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The dispersion of the Raman cross sections of several phonon modes in CdS and ZnO using a wide

range of laser energies has been measured. The E,(LO) and multi-LO (2-LO, 3-LO and 4-LO) modes

in CdS have been studied over the energy range extending from 0.45E,„(exciton energy) to 1.1E,„.
For the E,(LO) mode, both the "forbidden' (zz) and allowed (zx) geometries were employed. The
dispersive behavior of the cross section in these two geometries is in agreement with theory for energies

below E,„. The dispersion of multi-LO-phonon scattering is also presented. For ZnO, the dispersion of
the cross section for the E,(LO), E,(TO), A, (TO), and E, modes was measured over the energy

range of (0.57-0,76)E,„. The behavior of the LO modes is expalined in terms of a cancellation between

the deformation and Frohlich contributions to the LO scattering cross section. For the TO modes,
resonant cancellation was not observed, in contrast to the results of recent studies of CdS and ZnS. A

simple model is used to discuss these differences between the ZnO and CdS behavior. Finally, a
resonant enhancement of the scattering from the 2-LO mode in ZnO when the scattered-photon energy

was coincident with E,„ is reported.

I. INTRODUCTION

Resonant Raman effects (RRE) in CdS have been
extensively investigated both experimentally' "
and theoretically. ' Much of the recent interest
has centered on the dispersion of the allowed
longitudinal-optic (LO), the 'forbidden" LO, and

the multi- LO modes. With laser photon energies
8&& below and near the exciton energy E,„, the
dispersion of the transverse optic (TO), allowed
1-LO, and 2-LO modes have been reported in
several studies. ' ' ' "' For 8& E,„, the
data on the dispersive behavior of the allowed and
forbidden 1-LO modes, "' as well as the multi-
LO modes, are very limited. For the 1-LO
data, a particular pxoblem with some of the pre-
vious results is that the polarizations of the input
and scattered radiation were not always specified
and, therefore, the separation between the allowed
and forbidden 1-LO scattered intensities was in
general not made. ' ' This is partly because it
has been only recently realized that the forbidden
1-LO intensity can be greater than the allowed

1-LO intensity for h(d, =E 4' '2 ' 3'3~' ln the
case of the multi-LO dispersive behavior, only
the resonant enhancement of the Raman intensity
when the scattered-photon energy is nearly coin-
cident with E,„has been reported. '

For CdS at 80 K, this paper presents the dis-
persion of the cross sections for the allowed 1-
LO, forbidden 1-LO, and multi-LO (2-LO, 3-LO,
and 4-LO) modes over a wide energy range of
h&u, (from 1~,=0. 45E,„to l. 1E,„). The datapre-
sented here make a substantial contribution to
those already available in that (i) they were taken
on the same crystal over a wider energy range;
(ii) the scattering cross sections were corrected
for the wavelength dependence of the instruments
as well as for the reflection and absorption of the
crystal —absorption measurements on the same
crystal were used for these corrections; (iii) the
scattering cross sections were normalized to the
same CaF, crystal, which is assumed to exhibit
only to dispersion; (iv) the scattering geometries
were chosen such that the allowed and forbidden
1-LO and multi-LO modes would be observed and
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uniquely identified. Therefore, we believe that
these results will be useful in extending present
theoretical work on RRE.

We have observed an enhancement of about four
orders of magnitude for the allowed 1-LO cross
section, compared with five orders for the for-
bidden 1-LO cross section as S&~ approached to
within a 1-LO phonon energy from E,„(E,„-h&~

=h&u„o). For Ke~ above E,„and increasing R~, ,
the decrease of the cross sections for the for-
bidden 1-LO and the multi-LO (2-LO, 3-LO, and

4-LO) modes was less steep than the enhancement
observed as h&& approached E,„from below. The
allowed 1-LO cross section, however, was about
a factor of 10 smaller than that for the forbidden
1-LO when 5&& &E,„and appeared to be decreasing
more rapidly for increasing 8&&. This latter be-
havior is in better agreement with theoretical
calculations than was previous data, 2' in which
the separation into allowed and forbidden compo-
nents was not made.

The dispersion of the ZnO scattering cross sec-
tion over a wide wavelength range has not been
previously experimentally investigated. Only the
dispersion of the 2-I.O cross section has been
measured from E,x 5'+~ = 1.4k+Lp to 0, 45'ALO by
using a tunable dye laser, " The comparison be-
tween the dispersions of all the phonon modes in
ZnO to those in CdS should be informative. Con-
trasted with CdS and other wurtzite-structure
semiconductors, ZnO is particularly interesting
because of its inverted valence-band structure'
as a consequence of the admixture of the "d wave
functions" of Zn. I ike CdS and ZnS, ZnO has a
large polaron coupling. " However, the spin-orbit
splitting of ZnO is smaller and negative' com-
pared to these crystals. Thus, the fact that the
physical parameters of ZnO have similarities and
differences compared with those of CdS and ZnS

suggests that it would be interesting to investigate
the dispersion of the Raman scattering cross sec-
tions of ZnO over a wide photon-energy range, as
has been done for CdS ' and ZnS. ' '

