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Size-dependent oscillations in the magnetoresistance and Hall effect in cadmium have been studied using
the field-modulation method. Nine sets of oscillations were observed for the first time and three sets
discovered previously were observed with greater resolution over a larger range of field orientations. Most of
the oscillations are assigned to orbits on the second-band “monster” and third-band “lens” sheets of the
Fermi surface. The results indicate a slight departure of the lens from axial symmetry. Considerable
second-harmonic content was observed on some of the oscillations. Disappearance of some monster
oscillations but not the lens oscillations in magnetic fields greater than 8 kOe is attributed to the effect of
magnetic breakdown of the energy gap between the first and second bands. Results are discussed in terms of
the size-effect theory of Bloomfield and the Fermi-surface model of Stark and Falicov.

I. INTRODUCTION

Oscillations in the low-temperature galvanomag-
netic properties of metallic samples with parallel
opposing faces have been observed in several met-
als. This effect, produced by Fermi-surface elec-
trons which travel across the sample without scat-
tering, was originally predicted by Sondheimer, 1
who considered the free-electron case and showed
that oscillations arise from electrons at the “limit-
ing points”? of the Fermi surface. The limiting-
point oscillations were first observed in sodium by
Babiskin and Seibenmann® and have beeninvestigated
in cadmium by Zebouni et al.,* Grenier et al.,®
and Mackey ef al.® Gurevich’ showed that similar
ogcillations occur for an arbitrary Fermi surface
and field orientation if the time-averaged compo-
nent of the electron quasimomentum along the mag-
netic field direction has a discontinuity or extre-
mum. Oscillations of this type were first observed
by Munarin and Marcus® in gallium and were de-
tected over a small range of field orientations in
cadmium by Grenier et al.,° who also studied the
problem theoretically and pointed out that these os-
cillations arise if the Fermi-surface geometry is
such that there is an extremum or discontinuity in
the orbital-area derivative 8A4/8k, (where 2 repre-
sents the magnetic field direction) evaluated at the
Fermi surface.

A more general and detailed theory of the size-
dependent galvanomagnetic oscillations has been
developed by Bloomfield, *!° and compared with ex-
perimental results on gallium by Munarin, Marcus,
and Bloomfield.!® The data were found to be in
general agreement with the theory, although the
comparison was hampered by the lack of a suffi-
ciently detailed model of the highly complicated
gallium Fermi surface.

Cadmium is well suited to size-effect studies be-
cause it is available in high purity and its Fermi
surface is well understood. We have made an in-
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vestigation of the size-dependent magnetoresis-
tance and Hall effect in cadmium™ using the field-
modulation method and have observed twelve sets
of oscillations, including three of the four sets ob-
served by other workers in the dc transport prop-
erties*~%!2 and rf surface impedance. 3~** We
have assigned ten of the twelve periods to orbits on
the Fermi surface and find that our results are in
agreement with Bloomfield’s predictions provided
appropriate modifications are made to account for
the influence of magnetic breakdown.

The theory of the oscillatory galvanomagnetic ef-
fect and the Fermi surface of cadmium are dis-
cussed in Sec. II. The experimental procedure is
described in Sec. I, and the data are presented
and discussed in Sec. IV,

II. THEORY
Oscillatory Effect

The sample geometry for observation of this size
effect is shown in Fig. 1. The oscillations arise
from electrons at the Fermi surface which travel
across the sample without scattering and suffer
diffuse reflection at the faces. The trajectory fol-
lowed by an electron is in general a distorted helix
extending parallel to the magnetic field. Elemen-
tary consideration of the perturbation of the tra-
jectory by an applied electric field indicates that
the net current transported by the electron
averages to zero over each complete revolution, !¢
If, however, there are a nonintegral number of
turns in the trajectory from one face to the other,
a net transport of current results. Since the cy-
clotron frequency is proportional to the magnetic
field strength while the average component of drift
velocity parallel to the field is constant, the
“helix” tightens with increasing magnetic field and
the sample resistance goes through one cycle of
oscillation for each turn added to the trajectory.

