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Doppler-shifted open-orbit resonance and high-field magnetoacoustic oscillations have been
observed in ultrapure copper at 4.2 °K with compressional sound waves propagating along the
[To1] axis. A Doppler-like splitting of the resonance peak associated with the [010]-directed open
orbits begins when B is rotated about 0.1° away from [101] in the (T01) plane and increases
in magnitude with rotation angle. From the splitting one can deduce average cyclotron masses,
which exceed the free-electron mass by as much as a factor of 30, and average drift velocities,
which are one hundred times smaller than the free-electron Fermi velocity. Magnetoacoustic
oscillations caused by extended orbits along the (010]- and [111]}-directed open-orbit bands
were studied in fields up to 27 kG, and orbits covering as many as sixty Brillouin zones were
measured. All experimental results are compared with the model Fermi surface proposed

by Halse.

I. INTRODUCTION

Open orbits are known! to be very important in
determining the transport properties of metals,
and investigations? of electrons on such orbits have
contributed much to the understanding of these
properties. The purpose of this paper is to report
the observation of two effects caused by open orbits
in copper which appear in the ultrasonic attenuation
data: Doppler-shifted open-orbit resonance and hign-
field magnetoacoustic oscillations. The first ef-
fect provides quantitative information about cyclo-
tron masses and electron drift velocities, while
the second can be of importance in the interpre-
tation of high-field attenuation data. A detailed
analysis is made of these phenomena using com-
pressional waves in a single crystal of copper?
having a residual resistivity ratio of 35 000 at a
temperature of 4.2 °K.

The fact that electrons moving on open trajec-
tories in a direction perpendicular to an applied
magnetic field can absorb energy resonantly from
a sound wave was first discussed by Galkin, Kaner,
and Korolyuk. * Such resonances occur when the
projection of the T-space orbit period along the
direction of sound propagation is equal to an in-
tegral number of wavelengths. A Doppler splitting
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of the resonance peak can be observed when the
component of the average velocity of the open-
orbit electrons along the sound-wave propagation
direction does not exceed the sound velocity by more
than about one order of magnitude. If the magnetic
field is not exactly perpendicular to the open
direction, and if the electron mean free path is
long enough, then the open orbits eventually coal-
esce into elongated closed orbits which can extend
over many Brillouin zones. The matching of these
extended orbits in T space to the sound wavelength
then gives rise to magnetoacoustic (geometric)-
type oscillations at high magnetic fields.
Open-orbit resonances have been observed in
copper®'® and several other? metals, and magneto-
acoustic oscillations due to extended orbits have
been seen at relatively low magnetic fields in
cadmium. "*® However, only in gallium® was a
Doppler effect seen, and no magnetoacoustic os-
cillations have been reported for any metal at
high fields (where the electron cyclotron radius
for single-zone orbits is much less than a wave-
length of sound). The Fermi surface of copper
supports open orbits in ma.ny10 directions, but this
work is confined to a study of the “primary” open-
orbit band along (111) and a “secondary” band
along (010). The relative orientations and widths
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of these bands are indicated in Fig. 1.
II. THEORY

The electronic attenuation of a compressional
sound wave propagating through a pure crystal
along an axis of high symmetry may be expressed
quite generally in the form?

= F,k,,w,;,q, D) dk,
ae Re,,_z_z, f(7'1> +i@- (V) - w —nw,)
The magnetoacoustic-oscillation effects are con-
tained in the real function F,(k,, w,, 4, D), which
involves an integration around the orbit in each &,
plane perpendicular to B and depends upoa the
cyclotron frequency w,, the sound-wave propagation
vector {, and the deformation parameter D. Res-
onance effects from the imaginary part of the de-
nominator in Eq. (1) can appear in a if the relax-
ation time 7 is large. The condition for Doppler-
shifted open-orbit resonance is similar to that for
acoustic cyclotron resonance and may be expressed
in the form

Ia'(‘.’>-w'=nwcy n=1, 2"" (2)

where (V) is the electron velocity averaged over a
period of motion in the magnetic field. It is seen
from Eq. (2) that electrons drifting in opposite
directions along § come into resonance with the
sound wave at slightly different series of magnetic
field values:

Bi=(cqm,/ne)({vy)xv,) . (3)

Here (v,) is the magnitude of the electron drift
velocity parallel (-) or antiparallel (+) to q, m,
is the cyclotron mass, and v, is the velocity of
sound. The period K, of the open orbit in k space
can be related to (v,), and hence can be expressed
from Eq. (3) in terms of B, and B, as

