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are canted relative to the crystallographic axis.
UThis potential barrier can be quite low, as it only
arises from anharmonic effect [U. Opik and M. H. L.
Pryce, Proc. Roy. Soc. (London) A238, 425 (1957)].
2por an isolated octahedron y is the oxygen mass,
16 amu. In this case we find x,=0.15 A for YAG:Mn®*
and 0.35 A for A1203:Ni3+. However, there is some
evidence from the concentration dependence of acous-

tic loss (see reference 3) that cooperative Jahn-Teller
effects are significant even at quite low concentrations.
It follows that more than the nearest-neighbor oxygen
ions are involved, so that p is greater than 16 amu,
and x; is correspondingly less.

BM. C. M. O’Brien, Proc. Roy. Soc. (London) A281,
323 (1964).

1R, C. LeCraw and E. M. Gyorgy, to be published.
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When light is weakly absorbed in a crystal
(ax<1), the observation of a sharp absorption
line at energy E is generally taken to mean
that there is an excitation level at an energy
E whose energy could be, in principle, calcu-
lated from a many-body Hamiltonian in which
the electron-electron interaction is the simple
Coulomb potential. This Letter reports the
observation and interpretation in ZnO of sharp,
weak absorption lines whose energies cannot

be so calculated.

The band structure of hexagonal ZnO has
been previously reported.!»2 The present work
was stimulated by an interesting recent report
by Park et _ag.,s in which a somewhat modified
interpretation of the original results was pro-
posed.

The exciton energy-level structure of ZnO
near 3.38 eV is shown in Fig. 1(a). Levels
marked A and B come from “1S” excitons from
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FIG. 1. (a) The intersections between exciton dispersion curves and light with E |l z for the A and B excitons in
ZnO. (b) The same as (a) except that polariton states have been drawn in place of excitons. Absorption lines can
occur inE llz at level crossings. (c¢) The reflectivity of ZnO for E Lz light. (d) A composite display of the absorp-
tion of E ll z'light in ZnO. ¢ is the crystal thickness. The curves are microphotometer traces taken from photo-

graphic plates.
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the first and second valence bands, respective-
ly. Exciton A consists of two sets of states
which arise from the two relative orientations
of electron and hole spin. One set itself con-
sists of a degenerate pair and is the short-
dashed line in Fig. 1(a) labeled A, ,. It does
not interact strongly with light for its forma-
tion involves spin flip. The other set can cou-
ple to light polarized in the x-y plane (the z
direction being defined as the hexagonal axis).
For wave vectors { in the x direction, these
states are dipole coupled (exchange), and split
into a longitudinal state A (dashed line) and

a transverse state Ap (solid line).* The same
statements are true for exciton B with the no-
tation change of A, , to B,. The effects of the
finite exciton mass, which is to produce curva-
ture in the E(q) lines is not observable on the
scale drawn.

Light polarized with E [z couples at most
only very weakly to all these states. The six
intersections of the solid line, labeled E |z
in Fig. 1(a), with the exciton dispersion curves
then give possible absorption line energies.
While all but 4, , of these intersections repre-
sents a forbidden transition in the long wave-
length limit, finite wave-vector effects, crys-
tal strains and inhomogenities and weak applied
magnetic fields might be expected to lower sym-
metry sufficiently to produce absorption lines
in E liz as a result of weak coupling. Only the
four intersections marked with heavy dots have,
in fact, been observed. A, , (which was pre-
viously labeled 4,,)" is weakly allowed. The
line By is forbldden and so has only been seen
by applying a magnetic field in a nonprincipal

direction; it then occurs as a split line [Fig. 1(d)].

The g value of By is approximately given by
g=~3.9 cosh, where 6 is the angle between the
magnetic field H and the z axis. The g value
of A, , is 3.7 for Hllz, and 0 for H1z. Com-
bination of these results with the electron g
value® of 1.93 shows that the orbital contribu-
tion of the valence band to the hole g value in
excitons is very small, and both hole valence
bands will have g, = 2,8, =0.

