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The optical absorption and transmission of thin Bi films (50—830 nm) illuminated with normally

incident far-infrared radiation (25—225 cm ') have been Ineasured at low temperatures (T =1.5 K).
Around the theoretical screened-electron plasma frequency (160—170 cm ') a broad absorption
band has been observed which disappeared for films thinner than 200 nm. This phenomenon will be
visualized in terms of a virtual-mode excitation of the electron gas undergoing strong radiation

damping. An electrodynamical analysis of a thin conducting film reveals that a Drude approxima-
tion for the conduction electrons is not sufficient to explain the experimental results in detail. Devi-

ations from this model are discussed in terms of two-phonon processes and electron —ionized-

impurity scattering.

I. INTRODUCTION

The plasma frequency of the conduction electrons is de-
fined as the frequency to for which the dielectric function
e(co) equals zero. ' In semiconductors and semimetals, this
frequency is situated below the visible frequency region
owing to a very small electron density. In these materials,
plasmons can therefore be investigated in a spectral region
for which local relations and the Drude approximation
prevail. '

In the semimetal Bi, the plasma frequency is situated
in the far-infrared at about 160 cm '. Since in semicon-
ductors the optical-phonon frequencies are often in the
same spectral region as the free-electron contributions,
discerning between different absorption mechanisms can
be difficult. In Bi, however, the optical phonons are in-
frared inactive owing to the crystal symmetry, which
leaves the free-electron absorption as the most important
mechanism.

Using a normally incident light source as a probe for
the free-electron excitations, it is in general not possible to
excite plasmons (i.e., longitudinal excitations) in the elec-
tron gas in a direct way. Only by intervention of a rough
surface ' or of ionized impurities ' can plasmons be ex-
cited.

In this paper, an experiment is described in which thin
Bi films (50—830 nm) have been illuminated with far-
infrared radiation (FIR) in the spectral region covering
the electron plasma frequency. The absorption and
transmission have been measured as a function of fre-
quency and film thickness. In films having a thickness in
excess of 200 nm, a broad absorption band is observed
around the plasma frequency. In thinner films, such an
absorption is not present. This resonance results from an
excitation of the electron gas in so-called virtual modes,
which are damped by energy losses due to an outgoing
electromagnetic plane wave. This damping is strongest in
thin films, hence introducing a critical film thickness
below which the resonance cannot persist.

Explicit calculations for the electrodynamics of a thin
film on a substrate will show that a Drude model for the

dielectric function is not sufficient to explain the experi-
mental results in detail. The deviations will be analyzed
in terms of a two-phonon absorption mechanism in a sim-
plified model. Also, the influence of electron —ionized-
impurity scattering on the experimental spectra will be
discussed.

II. EXPERIMENT

A. Experimental setup

For the optical measurements in the far-infrared, a
Grubb-Parsons-Michelson interferometer" was used in
the spectral range from 25 to 225 cm '. Phase-sensitive
detection was achieved by modulating the position of one
of the interferometer mirrors at a frequency of 3 Hz.

The substrate with the deposited Bi film was mounted
at the end of an oversized waveguide with the film facing
the radiation perpendicularly. Simultaneously, the ab-
sorption, transinission, and background of the incoming
radiation could be measured. Bolometers made of small
chips of Allen-Bradly carbon resistors were used as detec-
tors.

The reference bolometer used for the background mea-
surements was mounted above the film but completely
shielded from any reflected radiation. The absorption
bolometer was thermally connected with the substrate and
film via one of the electrical contacts attached to the film.
This configuration allows the absorption to be measured
in a direct way by the heating of the film. All radiation
passing through the film was collected by a Winston-cone
and absorbed by the transmission bolometer. The system
with sample and detectors was under vacuum and im-
mersed in a pumped He bath kept at T =1.6 K. To pro-
vide appropriate sensitivity, the bolometers and sample
were cooled by an additional He system. In operation,
the bolometers could be kept at T =0.9—1.3 K and the
film, only cooled via the absorption boloineter, at T= 1.5
K. Absorption and transmission signals were divided by
the background signal and reduced to signals of approxi-
mately the same relative strength.
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B. Sample fabrication