CdS exhibited resonant cancellation for the A. ~

(TO) and E, (TO) and E27 modes when her, = 0. 85E,„.
Only the E, (TO) mode was investigated in ZnS, "'"
and that also exhibited resonant cancellation when
@) —0. 46E . No resonant cancellation was ob-
served for ZnSe (zinc blende with a larger spin-
orbit splitting). ' This led to the speculation" that
the parameters of the valence band (spin-orbit and
crystal-field splittings) may be important in reso-
nant cancellation of the Raman scattering cross
section for modes that only involve the deforma-
tion-potential interaction. '

For ZnO, we measured the dispersion of the
Raman cross sections for one-phonon scattering
from 8& = 0. 57E,„to 0. 76E,„. The dispersions of

the E„A, (TO), and E, (TO) modes over and
above the normal dependence were small and
not unexpected since 0+& was quite far from reso-
nance. However, for the A, (LO) and E, (LO)
modes, our results were surprising. The A& (LO)
was not observed and was at least a factor of 10 2

weaker than the A, (TO). The dispersion of the
E, (LO) was significantly greater than that for the
E„A, (TO), and E, (TO) modes in the same wave-
length range.

It is well known that there are two possible
mechanisms for LO Raman scattering. One mech-
anism involves the short-range interaction be-
tween the lattice displacement and the electrons.
This interaction is put in terms of a deformation
potential and is the main mechanism for TO
Raman scattering. Another mechanism for LO
Raman scattering involves the long-range interac-
tion generated by the macroscopic electric field
associated with the LO phonon. This is termed
the Frohlich interaction. ' These two mech-
anisms maybe of equal magnitude and can interfere
constructively or destructively. ' Also, their dis-
persive behavior near and far from resonance can
be different. The deformation contribution, which
gives rise to TO scattering, may have pronounced
dispersion. In CdS and ZnS, for example, it has
been proposed that the deformation contribution
actually changes sign as I && approaches E,„from
below. ' ' ' The Frohlich contribution can be
linked ' to the nonlinear optical susceptibility

responsible for sum frequency generation.
The dispersion and sign of X" have recently been
of active interest. 4 Our results on the ex-
tremely low A& (LO) scattering cross section in
ZnO tin contrast with the easily observable A,
(TO) scattering] and on the dispersive E, (LO)
cross section will be attributed to the destructive
interference between the deformation and Frohlich
contributions to the LO scattering. A more de-
tailed discussion is given in Sec. IV B.

For ZnO, we have also investigated multi-LO
phonon scattering when the photon energy due to
scattering with the 2-LO mode (htu, —K~z Lo
= 3. 390 eV) was near the exciton energy (E,„=3.378
eV) and when E,„is between S(u, —h(u~ „o and

(5&, —k(o2 Lo). A significant enhancement of the
cross section was observed when 5+~ —~&g Lp
—Ro,„. The only previous uv work on ZnQ ' had
@gv Lo = Ajg,„. Resonant enhancement when there is
a coincidence of the scattered photon energy withthe
exciton energy has been noted previously in ZnS,
ZnSe, and CdS. '

II. EXPERIMENTAL

The incident photon energies used in this experi-
ment were restricted to the emission wavelengths
of the Nd: YAG, krypton, argon, and He-Cd lasers.



3790 CALLENDE R, SUSSMAN, SELDERS, AND CHANG

Kg

Kg

L

(a}

KL Ks

I I
I

C

h r
Lg A 5

FIG. 1. Schematic drawing of the three geometries
used: (a) shows a conventional right-angle geometry,
(b) the reflection geometry, and (c) the backscattering
geometry. In each case, C is the crystal (CdS, ZnO,
or the CaF2 reference crystal), L~ is a collimating light-
collecting lens, L2 is a focusing lens, A is a polarizer,
and S represents the spectrometer, phototube, and as-
sociated electronics. The vector triangle shows the
propagation directions inside the crystal for each geome-
try. K~, Kz, and Q are the laser light, Stokes signal,
and phonon wave vector, respectively.

Three experimental scattering geometries were
employed, as shown in Fig. 1. The "transmission
geometry" is shown in Fig. 1(a); this is a conven-
tional right-angle Raman scattering arrangement
and was used for laser-photon energies below the
exciton gap (kv, &E,„) for all of the CdS work and
for many of the ZnO experiments. The "reflection
geometry" of Fig. 1(b) was used for CdS when
h&& ~E,„. As shown by the wave-vector conserva-
tion triangle, the collected light for this configura-
tion is approximately backscattered. The "back-
scattering geometry" of Fig. 1(c) was used for
ZnO for 8&, &E,„and for some of the experiments
when h~& & E~.

The polarizations of the input and scattered light
waves for the ZnO experiments were varied in
order to measure the different symmetry modes.
For the CdS work, both in the transmission and
reflection geometries, the input polarization was
always parallel to the crystal e axis. To measure
the forbidden 1-LO and multi-LO modes, both the

transmission geometry with x(zz)y and the reflec-
tion geometry with -x(zz)-x (where -x indicates
approximately the x direction) were used. The
allowed 1-LO was measured also in both trans-
mission and reflection geometries with x(zx)y and
-x(zx)-x, respectively. After each measurement
on the CdS and ZnO crystals (in whichever of the
three scattering geometries was appropriate), a
CaF2 crystal was substituted and the right-angle
scattering from the 322-cm ' mode was measured.
The purpose of this was to normalize, for the &

law, the laser power of the various laser emissions,
the spectrometer and the phototube response, the
light-collection efficiency, etc.