K, cosy = (mne/cqk) (B}, +B;) , (4)

where ¥ is the angle between q and the open direc-
tion in T space. Likewise, from Eq. (3), it follows
that

)

m,=(ne/2cw)(B,- B;) (5)
and
(ve)=v,[(Bs+B)/(B,- B})], (8)

so the cyclotron mass and drift velocity may in
principle be determined simultaneously from the
measured values of the resonance fields. In practice,
however, (v, is usually too large to permit the
Doppler splitting to be resolved, so m, and (vq)
cannot be determined independently. Furthermore,
the observed resonance peaks are the result of an
integration over %, [see Eq. (1)], so any values of

m, and (v,) calculated from Eqs. (5) and (6) rep-
resent some sorts of averages for the entire open-
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FIG. 1. Locations of the [111]- and [010]-directed
open-orbit bands on the Fermi surface of copper (based
on the model proposed in Ref. 11).

orbit band. Finally, it can be shown® that the rel-
ative width of a particular resonance peak is de-
termined only by the sound frequency, the velocity
of sound, and the electron mean free path along 3.
Then the mean free path ! can be estimated from
the relation*

1=(2/q)[B,/ (4B),], m

where (AB), is the width of the nth resonance peak
at the half-amplitude point.

The degeneration of periodic open orbits into
extended closed orbits is easily understood on the
basis of a simplified model in which an open-orbit
band is approximated by an infinitely long corrugated
cylinder. The lengths L, of the extended orbits
formed as the magnetic field is rotated away from
the plane perpendicular to the cylinder axis depend
both on the angle of rotation A6y and the diameter
of the cylinder d,:

L,=d,/sin(86g) . 8

The matching of the orbit lengths in T space to the
sound wavelength gives rise to the familiar magneto-
acoustic oscillations which are periodic in 1/B,

A(1/B)=(2ne/cqhi)(1/L,) , 9

but which can occur at very high magnetic fields
when the rotation angle is small.

III. EXPERIMENTAL PROCEDURE

The experiments were performed using a con-
ventional pulse-echo technique, 2 where the rela-
tive attenuation of compressional waves was mea-
sured at a temperature of 4.2 °K in magnetic fields
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up to 27 kG. All data presented here were taken on
a single crystal of copper? having a resistivity
ratio of 35 000, with the sound propagating along
the [101] crystal axis at frequencies from 11 to
53 MHz, and with B directed in the (101) plane.
Since gl >1 under these conditions, the attenu-
ation proved to be extremely sensitive to small
changes in the orientation of B relative to § and
the crystal axes. To eliminate field-alignment
errors, a sample holder was constructed which
enabled the crystal to be tilted about two mutually
perpendicular axes in the rotational plane of the
magnet. With this system, { could be_’aligned per-
pendicular to the plane of rotation of B to within
0.1°, and the field could be set to within 0. 03° of
a given direction in the rotational plane. The
criteria for determining when the crystal was
properly aligned were based on an analysis of the
symmetry of polar plots at high magnetic fields.

IV. RESULTS AND INTERPRETATION

A. Open-Orbit Resonances

The resonances caused by the [010]- and [111]-
directed open-orbit bands with B parallel to [101]
and [121], respectively, are compared in Fig. 2.
The fundamental (z=1) peak due to the [010] band
is much broader and weaker than that due to the
[111] band, and no Doppler-shift effect can be de-
tected in either case. Furthermore, no harmonic
(n=2,3,--) peaks can be seen for the [010] res-
onance, the peaks appearing at lower fields being
only magnetoacoustic oscillations from orbits of
the “lemon” and “dog-bone” types. The absence
of a Doppler effect indicates that the electron drift
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FIG. 2. Open-orbit resonances with ¢ Il (101] and f
=32.0 MHz, superimposed on the low-field magneto-
acoustic oscillations. The series of resonance peaks due
to the [111]-directed orbits occurs when B Il [131], and
the single peak due to the [010]-directed orbits is found
when B Il [101].
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FIG. 3. Open orbits along [111] and [010] computed
from the Halse-model Fermi surface. The cross sec-
tions of the [111] band (a) are at (ka)f;3;=0(solid line)
and (ka)g;317=0.8 (broken line); while those of the [010]
band (b) are at (ka)(yo1=4.3 (solid line), (ka)gyg1=4.4
(broken line), and (ka);jp;3=4.6 (broken line with dots).
Here K is the electron wave vector measured from the
center of a zone, and a is the lattice constant.

velocities along both open-orbit bands are several
orders of magnitude greater than the velocity of
sound, i.e., (v,)>v,. Some very weak harmonic
peaks associated with the [010] open-orbit band
were seen by Kamm® with dii[111] and Bi[101] (in
our coordinate system), so the failure to detect
them here is probably due to the large background
attenuation in this geometry.

