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Alfvén waves in bismuth have been studied in the frequency range 300 to 2000 Mc/sec, for propagation
along the magnetic field. All the measurements were done on the same single crystal, and it was found that
at the higher frequencies the real part of the dielectric constant is greater than the imaginary and that at
lower frequencies the reverse is the case. This frequency dependence had a marked effect on the real part of
the refractive index of the medium, which allowed one to measure, in addition to the usual charge-carrier
mass density, some mean relaxation time of the charge carriers. The mass densities are in reasonable agree-
ment with theory when the effective masses of the holes and electrons for bismuth from some previous ex-
perimental results are used, though there are some inconsistencies, which are discussed. A detailed analysis
of the relaxation times proved impractical, but the magnitudes of the values agree well with other experi-
mental results. The effect of Shubnikov-de Haas oscillations on the transmission was also studied.

I. INTRODUCTION

T has been pointed out by Buchsbaum and Galt!
that Alfvén waves, first proposed to explain certain
phenomena in astrophysics,? could, under certain con-
ditions, propagate in solid-state plasmas. These authors
re-interpreted the earlier cyclotron-resonance work of
Galt et al.3 in terms of Alfvén waves. Since then a number
of experiments studying both the reflection and trans-
mission of Alfvén waves have been reported by various
workers including Williams,* Williams and Smith,®
Kirsch and Miller,® Kirsch,” Khaiken et al.,* Khaiken
et al.? Bartelink,® Kawamura et al.,'* and Faughnan.?
Review articles on Alfvén waves and the closely related
subject of helicons have been written by Buchsbaum®
and Bowers."

With the exception of Bartelink, these workers have
been concerned with either the Alfvén-wave velocity
(dielectric constant of the medium) or the Doppler-
shifted cyclotron resonance of the charge carriers, and
so have worked at relatively high frequencies where the
damping of the Alfvén waves is small. On the other
hand, Bartelink worked at low frequencies where the
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waves are heavily damped. The purpose of the present
work is to study the propagation of the Alfvén waves
in the intermediate-frequency region and to investi-
gate not only the real part of the dielectric constant
but also the imaginary part. As all experiments were
performed on the same single crystal this allows one to
study not only the mass density of the charge carriers
but also their relaxation time. The manner in which the
Shubnikov-de Haas effect affects the damping of the
waves is also studied in some detail.

Section IT presents the theory of Alfvén-wave propa-
gation in both anisotropic plasma and an anisotropic
plasma. The results for the anisotropic plasma are
applied to bismuth and the effects on the propagation of
a finite relaxation time, both isotropic and anisotropic,
are discussed. In Sec. III the details of the experimental
technique are described. The results are presented in
Sec. IV and the discussion of these results is in Sec. V.

II. THEORY
i. Alfvén Waves

All the measurements to be discussed in this paper
were made where anomalous-skin-effect conditions do
not prevail, so that the classical Drude-type theory can
be used to discuss the results.

From Maxwell’s equations we obtain the wave
equation

Vx(VxE)=(«*/c)e E, ey
where the complex dielectric constant is defined as
£= g;— 16 /weo(mks units) (2)

with ¢; being the lattice dielectric constant and o the
complex conductivity tensor. In the present experi-
ments, & which is of the order of 100 can be neglected
in comparison with the second term in Eq. (2).

Assuming a plane-wave solution, the wave equation
takes the form

kx (kxE)+kee-E=0, 3)
368
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where ko*=w?/c?. If the direction of the steady magnetic
field B and the direction of propagation are both chosen
along the z axis (k||B), the dispersion equation is

koe.—k? kozéz,, 0
ke,  kiey—E 0 |=0. (&
0 0 koez.

This can be solved using Eq. (2) and neglecting
to give

€= k2/ko = (l/iwéo)% (sz+0'w)
:t[% (F2z—0yy)*— 0'11/2]112 - (5

This equation defines the dielectric constant due to the
charge carriers. It is also possible to obtain a solution
when k is not parallel to B but the above equation
covers the only case considered in this work.