Single-crystal quartz plates cleaved perpendicularly to
the z axis were used as a substrate. Apart from a narrow
absorption line at =134 cm ' this substrate material'
shows no significant absorption for frequencies up to 230
cm '. One can therefore approximate the substrate by a
nonabsorbing medium having a real refractive index
n =2.15. To eliminate Fabry-Perot interference in the
substrate, the thickness was made wedge-shaped going
from 0.2 to 0.3 mm over a diameter of 15 mm.

Prior to the deposition of the Bi film, four Au contacts
were deposited at symmetrical points on the periphery of
the substrate to enable a dc square-resistance measure-
ment in a van der Pauw' geometry. The Bi films were
deposited by evaporation of 99.999% pure Bi on a quartz
substrate at a residual gas pressure of 3&&10 Pa. In or-
der to improve the structure, the films were deposited
in two steps. ' The film thickness was measured using an
optical interference method with an accuracy of 5—10%.
Films were made and investigated in the thickness range
from 50 to 830 nm.

The film structure was investigated by scanning elec-
tron microscopy (SEM) and x-ray diffraction. The latter
showed a very strong crystal orientation of the trigonal
crystal axis perpendicular to the film surface. The SEM
work showed the films to be composed of grains having
dimensions 1.5 to 4 times the film thickness. The films
had considerable surface roughness and some protruding
crystals at a false orientation, a feature which is common-
ly seen in evaporated Bi films. '

ergy ( EF=28 meV) and the effective mass
(m'=0. 01m, ), the Fermi velocity can be calculated,
which yields, in combination with the scattering time ~, a
value for the electron mean free path I. For all films, I
was of the order of the film thickness.

E. FIR results

In Figs. 1 and 2 the experimental results are plotted,
respectively for the absorption and the transmission spec-
tra of the Bi films as a function of the film thickness.
Due to the absence of a sample having known absorption
and transmission, no accurate absolute scales could be ob-
tained. Some residual small-scale structures at the spec-
tral ends are due to the normalizati. on process which in-
volves dividing by signals of very low intensity. To keep
the picture surveyable all spectra have been shifted up-
wards an amount as indicated by the numbers in front of
each curve.

Figure 1 clearly shows that for films thinner than 200
nm, the absorption is rather frequency independent, and
that for increasing film thickness a very broad absorption
band develops at 160 cm . The transmission (Fig. 2) is
also featureless for thin films and develops a shoulder at
about 160 cm with increasing film thickness. These re-
sults will be discussed in the next sections.

C. Bi properties

In spite of the fact that Bi is a semimetal with a com-
plex band structure and Fermi surface, ' the electrical
properties can be described using rather few parameters as
long as the experiments do not involve magnetic fields. In
a semimetal conduction occurs through electrons and
holes, but in Bi the electrons account for most of the con-
ductivity owing to their very low effective mass
(m =0.01m, ) which is almost isotropic in spite of a very
anisotropic mass tensor. ' ' The electron density at low
temperatures' ' is n =3& 10 m . The contribution
from the bound charges to the optical properties is
represented by e„, the optical dielectric constant of the
lattice. ' ' At far-infrared frequencies, e is essentially
frequency independent with a value ranging from 60 to
100 for different crystal orientations. ' '
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D. dc results