Cross sections of the [111] and [010] open-orbit
bands computed from a program“ based on an
analytic expression for the copper Fermi surface
developed by Halse!! are shown in Fig. 3. It is
seen that the shape of the [010]-directed open orbits
varies somewhat across the band, although the
orbit period, being determined only by the Brillouin-
zone dimension along [010] remains constant.

The values of m, and (v,) computed from this model
vary somewhat over both of the open-orbit bands.
However, it can be concluded that electrons mov-
ing along the [010] open orbits have a larger
average cyclotron mass (by about a factor of 3)

and a correspondingly smaller average drift ve-
locity along q than the electrons on the [111]-
directed orbits.

In order to make a detailed study of the reso-
nances, it is necessary to subtract the background
due to other parts of the Fermi surface from the
total attenuation, as illustrated in Fig. 4. Sub-
stitution of the magnetic field values at which the
resonances occur into Eq. (4) (with B} = B; in this
case) gives the values for the open-orbit periods
listed in Table I, which are seen to agree within
experimental error with the corresponding Bril-
louin-zone dimensions calculated from the value
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FIG. 4. Reduction of the open-orbit data by subtrac-
tion of an average background (long dashed line) from the
recorded peaks (short dashed line). The bottom and top
field scales are for the [111] (a) and [010] (b) peaks,
respectively.

of the lattice constant at 0 °K. * Most of the un-
certainty indicated for the values of K, is due to
the approximately 1% uncertainty in the value of
the ultrasonic frequency, which is a consequence’
of the pulse-echo technique, and to a possible
error of about 0. 5%° in the velocity of sound. The
greater uncertainty in the period of the [010]-
directed open orbits is due to a less precise res-
olution of the resonance-field value.

Substitution into Eq. (7) of the relative res-
onance widths obtained from the reduced data of
Fig. 4 yields the mean-free-path values listed in
Table 1. In this case, the indicated uncertainties
are due to the arbitrariness involved in estimating
the background attenuation. However, there may
be an additional uncertainty in these ! values due
to an apparent broadening’ of the resonance peaks

TABLE I. Open-orbit periods and mean-free-path
values calculated from the resonance peaks caused by
the [010]- and [111]-directed orbits.

Orbit Field K, l
direction direction (A1) (cm)
[010] [101] 3.46+0.05 0,032+0.004
(3.49%
[111] [121) 3.03+0.03 0.105+0.008
(3.02%)

2Corresponding Brillouin-zone dimension calculated
from the lattice constant.
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FIG. 5. Doppler splitting of the [010] open-orbit peak
with rotation of B away from [101] in the (101) plane.
Here f=53.4 MHz, and the curves are displaced arbi-
trarily in the vertical direction.

which can occur when the mean free path is of the
same order of magnitude as the spatial extension
of the ultrasonic wave packet. The fact that / for
the [010]-directed orbits is smaller by about a
factor of 3 than that for the [111]-directed orbits
is probably due in large part to the smaller value
of (v,) for electrons on the [010] band, and so does
not necessarily indicate a significant difference

in relaxation times for the two orbits.

As B is rotated in the (101) plane away from
[121] or [101], the corresponding open orbits co-
alesce to form greatly extended closed orbits, but
the open-orbit resonance peaks do not immediately
disappear. In the case of the [111]-directed orbits,
the resonance peaks broaden with field rotation
but do not wash out completely until B is about 3°
from [121]. Evidently, resonant absorption of
sound can continue as long as the electrons are
able to satisfy Eq. (2) for a sufficient distance
along the extended orbit.