In the classical skin-effect limit, the complex con-
ductivity can be obtained by solving the equation of
motion for the charge carriers.

dv ¢B qE
m-—+—xvi4ym-v=—, 6)
dat  m Mo
where m is the effective mass of the charge carriers in
terms of the free electron mass m,, v is the drift velocity
of the charge carrier, B the large static magnetic field
and »=1/7 is the collision frequency and  the relaxa-
tion time of the charge carriers (both of which are
assumed to be isotropic).
This equation has been put in the form

o/co=(m+bx1)"1, Q)
where 1 is the identity matrix,
b=¢B/(v+iw)m,,
co=ng*/ (v+iw)mo,

and solved by Lax e/ al!l> However, these results
are cumbersome and a better understanding of the
physics involved is obtained from the equations for
an isotropic plasma. The formulas for an isotropic
plasma will not of course apply to bismuth, and more
complicated formulas will have to be developed later.

ii. Isotropic Plasma

For an isotropic plasma of electrons and holes the
dielectric constant can be written, in the limits weer
and weam>1 and wee and wen>w, as

wpez wph2 1
€zz= €yy= + 1——),
Wen? wT

wce2
(neme+nhmh)( 1, )
€ B? ’
wo(nemetnnms) i
PRI
B? wT

15 B. Lax, K. J. Button, H. J. Zeiger, and L. Roth, Phys. Rev.
102, 715 (1956).
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€zy= " €yz= 'L[— (wpe2/w"-’ce)+ (wph2/ww0h):] )

=1(q/ esBw) (—netn1), ©)

€2z~ 1—wpe2/w2‘—wph2/w2 ’ (10)

where

wee= (¢B/m,) (electron cyclotron frequency),

wen= (¢B/m4) (hole cyclotron frequency),
wpe'= (1.9%/ €om.) (electron plasma frequency)?,
wpn?= (n1g?/ eoms) (hole plasma frequency)?.

When |e.;|>>e.., one gets as a propagating wave a
circularly polarized helicon. In a compensated material
such as bismuth n,~n; and €;2>|e;,], so that the
propagating wave is a linearly polarized Alfvén wave.

The experimentally measured quantity is the re-
fractive index g, the real and imaginary parts of which
are

#O(neme+nhmh)c2 1/2 1+[1+(1/(A)T)2]1/2 1/2
A sty
B? 2
7 [po(neme—l-nhmh)c?:l”?
. 2w B?
1 1 1 271/2y —1/2
{ +L +(2/w7)] } )

If the real part of the refractive index is measured at
two angular frequencies, preferably with one greater
than and the other somewhat less than 1/7, one can
obtain both the mass density (ngm.+npms) and the
relaxation time.

These formulas now have to be extended to cover the
case of bismuth, which is anisotropic. Before this is
done, a brief description of the Fermi surface of bismuth
is necessary.

iii. Fermi Surface of Bismuth

The model of the band structure most frequently
used to discuss experiments is the tilted ellipsoidal
model, which has recently been reviewed by Boyle
and Smith.!® In this model the electrons are described
as being located in k& space by three ellipsoids!” slightly
rotated about the binary axis out of the plane perpen-
dicular to the trigonal axis. The energy of an electron
within an ellipsoid is given by

E= (#/2mo) (ark+osks’+asks+2aksks),  (13)

where ki, ks, and k; are the wave-vector components
parallel to the binary, bisectrix, and trigonal axis,
respectively, and the o’s are components of the re-

18 W. S. Boyle and G. E. Smith, in Progress in Semiconductors,
edited by A. F. Gibson (Heywood and Company, Ltd., London,
1960), Vol. 7.

17 A. L. Jain and S. H. Koenig, Phys. Rev. 127, 442 (1962).
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ciprocal mass tensor. [ The bisectrix axis (2) is at right
angles to both the trigonal axis (3) and one of the three
binary axes (1).] The effective mass tensor for an
electron in such an ellipsoid is

my 0 0
0 me Myl , (14:)
0 my ms

where mj, ma, m;, and m4 are in units of the free-
electron mass. The two remaining ellipsoids are ob-
tained by 120° rotations about the trigonal axis.

