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Gravity- and strain-induced electric fields outside metal surfaces
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The gravity-induced electric field outside a metal object supported against gravity is predominantly
due to its differential compression which arises in supporting its own weight. This Dessler-Michel-
Rorschach-Trammell (DMRT) field, as it has come to be known, is expected to be proportional to the
strain derivative of the work function of the surface. We report the results of an experiment designed to
produce this effect with mechanically applied strain rather than with gravity. In essence, we have mea-

sured the strain-induced contact-potential variation between a metal surface of known strain gradient
and an unstrained capacitive probe. We describe useful solutions to the problems faced in such an exper-
iment, which were not adequately addressed by earlier workers. A knowledge of the DMRT field is of
considerable importance to experiments designed to compare the gravitational acceleration of charged
particles and antiparticles inside a metallic shield. Past experiments with electrons yielded results con-

trary to the then-expected DMRT field. We review and partially extend the theoretical background by
drawing on later results based on the jellium model of metal surfaces. Our results for Cu and Au sur-

faces are consistent with jellium-based calculations which imply a DMRT field that is about an order of
magnitude smaller and of opposite sign to the early estimates.

I. INTRODUCTION

Gravity induces an electric field outside a supported
metal object by redistributing the electrons and nuclei.
We report the results of an experiment to investigate one
component of this electric field, which has become known
as the DMRT field (Dessler, Michel, Rorschach, and
Trammell'), which is expected to dominate the external
gravity-induced electric field. Another much smaller
electric field, which must act on each electron to support
it against gravity, was first discussed by Schiff and
Barnhill. ' The origin of the DMRT field is in the
differential compression of the metal as it supports its
own weight. This strain gradient produces a vertical gra-
dient in the work function of the metal's surface, which,
in equilibrium, implies that there must be a similar elec-
trostatic potential variation just outside the surface. Our
experiment produces the same effect with mechanically
applied strain rather than that due to gravity. We mea-
sure the contact-potential variation between a
differentially strained metal surface and an unstrained
capacitive sensing probe.

An understanding of the DMRT field is of considerable
importance to other experiments seeking to measure the
gravitational acceleration of charged elementary particles
and antiparticles, which, in essence, test the weak
equivalence principle. Such experiments (see also Ref. 2
for a review) have been performed on electrons (Wit-
teborn and Fairbank, henceforth referred to as WF),
proposed for positrons, ' and one is currently under de-
velopment for antiprotons and H ions. '

The difficulties in such experiments are extreme as the
particles are charged. For electrons and antiprotons, a
vertical electric field of only —5.6 X 10 " and—1.02 X 10 V/rn, respectively, balances gravity.

Witteborn's pioneering work at Stanford appeared to
demonstrate that free electrons could be satisfactorily
shielded from most extraneous electric fields by enclosing
them in a vertical copper drift tube cooled to 4.2K in ul-
trahigh vacuum. However, this is at odds with calcula-
tions of the expected gravity-induced electric field in the
drift tube, which should preclude any measurement of
the force of gravity. ' A motive for the present experi-
ment was to clarify this matter. Unlike earlier attempts
at such measurements, the known strain gradient distri-
bution in our sample surface allows us to convincingly es-
tablish the presence of the external tangential electric
field posited by DMRT.

In Sec. II we briefly review the results of the experi-
ments on electrons as well as the theoretical background
of the DMRT field. In Sec. III we extend this by drawing
on more modern studies of metal surfaces. In Sec. IV, we
examine strain-induced contact potentials produced by
mechanically deforming a metal body rather than by
gravity, briefly reviewing earlier work, which we believe
did not adequately account for or even consider some
spurious effects. We identify the sources of error, and
outline our improved technique. A more detailed ac-
count of the apparatus and technique was given by Ros-
si, and will be the subject of a future paper to be pub-
lished elsewhere. ' We present our results in Sec. V, and
a summary in Sec. VI.

II. ELECTRIC FIELDS IN DRIFT TUBE EXPERIMENTS

A detailed account of the apparatus and techniques
used by WF to measure the gravitational acceleration of
free electrons inside, their drift tube was given by Wit-
teborn and Fairbank" (see also Darling et al. , and Ros-
si ). In essence, measurement of the &ime of Bight of
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bursts of electrons emitted upwards through the drift
tube determines the ambient force on the electrons, ideal-
ly only gravity. WF found the net acceleration of elec-
trons inside the drift tube to be (0+0.09)g. This null re-
sult, rather than a downward acceleration of g, was attri-
buted to the presence of a gravity-induced electric field
which exactly cancels the force of gravity on electrons.

The great challenge of the %F experiment was to elim-
inate all nongravitational forces acting on the electrons.
However, unlike idealized shields, real electrostatic
shields, such as the drift tube, are not electrostatic equi-
potentials due to contact-potential phenomena. In ther-
modynamic equilibrium, any two metal surfaces with
different work functions have different electrostatic po-
tentials. Equilibrium may be established by an electrical
connection which allows the transfer of electrons. The
contact potentia-l difference, V, is given by the difference
of the work functions, viz. ,

electron's charge, g is the magnitude of the acceleration
due to gravity, and z is a unit vector in the upward direc-
tion. Such an electric field is necessary to equilibrate the
force of gravity on conduction electrons within the drift
tube walls. It should also exactly cancel the force of grav-
ity on an electron on the axis. Thus the WF null result
was perfectly consistent with the presence of the SB field,
the absence of the patch effect, and a normal gravitational
acceleration for free electrons.

Soon after WF, Dessler et al. ' (DMRT) published
their calculation of the gravity-induced electric field,
finding in addition to the SB field an upward field due to a
vertical gradient in the work function

1 BR'
DMRT e Bz

=y(Mg /e )z,

where Po, and Poz are the electrostatic potentials just out-
side the surfaces, and 8', and 8'2 are their work func-
tions.

