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Doppler-shifted cyclotron resonance (DSCR) is investigated in aluminum. The impedance of a plate in a
magnetic field H parallel to the [100] axis oriented perpedicular to the sample surface is investigated
experimentally and theoretically. Circular polarizations of the exciting radio-frequency field are used in the
experiment. Besides the helicon oscillations of the surface-resistance derivatives d R /dH as functions of the
magnetic field intensity, a series of oscillations with multiple periods are observed. Some properties of the
oscillations, viz., their existence for only certain circular polarizations, the limited range of the magnetic field
strength, and the field dependence of the periods, indicate that they are due to the propagation of dopplerons
due to multiple DSCR but not to the Gantmakher-Kaner size effect. A theoretical analysis is carried out

for a simple model Fermi surface possessing fourfold symmetry with respect to the [100] axis and describing
qualitatively the shape and size of the real Fermi surface. It is shown that multiple dopplerons with definite
circular polarization should exist in aluminum. The theory and experiments are in qualitative agreement. Our
simple model predicts most of the features of DSCR in aluminum.

1. INTRODUCTION

As is well known, the Doppler shifted cyclotron reson-
ance (DSCR) of conduction electrons manifests itself in
the appearance of thresholds for collisionless cyclotron
absorption of electromagnetic waves in metals. The
DSCR leads to a limitation of the region of existence of
helicons in uncompensated metals [*, and to the
Gantmakher-Kaner size effect [*], In addition, the DSCR
gives rise to the appearance of new propagating
modes [***3, In(®2%), with simple Fermi-surface models
as examples, it was demonstrated that excitation of the
DSCR modes, which were later called dopplerons, should
lead to oscillations of the impedance of a plate, similar
to Gantmakher-Kaner oscillations (GKO). It has been
shown[7%°3 that the surface-resistance oscillations ob-
served in cadmium, indium, and copper are due to exci-
tation of dopplerons. In cadmium, the dopplerons are
due to the electrons and holes with maximum displace-
ment during the cyclotron period 7], The wave fields of
these dopplerons rotate in the same direction as the
corresponding carriers(”’®3, In indium®! and in cop-
pert*®l, the dopplerons are due to the DSCR of the car-
riers having the minimal displacement per period, and
their fields rotate in a direction opposite to the direction
of rotation of these carriers.

The present paper is devoted to a study of DSCR in
aluminum. The behavior of the impedance of an aluminum
plate in a magnetic field H normal to the sample surface
was investigated by a number of workers [*'7!*], Series
of oscillations were observed, with multiple periods,
and were attributed to the Gantmakher-Kaner effect.

The possibility that these oscillations result from dop-
pleron excitation was also discussed [‘2], but the authors
of [+ preferred the first of the foregoing explanations.

The present study was undertaken to ascertain the
nature of the oscillations in aluminum. We investigated
the impedance of a plate in a magnetic field H parallel
to the [100] axis and oriented normal to the surface of
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frequency field of circular polarization. The use of cir-
cular polarizations has demonst ted that each of the
series of oscillations in aluminum has a perfectly de-
fined circular polarization. This proves that they are
connected with the excitation of dopplerons, inasmuch as
the GKO have linear polarization. The oscillations of the
fundamental DSCR are observed both below and above
the helicon threshold, and their circular polarization is
opposite to that of the helicon. The polarization of the
fifth harmonic coincides with the polarization of the
fundamental resonance, while the polarization of the
third harmonic coincides with the polarization of the
helicon. The results agree with the conclusions of the
theory. A theoretical investigation was carried out for a
model Fermi surface having a fourfold symmetry.
Therefore, unlike the previously considered [°**%) axially
symmetrical models, in this model there exists multiple
resonances and dopplerons that correspond to them,

2. THEORY

A. Fermi-surface Model

As is well known, the Fermi surface of aluminum
consists of a large hole surface in the third Brillouin
zone and a small group of electrons in the fourth
zone [*], The electron density is less than 3% of the
hole density, so that the contribution of the electrons to
the conductivity will be neglected in the study of the
DSCR of the holes.