The hole band is much simpler, consisting of a single
ellipsoid of revolution about the trigonal axis, the energy
of a hole being given by

B\ k? k? kS
(S,
2m0 M 1 M 1 M 3
where M; and M are the effective masses of the holes,
again in terms of the free electron mass.

iv. Anisotropic Theory

The magneto-conductivity using the model discussed
above has been calculated by Lax et al.'® from Eq. (7),
with an isotropic relaxation time. The conductivities
to be substituted in Eq. (5) are the high-field limits of
the results of Lax et al. [In the anisotropic case even
where n,=n; the dielectric tensor is not diagonal, but
with B along the principal axis, # f(m) is unaffected by
the off-diagonal terms in the high-field limit.] The ex-
pression for the velocity of the Alfvén wave (v4) can
now be written as

va%= B*/ugmen f(m)F , (15)

where

F=3[1+ (4 (1/wr)*)'?]

and #f(m) is the mass density of the medium, where »
is the number of charge carriers per cubic meter and
f(m) is a function of the effective masses of the holes
and electrons obtained from the results of Lax et al.

It can be seen from Egs. (4) and (5) that the dielectric
constant and hence the function #f(m) depends not
only on the direction of the magnetic field but also on
the direction of the electric field of the incident wave.
The expressions for njf(m) for all the configurations
used in these experiments are shown in Table T.

However, because of the anisotropy of bismuth it
is obvious that the relaxation time of bismuth is not
isotropic, so that the procedure outlined above is only
determining some mean relaxation time or, to be more
precise, the ratio of the real to the imaginary part of the
dielectric constant.

The procedure due to Lax ef al. can be generalized to
take into account an anisotropic relaxation time or an
anisotropic mobility tensor (which is not just a constant
multiple of the mass tensor). This procedure is general-

(16)
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ized by assuming a mobility tensor of the form

Br 0 O
0 B2 B4 @7
0 Bs Bs
which has an inverse of the form
1 0 O
[0 Y2 ‘74] (18)
0 7vs vs).

The equation of motion of an electron in a large static
magnetic field, an alternating electric field (E=Eeiv?)
and for an isotropic relaxation time 7 is given by

m’- (dv/dt)+gB x v+ (m’/7)-v=¢E (19)
which can be generalized to
(iw/q)m’ -v+B xv+y-v=E (20)
from which
v=[(iwm’/qg+y+BxI]1-E. (21)

m’ in the above equations is mm,. There is now a one
as to one correspondence with Eq. (22) of Lax et al.
and, using the fact that J=nev, with Eq. (7) in this
paper. This correspondence can be used to calculate the
high-field limits of the conductivity tensor and hence
the dielectric tensor.

The correspondence of Eq. (22) of Lax e al. and
Eq. (7) with the above Eq. (21) is

m=(iom'/g+7),

)
go="ng,

and the high-field limit corresponds to
| B|>>|iwm’/q+].

From the above, one obtains for the dielectric-tensor
components

e=—10/weo.
ng fLiwm'/q+]
= —z- ———————— ,
€0 B?

where the f(iwm'/q+vy) for each orientation of the
electric and magnetic field is obtained from Table I
replacing the m; (and M;) in these formulas by

twmi /q+yi.

It is seen that since the equations for f(iwm’/q+)
are not linear one obtains cross terms, and cannot
separate a real part of the dielectric constant involving
only terms in wm,’/q from the imaginary part involving
only terms in +; This, naturally, greatly complicates
the analysis of the results.

It should be remarked here that so far, quantum
effects have not been taken into account. These arise
because in the presence of a magnetic field the electrons
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TaBLE 1. Expressions for nf(m), the values of [nf(m)]'/2 and = measured. The values of 7 in brackets indicate the maximum possible
uncertainty in 7 for these experiments. [ Note that M= M, due to the symmetry of bismuth.]

Dielectric [nf (m) 12 Relaxation
H|axis E||axis constant nf(m) X107 time = (nsec)
1 2 6221 n(m:r“sz/ (m1+3mz)+M3} 0429 021(024—018)
2 1 en? n{ms—me/3ma—ime/ Bmit+ms)+ M} 0.461 0.37(0.50-0.28)
2 3 6332 n{%mr}— (8/3)7"1"12/(3"11'{'7”2)"‘;1[1] 0.146 0.15(0.17-0.12)
3 1 en’ $n{ (mit-ms) —mad/ms+2M,} 0.315 0.27(0.34-0.23)
3 2 €29° $n{ (my+-msg) —mad/mz+2M,} 0.304 0.22(0.27-0.18)

quantize into the well-known Landau levels which, due
to a changing magnetic field, pass through the Fermi
surface giving rise to oscillations both in the relaxation
time of the charge carriers and the mass density itself.
The effect of the changing mass density is small, and
as will be seen later, does not greatly influence the
results. The effect of the changing relaxation time
(Shubnikov-de Haas effect) also clearly shows up in
the experimental results. The fact that the relaxation
time is an oscillating function of the magnetic field
means that the relaxation time measured is an average
over the magnetic field range in which the experiment
is done.

