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Magnetoacoustic quantum oscillations in beryllium~
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Magnetoacoustic quantum oscillations have been observed in the absorption of ultrasound in single crystals of
Be. The measurements were made with sound frequencies from 0.2 to 1.9 6Hz for magnetic fields up to 100
kOe. Extremal cross-sectional areas of the Be Fermi surface have been determined. Quantum oscillation
attributed to magnetic breakdown orbits between the "cigar" and "coronet" pieces of the Fermi surface have

been observed. Internal magnetization owing to the de Haas —van Alphen effect, caused frequency modulation

of the high-frequency magnetic-breakdown-induced quantum oscillations. Several anomalies in the nature of
the magnetic-breakdown quantum oscillations are reported.

I. INTRODUCTION

The Fermi surface (FS) of Be has been studied
experimentally by a number of investigators using
the de Haas-van Alphen (dHvA) effect, ' quantum
oscillations in the magnetoresistance, ' sound-
velocity quantum oscillations, ' and both magneto-
acoustic geometric oscillations ' and magneto-
acoustic quantum oscillations. "

We report here the results of a series of mea-
surements of the magnetoacoustic quantum oscil-
lations (MAQO's) in Be at sonic frequencies up to
1.9 6Hz. Most of the measurements were made
with longitudinal sound waves, but a limited num-
ber of observations were made with shear waves
of random polarization with respect to the crystal
axes. ' The measurements were carried out in
magnetic fields up to 100 kOe.

The present work gives experimental extremal
cross sections of the Be FS in agreement with
those determined by other investigators. " Mag-
netic-breakdown-induced areas, not previously
reported, have been identified. Unexplained
anomalies in the nature of the MAQO's a,ssociated
with the magnetic-breakdown orbits were ob-
served.

II. THEORY

Magnetoacoustic quantum oscillations

Quantum oscillations in the sound attenuation
are related to changes in the density of states at
the FS as a function of rriagnetic field. Only elec-
trons within k~T of the Fermi surface can absorb
energy from the sound wave. The electronic mean
free path l and the sonic wave vector q limit the
width of the effective zone of k, on the FS for pho-
non absorption by electrons. " Three ranges of
electronic scattering are found to yield qualitative-
ly different results due to these different zone
widths. These are q, l ~0. 7, ~7«1; q, l~0. 7,
(d v & 1; and q, l » 1, co~ & 1, where q, is the sound
wave-vector component along the direction of the

magnetic induction 8, ~ is the phonon angular
frequency, and ~ is the mean electronic scattering
time. "' These three regions are referred to as
(i) the dHvA region; (ii) the intermediate region,
and (iii) the giant quantum-oscillation region, re-
spectively. As ql changes from ql &0. 7 to ql» 1

the character of the observed MAQO's changes
from essentially sinusoidal to large amplitude,
sharp (5 function) spikes' as the region over
which the integration of the contribution to the at-
tenuation changes from the entire FS to an infi-
nitesimally small 5k, .""The areas of extremal
cross section obtained from a measurement of the
1/B period R of a MAQO are given by the relation

where
(2)

4k T *V
(3)

The zero-field attenuation I",. (q, l, B-0) is given,
for example by Pippard. " The oscillatory term
has a fundamental frequency fo(A&). The phase
factor g is generally unknown, but is —,

' for free
electrons. The factor A',.' is a FS curvature fac-

1/R =fG(A) = (hc/2ve) A(k, ) .

