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Electrons of the vacuum surface of copper oxide and the screening of patch fields

A. R. Hutson
Bell Laboratories, Murray Hill, ¹eJersey 07974

(Received 26 September 1977}

In the electron free-fall experiments of W'itteborn, Fairbank, and Lockhart, the absence of the ambient

electric fields due to the patch effect has been unexplained. Here we propose, and test against the
experimental conditions, a model in which a double layer appropriate for screening is created by electrons

captured from the vacuum on a copper-oxide film lining the drift tube. Necessary criteria turn out to involve:

oxide thickness, number of electrons available, surface mobility of electrons, and electron-capture
mechanism %'e conclude that this model is a possible explanation of the results but the experiments to date
remain ambiguous in its verfication.

I. INTRODUCTION

The report by Lockhart, Witteborn, and Fair-
bank' giving experimental evidence for a temper-
ature-dependent surface shielding effect in copper,
and the use of these results by I aRue, Fairbank,
and Hebard' in order to eliminate electric-field-
gradient effects in their levitation experi, mental
search for quarks, has renewed interest in a con-
troversial and unexplained series of experiments
begun by Witteborn and Fairbank. ' ' These origi-
nal experiments were undertaken in order to mea-
sure the gravitational free fall of electrons. The
gravitational force on an electron is extremely
small compared with probable forces of magnetic
or electrical origin, the electrical field equivalent
of gravity being only mg/q= 5.6X 10 "V/m. A
most complete description of the free-fall experi-
ment and the experimental means employed to
minimize undesirable forces have been recently
reviewed by Witteborn and Fairbank 8

In this experiment electrons were constrained
by a magnetic field to move vertically along the
axis of a copper "drift tube, " shown schematically
in Fig. 1. In most of the experiments ' and in
I ockhart's temperature-dependent studies' the
tube was about 1 m long with an inside diameter
of about 10 cm. In the original experiments of
Witteborn and Fairbank' at 4.2 'K their analysis
indicated a tote/ force on slow electrons in the
tube of less than 0.09 mg implying an upward elec-
trical force nearly balancing gravity. Lockhart's'
analysis of his 4.2 'K data suggests an electric
field of (6 + 7) x 10 ~0 V/m.

Whether or not the electric field inside this drift
tube is really small enough for gravity to be ob-
served on single electrons has been the subject
of a lively theoretical debate.

Initially, Schiff and Barnhill' predicted that there
would be an electric field of magnitude mg/q acting
with an upward force and exactly cancelling the
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FIG. 1. Free-fall "drift-tube" apparatus used by
Vfitteborn, Fairbank, and Lockhart. At issue is the
degree of electric field screening within the negatively
biased stationary drift tube.

force of gravity for electrons within the tube, in
agreement with the Witteborn-Fairbank result.
The origin of this force was simply the equilibri-
um adjustment of the metallic electrons to gravity.
Dessler et a/. ' proposed a much larger field of
magnitude Mg/q exerting a downward force on an
electron (where M is a mass typical of a metal
ion). This field was derived from a calculation
of the ionic displacements in the metal due to its
gravitational compression. Herring" resolved
the difference between these two calculations by
showing that a proper treatment of the metal's
elastic properties in the Schiff-Barnhill reciproc-
ity-relation approach yielded the larger down-
ward force found by Dessler et a/. "of 10"-10'
V/m. A review of the theoretical controversy,
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including the contributions by Peshkin" and Har-
rison and of the experimental determinations
of the effect of stress on metal work functions by
Beams" and Craig" has been given by Schiff."
Noting the discrepancy between the Witteborn-
Fairbank result and theoretical expectation Schiff
speculated, "It seems likely that ionic effects are
Shielded out by a surface layer that does not share
the gravitational deformation of the underlying
metal, so that only the electrons in the surface
layer contribute to the electric field within the
tube»»

Just Ach a mechanically decoupled surface layer
was proposed in more concrete terms by Trammel
and Rorschach. " They supposed the inner surface
of the copper tube to be covered with a lush growth
of copper whiskers producing an effective conduc-
ting surface with greatly reduced dependence on
surface strain. Examination of the drift-tube
interior' showed a thin oxide layer but no whis-
kers.