The effect of field rotation in the case of the
@10]-directed orbits is somewhat surprising. When
B is rotated away from [101] by as much 0. 1°(at
53.4 MHz), the [010] open-orbit resonance peak
splits into two separate peaks, as shown in Fig. 5,
and the splitting widens as the rotation angle is
increased. If these two peaks are cauced by the
same resonance mechanism that gives rise to the
single peak before rotation, then the effect can be
explained in terms of a Doppler splitting. Applica-
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TABLE II. Open-orbit period, drift velocity com-
ponents, and cyclotron masses calculated from Doppler
splitting of the [010] open-orbit resonance peak. Here
vs=5.08%10°% cm/sec, vy=1.58x10% cm/sec, and m,
=9,11x10"%8 g,

Angle of rotation of

B [in (T01) plane] U{f{’) %’2 (_Z.Q _"%c_
away from [101] s 0 0
(deg)
0.10 3.46 30 0.096 4,2
0.22 3.46 16 0.051 7.9
0.48 3.47 7.4 0.024 17
1.0 3.45 3.8 0.012 33

tion of the formalism of Eqs. (4)-(6) to the res-
onance fields Bj and Bj observed at each angle of
rotation in Fig. 5 yields the values of open-orbit
period, average cyclotron mass, and average drift-
velocity component along q listed in Table II. The
fact that the positions of the two peaks change with
field direction in such a way as to maintain a con-
stant value of K, from Eq. (4) is the most con-
vincing evidence that Doppler splitting is taking
place. The magnitude of the effect, however, is
much greater than that observed in gallium, ® where
(v, was found to be about one-sixth of the free-
electron Fermi velocity, and m, turned out to be
approximately equal to the free-electron mass. In
the present case, it is found that by the time B is
about 1° away from the symmetry axis (v,) has
dropped to one one-hundredth of the free-electron
Fermi velocity, and m, has risen to a value about
thirty times greater than the free-electron mass

(@) [111) EXTENDED ORBIT

® \/\/\{V\AN
-10

(b) [010] EXTENDED ORBIT '©
Ay =0.5°
~5o\/W/~f\rf'\/ 20
-10

FIG. 6. Extended orbits formed from the [111]- and
[010]-directed open orbits, as computed from the Halse-
model Fermi surface. The cross section of the [111]-
directed band (a) is at (ka@)g =0.2 with B rotated 2.0°
from [121] in the (101) plane, and that of the [010]-di-
rectedband (a) is at (ka)g =4.3 with B rotated 0.5° from
[101] in the (101) plane. The scale is in units of ka.
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FIG. 7. High-field magnetoacoustic oscillations due to
extended orbits formed from the [010]-directed open
orbits as B is rotated away from [101] in the (101) plane.
The Doppler splitting of the open-orbit resonance peak
can also be seen at lower fields. Here f=32.0 MHz, and
the curves are displaced arbitrarily in the vertical direc-
tion.

and six times greater than the maximum value®®
found for closed orbits (e.g., a four-Brillouin-
zone extended orbit) by cyclotron resonance.
Typical extended orbits computed from the

Halse-model Fermi surface with B near [121] and
[101] are shown in Fig. 6. The relatively high
degree of periodicity retained by orbits along the
[111]-directed band can account for the persistence
of the open-orbit resonance as the field is rotated
away from [121]. On the other hand, the apparent
loss of periodicity with field rotation which takes
place for orbits on the [010]-directed band would
seem to preclude any open-orbit effects when B is
no longer parallel to [101]. Likewise, the extreme
values of m, and (v,) obtained from the Doppler-
shift analysis cannot readily be explained on the
basis of the Halse model. However, the shapes of
the cross sections of the [010] band are quite sen-
sitive to small deviations in the shape of the Fermi
surface at the ends of the dog bone, so it is possible
that small adjustments could be made in this
region (without changing extremal dimensions) which
would result in better agreement with the open-
orbit data.

B. High-Field Magnetoacoustic Oscillations

The progression of the high-field magnetoacoustic
oscillations with field rotation is illustrated in Fig.
7 for the case of the [010] band. The smallest field
angle at which oscillations can be detected depends
upon the sound frequency and the maximum obtain-
able field intensity; for example, when f=32.0
MHz, the first oscillation peak appears at about
20 kG when B is 0.1° away from [101]. As A6,
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FIG. 8. High-field magnetoacoustic oscillations due to
extended orbits formed from the [111]-directed open
orbits as B is rotated away from [121] in the (101) plane.
The oscillations appear on both sides of the open-orbit
resonance peak, which broadens with field rotation but
does not exhibit Doppler splitting., Here f =33.5 MHz,
and the curves are displaced arbitrarily in the vertical
direction.

increases, the lengths of the extended orbits de-
crease, so that the oscillations move to lower fields
(and the splitting of the resonance peak begins).
The sensitivity of the orbit lengths to field rotation
depends upon the width of the band [see Eq. (8)]
and is greater by about a factor of 4 for the [010]
band than for the [111] band, as seen in Fig. 6.

