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The purpose of this Letter is to report length
contractions in n-type germanium due to elec-
tron bombardment at liquid-helium temperature
and to propose the interpretation that these
length contractions are produced by an elec-
tronic effect which dominates over the expan-
sions caused by the atomic effect. In contrast
to n type, the length changes of a p-type sample
irradiated under the same conditions are smaller
by more than an order of magnitude.

Simultaneous length and conductivity changes
have been observed in degenerate n-type ger-
manium single crystals during bombardment
by 4.5-MeV electrons at liquid-helium tempera-
ture and during subsequent isochronal annealing.
The irradia. ted portion of the sample mea. sured
5 mm long, 4 mm wide, and 0.7 mm thick. The
linear -accelerator electron beam passed through
the sample in the [001]direction, and the length
changes were measured in the perpendicular
[110]direction. Changes in length of the sam-
ple produced changes in the spacing of a system
of parallel plate capacitors, and these capaci-
tors were compared with a. standard capacitor
by means of an ac ratio bridge. All capacitors
were of the three-terminal type and the method
of measurement was similar in principle to that
used by%hite. ' The sample and supporting
framework for the capacitors was shaped from
one large single crystal of germanium to mini-
rnize extraneous effects. The sensitivity and
long-term stability of the system were such that
changes in length on the order of 0.3 angstrom

were detectable. Annealing was of the isochron-
al type and was accomplished by means of a
heater and double exchange gas-vacuum system.
The sample was held at each annealing tempera-
ture for 10 minutes before recooling to liquid-
helium temperature. All measurements were
made at liquid-helium temperature.

Degenerate n-type material was chosen for
our initial experiments, rather than intrinsic
material as used by other investigators, since
the electrical measurements by Klontz and Mac-
Kay' and the stored-energy measurements by
Singh and MacKay~ have shown that irradiation
effects in n-type material are more than 100
times greater than in p-type material.

Figure 1 shows the length change in a. degen-
erate n-type sample as a function of the irradi-
ation flux. From this plot 61./l. = -6.2 x10
per incident electron/cm~. Figure 2 shows the
results for the same sample during a later run
consisting of a relatively light bombardment
followed by an isochronal anneal with points
taken every 5 degrees. The general character-
istics of the length and conductivity curves are
quite similar. An annealing peak between 35
and 40 K is evident in both curves. A second
sample of degenerate n-type material showed
similar behavior.

Irradiation of a degenerate p-type sample at
liquid-helium temperature resulted in a barely
detectable contraction. The length-change ef-
fect is at least an order of magnitude smaller
in P type than in n type. The fact that length
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FIG. 1. Length change vs flux for degenerate
n-type germanium. The irradiated portion of the
sample is 5 mm long.

changes in p type are very small compared to
changes in n type is consistent with the results
of electrical measurements on irradiated ger-
manium.

The observed contractions in length are in
contrast to the expansions previously reported
in radiation damage experiments. Vook and
Balluffi4 irradiated intrinsic germanium at 25'K
and 85 K with 10.2-MeV deuterons and measured
an expansion of bL/L =+1.5x10 "per incident
deuteron/cm'. Wittels' irradiated intrinsic ger-
manium at 40'C with fast neutrons and mea, sured
an increase in lattice parameter of AC/C =+1.4
x10 ~~ per incident neutron/cm'. Vook' irradi-
ated intrinsic germanium at 86 K with 2-MeV
electrons and reported a barely detectable value
of ~L/L =+(1.5~ 3.9) x10 '5 per incident elec-
tron/cm'.

Irradiation by heavy particles is considered to
produce clusters of defects or "thermal spikes. "
Only in the case of electron irradiation can one
reasonably well expect to produce the funda-
mental isolated point defects which lead toward
a more straightforward interpretation.

The customary interpretation of length-change
experiments has been to attribute the length
changes entirely to the vacancies and inter-
stitials (or more complicated clusters) which
are formed by the irradiation and recombine
during the annealing. The application of this
atomic interpretation to our results would lead
to the conclusion that the fractional atomic vol-
ume change per vacancy-interstitial pair (f +f )8
is a negative quantity, whereas normally a va-
cancy-interstitial pair is believed to produce
an expansion of the lattice.

Ho~ever, we believe that an electronic effect
exists which must be taken into consideration.
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FIG. 2. Length change and conductivity of degen-
erate n-type germanium during relatively short
bombardment and isochronal anneal, All measure-
ments are taken at 4. 2 K. The sample has a total
irradiation history of 1.3&& 10~~/cm2. A 75'K anneal
was performed prior to this plot.

