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Origin of the metallic field effect*
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Polytechnic Institute of New York, Brooklyn, New York 11201

(Received 30 October 1974)

The electric field effect of epitaxial silver films on mica in vacuum is studied as a function of
temperature, thickness, and surface specularity. Attempts to interpret the data in terms of field-induced

changes in carrier density, in film thickness, or in surface scattering, each modified by a size effect,
lead to the conclusion that the predominant mechanism for altering the thin-film conductance is the

change in surface scattering due to surface charging of the interface. This result is independent of the
details of the size-effect model used. It implies field-induced changes in surface specularity of order
10 ' that decrease with temperature. It also suggests that conduction electrons in silver sense a
normally highly positively charged silver-mica interface,

I. INTRODUCTION

The metallic field effect (MFE) is the change of
conductivity of a metallic sample with electro-
static charging. It is usually measured by observ-
ing the change of conductance of a thin film form-
ing one plate of a capacitor when the capacitor is
charged. For a thin film of conductivity o and
thickness t the unit area conductance is Z =at . If
the added charge per unit surface q is assumed to
contribute uniformly to the density of charge car-
riers throughout the film thickness, the MFE mea-
sures the carrier mobility p, ,

dZ da
d(e/& )

apart from factors of order unity that depend on
the change of Fermi level and phonon scattering
with carrier density. Hence p, is a natural mea-
sure of the strength of the field effect. Silver has
a room-temperature bulk mobility p. ,„~= 6.4
x10 ' 0 '/(C/m'). lf deposited on a substrate of
mica, which also acts as the dielectric of a paral-
lel plane capacitor, silver can be given a surface
charge of the order of 2x10 'C/m'. Hence its
expected change of conductance is 1.3x 10-' Q-'.
In a silver film of t =1000A this amounts to less
than one part in 10'. Hence the MFE is small and
requires careful techniques of measurement that
avoid extraneous perturbations of Z of equal or
larger magnitude.

Past studies of the MFE' in noble metals have
mainly confirmed the order of magnitude predicted
by Eq. (1), but they have not considered a number
of aspects of its physics that are essential. First,
in the range of thickness of the samples in which
the MFE is measurable, of the order of a mean
free path, all transport phenomena such as the
conductance, as well as the field effect itself, are
modified by size effects. Second, since the sur-
face charge added to a metal resides entirely on

the immediate surface of the sample the model
underlying Eq. (1) must be modified to treat a
highly localized increase or decrease in charge
carriers. In addition, of course, other mecha-
nisms beside the change of density of charge car-
riers may also be operative.

We have carried out a systematic study of the
MFE of epitaxial films of silver on mica in order
to clarify these points, and to establish its domi-
nant mechanism. ' The field-effect measurements
have been made on thin-film samples whose bulk
and surface transport properties were established
by exhaustive size-effect analysis, ' and the field-
effect data have been interpreted in terms of al-
ternate mechanisms, each separately subject to
size-effect modification. In fact, the size-effect
dependence of the various mechanisms is suffi-
ciently different so that it alone can serve as a
guide in deciding between them. Furthermore, the
size dependence of all MFE mechanisms is a sen-
sitive function of the theoretical model used for
predicting size effects; so much so, in fact, that
the observed MFE, taken together with the con-
ductance Z, can be used to discard certain size-
effect theories, something that is not possible on
the basis of conductance studies alone.

A preliminary report of our findings has been
presented earlier, 4 and some of the consequences
of the operative mechanism we have identified
have already been verified. ' This more detailed
report will present the experimental data, and will
emphasize points of experimental procedure and
data analysis that are important in reaching these
conclusions.

The analysis considers three possible mecha-
nisms of the MFE for which first-order theoreti-
cal models are available. The MFE due to the
change of local carrier density induced by the sur-
face charge has been discussed in two calcula-
tions" giving differing results. The conflict, if
any, between these two results has not been re-
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solved, and it may be that they actually deal with
different aspects of the same problem. Both ver-
sions will be applied to the data. A second mech-
anism takes into account that the strong electric
field in the film surface alters the effective film
thickness, ' and thus causes changes in Z essential-
ly for the same reason that field penetration af-
fects thin-film capacitance. The third mechanism
ascribes the MFE to changes in surface scatter
ing, ' caused either directly by the added station-
ary surface charge, or by the fact that the strong
electric field alters the exposed roughness of the
existing surface and thus produces changes in
specularity of electron-surface collisions.

