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A number of experiments, ' in which some geo-
metrical property of the Fermi surface is direct-
ly determined, have proven extremely important
in the study of the electronic structure of metals
and semimetals. The de Haas —van Alphen ef-
fect, ' which allows one to determine the extremal
cross-sectional areas of the Fermi surface nor-
mal to the direction of an applied magnetic field,
is a classic example. The purpose of this note
is to point out the existence and importance of a
new effect, giant quantum oscillations in the at-
tenuation of transverse acoustic waves propagat-
ing parallel to a dc magnetic field. This effect
differs from the giant oscillations in acoustic at-
tenuation discussed by Gurevich, Skobor, and
Firsov' and by Quinn and Rodriguez, ' in that here
we consider electronic transitions in which hn,
the change in the Landau level quantum number,
is nonzero. This fact is quite significant; it re-
sults in the two oscillatory effects having entire-
ly different periods. The importance of the ef-
fect discussed in this paper is that the period of
the oscillations can be used to measure the cross-
sectional area of the Fermi surface not merely
at extrema, but at any plane in k space normal
to the magnetic field.

In this work we assume that a metal behaves as

a free-electron gas embedded in an isotropic lat-
tice of positive ions, the latter being capable of
sustaining both longitudinal and shear waves.
This model has been used previously to treat the
magnetic field dependence of the velocity of
sound, ' and the helicon-phonon interaction in
metals. ' In references 5 and 6 the following
equation is derived:

The solutions &u of Eq. (1) are the frequencies of
the circularly polarized transverse modes of vi-
bration of the system. As discussed in reference
6, there are two acoustic modes and one electro-
magnetic (helicon) mode for each circular polari-
zation. In Eq. (1), M and Q, are the mass and
cyclotron frequency, respectively, of the ions; P
= (c'q'/&u~'~r)(1- u.'/c'q'), where &u~ is the plas-
ma frequency and T the relaxation time of the
electrons. g, is the dc conductivity, s the veloc-
ity of transverse acoustic waves, and

R =(g. +ig ) ',
xx xy

where a is the magnetoconductivity tensor. The
quantum mechanical expression for 0 micr~& is
derived in reference 4, and it can be written
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In Eq. (3)f,(E) is the Fermi distribution function,
E„(kz) =8& 0(n+';)+k'kz'/2m is the energy of the
quantum state Ink kz), and ~, is the electron
cyclotron frequency. In order to account for col-
lision effects, one normally replaces v by ~- i/r,
but in this work we restrict our attention to the

situation where collisions are unimportant. In
this situation Eq. (1) can be simplified and re-
written

4m' C2 a
(u'=s'q'+0 (u+fI ' 1- g (q, (u)-, , (4)0 P
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where Q~ is the ion plasma frequency. Even in

the absence of collisions g has both a real and

imaginary part. The real part of g~ is due to a
Doppler-shifted cyclotron resonance and gives
rise to attenuation of the acoustic wave. ' For
sound waves the real part of v~(q, &u) is zero for
frequencies ~ smaller than &u,s/v„where s is
the acoustic velocity and U, the Fermi velocity.
We restrict ourselves in this work to frequencies
&u such that the three roots of Eq. (I) are well
separated. In this case y, the coefficient of at-
tenuation of the energy of the sound wave, is given
approximately by

—(Qp '/s(u) (4v/u&) Rea „(5)[I + (4m/~) Imo —c'q'/( ']'+ [(4z/(u) Reo j"

where Rem+ and Ima+ denote the real and imagin-
ary parts of o~. From Eq. (3), one can show
that

-3~(d (d
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where

x [f,(E„„(K +q)) -f,(E„(K ))],

K = (m/kq) (+(u, + (u) - '; q.

The real part of the conductivity displays giant
quantum oscillations as a function of the mag-
netic field strength. '

The physical origin of the giant quantum oscilla-
tions is quite simple. In absorbing a phonon of
wave vector q and energy h+, an electron makes
a transition from the initial state lnkykz) to the
final state In + I, ky, kz + q). Conservation of en-
ergy and wave vector require that kz =K~, where
K is given by Eq. (7). In order to have absorp-
tion the initial state must be occupied and the
final state empty. Thus at zero temperature ab-
sorption occurs only if the Fermi energy lies be-
tween these two states. Since these states are
separated in energy by h&u, only over v/&u, of the
full period can absorption occur. The period of
the oscillations is obtained by determining the
change in magnetic field necessary to "push" one
Landau level through the Fermi surface at the
plane kz =K~. Actually the value of K~ changes
very slightly over one period; this results in the
attenuation being a not exactly periodic function
ofB, '.