III. EXPERIMENTAL DETAILS

All the measurements described here were made on a
single sample of bismuth, which was a cube, oriented
along the principal axes, with a 7-mm edge. The sample
was spark-cut from a single crystal, which had been
grown from bismuth of quoted purity better than
0.999999 (purchased from Cominco Company) using
a traveling-zone technique. The surfaces of the cube
were spark planed and the damaged layer removed
chemically. The alignment along the trigonal axis was
to better than 1°, along the other axes to better than
2°. A residual resistivity ratio pegs/ps.2 of 120 was
measured, with the current along the trigonal axis, in
a sample cut from the same single crystal adjacent to
the above mentioned cube.

A block diagram of the apparatus used is shown in
Fig. 1 and a schematic diagram of the sample holder is
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PAD MIXER

PHASE LOCAL
ATTHJUATORH SHIFTER Iosu LLATOR l

F1c. 1. Block diagram of apparatus used in the experiments.

shown in Fig. 2. A signal (300-2000 Mc/sec), which was
modulated at 1000 cps, was fed from the oscillator
through an impedance matching device (trombone
line and stub) into a strip line and then through a
short length of waveguide beyond cutoff (in the TEy,
mode) to the surface of the sample where it excited an
Alfvén wave. The strip line and waveguide ensured an
electric field of known orientation. As the sample was
larger than the waveguide (5X23 mm) it completely
covered the end of it. In order to cut down the leakage
signal, the sample was glued against the sidewalls of
the waveguide with silver paste and an iris was glued
with silver paste between the sample and the pickup
coil. The signal (Alfvén wave) transmitted through the
sample was detected by this pickup loop and fed through
a 10-dB matching pad into a mixer, i.f., and video
amplifier before going into a phase-sensitive detector.
It was also possible to couple a reference signal (used to
measure the relative phase of the transmitted signal)
into the mixer via an attenuator and phase shifter. The
output of the phase sensitive detector drove the y
axis of an x-y recorder, the x axis of which measured the
current in the 40-kG superconducting coil used in these
experiments.

For a given frequency, as the magnetic field and
hence the number of wavelengths in the sample changes,
it is possible, if the attenuation is low enough, to get
Fabry-Perot or standing-wave resonances. However,
in these experiments, this effect was only observable
with low frequencies at the highest magnetic fields
used, so that a reference signal had to be added in
order to obtain interference or phase oscillations corre-
sponding to a change of one wavelength in the sample.

\ ¢

4

B Ess

R

m

F16. 2. Schematic cross-sectional diagram of sample holder.
a is the waveguide beyond cutoff excited from the left by a strip
line. b is the sample. ¢ is a sprung Plexiglass sample holder. d is the
iris. e is the pickup loop. The small arrow indicates the direction
of the electric field (£), the large that of the magnetic field (B).
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When no reference signal was added, it was possible
to observe the transmission envelope at higher fields.
Interference oscillations with the unavoidable leakage
signal were observed when the magnetic field and hence
the transmitted signal were too low.

When a reference signal is added, maxima occur when

(N+8)=dujf/c,

where IV is the fringe index, d the sample thickness, f the
frequency of the electromagnetic wave, and 6 is an
arbitrary phase factor depending on the relative phase
of the reference signal. Propagation is normal to the
surface so there is no cosf term.

The simple theory for an infinite medium is used
here with no account being taken of the fact that the
sample is finite in the directions perpendicular to the
magnetic field. This can be justified by noting that the
sample has a very high refractive index, typically 100
or more, which ensures that the wave propagation is
always normal to the surface except for diffraction
effects. However, when diffraction effects are calcu-
lated it is found that even for the shortest wavelengths
observed in the medium, the central maximum of the
diffraction pattern completely covers the opening of the
iris. It should also be noted that any wave striking the
surface at all obliquely will undergo total internal
reflection, and because of the high attenuation in the
medium, play no further role.