The work function may vary over a polycrystalline
metal surface due to inequivalent crystal facets or due to
a nonuniform contamination (the patch effect ' ' ' ).
Gravity also changes the work function by differentially
compressing the metal. The DMRT field (discussed
below) simply has its origin in a continuous, vertical,
gravitational-strain-induced contact-potential variation
on the metal's surface.

Witteborn argued that the random potential varia-
tions on the drift tube axis, due to patches on its surface,
could be reduced to almost acceptable levels if an arnor-
phous surface were used, where the patch size would be
of the order of atomic dimensions. By electroforming the
copper, he produced a polycrystalline surface with crys-
tallites smaller than 1 pm. Subsequent extended exposure
to air produced an oxide layer 20—50 A thick, ' includ-

ing other chemisorbed species. Other oxidation data'
0

suggest that a thicker oxide layer 100—200 A forms in a
few hours. The drift tube was baked at 100'C in situ,
which would have driven off adsorbed water vapor, leav-

ing most of the contaminant layer. Much higher temper-
atures and ion bombardment are required to produce an
atomically clean surface. Although the underlying
copper is polycrystalline, the relatively large thickness
(compared to interatomic dimensions) and complex
chemistry of the contaminant layer would make the sur-
face nearly amorphous. Investigations by Darling' on
similar surfaces seem to confirm that the crystallinity is

masked.
Before WF, Schiff and Barnhill ' had calculated the

vertical gravity-induced electric field in the drift tube to
be

EsB= —
( mg /e )z,

(henceforth referred to as the SB field), where m is the
electron's gravitational mass, e is the magnitude of the

where M is the atomic mass (of Cu in this case), and y is
a dimensionless constant, estimated to be of order 0.1.
The variation of the work function arises from the
nonuniform compression of the metal as the lower layers
support the weight of those above. The resulting frac-
tional change in volume or dilation, u, and number densi-

ty of atoms, n, are given by

0= (z H), —
3K

n =no(l —u ),

(4)

where p is the mass density, E is the bulk modulus of
compression, H is the height of the drift tube, and no is
the number density before deformation. Thus y is given

by

"o B8'
V 3g

where BR'/Bu is the strain derivative of the work func-
tion.

Since M /m = 10, the DMRT field should have
overwhelmed gravity and the SB field. Herring recon-
ciled the two calculations, and it is now generally agreed
(Schiff ) that the DMRT calculation is essentially
correct. It would seem then that either the DMRT and
patch fields were being simultaneously masked or shield-

ed, or that something was amiss in the experiment. In
the former case, the shielding effect must be very selective
since the SB field and fields produced by running electric
currents through the drift tube walls were not shielded.

Lockhart, Witteborn, and Fairbank (henceforth re-
ferred to as LWF) originally claimed evidence for a
temperature-dependent shielding effect operating at drift
tube temperatures below about 4.5 K, however, these
data have since been partially retracted. Other experi-
ments have failed to demonstrate any temperature-
dependent shielding effect for patch fields. ' ' These is-

sues were investigated and discussed by Rossi and Dar-
ling. '

In Eqs. (4) and (7) for the DMRT field, the most poorly
known quantity is the strain derivative of the work func-
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«on, aW/au. Our experiments sought to better deter-
mine this quantity.

III. STRAIN DEPENDENCE
OF WORK FUNCTIONS AND JELLIUM SURFACES

For surfaces with a nonuniform work function, an ap-
propriate definition of the work function 8' is "the
minimum energy required to remove an electron from the
metal to rest just outside the surface". " "Just outside
the surface" means beyond all significant interaction with
the metal, including the image potential attraction, which
implies distances of the order of 0.1-1 JMm. The work
function contains two contributions:

W=( eD/e—o)
—p

where D is the areal density of the normal component of
the surface dipole moment, eo is the SI constant, and p, is
the ordinary chemical potential in the bulk, containing
the kinetic and exchange-correlation contributions to the
electron's energy. D depends on the state of the surface
region of the metal, including the effects of the evanes-
cent tunneling of electrons into the vacuum, and of the
dipole moments of adsorbed foreign atoms. b,4 is that
part of the energy expended by an electron in passing
through this dipole layer. The other term, p, reflects the
state of the interior of the metal.

In Eq. (7) for y, the variation of W with height was as-
sumed to be only due to the change in density, given by
the dilation u. For a crystalline solid, this is expected to
be true to first order, however, higher-order terms are
expected from deformation without a change in density,
i.e., shear strain, particularly for the surface component
D. For a polycrystalline solid, these corrections may
average out over length scales much larger than the crys-
tallites. For the drift tube, with a nearly amorphous con-
taminant surface, we would expect only the change in
density to be significant, validating the use of Eq. (7).

As a first step, we consider a naive model of the work
function, which neglects the change in D and takes JM as
the Fermi kinetic energy for free electrons, cF, inside a
fixed potential well, viz. , p =cF—const. It is then
straightforward to show that y=(2no/9K)ez=0. 15 for
copper. This would make the DMRT field +1.0 pV/m
(upwards), or about 18000 times larger and oppositely
directed to the SB field (

—5.6X 10 "V/m).
DMRT considered a more accurate expression for p

and estimated the dependence of D on density, conclud-
ing that this would lower y from the free electron esti-
mate, but, barring accidental cancellation between D and
p, would leave an upward field 0. 1 —1.0 pV/m, still or-
ders of magnitude larger than the SB field.

More modern studies of metal surfaces suggest a
different picture. In the jellium model of metal surfaces,
the lattice of ions is smeared out into a uniform positive
background charge with an abrupt edge. A jellium metal
is characterized by a single density parameter, the
Wigner-Seitz radius r„ i.e., the radius of a sphere that
contains, on average, one conduction electron:

(4m /3)r, '=1/n„where n, is the number density of con-
duction electrons in the bulk. Although this
simplification may seem too drastic and unrelastic, Lang
and Kohn have applied density functional theory to
this model, with a local density approximation, with re-
markable success for simple metals.