The relevant experimental results are shown
in Figs. 1(c) and 1(d). Figure 1(c) shows the
reflection results for E Lz, and from these
have been derived the energies marked A
and By. The reflection curves are undoubted-
ly distorted from ideal shapes by the effects
of spatial dispersion.® Indeed, for light with
4 parallel to z, a weak spatial dispersion re-

flectivity peak has been seen at the energy of
A marked by an arrow in Fig. 1(c). In Fig. 1(d)
is shown a composite display of the absorption
results for Ellz. The Ay 2, Ay, and By cross-
ings are observed for H=0. The By absorption
as explained above is brought in by H with 6

#0. An additional line P A, B Was observed at
an energy 0.0007 eV above A, and at a posi-
tion corresponding to no known energy level

in the scheme of Fig. 1(a). In good geometry
and in the absence of a magnetic field, this

line is weakly observable in many crystals.
With the propagation vector somewhat cocked,
or in good geometry with an appropriate mag-
netic field [as shown in Fig. 1(d)], this line

is observable in all crystals of suitable thick-
ness. Figure 2(a) shows examples of the zero-
field observation of P4 pg. Under no circum-
stances have absorption lines been seen at the
positions of AT or Bp.

The presence of a line P4 p and the absence
of the two anticipated transverse lines follow
from the nature of the true normal modes.

The actual normal modes of the crystal are
polaritons” i.e., mixtures of excitons and the
photons with which they interact. Since Ap

and Bp interact strongly with photons polarized
perpendicular to the hexagonal axis, one should
really examine the crossings of light E |z with
the polariton dispersion relation. These cross-
ings are shown in Fig. 1(b). The two nonob-
served crossings of Fig. 1(a) no longer exist.
Instead, they are replaced by other crossings.
One of these is the crossing of the line PA

with E llz denoted by an open circle on Fig. l(b)
Other crossings occur beyond the energy scale
shown.

The polariton dispersion relation* in this
geometry is given by

while the crossing frequencies (absorption lines)
will occur at ) (w)=8(w). & (w) is readily
obtained from the reflectivity for E llz.* All
the relevant parameters for the determination
of &1(w) are available,* and so, the energy at
which the polariton absorption line should oc-
cur can be directly calculated and is 0.000 64
eV above Ay, in satisfactory agreement with
experiment.

Within the framework of classical optics,
a magnetic field in appropriate geometry should
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FIG. 2. (a) Two examples of the polariton line P4 B
seen in zero magnetic field. @ is the angle outside the
crystal between the light beam and the hexagonal z
axis. (b) The effects of a magnetic field on some exci-
ton absorption lines. Hy enhances P4 B, Hy enbhances
Ar.

produce couplings at these polariton crossings
by the same mechanisms that produce Voigt
and Faraday effects in cubic crystals. Because
a magnetic field mixes the two components of
polarization perpendicular to the field, a mag-
netic field in the y direction in these experi-
ments couples E |lz with the states A; and By .
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Thus, H, is expected to enhance, for instance,
the absorption line A;. A magnetic field in

the x direction (parallel to ), however, mixes
E llz with the transverse polariton and enhances
this additional line. These effects have been
seen and are shown in Fig. 2(b).

Another polariton line, much easier to ob-
serve, has been seen at room temperature in
ZnO and also in CdS. It happens that just be-
low the band gaps of these materials there is
a crossing of the E(q) curves for propagating
modes polarized parallel and perpendicular
to z, just as there is a crossing at PA,B in
Fig. 1(b). It also happens that the absorption
coefficients of the |l and L modes are different
at this isotropic point. It is possible, there-
fore, to choose a crystal thickness such that
one polariton (which is the one polarized LC),
does not propagate all the way across the crys-
tal, whereas the || polariton does. Consequent-
ly, at the isotropic point, a polariton absorp-
tion line might be expected to be observed for
Ellz light. In E 1z, a complementary. enhance-
ment of transmission is expected. These ex~
pectations have been verified. The lines can
sometimes be seen weakly in zero magnetic
field, which again must be due to inhomogenei-
ties or higher order wave-vector effects. A
magnetic field A, has no effect on the lines,
but in exact analogy to Py p, afield H, mark-
edly increases the strength of the line. These
effects are shown for ZnO and CdS in Figs. 3(a)
and 3(b) respectively. The magnetic field ef-
fect clearly marks the absorption as a polar-
iton absorption line.