The hole surface has a fourfold symmetry relative to
the principal axes of the crystal. Plots of the area S(ky)
of the intersection of this surface with the plane k
= const ((kz axis Il [100]) and of its derivative 8S/0k,, as
functions of k,, are shown in Fig. 1 by thin lines. These
plots are the result of the calculation of Larsen and
Greisen [*1],

We consider a model in which the S(k,) dependence is
described by the formulas
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At x5 <x < 2x;, the function y(x) must be continued sym-
metrically with respect to the point x = x3. In these
formulas, a is the lattice constant, n is the ratio of the
maximum value yy, of the function y(x) to the value of y,,
at the minimum at x = x;. We choose Ym such that the
limiting period of the doppleron oscillations coincides
with the experimentally observed one. We note that the
experimental results of *2**] just as our measure-
ments, yield larger values of 8S/0k, at the minimum for
real aluminum than in the theoretical model of Larsen
and Greisen.

For a unique determination of the Fermi surface it is
necessary also to specify the cross section area S(0) at
k, = 0. We obtain this area from the condition that the
density of the holes in the model be equal to the true den-
sity in aluminum:

N—a—( S(O)—Iy(z)dz) )

For the quantities a = 4.05 &, N = 0.062 A%, and the
parameters

yn=8.1, n=14, z,=0.154, z3=0.700 (5)

the plots of S(k,) and aS/Bk are shown in Fig. 1 by the
thick curves. The BS/akZ plot in our model is symmetri-
cal with respect to the minimum, and this greatly simpli-
fies the calculations. The left-hand side of the GS/BkZ
plot is similar to the corresponding part of the Larsen
and Greisen curve. On the other hand, the difference be-
tween the right-hand sides is insignificant, since most
holes are in the region [k,| < xsm/a.

z,=0.163,

As the curve describing the boundary of the cross
section of the Fermi surface we choose the astroid

kPR =[8S (k.) /3", (6)

Of course, this curve differs from the shape of the cross
section of the real Fermi surface of aluminum. However,
it does have a fourfold symmetry and is similar to the

real cross section of the Fermi surface in the vicinity of

S/x/a)
12

dk,/a

L

28 1.2 1.6 g 1.5
kz/(5/a) ky/(7/a)
FIG. 1. Plots of the area (curves 1 and 2) and of the derivative of the
area (curves 3 and 4) of the cross section of the Fermi surface of alumi-
num; ky || [100].
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the minimum of 8S/6k,. Therefore the behavior of the
nonlocal conductivity near the DSCR due to the holes with
the minimum value of as/akz is described qualitatively
correctly by this model.

The carrier dispersion law € = €(k) for our model
can be expressed in the form

2nh-tme (k) —S (0) =*/sn (k" +k." ) —S (%), (7

where m is the cyclotron mass. The Fermi energy is

e = 1°S(0)/2mm. Indeed, at ¢(k) = h’S(0)/27m the left-
hand side of (7) vanishes, and we obtain Eq. (6) for the
cross section of the Fermi surface. With this dispersion
law, the energies of the longitudinal and transverse mo-
tion enter additively, as the result of which the longi-
tudinal carrier velocity v, is independent of the trans-
verse momentum components. This circumstance greatly
simplifies the calculation of the nonlocal conductivity,
and at the same time has no qualitative influence on the
dispersion curves of the DSCR modes (according to
Larsen and Greisen['*3, allowance for the dependence
of v, on k, and k leads to a change of the nonlocal con-
ductivity by an amount on the order of 5%).

The equation describing the intersection of the equal-
energy surface and the plane perpendicular to the mag-
netic field (H il k,) can be conveniently expressed in
parametric form

®)

ki=p cos’ g, k,=psin’q,

where ¢ is the azimuthal angle in the kzky plane. At
€ = €p we have

0*=38 (k) /8, )

and Eqs. (8) are equivalent to Eq. (6). Differentiating

€(k) with respect to k and using (8), we obtain expres-

sions for the hole velocity components:
3fip 3hp

B n aS(k.)
8cosp ' 8sing ' ’

2n Ok,

(10)

mv, =

B. Nonlocal Conductivity
The general expression for the elements of the con-
ductivity tensor o aﬁ("’ w, H) is given, for example,

in[*], For circular polarizations, in the case consid-
ered by us, it can be transformed into

_ L 2ne*hm Ua* (Un*+va7)
0= Outioy: =52 [ ax Z ———v py e r—— (11)
where
Ut = LI [v:(x) %iv, (7) '™ dr, (12)
2n J

©Q = eH/mc is the cyclotron frequency of the holes, w is
the frequency of the electromagnetic wave, « is the
wave vector, and v is the frequency of the carrier colli-
sions with the lattice. We shall henceforth consider the
case of strong magnetic fields, when £ > |v —iw|. The
dimensionless time 7, which characterizes the motion of
the particle along the orbit, is connected with the angle
¢ by the relation
A1 (dk.)* +(dky)*
di=—— | —
m v+ u,?
Substitution of (10) in (12) with allowance for (13)
leads to the following expression for the Fourier com-
ponents of the transverse velocities:

]‘Il = — (1 —cos 4¢)dq. (13)

+ _ 3Mp 1 1 9 _

V= [J.(s:l:T) J,*l(s:tT)], s=...,—2,—1,0,4,2,...,
(14)
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where Jg(x) is a Bessel function of order s. The remain-
ing Fourier components of the transverse velocities, for
a Fermi surface having fourfold symmetry, are equal to

Zero.

