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We develop a theory of quantum cyclotron resonance in semimetals at far-infrared frequen-
cies, assuming the ordinary polarization (E Il H) and the ellipsoidal nonparabolic two-band
model, and compare it with the second harmonic, measured for the same polarization in
bismuth at 890.7 and 964.3 GHz. For this purpose we derive the corresponding nonlocal con-
ductivity tensor in a way which takes the nonparabolicity fully into account and which enables us
to relate lifetimes to quantities calculable microscopically. Although the theory derived is not
exact, it accounts in a quantitative way for the important features of the observed spectra. We
show that absorption on the high-field side of the resonances is related to high-frequency cyclo-
tron waves propagating in the sample, which are damped and have reduced amplitudes due to
“the finite lifetimes and due to the electrons which collide with the surface and are thus non-
resonant. It was therefore necessary to find an adequate treatment of the surface effects. The
only adjustable parameters in the theory are the band parameters and lifetimes. To get a good
agreement with the experiment it was necessary to assume that the lifetimes were energy depen-
dent. We made only a very approximate estimate of this dependence. A more careful study of

the lifetimes is left for a subsequent paper.

I. INTRODUCTION

Cyclotron resonance is presently one of the main
methods of investigating the properties of the electric
carriers in solids. The resonance has its origin in
resonant absorption of the incident high-frequency
electromagnetic radiation by the carriers, circulating
about the applied static magnetic field H, with the cy-
clotron frequency w.. The observed spectra of the
resonance, however, depend rather drastically on
which system we are looking at and are sometimes
difficult to interpret.'2 For instance, cyclotron reso-
nance in lightly doped semiconductors may or may
not occur at the cyclotron frequency w,, depending
on whether or not the frequency of the incident radi-
ation w is much greater than or less than the plasma
frequency w,. In metals or in semimetals, where
w, >> w, one usually observes a series of resonances
periodic in 1/H,, where H is the applied magnetic
field. Each resonance occurs at w = nw., where n is
an integer. In the vicinity of the resonance the
dielectric constant of the carriers becomes real and
positive. so that magnetoplasma waves' 2 may pro-
pagate in the sample. Their behavior depends strong-
ly on the shape of Fermi surface, on the direction of
magnetic field, and on the density of the carriers and
their lifetimes. In addition, the presence of the sur-
face can affect excitation of these waves rather

strongly. To predict the line shapes and relative in-
tensities of the experimentally observed peaks is
therefore a difficult boundary-value problem and un-
til now it has ohly been solvéd by some approximate
methods. The kind of assumptions one makes in
these approximations depends again on the properties
of the particular system we are looking at.

Classically speaking, electrons in a magnetic field
describe helical paths about the magnetic field vector.
The gyration of electrons is characterized by the cy-
clotron frequency w. =eHy/mc and by the cyclotron
radius R, ~ vr/w., where vp ~ 108 cms™! is the Fer-
mi velocity. An important parameter is electron life-
time 7. The electromagnetic properties at low fre-
quencies, i.e., when wr << 1, differ in most cases
from those at high frequencies, characterized by
ot >> 1. When w,r >> | and v < w, an electron
makes at least one complete revolution during the
electromagnetic field period, and the action of mag-
netic field is manifested most distinctly. The cyclo-
tron wave spectrum arising in strong magnetic fields
therefore usually terminates at frequencies higher
than the cyclotron frequency w.. If the variation of
the high-frequency (w7 >> 1) electromagnetic field
over the effective range /* = v/w of the carrier (i.e.,
the distance traversed by the carrier in one period of
the electric field) is small, then the nonlocal effects
do not play any role and the skin effect is normal.
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(This is true whatever the value of the mean free
path 1 =7vs.) In the absence of a constant magnetic
field, the dielectric constant of metals and semimetals
is negative and the field actually attenuates exponen-
tially over a distance ~8,=c/w, from the surface, 8,
being usually called the skin depth. The condition of
the normal skin effect at Hy=0 is thus given by

I* << §,. In the regime of cyclotron resonance,
where w ~ w,, the effective range !* is of the order
of the cyclotron radius R.. It can therefore be as-
sumed that in the limit R, << §, the spatial inhomo-
geneity of the high-frequency electric field over the
trajectory of a carrier is small, and consequently, local
theory is applicable.

In metals, we have R, > §; and therefore nonlocal
theory is needed. There exists no exact solution® of
the electrodynamics in metal when magnetic field is
parallel to its surface, even for the simplest case of a
spherical Fermi surface. Approximate solutions have
been obtained, however, in a number of physically
interesting situations,*® starting with the most
noteworthy original work of Azbel’ and Kaner* on cy-
clotron resonance in metals. These theories can ex-
plain reasonably well the cyclotron resonance in met-
als at microwave and also at far-infrared frequencies.

In bismuth, the plasma frequency is smaller by
more than one order of magnitude than in typical
metals. Accordingly, the characteristic distance over
which electromagnetic field changes appreciably is
much larger than in metals, and the cyclotron radius
becomes smaller than the skin depth, R, < §,, at
least at the far-infrared frequencies. Cyclotron reso-
nance in bismuth under local conditions was investi-
gated by Smith, Hebel, and Buchsbaum.’ They con-
cluded that in the local limit cyclotron resonance of
one definite group of carriers is impossible. The reso-
nance is screened by a longitudinal depolarizing
field'® which couples strongly the longitudinal and
transverse degrees of freedom of the plasma and
shifts the resonant frequencies away from the cyclo-
tron frequencies of electrons and holes. The
resonant frequencies are hybrid® and include the cy-
clotron masses of all the carrier groups. Cyclotron
resonance is possible only at such directions of the
magnetic field for which the cyclotron masses of two
nonequivalent electron groups are the same but their
orbits are inclined at different angles to the magnetic
field. Such a resonance is called ‘‘tilted orbit cyclo-
tron resonance.”’

Actually, besides the hybrid resonances and reso-
nances on tilted orbits, the experimental curves in
Ref. 9 revedl the presence of maxima corresponding
to cyclotron resonance of an individual carrier group.
This fact offers evidence of the nonapplicability of
the local theory to the analysis of cyclotron resonance
in bismuth. Subsequently Hebel!' has shown that a
small but finite spatial inhomogeneity of the field
gives rise to a resonant term in the dielectric constant

and in the absorption coefficient. Hebel considered
cyclotron resonance of holes for the polarization of
the electric field £ along the constant magnetic field
Hy (“‘ordinary wave’’) and confined himself to the
case of R, << §, when the resonant part of the
dielectric constant due to the nonlocal effect is a
small resonant addition to the main local term. In
this case the propagation of the cyclotron wave is still
impossible since the dielectric constant remains nega-
tive. Brovtsyna and Skobov!? made a more complete
study of the nonlocal effects on the cyclotron reso-
nance of holes in the regime R./8y << 1 and dis-
cussed the conditions under which one can expect
that a weakly damped cyclotron wave would exist in
the sample. They demonstrated that an allowance for
cyclotron waves is essential in studies of the line
shape of cyclotron resonance in bismuth. This con-
clusion is supported by the results of the work, both
experimental and theoretical, on the spectra of these
waves, associated with the cyclotron resonance of
electrons in bismuth at frequencies around 10 GHz,
which were reported by Edel’man."?

The investigations mentioned so far are all classical
in nature, that is, quantum theory is not needed to
understand the experimental results. (The photon
energy fw and thermal energy kT at temperatures ~4
K are very much less than Fermi energy Er.) Fairly
recently the cyclotron resonance experiments in
bismuth have been reported'* !’ at the far-infrared
laser frequencies around 1000 GHz. In these experi-
ments distinct quantum transitions were presumably
observed between a pair of Landau levels in the non-
parabolic conduction band of bismuth. Because of
the nonparabolicity, the subharmonics are split, the
nth subharmonic consisting of » peaks, each being
assigned to a distinct quantum transition. The far-
infrared frequencies of these experiments are also
significant in that they are comparable to zone-
boundary acoustic- and optical-phonon frequencies in
bismuth. One might expect that some effects of the
electron-phonon interaction could be observed in the
form of an energy-dependent cyclotron mass, or an
energy-dependent cyclotron mass, or an energy-
dependent electronic lifetime, similar to those found
in metals.!® Because of lack of a satisfactory theory
of the cyclotron resonance line shape neither the
resonance position nor the electronic lifetime have
been determined to the accuracy warranted by the ac-
curacy of the experiments. This is particularly true
for the lifetimes.

It is the purpose of the present work to investigate
the line shape of the cyclotron resonance in bismuth
in the regime in which the above-mentioned experi-
ments were carried through (w7 >> 1, R, < §)) so
that one could extract the information on bismuth
band parameters and lifetimes from the available
data. We also hope to elucidate more general
features of the quantum cyclotron resonance in this
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regime when bands are nonparabolic and nonlocal ef-
fects are important and, in addition, the effects of the
surface scattering cannot be neglected. The acquired
knowledge could, hopefully, be used to understand
data from other materials (semimetals, degenerate
semiconductors) where the resonance can be ob-
served under the conditions similar to those in
bismuth at far-infrared frequencies.

