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The effect of collisions on the giant quantum oscillations in the attenuation of both transverse and longi-
tudinal acoustic waves propagating parallel to a dc magnetic field in metals is studied. This is accomplished
by using the results of Tosima, Quinn, and Lampert on the theory of collision effects on the magnetoconduc-
tivity tensor of a quantum plasma. The experimental conditions under which quantum oscillations should be
observable are determined, and the information which they yield about the Fermi surface is discussed.

I. INTRODUCTION

HE magnetic field dependence of the attenuation

of acoustic waves in very pure metals at low tem-
peratures has become a very valuable tool in the study
of the electronic properties of metals.! The most widely
studied magnetoacoustic phenomenon, the “geometric
resonance,” results from a matching of the size of the
orbit of the electrons in the dc magnetic field to the
wavelength of the sound wave. These geometric reso-
nances yield information? about the extremal linear di-
mensions of the Fermi surface in a direction perpendicu-
lar to the dc magnetic field and to the direction of
propagation. The object of this paper is to study a dif-
ferent magnetoacoustic phenomenon, the giant quan-
tum oscillations in the attenuation of acoustic waves
propagating parallel to the dc magnetic field. The exis-
tence of giant quantum oscillations was first predicted
by Gurevich, Skobov, and Firsov.? These authors
studied only the An=0 transitions (that is, transitions
in which the Landau-level quantum number #» is un-
changed). The period of these oscillations is a measure
of the cross-sectional area of the Fermi surface at the
plane k.~~ms/#%, where s is the velocity of sound, and
the magnetic field is in the z direction. Because s is very
small compared to the Fermi velocity, the oscillations es-
sentially give the extremal cross-sectional area of the
Fermi surface. The existence of giant oscillation in the
An=+1 transitions was pointed out by Quinn* and by
Miller® for the propagation of helicon waves, and by
Langenberg, Quinn, and Rodriguez,® and Gantsevich
and Gurevich? for the case of acoustic waves. Langen-

! See, for example, The Fermi Surface, edited by W. A. Harrison
and M. B. Webb (John Wiley & Sons, London and New York,
1960), Sec. VI, pp. 214-263.

2 A thorough analysis of the geometric resonances can be found
in M. H. Cohen, M. J. Harrison, and W. A. Harrison, Phys. Rev.
117, 937 (1960).

3V. L. Gurevich, V. G. Skobov, and Yu A. Firsov, Zh. Eksperim.
i Teor. Fiz. 40, 786 (1961) [English transl.: Soviet Phys.—JETP
13, 552 (1961)]. See also J. J. Quinn and S. Rodriguez, Phys. Rev.
128, 2487 (1962) for an alternative treatment of giant quantum
oscillations.

4 J. J. Quinn, Phys. Letters 7, 235 (1963).

5 P. B. Miller, Phys. Rev. Letters 11, 537 (1963).

6 D. N. Langenberg, J. J. Quinn, and S. Rodriguez, Phys. Rev.
Letters 12, 104 (1964).

78S. V. Gantsevich and V. L. Gurevich, Zh. Eksperim. i Teor.
Fiz. 45, 587 (1963) [English transl.: Soviet Phys.—JETP 18,

berg et al. have stressed the importance of the quantum
oscillations in the An=-=1 transitions as a tool for
studying Fermi surfaces. It has been shown that the
period of these oscillations can be used to determine the
cross-sectional area of the Fermi surface not only at
an extremum, but at any plane perpendicular to the
direction of the dc magnetic field. Further, under suit-
able experimental conditions, the line shape of the giant
oscillations can be used to determine the cyclotron
elfective mass® for the carriers which are absorbing.
Thus this effect is capable, in principle, of yielding the
cross-sectional area of the Fermi surface and the cyclo-
tron effective mass as a function of v,, the average
velocity (over one orbit) parallel to the direction of
propagation of the sound wave. This is considerably
more information about the Fermi surface than can be
obtained by any of the standard tools used at present.
For this reason, it seems desirable to make a careful
analysis of the experimential conditions necessary for
the observation of giant quantum oscillations. Both
the An=0 transitions and the An=1 transitions will
be studied. The model used in the present work is that
of a degenerate electron gas embedded in an isotropic
lattice of positive ions, the latter being capable of
sustaining both longitudinal and shear waves. For
more realistic models? in which the constant energy
surfaces for the electrons in k space are other than
spherical, the analysis is somewhat more complicated.
For example, the selection rules An=0 for the absorp-
tion of longitudinal waves and An= =1 for the absorp-
tion of transverse waves, no longer hold in anisotropic
systems; however, many of the qualitative features of
the simple isotropic model will hold. In particular, if the
averaged semiclassical attenuation due to a given ab-
sorption process is known, the experimental conditions
on the frequency, magnetic-field strength, relaxation
time, temperature, etc., necessary for the observation
of quantum oscillations in the attenuation should be
readily attainable by application of the concepts of the