Simple estimates indicate that any one of these
mechanisms could produce results of the observed
magnitude. In order to differentiate between them,
we must consider the dependence of the various
mechanisms on other experimentally accessible
parameters entering into the problem. Our exper-
iments have been designed to use for this purpose
the parameters of the size effect. Basically,
these parameters are K, the ratio of film thick-
ness t to bulk mean free path A. and two functions
characterizing the electron-surface colbsions on
the two film surfaces. In the Fuchs-Sondheimer
formulation of size effects, for example, these
are given by the surface specularity parameters
P and Q."' Two such functions are required be-
cause in the typical experiment the film surface
abutting the mica substrate may have properties
differing from those of the film surface facing the
vacuum. In the experiments, K is varied both by
using films of different thickness t „and by making
measurements oD R given film ovel' R 1Rl ge range
of temperatures. I' is varied by artificially creat-
ing a rough or smooth outer film surface on the
same films, as described in Herman and Juret-
schke' (this paper will be referred to in the text
as BJ). The properties of the metal-mica, surface,
described by Q, remain the same under variations
of i and P (and perhaps of A). This is the inter-
face subjected to the surface charge of the MFE.
Since the conductance data alone define K, I', and

Q (or their equivalents in other models) fairly
uniquely at all temperatures, 3 we can test the MFE
data for the different mechanisms in terms of their
chRnge with known changes ln size-effect pRlame-
ters. The intrinsic strength of any one mechanism
must remain constRDt UDdel Rll VR11RtloDS thRt do
not alter the interface, and if this condition has to
be satisfied by a sufficiently extensive set of data,
its stringency can successfully differentiate be-
tween different mechanisms. Qne inherent diffi-
culty in this procedure, brought out by the results
of BJ, is that different theoretical models of size
effects assign different sets of parameters to the

conductance data. It is a surprising result of the
analysis that our conclusions are insensitive to
this ambiguity in all those cases where solutions
can be found.

The samples used i.n this study are the same as
those described and discussed in BJ. In fact,
since fieM-effect measurements were taken con-
currently with those of Z, the correlation of both
sets of data ean fully rely on the common state of
the film at any one time. In Sec. II we formulate
the size-effect factors of the MFE for the various
mechanisms, and list explicit values applying to
the six samples at various temperatures, and for
different models of size effects.

Section III summarizes experimental aspects of
the measurement of the field effect, and displays
typical results. Interpretation of the data is taken
up in Secs. IV and V.

II. SIZE-EFFECT FACTORS OF THE MFE

Since the MFE ls R small perturbation of the
film eonduetanee Z, it can be written as a first-
oI'der expansion about the unperturbed state. In
the Fuchs-Sondheimer model, Z, is a function of
the charge density n, the thickness t, and the sur-
face specularities P and Q. Hence the MFE at
the surface described by Q is

Bt ~q Qg 9 ~ g~GQ' ~s ~ g @de

(2)

giving a linear superposition of the three mecha-
nisms described in Sec. I. The three partial de-
rivatives of Eg. (2) are evaluated from the explicit
form of Z. Thus, for the first two we use the
Fuchs-Sondheimer formula,

where f has the form given by Eq. (3) of BJ. The
third derivative, which requires a new solution of
the Boltzmann equation, has been evaluated in two

versions, "for the ease I' =Q,
To exhibit the size-effect factors of the MFE ex-

plicitly, we rewrite Eq. (2) in the reduced form

where the 4's denote the intrinsic strength of each
mechanism and the F's are the modifiers due to
the size effect. Thus, foI' example, if o,„~
=n, ep, inbEci. (3), we have

E, =f(ff;P, Q)+K —,4, =n,e
~K ~g

where for large t, I, approaches unity. Similarly,
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FIG. 1. Theoretical size-effect parameters E for
four mechanisms of the MFE, as a function of the rela-
tive film thickness A = t/Xb„&.