We shall concentrate our efforts on the second har-
monics. The main reason for this is that the experi-
mental technique that was used in obtaining these
spectra did not give reliable results for the case of
large signals so that the observed line shape of the
first harmonics could not be trusted.'” Experimental
data were obtained with £ both perpendicular and
parallel to H,, and for several orientations of the
crystal. In geometries with £ 1 Hy one must take into
account the Hall fields which makes the calculations
become exceedingly cumbersome. We shall therefore
limit our study to the cases where E || Hyll binary
axis, with surface of the sample perpendicular to the
bisectrix axis. There is no Hall effect in this
geometry and, by making this choice, we do not lose
any of the important features of the resonance.

II. BAND STRUCTURE

Before proceeding with our discussion of cyclotron
resonance, we need to describe briefly the nonpara-
bolic band structure, as it is found in bismuth. It is
presently quite firmly established, except for a few
details. (For a recent review see the work of
McClure.'®) The three mutually perpendicular crystal
axis of bismuth, i.e., the ‘binary, the bisectrix, and
the trigonal axis, will be labeled by x, z, and y
throughout this entire work.

A large part of experimental observations in
bismuth can be explained on the basis of the two-
band model, proposed by Lax and Mavroides.'* The
model is based upon the fact that at the L point in
the Brillouin zone, where the electron pockets in
bismuth are located, the conduction and the valence
band are separated only by a small energy gap of
~0.01 eV, and the other bands are at least an order
of magnitude further away. The dispersion relation
in the two-band model in which these other bands
are neglected can be obtained from k + P perturbation
theory and is given by

— ) 1/2

k

T ek
E®(K)=- Egi% E32+2EsﬁzL%_~ - (2.1)

L
2

(+) and (=) refer to the conduction and the valence
bands, respectively. E, is the gap energy separating
the two bands and m is the electron rest mass. @ is
a dimensionless inverse effective mass tensor which
refers to curvatures of the bottom of the conduction

band. It is of the form
an 0 0
=10 a; al . (2.2)
0 a; a;;
The inverse mass tensor at the Fermi surface @ can

be expressed in terms of that at the band minimum
@* by the relation

——-E—‘——_la* . 2.3)

The two-band model thus gives a nonparabolic
dispersion relation, however constant energy surfaces
are ellipsoidal. For this reason it is often referred to
as an ellipsoidal nonparabolic model. The electron
Fermi surfaces are very elongated ellipsoids (ratio of
the longitudinal to transversal mass is ~15) centered
at the L points of the Brillouin zone (ellipsoids a, b,
and ¢ on Fig. 1). The ellipsoid a has its long axis al-
most parallel to the bisectrix direction. There is a
~6° tilt of its long axis toward the trigonal direction
which we will neglect in our considerations. The oth-
er two ellipsoids b and ¢ can be obtained by rotating
the ellipsoid @ through +120° about the trigonal axis.
The hole Fermi surface A, containing three times as
many carriers as one electron ellipsoid, is at the T
point. It is of very nearly ellipsoidal form and para-
bolic.

The energy levels in the presence of an external
magnetic field H are labeled by the orbital quantum
number n =1,2,3, ..., the spin quantum number
s = i—; and the momentum k, along the magnetic

field Hy. As shown by Cohen and Blount,?’ the spin
mass is equal to the cyclotron mass in the two-band
model so that the levels have characteristic degeneracy

E(n+l,s=—%)=E(n,s=+%) . (2.4)
E,Hq
a
h X

FIG. 1. Oricntation of the Fermi surface of bismuth with
respect to the applied ficlds and chosen coordinate system in
the experiments for which our calculations were carried
through. The Fermi-surface ellipsoids are not drawn in real-
istic proportions.
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If we introduce the magnetic level index j
(2.5

|-

j=n+%—s, n=012 ..., s=%

we can then write the magnetic energy levels in the
form

1/2
1 .e’l—Ho ’l-zkig
—E2+E o — .
s el mre  2mg

EfP (ky)=—5E, +

(2.6)

me* and mj; are the cyclotron and longitudinal
effective-mass values at the bottom of the nonpara-
bolic band. They are related to the effective-mass
tensor fi* = (@*)~! as follows:

1/2

mag=h-m*h mr= —q%?‘ 2.7)
H

»

where A is the unit vector in the direction of the
magnetic field. Except for j =0 the levels are doubly
degenerate. Figure 2 represents the level structure
for Hy~ 5 kG parallel to the binary axis.

The wave functions in the two-band model, in the
case of an external magnetic field, were derived by
Wolff.2! He also obtained the matrix elements of the
velocity operator

Vop=T, 2, (2.8)

which are of great importance since they determine
the conductivity. He found that the velocity matrix
element for the two-band model can be expressed in
terms of matrix elements with respect to gigenfunc-
tions of the effective-mass Hamiltonian 3C* [see Eq.

E(1+ —

Conduction
Band

Valence
Band

FIG. 2. Energy levels E, of bismuth in the nonparabolic
two-band model for magnetic field H oriented along the
binary axis. The field strength is 5 kG.

(2.10) below]
(Y| Voplypy = [Ex[E’E(ZE +E,)QQE' +E,) 172

—k
o

"7 (E+E +E,)

X
(x| >

+L£(Fr‘x,‘z)(E—E')]|x')‘ (2.9

Here E and E’ are the energies [given by Eq. (2.6)]
of the states |¢) and |¢'), each of which may be in
either the conduction or valence bands; |x) and |X’')
are the correspondigg eigenstates of the effective-
mass Hamiltonian 3C*

Jo* = 7ea-w
2
K is the electron magnetic moment and 7# =p
—(e/c)A, where A is the vector potential of the
external magnetic field.

Wolff also estimated?! that the effective spin-
resonance matrix element (M) for intraband tran-
sitions is smaller than that for the cyclotron reso-
nance (M yoron) by about the ratio

L7 I | Q.11
(lMcycIotronlz) 2(EF +Eg) ' ’

-7 -Hy , (2.10)

In applying the two-band model to bismuth, it
should be kept in mind that it is, at best, an approxi-
mation to the band structure. Cohen®? pointed out
that the experimentally observed values of &@" require
the energy to be parabolic along the axis z. To elim-
inate this inconsistency he then proposed a new
model with nonparabolic dispersion relation and
nonellipsoidal constant-energy surfaces (NENP
model). At present, the experimental evidence
seems to be inconclusive with regard to validity of
the NENP model. Careful experiments? sensitive to
the shape of the Fermi surface in bismuth show a
nearly ellipsoidal constant-energy surface, and hence
there seems to be little necessity for choosing the
Cohen’s NENP model over the simpler ellipsoidal
nonparabolic two-band model. In particular the low-
mass directions should be well described by the two-
band model.

The quantum oscillation experiments revealed
that the degeneracy of levels in bismuth is only ap-
proximate, with fractional deviation §(n)

24-29

E(n+l,s=—%)—E(n,s=+%)
3(n) = 1 1 (2.12)
En+ls=—5)—E(ns=—5)

ranging from about 10 to 30%, depending on the
direction of magnetic field. (It is about 10% in the
binary direction.) The nonzero values for §(n) arise
from the presence of bands other than the two con-
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sidered in the two-band model. Corrections to the
two-band model where studied by Baraff*® and later
also by a number of other authors (see Refs. 18 and
31 and the works cited therein).

We shall assume that the ellipsoidal nonparabolic
two-band model is adequate to study the main
features of the cyclotron resonance in our regime. A
more accurate study of lifetime may require that we
take spin splitting properly into account because non-
degenerate spin levels could give rise to a broadening
of cyclotron resonance lines. In this case one would
then have to include also corrections to the two-band
model mentioned above. This can be done without
serious difficulty, however, at a price of a very com-
plicated algebra.

III. ELECTRODYNAMICS OF METALS AND
SEMIMETALS IN A HIGH-FREQUENCY
ELECTROMAGNETIC FIELD

The behavior of a metal or a semimetal in a high-
frequency electromagnetic field is described com-
pletely by its surface impedance Z (w)

_ 4m §,(0) _Admiop
c H,(0) c?

Z

&
68,/62]+0 N ERY

The index ¢ denotes components of the field parallel
to the surface of the sample. z is normal to the sur-
face and directed inward. Sample fills the z > 0 half-
space and the wave is incident normal to its surface
with & and Hy, both oriented along the x axis (Fig. 3).

The real part of the surface impedance Z (the sur-
face resistance R) determines the energy loss of an
electromagnetic wave upon reflection. It can be cal-
culated once the electric field inside the sample is
known. The field is determined by the pair of
Maxwell equations

rot'_g(?,t)=—%-§—ﬁ(i',t) , (3.2a)

(=3
<

-
@

FIG. 3. Specification of coordinate axes relative to the
sample surface and applied fields.

