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We report here the calculation of two quantum size effects in the kinetic characterist-
ics of thin films: 1) oscillations of the resistivity p with the film thickness L; 2) oscil-
latory dependence of the current density j on the electric field intensity E (quantum correc-
tions to Ohm's law). We note that size effects in Bi films were observed recently [1,2); the
theory of these effects was considered in [3,4]. Sandomirskii's paper [4] contains some re-
sults pertaining to the first of the aforementioned size effects (oscillations of p with L).
Unlike his work, in which the calculation is based on the use of the kinetic equation, we shall
use quantum field-theoretical methods [5], which yield the connection between J and E for
small values of these quantities. Specular reflection of the electrons from the film bounda-
ries is assumed, the resistance being due to scattering by point impurities with a volume
mean free path greatly exceeding the film thickness.

The Hamiltonian of the system is of the form H = Hy + H;, where

+ +,
HO=§‘a°aaa’ Hl:gai;:éaa'a 9q- (1)
Here a = (px’ p., n) is the aggregate of the quantum numbers of the electron in the film,
->
€, = (p?/2m) + (n%n2/2mL2) (it is assumed also that Hy contains implicitly the interaction

between the electrons). H) is the effective electron-impurity interaction Hamiltonian [6].
According to [6], the interaction constant g is connected with the free-path time 1 = Tp by
the relation g = (ﬂv/mpg)l/z, v=1/T.

In the zeroth approximation (H]} = 0) we consider a state with specified current j = NevT

(shifted Fermi surface), where Vo

There is no electric field in this system. When H; is included, dissipation of the momentum

is the transport velocity and N is the electron density.

takes place, and therefore conservation of the stationary state calls for creation of an elect-
->
ric field E, defined by

P
NeE=—<g-—>=—i<[Hle]>, P- zpa;aa (2)
dt a

> > >
(E, j, and p lie in the plane of the film).
> +
Commuting H; with P and calculating the resultant mean values <aa,aa> in the first
nonvanishing approximation in H;,, we arrive at the formula
NeE :27792 h3 (P—P')[fo((a—p\’r)-—fo{(a’ —p'VT)]5(€a—€a’), (3)
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where fgle) = [exp{e - u/T) + 117! is the Fermi distribution function.
It is easy to verify that when summation over n and n' is replaced in the resultant
-»> ->
expression by integration, we get the usual Ohm's law E =pyj, where pg = mv/Ne?. The quantity
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po depends here on L, meaning that there is no classical size effect {(if the dispersion is
quadratic and the reflection is specular) [7]. The differences between the sums and the integ-
rals necessitate, as usual, quantum corrections that can be easily calculated with the aid of
the Poisson formula [8]. If we consider the temperature region T 2 SE, where 8E = mpg/mL is
the distance between the quantized levels on the Fermi surface, and putting 8E << u, we can
confine ourselves to the first oscillation harmonic (s = 1). In this approximation the re-

sistivity p(j) = E/J takes the form

2T npol T 2mlj
p=poll+ ml--exp[—-«—gw-451n2poL¢( ——————— i, (L)
7 H Ne
where pg is the Fermi momentum and ¢(t) is given by
m/2 3 )
d(t) =~ f h(fﬁn¢)sm2¢d¢=—ﬁ-(mnr—tcost) (5)
t o

The limit imposed on the excitation lifetime by volume and surface scattering gives rise to an
additional factor [3] poexp(-2mL/pt) in front of the oscillseting term in (4), with p the phe-
nomenological specularity parameter (p < 1).

Since ¢ = 1 when t = 0, we get a linear connection between E and j at low currents. We
see from (L) that in this case the resistance oscillates with L at a period m/pj, their rela-
tive amplitude being determined by the factor SE/u ~ 1L/pgL (if T ~ 8E). With increase in j,
the connection between E and j becomes nonlinear and the resistance begins to oscillate with
change of j (or E)¥., The current at which such deviations from Ohm's law become appreciable
is given by the condition

L 2 Nefh/m (6)
(as follows from (L), the oscillations can have a noticeable amplitude here if L is of the
same ordern as the de Broglie wavelength pgl). Putting N ~ lO'Gel/atom and m v lO'znb(tentati-
vely for Bi) we get for the required values of LS
Ly~1-10 A/cm,

Physically condition (6) means that the energy acquired by the electron through the
drift (POVT) becomes equal to the distance §E between quantum levels {in our quasiclassical
approximation this is much lower than the Fermi energy u)- Study of the oscillating depend-
ence of the resistance on the current makes it possible to observe quantum size effects in one

sample, without changing its thickness L. We note also that a similar possibility is afforded
by a study of the pressure dependence of the oscillations due to the size effect.
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*We note that this effect is similar to the oscillation of the tunnel current from films
with variation of the voltage V, discussed by us earlier [3].
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