If we now substitute (14) and (9) in (11) and use the
connection between v, and 8S/8kz, then the expression
for the nonlocal conductivity can be represented in the
form

__ .Nec > A* q -9 l
=TTy =_w4si1~i~[F(4si1—iv)+F(4si1—i~)]"(15)
AF=[],(sx')) —Tiar (s£) I3, (16)
_ 17 oy@1 17
)= ;‘.dx[l b ] ) amn)
_ Almin L nACYm v 18
T2 tmin = eall '’ 'Y—Q—' ( )

The quantity q represents the ratio of the displacement
Upin Of the holes with k, = nx3/a to the length of the
electromagnetic wave. In (15) we assume that y does not
depend on kz'

Direct calculation of the integral (17) yields

F(p)=I.(p) +1:(p) +1:(p), (19)

- S . _
I:(P)—m[1 a T—atap Inea(l P)], (20)
_ Bp(1—%) A+p)lp(n—1)(1—pn)]*
L) = D T 8 1 pmFBG-D]
@1)
1s(p) = A-pU-%8 =P+l —p) (n—1)]"
4(1-p)" p(1—p)(n—11" " (1—p) " —[p(1—p*) (n—1)1" ~

(22)

The function I;(p) has a cut in the complex p plane, from
p=1top =+, At Re p > 1, this function must be cal-
culated on the second sheet above or below the cut, de-
pending on the sign of the imaginary part, which results
from the collisions with the lattice, of the argument in
(15). The function I»(p) has a cut in the p plane from

p = 7" to p = 1, while the function Is(p) has a cut from
p =[n — p*(m —1)] ' to p = 1. The function I,(p) in the
region 7 < Re p < 1 and the function I3(p) in the region
[n—p8%mn —1)]7" <Rep < 1are calculated in analogy
with I;.

The right-hand side of (15) is a sum of terms corre-
sponding to the odd harmonics of the DSCR. The presence
of multiple resonances at s # 0 is due to the fact that the
Fermi surface has no axial symmetry.

The dependence of the function F on p is due to the
spatial dispersion. When p varies from zero to 7~ the
function F increases monotonically from unity to infinity,
remaining real and positive. The root singularity of I. as
p — 07! is due to the DSCR of the holes that have a maxi-
mum displacement up .. = Mup,;n. In the regionp > 77t
the function F acquires an imaginary part which des-
cribes the collisionless cyclotron absorption by the holes,
the displacement of which is equal to the length of the
electromagnetic wave. The imaginary part of F becomes
infinite to the right of the point p = n™! and to the left of
the point p = 1. Im F is small in the region p > 1. The
real part of I, on the other hand, has a root singularity
to the right of the point p = 1, which tends to minus infin-
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ity as p — 1. This conductivity singularity is connected
with the DSCR of holes having a minimum displacement
Ui Over the cyclotron period. With increasing p, the
function Re F(p) increases, goes through zero at the
point p = 2.33, and reaches a maximum Re F(0.03)

= 0,048 at p = 3.03. With further increase of p, the func-
tion Re F(p), while remaining positive, tends mono-
tonically to zero. The reversal of the sign of Re F(p) at
p = 1 is due to the presence of the minimum of 88/2k,, at
k, = X3 /a. At p > 1, the main contribution to the non-
local conductivity is made by holes with k, ~ 7x; /a, the
displacements of which are larger than the electromag-
netic wavelength 27/k’. The Doppler shift of the frequency
K’vz for these holes exceeds the cyclotron frequency, as
a result of which the nonlocal hole conductivity reverses
sign, i.e., the holes behave like the electrons in the wave-
length regionp > 1.

C. Solution of the Dispersion Equation

The properties of the electromagnetic waves in a
metal are determined by the solutions of the dispersion
equation

i’ =4niwo, (%, o, H).