Keyes' evaluated the effect of the electronic
part of the strain energy on the elastic proper-
ties of germanium and found that the volume is
dependent upon the carrier concentration. He
concluded that both electrons and holes have the
same effect of increasing the lattice parameter
by the amount AC/C =+1.4x10 '

n, where n is
the concentration of free electrons or free holes.

Figielski' calcula. ted the expansion effect due
to electron-hole pairs and computed hC/C =+3
x10 '~N, where N is the concentration of elec-
tron-hole pairs, which is in agreement with the
sum of the two effects as computed by Keyes.
Figielski succeeded in measuring this effect in
his photostrietion experiment. The experimen-
tally determined magnitude was a factor of two
larger than his computed value.

Ln our experiment the electron bombardment
of n-type germanium produces defects which
act as double acceptors. This reduces the num-
ber of free electrons in the conduction band
which should cause a sample contraction. There-
fore, the measured length change can be ex-
pressed as the sum of two separate effects:

nL/L =atomic effect+electronic effect. (1)

The electron removal rate for 4.5-MeV elec-
trons incident on nondegenerate n-type german-
ium at liquid-helium temperature has recently
been measured' and found to be dn/d4 = -13.
Assuming that this removal rate is also valid
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for degenerate n-type material and assuming
Keyes' calculated value for the electronic effect,
then the expected electronic effect is -18.2 x10
per incident electron/cm'. From this and our
observed length change obtained from Fig. 1,
which was bI./I. = -6.2x10 '4 per incident elec-
tron/cm', Eq. (1) then yields an atomic effect
of b,l./I. =+12.0&10 ' per incident electron/
cm'. By using the electron removal rate dn/d4
= -13 and the fact that each vacancy-interstitial
pair formed is a double acceptor, the change in
length per vacancy-interstitial pair is calculated
to be Af. /I. =+1.85 &10 ~' per defect pair/cm .
This implies a fractional atomic-volume change
per vacancy-interstitial pair (f +f.) =+0.25.

V
There are several factors which contribute

to the uncertainty of the above calculations.
Keyes' treatment compared the presence of
electrons in the conduction band with their com-
plete absence from the crystal, whereas in our
case, electrons removed from the conduction
band by the irradiation are trapped on tightly
bound acceptor levels in the forbidden gap,
which may quite plausibly not cause as large
an effect. More work needs to be done con-
cerning the dependence of the electronic effect
upon the energy levels of the traps involved.
Other factors are the rather large experimen-
tal uncertainties in the values of the deforma-
tion-potential constants needed in Keyes' cal-

culation and the present uncertainty in the elec-
tron removal rate for degenerate material.

Even considering these uncertainties, it ap-
pears that the atomic effect is causing an ex-
pansion, but the magnitude of the contraction
due to the electronic effect is larger, so that
the observed contraction represents the differ-
ence between the two effects. It is hoped that
our subsequent mea. surements will enable us
to separate the two effects, and therefore allow
us to determine both the electronic effect and
the atomic effect experimentally.

The authors wish to express their gratitude
to J. %. MacKay for his interest in this work
and his many helpful discussions and sugges-
tions, and to S. Rodriguez for stimulating dis-
cussions concerning the electronic effect.
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Theoretical calculations for the two-photon
surface photoelectric effect in a metal have
been given by Smith' and others. ' ' The theo-
retically predicted double-quantum photocur-
rent is proportional to the square of the inci-
dent radiation power and inversely proportion-
al to the area irradiated. ' Sonnenberg, Heffner,
and Spicer' have recently reported on the two-
quantum photoelectric effect from a semicon-
ductor in which the volume photoelectric effect
predominates, giving rise to relatively large
currents. %e would like to report the first
observation of double-quantum surface photo-
electric emission from a metal. Two-photon
photoelectric current mas obtained from a so-
dium surface of work function 1.95 eV when

irradiated by photons of energy 1.48 eV from
a GaAs laser.

The experimental apparatus is shown in the
block diagram of Fig. 1. The radiation source
was a, pulsed GaAs semiconductor injection
laser operated at 77 K and emitting a peak
power of 400 mW at 8400 A. A translation stage
supporting a lens permitted the laser radiation
to be focused onto a vapor-deposited sodium
surface from which double-quantum photoemis-
sion was to be observed. This surface acted
as a cathode for a specially constructed elec-
tron multiplier with a gain of 50000. The am-
plified current was passed through a 1-M~
load resistor followed by a low-noise pream-
plifier and a lock-in amplifier. Phase-sensi-