403 (1964)]. These authors mention, but do not discuss in detail,
the effect of collisions on their calculations. Their Eq. (27) is not
in agreement with the conditions determined in the present pages.
8Y. Shapira and B. Lax, Phys. Rev. Letters 12, 166 (1964).
? See, for example, J. J. Quinn, Phys. Rev. Letters 11, 506
(1963) and Phys. Rev. 135, A181 (1964) for a treatment of a sys-
tem with ellipsoidal energy surfaces.
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present theory. Gurevich et al.? have already considered
the effect of a finite relaxation time on the observability
of quantum oscillations in the Az=0 transitions. How-
ever, their method consists of simply replacing the delta
function, which implies exact conservation of energy,
by a Lorentzian in the expression for the transition rate.
The validity of this procedure is not immediately ob-
vious, and a more thorough treatment of collision effects
seems desirable. Furthermore, there are some minor
errors in the work of Gurevich ef al., although the experi-
mental conditions determined by them as being neces-
sary for the observation of giant quantum oscillations
in the Az=0 transitions are correct. The effect of colli-
sions on the An=-1 transitions has not been studied
carefully before. The experimental conditions for the
observation of quantum oscillations in the attenuation
due to these transitions which we find in this work
agree with the conditions obtained by rather qualita-
tive arguments in Ref. 6.

In the present paper, the effect of a finite relaxation
time for the electrons is taken into account by making
use of the results of Tosima, Quinn, and Lampert!° for
the quantum magnetoconductivity tensor in the pres-
ence of collisions. Also, for simplicity, we limit our con-
sideration to propagation of acoustic waves parallel to
the dc magnetic field, although giant oscillations can
occur for other directions of propagation.

II. ATTENUATION

The motion of the positive ions of a metal acts as the
source or driving force which is responsible for the
establishment of the self-consistent electromagnetic
field. The ionic current density is given by —mneu,
where u(r,f) is the velocity field of the ions, e the elec-
tronic charge, and # the mean electron density. The
total current density J is the sum of the ionic current
density and the induced electronic current density j.
From Maxwell’s equations one can obtain the relation

J=r-E, (1)

where E is the self-consistent electric field. For propaga-
tion parallel to the dc magnetic field, the tensor I' is di-
agonal and has the following nonvanishing components:

Tpp=Tyy=1B00, (2)

3)

In Eq. (2), oco=mne’r/m is the dc conductivity and
B=(c%¢%/wp?wt)(1—w?/c%?), where w, is the electron-
plasma frequency. An additional relation between j and
E is obtained from the equation of motion of the density
matrix. When one takes into account the motion of the
ions on the random scattering of the electrons, this

and
T,.=—iw/4r.

1 S. Tosima, J. J. Quinn, and M. A. Lampert, preceding paper,
Phys. Rev. 137, A883 (1965).
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relation becomes?