Despite the theoretical preoccupation with gravi-
tationally induced gradients of work function, a
far larger source of unwanted electric fields is
the variation with crystallographic direction of
the work function over the polycrystalline drift-
tube walls. This is the "patch effect" and was an
early concern of %itteborn's'- for which he esti-
mated potential variations of the order of 10 ~ V.
Even the clever whisker model of Trammel and
Rorschach would be expected to show some patch
effect due to randomness in whisker density and
orientation.

In Sec. II we sha11 examine a different model for
the elimination of electric fieMs within the drift
tube. It involves screening by electrons bound to
the copper oxide surface of the drift tube, an idea
that has been independently suggested by Lock-
hart, ' but which has heretofore not been quantita-
tively compared with the experiment.

H. SURFACE-ELECTRON SCREENING MODEL

If, in the course of the experiment, a variable
contribution to the electric double layer on the in-
side waQs of the drift tube is suitably spatially
arranged, the undesirable fields may be
"screened. " Here we wish to examine the possi-
bility that this screening is accomplished by elec-
trons trapped on the vacuum side of the copper
oxide tarnish film of the drift tube. The nature
of the electronic surface states of a dielectric
film on a metal substrate has been described by
Cole." In the present case, where the dielectric
is most probably Cu,O with a dielectric constant
of 12, nearly all of the force attracting the elec-
tron to the surface is due to polarization of the

TABLE I. Ground-state tunneling lifetimes, in sec-
onds, for two barrier heights and three oxide thick-
nesses.

201 301 40 A.

0.7-eV barrier
l. 7-eV barrier

4.5x 10 5.8 x 10
1.1 x 10 ~ 6.3 x 105

7.1 x 105

3.7 x 10~~

dielectric with only a small perturbation from
the metal substrate. The energy spectrum is
free-electron-like for motion parallel to the sur-
face but is quantized in discrete levels for per-
pendicular motion. For present purposes a satis-
factory approximation to the bound states of the
energy spectrum for perpendicular motion is the
"hydrogenic" limit

E„'=(-Z'/2n') E„, 2=-,'(e —1)/e+1).
Thus ground-state electrons are bound by about
0. 6 eV to the copper oxide surface.

For this to be a valid ground state, the lifetime
with respect to decay by tunneling through the ox-
ide into the copper must be long. And, if an ap-
preciable number of these electrons are to be
available for screening, this lifetime must also
be long compared with times in which the surface
can be charged by the experiment. Following
Cole" the tunneling lifetimes of the ground state
at —0. 6 eV for three values of oxide thickness
and two values of the oxide barrier height V, are
given in Table I.

The oxide thickness is clearly a crucial param-
eter for a surface-electron screening model. In
the most recent report Lockhart' mentions that
an examination of the drift tube revealed a layer
of copper oxide approximately 20 A thick. Ac-
cording to Table I the oxide layer must be 30-40
A thick to preserve surface electrons against
tunneling. From the literature on the oxidation
of copper" it seems probable that the oxide thick-
ness exceeds 20 A. (The 20'C isotherm reported
from the work of Miley" indicates an oxide thick-
ness of 85 A after 1 h. ) Atmospheric tarnishing
at room temperature is also extremely sensitive
to the sulfide content of the atmosphere, thus
Vernon" found a rate of 15 A/day with 1 part in
6 x 10' of H,S and 60 A/day with 4 parts in 6 x 10'
of H,S in the atmosphere. One assumes that the
sulfur content of the atmosphere is not so high
that the tarnish becomes a mixed oxide sulfide.

Studies of the oxidation of different faces of a
single crystal of copper" have shown that the
growth is epitaxial and proceeds at sensibly dif-
ferent rates on the major crystallographic faces.
We would infer from this that the oxide film on
the polycrystalline drift tube has steps of several
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crystal lattice spacings between the various
grains. It is conceivable that such steps could in-
hibit the lateral motion of surface electrons.