For an arbitrarily shaped Fermi surface, the
selection rule ~ =+1 is no longer exact; however,

we may expect these transitions to be the pre-
dominant source of attenuation under the proper
experimental conditions. The period of the oscil-
latory absorption will be

b,I3, '=2we/hcS(g, K) (8)

where S(g, K) is the cross-sectional area of the
energy surface E = g (Fermi surface) at the plane

kz =K. In this case K is approximately the value
of k which satisfies the equation

BS(g, k )z
2vle iB

=q
hc

sS(E, k )z

If one knows the cyclotron effective mass of the
carriers of interest (m* =k'/2m[SS(E, kz)/SE jE &),

Eqs. (8) and (9) allow one to determine S(g, k )

as a function of kz.
The oscillations discussed here will be observ-

able if hwo»kT, u,T»1, and if the frequency (

satisfies the conditions' +&s+gv, and ~& (ms'/
kv. )'". In a pure sample of sodium, the oscilla-
tory attenuation should be observable at 1.6'K in
a magnetic field of 40000 6 with ultrasonic fre-
quencies of the order of a few killomegacycles
per second.
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The Doppler-shifted cyclotron resonance also gives
rise to absorption of helicon waves. The quantum me-
chanical treatment of this effect has been given else-
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where. [J. J. Quinn, Phys. Letters 7, 235 (1963);
P. B. Miller, Phys. Rev. Letters 11, 537 (1963).]

One can use the Poisson sum formula [see, for ex-
ample, R. Courant and D. Hilbert, Methods of Mathe-
matical Physics (Interscience Publishers, Inc. , New

York, 1953), Vol. 1, p. 76] to put Eq. (6) in a form
which explicitly displays the oscillatory behavior. The
result is

-3h~ '(d '
He(r = 3 Q (-1) ~+——[4 )t —e(E ) —ku)p 0 r 1 1

Smv mfa 2 27ti Br. r
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where sin(2xrx~ o)

r Scuo sinh(2m rk'I/~0) '

f is the Fermi energy, and c(E) =S E /2m.
This second condition on the frequency arises be-

cause of the uncertainty principle. If this condition is
satisfied, the meaning of the selection rule (Eq. 7) re-
mains effectively unimpaired by the collision broaden-
ing of the Landau levels. It should also be pointed out
that the use of the word giant to describe the oscilla-
tions is really only appropriate when Sru ) kT and ~T
&1, conditions which are difficult to satisfy experimen-
tally.
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The purpose of this Letter is to report the ob-
servation of the excitation spectra of inner shell
d electrons in neutral Kr and Xe by optical spec-
troscopy. The fine-structure splitting of these
electrons amounts to 1-2 eV. Analogous fine
structure has been previously observed only in
transitions to much deeper levels resulting in x-
ray photons of the order of 104 eV. The present
spectra were observed in the 100-200A region by
absorption spectroscopy using as a background
source the "synchrotron light" continuum radiated
by the NBS 180-MeV electron synchrotron. Inner-
shell structural details, mell resolved in this
mavelength region, are difficult to observe in the
ordinary x- ray region.

.Resonances in photoionization continuum absorp-
tion having the Beutler-Fano profile' have recent-
ly been reported for He, Ne, and Ar, ' and for
Kr 3~4 and Xe. 4 The observed structure in the

0
case of Kr and Xe occurred in the 380-600A re-
gion and was shown to be due in part to the exci-
tation of inner subshell s electrons. These high-
lying neutral-atom energy states interact with the
adjacent photoionization continuum, decaying
rapidly into this continuum (autoionization).

The present spectra were observed in the region
of 130 A for Kr and 180 A for Xe. A three-meter
grazing incidence spectrograph mas used, having

0
available a resolution of approximately 0. 06 A at

0
150 A. The absorption spectra were obtained by
admitting the gas into the spectrograph at room
temperature and a pressure of approximately
0. 07 mm of Hg.

The observed spectra are shown in Fig. 1. For

both Kr and Xe, two series of resonances occur,
superimposed upon the continuous photoionization
absorption for these gases. For Kr, this discrete
structure occurs 80 eV above the first ionization
limit (14.00 eV) and, in fact, about 20 eV above
the third ionization limit (75. 52 eV). For Xe,
the structure occurs more than 53 eV above the
first ionization limit (12.13 eV) and in the region
of the third ionization limit (65.46 eV). As is
expected for autoionizing series, the widths of
the resonances decrease with higher series mem-
bers.

The measured wavelength and the effective quan-
tum number, n*, determined for each observed
series member, are listed in Table I. In addi-
tion, the series limits, determined by a quantum
defect plot, are given.

In identifying the transitions associated with
these series, a consideration of available x-ray
data yields useful information. From differences
in observed x-ray transitions, the MIV V edge
of Kr has been estimated to be (87+ 10) eV. ' The

MIV V edge results from the removal of a 3d elec-
tron which leaves the Kr ion in a 'D3/2 5/g state.
The x-ray data do not yield an estimate of the 'D

splitting. For Xe, x-ray data on the XIV V edge
are not available. However, the position of this
edge is known for the elements on either side of
Xe in the periodic table, i.e. , Cs and I. From
these data one may estimate that the 1VIV V edge
of Xe will lie close to 65 eV with a 'D3/2 5/Q split-
ting of approximately 2 eV (16 000 cm ').

In the case of Kr, additional information is
available from spectroscopic data' on the isoelec-
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