,-<q,w):q<q,w).[E@,@ﬁu(q,w)] .

er

4)

The definition of J together with Egs. (1)-(4) allows one
to calculate the self-consistent electric field and current
density. The power absorbed from the sound wave by
the electrons can be evaluated from a knowledge of the
self-consistent field. When one includes the contribu-
tion of collision drag,®!! the power absorbed per unit
volume can be expressed as

Q=13 Re{i*-[E—(mu/er) 1+ (wm/7)|u|?}.  (5)

By definition, the coefficient of attenuation of the sound
wave is the ratio of Q to the incident power per unit
volume. Explicit expressions for the attenuation co-
efficients of both longitudinal and transverse acoustic
waves in a longitudinal magnetic field have been given
by Kjeldaas!? and by Cohen et al.2 For a longitudinal
wave, the attenuation coefficient is

vyi=(zm/Ms,7) Re[ (00/0.2)—1], (6)

where z is the number of conduction electrons per atom,
51 1s the velocity of the longitudinal sound wave, and M
is the mass of an ion. For transverse waves, it is con-
venient to use circularly polarized waves. The attenu-
ation coefficients in this case are

va=(zm/Mser) Re{[(1+148)*00/ (o1+1Bo0) -1}, (7)

where s, is the velocity of transverse sound waves and
L= 04 T102y.

The difference between the present analysis and that
of Kjeldaas or Cohen ef al. is that here we are inter-
ested in quantum effects which the previous authors
were not able to treat with the semiclassical Boltzmann
formalism. Both the real and imaginary parts of the
conductivity display quantum oscillations. The oscilla-
tions in the real part of ¢ are much more dramatic than
those in the imaginary part. In fact, in the absence of
collisions and at zero temperature the real parts of o
and o, display (as a function of the strength of the dc
magnetic field By) discontinuous jumps between the
value zero and a value which can be orders of magnitude
larger than the semiclassical mean value. These giant
quantum oscillations are precisely what we wish to
study.

III. QUANTUM OSCILLATIONS

In the preceding paper,'® a quantum mechanical
derivation of the magnetoconductivity tensor of a de-
generate electron gas, including the effect of collisions,
was presented. By using the results of this theory, we

11T, Holstein, Phys. Rev. 113, 479 (1959).
2T, Kjeldaas, Phys. Rev. 113, 1473 (1959).
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can easily show that!?

Re[o]=— (mh?wp2/47rNr)Z’<v’ [V(@)|»)

X&' V(@) |vy*{[po(Ev)—po(E,) )/ (Ev—E,)}
X[(Ey— E,— o)+ 1221, (8)

We shall study first the quantum oscillations in the
real part of o,,. Because the matrix elements (/| V,(q) | »)
are given by

(n', by, ketq| Vag) [ nkikz) = (h/m) (ket-/2)00n,  (9)

where 8,5, is the Kronecker delta function, the attenua-
tion in this case should correspond to the Az=0 transi-
tions studied by Gurevich et al. Substituting the matrix
element, Eq. (9), into Eq. (8) gives the result

dpol E.(%,
5 (b g2y

Ar Nmr nkyk, u

#w,?

Reo..=

h 2 —1
x{[=arw2-o] 4| . 0
m
In writing down Eq. (10), we have made use of the

approximation

po( L) _PO(Ev) dpo(L,) dpo(LZ,)
E,—F, oF, o

, o (1)

where u is the chemical potential. The derivative of the
Fermi distribution function po(%,) with respect to u
is equal to (2T~ cosh™2[(E,—u)/2kT]. We replace the
summation over %, and %, by an integration, and intro-
duce the following simplifying notation:

y=thk,2mkT)1/2,
An=[p—to(n+3)/kT,
ay=hq(8mkT)~1/2,

ax=(w/q)(m/2kT)"2,
and

B=qr(2kT/m)"2. (12)

The expression for the real part of ¢.. then takes the
form

We

Reo,,=

/ dy 3 cosh=[3(y— 4,)]
—c0 n=0

4mwoay
X(y+a) n ' B[1+ B*(y+a1—a2)* ],

where v is the Fermi velocity and ay is the radius of the
first Bohr orbit in hydrogen. The integrand in Eq. (13)
is a product of two rapidly varying functions. The first
function ), cosh2[%(y?—A4.,)] consists of a series of
u/ fw, peaks of unit height. The width of the peak located