The number of turns in the helix is given by the
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FIG. 1. Electron trajectories responsible for oscil-
latory magnetoresistance.

product of drift time and cyclotron frequency:

d eH
N(H)-(v) cosa 2mm*c '

where (v, is the component of the velocity along
H averaged over one cyclotron period, m* is the
cyclotron effective mass, and « is the angle be-
tween H and the normal to the flat faces. The os-
cillations therefore are periodic in H with period
given by

P=2mm*c(vy(ed) cosa . (2)

@)

The period is related to the geometry of the Fermi
surface. since'
i BA

m*{v,) = 27 B—k: . 3)
In general, the oscillatory contributions from elec-
trons on different Fermi-surface orbits average to
zero, but finite contributions arise from electrons
at regions of the surface where 84/9k, is extremal,
constant, or discontinuous as a function of k., as
well as from electrons at the limiting points. The
observed oscillatory period will then be
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where k.o indicates the location of the extremum,
discontinuity, limiting point, or region of constant
8A/8k,. Inthe case of an axially symmetric limit-
ing point, it can be shown that

8A
|

=27R , (5)
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where R is the radius of curvature. In the more
general case of an elliptic limiting point, R is re-
placed by (RyR,;)"/%, where R, and R, are the prin-
cipal radii of curvature at the limiting point.

The nature of the orbit giving rise to a given set
of oscillations can, in principle, be determined
from the magnetic field dependence of the ampli-
tude. 1° However, since the voltages measured ex-
perimentally are proportional to the sample resis-
tivity rather than the conductivity, the recorded
amplitudes will be influenced by the monotonic gal-
vanomagnetic properties of the metal and will
therefore depend on its state of compensation and
the presence or absence of open orbits. In Table
I we summarize Bloomfield’s® predictions for the
amplitude of the oscillations in the transverse
magnetoresistance (H.L 3) of a compensated metal
having no open orbits, the case which applies to
cadmium for most field orientations. *®

Nonsinusoeidal oscillation wave shapes have been
predicted on the basis of two different mechanisms.
Bloomfield'® has shown that the oscillations will be
distorted if the orbit is noncircular, so the compo-
nents of an electron’s velocity normal to the mag-
netic field are not sinusoidal functions of its dis-
placement along H. The frequency spectrum of the
oscillations will then consist of a fundamental and
a series of harmonic terms. Mackey and Sy-
bert!®? and Soffer?! predict that harmonics will
arise if some electrons undergo specular reflection
at the sample faces, provided the Fermi surface
has axial symmetry about the normal to the faces
and f is along this normal. According to their
calculations, an electron that makes, say, two
trips across the sample before suffering diffuse
reflection would contribute to the conductivity in
the same way an an electron making one trip
across a sample twice as thick. We would then ex-
pect a series of harmonics with amplitudes depen-
dent on the probability of specular reflection.

Fermi Surface of Cadmium

The Fermi surface and electronic properties of
cadmium have been studied in considerable detail
by several different methods. !*2%® Stark and

TABLE I. Theoretical magnetic field dependence of
amplitude of transverse-magneoresistance oscillations
in a compensated metal with no open orbits,*

Type of orbit Field dependence of amplitude

8A/8k, constant H?
8A/8k, extremal H3/2
8A/0k, discontinuous H!
Limiting point HY

*Reference 10,
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Falicov#'? have developed a remarkably accurate
model of the Fermi surface using a pseudopotential
approach. Extremal areas and caliper dimensions
on this model are in excellent agreement with the
results of accurate de Haas-van Alphen® and Gant-
makher rf-size-effect® experiments (to within 1%
in many cases).

A perspective drawing of the model is shown in
Fig. 2. One-sixth of the Fermi surface has been
omitted for clarity in (a) and (b). The first band
contains six symmetry-related hole pockets cen-
tered at H and known as “caps.” The second-band
hole surface, known as the “monster,” consists of
six symmetry -related pieces which span the Bril-
louin zone from top to bottom and therefore support
open orbits?!® parallel to [0001]. The monster is
thus a set of undulating cyclinders of infinite
length, each having threefold symmetry about
[0001]. The third-band electron “lens” has nearly
spherical surfaces except for slight rounding at the
edge. Gantmakher-size-effect?® and de Haas-van
Alphen®® experiments have not detected any signifi-
cant departure from perfect axial symmetry about
[oo01].