Using the dimensionless variable q, it is convenient to
represent this equation in the form

0:/o=0,(q), (23)

1 Az -
0*(q)=7,;_4si‘ T—oy [F (=) (Gai=s)] @
wr=a’eH*/4n’Nch?y,,*. (25)

The dispersion equation (23) is quite complicated and
cannot be solved analytically. The character of its solu-
tions can be investigated by considering the behavior of
the functions &,(q). The imaginary part of the functions
&.(q) and ®_(q) coincide, and their real parts differ only
in sign. It suffices therefore to consider one of them,
for example &.. In the collisionless limit y — 0, the
plots of the real and imaginary parts of the function
®2(q) at real q are shown in Fig. 2.

In the region q < 1 we have &2~ q2 This branch of
the dispersion curve corresponds to a helicon, At a cer-
tain value of q less than 7™, the function ®° reaches a
minimum and tends to infinity as ¢ — 7™, Thus, above
the helicon threshold there is a solution that describes
the DSCR mode due to the resonance of the holes with
the maximum displacement. The properties of this wave

-4 10®7 \wzm{’ 10°p7
ol ] |
!
1
..//

s S
7 s 1‘7‘ 9

B |
T

FIG. 2. Dependence of the real (solid curves) and imaginary (dashed
curves) parts of the function fI>?_ on the reduced wave number q. The
ordinate scale is different in different regions of q.
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were discussed by Larsen and Greisen3, This
doppleron is practically unobservable, inasmuch as it
exists in the same polarization and in the same field
region as the helicon, and its amplitude is much smaller
than the helicon amplitude.

In the intervals
1~ (2k+1)<|Re | <2k+1 (k=0,1,,2...) (26)

the function I»(q/(2k + 1)) and Is(q/(2k + 1)) have large
imaginary parts due to the strong cyclotron absorption
of the wave by holes for which as/akz lies in the interval
from ymn/a to nymw/a. The existence of the large im-
aginary part ¢ leads to the fact that there are no propa-
gating modes in the intervals (26).

In the gaps between the intervals (26), the imaginary
part of I» and Is are equal to zero, and Im & is connected
with the imaginary part of I,, which is small, To the
contrary, the quantities Re(I: + Is) have singularities on
the boundaries of these gaps, with Re I, becoming infin-
ite on the right-hand boundary and Re I3 on the left-hand
boundary. The quantity Re &, is positive in the intervals

4j—1<|Re q|<n~'(4j+1) (=1,2,...) @7)
and negative in the intervals
4j—3<|Reg|<n~'(4—1) (i=1,2,...). (28)

This means that in the intervals (27) there are solutions
of the dispersion equation describing the propagating
modes with positive polarization, and in the intervals
(28) with negative polarization. In each of these intervals
there are two solutions.

The regions of existence of all these dopplerons have
thresholds on the side of weaker magnetic fields. The
values of the threshold fields decrease monotonically
with the number of the resonance. As seen from Fig. 2,
in the midpoints of the intervals (27) and (28), at mag-
netic-field values close to the threshold, the imaginary
and real parts of the function &, become of the same
order, and therefore in these regions of q there are no
propagating solutions. Consequently, the values of the
reduced wave numbers q' = Re q of the dopplerons are
close to the resonant values. The solutions with q’ 2 2k
+ 1 are due to the multiple DSCR of the holes with the
m1n1mum displacements, and the solutions with —q’
< n- (2k + 1) are due to the multiple resonances of the
holes with the maximal as/akz. Since the functions <I>i(q)
are even in q, for each solution of the dispersion equa-
tion (23) there is a symmetrical solution that differs only
in the sign of q’. The physical solution is the one corre-
sponding to the positive group velocity dw/dk. Such solu-
tions have negative values of q' for dopplerons due to the
maximum of 8S/6k and positive values of q’ for dop-
plerons due to the m1mmum of as/ak

In the vicinities of the resonances, the dispersion
equation (23) can be solved approximately. To this end,
we represent the variable q in the form q =q’ +1iq”,
where q’ and q” are the real and imaginary parts of q.
Expanding the expressions in (23) and (24) in terms of
the quantities

43:11 ’ (q"+ . )[q +(4s£1)],
( " 4 g’ )[q,+ (4s +=1) ]—l (29)
4s 1

and separating the imaginary and real parts, we obtain
o./o=+Re 0.%(¢’), (30)
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The solutions of (30) can be obtained, for example,
graphically from the intersection of a horizontal line
corresponding to the given value of the ratio wy, /w with
the plot of the function Re ®°(q’). The dependences of the
reduced wave numbers of the dopplerons on the magnetic
field are shown in Fig. 3. Positive values of the mag-
netic field correspond to negative polarization and vice
versa. The wavelengths 27/k’ of the dopplerons due to
the minimum of 3S/ok,, are close to u, ;- /(2k + 1), while
the wavelengths due to the maxima of as/ak are close
to upax /2k + 1),

xre[F(757)