To rule out the possibility that some of the for-
bidden 1-LO intensity was due to a large collection
angle, the forbidden LO intensity relative to CaF2
was measured using f/11 collection optics com-
pared to the f/1. 2 normally used. No change was
observed, and thus we can. safely claim that the ob-
servation of the forbidden 1-LO is not due to an
ill-defined scattering geometry.

For the CdS and ZnO crystals, the measured
intensities of the Raman scattered light were ap-
propriately corrected so that reliable values of the
relative scattering cross section were obtained.
For our data on CdS, the predominant correction
is that of crystal absorption for laser-photon ener-
gies near and exceeding the crystal's exciton en-
ergy. For this purpose, accurate absorption mea-
surements were done on a 2-mm-thick CdS sample,
which was cut from the same CdS crystal used in
our experiment

The incorporation of the correction due to CdS
crystal absorption and reflection as well as the
normalization by CaF2 must be done before the
Raman scattering cross section as a function of
wavelength can be determined. The scattering
cross section S is defined by

dIs g g
CtX

where I is the intensity, 0 is the effective solid
angle, and the subscripts s and / refer to the scat-
tered Stokes signal and input laser, respectively.
The integration of (1), which yields the scattered
Raman intensity, must take into account surface
reflection and crystal absorption for both laser
and scattered radiations in the appropriate manner
for both the transmission and reflection geometries.

The results of this integration and a similar one
for the CaF2 reference crystal lead to the following
expression for the transmission geometry:

Sa-Lo fa Lo cds cap (1 Rg ) (1—Ra' )
ScaP fcaP l (1 RcdS) (1 RcdS )

exp[(ad) -Lol n -Lo (2)
1 —exp[- (a, f)c~j
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where CaF, has been assumed to be lossless.
For the reflection geometry in particular, the

mos™ portant correction factor, as shown in Eq.
(4), is the crystal absorption. In order to obtain
reliable values for the absorption 'tail" (n & 50
cm '), we performed absorption measurements on

a 2-mm-thick CdS slice, cut from the same CdS
crystal used in our experiments. The absorption
results are shown in Fig. 2. Our data are com-
patible with previously published results' and,
along with other measurements, were used to
obtain the cross sections . The values of ref rac-
tive index and ref lectivity were obtained from the
literature. ' For the ref lection geometry, the
input- laser and scattered- Raman propagation di-
rections are not normal to the crystal surface,
and this was properly taken into account in com-
puting 8

& and 8,.
To check the validity of Egs. (2) and (4) for the

transmission geometry and reflection geometry,
respectively, measurements using both arrange-
ments were made at the laser energy where the
crystal begins to absorb and where both technique s
are therefore applicable. The results of these
measurements were within 20%%uc of each other,
which is considered to be good agreement.

FIG. 2. Absorption of CdS for E II C at 80 'K. The
circ 1es are our measurements on a 2 -mm-thick sample
taken from the crystal used in these experiments; the
squares are points taken from Ref. 43.

The subscripts l, s, and n -LO refer to the laser,
Stokes signal in CaFg, and (n-LO)th Raman signal
in CdS, respectively. I is the measured intensity,
ot is the absorption coefficient, t is the crystal
length (as limited by the collection-optics magnifi-
cation and the spectrometer-slit height), R is the
surf ace ref lectivity, g is the index of refraction,
and d is the distance in the CdS crystal traversed
by the right- angle- scattered Raman signal.

For the transmission geometry with ne gli gible
loss at both laser and Raman- signal frequencies,
Etl. (2) reduces to

$cdS fcdg (I RCarg) (1 RCaFS)
Scarg — IcaF g (1 —Rcas) (1 —Rcas }

The result of the integration of Eq. (1) for the re-
Qection geometry is the following equation:

ccds rc ds
~n Lo In Lo g+cds +cps y tcIF3 1
ScaFg fcaFg ( l + nLO) (1 Rcas)

III. RESULTS

A. CdS Crystals

The dispersion of the forbidden 1-LO (E~) and

the multi- LO phonon scattering cross sections
taken in the (zz) geometry at 80 'K (normalized to
CaF, ) are given in Fig. 3. In addition, the allowed
1-LO (E,) and the 2-LO cross sections were mea-
sured in the (zx) geometry. The ratios of t'hese

data to those shown in Fig. 3 are plotted in Fig.
4. The dispersion characteristics of the other
one- phonon modes in CdS for Sco, & E,„have be en
studied extensively in the past and are not re-
peated here. In fact, the crystal used in these
investigations is the same as used in Ral ston
et al. g in their studies of the dispersion of A, (TO},
E, (TO), and E& (LO) modes for 5&v, & E,„. For
R&u, & E,„, a search was made for the A, (TO}
mode, which is allowed for -x(zz)-x configuration,
and the E& (TO) mode, allowed in -x(zx)-x con-

figurationn.