5273

where T(')'(’,!) is the conduction current density and
€ is the dielectric constant of the lattice. The second
term on the right-hand side of Eq. (3.2b) comes from
the displacement current. This term is negligibly
small in metals at microwave frequencies. In
bismuth, however, €)== 100 and w, =3 x 10'* Hz so
that the displacement current may not be negligible
when working with far-infrared frequencies.

For mathematical convenience, we will imagine
that the z < 0 half-space is filled with the image met-
al and that the fields and currents in both half-spaces
are induced by a current sheet 2/,8(z) at z =0 which
has the strength 2/; per unit width. By symmetry,
this sheet induces mirror-symmetric electron current
distribution in the real metal and the image metal,
with J(z) =J(—z) and correspondingly &(z)
=& (—z). Since the fields and currents fall to zero at
|z] = o0, the total electron current must exactly
screen the source current in the sheet, so that

oo 2p0f
1,=—f0 J(z) dz = LEHO) (3.3)

4riw

where &' (+0) =d&(2)/dz|, 4. We emphasize that
the plane z =0 forms a genuine boundary between
the two half-spaces, so that electrons approaching it
from either side are reflected back instead of crossing
it.

In bismuth, at frequencies ~900 GHz, we find
that, at the cyclotron resonance, the ratio of cyclotron

radius to skin depth is R./8; ~ % Therefore, accord-

ing to what is said in the Introduction, the relation
between field and current is nonlocal

i) = [ dx o (.76 . (3.4)

Because of surface effects the tensor o4 (X, X') does
not depend on the difference X — X' only, as it would
for an unbounded medium. It is clear, on physical
grounds, that sufficiently far from the surface its ef-
fects on the conductivity vanish so that the conduc-
tivity becomes equal to that of the continuum.
Therefore it is convenient to write the total conduc-
tivity tensor asa sum

o (X, X)) =0 (X, X)) 45 (X, X)), (3.5)

where o2 (X, X') is the bulk conductivity (and thus
depends on X — X' only) and o4 (X, X') is due to the
surface effects. The expressions for both of and o}
will be derived in Secs. IV=VI. The general form of
o¥ depends on the geometry of experiment. In our
case both, the incident & field and the constant l_io
field are along the binary axis (x axis, see, Fig. 1)
ie.,

§=(8,0,0), Hy=(H,0,0) , (3.6)
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and the tensor o is of the form3?

ox 0 0

or=|0 of o] . 3.7

0 oy oy

Let us for a moment neglect all surface effects.
The Maxwell equations (3.2) then lead to the follow-
ing system of equations for the Fourier components
E;(gq) of the electric field in the sample

G(G-E)—q’E+kie-E=0 , (3.8)
where kg=w/c and

Eaﬁ(a: w, ﬁ0)=€08ap+iﬂ0':ﬂ(a,w, ﬁo) (39)
w

is the dielectric tensor of the bulk. Since in our case
G =(0,9,0) the system (3.8) can also be written

(ki € —q?)Ex=0 ,
e, E, +e,E,=0 , (3.10)
ké €y E, + (k$ €, —q*)E, =0 .

The determinant of the system (3.10) must be equal
to zero for a nontrivial sotution E(g) to exist. This
condition leads us to the equation

A | Gy BN

k(% €xx k02 €yy . = (311)
the roots of which are the possible wave vectors in
the unbounded solid. When the first factor in Eq.
(3.11) is zero, the electric field is of the form
E=(E, 0,0) and €, alone determines the dispersion
relation. This is the case in our geometry. The
second possible solution of Eq. (3.10) is of the form
E= (0,E;,E,) and corresponds to the second factor in
Eq. (3.11) being equal to zero. This situation is real-
ized in experiments where EL ﬁo. In this case the
longitudinal component of electric field is in general
not equal to zero, because of the Hall effect.

We shall assume that the tensor o is of the same
form as oF [see Eq. (3.7)] and that the presence of
the surface does not change the character of the field
inside the sample so that the total current density has
X component only

7=000) . (3.12)

Equations (3.2)—(3.7) and (3.12) can be combined to
give

L 8() + e 8(2) =419 128 (+0)5(2) .
dz c c
(3.13)

We express each term as a Fourier integral and find,

using Egs. (3.4) and (3.5), and putting E =E,

2 .
g e+ 4’;;“' a‘”(q)]E(q)

2)” dmin [
——] 5'(+0)—-~—7%a~‘f o*(q,—q'VE(q') dq’ ,
T c ~o

(3.14)

where 0=(g) and o*(q,q’) are the Fourier
transforms of 02(z,z’) and o5 (z,2"), respectively.
The integral in Eq. (3.14) is the Fourier transform of
what we shall call the ‘‘surface current density” j*(z)

A= ona) 8 &' (3.15)

IV. CONDUCTIVITY TENSOR OF
THE UNBOUNDED MEDIUM

In this section we shall derive the conductivity due
to the resonant bulk electrons. The experimental
results which we want to interpret have been ob-
tained from bisectrix plane samples, with & and Hy
fields both parallel to the binary axis, i.e., axis x.
The cyclotron mass m of the electrons of the ellip-
soid a (see Fig. 1) is almost two orders of magnitude
larger than that of the electrons b and ¢. The same is
true of the cyclotron mass of holes. The frequencies
of the laser field and the values of magnetic field
were such that only resonant transitions of electrons
b and c could be observed. Electrons a together with
holes thus contribute to the nonresonant ‘‘back-
ground’’ conductivity which can be described well in
classical terms since, because of the large m,, the
separation between the Landau levels is very small
compared to Fermi energy. However, the conductivi-
ty due to the electrons b and ¢ which are of most in-
terest to us here must be obtained by using quantum
theory. Our derivation will be along the lines which
are quite familiar.> It will enable us to take the non-
parabolicity fully into account (within the two-band
model) and also to make contact with quantities like
mass shifts and lifetimes which can be, at least in
principle, calculated microscopically. The incident
electromagnetic field will not be quantized. We shall
assume that the states of interest can be constructed
of single-particle states and that the independent
quasiparticle approximation is adequate. Since we as-
sume that the two-band model is valid the one-
particle states are those given by Wolff.?! According
to this model, the squared matrix elements for the
spin-flipping transitions are at least two orders of
magnitude smaller than those for the spin-conserving
transitions [see Eq. (2.11)] and so only the later need
to be taken into account.

Consistent with our assumptions, we can expand
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the field operator ¢'( X ), using A= (K ,n,s)

B () =3u(X)a, .1
A

where ¢, (%) are the Wolff wave functions?' and a,
are the creation operators for the corresponding
states. As mentioned in Sec. II, these states have
characteristic degeneracy given by Eq. (2.4). The
resonant part of the current operator is therefore

To=te 3 [ dx 4 (F) Vopua ()

A

+l‘lx(_x‘)[_v’0pl‘lal(3()]+ } a;/ax .

(4.2)

Since the spin-flipping transitions can be neglected in
our case, the velocity matrix elements can be written
[Eq. (2.9)]

(ll}xllvopllllx) =F(EA,,E)‘)<XA;|5*' ﬁoplx)«> . (43)

The quantity (XA,I’&*- #1X,) is just the matrix ele-

-

’
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ment in lowest-order effective-mass theory. & is the
inverse effective-mass tensor at the bottom of the
conduction band and |X,) are the eigenstates of the
effective-mass Hamiltonian given by Eq. (2.10) which
correspond to the set of eigenvalues A= (K,m.s).
Top=Pop— (e/g.)f\'r(i',_{), where A7 (X.1)=A,(X)
+ A(X,t) and A, and A are vector potentials which
belong to the applied magnetic field and incident ra-
diation, respectively. The function F(E)‘,.E,‘) is de-

fined to be
1 Eg(E +E\+E)
2 [E E\QE, +E)(2E\+E) '

F(EA/,Ex) =

(4.4)

Making use of the substitution 1?‘,‘,—*-—/‘}:’(7 —(e/c)
x [A;(X) +A(X,t)] we rewrite the total current-
density operator J(X,r) into a more convenient form
T - - — é’z —% A
Jop(Xot)=—=€ j oo X) = —a - A(X,01)i(X) . (4.5)
¢
where the operators T(,p(i') and 7 (X) are given by
the following expressions:

FopR) = 25" 5, F (0 En) [ () D(K) = Xa (DTN (%) la

PURY
el B I ot
- 2 F(EA/,E)‘)A/[(X)X)‘I( X )X)‘( X )alla}‘ , (4.6)
¢ PN
A(R) = ;F(EA,,EA)XL(Y)XA(‘X‘)a:,a,\ . 4.7)
ALA
f
The electron current J (X) is then defined by and J(z) and &(z) are related by the one-
- - - . i ional ¢ tivi 2(z,z2'
T(%0) = (Top(%o)) = T(R)eo +cc. (4.8) dimensional conductivity o7 (z,z")
Using the standard linear-response technique we find o (zz )=fdx Ay K3 (XX (4.12)

that

T =[x Re=z,3)- &%) | 49)
where

Kp (%, 7(")=i—ewia,;<ﬁ('i))8('i—‘i’)8,»j

2 00
+ e dt ei(w+in)l

fw Y0
x (Lji(%,0),j;,(X)1) (4.10)

Gi,j=1,2,3)

is the conductivity kernel of the unbounded medium,
due to the resonant bulk electrons.

