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and k are all mutually perpendicular the effect of
the quasi-field should be to shift the plane of sym-
metry of the Stark effect by an amount E&. From
F& and k the exciton mass can be directly calcu-
lated.

The Stark effect has been observed on the n = 2
excitog states derived from the top valence band
of CdS at 1.O'K in light polarized paralled to c.
The Stark effect of the n= 2 states is used since
it is much larger than the effect expected for the
n =1 states. CdS is piezoelectric and so an elec-
tric field could affect the spectra by changing the
band gap; however, for all fields used no change
in the positions of the n = 1 lines could be detected,
indicating that the piezoelectric effects are neg-
ligible. The crystals were 5-10 microns thick
and several mm long; the electric field was ap-
plied by placing the crystals between the plates
of a condenser to which a symmetrical square
wave was applied, thus avoiding the necessity of
making contacts. The crystals were illuminated
with nearly monochromatic light from a Perkin
Elmer monochromator with a mean wavelength
equal to that of the exciton transition. This en-
sured that the crystal was exposed to the mini-
mum light intensity so that the yhotoconductivity
was as small as possible and the effective dielec-
tric relaxation time as long as possible. The
transmitted light was photographed with a high-
dispersion Bausch and Lomb grating spectrograph;
in front of the entrance slit there was a revolving
sectored disk which served the dual purpose of
switching the square wave by means of a separate
light source and photomultiplier, and of exposing
the photographic plate during only one phase of
the square wave. Hence a spectrum could be ob-
served for the electric field in either of the two
possible directions.

Figure 1 shows the effect of the electric field
on the separation of two pairs of lines of the Zee-
man pattern of the n=2 exciton state in CdS with
c&H and H = 81000 gauss [the symbols are identi-
fied in reference 3]. The two curves are for the
two directions of H which, as explained above,
give different spectra. This orientation of H with
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Several authors have recently described or pre-
dicted a number of rather unusual optical effects
connected with the exciton spectra of crystals.
Gross and Kaplyanskii' have shown that the weak
forbidden transition to the n = 1 state of an exciton
in cubic Cu, O has absorption and polarization
properties which depend upon the direction of the
exciting light in the crystal. Pekar and Tsekvava'
have predicted that cubic crystals can show bire-
fringence near exciton absorption peaks if the
exciton has an anisotropic mass. In CdS oriented
with the hexagonal c axis perpendicular to a mag-
netic field H, and with the light traveling at right
angles to both, Hoyfield and Thomas' found that
the exeiton spectra depended markedly on the
sign of H. These effects are, however, not pe-
culiar to excitons, since quadrupole transitions
of atoms in a crystal field can exhibit analogous
behavior. Some effects peculiar to excitons are
the result of excitons having an energy versus
crystal momentum curve which is not flat. Thus
Pekar4 has shown theoretically that for wave-
lengths close to a suitable exciton transition,
light of the same frequency and polarization can
be propagated in the same direction with different
refractive indices; Brodin and Pekar' have offered
evidence of this effect in anthracene crystals at
20'K. In this Letter we report on a new experi-
ment which gives a direct observation of the curva-
ture of the E(k) relation for excitons.

In reference 3 it was pointed out that an intrinsic
direct exciton created from a photon must have
the same crystal momentum vector as the photon.
As a result of its momentum the exciton has a
velocity Sfc/M, where k is the wave vector of the
light in the medium and M is the exciton mass.
In a magnetic field this velocity gives rise to an
additional term in the exciton Hamiltonian equi-
valent to a quasi-electric field E&-Ikx@Mc.
Stark effects on excitons are in general even func-
tions of the electric field. This will be true for
an applied electric field for H =0. However, in
the presence of a magnetic field the effective elec-
tric field is the sum of the applied and quasi-fields.
When the applied electric field, the magnetic field,
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FIG. 1. The separation between two pairs of lines in
the Zeeman spectra of the n =2 exciton state in Cds at
1.O'K, as a function of the applied electric field. The
pair of lines P, P& are two lines in the absorption
spectrum with H in one direction, and the pair of lines
Pz+, P&+ are two analogous lines for H in the other
direction. The light is polarized parallel to the hexa-
gonal c axis.