These modes were not found.
The li new idths of the allowed and forbidden 1-

LO scattered lines were less than 3 cm '.
l. One Phonon

The most interesting features of the 1-LO scat-
tering shown in Figs. 3 and 4 are (i) the forbidden
1-LO cross section is enhanced by five orders of
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2; (v) for h&u, & 2. 40 eV, this ratio decreases
monotonically by a factor of 20 over the measured
range.

105

2. Nultiphonon

The overtone (2-LO, 3-LO, 4-LO) scattering
cross sections shown in Fig. 3 have the following
features: (i) for I&a& & E,„, only l- LO and 2-LO
scattering was detectable. The 2-Lo cross sec-
tion has an enhancement of about six orders of
magnitude as h~, increases toward E,„; (ii) for
h~, & E,„, many more overtones are observed
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FIG, 3, Raman cross sections of CdS (80'K), normal-
ized to CaF2, as a function of incident-photon energy.
These data are from measurements taken in the (zz)
geometry [i.e. , g(zz)y for N~& &E~ and x(zz) -x for
Ice& & E~.]. In this geometry, the 1-LO scattering is
"forbidden. " The solid circle at 2. 50 eV is the cross
section measured in reflection, while the open circle
above it was obtained in the transmission geometry.
E~ is the exciton gap energy for CdS. The upper abscis-
sa scale shows the number of LO-phonon energies away
from E~, Note the change of scale in the lower abscissa.
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magnitude as 8&& approaches to approximately
E,„R(uzo from below; (ii) th-e forbidden l-LO
cross section falls off byabout two orders of mag-
nitude for the range h&u, & E,„shown; (iii) the for-
bidden 1-LO scattered intensity is still observ-
able at If~& = 0. 45E „; (iv) for h&o, & 2. 40 eV, the
ratio of the allowed to forbidden I-LO cross sec-
tions is approximately constant of a value of about

FIG. 4. Ratio of the cross sections measured in the
(zx) geometry to those measured in the (zz) geometry for
CdS (80'K) as a function of incident-phonon energy. For
the 1-LO scattering, this represents the ratio of the
"allowed" to "forbidden" cross sections. The data points
to which the descending arrows are attached represent
upper limits of the ratio. The resolution of these points
was limited by noise. The dashed portions of the curves
are considered to be reasonable extrapolations. E,„ is
the exciton gap energy for CdS. The upper abscissa scale
shows the number of LO-phonon energies away from Ee„.
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n-LO
Wavelength

(A)

Shift Relative
(cm ~) intensity

Kg=3607 A

Linewidth~
(cm-')

3581
3658
3738
3821
3912

3640
3720
3805
3889

585
1175
1764
2342
2949

X) =3664 A

585
1175
1764
2342

1
24
3
0.6
0.2

10
20
3, 0
0.6

13.0
18, 2
28. 6
47, 0

13.0
18, 2
28, 6
49. 5

~=3670 A

'The spectrometer linewidth of 5.2 cm ~ has been sub-
tracted.

TABLE I. Relative intensity for multi-LO phonon scat-
tering in ZnO (at 80'K) for two different laser wavelengths

(X~ =3507 and =3564 A). The intensities have been cor-
rected for sample absorbtion, reflection, etc. (see text).
The scattered intensities from one laser line are scaled
arbitrarily with respect to the other laser line. The
scattering configuration was z(xx)z+z(xy)Z.

scattering cross sections are not obtainable from
Fig. 5. The absolute Raman cross sections have
been reported elsewhere using 5145-A radiation.

A search was made for the A, (xx) (LO) phonon.
The cross section for the A, (xx) (LO) mode was
not measurable by our apparatus and is less than
5x 1G ~ of that of the A, (xx) (TO) mode for all
laser energies used. These ZnO data were all
taken at room temperature.

2. Multiphonon

The multiphonon data for the two exciting laser
lines of the krypton laser above the exciton energy
of ZnO are tabulated in Table I. Shown for each
line are the relevant multiphonon parameter, i. e. ,
positions of the n-LO multiphonon peaks, rela-
tive intensity, and linewidth [full width at half-
maximum (FWHM)]. The scattering configuration
used was z(xx)z+z(xy)z and the sample tempera-
ture was 80 K. The intensities were corrected
using procedures discussed in Sec. II. We used
the absorption constant measured by Yoffe, and

with a maximum of six overtones in our experi-
ments, while eight overtones have been previously
observed '; since only three overtones were ob-
served over the entire range of laser energies,
only three overtones were included in the figure;
(iii) the 2-LO and 4-LO cross sections have peak
values at an energy such that 5&& —E,„=E3 Lo and

E4» respectively; (iv) forthe 2-LO, asshownin Fig.
4, the ratio of the cross section measured in the
(zx) geometry to that in the (zz) geometry de-
creases by an order of magnitude for S&~ approach-
ing E from below, appears to increase rapidly
near E,„, and then decreases again for 5&& & E,„.
This apparent oscillatory behavior requires fur-
ther investigation using a tunable laser. We be-
lieve that this paper is the first detailed presenta-
tion of the dispersion of the multiphonori cross
section.