In our geometry the induced current density and
electric field are

8(%)=18(2),0,0], 7(X)=10J(2),0,0]1 , (4.11)

p——

where K2 (X, X') is given by Eq. (4.10). The index
R is used to denote the resonant part of the conduc-
tivity. The nonresonant part will be discussed later.
To obtain an explicit expression for o (z,z") the
eigenstates of the effective-mass Hamiltonian given
by Eq. (2.10) are needed. We shall simplify the alge-
bra by assuming that the Fermi-surface ellipsoids lie
in the binary-bisectrix plane (i.e., xz plane, see Fig.
1), that is, we shall neglect the 6° tilt out of this
plane. With this simplification the tensor @, corre-
sponding to the ellipsoid a assumes diagonal form

_ 0 0
my
ar=lo - o]. (4.13)
m,
. I
my*
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(The asterisk denotes quantities at the bottom of the
band.) The tensors @, which belong to the ellip-
soids b and c, respectively, are then obtained by rotat-
ing @; by +120 about the trigonal axis

an Fagn 0

- - * *
Ape = 1+0x; Oy 0
0 0 a
1 3 1
+ 0
my  m m, l
1 | 3 1
- - + 0
4 m* ] my  m ]
0 0 4
my
(4.14)

In the Landau gauge, the magnetic field along the x
axis can be described by the vector potential

Ag=A,=0, A,=—Hy . (4.15)

Making use of the Eqgs. (2.10), (4.14), and_ (4 15) we
can write the effective-mass Hamiltonian 3(2,,0 for the
electrons on the ellipsoids b and ¢ in the form
(neglecting the spin part)

ol 1 ~2 P £2
"’cb,c =3 a;px + 2‘1:szpz + aztpz + ay,
(4.16)

We need to find the eigenstates of these Hamiltoni-
ans. Since 3, commute with j, and j, there exists
a complete set of eigenstates IE,px,p, ). The
Schrodinger equation then leads to the following dif-
ferential equation for the z-dependent part of the
wave function:

, (z —zo)zlw(z)

[azz (. ¥ pr) +ayy

pfu(z) , (4.17)

E—%‘an

2
. eH
» py+———con] .

_ix(?)=% S expli(k,—K) % +iplk—k!)z]

A\, s "

[/(A k)

o (2o, (z)+ax,[¢ (z)——cl)x(z)-‘tb)‘(z) ¢ (2)

where p, =—ikd/8z; p= ag/ay; and zo=—cp,/eH,.
The equation obtained evidently corresponds to a
harmonic oscillator which is displaced both in coordi-
nate and momentum space. The mass of the oscilla-
tor is 1/a;; and its frequency o

oot *[eH"] [eH"] (4.18)

W =y,

Using Eq. (4.14) we find for the cyclotron mass m
and the longitudinal mass m

* %% )12
2|y ms
¢ ImS +myg
© (4.19)
—ak — Qx; ____L__
mig % ey 3mt4mt
in accord with the expressions (2.7). From Eq.
(4.17) we infer that
1 * pxz
E=(/7+7)h’wc+2 i (4.20)
my

The wave functions corresponding to the Hamiltoni-
ans 3C,. can easily be found to be ( ki ky=kex
+kyy)

iK,e®, i
X (R) =’ 4 T ™ Py () .21

7, (2) is the normalized wave function of an ordi-
nary harmonic oscillator with its center at
zo=—cp,/eH,

—(n? — 2
(a®/2)(z 24)

H,la(z—2¢)1S(s) ,
(4.22)

b (2) =Nye

where a’= eHy/c# and S(s) is the spin-wave func-
tion. The functions H,(z) are Hermite polynomials
and N, are the normalization constants.

From Eqgs. (4.6), (4.14), and (4.21) we readily find
that

F(E,E\)aa, . (4.23)

To calculate the current-current commutator in Eq. (4.12) we shall make the following Hartree-Fock-type approxi-

mation’%:
" +
<a?ms(,)arns(’)ar’"’s’ (O)GT(‘IIH’S’(O)> =

(a—}ms(f)a—k'/m’s’(())> <a—k'"s(')a%lnlsl (0)) ’ (424)

(@11 (01 (00T (1 g (D) = (a1 1 (0 (D) (@ 1 (0)agps (1))
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and further assume

(a-k'”s(f)a%,"/s;(())) = kns(f)ﬁ—'-,S /8“/ B (a-: ' /(O) kns([)) = GT(S'"(,)S—‘-*IB 18”1 B (4.25)
where as usual G2 has the temporal Fourier transform
2z do 1-/f(w) —iw
63, () =f-2—”—Ar,,s(w)l N (4.26)

in which f(w) is the Fermi distribution function. A, (w) is the spectral distribution function. We assume that 4
takes the Lorentzian form with characteristic width T, [A stands for (k,ns)].

Iy
(w—E\/E)2+T}/4

Ay(w) = (4.27)

If we add the contributions of electrons of ellipsoids & and ¢ (see Fig. 1) we get

' ' T = T =t 2"2 2 :22 '
Ja' fayaz0izon =3 |2 RECNRERERE FNE FNEH) LT

N v mH

AN k =K
><[G:,(I)Gf(—r)—-G:,(l)Gf(—-t)] , (4.28)
where
Emk,')\(z) = ‘cb ,(z) ¢>A(z) ¢,‘(z)§;¢kl(z)] , 91}\,‘)‘(2) Edahl(z)d)}‘(z) ) 4.29)

The functions ¢,(z) are given by Eq. (4.22). '

We deal with the gauge current [the first term in the Eq. (4.10)] by noting that at zero frequency there is no
current®® (in the absence of Landau diamagnetism). Integration over 1, together with this assumption, gives us [see
Eq. (4.12)]

oo ' __e_z (I(z)’ (l'w” ' " . "N _ ¢ "

orG)=in 5 [ g w0~ ()
A‘X.’k =K

h 2 g, (9, () + 2
' V4

mﬁz z 2

XFZ(E)‘I,Ex)[ m}\,.)\(z)mxlv)‘(z')

x ul 7 -7 l,, . (4.30)
w—w tow t+tin o-—-w tin

Here A= (K,n,5). The functions RN, A(z) and 9N, x(z) are given by Eq. (4.29). The evaluation of the integrals
over o’ and "’ can be carried through by contour integrations. The resulting function :[)A,)‘(w) can be expressed as

DXIA((D)=A)‘IA(U))"‘A)‘I)‘(O) , (43‘)

where A, () is given by (ox=E)/f, 0, =0 ~wy, and T, =T, +T))

Byo)= [ 4L L0 4 () o)L= LlD)

27 2w -0+’ +in
_ ‘/'(w)‘+iyl“)‘/2)-*f(wx,—il'}‘,/Z) - r, |
w—wxl)‘+il‘ ,/2 Bﬁ n=0 [wl)(lt)—wh]2+l"§/4 wu(n)+w—wk,+l'l“x,/2
3 r .y 1 (4.32)
Bh’ E:') [wo(—n)—-w r]2+I‘2 /4 wol—n)—w—w,—il/2 '
wy( +n) are the complex poles of the Fermi function f(w) and B=1/kT
wo(i-n)=i-(2”:;$+%, n=012,3,... . (4.33)
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It turns out that our regime (w7 =100 and T ~ 4.2 K) the contribution of the poles wy(n) of the Fermi function

[i.e., the second and third term in Eq. (4.32)] can be neglected.
Most important to us will be the Fourier transform of o (z,z") which can be written in the form o§(q,q")

=68(q +q')o(q), where

e*H, dk,
R =" 2 ) Gay

nm,s

The functions 9, (¢) and R, (¢) are Fourier
transforms of the functions M, (z) and M, (z),
respectively [see Egs. (4.29)]. Using a well-known
formula one can readily find*

n—m
o () = NpyNya=' 2" 2 !/"-'"[—2";]

2
x,c,:-m[—z" 5 ]e“"/z“’z , (4.35)
a

where n =m, a’=eH,/ck, and £/,7"(x) are Laguerre
polynomials. N, and N,, are the normalization con-
stants [Eq. (4.22)]. Furthermore one finds

E)ﬁnm(q) = iqsﬁnm(q) —4ams~lnm—l(q)

+za273—qsim(q> . (4.36)

V. SURFACE EFFECTS ON THE CONDUCTIVITY

Effects of the surface on the excitation of cyclotron
waves have been already studied by a number of au-
thors. (See, e.g., Ref. 1, p. 14, and work cited
therein.) In particular, the experimental and theoret-
ical work of Allen and collaborators® on cyclotron
waves in sodium and potassium in the far-infrared
shows convincingly that surface effects can be quite
strong. The main results of the work already done in
this area can be summarized in the conclusions that
surface effects may lead to change in the amplitude
of the excited wave and that they cannot much affect
the character of wave propagation inside the metal.'
This holds true particularly well when the surface re-
flects electrons specularly.