It is seen from (31) that the damping of the dopplerons
depends strongly on the value of the derivative
dRe 7/dq’. In the strong-field region, where the deriva-
tive increases without limit, the nonlocal damping tends
to zero. The total damping tends to «” = I"*, where [ is
the mean free path of the resonant carriers. With de-
creasing magnetic field, the derivative d Re &°/dq’ de-
creases, while the nonlocal damping increases and be-
comes infinite at the threshold field value. Therefore the
region where the doppleron can be observed is bounded
on the weak-field side by a field value slightly exceeding
the threshold.

The character of the variation of the collisional part
of the damping with decreasing field depends on the type
of the wave. If we consider in (30), (31), and &2 only one
term with number s, then when the field is decreased the
collision part of the damping decreases for the doppleron
due to the minimum of BS/akz, and increases for the
doppleron due to the maximum of 8S/6k,. Therefore a
correct allowance for the collision dampmg shows that
the lower limit of the region of the observation of the
doppleron due to the minimum of aS/akz is somewhat
lower, while that of the doppleron due to the maximum
of E)S/akZ is somewhat higher, than that obtained if one
neglects the dependence of the collision damping on the
field (kaqp = 1™). The influence of the remaining terms
in (31) complicates the picture. For the assumed model
with parameters (5) it turns out that a correct allowance
for the collision damping for all the dopplerons due to
the maximum of 8S/0k, raises the lower limiting field,
and consequently narrows down the observation region.
For the first and third dopplerons due to the minimum,
the boundary drops and the region of observation broad-
ens, while for the fifth doppleron the boundary rises.

7
6
\\im
—Y
Jm
° 1 N m
275 =10 -5 g 10 5 |
H, kOe
M -2
~—~—
-y v
"

FIG. 3. Dependence of the real parts of q on the magnetic field in-
tensity at f, = 200 kHz. The curve H corresponds to the helicon; the
curves Im, 3m, and 5m correspond to multiple dopplerons due to the
minimum of 3S/dk; the curves 1M, 3M, and 5M correspond to multi-
ple dopplerons due to the maximum of 9S/dk;.
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D. Impedance of Plate

The character of reflection of carriers from the sur-
face of the metal has very little effect on the behavior of
the amplitude of the transmitted wave when the field is
altered [“3, so that in the calculation of the impedance
we shall deal with the simpler case of specular reflec-
tion. For a thick plate (k”d 2 1), neglecting the waves
reflected from the surface, the contribution made to the
derivative of the surface impedance of the plate, due to
the propagation of a doppleron in the plate, is given by 7

dAZ wp 2ead\ d (H* | dRe ®.°\ ! .. 2ead
i~ () i (e () e ()b
(32)

where q’(H) is the solution of Eq. (30) and d is the thick-
ness of the plate.

With changing magnetic field, the impedance of the
plate experiences oscillations whose period is equal to
Al = Aligr| ¢’ +3Re 0.°(") (M) - | )
dg

where

AHgx=nhcyn/ead (34)

is the period of the Gantmakher-Kaner oscillations €21,

In the region of strong fields, where dRe &’ (q’)/dq’ tends
to infinity, the period AH approaches AHgy /(2k + 1) for
dopplerons due to the minimum of 8S/8kz, and approaches
naHgg /(2k + 1) for dopplerons due to the maximum of
aS/akZ. With decreasing field, the period of the doppleron
oscillations due to the minimum increases, as seen from
formula (33) and Fig. 2, and the period of the oscillations
due to the maximum decreases. For the model param-
eters assumed by us, these tendencies remain in force
for the entire region of doppleron observation, although
generally speaking they could change in still weaker
fields. Plots of AH/AHGgk are shown in Fig. 4.

