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circulation. As their contributions are much
stronger than the contribution from the circu-
lation in the weak central field of the vacancy,
a negative spin-orbit splitting results. Thus
the observed negative sign and magnitude of

A indicate that the Z -center electron is vacan-
cy centered and overlaps the surrounding lat-
tice similar to the F-center electron. More-
over the insensitivity of A against Ca™* —gSr*+
substitution suggests a non-nearest-neighbor
site of the impurity ion at the vacancy. Simi-
lar conclusions have been drawn from the cor-
responding insensitivity of optical-absorption®
and ENDOR!® measurements. Thus the Fara-
day-rotation results lend strongest support to
a vacancy-centered model of type C or D for
the Z, center.

The absorption band at 2.4 eV accompanying
the Z, band [Fig. 2(a)] resembles in relative
location and spectral shape very much the K
band of the F center. Following the interpre-
tation by Smith and Spinolo,!” its origin would
be unresolved transitions into higher p states,
which apparently for the Z, center have much
higher relative oscillator strength than for the
F center. Accurate experiments on the Fara-
day rotation of this band are under way.

The authors are thankful to Professor H. Pick
for his interest and support of this work.
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TRANSMISSION SPECTRA OF ZnO SINGLE CRYSTALS
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The fundamental absorption edge and the ex-
citon structure of zinc oxide (ZnO) was first
studied systematically by Thomas,' and the
observation of exitons as polaritons has also
been reported by Hopfield and Thomas.? The
latter work was probably stimulated by results
on the fundamental spectra of ZnO reported
by Park gtil.s Different interpretations for
much of the experimentally observed structure
have been given by these workers; a particu-
lar consequence of this is a discrepancy in the
values quoted for both the spin-orbit interac-
tion energy and the exciton binding energies.
The difficulty derives from the interpretation
of the reflection spectra which are highly com-
plex near the absorption edge.

Transmission experiments using polarized
light have been made on single crystals of ZnO
at liquid-helium, liquid-nitrogen, and room
temperatures. By using crystals as thin as
0.1 um, transmission measurements have been
made to photon energies greater than the band
gap, and the method is similar to that used
for wurtzite zinc selenide.* Thin platelets of
ZnO were grown by the vapor transport meth-
od, using argon as the carrier gas. These
crystals have the wurtzite structure with the
¢ axis lying along the growth plane. Transmis-
sion electron-microscopy and -diffraction stud-
ies showed that most of these platelets were
good single crystals free from defects such
as stacking faults, though isolated crystals
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showed metal precipitates whose origin is not
yet known.

The optical transmission study gave results
for the exciton structure which are in good agree-
ment with those obtained by Thomas' from re-
flection spectra. In addition, strong absorp-
tion peaks have been observed at energies great-
er than the band gap, even at 295°K. These
new features cannot be explained in terms of
interband or pure excitonic transitions. Fig-
ure 1(a) shows the absorption spectra of a 0.105-
um thick single crystal ZnO for ELc at (a) 295°K
and (b) 4.2°K; and Fig. 1(b) shows the spectra
for Ellc. No correction for reflection loss has
been made, and the absorption coefficient is
therefore significant only for values greater
than 10° cm ™. It can be seen that, excluding
bound exciton absorption peaks, which occur
at energies smaller than or on the rising slope
of the absorption edge, the main absorption
peaks may be divided into two classes:

(i) Intrinsic exciton absorption.—These are
labeled A, B, and C, with » indicating differ-
ent quantum states. The intrinsic exciton peaks
are extremely sensitive to changes in temper-
ature and their intensity increases markedly
on cooling. This is best illustrated by the ap-
pearance of their excited states at 4°K but not
at 77°K (spectra at 77°K not shown). The po-
sitions of these transitions at 4.2°K, and their
polarizations, are given in Table I.