Here fo(A) is the MAQO frequency in G for
area A(k, ). The areas determined from the
MAQO's are generally the same areas as obtained
by the dHvA effect. (For the special case when q
is nearly perpendicualr to B and ql» 1 with (dT & 1

nonextremal areas may be observed. )
For the dHvA and intermediate regions an ex-

pression for the magnetoacoustic ultrasonic atten-
uation coefficient I",. (q, l, B) for the jth extremal
cross section of the FS, is"
I', (q, l, B) = I; (q, I, B- 0)

OO

x 1+ G(B)g exp
S=1 Cocg T2

cost2vS fG(A, )/B —2vS( ——'v].
sinh(2v~ S k~ T/h&u", &)
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tor given by

(4)

V is the specimen volume, T is the temperature,
and k~ is the Boltzmann constant. The density of
states p, (E~, q, I, k, ) is the density of those
states at the FS allowed to absorb a sound phonon.
If q, l &0. 7, p& is proportional to (q,l), but is in-
dependent of q, f if q, l ~ 0. 7. (d*,

&

——eB/em*, &, where
m,*& is the average cyclotron mass on the orbit in

the plane of A&. The relaxation time ~& is an aver-
age for the orbit about A& and is related to the
Dingle temperature Tn by Ta—= 8/2vka7,

Equations (2} and (2) are given in terms of the
magnetic induction B rather than the magnetic
field intensity H. H is the experimentally mea-
sured quantity, resulting in MAQO's that are re-
corded as a. function of 1/H.

M(B)=+A'si ( 4 ( )) (5)

and A~ is an amplitude factor varying slowly with
B and is not in general equal to A~ of the Lifshitz-
Kosevich theory. " dHvA measurements of the os-
cillatory magnetization as a function of H are
found to result in distorted wave shapes due to the
internal electronic contribution to the magnetiza-
tion implied by Eq. (5). Equation (5) represents
M(B) when the electronic interaction effects are
primarily due to a single extremal cross-sectional
area described by f~. For the general case, sev-
eral such areas will contribute to M(B), further
complicating the situation. When B has several
oscillatory components (one for each extremal
cross section of the Fermi surface}, the values of
f~, that are observed as a function of H, will be
frequency modulated, and will themselves oscil-
late about the actual value.

For MAQO s there is no implicit relation simi-
lar to Eq. (5} for I'(B). Generally, one treats the
"B-H" effect for MAQO's as if the value of B in

Eq. (2) is determined by Eq. (5) with the tacit as-
sumption that electrons contributing to I'(B) are
independent of those contribution to M(B). Ampli-
tude and frequency modulation of the MAQO's will

Magnetic interaction effects

Be is known to exhibit strong nonlinear mag-
netization effects. " In this case, the magnetiza-
tion M(B) is not correctly given by the Lifshitz-
Kosevich (LK) theory which assumes noninteract-
ing electrons, ' but must be described by a modi-
fied Lif shitz- Kosevich equation obtained by re-
placing H with B= (H+4vM). 2 The oscillatory part
of M(B) (the dHvA effect) is determined from the

implicit relation
Magnetic breakdown

When two sheets of the FS in different Brillouin
zones are separated by a small energy gap E„
there exists a finite probability that electrons will
tunnel the gap between the separated sheets. The
probability for tunneling increases with increasing
magnetic field. Electron orbits which are normal-
ly confined to one sheet of the FS will, for large
tunneling probabilities, be changed to more-near-
ly-free-electron-like orbits with orbit segments
on both parts of the FS."

The electron tunneling probability P for a single
approach to the zone boundary is given by

S = exp(- H, /H),

where Ho is a parameter (called the breakdown
field) def in ed as

m cE~ m~c E~
4eizl V„V, I keE (7)

The velocities V„and V, are components of the
Fermi velocity perpendicular to H, with V„paral-
lel to the Bragg reflection planes responsible for
the gap and V, perpendicular to these planes. K
is a constant, and is usually taken to be of order
one, dependent on the FS geometry. A compre-
hensive discussion of magnetic-breakdown (MB)
effects has been given in a review article by Stark
and Falicov. "

result from the "B-H"effect, but the wave shapes may
differ significantly from the dHvA wave shapes
arising from the vicinity of the same external orbits.

