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EVIDENCE OF ELECTRON-ELECTRON SCATTERING FROM FIELD EMISSION
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A small tail above the Fermi energy has been found in the energy distribution of field-
emitted electrons on three crystal planes of clean tungsten, at 20'K. The current in the
tail is proportional to the square of total probe hole current, and is interpreted as re-
sulting from electron-electron scattering in the metal.

In the course of energy-distribution measure-
ments on clean tungsten we have observed an ef-
fect which is most readily explained as electron-
electron scatter'ing in the metal. The apparatus,
to be described in detail elsewhere, was of the
spherical retardation type. ' Electrons from a W
field emitter steered by an electrostatic quadrant
lens passed through succesive holes in concentric
spherical shells, were retarded by a fine Au-
coated mesh covering an opening in the last elec-
trode and then multiplied by a Channeltron oper-
ated in the dc mode with a gain of 1.3&&104. The
gain was constant over the range of currents
used. The i vs e curve was electronically differ-
entiated by modulating the retarding voltage with
a 10-mV peak-to-peak ac signal. Ultrahigh vac-
uum was maintained cryogenically, by immers-
ing the entire apparatus in liquid H, . The emit-
ter temperature could be controlled electrically
in the usual manner. Resolution was estimated
to be 25-40 mV, depending on the region probed,
by the criterion of Young and Kuyatt, ' from the
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energy spread between the 10 and 90%%uo values of
the leading edge of the j(~) vs e curve.

Experimental energy distributions conformed
closely over most of the range to the values pre-
dicted by the free-electron model,

j(p) o- e& /d/(] +e &/k r)

where ~ is the energy relative to the Fermi lev-
el, and d =0.976E/y'/', F being the field in V/A
and p the work function in eV. Thus Fig. 1, se-
lected at random, shows experimental and pre-
dicted values for the (120) plane at 250'K; the ex-
perimental width at half-maximum is 178 mV,
the predicted value being 168 rnV. At 20'K where
the effect of finite resolution becomes more crit-
ical the data could be fitted very precisely by the
convolution of Eq. (1) with a Gaussian analyzer
transmission function"; in the case of (120) a
full width at half-maximum of 0.040 eV was re-
quired (Fig. 2). The slight deviation far below
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FIG. 1. Total energy distribution from the (120)

plane at 250 K. The points are experimental, the line
from Eq. (1). E=0.274 U/A; probe current after multi-
plication is 1 x10
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FIG. 2. Total energy distribution from the (120)
p1ane at 20'K, with E=0.300 U/A and a probe current
after multiplication of 1 x10 A. The points are ex-
perimental; the line, a convolution of Eq. (1) and a
Gaussian analyzer transmission function with a full
width at half-maximum of 40 meV.
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FIG. 4. Total energy distribution from the (120)
plane at 20'K with E=0.266 VjA and a probe current
after multiplication of 5 x10 A. Dashed lines corre-
spond to error bar shown in Fig. 3.
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FIG. 3. Plot of i*, probe current after multiplica-
tion arising from electrons emitted with e &SF, versus
i, total probe current after multiplication. Data ob-
tained from the (120), (111), and (112) planes of tung-
sten at 20'K.

EF has also been seen by Plummer and Young, '
and attributed by them to deviations from the
simple WEB tunneling probability used to derive
Eq. (l).

Despite the excellent fit over most of the range,
a tail in the leading edge at & &EF can be seen on

all distributions, even at 20'K. This cannot be
explained in terms of reasonable analyzer trans-
mission functions, the more so since all appara-
tus errors except patchiness of the retarder
tend to skew the transmission toward the low-en-
ergy side. That energies above EF are involved
follows also because a consistent collector work
function for different emission directions, and
for different fields at fixed orientation, can be ob-
tained only by ignoring the tails and fixing the
Fermi level by extrapolation from the upper por-
tion of the leading edge. j(e)EF) and the current
in the tail, i*, turn out to be proportional to i
for all directions investigated, i being the total
probe-hole current (Fig. 3). Deviations from
the i' relation at very low i* can almost certain-
ly be explained on the basis of experimental un-
certainties in this measurement (Fig. 4). The

i relation militates against trivial explanations
since it is difficult to see how apparatus errors
could give rise to anything but a linear relation
between i* and i. It is also clear why these tails
are difficult to see without electron multiplica-
tion since even at the highest currents used here
i* & 0.01i. Tails of the kind described here have
also been seen and discussed at meetings by
Plummer.