The doppleron observation region is bounded on the
weak-field side by the damping q”. In strong fields the
amplitude of the oscillations decreases because of the
increase of the derivative dRe ®/dq’. When the field
increases from the threshold value, the amplitude of the
oscillations of the derivative of the surface resistance

AH/AHGK
\ 7
Yo % 0¥ EANEIN
X x
x \—_
1.0
2.5
wed,
\,‘IC"‘? s/
LY AN
0 J 0 5 H, kOe

FIG. 4. Dependence of the reduced period of the doppleron oscil-
lations on the magnetic field at a frequency f, = 200 kHz and 8S/0k;,
=8.1 (m/a) A™!. Curves—results of calculation. The experimental data
for the first harmonic, for samples with different thicknesses d, are
marked by different symbols o—d = 0.51 mm, X—d = 0.46 mm, e—d
=0.31 mm. For the third and fifth harmonics, the results for all sam-
ples are represented by points.
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d(AR)/dH increases, reaches a maximum, and then de-
creases. The oscillations for a plate of thickness

d = 0.50 mm, frequency f = w/27 = 200 kHz, and

y = 1/HkOe (vmc/e = 10° g*2 em™*sec™) are shown in
Fig. 5. It is seen from the figure that the regions where
dopplerons oscillations are observed are monotonically
lowered with increasing number of the resonance. For
dopplerons due to the maximum, they are very narrow
and contain two or three oscillations, and the amplitudes
of these oscillations are relatively small. For doppler-
ons due to the minimum, the region of optimal observa-
tion includes many oscillations. The maximal values of
the amplitudes of these oscillations decrease monotonic-
ally with the number of the doppleron.

3. EXPERIMENT

A. Measurement Procedure and Samples

The DSCR was investigated experimentally on alum-
inum samples having resistance ratios pgpoek /94.2°K

=17 x 10°, The samples were single-crystal plates meas-
uring 10 X 4 mm and 0.31, 0.46, and 0.51 mm thick. They
were cut by the electric spark method from a single-
crystal cylinder. The sample orientation was determined
by x-ray diffraction. The normal to the plane of the plate
was directed along the [100] axis with accuracy of ap-
proximately 1°, The samples were etched in a solution
of nitric acid. The surface of the plate had no mirror
brilliance after the etching.

As shown by the investigations of [°*%J, the use of
circular polarizations in the case of a magnetic field
normal to the surface of the sample is a convenient me-
thod of investigating DSCR and the dopplerons associated
with it. This method makes it possible to distinguish the
impedance oscillations due to doppleron excitation from
the Gantmakher-Kaner oscillations, and also makes it
possible to investigate the impedance singularities pro-
duced in a semi-infinite metal by the propagation of dop-
plerons. Therefore, in the investigation of the DSCR in
aluminum, the exciting radio-frequency field was circu-
larly polarized. The sample was securely mounted in
two flat mutually perpendicular coils. One of the coils
was the inductance coil of the tank circuit of an autodyne
detector with constant sensitivity (18] The second was
used to produce a radio-frequency field having a circular
polarization in the plane of the sample. The direction of
the rotation of the electric and magnetic vectors of the
field could be varied in the course of the measurements.
The measurements were performed in a magnetic field
of intensity up to 16 kOe, which was produced by an elec-

iR
dH r

W\

1 L 1
5 0 15 H, kOe

FIG. 5. Calculated plots of the derivative of the surface resistance
against the magnetic field in the case of positive (curve 1) and negative
(curve 2) polarization at a frequency f, = 200 kHz and a plate thickness
d=0.50 mm.
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tromagnet. The field of the magnet was modulated in
amplitude at a frequency 10 Hz. The modulation ampli-
tude reached 120 Oe. The autodyne signal was propor-
tional to the derivative dR /dH of the surface resistance
with respect to the magnetic field, and was fed after
amplification and synchronous detection to the Y input of
an automatic X-Y potentiometer. The X input was the
voltage from a Hall pickup, which was calibrated against
NMR signals with a running-water magnetometer [7
directly during the course of the measurements. The
total error in the plot of dR/dH did not exceed 19. The
measurement ]procedure was described in greater detail
earlier ["7871%7,

The measurements were performed in the frequency
interval 0.15—2.0 MHz at a temperature 4.2°K. Further
lowering of the temperature did not lead to an increase
of the observed dR /dH oscillations. The direction of the
magnetic field, parallel to the binary axis [100] of the
crystal, was determined at the start of each experiment
from the symmetry of the angular dependence of R(6),
where 6 is the angle in the crystallographic plane (010)
of the sample between the direction of the magnetic field
and the [100] axis. The amplitude and the phase of the
voltage on the auxiliary coil were then adjusted to obtain
circular polarization of the exciting field. After deter-
mining the orientation of the magnetic field and selecting
the polarization, we plotted dR /dH at positive and nega-
tive polarizations.