In Be the B-H effect can be sufficiently large that
free-energy considerations favor the formation of
magnetic domains for certain values of applied H.
For Be the domain formation occurs because of a
very large contribution to M(B) by electrons on the
"hip" orbits of the "cigar" portion of the FS.
These orbits are designated as n following the no-
tation of TEGS. At values of H for w hich domains
exist, there are disallowed values of B, of width
5B, that occur periodically with the frequency (in
G) fo(aa). The magnetic interaction effects are ob-
served in Be when H lies within 45' of the [0001]
crystalline direction, where the n~ orbit dominates
the magnetization. In this angular range, electrons
on the "waist" orbit (a') of the cigar experience the
discontinuous magnetization due to a, and a dis-
tinct "notching" effect is observed in quantum oscil-
lations in the magnetoresistance, sound velocity,
and magnetoacoustic attenuation. ' This notching
effect varies with a difference frequency &fo
= f~(aa) —fo(a') and is most pronounced at fields
&40 kOe, since the spacing of the n' oscillations
is Ba/fo(a'), whereas the domain region 5B, is
proportional to H. This notching is not observed
(nor is it expected} with the dHvA effect. a''
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FIG. 1. First Brillouin zone and Fermi surface for
Be. The "coronet" is a hole surface in the second Bril-
louin zone and the "cigars" are electron surfaces in the
third zone.

III. FERMI SURFACE OF Be

Figure 1 shows the FS of Be along with the first
Brillouin zone. The FS consists of a second zone
hole surface called the coronet and six equivalent
third zone, electron surfaces which combine to
form two "cigars" per coronet. Several theoreti-
cal calculations have been made of the FS of
Be." ' The semiempirical nonlocal pseudopo-
tential model of TEGS gives the best agreement
with the available experimental data.

The cross section of the cigar in the basal plane
is approximately triangular in shape, and has a
vertex of the triangle adjacent to a lobe of the coro-
net. This midsection a' of the cigar in the rKM
plane, Fig. 1, is the waist and it is characterized
by a cross-sectional area that is 3% smaller than
cross section & called hips j which are displaced
up or down by ——,

' of the distance KII. The hip
cross sections are believed to be more nearly cir-
cular in shape. The energy gap between the cigar
and coronet is small in the basal plane and MB
can occur when the applied H is along the [0001]
direction (i. e. , the electron orbits are parallel to
the basal plane).

IV. EXPERIMENTAL METHODS AND PROCEDURES

Measurements of the attenuation of ultrasound
in the frequency range of 0. 2-1.9 6Hz were made
as a function of magnetic field from 1 to 100 kOe.
The ultrasonic apparatus has been described else-
where. ' ' o The measurements were made in the
temperature range of 1.0-4. 2 K.

The magnetic field was supplied by either of two
superconducting solenoids. A 10.2-cm-bore 75-
kQe solenoid has been described in conjunction
with recently reported magnetoacoustic geometric
oscillations in Be. In addition to the 75-kOe

solenoid, a 100-kOe solenoid with a 6. 4-cm bore
and 5 parts in 10 uniformity over a 2-cm diameter
spherical volume (DSV) was used. The 100-kQe
solenoid was assembled by placing a NbsSn insert
in the bore of the 75-kOe NbTi alloy solenoid and
using a series electrical connection. The field in
the 100-kOe solenoid was determined using a cali-
brated (0. 1/o) Cu magnetoresistance probe. A 1/H
vs-t sweep unit was used with 75-kOe solenoid.
(The hysteresis of the NbsSn insert made the use
of this 1/H sweep unit impractical with the 100-kQe
solenoid. )