*2
Xz

W2 . ) )
Dkx,,,,,g(w)ﬂ(Ekx,,s,Ekx,,,,)[Fﬂl,,,,,(q)ﬂl,,m(—q) + 2 fm,,,,,(q)im,,,,,(—q) . (434)
H

We pointed out already in Sec. III that in Bi at far-
infrared frequencies of interest to us R,/8 = —; [In
the case of large quantum numbers # it is still
possible to define cyclotron radius R, similarly as in
classical physics since the probability of finding an
electron is strongly concentrated at the distance
R.=+/2n + 1/a from the center of the ‘“‘orbit”
(a?=eHy/ck).] Therefore, within the distance
2R, =128/3 from the surface only a fraction of elec-
trons can resonate. The rest of them strike the sur-
face and are thus nonresonant. In the case, e.g., of
spherical Fermi surfaces and classical orbits one finds
that the fraction N,/N of the resonant electrons
varies with the distance from the surface as®

21(z/2R.) = +(2/2R)*], z <2R,

N
N |1, z=2R, . (5.1
Since the field inside the sample depends strongly on
the fraction of the resonating electrons® we cannot
expect the correction term o*(z,z’) due to the surface
effects to be negligible in our circumstances.

"The expression (4.30) for the bulk conductivity
o (zz") itself suggests a possible way of determining
the surface correction term. We note that k,
=—eHyzo/ck, where z is the center of a harmonic
oscillator-type wave function and corresponds to the z
coordinate of the center of a classical electron orbit.
This means that when we integrate over k, we in fact
sum up the contributions of all oscillators (i.e., or-
bits) in the interval [—oo, ]. Because of the colli-
sions of electrons with the surface, there are in reali-
ty no such oscillators with centers z, in the region
=R, < zo < R,. We must therefore subtract from
o (zz") the contribution Ao (z,z') of these spurious
oscillators equal to [see Eqgs. (4.30)—(4.32)]

a*z

2k

3H R dk L2 , -
Ac(zz') = iS22 f_,jcdzof-—-*— 3Dt ms () F2(Ei_ns, E_ms) ,—%2-91,,,,,(2)91,,,,,(2 )+ =M, (2)9M,, (2')

wC (2m)? nms

This is particularly important because they are in the
region closest to the surface where electric field has
the largest values and because their contribution con-
tains resonant terms.

The conductivity due to the electrons which collide
with the surface depends rather strongly on the na-

Ny
(5.2)

T

ture of surface scattering and is difficult to evaluate
exactly. However, we may assume that a rough ap-
proximation to it would be good enough for our pur-
pose since this part of the conductivity is non-
resonant. If certain conditions were satisfied some of
these electrons could absorb energy resonantly, due
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to surface quantum states.’> However, the relative
fraction of such electrons, at a particular value of
magnetic field H, is very small and we need not
worry about their contribution. An electron close to
the surface is moving periodically (assume smooth
surface) in the z direction, as if acted upon by an ef-
fective potential similar to a segment of a harmonic
well closed at the surface by a vertical wall.**> The ex-
pression for the conductivity of these electrons is
similar to Eq. (5.2) although their energies and wave
functions are somewhat different from those of the

electrons in the.bulk so that, at the frequencies of in-
terest, most of them cannot absorb energy resonant-
ly. We may therefore assume that the conductivity
of electrons which collide with the surface may be
well approximated by the nonresonant part of Eq.
(5.2), i.e., by the nonresonant contribution of those
“‘orbits’’ which we found to be spurious because of
the surface effects. It follows then that only the
resonant part of Eq. (5.2) has to be subtracted from
o®(z,z") so that the surface correction term is of the
form

' ‘eJHO Rc dk
oz =il f.kc"%f Gm? 2 Dk (@ F(E i Ei )

ns
me=n=—2

VI. SURFACE IMPEDANCE—-THEORY AND
COMPARISON WITH EXPERIMENT

We shall not attempt to obtain the exact expression
for the surface impedance, that is we shall not try to
find the exact solution of the Eq. (3.14). Instead, we
will make assumptions which appear to be physically
sound and which greatly simplify the calculations.
The resulting expressions for the surface impedance
will then be confronted with the experimental results.
In his paper Allen® discussed in detail the excitation
of high-frequency ordinary cyclotron waves in a
semi-infinite metal in the far-infrared. His investiga-
tions are in spirit very similar to ours, however the
physical regimes are vastly different in both cases.
The assumptions which we both have to make so that
the problem becomes tractable therefore differ very
much and the same is true for the calculations them-
selves. We shall see, though, that regardless of these
differences some of our observations, in particular
those concerning effects of the surface on the line
shapes, are similar indeed.

First, we shall study the surface impedance assum-
ing that the electric field at the resonance does not
differ much from the field away from the resonance.
In such circumstances we can take the variational ap-
proach, formulated by Marcus® and subsequently
used by a number of authors dealing with the surface
impedance of a metal.””3%3¢ We shall then go to the
other extreme and calculate the impedance ignoring
the surface scattering entirely. It will become clear
that neither of these two approaches leads to a satis-
factory theory of the resonance lines. They are
nevertheless worth mentioning because of the insight
they provide. Finally we shall calculate the surface
impedance by attempting to solve the integral equa-
tion (3.14) with the effects of the surface included.

*2

2

2k
X [7”——%91,,,,,(2)31,,,,,(2') +-a—xz—ﬂll,,m(z)ﬂfl,,,,,(z/) . (5.3)
"

A. Variational approach

As it was already mentioned above, variational ap-
proach is useful if it can be correctly assumed that
the electric field varies very little, even at the reso-
nance, with the applied magnetic field H, and can be
therefore well approximated by its value away from
the resonance, or at Hy,=0. Such an approach gives
good results, for example, when for some reason
only a small fraction of electrons can undergo
resonant transitions.”?? In bismuth, however, this
condition is not satisfied. Nevertheless one sees that
the experimentally observed signal at the second har-
monic is more than ten times smaller than that at the
first harmonic, leading to a change in the transmitted
power of only a few percent. The resonance at the
second harmonic is weakened because of the retarda-
tion effects’® and because the surface scattering
reduces the number of the resonating electrons. It is
therefore not unreasonable to expect that the varia-
tional approach should give adequate results in the
cases presently considered.

The relation between electric field and current in
the semi-infinite sample is given by [see Eq. (3.13)]

4

2 2
L8 +ey s 8()=—AT2 () . (6.1)
dz ¢ ¢

If we multiply Eq. (6.1) by &(z) and integrate it by
parts and then use the expression (3.1) for the sur-
face impedance we get (8'=d&/dz)

872(0)

71 ¢?

4w

00 2 oo
x‘—J; dz 8'2(z)+e(,%j; dz 82(2)]

[ wi80 . (6.2)



5280 A. MIKLAVC AND H. D. DREW 23

Z~' is stationary, for given §(0), at the correct elec-
tric field distribution &(z).%

Let 0%(z,z’) be the conductivity at some value of
magnetic field H, away from the resonance (Hy=0
can be chosen) and let §°(z) be the corresponding
electric field distribution in the sample. The surface
impedance Z, is then determined by Eq. (6.2). If
do(zz')=0(z2')—a%zz2") is small for all relevant
values of magnetic field we may then expect the elec-
tric field 8(z) does not differ much from 8°(z),
even at resonance. Equation (6.2) gives then, to first
order in the change in the nonlocal conductivity
Sa(z,z2")

Z7'=2Z5' +8(Z27") , (6.3)
where
8(2'1)=80_2(0)Lwdz j;mdz’é'o(z)
x8a(z2')8%2") , (6.4)

Differentiating Eq. (6.3) we find, with the same accu-
racy

Only of(zz') varies appreciably with H, and thus
we have to calculate the right-hand side of Eq. (6.4)
with 8a(z,z") replaced by o2 (z,z'). We assume that
the field 8°(z) has an exponential form

8%(z) =8%0)e/® | (6.6)

where 8§ is a complex constant. Although this ap-
proximation is not appropriate in the anomalous
skin-effect regime,*’ i.e., at microwave frequencies
and low temperatures, at far-infrared frequencies we
are returning to the classical skin-effect limit and the
exponential approximation is more satisfactory.