(13}

13 The notation used in this work will follow that of Ref. 10.
1 See the paper of Quinn and Rodriguez cited in footnote 3.
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aty?=4,, is of the order {(4,+1)12—4,,/2} and the
distance to neighboring peaks is of the order of
{[(foe/kT)+Am]2— A2}, Far from a peak the func-
tion decreases exponentially. The actual positions of the
peaks vary as a function of magnetic field strength. If
Baz>1, the second function

B/w
14 B (y+a1—a,)?

has a sharp maximum at y=as—a; of width B-L. Far
from its maximum, the function approaches the con-
stant value (wB)~'. In the limit as B tends to infinity,
this function approaches the value (y4 a1)26(y+a1—a2),
where §(x) is the Dirac delta function. In this case, giant
quantum oscillations should be clearly observable; only
when a peak of the first function coincides with the posi-
tion of the delta function is Reo., large. When B is
finite, we must satisfy the following conditions in order
to have clearly observable giant oscillations in Reo,, as
a function of magnetic field: First, the distance between
peaks of the first function must be larger than the width
of the maximum of the second function; second, the
contribution to the integral from a coincidence of a
peak of the first function with the maximum of the
second must be large compared to the sum of the con-
tributions from all the other peaks of the first function.
These two conditions can be approximately expressed as

(y+a)?

(fwoo/RT)V2> B! (14)
and
ng
Ba2/m>(rB)™t Y A2, (15)

n=0

where 7, is defined by #w.(#,+3)=y. Equations (14)
and (15) lead to the conditions

ql> (u/ hese)'?, (16)
and
u \Y2vp f2BT\ M2
ql>(——> —<-—> . 17
/720 s \ms?

In these equations, vr and s are the Fermi velocity and
sound velocity, respectively; u is the chemical potential
or Fermi energy, and /=1vz7 is the electron mean free
path. In writing down the inequalities (14) and (15),
we have assumed that the width of the peaks of the
oscillatory function is much smaller than the separation
between peaks. This is true if #w >kT. This require-
ment, together with the inequality (16), are the condi-
tions necessary for the existence of readily observable
quantum oscillations in the real part of o... Equation
(17) is the requirement necessary in order that the am-
plitude of the oscillations be gigantic compared to the
background attenuation. These conditions do not differ
essentially from those of Gurevich ef al., who have also
considered this problem. These authors® appear to have
made a few minor errors, but these do not invalidate
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their conclusions. One error is the replacement of
(fiwara)? by (hw)? in Eq. (14) of their paper; this error
would result in the factor (y+a)?, appearing in the
integrand of Eq. (13) of the present paper, being re-
placed by a2 The second error is the omission of the
square of ¥ in the argument of the hyperbolic cosine
appearing in Eq. (13) of their paper. These two errors
completely change the behavior of the integrand from
that of Eq. (13) of the present paper.

The matrix elements of V,(¢) and of V.(¢)3=iV,(q)
are given by

(', by, ketq| Vil nkyk.)=1(hiw./2m)

X[(n4+1)128,0 1 — 112800 n1 ],
and

', by, ket-q| VakeiV | nk k)

=2i(hwe/2m) 2 (n+5243) 00 ny:.  (18)

With the aid of Eq. (18) one can easily show that

MW p°w 2

Reai—

(2r)3r N

w Opo(Enl ks
/dkz 2 _p( I:—E(n—f-%:*:%)
n=0 a,u,

N S Oy

In writing down Eq. (19), we have again made use of
Eq. (11). Rewriting the integrand of Eq. (19) in terms
of the dimensionless variables defined by Eq. (12) gives
the result

fwe we ®
Rea, = f dy T (n+-5¥)
kT 4mwgay ), n
y2_ n
X cosh—2< 5 ~)7r_1]3[1+32(y-|— a—as)*]™t, (20)

where the new parameter a; equals ¢~ (w=tw,) (m/2kT)1/2.
As with the integrand in Eq. (13), the integrand of Eq.
(20) consists of two rapidly varying functions. The first
function > ,(n+3F3) cosh~2[(y2—4,)] consists of a
series of u/#%w, peaks. The height and width of the peak
at y*=A,, are approximately [ (u—AnkT)/liw.]F% and
A2 respectively ; the distance to neighboring peaks
is of the order of fiw,/kT A »'2

