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OBSERVATION OF SOLID-STATE I HOTOEMISSION FROM TIN INTO GERMANIUM

G. W. Mahlman
Hughes Research Laboratories, Malibu, California

(Received October 31, 1961)

The process of photoemission of electrons from
one solid into another in contact with it has been
postulated by several workers. Mott and Gurney'
suggested the existence of an internal photoelectric
effect to explain certain data for sodium metal in
contact with rock salt crystals. Gilleo' investi-
gated the existence of this effect in more recent
work with silver on alkali halide crystals. Most
recently, %illiams and Bube' proposed that photo-
emission from copper. and other metals plated on
cadmium sulfide crystals takes place. All the
above experiments required relatively energetic
radiation (greater than 1 ev) to produce effects.

Recently we observed an extended spectral re-
sponse for photovoltaic and photoconductive effects
in tin-plated germanium. The test specimen was
a slice of "n"-type 30-ohm-cm germanium 20 mils
thick, on opposite faces of which were electroplat-
ed tin contacts. The contacts were 4 inch&-,' inch
square and were displaced with respect to one an-
other by -, inch. In the test setup, radiation from
a monochromator was made to pass through the
germanium and impinge on the tin metal. The
photovoltaic or photoconductive signal across the
contacts was measured. The radiation was chopped
at 450 cps, and the signal was amplified by a nar-
row-band ac amplifier. Room-temperature meas-
urements on this and many similar specimens
failed to show any extended spectral response.
However, at liquid-nitrogen and liquid-helium
temperatures, an extended spectral response sev-
eral hundred times smaller than the peak intrinsic
responses was detected.

To ensure that intrinsic excitation processes
and short-wavelength scattered light did not pro-
duce the observed signals, germanium filters of
various thicknesses were interposed in the exit
beam of the monochromator. Typical results are
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illustrated in Fig. 1, which shows that the use of
filters differing in thickness by a factor of ten
caused no significant decrease in long-wavelength

FIG, 1. Photovoltaic signals at constant energy for
electroplated tin-on-germanium cell No. 1. Curve 1:

CC,the intrinsic photovoltaic response with no filtering
of the monochromator radiation. Curve 2: radiation is
filtered by a 10-mil-thick germanium filter; amplifier
gain is ten times that used for curve 1. Curve 3: 10-
mil-thick germanium filter is used again, but amplifier
gain is ten times that used for curve 2. Curve 4: same
gain as that for curve 3, but a 100-mil-thick germanium
filter is used. Curves 1 through 4 were taken at liquid-
nitrogen temperature. Curve 5: same gain as that for
curves 3 and 4, 100-mil-thick filter, but liquid-helium
cooled. Curve 6: same conditions as those for curve 5,
but amplifier gain increased ten times. The extended
spectral response lies at wavelengths greater than 1.8
microns approximately.
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response. Two thick filters were used, and the
signal response decreased only by a factor at-
tributable to the transmission losses (primarily
by reflection) of the filters. Use of these filters
demonstrates that intrinsic processes cannot be
responsible for the long-wavelength signal. ln
any case, many measurements of intrinsic ab-
sorption coefficients4 showed no values even ap-
proaching those required to produce a measurable
signal at the wavelengths involved. Short-wave-
length radiation was almost completely eliminated
as a source of excitation, and in any case, its in-
tensity would be strongly dependent of filter thick-
ness.

The only other sources of excitation of which the
writer can conceive are free-carrier absorption
and impurity excitation. The former does not
seem capable of producing signals. Furthermore,
the absorption coefficient for this process is lom,
especially at low temperatures where few free
carriers are available. Similarly, impurity photo-
conduction is most improbable. One observes from
Fig. 1, curves 3 and 4, that on the short-mave-
length side the extended spectral response dropped
off rapidly when the thick filter is used (curve 4),
but remained approximately constant at 1.8 mi-
crons (curve 3) when the thin filter was used. The
ratio of the filter transmissions will change rap-
idly for absorption coefficients in the range 1 to 10
(cm '); therefore, such values for absorption co-
efficients are necessary to account for the extended
spectral response in terms of an impurity photo-
conduction process. Neither shallow impurities
(which are mostly ionized at liquid-nitrogen tem-
perature) nor deep-lying impurities are present
in the near-intrinsic germanium in a concentra-
tion sufficient to give an absorption coefficient of
one per centimeter. The electroplated tin-on-
germanium received no heat treatment so that
significant alloying or diffusion could not have oc-
curred. The signal strength depends on the in-
tensity of the light incident on the tin, although
these measurements are R little difficult to inter-
pret exactly because of the high ref lectivity and
refractivity of the germanium which causes much
scattering of light within the samples. Finally,
the character of the spectral response curves at
long wavelengths strongly suggests the photoemis-
sion process; one expects a rapid drop in response
with an increase in wavelength as a result of the
finite mean free paths of excited photoelectrons
within the tin cathode, just as for the external
photoelectric effect.