Refs. 6 and 7 define E„, withe„= 1 [as expected
from Eq. (1)]. For the middle term in Eq. (4), the
corresponding separation yields the two factors

l~ Bf dQ
FQ=3K +Q y6 +pe~b ]k ~

. K, P P —sin~8~, Q —sin OQ, (7)

Thus, AQ includes a proportionality to A.„„,„, which
will introduce an extraneous temperature depen-
dence in this strength.

All size-effect factors F show simple monotonic
behavior as a function of K, and, obviously, they
differ increasingly from unity as P and Q drop be-
low one. Figure 1 shows the extreme size effects
expected for (P, Q) =(0, 0), and also more typical
values for (P, Q) = (0.5, 0.5). This figure includes
both F„and F„', the two separate size effect factors
of the two competing models for the MFE based
on changes in carrier density.

Table I of BJ gives the full set of parameters
(K;P, Q) for each film in this study, at five differ-
ent temperatures. Hence, we can analyze the
field-effect data of the six films at these temper-
atures, since we know absolutely all the size-ef-
fect factors F involved. A complete listing of
these factors is given in Table I, for the four
lowest temperatures. In the case of Fn and F„',
where only the theory for P =Q is available, the
specularity parameter was chosen as 2(P +Q), a
value which is quite adequate for defining Z mell

over a large range of K.' The bulk mobility p, ,„&„,

based on one electron per atom, is also included.
Table II provides a similar listing of the size

effects to be expected if surface scattering is de-
scribed by the 8-cutoff model of Parrott" and
Brandli and Cotti." The size effects of the MFE
expected in this case have been computed for F, ,

FQ, and F„,"and the values in Table II are based
on the parameters derived in Table II of BJ. For
evaluating F„, use is made of the correspondence

TABLE I. Size-effect factors for four mechanisms of the MFE, evaluated in the isotropic
Fuchs-Sondheimer model for the parameter sets characterizing the thin films of this study,
at four temperatures.

r ('K) =

pb„~ [10 0 /(C/m )]=
t (A)

100
26.6

150
15.0

200
10.3

250
7.87

290 E,
Q

&n

&n

690 Fg
QQ
&n

&n

1100 I,
+Q
+n
+n

0.441 0.640
0.093 0.229
3.63 2.01
0.185 0.382

0.673 0.854
0.290 0.556
1.77 1.25
0.301 0.553

0.786 0.929
0.454 0.741
1.36 1.11
0.366 0.631

0.620 0.784
0.217 0.429
2.07 1.46
0.282 0.471

0.835 0.945
0.520 0.797
1.25 1.08
0.412 0.655

0.920 0.987
0.718 0.946
1.09 1.02
0.473 0.743

0.747 0.877
0.323 0.562
1.53 1.22
0.378 0.569

0.916 0.975
0.661 0.877
1.03 1.03
0.506 0.728

0.967 0.995
0.836 0.967
1.03 1.01
0.55, 0.797

0.834 0.926
0.406 0.634
1.29 1.11
0.407 0.645

0.962 0.988
0.771 0.910
1.01 1.01
0.590 0.783

0.980 0.998
0.901 0.986
1.01 1.00
0.626 0.863



TABLE II. Size-effect factor for three mechanisms of the MFE, evaluated in the Parrott-
Cotti model for the parameter sets characterizing the thin films of this study, at four tem-peratures�.

& ('I) =

[10 0 /(C/Bl )]=
t (A3]

100
29.1

150
13.5

0.423 0,603
0.986 0.986
3.89 1.16

0.655 0.831
0.968 0.968
1.83 1.12

0.773 0.916
0.992 0.992
1.40 1.09

0.613 0.794
0,948 1.00
2.04 1.12

0.837 0.952
1.00 1,00
1,24 1.06

0.923 0.986
0.951 1.00
1.08 1,04

0.727 0.845
0.629 0.953
1.49 1.14

0.890 0.974
0.940 l.00
1.14 1.04

0.962 0.996
0.994 1.00
1.03 1.02

0.800 0.878
0.175 0.269
1.30 1.11

0,945 0.992
0.260 0.275
1.06 1.02

0.981 0.999
0.282 0.284
1.02 1.01

which relates many features of the two size-effect
models.