For the transition and noble metals, jellium is not as
successful, e.g., the calculated work function for jellium
capper is about 19% lower than that observed for poly-
crystalline samples. More sophisticated lattice models, '~

which include the effects of d-shell electrons, " reduce
this discrepancy, but represent only single numerical re-
sults for 8' for specific crystal planes. Unfortunately,
they do not yield much insight regarding the strain or
density dependence of the work function. At present, jel-
lium calculations, over a wide range of the density pa-
rameter r, (Fig. 1), appear to be the only useful theoreti-
cal guide we have. Since BW/Bu =(r, /3)08' /Br„jelli-
um finds a natural application in predicting the DMRT
field.

In the case of the drift tube, we note that the relevant
surface is that of the contaminant layer, so that it is not
clear that any tractable theoretical model can be expected
to yield accurate results. However, it seems plausible
that such a nearly amorphous surface could be reason-
ably well described by a jellium of some density, though
not necessarily the same density as the underlying
copper.

It was not appreciated in early analyses of the DMRT
field that there are, in fact, physical reasons for a large
degree of cancellation between D and p, which are borne
out empirically and by jellium calculations. Heine and
Hodges' have shown that p, and D are highly correlated
for most of the nontransition-series metals. They suggest
that this is due to a kind of feedback mechanism. If JM in-
creases, raising the internal electron levels toward the

~ ~ ~ ~
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FIG. 1. Jellium work function and components vs density.
8'=6@—p, AN= —eD/E'p and c+ is the Fermi kinetic energy
of a uniform electron gas. Increasing r, means decreasing con-

0
duction electron density. ap =0.53A is the Bohr radius. From
the results of Lang and Kohn (Ref. 27), Lang (Ref. 37) and Per-
dew and Wang (Ref. 38).
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(CU)

(AU)

(ao)

1.25
1.76
2
2.67
3.01
4
5

6

am/au
(eV/unit strain)

0.17
0

—0.09
—0.39
—0.45
—0.53
—0.55
—0.55

—0.6CBS'/Bu (0.2 eV/unit strain, r, )ap

TABLE I. Strain derivative of jellium work function. For
the normal range of densities encountered in metals. a, =0.53
0
A is the Bohr radius. u )0 corresponds to tension. The values

given are the averages of those calculated from the results of
Lang and Kohn (Ref. 27) and Perdew and Wang (Ref. 38) for W
versus r, .

remarkable coincidence, and moreover, that this condi-
tion is stable to changes in surface contamination.

Table II summarizes these calculations of the DMRT
field for pure copper (r, =2.67ao). We note that in-

clusion of the surface dipole layer lowers this field by al-
most an order of magnitude from the naive estimate
based solely on s~. The dipole layer is clearly not negligi
hie since it changes the sign of DMRT field from the
original estimate.

This still leaves the DMRT field about 1500 times
larger than the SB field and so should dominate over the
force of gravity in drift tube experiments with electrons.
For antiprotons it would be slightly smaller. However,
we cannot realistically expect any theoretical model to
accurately predict the DMRT field for impure surfaces
with complex chemistries such as the drift tube's. The
determination of BW/Bu for real contaminated surfaces
was the aim of the experiments which we report in the
remainder of this paper.

vacuum, the electrons tunnel further out, making D more
negative. Thus 54=—eD/eo increases and compensates
for p, maintaining W=54 —p roughly constant.

The compilation by Michaelson ' shows that the mea-
sured work functions of virtually all the transition metals
cluster in a 1-eV-wide band centered on 4.5 eV, whilep
varies by over 6 eV (Moruzzi, Janak, and Williams ).
This behavior is clearly evident in Fig. 1, showing jellium
calculations for W and its components as a function of
density. While p, varies considerably, b,4 almost mirrors
it, leaving 8' only weakly dependent on density. For
comparison, the density dependence of the Fermi kinetic
energy, cF is also shown.

Table I shows BW/Bu as a function of r„as estimated
from calculations for jellium. ' ' A useful prediction
is that —0.6(BW/t)u (0.2 eV/unit strain over the en-

tire density range encountered in metals under normal
conditions (r, ) 1.3ao). We note that W has a broad

0

maximum at r, =1.8ao (a&=0.53 A is the Bohr radius)
in Fig. 1. If the surface of the WF drift tube behaved like
a jellium with this density, it would have no DMRT field,
since BW/t)u=0. This may have some bearing on the
WF null result. However, this still appears to require a

IV. STRAIN-INDUCED
CONTACT-POTENTIAL TECHNIQUE

A. The DMRT field and contact potentials

As we have already noted, the electrostatic potential
variation associated with the DMRT field may be con-
sidered simply as a continuous gravity-induced contact-
potential variation along the surface. If Po(z ) is the elec-
trostatic potential just outside the surface at a height z,
and t))o(H ) its value at the unstrained top, z =H, then Icf.
Eq. (1)] the height-dependent contact potential V (z) is

given by

Vg —Po(H ) —$0(z )

1=—[ W(z )
—W(H )],

where W(z) and W(H) are the corresponding values of
the work function. The DMRT field is then given by [cf.
Eq. (4)]

0

TABLE II. Theoretical estimates of the DMRT field for copper. (r, =2.67ap. ) ap=0. 53 A is the

Bohr radius. A positive value of the field indicates that it is directed upwards. The last column com-

pares the force produced by the DMRT field to that of gravity for particles used in drift tube experi-

ments.