The refractive index p for an anisotropic medium as
a function of magnetic field, can be found from Eq. (15).
From this it can be seen that if one plots N versus
1/B, the slope of the resulting straight line gives
[nf(m)F]2. Therefore by measuring the slope of the
line for two different frequencies both #f(m) and r
can be deduced (in the isotropic 7 approximation).

However, as previously shown, an analysis of
bismuth for an anisotropic relaxation time involves
cross terms, and hence this simple procedure for the
separation of the real and imaginary parts is not valid.
Calculation of f(m) using the effective masses of Smith,
Baraff, and Rowell'® (hereafter referred to as SBR)
shows, however, that for e}, €33!, and e5? (the super-
script refers to the direction of the magnetic field)
the contribution to f(m) from the nonlinear terms is
19, or less. Therefore for these orientations, the effect
of the nonlinear terms should be negligible, so that the
procedure of separating real and imaginary parts
outlined earlier should be valid. For e;3? the cross term
contributes 179 of f(m) so the procedure is less accu-
rate. For €;® and ez®, where the nonlinear term is the
negative one and has a magnitude of 309 of the sum
of the positive terms, the procedure is questionable.

Data were taken at both 4.2°K and 1.5°K. All
measurements of relaxation times and mass densities
shown in Table I was taken at 4.2°K. The data taken

18 G. E. Smith, G. A. Baraff, and J. M. Rowell, Phys. Rev.
135, A1118 (1964).
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at 1.5°K were principally to show the effect of the
quantum oscillations (Shubnikov-de Haas and mass
density) more clearly.

IV. RESULTS

Figure 3 shows a set of interference fringes at 1.5°K
with the magnetic field parallel to the bisectrix axis
and the electric field parallel to the binary axis at a
frequency of 1.705 kmc/sec. These results clearly show
the type of curves obtained. The lower temperature
enhances the modulation due to the Shubnikov-de Haas
effect.

Figure 4 shows that when the fringe indices of the
maxima and minima are plotted against 1/B one does
not obtain a straight line but that the experimental
points oscillate slightly. This is due to the mass density
changing with the magnetic field. The line drawn
through the points is a least-squares line, the slope of
which is used to determine the mass density.

The oscillations obtained here are in qualitative
agreement with those obtained by Williams and Smith.®
As these authors have already dealt with the matter in
some detail it will not be further discussed here. The
value obtained for the mass density does however
depend very slightly upon the range in which the data
is taken, providing, of course, the range is sufficiently
large.

The accuracy with which the refractive indices are
measured depends upon the frequency range. At the
higher frequencies (1500-2000 Mc/sec) there is a rel-
atively large number of maxima and minima and
therefore a very small (less than 19}) standard deviation
when these points are fitted to a straight line (¥
versus 1/B) using a rms procedure. It is also observed
that the refractive indices obtained for different phases
of the reference signal differ by at most 1%. As other
sources of error do not total more than 19, the total
error at these higher frequencies is less than 29,

At the lower frequencies (300-500 Mc/sec) there are
fewer maxima and minima and hence the resulting
straight lines have a larger standard error. To improve
the accuracy of the results, data is taken for a large

F1c. 3. Interference fringes
in the bismuth sample at 1.5°K.
The magnetic field was parallel
to a bisectrix axis and the
electric field was parallel to
a binary axis. The frequency
was 1.705 Gc/sec.
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number of different reference phases. The refractive
indices obtained for the same frequency and different
reference phases deviate from the mean by no more than
3%. When a 19, error due to other sources is included,
the results for the refractive indices at the lower fre-
quencies have a maximum error of 49,

At lower frequencies and higher fields, when the
wavelength in the sample is 2d(d~ 7 mm) or occasionally
d, some effects due to standing-wave resonances become
apparent. This sometimes has the effect of causing a
double peak or of moving an interference maximum or
minimum slightly from where it should lie. After the
point where d=3\, the signal decreases strongly giving
the appearance of a waveguide-type cutoff, but this
is only due to the approaching i\ minima. (This was
checked using a sample 10X 7X7 mm.) These effects
cause no confusion as they can easily be identified by
changing the phase of the reference signal. The fact
that there are no wave-guide effects® for this geometry
clearly indicates that using the infinite-medium theory
to analyze the results is quite justified.