Finally, Table III lists the size-effect parame-
ters of the MFE for the third model of the conduc-
tivity of silver explored in BJ, which takes into
account the anisotropy of the Fermi surface of
silver, and assigns all size effects to the belly
electrons. Assuming that only the belly electrons
contribute to the MFE, justified if the neck elec-
trons have little interaction with the surface, we

must also apply a modified normalization for the
field-effect data. Guessing that n„„„/n„„»——",—,for
the necks important in our geometry, we require
that yb„„y/p, ,„g, =~9(o's /&xs). Thi»ormalisation is
also indicated in Table III.

The sample preparation and characterization,
and the over-all design of the experimental se-
quence to produce overlapping data on a set of
films with well-defined bulk and surface pI operties
have been described extensively in BJ. The cir-
cuits for the electrical measurements of the MFE
are given in block form in Fig. 2.

A dc current of several mA from a constant
current source traverses the sample, and both
I and V are recorded, to determine the film re-
sistance A. When a 500-Hz voltage V, of up to 100
V(rms) is applied across the mica, the voltage
V acquires a ripple 5V at this frequency, which is
amplified and detected by a phase sensitive detec-

TABLE III. Size-effect factors of four mechanisms of the MFK, evaluated in the anisotrop-
ic two-carrier Fuchs-Sondheimer model for the parameter sets characterizing the thin

films of this study, at four temperatures. The bulk mobility of the belly electrons of silver
is also listed.

100
28.6

150
15.7

200
10.5

250
7.82

290 E,

690 E]

En

0.458 0.659
0.104 0.268
3.42 1.92
0.193 0.395

0.681 0.860
0.298 0.590
1.74 1.24
0.306 0.559

0.800 0.936
0.468 0.765
1.33 1,10
0.375 0.639

0.601 0.796
0.219 0.481
2.15 1.39
0.263 0.503

0.826 0.949
0.525 0.820
1.27 1.08
0.391 0.658

0.916 0.985
0.834 0.918
1.10 1,02
0.452 0.716

0.703 0.876
0.326 0.625
1.65 1.21
0.318 0.574

0.896 0.979
0.675 0.914
1.13 1.03
0.438 0.703

0.960 0.995
0.836 0.960
1.04 1.01
0.486 0.746

0.778 0.929
0.431 0.732
1.39 1.19
0.361 0 625

0.938 0.991
0.788 0.964
1.06 1.02
0.468 0.731

0.981 0.999
0.910 0.976
1.02 1.00
0.504 0.760.
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FIG. 2. Block diagram of the electrical circuits for
measuring the metallic field effect.

tor. Since ruby muscovite mica is centrosym-
metric, there is no piezoelectrically strain-in-
duced contribution to the change in resistance. A
balance circuit nulls out any asymmetries in the
charging current of the parallel-plate capacitor
which would give a 500-Hz signal even when I=0. Dur-
ing the measurement, the current I is reversed every
three minutes, and the field-effect signal is taken
as 2[5V(+I) —5V(-I)]. This value remains insen-
sitive to small drifts in the balance.

Before accepting a set of field-effect data from
a sample, we require that 5V be linearly propor-
tional to both I and V, and that 5V(+I) is symmet-
ric with respect to 5V(0). To achieve this symme-
try it is imperative that ground loops are elimi-
nated by carefully centering the electrical ground
throughout all stages of detection. We have found
no phase shift between V, and the field-effect sig-
nal. The amplifying system is calibrated by a
known signal reduced by a voltage divider to give
output levels comparable to 5V. The recorder
gives a full scale deflection of 100 divisions at an
input of 10 'P.

A thermocouple mounted on the sample provides
the input to the temperature programmer, moving
the temperature between 100 and 600'K at a pre-
determined rate of about 0.5 K per minute. Re-
lays switch the recorder between T, I, V, and
5V(+I) every six minutes, and the calibration is
checked throughout each run.

The specific surface charge q is related to V,
through the sample capacitance corrected for the
area contributed by the contacts. A typical sample
capacitance was 2x 10 ' F, leading at V, =100 V to
q = 1.4x10 ' C/m'.

The absolute sign of the field effect was checked

by tracing all phase shifts within the detection sys-
tem. It is such that in silver the sample conduc-
tance Z increases when electrons are added to the
interface. Thus, dZ/dq is negative. Given the

errors in all the auxiliary measurements, as well
as fluctuations in amplifier calibration, we esti-
mate the absolute magnitudes of dZ/dq to be de-
terminable within (10-15)%. Reproducibility of a
given point, and of the relation of adjacent points,
as the temperature is varied, is within one-third
of this spread.