Theory

cF only

DMRT

Jellium

aw/au
(eV/unit strain)

4.7

0.5 —5

—0.39

DMRT field

(I v/m)

0.1 —1

—0.083

Ratio of
electrical to

gravitational force

18000 for e and e+
10 for p and p
1800—18000
1—10
1500
0.8
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188 du

e gu dz

d V~(z)
dz

(9)

tered at will by externally applied forces. Then the
change in contact potential,

(10)

Vibrating Capacitor
+
+
+

Probe +, Sample

Contact
Potentia I

Bias
Voltage

ac Current

FIG. 2. Vibrating capacitor technique for measuring the con-
tact potential V, using a nulling bias voltage V&.

where r) W/Bu is the local strain derivative of the work
function, and u(z ) is the gravity-induced volume dilation.

Contact potentials are normally measured by forming a
closely spaced parallel-plate capacitor from the two elec-
trically connected metal surfaces under study. ' Often,
one plate forms the sample surface, while the other refer-
ence plate (or probe) is vibrated, thereby modulating the
spacing and the capacitance, and forcing an ac current to
fiow in a circuit such as in Fig. 2. While the contact po-
tential V may be inferred from a measurement of this
current, a more elegant and accurate technique is to in-
sert a variable voltage source Vz (referred to as the bias
voltage or the bucking voltage) in series with the capaci-
tor, adjusting it until the current is nulled. Then, ideally,
the electrostatic potential between the capacitor plates is
nulled, whence, V~ = —V. Thus measurement of Vs
determines the contact potential with the advantage that
the value of the capacitance need not be accurately
known, although to increase the sensitivity it is made as
large as is possible.

Perhaps the most direct way of sensing the DMRT
field outside a tall metallic object supported against gravi-
ty would be with a small vibrating capacitive probe
scanned up and down the length of the object. The con-
tact potential between the probe, which forms the refer-
ence surface, and the small region on the object's surface
directly opposite the probe, which forms the sample sur-
face, would show a linear variation with height, equal to
Vs in Eq. (9). However, this is fraught with error since
on any real surface, the work function may vary by a
significant fraction of an eV over its length due to the
patch effect, whereas the gravitational variation is expect-
ed to be less than 1 peV for a meter high object.

Presumably, it does not matter whether gravity or
some other external force produces the local strain since
Eqs. (4) and (7) give the DMRT field directly in terms of
the local strain derivative of the work function. Instead
of scanning a capacitive probe over a meter or so of sur-
face, the position could be fixed and the local strain al-

for a known applied dilation u gives 88'/Bu and hence
the expected DMRT field at that point. This type of ex-
periment is much more controllable, enabling large
strains to be used, thereby increasing the size of the
measurable effect.

We note that for comparisons with theory, it is essen-
tial to be clear on the sign of the work-function change
implied by the measured strain-induced contact potential.
We have found the reported results of some earlier exper-
iments to be ambiguous in this respect. The convention
we adhere to defines the contact potential as the
difi'erence between the electrostatic potential of the probe
and that of the strained sample:

(reprobe Psample) ( 1 ~e )( ~sample II probe )

so that 5V has the same sign as the change in the work
function of the sample, 5 W„

B. Sources of error

Given the long history of contact-potential measure-
ment technique and the simple arrangement we have out-
lined, it might seem that such an experiment is straight-
forward. In reality, it is very difficult due to a number of
spurious effects associated with the application of strain
to the sample. Considerable development beyond this
simple idea is needed. We believe that several earlier ex-
perimenters (see Table III) who attempted measurements
of strain-induced contact potentials did not adequately
account for a number of spurious effects discussed below.
We note that the jellium calculations imply that the
strain-induced contact potential may be an order of mag-
nitude smaller and of opposite sign to that originally es-
timated by DMRT. Most of the early results produced
values well outside the bounds predicted by jellium (cf.
Tables I and III); some ' ' are much larger than even
the naive estimate based on only s~; others have very
large relative uncertainties attached.

If the absence of the DMRT field implied by the drift
tube experiments is a genuine effect, a crude strain-
induced contact-potential measurement might miss this
null due to the presence of unaccounted errors. Experi-
ments should be able to do more than just see the expect-
ed strain-induced contact potential above commensurate
noise and spurious effects. They should have enough
reserve to clearly measure an anomalously low value.
Given the lower predictions of jellium, which we believe
are more realistic, the experimental requirements are
much more stringent than those addressed by earlier
workers. Space does not permit a complete discussion of
our solutions to all these problems, however, a brief over-
view is necessary for the interpretation of data presented
in subsequent sections. A comprehensive and critical dis-
cussion was given by Rossi, and will be the subject of a
separate paper planned to be published elsewhere. ' Fig-
ure 3 summarizes the experimental arrangement, the
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Periodically deflected
Cantilevered bor

Force

Signal profile built from
series a& rneasurernents
across face of bar

5 '0 -digit
dc Voltmeter

Pr

Current amp.
JL

Lock —in

No. 1 ~ Lock-in
No. 2

Analog - to-
Digital

Converter

Clam ped
end

'Roi~(~t) Total Apparent
ac Contact Potential

P~o+ v~(ut)

Feedback Loop

rV,
Pre —existing
Contact Potential

FIG. 3. Summary of experimental technique, showing cantilevered bar, synchronous feed-back loop, and additional instruments.

features of which will become clearer as the discussion
proceeds.

1. Periodic strain

At the outset, it should be appreciated that contact po-
tentials are very sensitive to surface conditions. Quite
apart from effects concurrent with strain, they may drift
by millivolts over short intervals while typical signal lev-

els are expected to be of the order of microvolts. This

problem alone demands that the applied strain be period-
ically modulated at some frequency co, enabling the
genuine variations to be extracted from drift (and random
noise) by synchronous detection (lock-in) techniques.
Then the total apparent strain-induced contact-potential
signal V„„&(cot), which includes a number of spurious
signals discussed below, has in addition to an amplitude,
a phase with respect to the applied strain. The genuine
strain-induced contact potential VU(cot ) should be

directly in phase with the strain [Eq. (11)], a feature

TABLE III. Strain derivative of the work function, and implied DMRT field. Summary of the re-

sults obtained by previous workers for various copper surfaces. Note that positive dilation, u & 0, cor-
responds to tension. The values quoted from Craig's paper are of opposite sign to the one given by him;

it may be verified, by careful inspection of his measurement circuit, that his data do in fact imply the

sign given here. A positive value indicates that the field is directed upwards.