As the frequency correction to the mass densities
obtained at the higher frequencies is less than 29,
except for ess?, the error in [nf(m) ]2 for orientations
where the cross terms are small should be no more than
29%. In the other orientations, faulty separation of the
real and imaginary parts makes error estimation
difficult but nowhere is it likely to exceed 5%,. The
results for all six orientations are shown in Table I.
The values of [#f(m)]'* and r are obtained by the
procedure outlined earlier, assuming that Eq. (15) is
valid in all cases. All six orientations shown in this
table were measured first and then four of these were
repeated. The values of [#f(m)]'/? were all within 29,
of one another and the relaxation times were well within
the experimental errors shown.

As previously mentioned, it was possible to obtain
the transmission envelope at higher magnetic fields
when no reference signal was added. In order to com-
pare this directly with the usual dc Shubnikov-
de Haas measurements, dc Shubnikov-de Haas measure-
ments were done on the same sample, albeit a bit
crudely, by attaching current leads to two faces of the
sample and two potential leads to the third face which
was at right angles to the magnetic field. (The length

10
Fic. 4. A plot of
fringe index N versus
1/B from the data of y}
Fig. 3. The actual value
of the fringe index is st
somewhat arbitrary, as
the extrapolated straight
line does not normally
go through the origin.
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F16. 5. The dc magnetoresistance (4) and the transmission
envelope for Alfvén waves (B) versus magnetic field at 1.5°K. The
magnetic field is parallel to the bisectrix axis and for 4 the current
is parallel to the binary axis. For B the E field is parallel to the
binary axis.

to cross-section ratio in this experiment was less than
one, so the geometry was not ideal.) Figure 5 shows
simultaneously the dc Shubnikov-de Haas effect and
the transmission envelope, both with the same orienta-
tion of magnetic and electric field and temperature.

V. DISCUSSION
i. Mass Density

As there are only five equations and seven unknowns
in Table I, a unique solution for all the unknowns is
not possible. Instead some other procedure of analyzing
the results will have to be followed.

Before this is done it should be noted that although
from symmetry arguments alone, e;® and e»® should
have the same value, the measured values of [# f(m) ]}/
do not agree. The fact that the mass density in this
direction is very sensitive to the direction of the mag-
netic field, may be the reason for the different values
obtained for the two electric-field directions. A dif-
ference in alignment of around 1° could possibly
account for a change of about this amount as the term
m4g/ms is very sensitive to direction; m42/ms vanishes
when the magnetic field is about 6°-9° from the trigonal
axis.

One method of checking the results obtained here,
which is also the one followed by Williams* is to calcu-
late », the number of charge carriers, using the various
sets of mass components in the literature. This has
been done in Table II for the mass parameters of Galt
et al.® Smith et al.® Kao® and SBR.!® A number of
things are immediately apparent from this table. The
values of »n for a given set of mass parameters are
reasonably consistent, deviating by at most 309, from
the mean. It can also be seen that the values of # tend
to group according to the direction of the magnetic
field. However, the mean values of # are low compared
with those reported in the literature. The best agree-
ment is obtained when the masses of SBR are used where

9°G. E. Smith, L. C. Hebel, and S. J. Buchsbaum, Phys. Rev.
129, 154 (1963).
2 Yi-Han Kao, Phys. Rev. 129, 1122 (1963).
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TasLE II. Values of % calculated from various
sets of experimental masses.

n(calculated) cm™3 X 10717

nf(m) Galt Smith
X107 et al.® el alb Kao© SBRY
€20 1.840 1.96 2.3t 2.36 2.57
€33! 1.318 1.9 2.68 2.0 2.7
e 2.125 2.28 2.7% 2.76 3.0t
€332 0.213 2.2¢ 2.8 2.3% 3.0
€1 0.992 2.29 1.96 247 2.15
€207 0.924 2.14 1.8¢ 2.3t 2.0
Mean n 2.14 2.3 2.38 2.5°

a Galt et al., Ref. 3.

bSmth et al., Ref. 19.

¢ Kao, Ref. 20.

d Smith, Baraff, and Rowell, Ref. 18.

the first four results agree within 109, of their reported
value of 2.75X10'/cc. All the results in this column
can be made to agree within 109, of this value if m,
is increased by about 259, and all other masses remain
the same.

