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The magnetoacoustic interaction for field H normal to propagation vector q has been studied in

high-purity niobium at frequencies extending to 650 and 430 MHz for longitudinal and transverse

waves, respectively. Fermi-surface calipers determined for /~[100] and e iI[010] agree within about 2%
with the augmented-plane-wave theoretical values for the distorted ellipsoids. Also, an interesting and

useful "caliper-selectivity" mechanism operative in the transverse-wave case was observed which, for
particular orientations of wave polarization e, served to isolate individual calipers so that the calipers

corresponding to a single Fermi sheet were swept out as H was rotated through 360'. The
corresponding presence of a single period in the oscillations at all field angles permitted relaxation of
the number of oscillations required for precise determination of the electron momenta.

INTRODUCTION

We have recently reported' observation of mag-
netoacoustic (MA) oscillations in niobium. Pre-
liminary results on the caliper momenta for the
"distorted ellipsoids" were given, and evidence
shown' for a caliper-selectivity effect in the MA

interaction determined by polarization orientation.
In the present work these effects are explored
using high-purity Nb (residual resistance ratio
- 5000) and acoustic frequencies extending to 650
and 430 MHz for longitudinal and transverse waves,
respectively. Values of ql to about 30 were at-
t3ined under the conditions of these MA experi-
ments. (In this paper we refer only to MA effects
corresponding to field H perpendicular to wave
propagation vector q. ) The Fermi-surface cali-
pers determined from the MA oscillations for di-
rections in the (100) plane agree within Qp with

the dimensions of the distorted ellipsoids deter-
mined from the augmented-plane-wave (APW) cal-
culations of Mattheiss. The present data permit
further comment on the nature of the caliper-se-
lectivity effect determined by polarization orienta-
tion.

It has for some time been recognized that the
MA technique is generally a less useful tool for
Fermiology than, for example, the de Haas-van
Alphen method, owing primarily to the fact that
the MA technique imposes a relatively severe
specimen-purity constraint for the observation of
N oscillations of a given oscillation sequence. The
availability of a relatively small number of oscil-
lations can, of course, be a serious liability when

several oscillation periods (corresponding to sev-
eral independent contributions from a complex
Fermi surface) are present simultaneously in the
data; Fourier decomposition becomes formidable,

if not impossible, when N is small and there are
several periods present in the data. The afore-
mentioned limitation on the MA technique is un-

fortunate since MA oscillations are often relatable
to Fermi-surface caliper dimensions.

The present work indicates, however, that under

appropriate conditions the transverse wave inter-
acts more selectively than the longitudinal with
electrons at the available caliper end points, with
the effect that the anticipated mixing of periods is
suppressed in the MA oscillations. In these in-
stances, the introduction of a shear polarization
serves to simplify rather than complicate data
analysis: the reduction or removal of interference
in the observed MA oscillations relaxes the q/ con-
straint, since the number of oscillations N re-
quired for the determination of a Fermi-surface
caliper to given precision is now reduced. We

are reminded (cf. Ref. 4) that N is a function of
ql and ~v.

It has already been noted that when several
Fermi-surface extremal calipers obtain for a
given wave and field orientation it is expected that
the associated sequences of MA oscillations —each
sequence corresponding in general to a given ex-
tremal Fermi-surface caliper (when extremal or-
bits dominate) —will produce a complex superposi-
tion in the observed oscillations. The relative am-
plitude of the nth oscillation from a given sequence
will, in the case of an arbitrary Fermi surface,
depend on a number of factors~' including the
Fermi-surface curvatures (along and normal to the
cyclotron orbit) evaluated at the appropriate cali-
per end point. As we shall see below, for the case
of a transverse wave the oscillation amplitudes are
weighted, in addition, by the orientation of the
wave polarization vector e relative to the Fermi
surface. The experimental data found in the pres-
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ent work demonstrate that, when both q and e
are along (100) directions in niobium, only a single
Fermi sheet, one of the distorted ellipsoids, con-
tributes significantly to the observed oscillations.