For B>>1, the second function (B/7)[1+B*(v+a,
—a3)? ]! has a sharp peak of width B! at y=a3—a1.
Far from the maximum, the second function decreases
as (wBy?)7, In order to have clearly observable gigantic
oscillations in Reo, as a function of magnetic field, we
must again satisfy the conditions that the distance be-
tween neighboring peaks of the first function in the
vicinity of the maximum of the second function must be
greater than the width of the maximum of the second
function, and the contribution to the integral from the
coincidence of a peak of the first function with the
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maximum of the second must exceed the remainder of
the integral. These two conditions can be written
approximately as

howe/2kT | az—ar| > B!, (21)
and
B{u—(as—a)*%T} no

>y nd,"3/%B.

n=0

22
((13*' (l;)ﬂ'hwc ( )

In the inequality (22), ny'=(u—akT)/hw., where a is
a number of the order of but greater than unity. The
inequalities (21) and (22) result in the requirements

@>m/hr, (23)

gl> [(u/ hoJwer JH{[1—(wo/que)* 3172

In writing down the inequality (24) we have assumed
as>a; and w>w. The inequality (23), together with
the requirement #w >kT, are the conditions necessary
for the existence of observable quantum oscillations
in the real part of gy, and hence in the attenuation
due to An= 1 transitions. The inequality (24) is the
condition necessary for oscillations of gigantic am-
plitude. The condition (23) was given in Ref. 6 on
the basis of rather intuitive arguments. The effect of
collisions in both An=0 and An=41 transitions is
relatively unimportant if the width B~ of the maxi-
mum of the second function is much smaller than the
width of the peaks of the oscillatory functions in the
vicinity of that maximum. This requirement leads to
the conditions ¢I>ul/2[ (3ms2+kT)Y2— (3ms?)V/2 ]! for
An=0 transitions and ¢/> (w./qvr)(u/kT) for An=41
transitions. When these conditions are satisfied, the
function 7 'B/[1+4 B%(y+a)?] can essentially be re-
placed by 6(y+a).

In actual experiments, at least in metals, %, is
usually of the same order of magnitude as 27" In this
situation, it is convenient for some purposes to write
the expressions for the real parts of ¢.. and o1 in a
different form which explicitly displays their oscilla-
tory behavior. If one returns to Eq. (8) and performs
some algebraic manipulation, one can obtain the fol-
lowing equation:

and
(24)

wpttwe
Reo,y= ———m—— —
(2m)3hgr N
X/ dkF (k) , (25)
S L(hg/m)k—w 4772
where
i . q\’ ) q
A B
n=0 2 2

By means of the Poisson sum formula,!® one can express

15 See, for example, R. Courant and D. Hilbert, Methods of
Mathematical Physics (Interscience Publishers, Inc., New York,
1953), Vol. 1, p. 76.
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F(k) in the form
g ArkT
F=— 2T F 1y

mw.  hw, =1

oot~ ()

X[sinh(ZerkT/hwc)]_l} , (27

where e(k)=#%2%/2m. For hw.2 kT, only the first oscil-
latory term in F(k) (that is, the =1 term) has appreci-
able amplitude; neglecting the small higher-order terms
gives the following expression for the difference between
Reo., and its mean value Reg..:

kT (raogr)™!
Re(0,0—G..) =—- L
e(q) sinh(27% 7T/ hw.)