The assignment of peaks A(n=2) and B(n=2)
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is based, at present, only on their strength
and linewidth in comparison with their respec-
tive ground states [see Fig. 1(a) insert]. The
second excited state (#=3) is in accord with
the 1/#? relatiou for the energies of successive
quantum states, assuming Mott-Wannier—type
excitons. This also results in very similar
exciton binding energies for all the three va-
lence bands, and these are R4 =0.0668 + 0.0005
eV, Rp=0.0625 eV, and Reo =0.061033—0.0005
eV, respectively. A shoulder (3575 A) appears
on the low-energy side of C(z=2). A weak tran-
sition was observed at 3565.6 A which cannot
be accounted for by the simple 1/%* energy re-
lation. The oscillator strength for the ground-
state exciton is given qualitatively in Table I
for the two modes of polarization. Although
the oscillator strength of A(n=1,ELc) was small-
er than that of B(n=1,E Lc), their sum was
similar to that of C(n=1,El ¢) as predicted
by Hopfield.® It is well known that the p-like
valence band is split by the spin-orbit and crys-
tal-field interactions. The valence-conduction
band separations were calculated as the exci-
ton series limit assuming a 1/%® energy rela-
tion (Table I), which then give the valence-band
separations Eg 4 =-0.0032+0.0007 eV, and
Egc =+0.0393+0.0007 eV. Applying the the-
ory of the quasicubic model,® we obtain values
for spin-orbit splitting =-0.0047+0.0007 eV
and crystal-field splitting =+0.0408 + 0.0007 eV,
We have taken the zero for the energy at the
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FIG. 1. (a) Absorption spectra of a thin wurtzite ZnO crystal at (A) 295°K, and (B) 4.2°K for light polarized E Lc.
(b) Absorption spectra of a thin wurtzite ZnO crystal at (A) 295°K, and (B) 4.2°K, for light polarized E |l c. Ioo is

an impurity-bound exciton. For other transitions see text.
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Table I. Position of the intrinsic excitons and the
calculated band gaps in ZnO at 4.2°K.

Polarization , Position
Exciton and Strength A ev
n=1 Elc (strong) 3670.1 3.3781
Ellc (weak) 3670.5 3.3777
A n=2 Eic 3616.5 3.4282
n=3 Eic 3606.6 3.4375
n =< (calculated gap) 3.4449
n=1 Eic (strong) 3661.9 3.3856
n=2 ELlc 3612.0 3.4324
° n=3 Elc 3602.8 3.4412
n= (calculated gap) 3.4481
n=1 Eic (strong) 3618.3 3.4264
Eic (weak) 3619 3.425
ci{n=2 Enc 3570.7 3.4722
n=3 Eic 3561.9 3.4808
n= -~ (calculated gap) 3.4874

Energy of exciton phonon complexes at 4.2°K.

Elc Elc
Separation from Separation from
Energy average exciton Energy exciton
(ev) ground state (ev) (ev) ground state (ev)
Lla 3.448 0.066 3.492 0.066
le 3.464 0.082 3.505 0.079
L 3.511 0.129 3.553 0.127
2a

. . 3.57 0.147
L2b 3.525 0.143 573
L3 3.599 0.217 3.643 0.217

band B in this calculation, and this results in
a negative spin-orbit splitting energy. The
choice is consistent with the polarization de-
pendence of A(n=1) and B(z=1)."! The negative
value of the spin-orbit interaction energy is

a direct consequence of the negative contribu-
tion from the zinc d band in the valence band.®
The introduction of the d-wave function into
the conduction and valence bands may also be
responsible for giving a smaller minimum gap
in ZnO than might be expected from the sequence
in the zinc chalcogenides” (minimum gap in
ZnTe 2.38 eV, in ZnSe 2.85 eV, and in ZnS
3.90 eV).

(ii) Exciton-phonon complexes (EPC).—~Tran-
sitions due to what we term EPC are labeled
(L1gsL1p), (Log, Lop), etc. These transitions
are observable at 295°K, and their intensity

increases only moderately on cooling when com-
pared with pure excitonic transitions. The dif-
ferent temperature dependence has enabled

us to distinguish these two classes of transi-
tion from what seem to be complicated spec-
tra. The doublet features (Ly,,L1p, etc.) can
be observed at T7°K (spectra not shown), and

as many as four major peaks have been observed
at 4.2°K. The energies of three EPC transitions
are given in Table I, together with their sep-
aration from the exciton ground states. For
Elc, an estimated average ground-state en-
ergy of 3.382 eV for excitons A and B has been
used to calculate the separations.