Comparison' of the experimental data from
longitudinal waves having q il [100], and transverse
waves having q II [100]both with e II [010] and [011],
demonstrates the strong influence of shear-polar-
ization orientation on caliper selectivity. The ex-
tremal calipers, determined for all directions of
magnetic field 8 in the (100) plane swept in 10' in-
tervals, agree within about 2% (see below) with
those derived for the distorted ellipsoids from the
APW calculations of Mattheiss. 3 The high precision
with which extremal calipers were determined was
made possible by the fact that, for every field
orientation in the case q II [100] and e ii [010], only
one oscillation period contributed significantly to
the observed transverse-wave attenuation n,
versus reciprocal magnetic field H '. This is in
sharp contrast to the longitudinal-wave data, for
which strong interference was evident in the MA
oscillations at every sampled orientation of acous-
tic wave and magnetic field.

EXPERIMENTAL METHOD

The pulse-transmission technique was used.
AC-cut quartz piezoelectric transducers were
bonded to both ends of the acoustic path, consisting
of the sample and AC-cut quartz time-delay rod.
The samples were in the form of oriented single-
crystal circular disks of niobium having base di-
ameters of about 5 mm and thicknesses ranging
from about 0. 5 to 1. 5 mm, depending on crystal
orientation. The acoustic probe provided for re-
mote tuning of trimmer capacitors in L-C match-
ing circuits placed in the sample holder just before
each of the transducers. The circuits each con-
sisted of a variable trimmer capacitor (2-100 pF)
in series with the center coaxial cable, and a
variable inductive loop to ground which was neces-
sarily preset before insertion of the probe into the
Dewar. Temperature in the hermetically sealed
sample chamber was recorded by a germanium
thermometer and controlled by adjustment of heli-
um gas pressure in the chamber and current to a
wire-wound heater on the sample holder.

The MA measurements were made at constant
temperature set at values between 6 and 7 'K while
magnetic field 5, oriented in the plane normal to
propagation vector q and provided by a rotatable
Varian electromagnet, was s~ept to 12 kOe. The
operating temperature was chosen to be sufficient-
ly low to minimize the effects of oscillation damp-
ing due to thermal phonon-electron scattering, and
yet not so low as to require excessive applied field
in order to exceed the superconducting upper criti-
cal field H,» it was necessary to keep H, 2 suffi-

ciently small to permit observation of the low-
field MA oscillations. These rather unusual con-
straints in applying the MA technique to niobium
are attributable to the fact that Nb has the highest
transition temperature among the elements, and
the electronic attenuation of the acoustic waves is
strongly phonon limited near T, .

FERMI SURFACE OF NIOBIUM

NIOBIUM FERMI SURFACE

SECOND ZONE THIRD ZONE

FIG. 1. Hole sheets of the Fermi surface in the
second and third Brillouin zones of niobium [after Matt-
heiss (Ref. 3)].

Since niobium is body-centered cubic, its first
Brillouin zone is a dodecahedron. Niobium is a
transition metal with five conduction electrons per
atom, four from the unfilled d band and one from
the s band. The Fermi surface is by now reason-
ably well understood. The APW calculations of
Mattheiss and the experimental observations '~

are in rather good agreement. The first Brillouin
zone is completely filled, the second almost filled,
and the third about 5(Pjp filled. Figure 1 shows the
Fermi-surface structure together with the Bril-
louin zone (after Mattheiss ). In the second re-
duced zone, centered on point 1", is an eight-armed
closed surface (which, following convention, will
be referred to as the octahedron). In the third
zone, which contains the remainder of the Fermi
surface, and a multiply connected "jungle-gym"
structure and twelve "distorted ellipsoids" bi-
sected by the faces of the Brillouin zone. Following
standard notation, the point I' labels the center
of the zone, points N indicate the center of each
face of the dodecahedron, and points P and H label
the corners of threefold and fourfold symmetry,
respectively, on the zone boundary. Note that the
"arms" of the jungle gym extend outward from I'
along all of the (100) directions to the zone corners
H. The second-zone surface, the octahedron, is
partially degenerate with the jungle gym. While
all of the twelve ellipsoids are, of course, equiv-
alent, it will prove useful to separate them into
two groups: The ellipsoids bisected by the (100)
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central plane will be called type-A ellipsoids while
the remainder will be referred to as type-B.