A typical measurement of the field effect dR/dq
as a function of temperature is shown in Fig. 3.
These data accompany those of Fig. 3 of BJ, and
they show the strong decrease in the field effect
when the surface conditions of the outer surface
are changed. Data points corresponding to the
original layer 15A thinner cannot be distinguished
from those of the annealed state of 290A. It is
interesting to note that in the temperature range
in which the surface anneals, the MFE reaches its
annealed value at a temperature about 50'K above
that at which the resistivity (Fig. 3, BJ) indicates
completion of the annealing process. Apparently
here the field effect is more sensitive to details of
the surface condition than the resistance or than
the description provided by simple specularity
parameter s. It is for this reason that the MFE
analysis is not carried into the temperature range
where surface annealing occurs.

IV. RESULTS AND ANALYSIS

A complete set of smoothed-out results of the
field-effect conductance dZ/dq as a function of
temperature for the six films included in this
study is presented in Fig. 4. These data were
taken simultaneously with the corresponding re-
sistivities of Fig. 4 of BJ. At all thicknesses the
MFE is much bigger if the outer surface is smooth
rather than rough. The increase of the MFE at
lower temperatures largely reflects the increase
in the bulk mobility, but the thinner films show
less of an increase, most likely because for them
the size-effect modification becomes most severe.

Figure 5 presents the same data normalized
to p. ,„,„and plotted versus the K values of the iso-
tropic Sondheimer model (Table I of BJ). Since
both scales are logarithmic, this representation
is, in fact, insensitive to the choice of ILf. b„,„, or
to other constant factors, and therefore applies
equally to all size-effect models. That size effects
indeed play a role in the interpretation of the data
is clearly brought out in Fig. 5. As K increases,
dZ/dq of all films tends towards a common value
independently of thickness or surface condition.
This value is of order unity, indicating that the
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FIG. 3. Specific field-
effect resistance dR/dq as
a function of temperature
of a 290-A silver film on
mica. The two low-tem-
perature branches refer
to the two states of the
outer surface of the silver
film.

160 320 480

choice of normalization suggested by Eq. (1) is
useful. As E decreases, the films showing the
largest deviation from the asymptotic value are
those with rough surfaces, where size effects
are expected to be roost pronounced. It is inter-
esting to observe that while most trends of emall-
K behavior are towards decreases in dZ/dq, the
thickest films with smooth surface show the op-
posite behavior. Thus both trends predicted in
Fig. 1 appear in the data.

The fact that the two families of films with either
rough or smooth outer surface do not fall onto a
universal curve is not surprising in view of the

results of BJ, where it was found that the surface
specularities are also temperature dependent.

Therefore, a separate analysis at each temper-
ature is required. Figure 5 indicates explicitly
the points corresponding to 100, 150, 200, 250,
300, and 350'K. The four lowest temperatures,
available for all films, will be analyzed in detail.
For convenience, the normalized MFE at these
temperatures is tabulated in Table IV, as derived
from the smoothed-out curves of Fig. 5.

The analysis of these data proceeds according
to Eq. (4). Given a particular model ot size ef-
fects, we know the size factors for any one mecha-
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FIG. 4. Specific field-
effect conductance of three
silver films of different
thicknesses, for both the
rough (~) and smooth (s)
states of the outer surface
of the film.
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nism, such as for example F~, for all six films
at the given temperature. The unknown strength
A& must be common to all six data, since the
silver-mica interface characterized by Q remains
the same throughout the experiment. We can
therefore find A by a best fit of the data of Table
IV combined with the information of Table I. The
same fitting process can be repeated in searching
for A„A„, andA„', and, indeed, any linear com-
bination including up to all four mechanisms. A
test of whether any such solution is physically
meaningful requires that the rms deviation of com-
puted points from experimental points be small,
that the trend of the experimental points is re-
produced, and that the solution is insensitive to
variations of the experimental input within the un-
certainty of the data, or to the number of points
chosen. Since the experimental data span more

than one magnitude, we have chosen to minimize
the mean-square fractional deviation of all points.