® ster  (Zmur o (eten)')
X f dz~ cos [-w~[1~~~«_m.{l
o 21 U, gz 1l
w(z+wT)
Xsin{ a*}_ (28)
WeT

In Eq. (28), we have introduced the dimensionless vari-
able z=(hgrx/m)—wr, and we have neglected e(q/2)
compared to u in the argument of the cosine. For sim-
plicity, we assume that wr is small compared to unity,
although this requirement is not essential. The main
contribution to the integral appearing in Eq. (28) is
from the region |z| <1. If ¢/ (u/kw,)"?, as required by
Eq. (16), we can obtain a rough approximation to the
behavior of the integral by neglecting the z dependence
of cos((2mu/hw){1—[(s4w7)?/¢?*]}). When this is
done, one obtains

kT (aogr)~lem/wer
Re(o,,—G.) m— ———
hw. sinh(272k T/ h )

2 s?
Xcos(——[l——:D . (29
hwc ‘Z)F2

The attenuation displays quantum oscillations of the
de Haas—van Alphen type; that is, it is a periodic func-
tion of w:!. Because of the factor [1—(s2/vp?)] in the
argument of the cosine function, the period of oscilla-
tions is slightly longer than the de Haas-van Alphen
period. The period of the present oscillations is pro-
portional to the cross-sectional area of the Fermi surface
at the plane k,~ms/#%, while the de Haas-van Alphen
period is proportional to the cross section at the plane
k,=0. The factor e~"/¢ requires w.m>>1 in order that
the oscillations be of appreciable amplitude. In this
situation where #w.> kT, it is not really appropriate to
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refer to the oscillations as giant oscillations. When
hwo>kT, more than one of the oscillatory terms in the
summation appearing in Eq. (28) must be taken into
account. In this case, it is probably of little value to use
the Poisson sum formula.

The same procedure can be applied to o when
hw.2kT. One can show that if ¢Z>m/%r, then
Re(o.—&,) can be approximated by an expression of
the form A cos((2r/two)uf{l—[(ww)?/¢?vr*]}). We
do not bother to write down the approximate but com-
plicated expression for the amplitude 4. The main
point is that because of the factor {1—[(w.=w)?/
¢>vr?]} appearing in the argument of the cosine, the
attenuation is not a periodic function of w,™! as in the
de Haas-van Alphen effect. However, in metals, even
at the highest magnetic fields, (u/#w.)>>1; therefore, the
factor {1—[(w.#w)?/q%r*]} changes by an extremely
small amount when one alters the intensity of the dc
magnetic field sufficiently to cause p/#w. to change by
unity. Thus the oscillations are approximately periodic
over any small range of magnetic field. The period of
the oscillations is proportional to the cross-sectional
area of the Fermi surface at the plane k.= (m/hq)
X (wFw.). The position of the plane is itself a function
of we, but it is a slowly varying function compared to the
period of the oscillations. Thus the quantum oscilla-
tions in the attenuation due to An= =1 transitions are,
in principle, capable of yielding the cross-sectional area
of the FFermi surface as a function of %..

IV. SUMMARY

The present work is based upon the free-electron gas
model of a metal; however, with a slight generaliza-
tion, many of the conclusions should be applicable to
systems with more complicated constant energy sur-
faces than spheres. To demonstrate this point one need
only compare the present theory with the treatment by
Gurevich et al.® of the quantum oscillations due to
An=0 transitions. If one is careful to include the
factor (wera/w)? in the generalization of Eq. (14) of
Ref. 3, in which the delta function §(wea—w) is re-
placed by a Lorentzian, one obtains the same result as
Eq. (13) of the present paper. Thus the present paper
offers some justification for this rather simple treatment
of collision effects. For systems with complicated energy
surfaces, the calculation of the conductivity tensor be-
comes very difficult, but the procedure used by Gurevich
et al. can probably be carried out.

The physical origin of the quantum oscillation has been
discussed in detail before.®*% In absorbing a phonon
of wave vector ¢ and energy 7w, an electron makes a
transition from the initial state |nk,k.) to the final state
| n+a, ky, k.+q). Conservation of energy and wave vec-
tor require that k,=«a, where k. is given by ko= (m/%q)
X (w—aw,)— (¢/2). a= An is the change in the Landau-
level quantum number in the transition. In order to have
absorption the initial state must be occupied and the
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final state empty. Thus at zero temperature absorp-
tion occurs only if the Fermi energy lies between these
two states. Since these states are separated in energy by
fs, only over w/w, of the full period can absorption
occur. The period of the oscillations is obtained by de-
termining the change in magnetic field necessary to