From the APW calculations of Mattheiss we de-
termined the effective zones of the niobium Fermi
sheets corresponding to principal wave- propagation
directions in the niobium crystal. The effective
zones are the loci on the Fermi surface for which
the surface normals are perpendicular to q, i.e. ,
the paths satisfying q v~= 0 (vz is the Fermi ve-
locity). The effective zones for the case q II [100]
are shown projected onto the (100) plane in Fig. 2,
where the indicated j|,' values are given in recipro-
cal angstroms. It is necessary to take the projec-
tion indicated in Fig. 2 since the extremal calipers
measured in the transverse MA effect (ITIq) are
perpendicular to q in k space; for these projected
effective zones, the extremal diameters perpen-
dicular to the field direction [swept in the (100)
plane] are the calipers measured by the MA effect
(cf. Ref. 5). In Fig. 2 the effective zone of the
octahedron is the four-armed star-shaped figure
centered on I"; the jungle-gym effective zones cor-
respond (i) to the larger four-armed figure cen-
tered at I' and extending to the zone faces, and (ii)
to the circle centered at I'; and the effective zones
of the type-A ellipsoids are the figures labeled I
and II. For all the figures discussed so far, the
effective zones are simply the intersection of the
given Fermi sheet with the (100) plane [or, for the
case of the circle centered on I', a plane displaced
from but parallel to (100)]. For the type-B el-
lipsoids the effective zones are not determined
quite so simply, since the ellipsoids are tilted
relative to the (100) plane (see Fig. 1) with the con-
sequence that the effective zones do not lie in a
plane parallel to (100). (In point of fact, they are
not planar. ) To obtain the calipers for the type-B
ellipsoids, therefore, it was necessary to take the
projections of the effective zones in the (100) plane.
This was found to be most readily accomplished
from a three-dimensional model of a distorted el-
lipsoid, the construction of which was guided by
unpublished computations of Matthiess. The ef-
fective zones were then determined and their pro-
jections transferred mechanically to one (100)
plane. These projections are labeled III-VI. Fig-
ure 2 permits direct determination of the theoret-
ical values for the extremal calipers measured by
the MA effect for the case q ~~ [100] and any given
orientation of H in the (100) plane.

MAGNETOACOUSTIC ATTENUATION:

OSCILLATION AMPLITUDE

Let us examine factors determining the ampli-
tudes of oscillations associated with a given Fermi-
surface caliper. Mertsching has derived an ex-
pression for the longitudinal wave MA attenuation
which is of considerable interest here. The atten-
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FIG. 2. Effective zones of niobium projected onto the
(100) plane and corresponding to q Il [100]. Units are
reciprocal angstroms (A. ~).

uation for longitudinal waves, for the case H iq
and arbitrary Fermi surfaces is

/

q 1828 %2I]

&n, A, cos(qD —f v)
) sv, /86( sinh(w/&u, r)

Here only the oscillatory term in the MA attenu-
ation is given. Equation (1) represents a limiting
form applicable to the case in which (i) Fermi-
surface calipers are associated with extremal or-
bits, and (ii) it is assumed that the cyclotron orbits
in k space are closed and have two symmetric
points of stationary phase. We shall infer from
the data that these assumptions are not unreason-
able for the present case, since the MA oscilla-
tions are found (see later) to be assignable to the
distorted ellipsoids. The simplified form repre-
sented by Eq. (1) also contains the assumptions of
constant electron relaxation time v and ql » 1. In
Eq. (1), D is the distance between planes of con-
stant phase in the closed orbit (in a plane normal
to H), k, is the component of k along H, m, is the
cyclotron mass, A& is the longitudinal-wave defor-
mation potential, v, =q vr (where vz is the Fermi
velocity), 8 is the polar angle in the orbital plane,
and tu, =eH/m, C is the cyclotron frequency. Equa-
tion (1) indicates explicitly the effect on oscillation
amplitude of the factors [ '8/ DSkl and

b'av,

/881,
which are directly relatable to Fermi-surface
curvatures at the caliper end points.

The expression for the amplitude of the oscilla-
tions in Eq. (1) may be rea, dily understood physi-
cally when it is noted that the factor [2v/(q) 82D/

sk, [)]' represents the width in k space of the
band of cyclotron orbits effectively contributing to
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the interaction, while the amplitude factor ) Bq /
88 (

' is relatable to the time which an orbiting
electron spends in a region of nearly constant
phase of the acoustic wave. Correspondingly,
these two factors are relatable, respectively, to
the following radii of curvature evaluated at the
given caliper end point: (i) along the intersection
with the plane normal to the cyclotron orbit, and
(ii) along the effective zone. These assertions are
readily demonstrated. Taking H to be in the z
direction, we have to first order

g2D
D(k, ) —D = —,

' (ak, )