The results may be summarized as follows.
The observation of the By line together with
previously reported results confirms that in
ZnO, the A exciton arises from the I', valence
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FIG. 3. Polariton effects produced by a magnetic
field H, at room temperature in (a) ZnO and (b) CdS.
For H=0 there are sometimes very weak anomalous
polariton effects. Hy produces no effects.
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band, and the B exciton from the I'g band. Since
spin-spin splittings and the valence band spin-
orbit splitting are all small compared to the
exciton binding energies (about 0.059 eV?),

it follows that the I'; band lies about 0.005 eV
above the I'y band. The existence of two polar-
iton absorption lines has completed the obser-
vation of the set of level crossings which can
occur. The absence of absorption at the trans-
verse exciton energies in the “wrong” mode

is now seen to be a simple consequence of the
importance of polariton effects.

The existence of polariton absorption lines
with H |Iq is a classical effect in anisotropic
crystals. The fact that such lines appear even
in the absence of magnetic fields and masque-
rade with or without a field as weak absorption
lines, displaced from the transverse exciton
states they have replaced, makes them a non-

trivial feature of optical investigations of an-
isotropic crystals.

We wish to thank R. T. Lynch and E. D. Kolb
for supplying the ZnO crystals.
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Electron spin resonance (esr) and electron-
nuclear double resonance (ENDOR) studies have
shown that self-trapped holes (Vg centers) in
NaF doped with lithium associate with the Li
ions. This complex, in addition to being a new
color center, is of interest because of the close
resemblance of its esr spectrum to that of the
center in LiF identified by Kinzig!»? as the anti-
morph of the F center (Vg center).

The esr®:* and optical properties® of the Vi
center have been investigated in several alkali
halides. These studies led to the molecule-
ion model in which the hole is shared by two
adjacent halide ions to form a negatively charged
diatomic molecule, e.g., F,  , oriented along a
[110] crystalline axis. AnENDOR study of the
Vi center in LiF by Gazzinelli and Mieher®
has provided definite verification of this mod-
el. A similar ENDOR study has been made of
the Vi center in NaF.”

In this Letter, the name Vg4 center will des-
ignate the complex consisting of a Vg center
associated with an alkali impurity.? The lith-
ium Vg center in NaF, which is the subject
of this Letter, is shown schematically in Fig. 1.

These centers are produced in crystals grown
from a melt of reagent-grade NaF doped with
~1% LiF by weight. A sample is x irradiated
(50 kV, 30 mA, =24 hr) at 77°K to produce Vi
centers. Upon warming, the onset of conver-
sion to V4 centers is observed at ~140°K,
and the conversion is complete at ~160°K. The
Vg A centers are stable at 160°K. No trace of
the Vi-center esr remains upon recooling to
77°K. The conversion efficiency based on esr
amplitude ratios appears to be near 100%.
Attempts were made to orient the V4 centers
by optical methods which were successfully
used to orient Vg centers in NaF and LiF.
However, the Vg4 centers were dissociated
with a consequent regeneration of Vi centers.

The Vi A-center esr spectrum, like that of
the Vg center in the alkali fluorides, is char-
acterized by a large, anisotropic hyperfine
interaction between the unpaired electron and
the two nuclei of the molecule. There are, in
general, four esr lines corresponding to the
four possible combinations of the spins of the
two fluorine nuclei (mj[F]==+1,0,0). The sep-
aration between the m[F]=z1 lines is 1800 G
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