When the other mass parameters are used, still
lower values of # are obtained. The most self-consistent
set of values, those using the mass parameters of Galt
et al.? give rise to the lowest value of all. The lowest
value reported in the literature to date is that of Zitter,?
who gives a value of 2.5X10"/cc. The trend in recent
years has been away from Schoenberg’s original value®
of 4.2X10Y/cc towards lower values of #. The most
recent values of #(X107'7/cc) reported are 2.86 for
the electrons by Brown,? 2.75 by SBR,*® 3.14+0.1 by
Williams,* 2.89+439%, for the electrons and 2.994-19,
for the holes by Bhargava.?

One possible source of error in the above results
would be if the sample were not fully compensated.
However, noncompensation is thought to have no
effect on the results, as the starting material was the
purest commercially available and was further zone
refined before the sample was grown. In addition, the
primary effect of noncompensation in the medium
would be a rotation of the plane of polarization of the
“Alfvén” wave due to a slightly different refractive
index for the left and right circularly polarized waves.
No effects due to a rotation of the plane of polarization
could be discerned in this work.

Listed in Table IIT are results obtained in this paper
for [nf(m)]? together with the results obtained by
other workers. It was necessary to reduce the results
of some of these workers to the [#f(m)]'/? formalism.
Some of these results were obtained for Alfvén waves
propagating at right angles to the magnetic field, but

2L R. N. Zitter, Phys. Rev. 127, 1471 (1962).

2D. Schoenberg, Phil. Trans. Roy. Soc. (London) A245,
1 (1952).

% R. D. Brown, Bull. Am. Phys. Soc. 9, 264 (1964).

#R. N. Bhargava, Bull. Am. Phys. Soc. 10, 605 (1965);
S. H. Koenig (private communication).
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TasLE III. Table of [nf(m)]'”2 obtained by various workers
(units cm™3/2)X1079). The asterisk shows which results were ob-
tained for kL B. All the others were for k||B.

Present
H|axis El|laxis work Williams# Faughnan® Faughnant Kirsche
1 2 0.429 0.481%* 0.464 0.718% 0.548
1 3 0.363 0.318% 0.406 0.322% 0.378
2 1 0.461 0.470% 0.700 0.602%*
2 3 0.146 0.162% 0.140 0.171%
3 1 0.315 0.393* 0.362 0.322%
3 2 0.304 0.460% 0.478 0.400% 0.312%

a Reference 4.
b Reference 12,
¢ Reference 7. Using #n =3 X10'7/cc.

the theory predicts the same values of nf(m) here as
when the waves propagate along the magnetic field.
The agreement is poor and there appears to be no
pattern to the results. As the differences are larger than
the quoted errors, it is thought that the discrepancies
lie in the different experimental arrangements used,?
combined with the anisotropy of bismuth and an inade-
quate theory, especially as regards the boundaries of
the media. A detailed argument as to the relative merits
of the different geometries will not be gone into here
but it should be noted that the spread in the values of
n using the same sets of mass parameters is very much
lower in the present work than in previous results.*12

All experimental masses show that ep! and e?
should differ by less than 19, with e;!> €2, Other
workers?12 with k_| B find ez! > 1,2 but by far more than
1%. This work finds that e»!'<e? by about 209
which makes any detailed analysis of the results using
the previously discussed model of bismuth impossible.
Faughnan® for k||B also finds that ex»!<e® but by
over 30%. This seems to indicate a basic difference in
the results for the two different geometries. It is obvious
that the present theory cannot account for the above
discrepancies. Better agreement may be obtained for
these and other orientations if the nonparabolicity of
the bands is taken into account.?®

ii. Relaxation Times

The relaxation times obtained are also listed in
Table I. A number of factors, besides the mathematical
complexity, do not make it worthwhile to assume a
set of effective masses, a value for # and to calculate
five of the mobility tensor components in terms of the
sixth. These factors include the large experimental
error, the inconsistency of the ex! and e? results, and
the fact that one is only measuring an average value in
a given magnetic-field range (about 3 000 to 15000 G).

