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Photoelectric Emission from Zn*

L. P. MosTELLER, t T. HUEN) AND F. WooTEN
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The quantum yield, energy distribution, and temperature dependence of photoelectric emission from the
basal plane of single crystals of high-purity (99.999+&) Zn have been measured. The quantum yield is tem-
perature-dependent and is consistent with a free-electron model in which transitions are phonon-assisted.
The change in shape of the energy distribution curves in going from hv =9.32—9.54 eV is consistent with the
onset of the plasma region rather than with the excitations from d states. The work function for the basal
plane is 3.63 eV.

II. EXPERIMENTAL

Single crystals of Zn (99.999%) were cleaved along
the basal plane in a vacuum chamber at pressures less
than 10 ~ Torr. The pressure was maintained at less
than 10 9 Torr at all times except for the few minutes
required for making an energy distribution measure-
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FIG. 1. Quantum yield versus P.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

t Present address: U. S. Air Force, Defense Atomic Support
Agency, Headquarters, Washington, D. C. 20305.

'L. P. Mosteller, Jr. and F. Wooten, Phys. Rev. 171, 743
(1968).' R. W. Stark and L. M. Falicov, Phys. Rev. Letters 19, 795
(1967).

I. INTRODUCTION

EASUREMENTS of the basal plane reflectance
~ ~ of single crystals of high-purity Zn have shown

that Zn is well described as a free-electron metal. ' The
reflectance is about 85'%%uq or higher for wavelengths
greater than 1310A, but drops sharply at about 1310A,
i.e., 9.46 eV. The sharp drop at 9.46 eV was taken to
correspond to the free-electron plasma frequency. How-
ever, since the onset of transitions from d states is ex-
pected to take place at about 11 eV,' there was some
ambiguity as to whether the drop in reflectance results
from the optical properties of a free-electron metal
above the plasma frequency or from d-state transitions.
To resolve these ambiguities, we have made measure-
ments of the quantum yield, energy distribution, and
temperature dependence of photoelectric emission from
Zn single crystals.

ment. Since the Vacion pump used requires a magnetic
6eld for operation, it had to be turned oR during these
measurements to avoid any distortion. It is possible that
a slight contamination of the cleaved crystal surface
resulted from the need to turn the pump oR and on.
That the surfaces were nonetheless quite clean will be
made clear in the discussion of experimental results. In
any case, slight contamination is not a critical factor in
discussing the main points we wish to make.

The techniques used in the measurements of energy
distributions and quantum yields were similar to those
used by Berglund and Spicer. ' Relative light intensities
were measured using sodium-salicylate —coated photo-
tubes. 4 A nitric oxide ionization chamber was used to
measure the absolute light intensity at the I,yman-o,
wavelength (1216 A). The spectral reflectance R(ih) was
measured previously on single crystals from the same
batch. '

III. QUANTUM YIELD AND WORK FUNCTION

The quantum yield (electrons per photon), corrected
for the absorption of the LiF window used in the vacuum
chamber, is shown in Fig. 1. The work function for the
basal plane of Zn was found from a Fowler plot' to be
3.63 eV (see Fig. 2).

Note that the quantum yield per incident photon
increases sharply between 1320 and 1300 4 (Fig. 1).
This is consistent with an onset of the plasma region at
1310A; the drop in reflectance at 1310A simply means
more light is absorbed in the Zn.
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FrG. 2. Fowler plot for Zn.
' C. N. Berglund and W. E. Spicer, Phys. Rev. 136, A1044

(1964).
4 R. Allison, J. Berns, and A. J.Tuzzolino, J. Opt. Soc. Am. 54,

747 (1964).' R. H. Fowler, Phys. Rev. 38, 45 (1931).
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Electron energy (eV)

FIG. 6. Comparison of photoelectron energy distribution at 96'K
with that at 45 K.

V. TEMPERATURE DEPENDENCE
OF PHOTOEMISSION

The Zn crystal was mounted on the end of a Dewar
protruding into the vacuum chamber. Both liquid
nitrogen and liquid helium were used in the Dewar to
cool the Zn crystal. Because it was not feasible to
provide complete thermal shielding for the crystal, the
equilibrium temperatures of the crystal were 96'K for
liquid nitrogen and 45'I for helium. These coolants
were used for two purposes: to cool the Zn crystal so
that it could be easily cleaved, and to study the tem-
perature dependence of photoemission.

The energy distribution curves measured at 96 and
45'K are nearly identical (see Fig. 6), but with the
96'K curve slightly above the 45'K curve. Figure 7

Electron energy {ev)

Fro. 7. Comparison of photoelectron energy distribution at room
temperature with that at 96'K.

shows a comparison of the 96'K energy distribution
curve with a room temperature (290'K) curve. To
ensure that these three curves were normalized properly
with respect to each other, they were recorded using the
same sample, the same radiation intensity and wave-
length (1612 A), and the same electronic gain settings.

Figures 6 and 7 together demonstrate an increase in
quantum yield in going from 96'K to room temperature,
but no change between 45 and 96'K. The mechanisms
of optical absorption and escape of photoelectrons are
not understood well enough to permit an unambiguous
explanation for the change in quantum yield with
temperature. It might be related to a change in escape
probability due to scattering of electrons by phonons.
Another possibility is that it is simply related to a
change in the optical absorption coefFicient. If the
fundamental optical absorption process is primarily an
indirect (phonon-assisted) process, there is a greater
probability of transitions involving phonon annihilation
at higher temperatures.

The absorption coefficient for indirect transitions
involving phonon annihilation is proportional to X„,the
phonon density, whereas for phonon creation it is pro-
portional to (N„+1). Phonons obey Bose-Einstein
statistics, so that the photon absorption coefFicients for
transitions involving phonon annihilation and phonon
creation are proportional to

fg»elhT 1]—1 and eh(uslhrfghraelhT 1j—1

respectively. Substituting kO~=hco„where 0+ is the
Debye temperature and co, is the phonon frequency, a
temperature dependence for the total absorption coefFi-
cient due to indirect transitions can be obtained. Using
0=308'K for Zn, 9 the absorption coefficient has the
relative values 1.27, 1.02, and 1.00 at temperatures
290, 96, and 45'K, respectively. The change in yield, as
indicated by Figs. 6 and 7, is consistent with the
estimated change in the absorption coeScient.

A change in optical absorption due to phonon-
assisted transitions necessarily means a change in
electron-phonon scattering after the initial excitation.
Any change in escape probability due to electron-
phonon scattering after excitation is energy dependent.
The invariance of the shape of N(E) with temperature
lends credence to the suggestion that the change in
yield is due largely to a change in the optical absorption
coefficient. Perhaps of greater signi6cance is that Monte
Carlo calculations of photoemission show that the
quantum yield is not sensitive to the electron-phonon
mean free path for typical electron-electron scattering
cross sections in metals. '~~

9 C. Kittel, Introduction to Solid State Physics (John Wiley R
Sons, Inc. , New York, 1956)."F.%ooten, T. Huen, and R. N. Stuart, in Optical Properties
and Electronic Stricture of M etals and A/loys, edited by F. Abeles
(North-Holland Publishing Co., Amsterdam, 1966).» R. N. Stuart and F. Wooten, Phys. Rev. 156, 364 (1967).~ F. %'ooten, W. M. Breen, and R. N. Stuart, Phys. Rev. 165,
703 {1968).