Using the van der Pauw geometry the dc resistance per
square was measured at T = 1.5 K and ranged from about
200 to 5Q for increasing film thickness from 50 to 830
nm. After converting to the dc conductivity (oo) the elec-
tron scattering time r was estimated from the Lorentz-
Sommerfeld relation [see Eq. (3)]. The scattering time
ranged between 4&(10 ' and 3&10 ' sec for increasing
thickness of the investigated films. This is of the same
order as found in other experiments. From the Fermi en-
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FIG. 1. The experimental far-infrared absorption of the Bi
films at T=1.5 K. The film thickness is given in nm. The
numbers in front of each spectrum indicate the real zero absorp-
tion on the ordinate scale. The small resonance at 134 cm ' is
due to a strong absorption line in the substrate.
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tivity oo given by the Lorentz-Sommerfeld relation
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the dielectric function e(co) is written as
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in which n is the electron density and m* the effective
electron mass. Using the screened-electron plasma fre-
quency co + given by

P

0.4- 0.40 with the collision frequency co,= 1/r.
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FIG. 2. The experimental far-infrared transmission of the Bi
films at T=1.5 K. For this figure, the same comments as
given in Fig. 1 are applicable.

III. ELECTRODYNAMICAL ANALYSIS
A. Introduction

At optical frequencies, the distinction between bound
and free charges, which is very definite in dc cases, be-
comes less explicit. The usual method of describing the
optical properties of a conducting solid is therefore to
combine the dielectric permittivity and the free-electron
contribution in a single effective dielectric function e(co)
defined as

e(co)=e„+i o'(co)

CUE'p

where e„ is the dielectric contribution from the bound
charges and o(co} the dynamical conductivity from the
free-conduction electrons. e„ is usually a constant up to
frequencies far above the FIR. Likewise, an effective dis-
placement current D is defined through D=eoe(co}E and
as such, incorporates the free-electron current J. At an
interface in the absence of surface charges, the correct
boundary conditions ' are given by the continuity of the
tangential electromagnetic fields E and B and of the nor-
mal displacement current D.

As a first approximation, the dynamical conductivity
will be used in the Drude model

Oo
o(co)=

1 —E COV'

with the electronic relaxation time v and the dc conduc-

B. Virtual modes

Although the presence of a substrate has a non-
negligible infiuence on the optical response of the system,
neglecting the substrate in the calculations will still yield
results that preserve the principal features of the experi-
ment. Therefore, in order to understand the nature of the
observed thickness dependent resonances, we will present
in this section the electrodynamics of a thin film bounded
by vacuum on both sides.

Suppose a film in the (x,y) plane having a thickness
ranging from —a to + a in the z direction and character-
ized by a dielectric function as given by Eq. (1). Of most
interest are solutions of the Maxwell equations which are
only periodical in the plane of the film and of the form

E=E(z)e ",B=B(z)e (6)

Kliewer and Fuchs have shown that for this problem
the solutions of the Maxwell equations can be divided in
two types: radiative and nonradiative modes. The latter
are optically inactive. The former modes involve outgo-
ing plane waves radiating away energy from the film at an
angle 8 with the normal of the film given by
sin8=

~
k„/k ~, provided k„(k =co /c . These solu-

tions are optically active and as such relevant to our ex-
periment. Because of the energy loss due to radiation
damping these modes are not stationary, and are therefore
often referred to as virtual modes.

Applying the correct boundary conditions, Kliewer and
Fuchs have shown that a virtual mode can be present at a
frequency given by the virtual-mode equation,

K
e(co) = i cot(aa)—, —

Kp

with a =e(co)k —k„, and ~0——k —k„. The solutions of
Eq. (7) are complex frequencies co=coi+i co2 of which the
real part represents the resonance frequency, and the
imaginary part a frequency spread. It can be shown
that the absorption caused by these modes has roughly a
Lorentzian line shape at co& with a width co2 provided

~
c02/coi

~
( 1.