However, even though the experimental errors are
large, the results clearly indicate that bismuth does
not have an isotropic relaxation time. One possible
model is that the holes and electrons have isotropic or

25 The author is indebted to G. A. Williams for a discussion on
this point.
26 M. Cohen, Phys. Rev. 121, 387 (1961).
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nearly isotropic® relaxation times which differ signif-
icantly from each other. This model would require that
in the orientations, in which the holes dominate the
mass density (e!,e1r® €352, the relaxation times should
have consistently higher® (or lower) values than in the
orientations in which the electrons dominate the mass
density (ess',e1r® €22%). The present results do not support
this model but indicate that the holes and electrons
both have anisotropic relaxation times and that the
average relaxation time of the holes does not differ
greatly from that of the electrons.

Galt ef al.3 use various values of w7 to interpret their
cyclotron resonance results. However, their choice of
wr does not agree with the present results in so far as
they associate a short relaxation time with the electrons
(especially the heavy electrons) when the magnetic
field is along the binary axis, while the present work
finds, in the electron mass dominated es3! direction, a
particularly long relaxation time.

The magnitude of the results for r agrees very well
with those measured by Zitter® (0.16—0.5 nsec) and
Esaki and Heer?” (0.27 nsec).

iii. Shubnikov—de Haas Effect

The transmission envelopes of the Alfvén waves were
measured so that the positions of the maxima and
minima could be more easily ascertained. The dc
Shubnikov-de Haas effect was measured partially to
confirm the positions of the maxima and minima but
mainly to see the relative amplitude of the oscillations
obtained by the two different methods. Kawanura
et al' had previously remarked that the modulation
due to the Shubnikov-de Haas effect is surprisingly
large. These results are shown in Fig. 5 and it can be
seen that the positions of the minima of the Alfvén-
wave transmission agree with the resistivity minima
but that the oscillations are far more marked for the
transmission envelope. This is thought to be due to the
following reasons: Firstly, that the transmission envelope
is detected by a system with approximately square-law
characteristics, and secondly, that the relaxation time
appears exponentially in the imaginary part of the
refractive index. The magnitude of this second effect
can be seen as follows; for large wr, the transmission
(T) is proportional to e*4/2¢7, therefore AT/T
= (kd/2wt)(A7/7) and kd/2wr is about 2 at 25 kG
and 4 at 12 kG in Fig. 5. (This enhancement of the
oscillations could possibly be used to advantage,
especially at lower fields where the enhancement is
larger, in a more detailed study of the Shubnikov-
de Haas effect.) Similar curves were taken for other

1 L. Esaki and J. Heer, J. Appl. Phys. 34, 234 (1963).
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orientations with similar results. As only the oscillations
at high magnetic fields could be observed, the Shub-
nikov-de Haas periods could not be obtained. The
positions of the high-field maxima and minima showed
excellent qualitative and reasonable quantitative agree-
ment with the results of SBR including spin splitting of
the holes along the trigonal axis.

When one looks at the relative contribution to the
mass density of the electrons and holes, one would
think that in es! and €;,® the holes should dominate the
Shubnikov—de Haas effect as they contribute about 989,
of the mass density, but examination of the transmis-
sion curves shows that it is mainly the electrons that
determine the transmission envelope. This would seem
to indicate that the heavy masses are associated with
long relaxation times and vice versa, which is not
unreasonable. One must, however, also bear in mind
that the electrons, when the magnetic field is along the
binary or bisectric axis, are near or in the quantum
limit, so that the relative change of r for the electrons
could be much greater than for the holes.

iv. Summary

Alfvén waves have been used to measure the mass
densities and relaxation times in a single crystal of
bismuth. The mass densities do not agree very well
with those of previous workers. They do, however,
show reasonable internal consistency when previously
obtained mass parameters are used to calculate the
number of carriers. The values of # are in most cases
much lower than the values currently reported in the
literature. When the mass parameters of SBR® are used,
the agreement with their value of 7 is good. The relaxa-
tion times measured are difficult to interpret as they
are some weighted (by the effective masses) function of
the individual relaxation times of the different groups
of charge carriers. However, they do indicate that
bismuth has an anisotropic relaxation time, and in
magnitude agree very well with relaxation times
measured using other methods. The positions of the
minima in the transmission of the Alfvén waves agree
with the resistivity minima as they should and the
position of both agree reasonably well with those
obtained by SBR.1®
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