The screening depends upon the number and the
spatial arrangement of the electrons in surface
states. Consider a small region of the surface of
uniform potential and double layer (a single patch)
covered by an oxide film of thickness t and dielec-
tric constant m. The change in potential outside
this region due to a surface-charge density of n
electrons/m' will be

4f = qnt/a&, ,

the surface being characterized by a capacitance
per unit area of C'=zest (0.035 F/m' for a 30 A

oxide film).
Suppose we entertain the idea that surface elec-

trons provide a screening double layer for the
patch fields at distances from the surface com-
parable to patch dimensions. This mould require
that roughly half of the drift-tube inner surface
have an electronic double layer producing a poten-
tial change of about the amplitude of the patch po-
tential variation (the order of tenths of volts).
The total number of electrons required will be
somewhat greater than 3 x 10"for the 1-m drift
tube. Since the tunnel cathode is operated at about
1 pulse of 10' electrons every second it would take
all of the electrons for 1000 h of operation to pro-
duce a small-scale screening of the patch fields.

Fortunately this small-scale screening of the
patch fields is not required or detectable in the
free-fall experiment. The variation of electro-
static potential outside a perfectly regular array
of patches (such as a checkerboard for a two-
patch model) falls off exponentially with argu-
ment (-2vz/X), where z is distance from the sur-
face and X is a patch dimension. " The fields due
to a regular array are thus negligible on the drift-
tube axis. The fields that need to be screened are
those arising from slight irregularities in the
patch distribution on the scale of the tube radius.
Vfitteborn' recognized this and derived a simple
statistical two-patch model for the potential fluc-
tuations &4 on the axis of the drift tube of radius
a due to a random arrangement of patches with
potentials +Q on a "checkerboard" with squares
of dimensions X:

Thus for X=40 pm, a=5 cm, and 4=0.1 V, we
have 44 —= 5 x 10 '. From the nature of the deriva-
tion this result mould imply random axial-field
fluctuations with magnitudes of about &4/2z or
5 x 10 ' V/m. The number of electrons required
to screen these random fields is only a small
fraction of that required to completely screen

the patch fields. A rough estimate of this number
is obtained by assuming that about half of the
area of the drift-tube surface would require a po-
tential change of b4. Thus

N=q 'hCC'(0. 15 m ) =1.6 x 10

It is conceivable that tigris many electrons can be
accumulated on the walls of the drift tube during
the course of hours of operation.

Two regimes for the spatial distribution of the
surface electrons are distinguished by whether
they are free to move on the oxide surface. If
they are, their distribution should be describable
by a surface Fermi level (not coincident with that
of the copper substrate because of the negligible
tunneling). If they are not, electron position is
determined by the dynamics of the capture mecha-
nism.

Let us consider the case of a two-patch model
in which the metal has a random patchwork of two
work functions covered by a uniform layer of ox-
ide. How are electrons distributed on this sur-
face in equilibrium with respect to lateral mo-
tion~ At first one might suppose that the low-
mork-function high-potential patches would have
equal probabilities of occupation. However, the
potential at the oxide vacuum interface is the sum
of the electric double layer at the metal surface
and the integral of the normal electric field in the
oxide. In the absence of surface electrons this
normal electric field originates solely from the
boundary conditions imposed by the patch dis-
tribution. Thus a high-potential (low-work-func-
tion patch) in a region dominated by low-potential
patches has a lower oxide-surface potential than
one in a region of predominantly high potential.
Electron states on the high-potential patch in the
high-potential region will have lowest energy and
will fill first in surface thermal equilibrium.
This is just What is needed in order to decrease
(screen) the large-scale electric field between
the regions.

A simple quantum effect prevents this surface
equilibrium screening from completely eliminat-
ing electric fields. The electron populations of
two regions mill be in balance when there is equal-
ity of the surface Fermi levels. The surface
Fermi energy consists of the electrostatic poten-
tial and also a term derived from the filling of
the available surface levels according to Fermi
statistics. The dependence on Fermi level of the
density of a degenerate two-dimensional electron
gas 18

from which we obtain the change in surface po-
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tential due to a change in Fermi level (in elec-
tron volts) as

4 q~ 4mm

s(sr/q) C' h'

For our typical C' of 0.035 this turns out to be
about 19. Thus the difference of potential between
two regions can be reduced by at most this factor
of about 20 if the screening electrons are in equi-
librium between the two regions. (If the screen-
ing is by a nondegenerate gas the derivative of po-
tential with respect to Fermi level is even small-
er. )

No such limit applies to nonmobile electrons,
their location for screening being totally depen-
dent upon the efficiency of the capture process.

