon.

Our experiments were performed on a 1-mm-
thick slice from a large single-crystal Cu,O
boule grown by Brower and Parker” by a floating-
zone technique. Forman, who has studied
the optical absorption of these crystals, 8 provided
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FIG, 1, Light scattering and luminescenge spectrum of Cu,O obtained with 50 mW of 4880-A laser excitation at 4.2 °K
showing (a) the Raman spectrum, (b) excited-state exciton luminescence, and (c) 1S exciton luminescence with phonon
sidebands, as discussed in the text. The gain in region (c) from 16 500 to 16 230 em™ is a factor of 20 lower than in the
remainder. The instrumental resolution is indicated by the vertical bars.

us with the sample. The experiments employed
He-Ne and Ar* lasers, a Spex 1401 double-grating
spectrometer, and photon-counting electronics.
The crystal was mounted on a copper stud within
a helium Cryotip Dewar, ° and surrounded with
helium exchange gas.

A representative spectrum?® obtained with 50
mW of 4880-A excitation is shown in Fig. 1. Scan-
ning down in frequency from the laser line, three
groups of features are seen: In the first 1000 cm™!
the Raman spectrum occurs; near 17 500 cm-!
we observe recombination luminescence from the
continuum and excited states of the yellow exciton
series; at 16400 cm™ the sharp zero-phonon 1S
luminescence occurs, followed by a series of
phonon-assisted 1S luminescence features some of
which have been previously discussed by Gross.% !

RAMAN MODE

Cuprous oxide has six zone-center optic phonons
of which the two infrared-active I'j; modes are
known from infrared-absorption and reflectivity
data'? with TO and LO frequencies of 143 and 160
cm™ and 608 and 640 cm™; the frequency of the
I';, mode is known from phonon-assisted absorption
and luminescence as 110 cm™. ** Rigid-ion-lattice-
dynamics calculations by Carabatos and Prevot!*
predict that the remaining three modes are I'z;

(99 cm™), I'; (307 cm™), and I'j; (550 cm™). Of
the six, only the I';; mode should be Raman-active
in single-phonon scattering; however, its frequency
and polarization properties have not been clearly
identified experimentally in spite of several at-
tempts.*~® Our Raman-scattering measurements
were performed in a back-scattering geometry
from a (101) face. In Fig. 2 traces (a) and (b)

show the spectra obtained with (y, y) and (y, —x + 2)

polarizations, respectively, with 4880-A excita-
tion. The 515-cm™ peak is missing in the diag-
onal trace (a), but dominates the off-diagonal
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FIG. 2. Traces (a) and (b): Raman scattering spectra
of Cu,O obtained with 50 mW at 4880 & for normal inci-
dence along a (101) direction. Incident and scattered
polarizations: (y, y) for trace (a) and (y, -x +z) for trace
(b). Instrumental resolution of 9 cm™ is indicated.
Trace (c): phonon-assisted 1S luminescence spectrum
with the zero-phonon 1S quadrupole emission line aligned
with the laser frequency in traces (a) and (b). Instru-
mental resolution was 4 em™! for this trace. The crys-
tal was at liquid-helium temperature.
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trace b) in agreement with the scattering tensor
for the I';5 phonon. We therefore identify the 515-
‘ cm™ peak as the I'j; Raman-active mode. The
observed frequency compares reasonably with the
550 cm™ prediction of Carabatos and Prevot. 1
We have found that it is much weaker with 5145-A
excitation and nearly undetectable with 6328-A
excitation of equivalent power, which may account
for its previous elusiveness.