And since the maximum value of [D(k,) —D ] for
which electron orbits will constructively contribute
to the attenuation is about —,

'
X we find, following

Mertsching, 4 that the effective band of cyclotron
orbits is

q 82D 8k ]

Note that the radius of curvature for a point at
D is simply IBD/Bk, l

'. Now consider the fac-
tor m, /l B V, /BB(. Since the curvature 17 maybe
defined as K=dT/ds, where T is the unit tangent
and ds is an element of arc, we may write approx-
imately

m~ mc

i Bv, /BB
~

(v, /(u, )(1/R)(dk/dt) v, vr '

where 8 is the radius of curvature along the cyclo-
tron orbit and evaluated at the given point. Since
v, is smallest on the effective zone (the locus sat-
isfying vr q=0) it is evident that the factor )Bv, /
88 )

' roughly "measures" the time the electrons
spend near planes of constant phase of the acoustic
wave.

From the foregoing it is evident that the ampli-
tude factors which we have so far considered are
also applicable to the transverse-wave interaction,
since they represent the physically reasonable as-
sertion that the amplitude of the nth oscillation
depends on the width of the band of cyclotron orbits
which contribute and the time spent by the orbiting
electrons on planes of constant phase. At the same
time Eq. (1) provides an even qualitatively incom-
plete criterion for MA oscillation amplitudes in the
case of transverse waves, since it completely
neglects the effect of wave polarization orientation.

TRANSVERSE-WA VE INTERACTION;

POLARIZATION SELECTIVITY

Our purpose here is to indicate the nature of the
caliper selectivity attributable to the orientation
of the wave polarization vector &. It then becomes
possible to understand how it may happen that, in

0 odt
&e(0) = vvexp( — —)dt.

~ 00 T
(3)

Here ne(0) is the displacement due to all events
up to time t = 0. Thus, we see that I 4 E I appears
as a factor in the integrand of the surface integral
determining a, and, in turn, the force component
m appears linearly as a factor in the integral de-
termining the Fermi-surface displacement 4e.
From Eqs. (2) and (3), therefore, it is clear that,
when it is sufficient for qualitative analysis to ig-
nore variation of the magnitude of the Fermi ve-
locity and relaxation time on the cyclotron orbits
of a given Fermi sheet, the oscillation amplitudes
are determined roughly by ( m t . In point of fact,
we find that this criterion seems to be of crucial
importance in determining the shear-wave oscilla-
tion amplitudes, and generally quite overwhelms
that based on Fermi- surface curvatures, referred
to in the preceding section. Note that 7 orientation
has been shown, in experimental studies ' on cop-
per, to be important in the open-orbit oscillations
as well.

Let us now consider the forces associated with
displacements b, c. In the free-electron problem
it is possible to determine the attenuation by treat-
ing the electric and magnetic fields coupling the
separate electron and lattice assemblies. This
separation is harder to achieve in the case of ar-

the present data for q II [ 100] and e () [010], calipers
corresponding essentially to a single Fermi sheet
are "swept out" as field H is rotated through 360 .
Pippard' has treated the transverse MA attenuation
(H 1q) for the case of arbitrary Fermi surfaces
and transverse as well as longitudinal waves. It
is necessary to take into consideration that the
forces of interaction between electrons and lattice,
the Fermi velocity V~, and the relaxation time 7

are all variable over a given cyclotron orbit. It
is no surprise, therefore, that the final forms of
Pippard's MA attenuation expressions, which in-
clude the nonoscillatory contributions [see Eqs.
(47) and (48) in Ref. 5], are very complex-even
when H, q, and Z are restricted to directions of
high lattice symmetry —and not best suited to dis-
playing the role of E orientation on amplitudes of
a given set of oscillations. But, for this purpose,
it is sufficient to note that the attenuation may be
written

[bc(~
u = (4. hM. ..*)- J" dS,

where M is the density of the metal, v, and u are
the acoustic wave and particle velocities respec-
tively, I 4c I is the energy displacement of the
Fermi surface, and l is the electron mean free
path. In turn, the displacement of the Fermi sur-
face due to force component m parallel to the elec-
tron motion is of the form
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bitrary Fermi surfaces. In Pippard's treatment
of the interaction of acoustic waves with an arbi-
trary Fermi surface, the lattice is taken to be sta-
tionary and the fictitious forces which arise are
then described. Each of these forces is associated
with an electronic current relative to the lattice.
If in the transverse-wave problem the current-bal-
ance condition J„,+ J g= 0 is assumed to hold, then
the electric field is determined to be that necessary
to guarantee no net electronic current relative to
the lattice. The forces associated with the elec-
tron-acoustic wave interaction are found to be of
the following form.