It is reasonable to assume that the surface elec-
trons are mobile at high temperatures and do not
come to surface equilibrium at low temperatures.
A model for the surface conductivity may be ob-
tained starting with a two-dimensional Richardson
equation for the surface particle current over a
barrier 4fI5 above the Fermi level

This may be converted to a surface conductivity
considering barriers a distance l apart and the
contribution of an applied field to the barriers,
thus

Lq 2(2vmkT)'~'J= qa r= 2 + phd kTE

J= o,E (A/m) .

The corresponding time constant for the equili-
bration of a r egion of dimension d is

In order to see if this time constant for surface
equilibrium is relevant to the experiments we in-
quire as to the barrier height hf which would
produce a time constant r= 3600s at T= 100 'K for
a region of size d, equal to the drift tube radius
(O.l m) containing patches of size I = 4 x 10 ' m
(C'=0.035 as before). We obtain n$=0. 17 V.
This is perhaps a bit larger than one might ex-
pect from the patch work-function differences but
is close enough for us to be convinced that sur-
face equilibrium is attained in experimental times
at room temperature but is not approached at liq-
uid-helium temperatures.

In order to understand screening by electrons
which lack surface mobility, we must propose a
mechanism by which they are captured by the
walls at just the right places. At first glance it

is difficult to see how electrons arrive at the inner
walls of the drift tube at all. In the guiding mag-
netic field of V-20 G, the radius of the cyclotron
orbit of an electron emitted at the peak of the
3000 K energy spectrum of the tunnel cathode is
only a few millimeters. The diameter of the cen-
tral part of the drift tube into which electrons are
injected is determined by those magnetic field
lines which thread the controlling aperture above
the cathode. Since the field in the cathode region
is 3000 G and the controlling aperture is 1 mm,
this diameter is about

(3000g/10g)' ' x 1 mm = 17 mm .
Thus with no other perturbations, the injected
electrons appear to be localized to the center,
2 or 3 cm of the 10-cm diam drift tube, and will
pass right through if they have sufficient axial mo-
mentum.

For any appreciable number of electrons to
reach the walls it is our hypothesis that there are
some random fluctuations of the potential along
the axis, such as would be expected due to the
patchy nature of the copper work function. It is
also essential to recognize that the 1-msec pulse
of injected electrons is quite long compared with
even very slow electron-transit times. An elec-
tron that is captured is then one whose axial com-
ponent of momentum is insufficient to surmount
an axial potential barrier and which after turning
back toward the cathode suffers an energy-losing
collision with an upward moving electron so that
it cannot surmount a lower potential barrier and
is therefore trapped. Once trapped its progress
toward the wall may be quite slow, governed by
the cross-field drift in the guide magnetic field
and whatever radial patch fields it encounters.
This process keeps trapping electrons in the re-
gions of positive potential on the axis. The rate
of capture should decrease as the potential fluc-
tuations become screened out by electrons on the
walls. In particular, at the lowest temperatures
where there is no surface mobility, a relatively
complete cancellation of axial potential fluctua-
tions should be obtainable given enough time.

In light of our estimate of 1.6 x 10"electrons
to screen the random fields in the drift tube,
this capture process would have to operate with
an efficiency of about 1.5' for 30 h (10' pulses of
10' electrons each). If the drift tube is kept at
liquid-helium temperature this charge could be
accumulated over several experimental "runs. "

In addition to the fields arising from a patchy
work function is the field due to the gradual gra-
dient of work function due to gravitational com-
pression of the drift tube and also the applied
fields produced in the experiments by passing
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small currents through the drift tube. For the
present model of screening these two long-range
fields should appear only as slight biases on the
patch fields and hence should be screened to the
same extent provided that there is sufficient time
for the differential-capture process to operate.