Source of
estimate

am'/du
(eV/unit strain)

Implied DMRT field

(p,V/m)

Beams (Ref. 53) (duraluminum)

Craig (Ref. 41)
French and Beams (Ref. 42)

Brown et al. (Ref. 44)

Guptill (Ref. 54)
Schumacher, Spicer, and Tiller (Ref. 43)
Leners, Kearney, and Dresser (Ref. 45)

Enga (Ref. 55)
Mints, Melekhin, and Partenskii (Ref. 56)
Chow and Tiller (Ref. 46)

Experimental
&0
—(12-29)
4.7+1.6
= —60
—0.9+2.3
—0.14+0.68
2.7-3.0
32
—1.5+9.8
—6.9+4.2
—2.8+0.4
&0
0+2.4

&0
—(2.6-6.4)
1.0+0.4
= —10
—0.2+0.5
—0.03+0.15
0.60—0.67
7
—0.34+2.2
—1.5+0.9
—0.61+0.09
&0
0+0.5

EF only
DMRT
Jellium

Theoretical
4.7
0.5 —5
—0.39

1

0.1 —1
—0.083
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which may be used to distinguish it from spurious sig-

nals. 2

2. Strain gradient

To convincingly establish that the signals we measure
are genuine, and not, for example, the result of some un-

recognized coupling from the electrical straining system,
we have introduced a known spatial profile for the strain
on the sample surface. By scanning the probe over the
sample, a profile of the signal may be built up, which
should be the same as that of the strain. It is then clear
that what has been measured is due to strain, and intrin-

sic to the sample.
Our apparatus produces a linear strain profile by using

a cantilevered bar for the sample, which is periodically

deflected in the y direction in Fig. 3. The probe is

scanned across a strip on the y-z face of the bar, near its

base. Solution of the elasticity equations shows that the

strain field corresponds to simple compression or exten-

sion along the z axis. On the strip sensed by the probe,
the dilation is given by

1

0
U
l

CL 1

E
2

—3
-15 —10 -5

0

0 5

y (mm)

Quadrature

I

10 15

u(y, cot ) =uo(2y lw )sin(cot ), (12)

where w is the width of the bar. Figure 4 shows this
profile for actual experiment conditions (note that strain
and dilation are dimensionless quantities). The maximum

level of applied strain is about 1% of the elastic limit of
the bar, or about 100 times larger than that present at the
bottom of the WF drift tube. When deflected to the right
as seen from the probe, the left half of the bar is in ten-

sion, while the right half is in compression. The spatial
profiles of co periodic quantities shown in subsequent sec-
tions correspond to this instant (Fig. 4—9).

In addition to its diagnostic use, this strain profile
closely resembles the deformed state of an object support-

18

FIG. 5. Periodic strain-induced temperature variations over
the region of the bar sensed by the probe, for co/2m. = 1 Hz, cal-

culated from the measured strain (Fig. 4). Upper graph: rec-
tangular components of temperature phasor, T(y ). Lower

graph: phase shift of temperature variations, OT(y ), relative to
dilation.

ing its own weight against gravity, such as a drift tube
[Eq. (5)]. A measured strain-induced surface potential
gradient then clearly establishes the presence of the
DMRT field.

3. Spacing modulation error

When strained, the sample will expand or contact (even
in directions normal to the applied stress, as described by
Poisson's ratio), which means that the spacing between
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FIG. 4. Spatial profile of the periodic dilation u(y, cot ) for the
conditions of the experiment, over the strip sensed by the probe,
at the instant when the cantilevered bar is at its maximum posi-
tive y deflection. Note that dilation (or the fractional change in
volume) is a dimensionless quantity, and that positive dilation
corresponds to extension.
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FIG. 6. Raw signal profile V„„&(y)for Cu in presence of He
gas at 1 Torr pressure, at room temperature.
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FIG. 7. Geometry error signal profiles, Vz(y) (down trian-
gles) and V&(y ) (up triangles), for Cu in presence of He gas at 1

Torr pressure, at room temperature.

the sample and the capacitive probe will change periodi-
cally by some amount a'(cot). Because the capacitor is
charged with a preexisting (dc or static) contact potential
Vo, this change can produce a spurious signal, which we
refer to as the spacing modulation error, Vr (cot ). Ideal-

ly, a simple solution would be to null Vo with a bias volt-

age V+0 in the same way as one normally measures con-
tact potentials with a vibrating probe. This nulling pro-
cedure should be served with a feedback loop arrange-
ment which continuously tracks any drift in Vo, so that
the loop always maintains

FIG. 9. Partially corrected signal profile V„„i—Vx —V& for
Au at 10 ' Torr pressure and room temperature. The solid line
shows the fit of the combined signals (VU+V&). The dashed
line shows the expected profile for VU(y), based on jellium cal-
culations for pure Au (r, =3.01ao).