For the experimental situation with perpendicular in-
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cident light (limit k„~O), we have calculated the virtual-
mode frequencies in Bi films for several values of the elec-
tronic relaxation time r by inserting Eq. (S) into Eq. (7).
The virtual-mode frequency is normalized to the
screened-plasma frequency co, and plotted in Fig. 3 as a

P
function of the fllm thickness. Using the relevant experi-
mental parameters according to Sec. II C, co, equals ap-

P
proximately 164 cm '. Unity on the dimensionless thick-
ness scale in Fig. 3 represents a Bi film of about 100 nm
thickness. From Fig. 3, we expect to see a very broad res-
onance at the screened-plasma frequency for films with a
thickness in excess of 1SO nm, which is compatible with
the experimental results in Fig. 1. Figure 3 also reveals
that damping due to electron scattering is only of minor
importance as far as the resonance frequency is con-
cerned.

C. Energy-loss aspect

In the preceding section, it was shown that optically ac-
tive lateral oscillations can only be present around the
plasma frequency in films exceeding a critical film thick-
ness. Qualitatively, this can be understood using the con-
cept of energy content and energy loss.

The solution of the Maxwell equations is a nearly
homogeneous electric field in the plane of the film which

varies harmonically in time. This field has a time-
averaged energy content 8' =Re(E.D) per unit area given

by

8'(d) =eoRe[e(co) ]E„d, (8)

In the absence of electron scattering energy conservation
connects the stored energy W(d) with the energy trans-
port P„ in the following way:

—W(d) = P„. —d
dr

(10)

This expression reveals that an oscillation initiated at a
certain moment decays exponentially with a decay time ~„
given by

Re[6(co)]d
Tp

C

for a film with thickness d. Only in the case of vanishing
Re[6'(co)] a strong electric field an be present at a low-

energy content. This is a way to see why a virtual mode
oscillates preferably near the plasma frequency.

The continuity of E„across the film-vacuum interface
determines the amplitude of the outgoing plane wave. Per
unit area, the energy transport P„out of the film will be

(9)

no
resonance ~ resonance

According to Fourier theory, such a decay time causes a
frequency spread b,co given by b,cur„=l. Therefore, for an
oscillation close to the plasma frequency, the following re-
lation can be derived from Eq. (11):

10---

AN

QP d

where d' represents a critical film thickness given by

(12)

(13)
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In this derivation, the assumption has been made that
around the plasma frequency Re[@(co)] will be of the or-
der of e„,which makes d' just a rough estimate. Equa-
tion (12) reveals immediately that for a well-defined reso-
nance, the film thickness should be in excess of d' (which
is close to 100 nm in Bi). The expression given in Eq. (12)
equals the imaginary part of the virtual-mode frequency
as can be calculated from Eq. (7), assuming zero electron
scattering. d', as given in Eq. (13), is also used as the
scaling factor on the abscissa of Fig. 3.

0'
0 3 4 ~ 6 D. Optical response

FIG. 3. The complex virtual-mode frequency in a thin film
as a function of a dimensionless film thickness. The frequencies
are normalized on the theoretical screened-plasma frequency
co , and calculated for two values of the electronic relaxation

P
time ~ represented by the parameter y. The vertical dashed line
marks the critical film thickness below which the resonance
disappears by virtue of a too large imaginary frequency. Ap-
plied to Bi, unity on the abscissa represents a film thickness of
approximately 100 nm.

To obtain the actual shape of the optical-absorption and
transmission spectra, the virtual modes must be coupled
explicitly to an incoming, a reflected, and a transmitted
wave. The general way to perform such a calculation is
to express the fields inside the fil in the fields on both
sides of the film using the Maxwell equations, giving ex-
pressions for the power transmission (T) and reflection
(R). The absorption (A) if defined by virtue of energy
conservation as 3 = I —T —R.