Sonic attenuation versus magnetic-field data
were recorded on an x-y chart recorder and a
strip- chart recorder. The data were also dig i-
tized and recorded on punched paper tape. The
digital data were fast Fourier analyzed by use of
standard computer scientif ic subroutines. The
Fourier analysis typically used 512 or 1024 points.
The magnetic-field digital data were recorded to
five digits and sonic echo heights to three digits.
Be specimens of two purities were employed. The
highest-purity Nuclear Metals Inc. (NM) speci-
mens are the same specimens used for the geo-
metric oscillation experiments previously re-
ported. In addition to the high-purity specimens,
a large less-pure single-crystal cube 1. 1 cm on
the side was obtained from The Franklin Institute
(FI). The sides of the cube had faces perpendicu-
lar to the [0001], [1120], and [1010]crysta. l direc-
tions. The residual resistance ratio of the FI
material was about 90. The NM specimens were
too small for reliable resistance ratio measure-
ments but the observation of - 40 geometric-type
magnetoacoustic oscillations in one of these speci-
mens showed their excellent purity and crystalline
order. CdS vapor-deposited transducers were
used on all the Be specimens.

The sample holder' for these measurements
allowed the samples to be rotated in the magnetic
field over a range of -130'; the rotation axis was
perpendicular to the direction of H. The direction
of the sound wave vector q was fixed perpendicular
to the rotation axis. It was possible to work over
a range of sample orientations that included q It H

and qlH. The position of H in the sample was re-
peatable to -0.2 .

V. EXPERIMENTAL RESULTS

Cross-sectional areas

MAQO's were observed with both the FI and NM

Be specimens. The area data from the two Be
materials were in complete agreement and no dis-
tinction will be made between the two sources of
data. The data, shown in Fig. 2, are given in
terms of the magnetic frequency f~(A,.) for ex-
tremal cross sections A, [see Eq. (2)]. The re-
lation between the area. A~, in atomic units (a. u. )
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FIG. 2. Semilog plot of
all observed quantum os-
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cross-sectional areas of
the Be Fermi surface, ex-
cluding magnetic break-
down orbits.
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and fo(A, )in units of. gauss (G) is

A, =2. 673&&10 f (A, ) .

Following the convention of TEGS, Greek letters
are used to refer to the FS cross sections re-
sponsible for a particular fo(A,.). Cigar orbits
are designated by c[t, orbits about the thin necks of
the coronet by y, and orbits about the lobes of the
coronet by P (see Fig. 3). A subscript defines the
planes in which H lies (1 for f1010), 2 for (1120j,
and 3 for 10001)). When two or more oscillations
arise from a. given portion of the FS these are des-
ignated by superscripts (e. g. , a' and o.' as de-
scribed above for the waist and hips of the cigar).
The I3 and y cross sections of the coronet in the
basal plane with H 16' from [1010]are shown in

Fig. 3.
All of the data presented in Fig. 2 mere obtained

by fast Fourier analysis of the digitally recorded
data. The data were obtained with the 75-kOe
magnet which was calibrated using proton NMR to
give values of H to better than 0. 1%. The result-
ing areas are believed to be accurate to better
than + 0. 5/g. They are in excellent agreement with
the dHvA data. given by TEGS. ' It is observed that
our magnetoacoustic data for the P cross sections
and the higher-frequency ct orbits (near [1010]and
[1120])are not as complete as those given by
TEGS. Table I compares our experimental data
for selected cross sections with both the experi-
mental and theoretical values listed by TEGS.

The a,rea of the inner coronet orbit, designated
X' by TEGS, in the basa, l plane was not observed
by TEGS, ' nor was it observed in this work. Mag-
netoacoustie oscillations data recently reported,
however, suggest a smaller area more consistent
with the dHvA data of Watts for this orbit than
that calculated by TEGS, which is 3.4% larger
than the experimental value. The geometric os-
cillation data also suggest a smaller Ik coronet
distance, mhich would affect calculations of the
outer coronet area. , designated 1' by TEGS. ' (The
orbits X' and X a.re the inner and outer eircum-

FIG. 3. Coronet cross sections in the basal plane
showing the positions of the P3 and y3 orbits when H is
15' from the [1010]direction.
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TABLE I. Observed quantum oscillation frequencies, compared to the results
of TEGS (Ref. 3). (Frequencies are given in units of 106 G. )

Fermi surface
cross section

Cigar
A

Direction of
H

[0001]

[0001]

Quantum oscillation
frequency

(present experiment)