B. Zno Crystal

l. One I'honon

Figure 5 shows the relative Raman cross sec-
tion of the one-phonon scattering as a function of
incident laser energy. The variations of the cross
sections have been normalized to the 322-cm '
mode of CaF~, as explained previously. The cross
sections shown are for the E, (zx) (LO), E, (zx)
(TO), A, (xx) (TO), A~ (zz) (TO), and the E~ (xx)
modes. The cross sections for the various modes
have been scaled by different factors to accent the
dispersion characteristics, and thus absolute

SZnO

S|."F

0.1

I

0.60

~ A1(ZZ){TO) (381 cm 1)

OE2 (441 cm 1)

0 A1(xx)(TO) (381 cm 1)

~ E1 (ZX)(TO) (407 cm )

& E1 (ZX)(lO) (583 cm 1)

I I I

0.65 0.70 0.75
EL~Eex

I i I l l l

1.9 2,0 2.1 2.2 2.3 2.4 2.5 2.6
E (eV)

FIG. 5. Raman cross sections of ZnO (300'K), nor-
malized to CaF2, as a function of incident-photon energy.
The E~ (zx) (TO) and E~ (zx) (LO) cross sections are plot-
ted on the same relative ordinate scale, while the other
cross sections have been scaled by different factors to
accent their dispersion characteristics. The upper ab-
scissa scale shows the ratio of incident-laser energy N~)
to that of the excition gap energy (E,„).
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the ref lectivity measured by Thomas. ' The rela-
tive intensities as given in Table I are fairly sen-
sitive to ref lectivity corrections. Due to varia-
tions in surface quality, Thomas has found that the
ref lectivity in ZnO can vary significantly. We es-
timate that the relative intensity ratios in Table
I are accurate to within a factor of 2 chiefly be-
cause of this surface effect. Note that even with
this ambiguity, the 2-LO phonon intensity when

0
measured with a 350-A laser line (8'&, —h&, Lo
= 3. 390 eV, E,„=3. 378-eV) shows a significant
resonant enhancement. A search was made for
TO scattering above the exciton gap in ZnO. As
in the case of CdS, we did not observe any TO
scattering for these two laser lines which are
above the exciton energy.

IV. DISCUSSIOW

A. CdS Crystal

One Phonon

The dispersion of the cross sections of the TQ
modes with A, and E& symmetries has been pre-
viously reported by Ralston et al. for S(d, & E,„.
A pronounced decrease was observed prior to the
onset of resonance enhancement as h~& approached
E,„from below. In this paper, we note the dis-
appearance of the scattered intensity for these TO
modes for k& &E,„. This result remains unex-
plained, although this observation has been pre-
viously noted. '

The dispersion of the allowed l-LO (E,) cross
section for h~& & E,„has previously been re-
ported ' ' and was found to increase monotonically
as 5& approached E,„from below. In our investi-
gation we have recorZirmed this observation (see
Figs. 3 and 4). The data are in reasonable agree-
ment with the theory for this energy range. ' In
addition, our data show a greater enhancement for
the forbidden 1-LO cross section compared to the
allowed 1-LO for h&& below and very near E,„.
Quantitative comparison between these data and
recent calculations ' ' reveal excellent agree-
ment in this region. However, we are aware of no
theory that can explain the relatively large for-
bidden 1-LO cross section when @&& is so far away
from E,„(h&u, = 0. 45E,„).

For 5&& & E,„, our results indicate that the for-
bidden 1-LO cross section decreases more slowly
for increasing 6~& than the corresponding falloff
for decreasing frequencies below E,„(see Fig. 3).
This does not agree with the theory for this ener-
gy region, ' which is in the early stages of develop-
ment. As shown in Fig. 4, the ratio of the allowed
to forbidden 1-LQ cross sections is decreasing,
indicating that the allowed 1-LO cross section is
decreasing faster than the forbidden one. Our
data are in better agreement with the theoretical
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curve of Bendow et al. ' than the experimental re-
sults presented in their paper. Martin and Damen
stated that the data of Ref. 21 were unpolarized.
In that case, the unpolarized data of Ref. 21 would
include intensities both from allowed and forbidden
1-LO scattering. We recall that Fig. 4 shows that
the allowed cross section is decreasing faster
than the forbidden cross section in this region.
This explains why our measurements for the al-
lowed 1-LO are in better agreement with the theo-
retical curve of Ref. 21, which is calculated only
for allowed scattering. Before a more definitive
statement can be made, further measurements of
these cross sections should be made with a con-
tinuously tunable laser over as wide a range as
possible, using properly selected polarizations
for the input and scattered radiation. In addition,
further theoretical effort on this problem, par-
ticularly for 5&& & E,„, is necessary.