The nearly-free-electron (NFE) model'” contains
electron “butterfly” and “cigar” surfaces in the
third and fourth bands, respectively, while the cal-
culation of Stark and Falicov® indicates that the
relevant band minima are raised above the Fermi
energy. There is little evidence to support the ex-
istence of these pieces. Naberezhnykh, Danshin,
and Symbal’® have observed weak rf-size-effect os-
cillations which they attributed to an extremal 84/
8k, orbit on the butterfly, and Galkin et al.? have
attributed weak magnetoacoustic resonances to this
orbit. A search for the corresponding galvano-
magnetic-size-effect oscillations, described in
Sec. IV, proved fruitless.

FIG. 2. Fermi surface of cadmium as calculated by
Stark and Falicov (Ref. 25): (a) first band; (b) second
band; (c) third band.

The energy gap between the first and second
bands, arising entirely from the effect of spin-or-
bit coupling, is estimated to be only 0. 07 eV. 2
Because of this small gap, magnetic-breakdown
phenomena have been observed in moderate mag-
netic fields, %28 we find that magnetic break-
down has a profound effect on the amplitude of
some sets of size-effect oscillations arising from
orbits on the monster. These results are dis-
cussed in Sec. IV.

II. EXPERIMENTAL DETAILS

Six single-crystal samples approximately 3-mm
wide, 15-mm long, and 0.8-1.5-mm thick were
prepared from 99. 9999%-pure cadmium obtained
in the form of zone-refined bars from Cominco-
American, Inc. Oriented parallelepipeds measur-
ing 3x3x 15 mm were spark cut from the large
crystals found in these bars and were reduced to
the desired thickness by spark planing in such a
way that the large faces were as flat and parallel
as possible.?® After cleaning in a saturated solu-
tion of chromic acid to remove the residue left by
the spark planer, % the samples were lightly elec-
tropolished in a 57% solution of HyPO, in water as
described in Ref. 6. Polishing was carried out for
just a few minutes on each surface, reducing the
thickness by about 25 pum. While this certainly
was insufficient to remove all damage left by the
planer, we felt that a longer electropolish would do
more harm than good by rounding the faces. The
resulting surfaces showed reasonably good Laué
back-reflection patterns and deviated from paral-
lelism by less than 2 um over the region near the
center where the potential probes were attached.
On most of the samples used for the final measure-
ments, the normal to the plane faces lay within 1°
of a crystallographic axis so the angle a could be
determined accurately from the symmetry of the
data. Residual resistance ratios (pse x/Ps.2 k)
ranged from 31000 to 44 000 (not corrected for
size effects).

Sample thicknesses were measured to +3 pm by
an instrument®® which made use of the carriage as-
sembly of a travelling microscope, mounted with
the leadscrew vertical. The microscope tube was
replaced by a mounting which held a Hewlett-Pack-
ard displacement transducer (linear differential
transformer). The plunger (mass 2.4 g) of the
transducer made contact with the sample, which
was placed on a pedestal attached to the frame of
the instrument. The thickness was determined
from the leadscrew settings required for zero
transducer output with and without the sample. In
this way, the transducer was used as a null indica-
tor so its slight nonlinearity did not affect the re-
sults. This method eliminated the uncertainty in
matching a microscope crosshair to the sample
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edges, which were somewhat irregular due to the
electropolishing process.

The oscillatory part of the magnetoresistive or
Hall voltage was detected by the audio-frequency
field-modulation technique, using equipment simi-
lar to that described in Ref. 10. A direct current
of 2.5 A was passed through the sample and the
magnetic field was modulated by a parallel sinus-
oidal component of up to 600-Oe peak to peak at
50 Hz. The voltage appearing on the potential
leads was fed to a PAR Model HR-8 lock-in ampli -
fier tuned either to the second or seventh harmonic
of the modulation frequency. Competing oscillatory
periods were separated by means of the wide-
amplitude modulation method described by Stark
and Windmiller. 3

Periods were determined from field sweeps and
from field-rotation diagrams taken at constant field
strength. For oscillations periodic in H, it can
readily be shown?® that one cycle of oscillation on
a rotation diagram indicates a change in oscillation
frequency of H™!, where H is the strength of the
steady magnetic field. Data generally were taken
at a temperature of 1.3 K.