PHONON-ASSISTED EXCITON LUMINESCENCE

Zero-phonon radiative recombination from S
states of the yellow series is dipole forbidden be-
cause the electron and hole arise from conduction
and valence bands of the same parity —conduction
band T'; and valence band I';; (neglecting spin-orbit
splitting). The zero-phonon line occurs in quad-
rupole emission; however, it can readily be shown®
that all the odd-parity phonons can participate in
phonon-assisted electric dipole radiation from the
1S. Thus the 1S-phonon sideband luminescence is
completely complementary to Raman scattering in
terms of allowed phonon participation. We have
plotted in Fig. 2(c) the luminescence spectrum
directly under the Raman spectra with the 1S posi-
tion in luminescence aligned with the laser fre-
quency in Raman scattering. For a particular
sideband, the displacement of the low-frequency
edge from the 1S may be taken as the frequency of
the participating phonon. (Line shapes of the
phonon sidebands are discussed below.) The lumi-
nescence spectrum is dominated by the 110-cm ™
I'{; phonon, with weaker edges appearing at 150,
350, and 515 cm™, and a double peak with edges
at approximately 630 and 660 cm™!. The edge at
350 cm™! probably corresponds to the T'; phonon,
again in reasonable agreement with the calculated
frequency of 307 cm™, while the 150-cm=! edge and
the double peak correspond to the two ir active
I'js modes. The 515-cm™ edge appears to corre-
spond to the Raman mode although nominally for-
bidden.

Comparison of the Raman spectra with the exci-
ton-phonon luminescence spectrum suggests that
the strong, narrow (A7 ~5 cm™) 220-cm-! Raman
feature is second-order scattering from the 110-
cm™ I'j, phonon for the following reasons: The ex-
citon luminescence spectrum is dominated by the
110-cm™ phonon sideband, indicating that it is
more strongly coupled to the excitons than any of
the other phonons. Furthermore, in calculations
of Carabatos and Prevot the I'j, mode has an ex-
tremely flat dispersion curve, giving rise to a
large narrow peak in the two-phonon density of
states. Thus the 220-cm™ line derives its strength
from the coincidence of the high density of states
and the strong exciton-phonon coupling. !* The two-
phonon explanation was previously suggested by

3

Carabatos and Prevot, * and may also apply to the
308-cm™ Raman feature, identified then as two-
phonon scattering by the 150-cm™ mode which gives
the second strongest sideband in the exciton-phonon
luminescence spectrum. Further comparison
shows that the observed Raman features at 110,

158, 640, and 660 cm™! correspond closely to the
frequencies of odd-parity phonons, and are thus
presumably impurity-activated intrinsic phonons as
discussed by Balkanski et al.®

EXCITON-PHONON COUPLING

We have further explored the coupling of 1S ex-
citons to optical phonons both in absorption and lu-
minescence. At 4 °K the 1S exciton appears weak-
ly in direct quadrupole absorption at 16400 cm™!.
Continuous phonon-assisted absorption begins 110
cm™! above the 1S line with the creation of zone-
center I'j; phonons and 1S excitons. With increas-
ing frequency, excitons are created with q#0 by
simultaneous emission of a phonon of wave vector
q’ =k-q, where K is the photon wave vector. The
absorption constant a is proportional to the
strength of the exciton-phonon coupling, and to the
density of states [E(Q) — E(@=0)]"2, which assumes
only that the combined exciton plus phonon energy
is proportional to ¢°. Next, at 150 cm™ above the
1S line, the I'j; phonon may contribute additional
absorption, etc.

Figure 3 shows our absorption data at 4 °K which
were obtained with the double-grating spectrometer
employing a white-light source and digital data re-
cording and analysis. The best fit for the absorp-
tion constant over the range from the edge out to
~ 550 cm™! using the 110- and 150-cm™! phonons
which dominate the luminescense spectrum is
given by

a(7-Ty5)=0.034 (AT - 110)1/2
+1.3x10°% (a7 -150)¥2 cm™ , (1)

where AV=v -v,5. Each of the two contributions
to the absorption constant is shown separately in
Fig. 3 together with their sum. Note that the
contribution from the 150-cm™! phonon contains an
extra factor of (A7 — 150). This result can be
understood on the basis of available intermediate
states such as the nearest conduction band!® of
symmetry I'j, for which phonon-assisted absorp-
tion would be permitted for I'j, phonons but not
for I'js phonons. Absorption involving the 150-
cm™! T'j5s phonons could then occur only for g+ 0
with a (lowest-order) linear ¢ dependence in the
matrix element or a q2 dependence of the transi-
tion probability; consequently, an extra factor

of (A7 - 150) arises in the absorption constant. 7
We note, however, that this analysis neglects a
small intrinsic frequency dependence of the transi-
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tion probabilities associated with energy denom-
inators, as well as possible contributions to ab-
sorption from other phonons.