“push” one Landau level through the Fermi surface at
the plane k,=«k.. The period A(By™!) is inversely pro-
portional to the cross-sectional area of the Fermi sur-
face at the plane k.=«,;in fact, A(By™') = 2me/ hcS (u,ka),
where S(u,xe) is the cross-sectional area of the energy
surface E=pu (Fermi surface) at the plane k,=«a.
Actually, for a520, the value of «, changes very slightly
over one period; this results in the attenuation being a
not exactly periodic function of Bg!. It should be
pointed out that in this paper we have neglected all
effects due to the spin of the electron. The generaliza-
tion needed to include spin is rather trivial.

The effect of finite temperature and collisions can be
understood qualitatively in a simple way. If 27> fw,
one can have absorption as long as either the initial or
final state lie within 27" of the Fermi energy. Owing to
collisions, the law of conservation of energy has an un-
certainty #r~! associated with it. This results in a
spread in the allowed values in the plane k.=k,. If
this spread becomes too large, the quantum oscillations
are washed out.

For the purpose of illustration, we shall apply the
conditions obtained in this paper to an idealized metal
and a semimetal. We assume that the metal is character-
ized by the following parameters: m=m,, the free elec-
tron mass, vp=10% cm/sec, and s=2X10% cm/sec. At
an operating temperature of 2°K, the dc magnetic
field must satisfy the condition Bg>>15000 G in order
to see quantum effects. In order to see giant oscillations
due to An=0 transitions, the conditions (16) and (17)
must be satisfied. Actually, the condition (17) is the re-
quirement necessary for large amplitude oscillations;
that is, oscillations in the attenuation which are of the
order of the attenuation itself. Small amplitude oscilla-
tions may still be observable if only the inequality (16)
is satisfied. For the idealized metal under discussion
here, these inequalities result in the following condi-
tions on the frequency of the sound wave: w>10-1771
from (16) and w>10%7"1 from (17). Thus, for r=10-?
sec, it is necessary that w>10% sec™, in order to see the
oscillations; and it is necessary that w>10" sec?,
in order that the amplitude of the oscillations be gigan-
tic. The two conditions necessary for the observation
of giant quantum oscillations due to An>£0 transitions,
namely (23) and (24), are almost identical if one is not
too close to the absorption edge where ¢qvp=w,. For

JOHN 7J.
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our idealized metal they result in the condition w>2
X1057712; thus, for 7=1079 sec, the quantum oscilla-
tions should be observable, if w >6X10° sec™.

We shall use the parameters m=10"%m,, vp=5X107
cm/sec, and s=2X105 cm/sec to characterize a semi-
metal, or a small pocket of electrons or holes in a metal.
At a temperature of 2°K, B:o>150 G, in order to see
quantum effects in such a material. The condition
necessary for the observation of quantum oscillations
due to An=0 transitions is w>10"27"1; the condition
necessary for the oscillations to be of glgantlc amplitude
is @>10%7~1. The condition necessary for the observa-
tion of quantum oscillations due to Ans£0 transitions
becomes w>2X 10412, It should be mentioned that
the An=-41 transitions can occur only if w>w.s/vF.
The oscillations due to Az=0 transitions have been
observed by a number of authors'® at frequencies as
low as 11 Mc/sec. Thus far, the more interesting quan-
tum oscillations due to Azz0 transition have not been
observed.

Note added in proof. It has been pointed out to the
author that the treatment of the attenuation of longi-
tudinal waves is not correct because the diffusion
current, arising from the nonuniform electron density
associated with the wave, was not included. Equation
(4) gives only the conduction current. When the diffu-
sion current is included, the quantity ¢,, appearing in
Eq. (6) of this paper is replaced by

0z too(m/hgr)?(1+iwr)[ glw—1i/7) ]
X[glw—i/7)+iwrg(0) ],

where the function g(x) is defined by
pO[lzn(kz{—q)]_—pOEZZn(kz>]
kot3g—(ma/hg)

Including this diffusion term does not alter the condi-
tion (16) necessary for the observation of the quantum
oscillations.
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