IV. RESULTS AND DISCUSSION

The oscillatory magnetoresistive voltages were
typically on the order of 25-250 nV, implying re-
sistivity changes of 10°-10® @ cm. Two recorder
tracings, taken at the same field orientation (#

11 [0001]) but with different modulation amplitude
(H,), are shown in Fig. 3. Each trace is dominated
by one of the two fundamental periods observed at
this orientation. These plots illustrate the two
general types of amplitude behavior observed in
this study. The long-period oscillations are nearly
constant in amplitude over the entire field range of
1-15 kOe, while the short-period oscillations in-
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FIG. 3. Recorder tracings of oscillations taken at
same field orientation with two different settings of modu-
lation amplitude (H,).
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FIG. 4. Orientation dependence of extremal area de-
rivatives obtained from oscillation periods. A vertical
line at the end of a branch indicates the abrupt disap-
pearance of the oscillations.

crease rapidly in amplitude up to about 9 kOe. The
long-period oscillations were first observed by
Zebouni et al.* and were assigned to the limiting
point at the apex of the lens, *~® while the short-
period oscillations were first observed by Grenier
et al.,® who attributed them tentatively to an ex-
tremal 8A/09%, orbit on the monster —an assignment
confirmed by our data and examination of the Stark-
Falicov model. Since the Fermi surface does not
support open orbits for this field orientation, the
field dependence of amplitude in both cases is in
qualitative agreement with the predictions of
Bloomfield (Table I). We have used the behavior

of the amplitudes of the other oscillations as a
guide in assigning them to orbits on the Fermi sur-
face.

Periods and Orbit Locations

The orientation dependence of the area deriva-
tives obtained from the period measurements is
shown in Fig. 4. The field directions are in real
space. 6 is the angle between [0001] and H, and ¢
is the angle between [1010] and the projection of H
on the (0001) plane. All periods except P;, Ps,
and P,; were observed for the first time in this ex-
periment. The results for P,—P; are believed to
be accurate to 1% or better; those for the remain-
ing periods are accurate to 2% or better.

The P, oscillations arise from an area derivative
extremum near the rim of the lens and were first
observed in the rf surface impedance by Naberezh-
nykh and Maryakhin. * Our values for 24/0k, dif-
fer considerably from their results, being ~7%
larger in the (0001) plane and ~ 25% larger for 6
=58° in the (1010) plane. The reason for this dis-
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FIG. 5. Approximate locations of the P; orbit on the
lens for two field orientations.

crepancy is not understood, but the close agree-
ment we obtained between results from different
samples lends support for our values. The ap-
proximate location of the orbit for two field orien-
tations is shown in Fig. 5.

An interesting feature of our P, results is a
small but clearly resolved departure from axial

symmetry about [0001], as shown in Figs. 6 and 7.

The results for §=55° in the (1010) and (1120)
planes (Fig. 6) differ by 4%. The data for the
(0001) plane (Fig. 7) are particularly convincing,
although the anisotropy in this plane is only 1%,
because the high symmetry permits four separate
measurements of 84/9k, in the same sample for
most values of ¢. Apparently there is a slight
“fluting” of the lens that has a significant effect on
the extremal area derivative but negligible effect
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FIG. 6. Orientation dependence of extremal area de-
rivative for the lens. Dots: P, data. Smooth curve:
nearly-free-electron model. (+) Stark-Falicov calcula-
tion.
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FIG. 7._ Anisotropy of extremal area derivative for the
lens with H in the (0001) plane, determined from P;,

on the extremal-orbit areas and calipers measured
by the de Haas-van Alphen effect and Gantmakher
effect, respectively. The curve labeled NFE in
Fig. 6 shows the extremal area derivative calcu-
lated from the NFE model. [NFE values from the
(1010) and (1120) planes are, of course, identical. ]
The point labeled “SF” was calculated by Stark®
from the Stark-Falicov model. His calculated val-
ues for the (1010) and (1120) planes are almost
identical and lie halfway between the experimental
points.