m~= iqh K. u, (4a)

m2= iqh k u sin8 cosQ, (4b)

and

+E eE ' vr/vp, (4c)

where n, is associated with Fermi-surface defor-
mation, wz is another fictitious force which arises
in the stationary-lattice problem (labeled by Pip-
pard the "relative-velocity" force), and Fs is that
attributable to the electric field insuring current
balance. In Eqs. (4), K is a Fermi surface defor-
mation parameter (variable over the Fermi sur-
face) defined by the relation dk„=K w, where w is
the strain and dk„is the normal shift of the Fermi
surface; v~ is the Fermi velocity; 8 is the angle
enclosed by v~ and the z axis of the given coordi-
nate system (which axis is also taken to be along
the direction of the applied magnetic field H)~ and

P is the angle enclosed by the x axis (taken to be
the direction of the wave propagation vector q) and
the projection of v~ in the x-y plane. It is to be
noted that Eqs. (4) give the components of the
forces along the direction of electron motion, i.e. ,
along v~, since these are the components respon-
sible for the shift 4 c of the Fermi surface and
therefore the electronic attenuation. Accordingly,
we note in Eq. (4c), it is not the electric field E
which is of interest, but rather its component in
the direction of electron motion.

It should be noted that in the free-electron mod-
el"' the MA oscillations depend on relative ori-
entation of H and &; ~~ at caliper end points is al-
ways normal to H. But in the case of a real metal
v~. e is the relevant parameter, and it will be fi-
nite, in general, even for the case &IIH.

DATA AND ANALYSIS

Elsewhere' we reported MA results which com-
pared the longitudinal and transverse MA oscilla-
tions and gave preliminary transverse-wave caliper

determinations. We found for the case of 510-MHz
longitudinal waves having q tl [100] that the oscilla-
tions suffered strong harmonic mixing, to the ex-
tent that periodicity in 1/H was partially obscured.
The observed sensitivity of the oscillation pattern
to small changes of H orientation in the (100) plane
(cf. Fig. 1 of Ref. 3) was consistent with the as-
sertion that several calipers were represented
here. In contrast the comparable case (compara-
ble q value) for the case of 210-MHz transverse
waves gave very different results. For q II [100],
Z It [010] the transverse-wave oscillations were
periodic in 1/H, for each orientation of H relative
to 2 a single period was dominant. ' A selectivity
determined by (8r ~ e) m the transverse-wave MA
interaction was inferred from the results. In the
present work the transverse-wave data is examined
in more detail and at higher frequencies in an at-
tempt to gain insight into the nature of the trans-
verse MA interactions in a multisheet Fermi sur-
face such as that of Nb.

q II[100],e II[010]

For this wave orientation MA oscillations were
obtained for applied magnetic field varied, in 10'
steps, through MO' (in the plane perpendicular to
q ). Figures 3-6 show representative traces, cor
responding to HI] 7, 0 35' from E, H 65' from Z,
and H 90' from e (i.e. , Hle), respectively.
(Actually H was misaligned by about 5' from paral-
lel to 7 and perpendicular to e in Figs. 3 and 6,

W l4
O
~ I2

us IO

~ 8

6

K

I

2 3 4 5 6 7 8 9 IO II I2

MAGEE T IC F I E L D ( 4 Oe )

FIG. 3. Nb (100) magnetoacoustic oscillations:
nz vs H for & II [010]II%. [Actually, curve is mislabeled;
& found to be 5' from direction parallel to H].
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FIG. 4. Nb (100) magnetoacoustic oscillations: o,z
vs H for &II [010) and 35 from R.

respectively. ) These data were taken at a tem-
perature of 6. 2 'K and a frequency of 345 MHz,
which conditions permitted observation of a max-
imum of seven oscillations in the attenuation pat-
terns.