TEGS
dHvA frequency

Experimental Theory

Coronet

50 from
[0001]

11.4' from
[1120]

19.9' from
[1120]

29. 4' from
[1120]

35.5 from
[1120]

39.4' from
[1120]

78. 4' from
[1120]

[1.01 0]

[11aO]

0. 111

0. 112

0. 117

0. 128

0. 146

0.128

12.4

14.90

0.110

0.112

0.116

0. 127

0.146

not

12.4

14.92

0. 1097

0. 1119

0. 1167

0. 1262

0. 1428

not
given

12.41

ferences of the coronet sho~n tn Ftg.

Magnetic-breakdown quantum oseillations

Several authors using rnagnetoresistance
measurements have reported that MB takes place
between hole and electron orbits on the coronet
and on the cigar, respectively, in the basal plane
(i. e. , for Hii [0001]). The magnetoresistance
measurements indirectly suggest MB by observing
where the magnetoresistanee changes from the
low-field quadratic dependence on II to a satura, -
tion of the magnetoresistance. No direct observa-
tions of the new electron-hole orbits created by
the MB have been reported for Be. Observations
of such areas have been made in other hcp metals
such as Mg. ' ' ' The pseudopotential model of
TEGS yields a. value of Ho= 120 kOe for magnetic
breakdown in the basal plane. '

Figure 4 shows the kinds of areas involving MB
in the basal plane that couM be expected to give
rise to quantum oscillations. Measurements in
the 85- to 100-kOe range have given MAQO's
which we attribute to the areas A and A+ a'. Fig-
ure 5 shows characteristic raw data near 100 kOe.
This figure shows one period of the n~ oscillation

and several superposed high-fr equency MB oscll-
lations. The MB oscillations were easily ob-
served over more than 15 periods of the slow (n')
oscilla. tions. Fourier ana, lysis of the slow oscil-
lations showed contributions from both a' and a
orbits with the n MAQO amplitude being - 3-4
times larger. The nodes in the MB oscillations

FIG. 4. Magnetic breakdown orbits A and 2A —n' in
the basal plane. H is along the [0001] axis.
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FIG. 5. Magnetic -breakdown quantum oscillations.
The breakdown oscillations appear superposed on the
large n2 oscillations, for which one period is shown.
The high-frequency oscillations are believed to be from
areas A and A + n of Fig. 4.

(one occurs at 98. 5 kOe in Fig. 5) were observed
to move relative to the peaks of the slow oscilla-
tions. Thus since the slom oscillation is domi-
nated by n it mas concluded that the difference
frequency causing the nodes in the high-frequency
MB oscillations was most likely equal to fo (cl').
This implies that quantum oscillations from tmo

MB orbits differing in size by n, are beating to-
gether to produce the observed beat. Such a com-
bination would be area A and area A+ n' (the elec-
trons make an extra trip around one ciga.r waist}
of Fig. 4. Careful examination of Fig. 5 also
shows that the periods of the high-frequency oscil-
lations are not of uniform size.

Fourier analysis of data similar to Fig. 5 over
the range of 93-100 kOe gives a spectrum of fre-
quencies characteristic of a frequency-modulated
signal. A typical spect. rum is shown in Fig. 6.
This frequency modulation arises from recording
the MAQO's as a function of II rather than B.
Since 8 is related to H by'

B(H) = H+ 4v (1 —r.) M(B),
where I. is the demagnetization factor, and since
M(B} ls a periodic function of B due 'to tile BH-
effect, the B(H) field varies periodically about the
value of the applied H. The amplitude of the mod-
ulation of B(H) by M(B) is determined by the am-

plitude of the dHvA oscillations. In Be the dHvA
effect is large for the a' and n orbits, with the
electrons on the a orbits dominating M(B), It
must be stressed that both sets of oscillations in
Fig. 5 are MAQO's that are phase modulated by
the dHvA oscillations. The amplitude and frequen-
cy of the MAQO's are not simply related to the
dHvA oscillations modulating them. The modulat-
ing dHvA frequency mill be a weighted average of
fo(a') and fo(o. ) with a net amplitude and wave
shape that results from a self-consistent solution
of an equation similar to Eq. (5) but summed over
fo(o.") and fo(a ). This modulation frequency will
be the difference frequency separating the FM
spectral terms or peaks of Fig. 6. Unless the
modulation amplitude is known, one cannot deter-
mine which of the peaks of Fig. 6 represent the
physically meaningful values for fo although the
spectrum must include them.