P, consists of two branches which cross at
[1070], the upper branch disappearing abruptly at
¢ =6°. The oscillations were observed when H was
tilted a few degrees out of the (0001) plane but were
too weak to be measured. P, arises from orbits
around the “ears” of the monster, as shown in Fig.
8. According to the Stark-Falicov model, the ex-
tremal 8A/8k, orbits pass over or near the tips of
the ears as indicated by arrows in the figure., The
two orbits are identical when H is along [1010], ac-
counting for the crossing of the branches. As ¢
increases, one extremal orbit moves farther into
the crevice between the ears until it becomes open
along [0001], eliminating the extremum in 8A/8k,
and the upper-branch oscillations.

We attribute the P; oscillations to orbits on the
monster, as first suggested by Grenier et al.® On
the Stark-Falicov model, two extremal 84/8k, or-
bits encircle the monster slightly above and below
the 'KM plane. These orbits are identical by sym-
metry only when i lies in the (1120) plane, ac-
counting for the observed splitting of P; with Hin
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FIG. 8. Locations of the P, orbits on the monster.

the (1010) plane. {P; actually separated into two
periods differing by ~ 1% as the field was rotated
away from [0001] in the (1120) plane. This could
be accounted for by a slight sample misalignment
which could cause the plane of field rotation to de-
viate from the plane of symmetry.} For H1[0001]
we find 84/8k,=2.15 A"} about 5% larger than the
result of Grenier et al. but within 0. 5% of the value
obtained more recently by Mackey, Sybert, and
Waller, 2 who observed the oscillations using an
eddy -current method.

P,—Pg appear over small but sharply defined
ranges of field orientation in the (1010) plane.
There is a correlation between the angles at which
these oscillations disappear and the location of
anomalies in the monotonic magnetoresistance.
This is shown in Fig. 9, where we plot the total
sample resistivity, as measured by the usual dc
method, against magnetic field direction and indi-
cate the ranges over which size-effect oscillations
were observed by the modulation technique. Many
of the magnetoresistance anomalies were first ob-
served by Tsui and Stark, 3 who showed that they
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FIG. 9. Rotation diagram of the monotonic transverse
magnetoresistance with H in the (1010) plane. Brackets
indicate the ranges over which size-effect oscillations
were detected by the modulation method.

are associated with the onset of various extended
orbits on the monster as H is rotated away from
[0001]. For example, the kink at §="77° marks the
disappearance of a single-zone orbit centered near
the I'KM plane and its replacement by an extended
orbit passing through parts of three Brillouin
zones. We therefore infer that P, arises from a
single-zone orbit centered near the 'KM plane
since its cutoff coincides with the disappearance of
this orbit. The kink at § =84° is associated with
the disappearance of a two-zone orbit centered
near the AHL plane and its replacement by a four -
zone orbit, implying that P; arises from the two-
zone orbit. In similar fashion we deduce the nature
of the orbits giving rise to P¢—P,;. The approxi-
mate locations of the orbits are shown in Fig. 10.

Although Py appears to join P, near =59°,
where P, disappears, we could not confirm this be-
cause the P, and Py oscillations damp out at H=8
kOe at this orientation because of magnetic-break-
down effects. No definite orbit assignment was
found for Py, but the similarity of the damping of
P, and Py at higher magnetic fields suggests that
Pg arises from an orbit on the monster near that
giving rise to P,.

Py, is distinguished by the rapid change of 84/
8k, with field orientation. An orbit having this
characteristic passes around one ear of the mon-
ster as shown in Fig. 11. For such an orbit, 84/
ok, increases as H is rotated toward [0001], be-
coming extremely large as the orbit plane ap-
proaches tangency to the Fermi surface. A graph-

FIG. 10. Approximate locations of the P;—Pjg orbits
on the monster.
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FIG. 11. Approximate location of the Py orbit on the
monster,

ical check of the Stark-Falicov model showed that
8A/ 8k, is in fact extremal for this orbit and that
the orientation dependence is in qualitative agree-
ment with the data.

P;; and Py, exhibit the field-independent ampli-
tude characteristic of limiting-point oscillations.
Py, arises from electrons at the apex of the lens
and is discussed in detail in Refs. 4-6. For H
|1[0001], our data indicate a radius of curvature of
1.43 A"!) in good agreement with the results of
Mackey, Sybert, and Waller!? and about 1.4%
larger than the NFE lens radius. We observed the
oscillations out to 6=25° in the (1010) and (1120)
planes. There is considerable scatter in the data
for 6> 8° because of interference from P, in the
(1010) plane and from an unknown period in the
(1120) plane (resolution was reduced because of the
long periods of Py; and Py,, ~400 Oe). We find
that the P;, data for the two planes are identical to
within an uncertainty of + 2%.