2. Nultiphonon

The dispersion of the 2-LO cross sections for
the (zz) and (zx) geometries is shown in Figs. 3
and 4. Note that for the (zz) geometry, the 2-LO
cross section is greater than the 1-LO cross sec-
tion for S&&21.6 eV. Figure 4 also indicates that
except for k+& very near E,„, the 2-LO cross sec-
tion for the (zz) geometry exceeds that for the (zx)
geometry. The oscillatory behavior of Fig. 4 for
AM& =E,„requires confirmation with tunable lasers.

For the (zz) geometry, the 3-LO and 4-LO cross
sections have peak values when the scattered pho-
ton energy equals E,„. Qualitatively such a peak
can be explained by most existing theories as being
due to a pole in the energy denominator of the cal-
culated cross section when the scattered photon
energy equals E,„. Quantitative calculations for
the dispersion of the cross section for the multi-
LO phonon modes are not yet available.

8. ZnO Crystal

1. One Phonon

From the data given in Fig. 5 for hv& & E,„, it
is apparent that the Ez, A, (xx) (TO), A, (zz) (TO),
and E, (zx) (TO) cross sections are relatively dis-
persionless in the wavelength range studied (hm,
=0. 57E,„ to 0. 76E,„). This should be contrasted
with two other wurtzite materials, CdS ' and
ZnS, ' where measurements on the TO dispersion
showed a severe intensity variation in this analo-
gous wavelength range. For ZnO, we can con-
clude that no resonant cancellations exist in a
photon energy range comparable in terms of per-
centage of E,„as contrasted with the case for CdS
and ZnS.

The two most striking features in ZnO are the
following: (i) The E, (LO) mode dispersion is
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relatively large, and (ii) the A, (xx) (LO) mode is
absent. In ZnS and CdS, however, the Et (LO)
mode is fairly dispersionless in this range of
Scan&/E, „, and the At (xx) (LO) mode is quite large. 8

In order to explain the above two striking fea-
tures in ZnO, we consider the two scattering
mechanisms for the Raman effect. Following
Loudon' and Kaminow and Johnston and using the
latter's notation, the Raman cross section for the
TO modes (Sr} and the LO modes (Sz, ) can be
written as (ignoring plasmon and polariton effects)

d 2

~La T +Lt T~
~3 LsT

where

Ru4(Nz r+ 1) tdQ
L s T 32%262C 4M

0 LsT

(5)

with coL, T the LO or TO mode frequencies, &, the
scattered frequency, &0 the permittivity of free
space, NL, T the Bose population factor, t the
scattering length, and p the reduced mass density.
For the TO modes, dn, 2/dQ, contains only the de-
formation contribution. For the LO modes, the
Frohlich contribution also is present. Again,
following Kaminow and Johnston, we can write for
the TO modes

dq 123 y

and for the LO modes

d Q12 m 2 — 2

dq
= nv3+ &t2s g (~r ~r, ) i

3 L e (8)

where e* is the effective charge of the LO mode
and m is the reduced mass of the vibration. In
Eq. (8), a,2, is the deformation contribution to the
Raman amplitude, and $ f23(m/e*) (&u'r —&oz) is the
Frohlich contribution. In these equations we have
neglected the effects of finite phonon lifetimes.
The $,3, can have three independent elements in the
wurtzite crystals, namely, $„„$,„„and )„,„as-
sociated with the A, (ss) (LO), A, (xx) (LO), and

E, (zx) (LO) phonons, respectively. As we have
mentioned before, the deformation and Frohlich
contributions can either be additive or subtractive
and can be of the same order of magnitude.

The very low intensity (if it exists at all) of the
scattering from the Ai (xx) (LO) phonon and the
relatively large Raman intensity of the scattering
from the Ai (xx) (TO) phonon indicate that the
deformation and Frohlich contributions interfere
destructively and, in fact, cancel each other.
Since Sz/Sr& 5x10 in the region studied, we can
calculate the ratio of the deformation to Frohlich
contributions for A, (xx) (LO) phonons. Using Eq.
(8), we have ($„„,/g„„,} (m/e*) (&u2r —&oi) = —1 to
within + 10%, where the error reflects the uncer-

tainty in Sz,/Sr. It is conventional to use a dimen-
sionless parameter yt23 ((tss/o'ted) (m/e*) ~r,
which defines a ratio of the Frohlich and the de-
formation contributions. For ZnO, the result is
y„„,= 0. I6 (+ 10%). The other two independent val-
ues of y for ZnO have been. measured previously
by Ushioda et al. ' ' who found that y„,= 1. 5 and

y„,„=1.4 at k&i = 1.9V eV (6328 A). For CdS, the
three values of y have been measured by Scott
et al. ' using polariton scattering at S&&=2.41 eV
(5145 A), For ZnS, only the magnitude of one
value of y has been determined and the sign of
that is still ambiguous. ' '" Note that all of the
three values of y for ZnO and CdS are positive. "

A correspondence can be made between $»3 and
the second- harmonic- generation (SHG) coefficient
d»3, namely, )123= 4&pd321 where &0 is the per-
mittivity of free space. 34 Recently, the absolute
signs of d321 have been determined in a variety of
materials including CdS and ZnO. It is possible
to determine the absolute signs of the deformation
and Frohlich contributions to the Raman amplitude
with a combination of Raman data and SHG data if
the sign of the effective charge e* is known. +