B. Measurement Results

Typical plots of the derivatives dR,/dH in a wide in-
terval of magnetic fields are shown in Fig. 6a. Against
the background of smooth variations of the derivatives,
one can see four series of oscillations, marked on the
figure by the letters A, B, C, and H. The oscillations H
were observed in strong magnetic fields in positive
polarization and are due to helicon excitation. The thres-
hold field of the helicon, proportional to £/ ®, had a value
Hy = 12.3 kOe at the frequency f = 175 kHz. The helicon
dispersion in aluminum was investigated in detail by
Larsen and Greisen[*1],

The oscillation series A, B, and C exist in limiting
magnetic-field intervals. The upper and lower limiting
fields for these types of oscillations increase with in-
creasing frequency in proportion to £/°, The periods of
the oscillations did not depend on the frequency, so that
to observe a large number of oscillations of the series
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FIG. 6. Plots of dR+/dH against the magnetic field for samples of
thickness d = 0.31 mm: a—frequency f = 170 kHz, b—510 MHz; T
=4.2°K. Curves 1 and 2 correspond to polarization plus and minus,
respectively. The plots for equal frequencies were drawn at equal gains.
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A, B, and C it is advisable to perform the measurements
at higher frequencies. However, an increase of the fre-
quency above 1 MHz has led to a decrease in the ampli-
tudes of the oscillations, probably owing to the quality of
the sample surface. Figure 6b shows plots for the same
sample as in Fig. 6a, but at a larger gain and at a fre-
quency f = 510 kHz.

The A oscillations have the largest amplitude and are
observed only at negative polarizatiocn. They exist in a
wide range of magnetic fields both below and above the
helicon threshold. The B oscillations are observed in
positive polarization and in weaker magnetic fields, and
their amplitude is lower than that of the A oscillations.
The C oscillations have negative polarization, the lowest
amplitude, and the narrowest region of existence with
respect to the magnetic field. We make no quantitative
comparison of the amplitudes of the different types of
oscillations, in view of the dependence on the thickness
of the samples, on the frequency, and on other factors.

As seen from Fig. 6, the A, B, and C oscillations are
approximately periodic in the magnetic field and their
periods vary slowly with changing field intensity. Figure
4 shows the results of the measurements of the depend-
ence of the periods of three types of oscillations on the
magnetic field for samples with different thicknesses.
The ordinates in this figure represent the ratio
AH/AHnq, Wwhere AH is the distance over the magnetic
field between the two neighboring maxima of the given
group of oscillations, and AHgk is the period of the
Gantmakher-Kaner oscillations (see (34)) for the sample
of the corresponding thickness and the value E)S/akz
= 8.1(n/a)A™*. The abscissas represent the values of
H(fo/f)'”*, where f is the frequency at which the meas-
urements were made, f, = 200 kHz, and H is the arith-
metic mean of the magnetic fields corresponding to the
maxima.

As seen from the foregoing results, the value of
AH/AHGK does not depend on the sample thickness, i.e.,
the periods of the A, B, and C oscillations are inversely
proportional to the thickness d. The period of the A os-
cillations, in the entire region where they are observed,
decreases smoothly with increasing magnetic field. The
maximum change of the period is 129, in agreement with
the results of Larsen and Greisen[”f. In weak fields, the
period of the B oscillations increases with increasing
magnetic field. In stronger fields, it seems to decrease
on going through the maximum, although the spread of the
experimental points does not make it possible to reject
another possibility, namely, that starting with a certain
field H, the period assumes a constant value. With the
same accuracy, it can be stated that the period of the C
oscillations is independent of the field. The periods of
the A, B, and C oscillations are approximately multiples
of one another and their ratio is 1:1/3:1/5. The mag-
netic field regions in which the oscillations are observed
can be determined from the experimental data are shown
in Fig. 4. We note also that the amplitudes of the oscilla-
tions are very sensitive to the orientation of the magnetic
field. When the field deviates from the direction of the
normal to the sample surface, the amplitudes decreases
sharply, and more abruptly for the B and C oscillations
than for the A oscillations. At ¢ = 5°, the B and C os-
cillations were not observed. The decrease of the ampli-
tudes is connected with the strong anisotropy of the
Fermi surface.