The i' dependence of i* rules out the possibility
of a static distribution with levels &EF occupied,
since an increase in field should then lead to a
relative decrease in tail current. However, the
i' relation is readily explained by electron-elec-
tron scattering. We first show that scattering
on the vacuum side of the barrier could not possi-
bly account for the observations under the condi-
tions of the experiment: The total current emit-
ted over the entire tip was ~10 ' A, so that the
average time between successively emitted elec-
trons was t)1.6&&10 "sec. For these times
the distance traveled by an electron before emis-
sion of the next one is ~0.03 cm, so that the
average Coulomb interaction between two near-
est electrons is (4&10 ' eV. A simple space-
charge calculation shows that the maximum aver-
age Coulomb interaction (E) of an electron with
the space charge occurs at r =2x„r, being the
tip radius, and is given approximately by

(E) = I(me/2Fr, )' (2)
I being total emitted current and I the applied
field. Equation (2) leads to an average interac-
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tion energy of «9X10 ' eV. Since the width of
the tail is &0.1 eV, the space-charge fluctuations
required to produce it would have to be unreason-
ably large.

The most probable explanation of the high-en-
ergy tail seems the following. Consider virtual-
scattering events in the metal near the Fermi
surface whose net result is to scatter one elec-
tron above E F and another below by an equal en-
ergy. Because all states below E F are filled at
low T, this process remains virtual in the ab-
sence of an applied field. If the electron scat-
tered downward can tunnel out of the metal, how-
ever, the process can become real; note that E,
but not k, is conserved for the electron pair. A
fraction of the electrons scattered above EF will
also tunnel and it is these which give the observed
tail. While all of the electrons scattered down
must tunnel, the high value of j(e) for e&E~
makes them invisible in practice. The overall
probability of observing an electron of energy
EF + 6 thus depends on a dynamical factor f(h)
governing the scattering in the metal, multiplied
by the probability that both electrons have tun-
neled. The latter is given in WKB approximation
by

P,„„„„;„=exp[-c(q + a)s~'/F]

x exp[-c(p-b)'~'/F],

where e =0.68 in eV-A units. To first order in 6
this is exp(-2cy'"/F). However, the total cur-
rent is proportional, from the Fowler-Nordheim
equation, ' to exp(-cy'I'/F), so that j(b) is pro-
portional to t'; the proportionality is preserved
for i*=I,"j(h)db. .

The model predicts that i* corresponds to
emission of electron pairs correlated in time
(within the lifetime of a hole at E „-b,). Lack of
sufficient space correlation, the small value of
i*, and its dependence on i would make it diffi-
cult to find these, since at probe currents low

enough to permit electron counting the number
of space-correlated pairs would be very small
indeed. It is not surprising therefore that Young,

who looked for them for quite different reasons,
did not find pairs. ' It might be possible so to
bias the retarder that only a narrow range about
EF could reach the electron counter in order to
prevent its saturation; the steep rise of j(e) be-
low EF might defeat the experiment even so.

To second order in 6, j(A) contains the term
exp(-34clP/Fp' ). It can easily be seen that
this is practically constant over the range of 4
encountered here, so that the almost exponential
decrease of j(h) with 6 must be explained in
terms of the dynamical factor f(A). Since the
final result, emission of an electron with ~=EF
+ 4 and of an electron with e =E F-A, is the pro-
duct of all relevant diagrams in the metal, f(h)
can only be evaluated by a full-dress many-body
calculation. It is one purpose of this paper to
show that this would be worthwhile since uninter-
esting effects like the second-order term in the
tunneling probability do not mask it; further,
both -O'K and finite-T calculations could be
checked against experiment.
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