Using the X outer coronet area calculated by
TEGS, ' the area a', and the dimensions of the
Brillouin zone, the expected values for the fre-
quencies due to area. s A and A+ G' are calculated
to be fo(A) = l. 42x 10' 6 and fs(A+ n') = l. 51 x 10'
G. These values are within 3% of the prominent
lines a.t 1.455 and 1. 555&& 10 G shown in Fig. 6.
(For a. different pa, ir of lines in Fig. 6 to be the
correct values for these orbits mould require the
TEGS value for the X coronet area to be in error
by —6/g or multiples thereof. ) Becausethe modu-
lation frequency is very nearly equal to the ex-
pected difference frequency fs{A+ n') fo(A}, the-
Fourier spectrum cannot be used to prove the ex-
istence of more than one breakdomn orbit although
it is apparent that two orbits are beating together

4J
C5

Q.

4J

4J
fL

I. IO I. 20 I.50 l.40 l.50 l.60 l.70 I.80
fG ( loe 6 )

FIG. 6. Fourier spectrum of low-frequency magnetic-
breakdown quantum oscillations. The data were taken
from 89 to 100 kOe for shear waves of random polariza-
tion at a frequency of 1.2 GHz. Here j II [1120] and H

II [0001]. This is a 1024-point transform with S4 of the
512 components used to generate this plot. It is pro-
posed that these data contain the values of f~ for areas
A and A+ 0.~ of Fig. 4.
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as evidenced in Fig. 5.
Figure 7 shows a plot of the individual periods

in 4H for 54 of the MB oscillations used to obtain
Fig. 6. These data were read by hand from a
calibrated strip chart recording. The 4H periods
of Fig. 7 correspond to a range of about 1.1 to
3. 3&&10' G for fo. The 3-to-1 range of frequen-
cies occurs with a periodicity approximately equal
to one of the n frequencies; i. e. , the modulation
frequency due to the magnetic interaction is fs(n).
The average frequency for the range 93»II» 100

60I

20-

I I I

95 95 96
APPLIED MAGNETIC FIELD H (k Oe)

FIG. 8. Plot of internal ~ required to make data of
Fig. 7 all have same value of fc = l. 465 &108 6 {i.e. ,
B(internal) =H{applied) + DB).

94 95 96
APPLIED MAGNETIC FIELD H{k0e)

FIG. 7. Plot of individual AH periods for magnetic-
breakdown data. A portion of the same data used to
generate Fig. 6, was used to generate this plot. The fa
values, corresponding to the ~ periods shown, range
from about 1.1&&10 to 3.3&10 G within an average
value of 1 465&108 G for 93 ~H~100 kOe.

LLIo

EL
X
LLJ

4J
K

ZWNL/
2.50 2.60 2.70 2.80 2, 90 5.00 5.10 5.20

fG (loe 6)
FIG. 9. Fourier spectrum of high-frequency magnetic

breakdown quantum oscillations. The data were taken
from 59 to 73. koe using longitudinal sound at l. 20 GHz.
Here g II [1120] and H II [0001]. This is s 2048-point
transform with 219 of the 1024 components used to gen-
erate this plot. It is proposed that these data contain
the values of f& for areas 2A —e and 2A of Fig. 4.