The properties of the A, B, and C oscillations, namely
their existence only in a definite circular polarization,
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the limited region of magnetic fields in which they are
observed, and the dependence of the period in the field,
allow us to state that they are due to the propagation of
dopplerons which are connected with multiple DSCR, and
not with the Gantmakher-Kaner size effect, as was as-
sumed in"**1, The multiple dopplerons should exist in
aluminum, since its Fermi surface does not have axial
symmetry. In accordance with the doppleron theory de-
veloped in Sec. 2, the period of the doppleron oscillations
in strong magnetic fields is close to the corresponding
multiple period of the GKO. According to the experimen-
tal data and formula (34), for the GKO there were ob-
tained the following values of as/akz of the resonant
group of carriers, in accordance with the measurements
of different harmonics: for the first harmonic dS/ak

= (9.0 + 0.5) (1/2) A™%; for the second and third harmonics
(8.6 £ 0.5) (n/a) A™* and (8.3 + 0.5) (1/a) A%, respectively.
The large value of dS/6k,, for the first harmonic seems
to be connected with the fact that the period of oscilla-
tions does not reach the limiting value in the region
where the fundamental doppleron is observed. For the
third and fifth harmonics, the period of the oscillations
has a smaller dispersion and is close to the correspond-
ing GKO period. We believe that the value of aS/akz of
the resonant group of the holes at the minimum is

8.1+ 0.5) (n/a) A™.

In addition to the aforementioned singularities of the
derivatives of the surface resistance, in still weaker
fields one observes several dR./dH oscillations of small
amplitude, the period of which is approximately 1/9 of
the period of the A oscillations.

4. DISCUSSION

A comparison of the theory of multiple dopplerons and
of the experimental results shows that they are in quali-
tative agreement. The theoretically predicted polariza-
tions of the multiple dopplerons and the experimentally
observed polarizations agree. In strong fields, the
theoretical and experimental ratios of the limiting per-
iods of the different types of oscillations also agree. As
seen from Figs. 4—6, the magnetic-field regions in which
the phenomena are observed, as well as the amplitude
ratio of the first and fifth dopplerons, are close to those
given by the theory. The region of observation of the
third doppleron lies in weaker fields than would follow
from our theory. The dispersion of the period of the A
and C oscillations is described qualitatively correctly by
the theoretical curves 1 of Fig. 4, which pertain to the
first and fifth dopplerons. No such statement can be
made concerning the B oscillations. As already men-
tioned, the dispersion of the periods of the dopplerons is
very sensitive to the choice of the model. In addition, the
quantitative ratios of the amplitudes of the different dop-
plerons and the regions of their observations are also
determined to a considerable degree by the parameters
of the model. The characteristic features of the funda-
mental resonance depend mainly on the behavior of the
function 3S/8kz in the vicinity of its minimum, whereas
the properties of the higher harmonics depend on the
fine details of the Fermi surface, namely on the charac-
ter of the variation of 9S/8k,, in the entire Brillouin zone,
on the corrugation and its variation with k,, etc. Since
the Fermi-surface model chosen by us is quite simple
and describes only qualitatively the shape and dimensions
of the real Fermi surface, one can hardly expect a com~
plete quantitative agreement between our theory and ex-
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periment. We see nevertheless that even such a simple
model describes the greater part of the characteristic
features of the DSCR in aluminum,

Thus, it follows from our results that the oscillations
with multiple periods, observed in aluminum, are due to
the propagation of multiple dop ]pleronsg In light of this,
the statement made by Falk ['*7 that it is impossible to
observe multiple DSCR modes is incorrect. The ampli-
tudes of the multiple harmonics, even though they de-
crease monotonically with the number, remain suffi-
ciently large and are observed in the experiment.

The aforementioned oscillations of dR. /dH with a
period approximately equal to 1/9 of the period of the
fundamental doppleron may constitute the ninth harmonic
of the DSCR of the holes with the minimum displacement
Upip- It is more probable, however, that these oscilla-
tions are connected with excitation of a doppleron due to
another group of carriers, located at k, ~ 1.7 n/a A™
and having a displacement u ~ umm/9 (see curve 3 in
Fig. 1).

It should be noted in conclusion that impedance 0s-
cillations with multiple periods were observed earlier
in indium [*#], the Fermi surface of which is similar to
that of aluminum. The oscillations corresponding to the
third harmonic of the DSCR were observed in both cir-
cular polarizations, although they differed somewhat in
amplitude and in shape [*J, In light of the results of Sec.
2D of the present paper, we can suggest that the oscilla-
tions of the third harmonic in the positive polarization
are connected with the excitation of a doppleron due to
DSCR of holes with minimum displacement, whereas the
oscillations in the negative polarization are due to DSCR
of holes having the maximum displacement.

The authors are grateful to V. G. Fastovskil for in-
terest in the work and to N. N. Mikhailov for preparing
the aluminum single crystals.
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