To compare theory and experiment in detail, it is neces-



33 PLASMA RESONANCES IN THIN Bi FILMS 7951

(14)

with

a=icoc(F~+ Fi )(F—z+ Fi }-,
P=(Fi++Fi )(co Fg+Fi c)—

+ (F2+ +Fi )(co Fj+F )
—c )

+inc(Fi++Fi )(Fq++Fz )

+2iroc(Fi+Fi +Fz+Fz ),
y=(Fp++Fi )(co F)+F) +c )

+(Fi++Fi )(a) Fi+Fi +c )

+2icoc(Fi+Fi F2+Fi ),—

(15a)

(15b}

(15c)

sary to include the presence of the substrate in the calcula-
tions. Even a perfectly nonabsorbing substrate can have a
non-negligible influence on the detailed frequency depen-
dence and magnitude of the reflection, absorption, and
transmission, due to its large refractive index. This ori-
ginates in the impedance matching which exists between
the film, the substrate, and the vacuum. Because of this
influence, we have employed the expressions derived by de
Kort et aI. for the optical properties of a film support-
ed on a substrate. Following the notation in their paper,
T, and R are given by

and with

F;+= cot[ka;(e;)'~ ],

F, =, tan[ka;(e;)'~ ] .
k(e;)'~

(16)

In these equations, the index i =1 refers to the medium
facing the radiation, which is the Bi film in our experi-
ment. The index i =2 consequently refers to the sub-

strate.
In the calculations, the following substitutions are made

in Eqs. (14)—(16): ei according to Eq. (5} with the Bi-
parameters from Sec. II C, the scattering time ~ as calcu-
lated from the dc square resistance values, and the film
thickness 2ai. The refractive index of the substrate n is
substituted in e& ——n and the substrate thickness is 2az.
The results for the absorption and the transmission of this
model calculation in the Drude approximation are
presented in Figs. 4 and 5 in which the scattering time ~ is
represented by the parameter y= 1/co&~ To in. clude the
wedge shape of the substrate the computer program in-

tegrates over the substrate thickness in discrete steps
which leaves some residual small-scale structure in the
theoretical spectra.

Inserting ei ——1 into Eqs. (14)—(16) revealed that the
main effect of the substrate on the absorption is a consid-
erable smoothing and broadening effect on the resonance,
especially at the high-frequency side. The overall absorp-
tion was also strongly reduced by the presence of the sub-
strate. Similar non-negligible effects were found concern-
ing the transmission.
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FIG. 4. The theoretical far-infrared absorption of thin Bi
films on a wedge-shaped quartz substrate calculated in the
Drude approximation. The film thickness is given in nm and
the numbers in front of each spectrum indicate the real zero on
the ordinate. The electronic relaxation rate is presented by

y = 1/ro +~. The parameters used for the calculation are
P

m ~/m, =0.01, e„=100, n =3X102 m, co ~ ——164cm
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FIG. 5. The theoretical far-infrared transmission of the Bi
films on a wedge-shaped quartz substrate calculated in the
Drude approximation. For this figure the same comments as
given in Fig. 4 are applicable.
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E. Comparison between Drude model and experiment

The theoretical absorption in Fig. 4 reveals a frequency
and thickness dependence which differs considerably from
the experimental absorption in Fig. 1. Firstly, in the ex-
periment the resonance does not shift towards lower fre-
quencies for thinner films. Secondly, the experimental
resonance is broad compared with the theory.

A striking difference exists between the experimental
and the theoretical transmission (Figs. 2 and 5). The
predicted maximum in the transmission around co, is ob-

P
served as a shoulder in the experiment. This particularly
strong deviation is the most important evidence that the
Drude approxiination is not sufficient to describe the far-
infrared properties of thin Bi films in detail. In the next
sections, several mechanisms wi11 be discussed to explain
the apparent discrepancy between the experiment and the
Drude theory.

