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This Letter describes a new method of study-
ing the properties of metals and other conduc-
tors by inducing large electric charges on them.
The method involves depositing a thin film of
the substance to be studied onto a ferroelec-
tric crystal and measuring the film properties
while the polarization of the substrate is direct-
ed toward and away from the film. The differ-
ence in film properties between the two sub-
strate polarization states is the quantity of in-
terest. This technique has produced changes
of 2% in the resistance of 100A-thick gold films
on BaTiO,, of 0.0013°K in the superconducting
transition temperature of 160A-thick tin films
on triglycine sulfate (TGS), and of as much as
0.7% in the reflectivity of 200A-thick silver
and 150A-thick gold films.

The ferroelectric polarization effect, like
the similar field effect,’™* is described by the
relation

o=AD =A(E +41P) (1)
n n

for the density o of charge on a capacitor plate
as a function of the discontinuity AD,, in the
normal component of the electric displacement.
E is the electric field and P is the polarization.
Previous charge changing has been effected

by varying the term E in (1) (field effect); the
present method varies the term P (at negligi-
ble values of E) by reversing a ferroelectric
capacitor. The first advantage of the ferroelec-
tric method is that the charge densities are
much higher since 47P for common ferroelec-
trics (e.g., BaTiO,) is 3x10® V/cm compared
to the breakdown strength of usual dielectrics
(~10° V/cm). The reversal of polarization of
BaTiO, changes the charge induced on its elec-
trodes by 3x10'* electrons/cm?, or by 3 x10%°
electrons/cc if the electrode is 100 A thick.
The second advantage of the ferroelectric meth-
od is that the effects are measured, after the
polarization is reversed, with no electric field

applied to the dielectric. Since the quantities
measured are ordinarily very small electric
voltages or currents, this can be a great ad-
vantage.

In order to test the hypothesis that the changes
of film properties are due to charging, several
experiments using the electrical resistivity
as the property of interest were performed.
Films were evaporated onto both sides of etched
ferroelectric single crystals in a conventional
high-vacuum plater at about 10~® Torr. The
conductivity of the film was measured by a four-
electrode method at constant current with the
polarization of the ferroelectric directed to-
ward or away from the film, using a potenti-
ometer principle to detect the small voltage
changes precisely. The amount of charge need-
ed to reverse the polarization was always mea-
sured during reversal and was always found
to equal the product of the electrode area on
the crystal times twice the published polariza-
tion of the crystal (26 nC/cm? for BaTiO, and
2.8 uC/cm?® for TGS). The resistance changes
were believed to occur in the films rather than
in the substrates because the ferroelectric crys-
tals used have resistivities of 210 Q c¢m and
because even if extra impurities are diffused
into BaTiO,, the carrier mobilities in doped
BaTiO, are so low (~1073 ¢cm?/V sec)® that such
an impurity layer would not show observable
resistance changes on polarization reversal
of the substrate.

Variations were made of film material, sub-
strate material, temperature of measurement,
and film thickness. The films used were gold
and gadolinium (both n-type conductors), ger-
manium and tellurium (both p-type). The charg-
ing hypothesis predicts that electrons will be
added to a film when the ferroelectric polariza-
tion is directed toward it and that these extra
electrons will lower the resistance of an »n-
type film and raise the resistance of a p-type
film. This predicted sign of resistance change
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was found on every film tested. The magnitude
of change is hard to predict exactly because
the charging could alter both the carrier con-
centration and the mobility (through changes

in shielding of ion cores and, thus, of scatter-
ing) and because of trapping in the semicon-
ducting films.

Gold films were applied to two substrate fer-
roelectric single crystals, ¢ plates of BaTiO,
and b plates of TGS, which both have the ad-
vantage that they do not change shape on po-
larization reversal. This, and the fact that
all measurements were made with zero elec-
tric field across the crystal during measure-
ments, meant that the resistance changes could
not be due to strain changes in the thin films.
The resistance changes should (by the charg-
ing hypothesis) be nine times as great in films
on BaTiO, as in films on TGS because of the
larger polarization. They were found to be
of the same sign, but only five times as great.
This could be due to differences in surface-
state density or to differences in diffuseness
of scattering between TGS-Au and BaTiO,-Au
interfaces. Such interfacial differences can
be eliminated by comparing the resistance changes
during polarization reversal of a film on a TGS
crystal at +20°C with those of the same film at
-195°C. The polarization of TGS at —195°C
is twice as great as that at +20°C, and the rel-
ative resistance change expected on the charg-
ing hypothesis should also be twice as great.
The measured relative resistance change was
found to be 1.8 times as great at —195°C as
at +20°C, supporting the charging hypothesis
and the idea of interface differences mentioned
above.