respect to c was chosen as it gave the most
clearly defined lines. The duration of the square-
wave cycle was 400 p, sec in these experiments.
In order to show that the frequency is high enough
to prevent appreciable screening of the electric
field by polarization of the crystal, a square-
wave generator was used without chopping the
light. It was found that for H = 0 there was no
change in the effect as the duration was changed
from 1.6 milliseconds to 20 p, sec. It is seen that
the two curves are approximately symmetrical
with their planes of symmetry on either side of
the plane of zero applied field. In the absence of
a magnetic field no such asymmetry was found.
The mean displacement of the planes of symmetry
from the center point is about 95+ 10 v/cm. The
directions of the displacements were found to be
in accord with the theory described above. At
high applied electric fields the lines become
broadened and there is evidence that the field in
the crystal is reduced. If E equals 95 v/cm
then M is found to be 1.lme. (The refractive
index for E ~~c at the frequency of the n = 2 tran-
sition is estimated from the reflectance spectra
to be 2.2; this value was used to calculate the
photon momentum inside the crystal. ) A recent
analysis' of the exciton Zeeman spectra of CdS
has yielded an exciton mass in a direction per-
pendicular to c equal to G. 9m', where me is the

free electron mass. The observation of the effect
and its agreement in sign and approximate mag-
nitude with the predicted values demonstrate
the exciton momentum and show that this exciton
"mass spectroscopy" experiment can be used to
determine exciton masses.

In some crystals the Stark effect was found to
be considerably larger than shown in Fig. 1 and
the apparent value of E& considerably less, in
one case only 30 v/cm, although with the correct
sign. These effects can be unde~ stood by sup-
posing that at 1..6'K and 31000 gauss in some
crystals tangent (Hall angle) & 1, i.e. , that ruc v & 1,
where +z is the cyclotron resonance frequency
of the highest mobility carriers (presumably elec-
trons) and v is the relaxation time. Under these
circumstances a transverse Hall field exceeding
the applied field can form across the thin dimen-
sion of the crystal in the direction of the light
propagation. This field cab be formed before the
longitudinal field is screened out because screen-
ing of the longitudinal field by surface charge is
much less efficient than that of the transverse
field. Presumably at sufficiently high frequencies
the Hall field would not be established, but such
frequencies were not available to us. In one crys-
tal, analysis of the results showed that co&7-1.7.
This indicates that cyclotron resonance may be
observed in CdS but only in selected crystals at
fields in excess of about 20000 gauss. From the
magnitude of the Stark shift shown in Fig. 1, it
is estimated that v~v-0. 5 for this crystal and
that the Hall field shifts the position of the sym-
metry planes by about 20%. The calculated ex-
citon mass is therefore expected to be somewhat
too high.

The method of determining the exciton mass
described here could be of use in determining
the individual masses of holes and electrons since
the reduced exciton mass comes from the exciton
ionization energy. Interest also derives, how-
ever, from the fact that due to polaron and other
effects the exciton mass may not be simply the
sum of electron and hole masses. Provided the
exciton lines are sharp, which was the case for
the crystal used in Fig. 1, the method is easiest
to apply when ~~7 &1. Finally, the inclusion of
the SkxH/Mc term in the Hamiltonian is of im-
portance in analyzing the Zeeman effect of ex-
citons, particularly for the higher quantum num-
ber exciton states.

Thanks are due to Dr. D. C. Reynolds of Wright
Patterson Air Force Base for some of the crys-
tals used in this work, and to E. A. Sadowski for
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The motions of ammonium ions and the order-
disorder transitions in their salts have been in-
vestigated extensively by a variety of techniques.
These include specific heat measurements, ' 4

crystal structure studies by neutron diffraction, '
infrared spectroscopy, ' ' and nuclear magnetic
resonance. 9 " The results of the investigations
reported here show that cross-section measure-
ments for neutrons of subthermal energy also
provide a valuable criterion for determining the
type of proton motion and the strength of chemical
binding in the ammonium halides or other com-
pounds of hydrogen.

Using a crystal Spectrometer"~" at the Brook-
haven reactor, total neutron cross-section meas-
urements were made at room temperature for
NH, gas at 115 psia and for the following ammoni-
um halide salts: NH4F, NH4C1, NH48r, and NH4I.
Xn Fig. 1 the cross sections per hydrogen atom,
corrected for neutron absorption, '4 are plotted
as a function of neutron wavelength. Since the
scattering cross section for hydrogen is large
and yrimarily incoherent, Bragg interference
effects are relatively small and do not contribute
significantly to the total cross section. A series
of closely spaced cross- section measurements
in the neighboihood of the most intense Bragg
peak for NH4Br indicated that the Bragg effects
were small and could be neglected.

At short wavelengths (A~-0) the scattering
cross sections approach the values for the free
atoms. At long wavelengths the predominant in-
elastic scattering process is one in which the
neutron gains energy from the crystal or molecule.
The scattering cross section then becomes pro-
portional to tlte wavelength, &z, and may be re-

presented by o~ =a+ N,„. The slopes, 5, of the
cross-section curves in Fig. 1 were determined
in the long-wavelength range by a least-squares
fit to the data. The dashed line is the theoretical
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FIG. 1. Neutron scattering cross section per hydro-
gen atom for ammonia and the ammonium halides.
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