To calculate §(Z~") given by Eq. (6.4) we first note
that z, (the equivalent of the position of classical orbit
center) can only have values zo= R, and that the
functions ¢,(z) [see Eq. (4.22)] fall to zero very
rapidly when |z —zo| > R.. It is therefore a good
approximation if we put

j;mdz bn(2) by (2) = f:ﬂ dzd,(z),(z) . (6.7)

With this approximation we can then calculate §(Z~")

0, __72.0 oo
aHOZ_ Z() aHOS(Z ) . (65) tO Obtain
(z1) = 5o K g (0) P2 (Ey 1y B ) € | K oq2 1] 0’ o2 [0 6.8)
3(Z =id @ "§S (2mr )? ky nms \ ® kyns» Lk, ms e mi,;z nm s + 4 mm s . .
r—

The functions D, F, R, and M are defined by Egs.
(4.31), (4.4), (4.35), and (4.36); R.=~/2n +1/a and
a’=eHy/ck. Atour frequencies wr >> | so that the
skin effect is almost classical. If the field were the
same as at Hy=0 we would expect & to be real and
equal to 8p=c/wy=10"* cm (wy is plasma frequen-
cy). (8/0Hy)Z was computed for a number of com-
plex values of 8. The variationally calculated line
shapes which are closest to those observed experi-
mentally are depicted on Figs. 7(a) and 8(a). The
lifetimes and the band parameters were chosen the
same as for the other, more accurate calculations
which will be described in the next section. They are
given in Tables I and II. It should be emphasized

TABLE I. The band parameters in bismuth assumed in
our calculations. of line shapes. mc* is the cyclotron mass at
the bottom of the nonparabolic band, i.e., m~=m.(Ep)/
(1+2E(/E,). m, is the electron mass.

S(GH2)  m (Eg)/m,  mr[/m, Ep (meV) E, (meV)

890.7 0.009 44 0.001 58 29.9 12.0
964.3 0.009 32 0.001 58 29.4 12.0

that the results could not be improved in any essen-
tial way by changing the band parameters and the
lifetimes only.

We see from the Figs. 7(a) and 8(a) that the varia-
tional approach properly accounts for some of the
features of the observed spectra. Our findings are
largely in agreement with the interpretation of the
spectra given originally in Refs. 14 and 15 on the
basis of simple considerations concerning the condi-
tions under which the resonant transitions can occur.
The second harmonic consists of two individual

TABLE Il. The assumed Lorentzian widths £T, (ky;,H )
of the Landau levels at the values of ky and H at which
the transition between the levels n and m occurs. All£T,’s
are given in meV.

£ =890.7 GHz f=964.3 GHz
KT pmyo=0.048 AT g =0.063
AT,9=0063 . AT g =0.026
KT ey =0.107 if m <9 KT 7 =0.004

KT,<y=0.173if m <8

il cg=0.0ifm >9
kT, =0.033 otherwise

kT, =0.0 otherwise
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FIG. 4. Energy levels E, (ky=0) of bismuth in the nonparabolic two-band model as a function of n and magnetic ficld H,
The ky =0 transitions contributing the major part of the spectra are indicated by arrows. The band parameters are slightly dif-

ferent from those used in our calculations.

peaks, each due to distinct quantum transitions
between a pair of Landau levels in the nonparabolic
conduction band of bismuth. Because of the nonpar-
abolicity, these transitions occur at different values of
magnetic field. In Fig. 4 the energy levels in the Lax
two-band model are depicted for ky =0 and the ar-

qR¢ 1: Re (q1Rc),
1a: -Im (q1Rc)
15 F 2 RE(quc)
2a: -Im (quc)
1.0
0.5
]
14 16 HolkOe)

FIG. 5. Real and imaginary part of ¢R, of the two cyclo-
tron waves with the smallest wave vector ¢ at the frequency
890.7 GHz. The positions of experimentally observed peaks
at 1.427 and 1.576 kOe are marked by arrows.

rows there indicate the quantum transitions which oc-
cur at that particular value of ky. Although the calcu-
lated maxima in R /9H are located roughly at the
magnetic field values where the k; =0 transitions in-
dicated in Fig. 4 take place,'’ the relative strength of
the calculated peaks and the overall line shape (par-

- f=9643 GHz
qR, 1: Re(q1Rt)
Ta: ~-Im (q1Rc)
15 F 2: Re(quc)
2a: -Im (quc’
10 I~
05 -
N
1 l/__/*’\
] ] ]
1.4 1.6 1.8 . Hy(kQe)

FIG. 6. Real and imaginary part of ¢R, of the two cyclo-
tron waves with the smallest wave vector ¢ at the frequency
964.3 GHz. The positions of experimentally observed peaks
at 1.485 and 1.667 kOe are marked by arrows.
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ticularly on the high-field side of each peak) are sub-
stantially affected by the transitions from other
values of ky and other sets of Landau levels. These
transitions can therefore generally not be neglected,
contrary to the conjecture put forward in Refs. 14
and 15. This observation was confirmed by the more
accurate calculations of the following section.

It is important to note [see Figs. 7(a), 7(c), 8(a),
and 8(c)] that a reasonable agreement with the experi-
mental line shapes could not be obtained with one
single value of 8. Whereas the first peak in each of
the two spectra could well be reproduced by a real 8,
a complex value of 8 must be assumed in order to
reproduce the second peak. The value of & which
gives good line shape at one peak gives thus only un-
satisfactory line shape at the other peak of the same
spectrum. Later on we shall see that the experimen-
tally observed spectra must indeed be attributed to
two electric field modes, with their complex wave
vectors ¢, and ¢, differing considerably in magnitude
and in the dependence on H, (Figs. 5 and 6). The
variational formulation of the problem is valid gen-
erally. To make practical use of it, however, we must
be able to correctly assume the behavior of the elec-
tric field inside the sample. As we have seen, this
behavior is rather intricate and therefore difficult to
guess. The variational approach thus cannot be reli-
ably used to study cyclotron resonance in our regime.

B. Approximate solutions to the field equation

Results of the variational calculations described in
Sec. VI A show clearly that the wave effects cannot
be neglected. One therefore feels inclined to go to
the other extreme and ignore the effects of the sur-
face, manifested in the conductivity o(z,z"). If we
neglect o° we get for the surface impedance [see Egs.
(3.1) and (3.14)] the expression

e [ uf

2 .
Z(Hy) = —q2+—:)—250+47;;w0°°(q) .

6.9)

o= (q) is the Fourier transform of the total conduc-
tivity of the unbounded medium, i.e.,

o®(g)=0cf(q)+o§(q) , (6.10)

where o (g) is the nonresonant ‘‘background’ con-
ductivity of holes and electrons of the ellipsoid a (see
Fig. 1). The integral in Eq. (6.9) can be, at least in
principle, evaluated by contour integration. It is im-
portant to note that the wave vectors of the most
relevant excitations are of the order |q| ~ 1/8, where
8 is the skin depth. In our regime R./8 << | and
since o & (q) is actually a function of y, defined by

q’ .fiR_CL 2 o

- = 6.11
2¢r 22n+1)’ a ck .10

Y=

we may conclude that the most important contribu-
tions to the surface impedance Z come from the
poles p of the integrand in Eq. (6.9) which satisfy

|p| << 1. Furthermore, we may assume that in the
domain |y| << 1 6=(g) can be well approximated by
the power-series expansion in y

‘%‘0’”((])250+S|y+52y2 . (612)

The expansion for the background conductivity
o (g) of the nonresonant electrons and holes can be
obtained with the help of the formulas given by
Rodriguez.®® o§(g) is a function of the variable
grvr/ (1 —iwt) =igvr/w (since ot >> 1) lqvr/wl is
much less than 1 for the excitations |¢|~1/8. So for
both, o (q) and o§(q), the expansion around zero
is needed.

The lowest two poles p; and p, of the integrand in
Eq. (6.9) are then, within our approximations, equal
to

pi=y., pr=~Iv: . (6.13)

where y; and y; are the two roots of the equation

2.2
yisy+yls + 2a7cT | Lo~ 0 =0 . (6.14)
47w 47

The coefficients sg, s}, and s, are defined by the Eq.
(6.12). For each pole p; there is a mode of electric
field with the complex wave number g;=~/2ap;. As
mentioned already, the largest part of the surface im-
pedance Z comes from the excitations with gR, << 1.
It turns out, as we shall see later, that Z can be ap-
proximated to a sufficient degree of accuracy by the
contribution of the smallest two poles. From Egs.
(6.9), (6.13), and (6.14) we then obtain, making use
of the approximations introduced so far, the follow-
ing expression for the surface impedance