No assignment was found for P;,. These oscil-
lations produce a strong beat pattern with P,; and
probably arise from a limiting point because they
appear to have constant amplitude. P,, was ob-
served in both samples in which this region was
studied, making an explanation in terms of crystal
microstructure implausible. The smooth surfaces
of the cap or monster might conceivably support a
limiting -point “orbit,” but examination of the
Fermi surface indicates that this could occur only
for much larger values of §. Evidence of beating
observed with H in the (1120) plane suggested the
presence of a branch similar to Py,, but the oscil-
lations were too weak to study.

We have made a careful search for short-period
galvanomagnetic oscillations corresponding to a set
of weak oscillations observed in the perpendicular-
field rf size effect with H|/[0001] by Naberezhnykh,
Danshin, and Symbal, ® who attributed these oscil-
lations to an orbit on the hypothetical third-band
butterfly surface of the NFE model. The modula-
tion amplitude was adjusted to maximize the sensi-
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tivity for the expected period of ~ 13 Oe while
severely attenuating the longer -period P; and Py,
signals, and data were taken at relatively low fields
(1-3 kOe) to avoid smearing of the short-period
oscillations by surface irregularities. No oscil-
lations were detected in the magnetoresistance or
Hall effect.

The results for some of the more prominent os-
cillations are summarized in Table II.

Harmonics

Some of the oscillations were found to have con-
siderable second-harmonic content (period one-
half that of the fundamental), but no higher har-
monics were observed. Figure 12 shows a record-
er tracing of the P, oscillations with the second
harmonic clearly visible. In this case the field-
modulation amplitude was chosen to enhance the
second harmonic by a factor of approximately 2.7
relative to the fundamental. By appropriate ad-
justment of the modulation, 3! it was possible at
many orientations to select and record the funda-
mental and harmonic components separately. In
this way, the second harmonics of P;—~P;5, Py, and
P,; were observed while no harmonic content was
detected on P;. The other oscillations were much
weaker and were not checked for harmonics. P,
and Py showed the strongest harmonic content; the
amplitude of the second harmonic was 15-40% as
large as the amplitude of the fundamental, depend-
ing on field orientation. Py, showed ~15% second-
harmonic content with i simultaneously parallel to
[0001] and the normal to the plane faces of the sam-
ple. At §=5° the harmonic content was nearly as
large as at §=0°.

We attribute the harmonic content of P3—P; and
Py to the complicated noncircular geometry of the
monster orbits, rather than to specular reflection,
because the orbits are not axially symmetric and
the harmonic is observed for arbitrary field orien-
tations with respect to the sample normal. * Our
failure to detect the second harmonic of P, is con-
sistent with this interpretation since the relatively
simple shape of the lens orbit implies that the high-
er-order coefficients in the Fourier expansion of
the electron velocity!® are smaller for this orbit.

TABLE II. Summary of major experimental area de-
rivatives and their orbit assignments.

Period  Assignment Field direction 8A4/9k, &)
P, lens [10T0] 1.19
P, lens [1120] 1,20
P, lens 6=52°, ¢p=0° 1.97
Py lens 0=52°, ¢=30° 2.08
P, monster [1010] 1.37
P, monster [0001] 2.15




5574 P.

<
>
<
=

<

<
P —
—

1
3 35 4
H (kOe)

FIG. 12. Recorder tracing of the P, oscillations ex-
hibiting second-harmonic content. The second harmonic
has been enhanced by a factor of 2,7 relative to the fun-
damental by the choice of field-modulation amplitude.

The harmonic content of P;; may arise from specu-
lar reflection, at least when H is along [0001], be-
cause then the Fermi surface is axially symmetric
about the limiting point. Schwarz3® also has ob-
served the second harmonic of the limiting-point
oscillations and has found evidence of a correlation
between harmonic amplitude and sample surface
condition.