V~0= —G(0)VO, (13)

Vz(cot ) = G(co)V—to„i(cot ), (14)

where G(0}= 1 is the dc closed loop gain. If the probe vi-

bration frequency coo is much larger than the strain fre-

quency, co, an appropriately designed feedback loop may
be made to track the strain-induced contact potential
VU(cot } as well. Then the loop's output (Fig. 3}contains,
in addition to V&0, a periodic component given by

15

10-
0
0

0

E —10-

—15
—15 —10 -5

90

0 5
y (mm)

I lium

I

10 15

where G(co) is the closed loop gain at co. The most im-
portant measured quantities in this experiment are V~0
and Vtt(cot ), the latter yielding V„„~(cot), and eventual-

ly, VU(cot) after correction for other error sources dis-

cussed below.
However, the problem is more complicated than de-

scribed above due to the generally observed spacing
dependence of V&o, and hence of the apparent con-
tact potential Vo. This arises from the patch effect, capa-
citive coupling to other surfaces, spurious coo signals in
the measurement circuit, dc offsets in the output stages of
lock-in no. 1, and the intrinsic spacing dependence of
G(0). In relying on nulling Vo, there is then no clear way
of determining when the spacing modulation error is
nulled. It may be shown ' that in the presence of such
effects Vx(cot ) is proportional to the slope of V~o(x ) as a
function of capacitor spacing x, viz. ,

45
0

—45
—90

~ Vao a '( cot )

c)x G(0)
(15)

FIG. 8. Partially corrected signal profile Vt t ] Vx Vp for
Cu in presence of He gas at 1 Torr pressure, at room tempera-
ture. The solid line shows the fit of the combined signals
(VU+V&). The dashed line shows the expected profile for
VU(y ), based on jellium calculations for pure Cu (r, =2.67ao).

if the observed Vzo(x ) curve has a maximum or
minimum, then operation at that spacing eliminates the
error signal. In cases where this does not naturally
occur, one may be induced by deliberately injecting dc
offsets or small coo signals into the feedback loop. ' '
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~Vso b'(a)t)
ay G(0)

(16)

where b (an't ) is the periodic y-directed lateral motion of
the sample relative to the probe. Most earlier experi
menters did not consider this problem at all, yet we found
it to be the largest source of error, often more than 50% of
the total measured signal. Note the formal similarity be-
tween V» and Vr in Eqs. (16) and (17). We refer to these
two signals collectively as the geometry error.

5. External couplings

Although steps were taken to minimize coupling of
external co signals from the electrical straining system and
other external circuits, some may find their way into the
measurement circuit. However, such signals have no
connection with the spatial strain profile generated by
bending the cantilevered bar, and may be thus dis-
tinguished as an overall offset V,tt,«(cot } in the spatial
profile of V„„i,once it is corrected for V» and Vr.

6. Thermal error

Strain also changes the temperature of the sample,
analogously to the adiabatic compression of a gas. If
different conductors are present in the measurement cir-
cuit, this generates thermoelectric emf's, although these
may be shown to be generally negligible. However, the
preexisting contact potential will also change due to the
temperature dependence of the work function of the sam-
ple. Although a potentially large source of error, this
was not considered by any of the earlier experimenters.
This thermal error signal is given by

V r(y, cot ) =— T(y, tot ),1 W
e dT

(17)

where 0 W/8 T is the temperature derivative of the
sample's work function, and T(y, tot ) is the strain-
induced temperature variation in the sample. Given the
measured strain, T(y, tot) may be determined from the
solutions of the equations for thermal conduction in a
strained body (Ref. 47, Sec. 32). The spatial profile of
T(y, cot) and hence of Vr(y, tot), is similar to the linear
profile of the genuine signal, VU, making Vr(y, cot)
difficult to distinguish (Fig. 5). However, if co is small
enough, there is a measurable phase shift, Oz, with
respect to the dilation, due to relaxation of the tempera-
ture variations. This phase shift, shown in Fig. 5 for
c0/2m. = 1 Hz, may be used to separate Vr.

4. Surface scanning error

A surface scanning error signal, V„(tot ) arises because
the sample also translates laterally under the probe. If
the work function of the sample surface is nonuniform
(the patch effect), a spurious signal is generated because
the probe periodically scans over a surface potential gra-
dient. By moving the probe across the sample surface in
the direction of translation under strain, y, a surface po-
tential profile may be measured, reflected in a curve
Vso(y). Then V„(tot) is given by

1 aw V'(~t)I9Q

c)T T( to t ) I 90

V (~t ) 19p.

sinOz-
Vr(tot ) =

(19)

(20)

where I9Q indicates the component of the preceding ac
quantity that is in quadrature with the dilation (90'
phase). Finally, subtracting Vr froin V' leaves the
genuine strain-induced contact potential VU. The strain
derivative of the sample work function, c) W/Bu, is then
determined from VU and the measured dilation u by Eq.
(11).

C. Apparatus

In essence, the apparatus in Fig. 3 measures the
total apparent periodic contact-potential variation,
V«„i(y, tot ), as well as any preexisting dc contact poten-
tial Vo, between an unstrained capacitive probe and a

sample surface periodically strained at co/2m. = 1 Hz. The
5-mm-diameter stainless steel probe is vibrated in the x
direction, normal to the sample surface, at a much higher
frequency too/2m =500 Hz. The resulting ac current
from the probe, at frequencies coo and coo+co, is converted
to a bias voltage with dc and co components, V~o and
Vs(y, cot ), respectively, which are fed back to the capaci-
tor through the probe. The equivalent circuit for the vi-
brating capacitor is in fact as shown in Fig. 2. This syn-
chronous feedback loop system, based around lock-in no.
1, automates the null method of measuring contact po-
tentials outlined previously. Lock-in no. 2 extracts
Vs (y, ai t ), and a high accuracy dc voltmeter measures
~so.

The cantilevered bar is 512 rnm tall, 10 mm thick, 30
mm wide, and made of A6061 aluminum alloy. An ar-
rangement using a pair of solenoids provides an cu period-
ic bending force to the top of the bar in the y direction.
This scheme is very useful in reducing V,z„, because the
solenoids provide a force at twice the frequency of their
driving voltage. Thus the frequency of the high level
driving voltage is cu/2, and any coupling to the measure-
ment circuit is effectively ignored by lock-in no. 2, which
detects at co. Strain gauges attached to the face opposite
that sensed by the probe enable the strain to be measured
there and then calculated at any other point on the bar.