We find that for the case labeled H II 7 there is
no evidence in the MA oscillations for mixing of
periods; for the case labeled H J.Z some evidence
for mixing may be inferred from the shape of the
oscillation envelope. For all field angles each
set of MA oscillations was found to be well repre-
sented by a single period in a vs I/H. A polar
plot of the corresponding extremal calipers is
shown in Fig. 7. In the free-electron problem"'
the rotation of H relative to Z affects the amplitude
of oscillations but not the period: the extremal
caliper ak is the diameter (constant) of the free-
electron sphere; and the changing amplitude mere-
ly reflects the changing orientation of Fermi ve-
locity v~ relative to field E coupling the electrons
and lattice. In the real metals case, however, as

~ l2

o IO

cf

z
LIJ

l-
6

LIJ

Ct
4

K

2 3 4 5 6 7 8 9 10
MAGNETIC FIELD (koe)

FIG. 5. Nb (100) magnetoacoustic oscillations:
vs H for & II [010] and 65' from A.

I

I 2 3 4 5 6 7 8 9 IO

MAGNETIC FIELD (40e)

FIG. 6. Nb (100) magnetoacoustic oscillations: az
vs H for &II [010], & 1.%. [Actually, curve is mislabeled;
& found to be 5' from direction perpendicular to %.

Eqs. (2)-(4) predict and as the present experi-
mental results show, the orientation of Z with
respect to v~ can affect not only the amplitude of
oscillations but the period as well. Note that the
polar plot has twofold rotational symmetry. This
is in sharp contrast to the case for longitudinal
waves having q II [100], for which the MA oscilla-
tions must reflect fourfold rotational symmetry
with respect to field direction in the (100) plane of
Nb.

Making use of the reflection symmetry about the
principal axes, the 4k values represented in Fig.
'I were folded into one quadrant, as shown (open
circles) in Fig. 8. The solid line represents the
theoretical extremal caliper dimension as a func-
tion of field angle for the distorted ellipsoid (III,
V) in Fig. 2. Note that, for all field orientations,
the experimental bk values agree within PPO with
the theoretically determined calipers for ellipsoids
(III, V). We shall see further evidence later for
this ellipsoid (III, V) selectivity of the transverse-
wave MA interaction, when we review the data ob-
tained for q II [100] and 7 il [011].

This is a most striking result. As Fig. 2 shows,
for any given orientation of field in the (100) plane
a number of extremal calipers are available: the
figure gives those projections of the Fermi sheets
such that in the case q II [100] and for any given
orientation of H in the (100) plane [the plane of the
figure], the extremal calipers corresponding to
MA oscillations are those normal to H. Let us
admit, for the present, the possibility that for the
case q it [100] cyclotron orbits on sheets other than



NIOBIUM FERMI SURFACE AND THE MAGNETOACOUSTIC. . . 2463

[o&o]

0

Ke„t„(A')

—1.00

Nb (100)
8 II [010]

.0
/

I

[ooi]—
/ 1.20

-0-
0

1.10 1.00

0
0

8
Q

90

I.00

--0- -8--8 -0-—-0
p -0

0
—.90 8

8
I i I

.90 1.00 1.10 1.20
l

—90 -0/

,O n 0p y A

0-—0——0
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the ellipsoids are relatively unfavorable as con-
tributors to the observed MA oscillations. Fur-
ther, let us tentatively reject contributions from
the type-A ellipsoids [ellipsoids labeled I in Fig.
l and labeled I and II in Fig. 2, i.e. , those ellip-
soids bisected by the (100) plane]. It remains to
account for the surprising further discrimination
implied in Fig. 8. For that result implies it is
possible to distinguish among the ellipsoids of
type 8, so as to discriminate against ellipsoids
(IV, VI) in favor of (III, V)! In point of fact, such
a distinction would in the case of longitudinal waves
along [100] violate symmetry requirements.

The effect of the Fermi-surface curvatures at
caliper end points on oscillation amplitude is in-
sufficient of itself to account for the observations,
since it cannot lead to the observed reduction of
the fourfold symmetry. However, the polarization
selectivity discussed in the last section is capable
of accounting for the twofoldedness observed in

Fig. 8. In light of Eqs. (2)-(4) we examine the
rough amplitude criterion t 8 v~ ], where & is the
unit vector in the direction of the wave polariza-
tion. Table I lists for each field angle (measured
with reference to 7) the values of (e ~ v~)a measured
at caliper end points, together with the correspond-
ing extremal caliper values. Note that for every
angle for which there is experimental data (e ~ vz)
is larger-significantly larger at most angles —for
the (III, V) ellipsoids than for (IV, VI). And for
every field angle, the experimental caliper values

are, as we' ve already seen, in excellent agree-
ment with the theoretical 6k values corresponding
to ellipsoids (III, V).