We will assume that e*& 0 for CdS' and ZnO.
In Table II, we have tabulated the signs of d re-
ported by Miller and Nordland and the signs of
a which are consistent with the positive y and the
appropriate signs of the d coefficients. Note that
in each case the signs for 0'»3 for ZnO measured
in our wavelength range are opposite to those of
CdS determined at 2. 41 eV (5145 A}. This is due
to the reversal of the sign of the d coefficient in
going from ZnO to CdS and the fact that y123 is
positive. This sign reversal of the d coefficient
has been attributed to the influence of the d elec-
trons, the influence being larger in ZnO than in
CdS 58

We now examine the dispersive characteristic
of + in CdS and ZnO. As mentioned above, the
positive sign of y for CdS was determined at 2. 41
eV (5145 A). Due to the resonant cancellation for

ZnO
CdS

0'wag den
(d„)

4ea
(d33)

TABLE II. Sign of the second-harmonic-generation
coefficient d and the deformation contribution to the
Baman scattering amplitude e for CdS and ZnO. The sign
of d is according to measurements reported in Bef. 37.
The sign of 0,' is deduced by assuming e to be negative
for ZnO and CdS and by using the fact that & are all posi-
tive for CdS at 5145 A (Ref. 54} and ZnO (this work and
Befs. 52 and 53). The sign. of p and thus c(. in CdS may
change for X& & 5400 A due to resonant cancellation of
the TO mode (Bef. 6).
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the TO modes, the sign of & is presumed to
change for energies below the cancellation-point
energy [2. 11 eV for the E, (zx) (TO) mode and

2. 24 eV for the A, (zz) (TO) mode]. Let us take
the simple model proposed by Ralston et al.
which suggests that n =Af(~, ~,)+B T. he

Af(~~ —&u&) term arises from the most resonant
term using Loudon's free-electron-hole picture'
applied to the conduction and valence bands, while
the B term arises from higher bands and non-
resonant terms from the conduction and valence
bands. The numerical values of A and B are de-
termined from a best fit to the experimental data.
For resonant cancellation, the signs of A and 8
must be opposite since f(~, —+~) is always posi-
tive for && & &~. Ralston et al. could determine
only the relative signs of A and B. Using the val-
ues given in Table II, the absolute signs of these
coefficients can now be determined.

Let us examine in detail the signs of A and B
for the E, (zx) (TO) mode. For CdS at 2. 41 eV
(5145 A), Af(~, —(u&) is the predominant term.
In order to make o!„,„positive (see Table II) and
account for resonant cancellation, it is required
that A &0 and B & 0. For ZnO, u„,„is negative
(see Table II). In addition, our experimental data
(see Fig. 5) indicate that there is no resonant
cancellation for the E, (zx) (TO) mode in ZnO.
Therefore, we conclude that A& 0, B & 0, a rever-
sal of the sign of A. Similar arguments can be
applied to o'«, fi. e. , A~ (zz) (TO) mode], where
a sign reversal also occurs in going from CdS to
ZnO. There was no resonant cancellation for
the A& (zz) (TO) in ZnO, in contrast with CdS.
Thus, for this A, (zz) (TO) mode in ZnO A & 0,
B & 0, as was the case for the E, (zx) (TO) mode.

Since the role of the d electrons due to the Zn
ions is to substantially change the valence-band
structure of ZnO" as compared to CdS (and is
probably the reason for the inverted band struc-
ture of ZnO as compared to other wurtzites' ), it
is reasonable to suggest that a reversal of the sign
of A in going from CdS to ZnO is also due to the
effect of the d electrons. This suggestion supports
the arguments of Lewis et al. that cancellation
effects may depend on the values of the spin-orbit
and crystal-field coupling in these materials.
The crystal-field splittings for ZnO and CdS are
of comparable strength (&„=0. 027 eV for CdS,
4„=0. 04 eV for ZnO). Due to the different mixing
of the d electrons into the valence band, the spin-
orbit splittings are very different (&„=0. 065 eV
for CdS and 4„=—0. 0047 for ZnO).

Finally, we note that since y„,„is positive, the
deformation and Frohlich contributions to the E&
(zx) (LO) scattering cross section are destructive-
ly interfering. Figure 5 shows that the E~ (zx)
(LO) mode has a smaller and more dispersive

cross section than the E, (zx) (TO) mode. We be-
lieve that this is because the two contributions to
the LO cross section have comparable magnitudes
but opposite signs and somewhat different disper-
sive characteristics.

2. Multiphonon

The two available laser lines of the krypton laser
lie in a fortuitous region with respect to the band

properties of ZnO. One of the laser emissions
(X, = 3564 A) gives rise to Raman scattering such
that the exciton peak of ZnO lies between the scat-
tered frequencies at 1-LO and 2-LO; the other
laser wavelength (X, = 3507 A) produces Raman
scattering at 2-LO (3. 390 eV) which is nearly coin-
cident with that of the exciton energy (3. 378 eV).