kOe of the data including that of Fig. 7 is f~
= 1.464&108 G. If one were to assume that this
corresponds to the carrier frequency, the position
in B for each oscillation could be calculated and
the difference nB= B„,—B, , (=H) obtained for
each peak. Figure 8 shows such a plot for the
data of Fig. 7. The 4B values of Fig. 8 are thus
equal to 4mM(B) of the dHvA oscillations responsi-
ble for producing the MAQO modulation. 4vM(B)
has a peak value of - 50 6 at 95 kG and occurs at
a dHvA frequency fo corresponding to fo(n'), f(n')
or some weighted average of these. (Other values
of f~ as indicated by Fig. 6 were also tried but the
resulting values of ~B did not maintain a steady
base line at b,B=OG in Fig. 8. ) These values of
4@M(B) are reasonable in view of Condon's dHvA

data taken at 28 kOe which yields an absolute dHvA

amplitude for 4vM(B) of -14 G peak. '
MB MAQO's, with fo values about twice those

described above, were recorded with the more
uniform 75-kOe magnet. Figure 9 shows a typical
Fourier spectrum of these data. The strip chart
recordings show obvious beats at -9.4~10 6

fo(n'), which we—attribute to beating oscillations
from areas 2A —&' and 2A. If the peaks of Fig. 9
at 2. 78~10 and 2. 875&10 6 are assigned to 2A
—n' and 2A, respectively, the resulting value for
A is l. 44&10 G. This is in good agreement with
Fig. 6, which has a. peak at 1.455&&10 G. ]Note
that splitting of the spectra at 2. 78&&108 6 in Fig.
9 could be due to the difference between the FM
modulation frequency [-fo(n ) =9. 72x10s Gj and
the beat frequency between fs(2A) and fo(2A —n'),
which is fs(n')=9. 42&&10 G. The resolution of
the data of Fig. 6 was insufficient to observe such
splitting. )



MAGNETOACOUSTIC QUANTUM OSCI L LAT IONS IN BERYL LIU M

From the above considerations we assign the fG
values for the MB areas as follows: (a) fo(A)
=1.45x10' G, (b) fo(A+ o.')=1.55x10' G, (c) fo(2A
—o') = 2. 78 x 10 G, and (d) fo(2A) = 2. 88 x 10 G.
Our assigned values imply fG(A) to be 1.45+ 0. 01
x 10' G, which is about 3/o in excess of the esti-
mates obtained from the TEGS calculations. To
bring these facts into coincidence would require
the TEGS calculated X' coronet area to be too
large by about 3%. Estimates of the change in the

area that would result if the I'k coronet dimen-
sion (see Ref. 8, Fig. 6) were corrected to that
obtained from geometric oscillations indicate a
reduction of - (2 to 3)lo. This would support our
findings in this work. The implications of this
change in the coronet, with respect to effects on
the shape of the cigar and the magnetic breakdown
energy gap are not clear. It is also surprising
that the dHvA studies by TEGS' did not yield any
observation of MB orbits. This is particularly
true in light of the fact that they worked at fields
up to 60 kOe and had sufficient field uniformity to
make a search for oscillations from the large
basal plane orbits about the coronet.

Magnetic-breakdown observation anomalies

The high-frequency MB data (from areas 2A and

2A —n') were observed at lower values of H than
the lower-frequency data (from areas A and A
+ n'). The fact that high-frequency data could on-

ly be obtained with the more uniform 75-kOe
magnet and could not be observed with the 100-
kOe magnet, even at the same field values, leads
us to conclude that the poorer uniformity of field
in the 100-kOe solenoid limits the observation of
the higher-frequency oscillations. One would ex-
pect from Eq. (6) that areas A, A+ o. , 2A- o.',
and 2A would be observed with increasing H in this
order. Several attempts with the high-uniformity
magnet yielded no evidence for MB MAQO's due to
orbits A or A+ Q.

' at fields below 60 kOe, where
the fo(2A —o.") data were already clearly apparent.
Since the magnetoresistance data imply that MB
commences near H=20 kOe, ' the lower-frequen-
cy orbits should be observable, in the 50-kOe re-
gion. The 75-kOe magnet had more than sufficient
uniformity of field to allow the observation of fo(A)
at 40 kOe. These observations were independent
of the Be specimens used.