The dependence of resistance changes on film
thickness cannot be predicted very exactly by
the hypothesis of charging. While thin films
should show greater relative changes than thick
ones, the exact shape of the curve depends on
where the induced charges are in the film, what
part of the resistivity arises from bulk scatter-
ing rather than surface scattering, and whether
the scattering is changed by the induced charges.
Figure 1 shows that the resistance changes in
gold films were found to be approximately pro-
portional to reciprocal film thickness. The
dashed line is the expectation if the induced
charges were distributed uniformly through-
out the film and if these charges changed the
carrier concentration without affecting the mo-
bility. To sum up, the results of all the exper-
iments on resistance changes agree with the
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FIG. 1. Fractional change in electrical resistance

of gold films (due to the polarization reversal of their
ferroelectric substrates) plotted versus reciprocal
thickness of the film. (a) BaTiO; substrate. (b) Tri-
glycine sulfate substrate. The dashed line in each sec-
tion indicates the values expected for uniform change
in charge-carrier density at constant mobility.

charging hypothesis in sign and order of mag-
nitude.

Another physical property, the superconduct-
ing transition temperature T, has previous-
ly been altered by field-effect charging.* In
the present experiment 7, of tin films on TGS
was measured by observing the vapor pressure
of liquid He (including the hydrostatic head)
needed to make the film resistance equal to
one-half the normal-state resistance. The
regulated vacuum pump could hold a desired
pressure to 0.1 Torr for minutes, and measure-
ments were usually made during very slow
cooling. Glover’s concern about piezoelectric
substrates for measuring strain-sensitive thin
films was avoided by measuring 7, at zero
field using b plates of TGS, whose shape is
independent of polarization direction. The tin
films were applied to both sides of the TGS
crystal so when its polarization was reversed
T, for one film rose 0.0013°K while the other
dropped 0.0013°K. (A shape change of the TGS
would have moved 7, for both films in the same
direction.) The polarization was reversed at
~6 kV/cm by warming the crystal during re-
versal to about 40°K. This ferroelectric charg-
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ing change in T, was twenty times as large as
and of the same sign as Glover’s, for induced
charge per atom twenty times as great as his.
The changes in the reflection spectra will be
reported separately.®

Suggestions helpful to these experiments were
contributed by many members of this Laboratory
but especiall by G. A. Alers, A. D. Brailsford,
R. C. Jaklevic, J. J. Lambe, A. W. Overhauser,
and R. W. Terhune, as well as by R. F. Schwarz
of Philco Laboratory, Blue Bell, Pennsylvania.

P. J. Zachmanidis gave skillful assistance in the
measurements.
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Roger C. Alig,T John J. Quinn, and Sergio Rodriguez

Department of Physics, Purdue University, Lafayette, Indiana
(Received 10 May 1965)

Overhauser! has suggested recently that the
electronic ground states of sodium, potassium,
rubidium, and cesium possess spin-density
waves (SDW). In order to explain why the dis-
tortion of the Fermi surface in the direction
of the SDW is not observed experimentally,?
he has postulated that the SDW orients itself
parallel to the direction of a sufficiently strong
magnetic field. One obvious experimental test
of Overhauser’s hypothesis is the study of the
propagation of acoustic waves parallel to the
dc magnetic field.®* The object of this note is
to present the results of a calculation of the
attenuation and velocity of shear acoustic waves
propagating parallel to the magnetic field for
a SDW model of a metal, and to compare these
results with the predictions of the free-electron
model.* For example, in Fig. 1 we display the
attenuation coefficient y as a function of the
magnetic induction B,. The calculation was
carried out for a model appropriate to potas-
sium, assuming that the SDW is characterized
by an energy gap G=0.62 eV as required to
explain' the optical data of Mayer and El Naby.®

The position of the absorption edge (called
the Kjeldaas edge) in Fig. 1 is determined by
the condition

C

namely that the frequency experienced by at
least some electrons moving in the self-con-
sistent electromagnetic field associated with
the acoustic wave be equal to the cyclotron reso-
nance frequency w.. In Eq. (1) we have neglect-

w. = =w/sh_, (1)

ed w, the frequency of the acoustic wave, as
compared to w,.. The symbol ¢=w/s stands

for the wave vector of the sound wave, s is the
velocity of sound, and v,, the maximum veloc-
ity of an electron on the Fermi surface in

the direction of TSO. For the free-electron mod-
el v, is equal to the Fermi velocity vy, but
for a SDW model® v,,, is considerably smaller.

Bo(KG)

FIG. 1. The attenuation coefficient vy in cm™! versus
magnetic induction By in kilogauss for a left-circularly
polarized sound wave. The solid curve is for the line-
ar SDW model, and the dashed curve for the free-elec-
tron model. Both curves are appropriate to an acoustic
frequency of 100 megacycles per second and an elec-
tron relaxation time of 1.58x 10™1 sec, giving a value
of the parameter gl of approximately 50. Detailed cal-
culations for the velocity and attenuation of both circu-
lar polarizations and for helicons have been carried
out. A more complete account of this work will be re-
ported elsewhere.
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