Z(H(,)r-—————‘z/:z—a—z—[—l———l— L 619
s)(pi —pz) P P2

In Figs. 5 and 6 the dependence of gR, on magnet-
ic field H, is depicted for the two relevant electric
field modes (i.e., for the lowest two modes) with the
complex wave vectors ¢ and ¢q,, respectively. R,
was chosen to correspond to the Landau level 9. The
curves were obtained by solving the dispersion equa-
tion numerically for complex zeros, at each relevant
frequency and magnetic field value. The conductivity
was not approximated by the power series (6.12) for
this purpose. We see that one can indeed talk of a
“small-¢”’ and a ‘‘large-¢”’ mode, with their respec-
tive wave vectors ¢, and ¢, satisfying |q,R.| << 1
and |g,R.| > 1. The surface impedance Z was calcu-
lated by the approximate formula (6.15) and the
values of 3R /3H, obtained herewith are given in
Figs. 7(b) and 8(b). The dotted curves represent the
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FIG. 7. (a) The variationally calculated line shapes at 890.7 GHz. Solid curve represents the result obtained by purely ex-
ponential electric field. For the broken curve the assumed field was a damped wave [see Eq. (6.6) and the 8]. (b) The line
shape calculated at 890.7 GHz without surface scattering of electrons taken into account. The dotted curve represents the con-
tribution of the small-g, the broken curve the contribution of the large-g mode. The sum of the two is represented by the solid
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with the surface scattering effects included. The band parameters and lifetimes used in all calculations are given in Tables I and II.
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with the surface scattering effects included. The band parameters and lifetimes used in all calculations are given in Tables I and II
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contribution of the ‘‘small-¢,”’ and the broken curves
the contribution of the ‘‘large-¢”’ mode. Both modes
together give the spectrum represented by the solid
line. The calculated line shapes could be understood
even better if one keeps in mind the behavior of the
two modes with H,, as illustrated by Figs. 5 and 6
(arrows there indicate the positions of the experimen-
tal peaks). We see that at the first peak the contribu-
tion of the ‘‘large-¢”” mode is small since the mode is
strongly damped there, due to large imaginary part of
q,. The dominant electric field at the first peak is
thus almost exponential in character, the real com-
ponent of g, being very small. At higher values of
H, the imaginary part of g, decreases rapidly and be-
comes smaller than Im(g,) at the second peak where
the contribution of the g, mode to the spectrum pre-
vails. The variational calculations thus correctly
indicated the behavior of the electric field in the
sample.

Comparing Figs. 7(b), 7(c), 8(b), and 8(c) we con-
clude that the present approach again does not lead to
satisfactory agreement with the experimental line
shapes. The calculated spectra show too much ab-
sorption on the high-field side of each peak, thus in-
dicating that damping of the waves due to surface
scattering of electrons cannot be neglected. We shall
have this conjecture confirmed by the more accurate
calculations to be described next. It should also be
pointed out that proper relative intensities of the two
peaks in each spectrum could not be obtained without
surface scattering being taken into account; this is
particularly true in the case of the resonance at 890.7
GHz. The band parameters and lifetimes were here
again chosen as given in Tables I and II, since they
lead to the best agreement with the experiments in
more accurate calculations. The present results, how-
ever, could not be significantly improved by solely
changing the band parameters and lifetimes.

We shall now attempt to obtain in approximate
solution of the field equation (3.14), with the surface
scattering term included. According to the works re-
ferred to already at the beginning of Sec. V we may
expect that surface scattering does not essentially
change the character of the electric field inside the
sample. We may therefore assume that the field is,
similarly as in the preceding case (where surface ef-
fects were ignored) equal to a superposition of waves
with complex wave vectors g; and that only the two
modes with the smallest magnitude of wave vector
need be taken into account. Each of the modes is
exponentially damped with a damping constant
1/6,=1Im(gq;) which depends on H, in a way that may
differ considerably from mode to mode (see Figs. 5
and 6). So the corresponding field could be regarded
as being essentially zero outside a layer of width
~28; around the surface. The Fourier transform
E (q) of the electric field is thus peaked at the values
g =Re(g;) and the width A,, of any such peak is ap-

proximately given by

Aqi~2ﬂ'/28i . (6‘6)

Suppose now that g is at the center of one of the
peaks in £ (q), i.e., ¢ =Re(g,;), and that A"i is the
corresponding width of this peak. We can then write
the surface term in Eq. (3.14) approximately as

.L: o*(q,—¢"VE(q") dg' = o°(q,—q)E (q)A,,

7 ota.~aE@) da'

A’qi

g =Relq) . (6.17)

Aqi in the second integral indicates that in the in-
tegration over ¢’ we must exclude the region A,,i cen-
tered at Re(gq;). The expression (6.17) should be a
good approximation if g is near the center Re(g;) of
one of the peaks in E (g), and may in general be less
good for other values of ¢g. This, however, may not
substantially affect the results since the peak values
of the Fourier transform E (g) can be expected to be
most important.

We now introduce an effective conductivity
a.(q ), denoting by A, the width of the peak of
which the center is closest to ¢:

oui(g) =0>(q) +0(q,—q )4, . (6.18)

Then the wave equation (3.14) can be approximately
written as

2 .
—f+%%%+i%ﬂamw4EW)

12 e
=‘-2_] E’(+0)—ﬂgﬁﬁwo‘((i.—q')E(q')dq' -
™ c ‘q

(6.19)

We shall, in what follows, neglect the integral in Eq.
(6.19) which contains the ‘‘mode coupling’’ due to
the surface effects. The expression for the surface
impedance assumes then a form similar as in the case
with no surface effects [see Eq. (6.9)], with o*(q)
replaced by o(q)

v [

w? 4miw

Z(Hy) = —qz+c~€o+—c—2—0err(¢1)

2

(6.20)

We can then calculate the surface impedance Z (H)
assuming again that the main contribution to it
comes from the two smallest poles of the integrand
in Eq. (6.20) and that these poles can be calculated
with sufficient accuracy by expanding o;(g) up to
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the term quadratic in y = ¢%/2a?, as in Eq. (6.12).
These assumptions are based on the same arguments
as in the calculations of Z (H,) without the surface
scattering effects, earlier in this section. To carry
through the calculations in the present case, we need
to know A, which is a function of the magnetic field
H, and differs considerably from mode to mode
(Figs. 4 and 5). For the lowest mode we may as-
sume that, at magnetic fields well below the region
where the first peak occurs, 8, is essentially the same
as when no surface scattering is included. This
should be a good approximation, since there are al-
most no effects of the resonance at those values of
magnetic field (R./8, is close to % there, as one

would expect from the usual skin effect). Further-
more, we see that, in the case of the lowest mode, §,
does not change much over the intervals of magnetic
field of, say, 10 G, which was the separation of the
points at which the derivative 9R /9H, was comput-
ed. At each value of magnetic field H, we can then
compute, together with 9R /9H also the value of §,
and then use this 8, to compute the derivative
OR/9H, at the next value of magnetic field. In order
to calculate the contribution of the upper mode, we
first note that in this case R./8, > | over a large in-
terval of magnetic field, even if surface scattering is
neglected. It is clear, on physical grounds, that sur-
face scattering should depress severely the excitation
of this mode at the magnetic fields where R./8; > 1.
In fact, we found it correct to assume that, for the
above reasons, the excitation of the upper mode can
be neglected in the region of the first peak. Some-
where between the two peaks the contribution of the
upper mode is beginning to be important; it should,
however, be very difficult to calculate precisely how
this happens and thus to obtain correct line shape in
this region. We note that at the second peak Im(q,)
is comparable to Im(g,) and so are, of course, the
corresponding &’s. On the grounds of these observa-
tions we further simplified our calculations of

Z (H,), by neglecting the contribution of the upper
mode over the region of the first peak, and calculat-
ing it over the remaining interval of magnetic field
H using the same A, as for the lower mode. The
results of these calculations are depicted in Figs. 7(c)
and 8(c). We see that, by taking into account the ef-
fects of surface scattering, we get a much better
agreement with the experiment. As expected from
the discussion above, the agreement is rather poor in
the region between the two peaks of the spectrum,
especially at the frequency 964.3 GHz. The band
parameters used in these calculations are consistent
with those deduced in Ref. 15. They are given in
Table I. Although the ky =0 transitions indicated in
Fig. 4 were found to contribute the main part to the
spectrum, transitions from other levels and other ky
values could not be neglected, contrary to the conjec-
ture put forward in Ref. 15. To calculate the line

shapes, we would thus need to know the dependence
of lifetimes 7 on ky, H,, and level number n, i.e.,
r=71(nHyky). This information is not available at
present. It seems to be reasonable to assume that
most important really are the lifetimes of the two
states at the value of H, and k; where the resonant
transitions between these states occur. In this case it
would then be sufficient to know the lifetime of each
Landau level only at one particular value of H, and
ky. We made this rather crude approximation in our
calculations of line shapes. In Table Il the Lorentzi-
an widths I, which have been used here are given
for each Landau level; as is well known, they are re-
lated to the lifetimes'r by I'=1/7.% We can say, on
careful examination, that even relatively small devia-
tions of a few percent from the I',’s given in Table Il
produce rather substantial changes in the calculated
line shapes. We hope to report about a more careful
study of the lifetimes in a subsequent paper.