Genuine signal

To summarize, we have identified four sources of spuri-
ous signal. Thus the total apparent strain-induced con-
tact potential is given by

&t.t.i =&U+ &x+&~&.a„t+&r-
After all the quantities entering Eqs. (13}—(18) have been
measured, V» and V„may be subtracted from V«„,.
The y profile of V«„,—V» —Vr should then have an ap-
proximately linear profile due to VU and Vr, and an
overall offset due to V,e,«. The latter may then be fitted
and subtracted out, leaving V'= V«„&—V» —V&—V,e„,. Then t) W/t) T and Vz. are determined by
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A set of translation stages enables movement of the probe
to, from, and across the face of the bar. Apart from elec-
tronic instrumentation, the apparatus is housed in a high
vacuum system operating at room temperature. A cold
trapped (77 K) oil-difT'usion pump achieves 10 ' Torr
pressure in the experimental chamber.

The region sensed by the probe was coated with thick
films of either copper or gold, 2000 and 4000 A thick, re-
spects. vely, produced by evaparation froxn molybdenum
boat sources. Any crystnllites formed were smaller than
about 10 pm. The Cu and Au sources were of 99.99+%
and 99.99%%uo purity, respectively. The apparatus was not
capable of in situ film deposition, requiring a return to
air, 5 h for Cu and 10 h for Au, before final pump-down
for measurements. Other than this, the films were not
disturbed in any way. An oxide layer and other adsorbed
species would certainly have formed on the Cu film dur-
ing this exposure. While Au does not readily oxidize,
physisorbed species such as water would be present on
the surface. We note that a complete set of measure-
ments requires at least several days, thus it would be
difficult to maintain atomically clean surfaces even if
prepared and kept in ultrahigh vacuum for this period.
In any case, such contaminated surfaces allow a meaning-
ful comparison with the Cu drift tube surface used by
WF, which received similar treatment.

We note that to participate in the same strain as the
substrate, the metal films must adhere well to it. Physical
inspection of the films after experiments were coxnpleted
verified that they had not detached themselves from the
substrate during the prolonged application of strain. In
support of this, we note that a film would detach itself
from the substrate if its elastic deformation energy ex-
ceeded its adhesion energy to the substrate. Given that
the elastic energy density is given by Ku /2, where K is
the bulk modulus, we require that 5(Ku /2) (c,, where
6 is the film thickness and c is its adhesion energy per
unit area. For most metals K =10" N/m, the thickest
film had 5=4000A, while u & 10 . This requires
c)0.013 meV/A . Since van der Waals interactions
would rovide adhesion energies at least of order 1

0

meV/A, it is expected that even such weak adhesion
suffices for our conditions.

V. EXPERIMENTAL RESULTS

After an initial data set for Cu was completed, another
was acquired while the experimental vacuum space was
filled with helium gas at 1 Torr pressure. While He is an
inert gas, the temperature transition initially claimed by
LWF, near the boihng point of He, suggested that He
might be directly responsible for the absence of the
DMRT field in their experiment. Although our ap-
paratus was not capable of cryogenic operation, we felt it
was worthwhile investigating the effects of a large
amount of adsorbed He gas on the strain-induced contact
potential, hence the reason for the relatively large am-
bient pressure. In yet another experiment, after evacuat-
ing the He, the Cu was exposed to oxygen gas at an am-
bient pressure of 3 Torr for 1 h, after which the 02 gas
was evacuated and the pressure returned to 10 Torr.

TABLE IV. Estimates of the mean 8 W/BT over the face of
the bar, derived from the phase-separation procedure (see text),
at room temperature and 10 Torr unless otherwise noted.

Sample surface

Cu initial
Cu in He gas at 1 Torr
Cu after increased oxidation
Au

8 W/BT (meV/K)

1.27+0.41
1.83+0.47
1.17+0.59
0.35+0.25

In contrast to the He experiment, this is expected to
significantly alter the surface chemistry. Measurements
on Au were conducted at 10 Torr.

Unless otherwise noted, the uncertainties we quote in
our results correspond to one standard deviation. These
are the accumulation of random noise errors in all rnea-

surements, and calibration errors in instruments. We
note that under the fixed conditions of each data set, re-
peated measurements made at the same position on the
bar, two to three days apart from Cu and up to six days
apart for Au, were reproducible within statistical error.

Figure 6 shows a typical y profile of V„„,for Cu, while

Fig. 7 shows the two geometry errors, Vx and V~. Note
the large deviation from a straight line in Vtpt ] mirrored

by Vz. After subtracting these two errors from Fig. 6,
we recover Fig. 8, showing an approximately straight-line
profile for V„„~—V» —V„, in accordance with that ex-
pected if this remaining signal is due to VU+V&. Note
that there is no significant offset in the profile, revealing
that the Voff t error is quite negligible. For comparison,
Fig. 8 also shows the expected VU signal for pure jellium
Cu (dashed line). Although not yet corrected for the
thermal error Vr, we have recovered a signal that is of
the same sign and close in magnitude to that predicted by
the jellium model.

As noted in Sec. IV B, any thermal error signal would
reveal itself by its phase shift relative to the dilation, par-
ticularly near the edges of the bar (Fig. 5). Figure 8 also
shows the phase of the data points. All 12 data points at
the left and right extremes (excepting one fluctuation) are
reproducibly above zero by a few degrees. For points
closer to the center, the signal level decreases and conse-
quently the statistical error in determining the phase in-
creases rapidly; moreover, Vr only shows large phase
shifts away from the center. Thus the most accurate
determination of Vr comes from the data near the edges.
The point estimates for BW/d T, determined from Eq.
(20), were averaged to reduce statistical error; Table IV
shows the results for all data sets. Note that the values
for the Cu surfaces are in good agreement with those ex-
pected for an oxidized Cu surface since d W/dT is expect-
ed to have roughly the same value as the Seebeck
coefficient, ' which is known to be close to 1 mV/K for
CuO and CuzO. The value obtained for Au is

significantly lower, although a non-negligible temperature
dependence may be expected due to weakly physisorbed
dipoles on the surface.