F. Deviations from the Drude model
I. Nonlocal effects

From the expressions for e(ro), one can calculate the
skin-depth 5 to be of order of 5—20 (ttm in the frequency
region of interest. This value is in excess of the electron
mean free path and of the film thickness. Hence electro-
dynamics are not yet in the anomalous regime ' and it is
justified to use local relations between fields and currents.

the susceptibility caused by the optical phonons. In the
classical approximation, X~h is given by

2 2
All —CO —l CO I

&~+&ph =&~ (18)
COT —Cg) —E NI

where coL is the longitudinal-optical- (LO) phonon fre-
quency, coT the transversal-optical- (TO) phonon frequen-
cy, and I the damping. The dielectric function, accord-
ing to Eq. (18), is presented in Fig. 6. Using the full ex-
pression for the dielectric function the theoretical absorp-
tion and transmission have been calculated using Eqs.
(14)—(17). For an optimal match between theoretical and
experimental spectra, the following parameter values have
been used: e =90+5, coT ——205+5 cm ', coL ——220+10
cm ', and I =150+50 cm '. The results for the calcu-
lated absorption and transmission are shown in Figs. 7
and 8. The experimental data agree fairly well with these
calculations, except for an unexplained bulge in the mea-
sured high-frequency transmission of the thickest film.

As Bi has a rhombohedral3' crystal structure with two
atoms in each unit cell the first-order fundamental lattice
absorption is not infrared active because the (zone-
centered) optical phonons produce no electric dipole
field. ' Using Raman scattering, ' the optical-phonon
frequencies near the zone-center are established as 75

2. rue-phonon processes.

The influence of optical-phonon resonances can be in-
vestigated by the dielectric function

D.t

e(co ) =E~ +If~ +Xph, (17)

in which Xf, represents the free-electron contribution
given by the frequency-dependent part of Eq. (5), and I„h
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FIG. 6. The contribution from the lattice to the dielectric
function corresponding to Eq. (18). The presented parameters
yield a good theoretical description of the experimental absorp-
tion and transmission.

FICi. 7. The experimental absorption of the Bi films com-
pared with the theoretical model (dashed line) including the pho-
non contribution as given by Eqs. (17) and (18). The calculation
includes the wedge-shaped substrate and has been smoothed to
dispose of some residual Fabry-Perot interferences.
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cm ' (TO) and 100 cm ' (LO}. MacFarlane has
obtained the wave-vector-dependent optical-phonon
branches along the trigonal crystal axis from neutron dif-
fraction. The frequencies range from 75 to 102 cm ' (TO
branch} and from 100 to 108 cm ' (LO branch). There-
fore the frequencies coT and c0L in Eq. (18) seem to arise
from a summation band, i.e., a two-phonon process.

As the wave vectors of the two phonons can cancel each
others momentum no restriction to zone-centered phonons
has to be made, thus allowing for a frequency spread in
the two-phonon absorption band. Lax and Burnstein
have proposed a two-phonon absorption mechanism in-
volving second-order terms in the electric moment pro-
duced by charge deformations on the scale of the lattice
constant. As such, this mechanism favors short-
wavelength phonons and hence absorption will arise main-
ly from a pair of zone-boundary phonons. According to
the neutron-diffraction data of the optical phonons,
two-phonon absorption in Bi is expected to occur in the
region between 200 and 220 cm

A detailed calculation performed by Cowley indicates
that the two-phonon contribution has, in a smoothed
form, a distinct resemblance to the plot presented in Fig.
6. In two-phonon processes the dielectric susceptibility
Xzph(co) resembles a self-convolution of Xph(co) according
to
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FIG. 9. The dielectric function of Bi films of various film
thickness. The solid line presents the dielectric function includ-
ing the two-phonon contribution. The Drude model dielectric
function is given by a dashed line.
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FIG. 8. The experimental transmission of the Bi films com-

pared with the theoretical model (dashed line) including the pho-
non contribution. For this figure the same comments as given
in Fig. 7 are applicable.

The result of such a self-convolution is roughly a strong
smoothing and a doubling of the arguments of the in-
volved function. Therefore it is reasonable to approxi-
mate the two-phonon contribution by a single-phonon
process as in Eq. (18), including a strong damping and
doubled resonance frequencies (depicted in Fig. 6).

3. Electron-impurity scattering

Figure 9 presents the dielectric function used to obtain
the theoretical-absorption and transmission spectra de-
picted in Figs. 7 and 8, and gives a comparison with the
Drude model. To keep the picture surveyable, not all
films involved in the experiment have been included. As
is obvious from Figs. 7 and 8, this dielectric function de-
scribes the investigated films rather well.