VII. SUMMARY

Although our theory of quantum cyclotron reso-
nance at far-infrared frequencies is not entirely
rigorous, the underlying physical assumptions appear
to be well justified and lead to the line shapes which
agree well with the observed ones. The nonparabolic
two-band model'® seems to be adequate to study the
problem. It enables us to derive the nonlocal con-
ductivity tensor with the nonparabolicity fully taken
into account. Corrections to the two-band model
(Refs. 18, 30, and 31) can be included at the expense
of a very complicated algebra, but otherwise without
difficulties. We found that the variational ap-
proach,® together with the assumption that electric
field in the sample has an exponential form given by
Eq. (6.6), with a real 8, leads to reasonably good line
shapes at the first peak of the spectra, but does not
give correct line shapes at the high-field side of the
second peak. Assuming then that & is a complex
(i.e., assuming that electric field in the sample is a
wave) we found that the variationally calculated line
shapes are improved at the second peak, but become
worse at the first peak. The prevailing character of
electric field in the sample thus changes from one
peak to the other in a way which is difficult to
predict. The variational approach, although properly
accounting for some of the features of the observed
spectra, is therefore not suitable for calculation of
line shapes in our case [see Figs. 7(a) and 8(a)]. We
continued by calculating the surface impedance of the
bulk, ignoring the surface scattering altogether. As
expected, the results emphasized the wave aspects
rather than the resonances in quasiparticle currents
[Figs. 7(b) and 8(b)] so that the calculated line
shapes were again not satisfactory, showing too much
absorption on the high-field side of the peaks. It
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then became clear that the collisions of electrons with
the surface must be taken into account. We derived
corrections to the conductivity due to the effects of
the surface scattering and found an approximate solu-
tion to the resulting integral equation for the Fourier
transform E (g) of the electric field in the sample.
The properties of the electric field which can be as-
sumed on the basis of its behavior in bulk enabled us
to define an effective conductivity o.;(¢) so that the
surface impedance Z, when surface scattering is
present, could be approximately written in the same
form as in the bulk case. The spectra thus calculated
agree well with the experimental ones [Figs. 7(c) and
8(c)]. We found that the observed line shapes could
be attributed to the two electric field modes with the
smallest magnitude of the (complex) wave vector.
The first peak in the spectrum is largely due to the
lowest mode with the wave vector g, satisfying
Im(g,) >> Re(q,) =0. At the second peak the oth-
er mode, with the wave vector ¢,, prevails. This
mode is more ‘“‘wavelike,” since Re(q,;) > Im(q;).
The variational calculations thus correctly indicated
the behavior of the electric field.

The band parameters used in our calculations are
consistent with those deduced earlier directly from
the experimental results (Ref. 15). We supposed that
the most important really is the relaxation rate of a
Landau level at the value of ky and the magnetic
field H, at which the level is involved in a resonant
transition. The values of these relaxation rates had
to be assumed. The ky =0 transitions considered in
Ref. 15 (see Fig. 4) were found to contribute the
main part of the spectra. However, to obtain a satis-

factory line shape (particularly on the high-field side
of the resonances) transitions from other Landau lev-
els and other ky values had to be included in the cal-
culations.

We mentioned already the work by Allen,? pub-
lished on the cyclotron resonance at far-infrared fre-
quencies in metals. Although in his case the reso-
nance occurs in a much different regime (and, conse-
quently, different methods must be used in calculat-
ing the line shapes) we both find that the cyclotron
resonance spectra reflect considerably the excitation
of cyclotron waves and that the effects of the surface
scattering of electrons on these waves must be taken
into account.

ACKNOWLEDGMENTS

We wish to express our gratitude to Dr. Avid
Kamgar for kindly sending us her experimental
curves and to the University of Maryland Computer
Science Center for providing very generously the
computer time for this research. One of us (A.M.)
would like to thank the Center for Theoretical
Physics and the Center for Materials Research of the
University of Maryland, and the Research
Community of Slovenia for financial support. He is
furthermore much indebted to Professor S. F. Fischer
for the kind hospitality at the Munich Technical
University, during which parts of this work were
performed, and to Professor D. Hadzi of the Boris
Kidri¢ Institute for making completion of this work
possible.

*The main part of this work was performed when author was
at the Dept. of Physics and Astronomy, University of
Maryland, Md., and at the Institut fiir Theoretische Phy-
sik, Technische Universitit Miinchen, Miinchen, Federal
Republic of Germany.

The author to whom the correspondence concerning this
paper should be sent.

IE. A. Kaner and V. G. Skobov, Electromagnetic Waves in
Metals in a Magnetic Field (Taylor and Francis, London,
1968).

2P. M. Platzman and P. A. Wolff, Waves and Interactions in
Solid State Plasmas (Academic, New York, 1973).

3P. Bloomfield, Physica (Utrecht) 32, 1189 (1966).

4M. Ya. Azbel’ and E. A. Kaner, Zh. Eksp. Teor. Fiz. 32,
896 (1957) [Sov. Phys. JETP 5, 730 (1957)]; Phys. Chem.
Solids 6, 113 (1958).

5L. E. Hartman and J. M. Luttinger, Phys. Rev. 151, 430
(1966); E156, 1038 (1966).

6R. G. Chambers, Proc. Phys. Soc. London 86, 304 (1965).

"H. D. Drew, Phys. Rev. B 5, 360 (1972).

8S. J. Allen, Jr., Phys. Rev. B 9, 4121 (1974); S. J. Allen,
Jr., L. W. Rupp, Jr., and P. H. Schmidt, ibid. 7, 5121
(1973).

9G. E. Smith, L. C. Hebel, and S. J. Buchsbaum, Phys.

Rev. 129, 154 (1963).

101, M. Lifshitz, M. Ya. Azbel’, and M. I. Kaganov, Zh.
Eksp. Teor. Fiz. 31, 63 (1956) [Sov. Phys. JETP 4, 41
(1957)1.

IIL. C. Hebel, Phys. Rev. 138, A1641 (1965).

12N, V. Brovtsyna and V. G. Skobov, Zh, Eksp. Teor. Fiz.
56,699 (1969) [Sov. Phys. JETP 29, 379 (1969)].

13V S. Ede’man, Usp. Fiz. Nauk 102, 55 (1970) [Sov. Phys.
Usp. 13. 5. 583 (197D)].

14U. Strom, H. D. Drew, and J. F. Koch, Phys. Rev. Lett.
26, 1110 (1971). ‘

15U, Strom, Avid Kamgar, and J. F. Koch, Phys. Rev. B 7,
2435 (1973).

16P. Goy and B. Gastaing, in Proceedings of the Thirteenth
International Conference on Low Temperature Physics, edited
by R. D.Kropschot and K. D. Timmerhaus (University of
Colorado Press, Boulder, Colo., 1972).

1"We are indebted to Dr. Avid Kamgar for this information.

18, W. McClure, J. Low Temp. Phys. 25, 527 (1976).

198, Lax and J. G. Mavroides, in Advances in Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic, New York,
1960), Vol. I1.

20M. 1. Cohen and E. L. Blount, Philos. Mag. 5, 115 (1960).

2IP, A. Wolff, J. Phys. Chem. Solids 25, 1057 (1964).



23 CYCLOTRON RESONANCE AND CYCLOTRON WAVES AT . ..

22M. H. Cohen, Phys. Rev. 121, 387 (1961).

R, H. Bhargava, Phys. Rev. 156, 785 (1967).

24G5. E. Smith, G. A. Baraff, and J. M. Rowell, Phys. Rev.
135, AT118 (1964).

25J. S. Dhillon and D. Shoenberg, Philos. Trans. R. Soc.
London Ser. A 248, 1 (1955).

26Y . Saito, J. Phys. Soc. Jpn. 18, 1845 (1963).

2T, T. Chu and Y. Kao, Phys. Rev. B 1, 2369 (1970).

288, McCombe and G. Seidel, Phys. Rev. 155, 633 (1966).

K. Tayoda, Y. Sawada, and H. Kawamura, J. Phys. Soc.
Jpn. 32,653 (1972).
3G, A. Baraff, Phys. Rev. 137, A842 (1965).

3IM. P. Vecchi, J. R. Pereira, and M. S. Dressethaus, Phys.

Rev. B 14, 298 (1976).

32B. Lax, K. J. Button, H. J. Zeiger, and L. M. Roth, Phys.

5287

Rev. 102, 715 (1956).

BR. E. Prange and T. W. Nce, Phys. Rev. 168, 779 (1968),
and references mentioned therein.,

3311, Buchholz, Die konfluente hypergeometrische Funktion mit
hesonderer Berticksichtigung ihrer Anwendungen (Springer,
Berlin, 1953), p. 148.

35p. M. Marcus, Natl. Bur. Stand. (U.S.) Circ. No. 519, 265
(1952).

36M. C. Jones and E. H. Sondheimer, Proc. R. Soc. London
Ser. A 278, 256 (1964).

37G. E. Reuter and E. H. Sondheimer, Proc. R. Soc. London
Ser. A 195, 336 (1949).

383, Rodriguez, Phys. Rev. 112, 84 (1958).

39L. P. Kadanoff and G. Baym, Quantum Statistical Mechanics
(Benjamin, New York, 1962), p. 29.