We have also employed digital data recording
techniques to study the line shape of the 110-cm™
sideband in the 1S luminescence spectrum. In
this case, the shape depends on the density of
states and the exciton-phonon coupling constant
just as in absorption, but there is also a statistical
factor giving the number of excitons per state.
Thus, one obtains for the radiated intensity

- *
I(Al’i):Io(AT/')l/z (e(Av-u)/kT _1)-1 , (2)

where A7 is the frequency in cm™ above the 110-
cm™! edge, T* is an effective exciton tempera-
ture, and the chemical potential L is to be de-
termined by normalization. For our experimental
conditions we estimate an upper limit for the
1S exciton density of 10 cm™, which places u at
least 15 cm™! below the bottom of the 1S band for
>4 °K. In this case the Bose—Einstein factor
in Eq. (2) is indistinguishable from the classical
Maxwell-Boltzmann distribution previously em-
ployed by Gross. *!! Our measured line shapes
fit Eq. (2) reasonably well, but indicate a system-
atic difference of ~10 °K between the effective ex-

citon temperature 7T* and the lattice temperature,
and some excess intensity in the high~frequency
portion of the band. The effective exciton tem-
perature T* was not less than ~ 15 °K even with
laser power of 5 mW, indicating that the net life-
time for 1S excitons is too short to permit com-
plete thermalization to occur.

Finally, we comment briefly on the excited-
state exciton luminescence shown in Fig. 1. The
n=2 emission line is asymmetric, but the asym-
metry is significantly less than has been inferred
on the basis of absorption data!® where the mea-
surement is complicated by the continuum from
the 1S phonon-assisted absorption. The lumi-
nescence asymmetry may be explained in terms
of a 25-2P splitting of about 25 cm™! which might
arise from central-cell corrections in the S states.
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We derive expressions for the force exerted on any atom in a defect crystal lattice due to
the scattering of phonons. This force is called the phonon-radiation force, and is essentially
the microscopic counterpart of the radiation pressure in classical continuum mechanics; as
such it finds its origins in lattice anharmonicity and is related to local thermal expansion. Al-
though our analysis is entirely distinct from a pseudomomentum approach, we find that in the
low-frequency limit the net phonon-radiation force on the entire crystal may be roughly approx-
imated by associating with each phonon in mode § a momentum equal to the pseudomomentum
7§. A calculation based on a one-dimensional chain reveals that the force field generally de-
pends quite strongly on atomic position and is rather sensitive to the details of the scattering
center. The phonon-radiation force does not appear to be important for vacancy migration,
but should be important for other migration mechanisms.

1. INTRODUCTION

When a lattice wave is scattered by an impurity
atom, it may exert a force on the impurity. Gen-
eral conservation laws can be derived to show that
the sum of the momentum of the particle and the so-
called pseudomomentum, or field momentum, of the
wave system is a constant of motion. *2 The pseu-
domomentum is a fictitious wave momentum equal
to the action of the wave divided by its wavelength,?
or simply ﬁ'ci for a quantum-lattice wave of wave
vector q. Pseudomomentum-based calculations
of forces have been performed for liquid metals, 3
for liquid helium, ¢ and recently for solids.® It is
not clear, however, that a pseudomomentum calcu-
lation is actually valid for solids. **® Our work
indicates that in fact a pseudomomentum approach
is not appropriate for defect scattering in crystal-

line solids, and that another approach is more
meaningful—namely, one which is closely related
to the concept of radiation pressure.

The problem with the usual pseudomomentum
approach is that it assumes that the lattice and
the impurity are separate entities and that momen-
tum is a relevant quantity for an impurity atom in
a crystal lattice. In reality, these assumptions
are inappropriate because the impurity atom is
not very mobile, but rather is strongly bound in
the lattice system in more or less the same way
as the regular lattice atoms. Consider, for ex-
ample, phonon scattering by a mass-isotope im-
purity connected to its neighbors through some
perturbed-harmonic linkages, From a simple
pseudomomentum approach, each scattered phonon
would contribute a nonzero force on the impurity
equal to the change in pseudomomentum during the