IO

IO

III. COMPARISON WITH EXPERIMENT

T* 3004K
I.4

T = 3004K

Lockhart et al. ' provide a summary of the am-
bient fields observed in drift-tube experiments
at 300 'K, VV 'K, and in the range 4.2-10 'K.
Figure 2 is from their publication. It is tempting
to ascribe the relative success of low-temperature
screening to the freeze out of a surface transport
mechanism such as we have discussed in Sec. II.
In all of the experiments the fundamental quantity
measured has been the time-of-flight (TOF) dis-
tribution of electron arrivals at the detector at
the top of the tube(s) after the cathode pulse. A

parameter which could be systematically varied
in taking these distributions was an applied drift
field —an axial field in the drift tube produced by
passing a small current from end to end in the
walls of the tube. The true response of the
screening mechanism to this applied field is
crucial to our understanding.

At high temperatures where surface charges are
mobile, it would seem that the applied field should
be screened to the same extent as the ambient
patch fields. The TOP data for 300'K presented
by Lockhart~&27 is peculiar in its asymmetry.
In Fig. 3(a) we show I.ockhart's logarithmic plot
of the data and in Fig. 3(b) a linear plot of the
same data. %e would surmise that the true max-
imum in TOF intensity lies off scale to the right.
Such a result seems possible where mobile elec-
trons on the tube walls have moved asymetrically
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to the ends under the influence of the unequal pos-
itive potentials outside the ends of the drift tube.
This accumulation of electrons at the ends may
account for the failure to screen the small ap-
plied-axial fields. As far as we know, the VV K
results are similar to the 300'K data.

At temperatures from 4.2 to 10 'K, screening
appears to be effective and we assume that charge
carriers are not mobile on the copper-oxide sur-
face.

Since it would appear that given time enough an
applied field should be screened as effectively as
the ambient fields, it is important to ascertain
how often the applied field was changed and how
symmetrically about zero. Apparently' field
changes were made every 10 min in experimental
runs lasting for days. There is reason to believe
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FIG. 2. Ambient electric field in the drift tube at dif-
ferent temperatures from Lockhart et ul. (Ref. 1).
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FIG. 3. (a) Time-of-flight data at 300 K as plotted by Lockhart (Befs. 26 and 27). Belative intensity is the ratio of
the slow gate) electron count at the applied field to that at zero applied field. P) Same data replotted against a linear
abscissa scale. In both cases the solid line is only a "guide for the eye."



ELECTRONS ON THE VACUUM SURFACE OF COPPER OXIDE. . . 1939

that fields of both signs were used in the Witteborn
studies and in Lockhart's first 4.2 K study. How-
ever, in Lockhart's investigation between 4.3 and
ll 'K only upward forces (several values) were ap-
plied. There have also been some differences in
the data analysis. Late arriving electrons (those
that had tarried awhile in electrostatic traps) seem
to play a larger role in the later Lockhart analy-
sis —although they are certainly a part of Witte-
born's five-parameter fitting function. ' Thus it
seems possible that the various differences in ob-
served ambient field below 11 K represent per-
turbations by the methodology.

Our estimate of the time required to trap a suf-
ficient number of electrons on the surfa. ce (at
least 30 h of operation after cooling to liquid-he-
lium temperatures) suggests that very definite
"learning curve" behavior should have been ob-
vious for the low-temperature TOF spectra. This
effect does not appear to be explicitly mentioned
in the experimental reports. """

Finally, the electrons which are observed to
come from traps during the measurement interval

provide an unresolvable uncertainty for any
screening theory. Thus, if these traps are caused
by slight variations in the potential near the axis
of the drift tube of the sort that promote capture
of surface electrons then a few electrons in these
traps can themselves give rise to screening fields
which may be substantial in terms of these experi-
ments. We feel compelled to conclude that while
surface screening producing nearly vanishing
electric fields remains a possibility as an explan-
ation of the appearance of very late electrons in
the TOF spectra, its hallmarks, a long buildup
time, and the ability to screen the applied fields
(given time), have not been sought or unequivocal-
ly observed in the experiments.
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