The MB MAQO's reported here have only been
observed for H lying within + 1' of the [0001] crys-
talline direction. This angular dependence is con-
sistent with observations of orbits about the coro-
net as seen by previous experiments using magnet-
netoacoustic geometric oscillations. ' The data
were all taken with the specimens at 1 K. For

temperature above 2 K the MB MAQO's disap-
peared into the noise. No evidence could be found,
for H up to 100 kOe, for MB oscillations for q
II [0001]II H. For the case of either q ii [1120]or
q It [10TO] with R II [0001], so that q J. 0, the MB os-
cillations were very readily observed in either
the pure NM specimens or the less pure FI speci-
mens. The MB oscillations were observed with
any sonic frequency used, with the amplitude of
the MAQO's being approximately proportional to
the sonic frequency. The MB oscillations were
observed for both longitudinal and shear wa.ves.
Most of the shear wave data were taken with ran-
dom polarizations generated by the CdS trans-
ducers on the FI specimens. Similar shear wave
results were obtained with a quartz AC cut shear
transducer, indium bonded to an NM specimen,
with e[l [0001] and q II[1120]. Operation with the
quartz transducer (15-MHz fundamental) was re-
stricted to frequencies below 405 MHz by system
attenuation. The theory for magnetoacoustic
quantum oscillations" predicts that for specimens
with ql & 1 the oscillations for q I H should be
greatly reduced in amplitude over that of the case
for q II 0 and IT along the same crystalline direc-
tion a.s in the q 1A case. With the NM specimens
it is clear that ql & 1, as is evidenced by the ob-
servation of magnetoacoustic geometric oscilla-
tions in the same specimens. ' For the case of
MAQO's due to the n' and a orbits, the theory"
is consistent with our observations, with q ll H
II [0001] clearly giving rise to much larger oscilla-
tions than for q s H II [0001] for both longitudinal
and shear waves, in both the NM and FI speci-
mens.

The fact that the effects described in the pres-
ent section were obtained for both the cubic FI
specimen and the thin-disk NM specimens reduces
the possibility that the effects were caused by the
sample- shape-dependent demagnetization factor L
of Eq. (9). This factor would be expected to alter
the magnetic interaction effect, ' particularly the
wave shape of the dHvA oscillations which are re-
sponsible for the observed frequency modulation.
Since observations of MB orbits are more often
made by use of the dHvA effect, rather than the
MAQO effect one might be induced to look at the
nature of the MAQO effect for the explanation of
the unexpected ply requirement for observing
MB orbits in Be. However, an earlier investiga-
tion of Mg by the MAQO effect gave good observa-
tion of MB orbits with q ll A. "

Throughout these investigations of MAQO's,
qualitative differences in the data that depend on
propagation mode (longitudinal or shear) and on

propagation direction have been observed. These
were consistent with, and further support an ear-
lier report of these effects. '
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VI. CONCLUSIONS

Cross-sectional areas of the FS of Be have
been measured and are in good agreement with
data from the dHvA effect. Magnetoacoustic
quantum oscillations due to MB orbits between the
"cigar" and "coronet" pieces of the FS have been
observed. Such orbits have not been reported by
observers using other techniques such as the
dHvA effect. Large magnetic interaction effects
cause frequency modulation of the MB data and
prevent precise assignment of the frequencies re-
sulting from Fourier spectrum analysis of the
data to a particular MB orbit. The frequency
spectra contain frequencies close to those pre-
dicted for such MB orbits by the TEGS' pseudopo-
tential model of the FS of Be. The TEGS pseudo-

potential model erroneously predicts that mag-
netic breakdown in the basal plane between the
cigars and the coronet should take place at - Bo
= 120 kOe. The present results show that Ho must
be at least as low as 50 kOe. Anomalies in the
character of the MB quantum oscillations require
further investigation.
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