The increasing influence of a second oscillation
period (corresponding to a second caliper) with

l.25

I.20

I .15
ocf

I.I 0

I t I

KI„tr CALIPE RS
Nb (IOO) i II [OIO]

ATA

ISS'S

I.05

I.OO

.95 8 I
I I

5 I5 25 35 45 55 65 75 85
[0I0] y (H,g) [ooI]

FIG. 8. b, k vs angle (TI, ~) for qll [100j, & 11 [010].
Experiment vs theory for ellipsoid (III, V).

increase of angle made by H relative to & is dem-
onstrated in Figs. 3-6; the evidence for harmonic
mixing in the oscillation envelopes becomes sig-
nificant as H a,pproa, ches 90' relative to e (column
7 of Table I summarizes observations). At the
same time, the difference between the (e ~ v&) val-
ues of columns 2 and 4 become smaller as H ap-
proaches 90'. The relatively unimportant role of
Fermi-surface curvatures on MA amplitudes would

appear to be demonstrated here: The curvature
coefficients in Eq. (1)are roughlyfive times great-
er when H 1Z for the (IV, VI) ellipsoids than for
(III, V). (We are reminded of the qualitatative na-
ture of this comparison. For example, we cannot
quantitatively compare the effect of shear deforma-
tion potential in Nb on relative amplitudes. )
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TABLE I. M theoretical and experimental values for Nb (100), & II [010]. dk is
given in units of A '.

1

(H, E)

Theory
2 3

(E v~)'
(IV and VI)

4
(& 'v~)'

5

(III and V)

Experiment
7

mixing

00

50

15'
25'
35'
45'
55'
65'
75'
85'
90'

0
0
0. 1
0. 1
0. 1
0. 2

0. 4
0. 6
0. 7
0. 9
1.0

0. 94
0. 94
0. 95
0. 96
0. 98
1.03
1.08
1.13
1.19
1.23
1.25

0
0. 1
0. 3
0.4
0. 6
0. 8
0. 9
0. 9
0. 9
1.0
1.0

1.25 A-'

1.23
1.19
1.13
1.08
1.03
0. 98
0. 96
0. 95
0, 94
0. 94

(Data not
1.24 A-'

1.21
1.13
1.08
1.04
1.00
0. 96
0. 96
0.95

(Data not

available)
negligible
negligible
negligible
negligible
negligible
(present
in
increasing
amounts)

available)

q II[100],e II[011],

The data from this wave orientation support the
above observations. The results are consistent
with (fthm

~ e) as a rough scaling criterion in caliper
selectivity. Further, these data support the con-
clusion that only ellipsoids of type B are signifi-
cant in the MA interaction for q tt [100].

For the new wave orientation, q still parallel to
[100] but e rotated 45 and aligned parallel to a
(110) direction, the ultrasonic frequency used was
375 MHz (as compared with 345 MHz for Z It [010]).
Otherwise, the experimental conditions were the
same. The value of gl was expected to be corn-
parable (- 30), an expectation supported by obser-
vation of the same number of oscillations in the
attenuation patterns, i.e. , N= 7, as demonstrated
by Fig. 9. The change of polarization orientation
causes a dramatic change in the polar plot of ob-
served 4k values and gives additional evidence for
the selectivity exerted by Z orientation.

As we see from Table II, the (e 8z) criterion
now fails to select either set of ellipsoids consis-
tently; as may be seen from columns 2 and 4 its
values are comparable for ellipsoids (IV, VI) and
(III, V) for almost the entire range of field angles.
However, from Fig. 2 we can see that for the pres-
ent case, Z II [011], the type-B ellipsoid calipers
both for H [l Z and H I & are degenerate. That is,
the hk values for ellipsoids (IV, VI) and (III, V)
are the same at those field orientations. Hence,
if only the type-B ellipsoids are important in the
MA interaction, no mixing should be apparent in
the observed oscillations at these field angles, and
the observed period should be about 1.03 A '.
That these are precisely the results observed may
be seen in Fig. 9 and Table II. Figure 10, which

shows MA oscillations for the case H 40 from Z,
illustrates the strong mixing observed when H
orientation is not near either 0' or 90 relative to

In contrast, note the relatively unmixed oscil-
lations of Fig. 9; the upper and lower curves show
the same period, as required. The actual ampli-
tudes differ, of course, since the electric field
component along v~ is far greater for the lower
curve (see Table II).