A similar deviation from the Drude model as observed
in Fig. 9 has been derived in Ref. 9 from refiection mea-
surements on bulk Bi between 50 and 500 cm '. This
phenomenon is ascribed to the scattering of conduction
electrons by ionized impurities which causes the collision
time r to become frequency dependent. We will give an
overview of the inain points of this theory and make a
comparison with our experimental results.

In the Drude approximation, the dynamical resistivity
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p(co) has the form

iso
p(~) =

6()COP EPQ)P

in which co~ is the unscreened plasma frequency. Only
the real part of p(co) depends on electron scattering and is
frequency independent. A more realistic scattering theory
results in
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FIG. 10. The real part of the resistivity of the Bi films (solid
line). The Drude contribution which is frequency independent is
indicated by a dashed line.

where p(co) will be necessarily complex' and contains the
frequency-dependent scattering mechanisms. Any ob-
served frequency dependence in the real part of the
dynamical resistivity p(co) indicates a deviation from the
Drude model.

The infiuence of electron —ionized-impurity scattering
can be visualized as follows. ' 'i7 In principle, real
plasmons (i.e., longitudinal charge density fiuctuations
having V E&0) cannot be induced by a transversal elec-
tromagnetic wave (V E=O). The spherical field of a
screened ionized impurity can, however, break the
transversal symmetry and thus allows for a longitudinal
component in the total electric field. Above the screened
plasma frequency, real plasmons can now be excited.
Through these plasrnons, energy is dissipated from the in-
cident radiation which yields a strong increase of the ab-
sorption, and hence of co„. Due to plasmon decay in
single-particle excitations (Landau damping' ) plasmons
can only exist in a small frequency region above co, .
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FIG. 11. The real part of the conductivity of the Bi films
(solid line). The Drude conductivity is given by a dashed line.

IV. CONCLUSION

In conclusion, we have shown that around the plasma
frequency, a broad thickness-dependent optical resonance

Therefore, for high frequencies of the incident light, the
plasrnons will have no phase correlation with the rapidly
oscillating electromagnetic field and absorption (and co, )

will be strongly reduced. Quantitatively, the model in-
cluding the electron —ionized-impurity scattering results
in a strong peak in the real resistivity rising a factor 5 to
10 in magnitude over the Drude resistivity in the region
from co, to 4' „followed by a power-law decrease up to

P P
high frequencies. A similar behavior is predicted to occur
in the optical conductivity.

The effect of ionized-impurity scattering on the dielec-
tric function in Bi has been calculated by Gerlach, Grosse,
Rautenberg, and Senske. To compare our experimental
results with these calculations, we have determined the
real part of the resistivity and the optical conductivity of
the investigated films by substituting the dielectric func-
tion from Fig. 9 into Eq. (1). The results are presented in
Figs. 10 and 11, together with the data according to the
Drude model. If one compares the results presented in
Figs. 10 and 11 with the calculations in Ref. 9, a qualita-
tive agreement between experiment and theory is found.
Quantitatively, however, the deviations from the Drude
model as observed in our experiment become already ap-
preciable at frequencies considerably below the plasma
frequency co, which cannot be accounted for by the

P
impurity-scattering theory.
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is present in thin Bi films illuminated with far-infrared
radiation. This resonance is purely transversal and can be
partly described by a screened free-electron gas in the
Drude approximation.

Deviations froin the simple Drude model can be ex-
plained by either two-phonon processes or by
electron —ionized-impurity scattering. The first mecha-
nism yields a very good agreement between theory and ex-
periment, whereas impurity scattering can account for the
experimental results in a qualitative way.

The experiments show that despite of the fairly rough
films and their complex anisotropic properties, the Bi

layers can be nicely approximated with a fiat homogene-
ous isotropic film having bulk properties.
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