For the isotropic Fuchs-Sondheimer model of
size effects, the above criteria are satisfied only

by the charge scattering mechanism described by

A. Table V lists the strengths Az at the four
temperatures, and the theoretical fit for all six
data at each temperature. Comparison with Table
IV shows that the trends of all data are well repro-
duced. The rms deviation of about 20'fz is distri-
buted uniformly, and the value of A remains
practically the same whether the analysis is based
on sets of six or four data points. In contrast, for
the three other mechanisms the best fit has an rms
deviation between 40 and 8(PO, the trend of points
with temperature is skew, and the solution is very
sensitive to the sets of particular points chosen.
We conclude that in terms of a single mechanism,

TABLE IV. Experimental data of the reduced MFE
pb~jkdZ/dq at four different temperatures, for three
film thicknesses. For each film, values are listed for
the outer surface rough (r) and smooth (s).

TABLE V. One-parameter fit of data of Table IV,
using EA only, for the isotropic Fuchs-Sondheimer
size-effect model.

& (K)-
t (A)

100
r s

150
s

200
s

250
r s

100
5.49

r s

150
4.10

s

200
3.75

s

250
3.31

r s
290
690

1100

0.45 1.93
1.21 3.68
2.52 5.43

0.80 2.53
1.75 3.90
2.62 5.00

1.15 2.75
2.02 3.72
2.83 4.19

1.28 2.68
2.23 3.30
2.75 3.53

290
690

1100

0.51 1.26 0.89 1.76 1.21 2.09 1.34 2.10
1.59 3.06 2.15 3.28 2.46 3.27 2.56 3.01
2.48 4.06 2.94 3.88 3.12 3.60 2.99 3.27
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only A.o gives a physically meaningful fit to the
experimental data.

If more than one simultaneous mechanism is in-
cluded, this conclusion is not altered. Table VI
lists the strengths derived in such analysis. All
A. 's except A are very small, and their contribu-
tions to the best fit amount to 1% or less at the two
highest temperatures, with I'„'A„' contributing be-
tween 2 and 15' at 150'K. The four-parameter
analysis at 100'K gives no stable answer.

The same method of ana. lysis, applied to the
8-cutoff model of size effects based on Table II
does not produce any solution satisfying the cri-
teria of physical resonableness. A fit is only
achieved by the near cancellation of very large
contributions of opposite signs, and is very sensi-
tive to the exact input data.

Finally, the data of Table IV have been analyzed
for the two-carrier anisotropic model for silver,
using the size-effect factors of Table III. The re-
sults are summarized in Table VII. They are sub-
stantially the same as those of the isotropic model

in Table VI, even though the size-effect factors of
the two models are different. The surface scatter-
ing mechanism clearly predominates at all temper-
atures. Only at the lowest temperature could the

fit be improved somewhat by including the other
mechanisms, although it remains unclear which of

these becomes physically meaningful here.
Further analyses, based on the additional modi-

fications of strain and initial thickness for the in-

terpretation of size effects explored in BJ, gave
substantially the same results.

V. DISCUSSION

It is clear from the analysis of Sec. IV that, with-

in the framework of the Fuchs-Sondheimer size ef-
fects given by Eqs. (3)-(6), surface scattering
modified by the applied electric field is the domi-

nant cause of the MFE, at least in silver on mica.
This conclusion remains valid when the data are
examined using different interpretations of the

bulk conduction properties of the silver films,
such as isotropic or anisotropic conduction, a
strain-dependent contribution to the resistivity,

TABLE VII. One-parameter fit of the data of Table IV
to the size-effect parameters of Table III of the aniso-
tropic two-carrier model, at four temperatures. The
reduced experimental data use the bulk mobility of belly
electrons.

& (K)=
Aq=

t (A)

100
4.86

y s

150
4.05

s

200
3.64

s

250
3.29

s

and different effective thicknesses of films with

rough surface layers. As shown in BJ, these mod-
ifications cause significant changes in the films
surface specularities and their temperature de-
pendence, and since they all interpret the conduc-
tance data equally successfully, it is difficult to
choose between them. It is surprising that despite
these models leading to different descriptions of
surface properties, and the coresponding role of
size effects they bring to the MFE, the surface
scattering mechanism clearly predominates in all
cases; if they contribute at all, any of the other
mechanisms lie within the noise of our data.