By use of Eq. (18) and the value of dW/'dT, Vr was
calculated and then subtracted from Fig. 8, leaving VU.
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ummary of measurements of Bp'/Bu at room temperature and 10 Torr vacuum, unless otherwise noted, and com-

parison with theory. The third column gives the implied DMRT field and the last column gives the ratio of the resulting electric

force to that of gravity for particles used in drift tube experiments.

Surface

Cu
(initial)

Cu
(in He gas
at 1 Torr)

CU

(increased
oxidation)

Au

aw/a~
(eV/unit strain)

—0.20+0.04

—0.23+0.04

—0.46+0.04

0+0.05

DMRT field

(~V/m)

—0.044+0.009

—0.051+0.009

—0.10+0.009

0+0.018

Ratio of electrical
to gravitational force

800 for e and e+
0.4 for p and p
900
0.5

1800
1

Jellium Cu
(r, =2.67ao)

DMRT for Cu

Jellium Au
(r, =3.01a )

—0.39

0.5—5

—0.45

—0.083

0.1 —1

—0.16

1500
0.8
1800—18 000
1-10
2900
1.6

About half of the signal in Fig. 8 is due to Vr. The total
of all the spurious signals constitutes 70—80% of the to-
tal measured signal, V„„&,which highlights the dangers
present in these experiments. The mean value of BW/Bu
across the face of the bar was determined from the ratio
of the fitted slope, BVUIBy, to that of the dilation,
Bu /By. The results are shown in Table V, along with the
implied DMRT field, and theoretical estimates for corn-
parison. The solid line in Fig. 8 shows the fitted
(VU+ Vr) signal.

The initial result for Cu in Table V has the same sign
but about half the magnitude predicted by the jellium
model. In the presence of He gas, there was no
significant change in BW/Bu, as may be expected given
the inertness of He. In contrast, after increased oxida-
tion, the value doubled, bringing it closer to the jelliurn
prediction.

The result for the Au surface is more interesting, being
at least an order of magnitude smaller than that predicted
by jellium. All of V„„~appeared to be spurious, mostly
due to Vr. The partially corrected data, V«„&—Vx—V~ are shown in Fig. 9, in which we note that there is
no evidence of a linear profile, certainly none comparable
to that expected for jellium Au (dashed line). Our initial
concern was that the Au film might not be adhering
sufficiently well to the substrate, and thus might not be
subject to the applied strain. However, our inspection of
the surface and our estimate of the required binding ener-

gy (Sec. IV C) indicates that this was very unlikely to be
the case.

We note that the residual data for Au appear to have a
negative offset and slight evidence of spatial wiggles that
are correlated with Vz, as if in correcting for V~ we had
slightly overestimated it. We have searched thoroughly
for such systematic errors and found none. Earlier diag-

nostic experiments on this same surface showed much
larger signals but drifting towards zero, which made it
difficult to determine whether these were spurious or due
to VU. This drift settled down in about a week, after
which the data set in Fig. 9 was acquired. Over a period
of six days of repeated measurements, these data were
quite reproducible, within the statistical scatter evident in

Fig. 9. Despite the unusual features, we are reasonably
confident that a significant VU signal would manifest it-
self by its linear profile, as it did for the Cu surfaces.

VI. SUMMARY AND CONCLUSIONS

We believe that we have identified and properly
corrected for all the spurious effects present in our mea-
surernent of the strain-induced contact potential. Our in-

vestigations have shown that previous workers had failed
to account adequately for spurious effects, as the wide
distribution of results in Table III would indicate.
Perhaps the most convincing feature of our data is the
spatially linear signal profile obtained, which accords
with the spatially linear strain gradient profile applied.
This clearly establishes the presence of a tangential elec-
tric field just outside the surface. The measurements
were highly reproducible and had uncertainties of
10—20%, reasonably low given the amount of necessary
correction.

The values obtained for BR'/Bu were of the same sign
and within the limits set by the jellium rnOde, suggesting
that this model may be quite a reasonable one for the real
contaminated metal surfaces studied and for the similar
Cu drift tube surface used by WF. Although we corn-

pared our results with the jellium model, we emphasize
that the validity of our results is independent of any mod-
el. For Cu, BW/Bu was close in magnitude and sign to
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that predicted by this model for the pure metal. Thus the
expected DMRT field is about an order of magnitude
smaller and of opposite sign to the original DMRT pre-
diction.

In contrast, the Au surface showed no measurable
strain-induced contact potential, implying ti W/Bu is
much smaller than even the jellium prediction for the
pure metal. We cannot ascertain whether this is charac-
teristic of Au itself or due to its adsorbed contaminants.
We note that BR'/Bu =0 is predicted by the jellium cal-
culations for a jellium surface with r, =1.8ao. We would

not have expected this for Au which has r, =3.01ao. It is

possible that the apparent absence of the DMRT field in
the WF experiment was due to such an "accident. " How-
ever, our nonzero results for Cu make it clear that this is
not an "accident" that can be consistently counted on.

In closing, we remark that due to sensitivity to surface
conditions it is difficult to be certain that the results ob-

tained for one surface sample, however reproducible,
would also pertain to another sample, such as a drift tube
surface. Studies of atomically clean surfaces are not
necessarily relevant to drift tube surfaces as they cannot
be made or maintained atomically clean. A prudent addi-
tion to future drift tube designs would be some mecha-
nism for applying a known, variable, longitudinal strain
gradient, in the drift tube walls, i.e., in addition to the
gravitational strain. Then the DMRT field for the actual
drift tube surface could be varied and studied in situ.
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