The data shown in Table I have two interesting
features. First, comparing the relative intensities
of 1-LO and 2-LO for the two laser lines, a large
enhancement of the 2-LO scattering is observed
when the 2-LO scattered frequency is nearly coin-
cident with the exciton frequency demonstrating
a clear resonant enhancement. Second, we see
that for both laser lines used the intensities for
n-LO (n & 2) scale as the intensity of 2-LO, i. e. ,
when 2-LO is enhanced n-LO (n &2) is also en-
hanced by the same factor. Although theories of
multi-LO Raman scattering have not been as yet
well developed, most theories do qualitatively
predict this type of behavior. In general, these
theories give a resonant enhancement whenever
the incident light or scattered light is coincident
with the exciton energy, h&,„. If the n-LO scat-
tered-photon energy is coincident with h~,„, then
all the m-LO (m & n) scattered efficiencies are
correspondingly enhanced. Such theories are
normally called 'intermediate resonance theories. "
More detailed quantitative investigations of the
dispersion characteristics of n-LO and compari-
son to theory need to await tunable dye lasers.

V. CONCLUSION

From the data presented here, we make the
following concluding remarks.

(i) The dispersion of the Raman cross section
for the LO modes in CdS is at present treated only
by theories over a relatively small energy range
close to and below the exciton gap. Thus, our ob-
servation that the forbidden LO scattering is stil1.
strong for 0&& «E,„ is theoretically not yet ex-
plained; nor is our measurement on the strong
forbidden LO scattering for 5&& &E,„accountable
by present calculations. Theories for this energy
range have to take into consideration electronic
transitions to higher bands and additional scatter-
ing mechanisms. Our present results in CdS have
already stimulated such calculations. '

(ii) The ratio of the allowed to the forbidden
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scattering in CdS changes vexy rapidly in. the vicin-
ity of the exciton gap. It should be interesting to
study this behavior in more detail with a tunable
dye laser.

(iii) The dispersion of the multi-LO phonon
scattering is theoretically less developed than that
for the 1-LO scattering. Even qualitative expla-
nation of our dispersion data has to await further
theoretical developments. However, existing
theories do predict the enhancement of the cross
section when the scattered-photon energy is equal
to E,„.

(iv) In ZnO, we have observed that the cross sec-
tion for the A, (xx) (LO) mode is markedly smaller
than that for the A, (xx) (TO) mode over a wide
energy range, This was explained by the destx uc-
tive interference of the deformation potential with
the Frohlich contribution. A similar mechanism
was previously used to explain the unobserved E
(LO) scattering in tellurium, when the laser photon
energy was fax above the exciton gap. The dis-
persion of the E, (sx) (LO) mode and the extremely
smally, (xx) (LO) cross section over such a wide

energy range is not yet fully understood.
(v) We have found no resonant cancellation for

the TQ modes in ZnQ, which is a wurtzite-struc-
ture cxystal. This is to be contrasted with pre-
vious work on other wurtzite-structure crystals
(CdS and ZnS) which reported observation of reso-
nant cancellation. Earlier investigation on cubic-
structure crystal (ZnSe) indicated no resonant
cancellation of the TO cross section. We conclude
that the cancellation of the scattering of the TQ
mode is not intrinsically related to the crystal
structure but is due more to the specific electroni(
band structure. Further experimental investiga-
tions on crystals with cubic and wurtzite structure
are in progress.
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The influence of the degeneracy and anisotropy of the valence band on the exciton ground state in

the low-magnetic-field region is investigated. Using frrst- and second-order perturbation theory, simple

analytical expressions are given for'the Zeeman splittings and the diamagnetic shifts of the
eightfold-degenerate ground state. Selections rules for optical transitions and their dependence on

polarization are discussed, The results are compared with available experimental data,

I. INTRODUCTION

The relevance of excltonlc transitions 1n the 1n-
terpretation of magneto-optical experiments has
long been recognized. ' From the theoretical point
of view&, the problem of the exciton in a magnetic
field presents great difficulties, owing to the com-
plex1ty of the valence-band stx'uctux'e 1n cubic semi-
conductors. So far, all investigations either have
neglected the electron-hole interaction while re-
taining the complexity of the band structure, or
have treated the Coulomb interaction assuming
simple parabolic bands. 3 The experimental re-
sults, however, show deviations from the predic-
tions of these simplified approaches, ~ ~ thu's point-
ing out the need for a more accurate theory.

The purpose of the present work is to investi-
gate the lowest direct exciton states of diamond
and zinc-blende semiconductors in the low-field
region, taking into account both the Coulomb in-
teraction and the actual band structure near the
fundamental edge. In fact, it has been recently
shown that, in the absence of magnetic fields, the
effects of the degeneracy and anisotropy of the va-

lence band can be treated quite accurately. In the
following we will show that it is also possible to
include the effects of a weak magnetic field by sim-
ilar methods.

In Sec. II the problem is formulated and the so-
lution is presented. In Sec. III the results are dis-
cussed and compared with available experimental
data.

II. PERTURBATKlN ANALYSIS

If we assume the conduction and valence-band
extrema to be at the F point, we can ferrite the
Hamiltonian for the relative electron-hole motion
in a magnetic field as'

Xex=Xq p+ —A -Kr, -p+

where, following Luttinger, "we have defined