The other clear-cut conclusion of the analysis
is that our data cannot be interpreted in terms of
the size-effect theory of Parrott and Cotti. This
implies that, at a minimum, the straightforward
extension of this theory to size effects in the MFE
analogous to that given by Eq. (2) is inadequate,
or, more seriously, that the approach to size ef-
fects of this theory is itself open to question.

It shouM be noted that our best fit does not re-
produce the exact experimental data. Figure 6

compares the numbers of Tables IV and V as a
function of temperature. All our theoretical points
at a given temperature are derived from the size-
effect factors of Table I and a common strength
A&. Even though all trends are reproduced,
especially those giving variations in opposite di-
rections as the temperature decreases, our best
fits invariably give a smaller difference between
rough and smooth films than the experiment. The
reason for this is not understood, but may reside
in such aspects of a more realistic size-effect
theory as local fluctuations in surface roughness
and in size-effect parameters K that affect con-

TABLE VI. Strengths of four mechanisms by four-
parameter fit of the data of Tables I and IV for the iso-
tropic Fuchs-Sondheimer model, at three temperatures.

290
Expt, 0.42 1.80 0.77 2.44 1.13 2.72
Fit 0.51 1.30 0.75 1.89 1.15 2.26

1.31 2.91
1.39 2.39

T (K)=

A]
Aq
An

Ag

150

-0.007
4.26

-0.006
0.025

200

-0.004
3.81

-0.006
0.017

250

-0.004
3.42

—0.011
0.015

690
Expt.
Fit

1100
Expt.
Fit

2,37 5.09
2.27 3,72

2.52 4.78
2.88 3.77

2.80 4.15
3.02 3.48

1.14 3.44 1.69 3.65 1.99 3.68
1.45 2.87 2.08 3.35 2.42 3.30

2.27 3.36
2.58 3.14

2.80 3.60
2.98 3.20
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FIG. 6. One-parameter
fit of the surface scatter-
ing mechanism for the MFE
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ductance and field effect differently.
Our conclusion about the origin of the MFE is

in partial agreement with McIrvine's" explanation
of the MFE on ferroelectric substrates. " He
found that a change in specularity parameters is
required, in addition to the direct transport effect
of the added cha. rge (given by 4„'). In his formula-
tion, however, the two effects are not additive,
and a change in Q is invoked to explain the ob-
served increase in surface conductivity above
bulk value.

Using the data of Table V and Eq. (6), the ef-
fectiveness of the charge q in changing the specu-
larity Q is known. Figure 7 shows dQ/dq versus
T, indicating that this effectiveness is linear at
low T and varies like Ab„',k at high T. With a max-
imum charge of 2& 10 ' C/m', Q changes by several
parts in 10'. This makes the MFE a very sensi-
tive probe of surface conditions, but it also im-
plies that a fully quantitative interpretation re-
quires a much more detailed description of sur-

face properties than offered by current size-effect
theories.

A straightforward explanation of how the field
effect changes Q assumes that the applied charge
q resides in localized surface centers and causes
additional scattering of the conduction electrons.
Such scattering mechanisms have been considered
by Greene and O'Donnell, "McIrvine, "and Greene
and Malamas. " This model implies, however,
that the metal-insulator interface is normally
charged, since the observed field effect changes
sign with the sign of q, while scattering is inde-
pendent of the sign of the charge center. Further-
more, this normally resident charge q, must be
large compared to q. Using this model we con-
clude that the silver-mica interface acts for con-
duction electrons as if it were positively charged
to a density large compared to 2X10 ' C/m', or
more than 10 4 electrons/(surface atom). Charges
and dipoles at the surface of mica under various
conditions of cleavage have already been reported. "
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The applied charge p would then merely alter this
already existing state of surface char ge.

An alternate proposal ascribes the change of
surface scattering to field-controlled tunneling
into and out of interface traps by the current car-
riers. " The data presented here are compatible

with either proposal. Some additional experi-
ments, stimulated by predictions of the charge
scattering model and interpreted in terms of this
model have already been reported, ' and further re-
sults will be given in another publication.
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