The magnetoacoustic oscillations associated with
the [111] extended orbits are more difficult to see
at high fields because of the greater background
attenuation for B near [121]. However, for suf-
ficiently large rotation angles, these oscillations
show up clearly at lower fields, as seen in Fig. 8.
The lengths of the extended orbits determined from
the oscillation periods by Eq. (9) are listed in
Table III, where it is seen that the longest orbit
for which oscillations could be detected was along
the [010] band and covered nearly 60 Brillouin zones.
These values of L, are found to be in close agree-
ment with those computed from the Halse-Fermi
surface, so the width of the [010] band appears to
be given correctly by the Halse model.

V. CONCLUSIONS

A Doppler-shift analysis of the open-orbit res-
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TABLE III. Lengths of extended orbits in k space
calculated from the periods of the high-field magneto-
acoustic oscillations. _
Angle of rotation Approximate
of B in (101) number
Orbit plane away from of Brillouin
direction symmetry axis L, zones
(deg) (&Y (=Ly/Ky)
~[010] 0. 04 205 58.7
0.09 88.6 25.3
0.12 62.5 17.9
0.18 41.7 12.0
0.37 22.6 6.5
0.57 15.5 4.4
0.73 12.9 3.7
1.20 9.7 2.8
~[111] 1.1 27.1 9.0
1.9 14.3 4.7

onance in copper with B near [101] indicates the
possibility of extremely small electron drift ve-
locities along the [010] band. Correspondingly,
electrons moving along these orbits may have cy-
clotron masses which are an order of magnitude
larger than the free-electron mass and so may be
of great importance in any transport phenomena
involving m..

High-field magnetoacoustic oscillations with B
near [101] and [121] indicate the presence of elon-
gated closed orbits which can extend over many
Brillouin zones. Such oscillations may be expected
to appear in any metal when the field is near a
direction giving rise to open-orbit resonance and
must be taken into account when analyzing high-
field attenuation data.
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The self-consistent treatment of electron correlations in the electron liquid recently given by
Singwi et al. is applied to calculations of the interatomic force constants in alkali metals. With
the Ashcroft form of the pseudopotential, in which the only parameter is the core radius, reason-
ably good agreement with the force constants derived from neutron inelastic scattering data is
obtained, confirming the results of a previous analysis of the phonon dispersion curves. The
longitudinal sound velocities for the three main symmetry directions are calculated in the same
scheme. Results for the effective interionic potential are presented and discussed.

I. INTRODUCTION Singwi, and Tosi.? It was found that good agree-

The essential ingredients entering the estima-
tion of the effective interionic potential in simple
metals are the form of the pseudopotential and
the treatment of the screening. Several forms of
the pseudopotential are available - some of which
include nonlocal corrections - as well as various
forms of the screening function, ranging from
simple Hartree screening to more complicated
forms incorporating exchange and correlation ef-
fects. Recent work of Singwi, Sjélander, Tosi,
and Land! has presented an improved self-con-
sistent treatment of correlations in the homoge-
neous electron liquid, which yields a reasonably
accurate dielectric function through the whole
range of wave vector and electron density of in-
terest in the theory of metals. This screening
function has been used in calculations of the lat-
tice dynamics of the alkali metals by Price,

ment with the phonon dispersion curves, as deter-
mined by neutron inelastic scattering experi-
ments, *=% could be obtained with the one-param-
eter local pseudopotential suggested by Ashcroft,’
with values for the parameter which are in good
agreement (for Na and K) or consistent (for Li
and Rb) with those derived from Fermi-surface
and liquid-resistivity data.

In this paper we consider again the information
which can be extracted from the neutron scattering
data. The emphasis is now put on the interionic
potential in » space, which is the basic starting
point for the study of other properties of metals,
such as lattice defects and liquid dynamics. As
is well known, the potential enters the lattice dy-
namics through interatomic force constants for
various orders of neighbors, and these can be ob-
tained from the phonon data by a Born-von Karman
analysis. We analyze directly these force con-
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FIG, 1. Locations of the [111]- and [010]-directed
open-orbit bands on the Fermi surface of copper (based
on the model proposed in Ref. 11).