It can be seen from Table I that the EPC peaks
occur regularly at energy intervals which av-
erage 0.073 eV; this is close to the measured
longitudinal optic (LO) phonon energy at k=0.%°
However, the observed peaks should not be
thought of as simply due to phonon emission
stimulated by the excitons in the crystals, but
rather as transitions into complexes. The en-
ergy of these complexes will not in general
be a simple sum of the exciton and phonon en-
ergies. In addition, more than one phonon may
be involved in the formation of these complex-
es, as L, and L,, etc. Preliminary results
for other zinc chalcogenides show that the en-
ergy of the first EPC peak is a fraction small-
er than the sum of the exciton ground state and
LO phonon energies (separation~0.9 of LO
phonon energy). The EPC peak is much weak-
er and no doublet has been observed in these
materials. The doublet structure in ZnO is
probably a result of configuration interaction.

In general, EPC transitions are favored in
solids of increasing ionic character, where
the lattice can be readily polarized. The mech-
anism for the formation of the EPC remains
to be explored. We believe that a weak EPC
transition has been observed in GaAs,' and
strong transitions in GaS, GaSe,'* and MgO,
though in the case of MgO the transition has
been interpreted as the spin-orbit split-off peak.!?

Direct measurements of the absorption spec-
tra of ZnO have given an unambiguous inter-
pretation of the exciton structure and valence-
band splittings at the minimum gap, which we
believe lies at the center of the Brillouin zone.
In the case of intense exciton peaks as formed
in ZnO, there can be some confusion in the
spectra if the incident light is not completely
polarized in the desired direction. It is pos-
sible that this occurs in the reflectivity mea-
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surement of Park et al.,® where a small per-
.centage of residual polarization may be pres-
ent due to off-normal incidence. Furthermore,
they recorded the reflection spectra on photo-
graphic plates, and it would seem that the light
from the source was incident on the crystal
prior to entering the spectrograph. This could
add a complication as both emission and reflec-
tion peaks can be recorded. Recognition of
the exciton-phonon complexes may lead to the
reinterpretation of a number of absorption spec-
tra previously obtained.

We would like to thank Dr. T. K. Bergstress-
er and Professor J. C. Phillips for helpful dis-
cussion.
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The purpose of this Letter is to present a
calculation of the Coulomb exchange interac-
tion between an electron in a Kramers doublet
and a second electron, demonstrating that the
resultant exchange splitting contains both an-
isotropic symmetric and antisymmetric con-
tributions of comparable magnitude and of ex-
actly the same physical origin. That the anti-
symmetric exchange is of the same magnitude
and of the same physical origin as the aniso-
tropic exchange is of especial interest since
simulating the Coulombic exchange interaction
between electrons with the spin-permutation
operator §1'§2 fails to produce the antisymmet-
ric contribution to exchange in a similar sit-
uation, though readily yielding the anisotrop-
ic part of symmetric exchange. The failure
of the S}S: interaction to produce antisymmet-
ric exchange on the same level as anisotrop-
ic exchange is therefore due to a deficiency
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in the simulated exchange operator and does
not imply a difference in physical origin of the
two effects.

Antisymmetric exchange, or, as it is some-
times called, the Dzyaloshinsky-Moriya inter-
action between two spins, has the form D- @,
x8§,). The interaction was first proposed by
Dzyaloshinsky® from symmetry considerations
to explain the weak ferromagnetism of @-Fe,0,.
Moriya? subsequently developed a microscop-
ic model to explain the origin of the antisym-
metric exchange vector D. His calculation
was a perturbation calculation in the param-
eter A/A, where X is the spin-orbit coupling
and A is a crystal-field splitting. In this cal-
culation, antisymmetric exchange appears first
in the second order of perturbation as a cross
effect between off-diagonal exchange and spin-
orbit coupling. Numerous recent experiments
have shown that antisymmetric exchange en-