It is to be emphasized that the data for the pres-
ent orientation, q tt [100]and a lt [011], are consis-
tent with the conclusions drawn earlier from the
e lt [010] case: If sheets other than distorted ellip-
soids of type B were involved in the observed oscil-

I4-
l2—
IO-

4-f
& I5-
Q
I-

UJ
+ I3—

I

LU

I-
w 9-
UJ
IK

7—

2 3 4 5 6 T 8 9 10 II

MAGNETIC FIELD (Ic00)

FIG. 9. Nb (100) magnetoacoustics: nz vs H for
& II [011]ll 0 (upper curve), and & II [011]GATI (lower curve).
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Theory
2 3

& '8p
(IV and VI)

4 5
(& 'ep)'

UII and V)

Experiment

mixing

00

10'
20'
30'
40
50'
60'
70'
80'
90'

0. 1
0, 0
0.0
0. 1
0. 2

0.8
0. 9
1.0
1.0
0.9

1.O3 A-'

1.08
1.13
1.20
1 ~ 24
l. 24
1.20
1.13
1, 08
1.03

0.1

0.2
0. 2
0. 3
0.4
0.6
0.7
0 ~ 8

0.8
0.9

1..O3 A"'

0.98
0 ~ 96
0.95
0. 94
0.94
0.95
0.96
0.98
1.03

1.04 A little

1.05 little

TABLE Q. bk theoretical and experimental values for
Nb (100), f ll t011]. &k is given in units of A.

I4
l3

5 l2

II

. IO

~9
g) 8

7
0 g

2
3

4 6 8 IO

MAGNETIC FIELD (kOe)

lations, the caliper degeneracy seen in Fig. 9—and

for no other H orientations (cf. Fig. 10)—would

not be expected. It is of course important, too,
that the degenerate hk value determined experi-
mentally is about that expected from theory.

CONCLUSIONS

In summary, the evidence suggests that the
shear polarization orientation can exert an impor-
tant "weighting" effect on the MA interaction.
Through its influence on oscillation amplitude, as
measured roughly by (e ~ vz), the transverse-wave
MA interaction can be far more selective among
the ava. ilable calipers (for given H orientation) than

can the longitudinal. For the latter interaction the
factors determining amplitude of the nth oscillation
are essentially as given in the coefficient of Eq.
(1). We have found that the polarization orienta-
tion can, as in the case q II (100), e li (010) of nio-
bium, cause the transverse-wave MA interaction
to be so selective that the calipers associated with

a single Fermi sheet in Nb are swept out as H is
rotated in the plane normal to q.

What of the missing momenta from sheets other
than distorted ellipsoids of type B7 It could be
argued that the momenta corresponding to the jun-
gle gym and octahedron are missing as a conse-
quence of interband scattering, since these sheets
have points of degeneracy in k space. In the case
of the octahedron a further contributing factor
could be the relatively large curvatures at caliper
end points. However, the absence of the type-A
ellipsoids is much more difficult to account for,
and we make the following speculation. Pippard
has pointed out that the shear-deformation interac-
tion [corresponding to the m, force of Eq. (4a)]

FIG. 10. Nb (100) magnetoacoustics: nzvs H for
& ll [011]and 0 40 from & in (100) plane.

does not contribute on the effective zone when the
latter coincides with a plane of mirror symmetry
of the Fermi surface. This symmetry condition
applies to the type-A ellipsoids but not to those
of type B. (It also applies in the case of the jungle
gym and octahedron. ) Since the symmetry restric-
tion does not apply to the electromagnetic interac-
tion [associated with the force Fs, in Eq. (4)], the
contribution of the latter to the attenuation might
be expected to be qualitatively similar for the type-
A and -B ellipsoids.

It would seem very speculative to conclude that,
therefore, the electromagnetic interaction is not
contributing. However, we have found other evi-
dence in niobium to support just that contention 3

We have found the so-called rapid-fall region in
the zero-field shear-wave superconducting attenu-
ation at T, to be absent for ql » 1; further support
comes from the properties of a maximum which
we have found in the temperature dependence of
the normal-state attenuation of niobium. These
matters are not central to the present subject,
however, and are treated elsewhere. '
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