Measurements on several tin-plated germanium

samples showed that the current-voltage character-
istics mere variable, although extended spectral
responses were obtained in most cases. This vari-
ability is not surprising considering that tin is not
a specific "dope" for germanium and therefore the
exact barriers at contacts may depend on the pres-
ence of minute amounts of impurity. Since the cur-
rent-voltage chara, cteristics were variable, it has
been difficult to determine conclusively the effects
of applied electric fields on the spectral response.
Also, noise resulting from the application of volt-
age to the cells has frequently interfered with
measurements, and the effects of light scattering
within samples sometimes obscured results. The
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FIG. 2. Photovoltaic and photoconducting signals for
electroplated tin-on-germanium cell No. 3 at liquid-
nitrogen temperature. Curve 1: photovoltaic signal;
amplifier gain is ten times that for curves 2 and 3.
Curve 2: photoconductive signal for negative voltage
applied to cathode. '

Curve 3: photoconductive signal
for a positive voltage on the cathode. For all curves,
a 100-mil-thick filter was used.
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evidence in general, however, supports the ex-
pectation that fields which push the electrons away
from the metal cathode into the germanium produce
larger signals and some extension of the spectral
response. Figure 2 shows some particularly good
data illustrating these field effects.

With the present electroplated tin-on-germanium
specimens, the spectral responses extend to about
3.4 microns. The quantum yields are typically a
few tenths of a percent, and significant improve-
ment in these yields may be anticipated. In prin-'
ciple, potential barriers between solids may be
very small, and thus photoemission at much long-
er wavelengths may be ultimately achieved.

The author wishes to thank Dr. G. Picus, Dr.
J. M. Richa. rdson, and Dr. J. Grossman for their
helpful discussions, Dr. V. Zentner and E. Eccle-
ston for an able job of electroplating, and A. Rabi-
deau for assistance with experimental work.
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NUCLEAR MAGNETIC RESONANCE OF Cr" IN ANTIFERROMAGNETIC CrC1,4
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The metamagnetic properties of the anhydrous
iron group chlorides have been the subject of many
investigations in the past. Recently, several of
these hexagonal layer type compounds were shown
to become antiferromagnetic at low temperatures. '
The magnetic ordering consists of ferromagneti-
cally al.igned moments within each hexagonal lay-
er. The antiferromagnetic coupling between adja, -
cent layers is relatively weak and as a conse-
quence steep net magnetization curves are ob-
tained even for sma. ll external magnetic fields. '
This effect suggests that an enhancement mecha-
nism similar to that found in ferromagnets' might
make it feasible to measure the temperature de-
pendence of the sublattice magnetization in some
of these compounds by nuclear magnetic reso-
nance (NMR) techniques.

In this Letter we wish to report the observation
of the Cr" NMR in CrCl, in the temperature range
of 1.23'K-4. 02'K a.nd zero external field. Results
of precision measurements of the frequency for
resonance are in excellent agreement with the
predictions of simple spin-wave theory for a two-
dimensional ferromagnetic system in the presence
of anisotropy.

CrC13 has a hexagonal unit cell, of space group
D, ', containing 6 molecules. It exhibits a A. -type
specific heat anomaly at 16.8'K' and a magnetic
susceptibility maximum around 20'K. Neutron
diffra, etion studies give an ordered structure in
which the axes of magnetization are directed per-

pendicular to the c axis. Polycrystalline samples
for the present study were prepared by vacuum
sublimation of the dehydrated salt at 700 C. The
nuclear resonance spectra are sensitive to the
crystallographic purity of the samples. Reso-
nances in addition to those reported here were
observed in samples which exhibited a large num-
ber of stacking faults and other imperfections.

The resonance was observed with a frequency-
swept FM marginal oscillator. ' As in the case of
ferromagnetic CrBr„ the spectrum consists of
a well-resolved triplet due to a nuclear electric
quadrupole interaction. From the separation of
the satellites, I= » and the assumption that the
electric field gradient at the Cr positions has
cylindrical symmetry about the c axis, we obtain
h 'e'qzzQ =0.882 a 0.010 Mc/sec. The central
component of the spectrum is shifted by the sec-
ond order effect to slightly higher frequency
(- 6 kc/sec) relative to the satellites. This shift
a,grees in magnitude and direction with the pre-
vious assumptions.

A comparison of the intensities of the Cr" res-
onances in CrBr, and CrCl, showed that the en-
hancement factor in these two compounds is of
the same order of magnitude. However, since
the quadrupole splitting in CrCl, is insensitive
to the orientation of the magnetization in the hex-
agonal plane it is not yet certain whether the res-
onance is excited by domain rotation or domain
wall displacement. The observed linewidths are
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