Amplitudes—Magnetic Breakdown

Representative plots of amplitudes vs magnetic
field are shown in Fig. 13. The amplitude of P,,
is essentially constant, as expected for limiting-
point oscillations in a compensated metal. The
amplitudes of P, and P; increase with field over
most of the range, although not as rapidly as the
H%/% power law predicted by Bloomfield for an ex-
tremal 8A/8k, orbit. The slight roll off at the
high-field end may be due to sample surface irreg-
ularities, because at these fields the pitch of the
helical trajectory is approximately 10 pm. Small
departures from the predicted field dependence are
not surprising since Bloomfield’s amplitude calcu-
lation is based on the assumption that the monoton-
ic magnetoresistivity tensor elements have exactly
the field dependence predicted by theory.'®3* How-
ever, it is well known® that the “quadratic” mag-
netoresistance expected in compensated metals
typically has a field dependence anywhere between
H'® and H?-°, If all “quadratic” components actual-
ly were proportional to H**®, Bloomfield’s theory
would predict an H!'! dependence for the ampli-
tudes, in better agreement with the data.

The behavior of P,, on the other hand, is anom-
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FIG. 13. Variation of oscillation amplitude with mag-
netic field strength for several sets of oscillations.
Smooth curves are drawn by eye through the data points.
Curves have been shifted vertically to separate them.

alous. The amplitude increases up to H~ 7 kOe,
then diminishes rapidly. The amplitude peak shifts
toward larger fields as H is turned farther away
from [0001]. Similar amplitude anomalies were
observed for P;—P,. A striking example of this
damping is shown in Fig. 14. The P, oscillations
dominate below 6 kOe, while the P, oscillations
dominate at larger fields and continue to increase
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FIG. 14. Recorder tracing showing the damping of P,
at higher fields. P, dominates below 7 kOe. P; domi-
nates at higher fields. The slight irregularity at the
high-field end is due to the weak P, oscillations.
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in amplitude to fields greater than 15 kOe. This
indicates that the damping of P, is not due to irreg-
ularities of the sample faces since such irregular-
ities presumably would have a similar effect on the
P, oscillations, which have period (and therefore
helix pitch) comparable to that of P,. The possi-
bility that the disappearance of P, arises from
beating with another, nearly identical, period such
as Py was eliminated by extending the field range
to 20 kOe. The P, oscillations did not reappear as
one would expect from the rapid drop in amplitude
following the peak at 4 kOe.

We interpret the anomalous damping of the P3—
Py oscillations as an effect of magnetic breakdown
between the first and second bands. Although
breakdown has previously been observed only for
carriers crossing the AHL plane or travelling in
the KM plane, it appears that tunneling can occur
at other places on the monster. A cross section
through the cap and monster in the T'AHK plane is
shown in Fig. 15. The shaded region on the right
side of the drawing indicates where the valleys on
the monster are very close to the edges of the cap.
Since an electron crossing a valley must undergo
Bragg reflection in order to continue on its orbit,
it is likely that tunneling can occur at any point
along the shaded region. Any orbit passing all the
way around the monster column structure will
therefore have at least three points of possible
magnetic breakdown. We note that P,—P, and, ten-
tatively, Py have been assigned to orbits of this
type. The only other period so assigned is Pj.

P
MONSTER 4
N \.

MONSTER
"4

'

Xd

N

Vv

_A H Ly
) AN/

FIG. 15. Cross section through the cap and monster
in the TAHK plane (Refs. 23 and 25). Shaded regions in-
dicate where tunneling is likely to occur,
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While the P4 oscillations do in fact show slight
damping in fields larger than 13 kOe (Fig. 3, lower
trace), this could be due to surface irregularities.
The remaining periods except perhaps P,,, which
is unassigned, arise from orbits that do not involve
reflection at the spin-orbit gap, and it is signifi-
cant that these oscillations do not exhibit anomalous
damping.

Calculation of the influence of magnetic break-
down on this semiclassical size effect is particu-
larly straightforward. Because of the diffuse re-
flection at the sample surfaces, an electron just
leaving the surface will be at an arbitrary point on
its orbit in reciprocal space. However, magnetic
breakdown can occur only at the Bragg-reflection
points on the orbit. For this reason, the current
carried by electrons that undergo magnetic break-
down while crossing the sample averages to zero,
so the oscillatory conductivity is proportional to
the probability that an electron crosses the sample
without tunneling. When an electron reaches a
Bragg point, the probability of tunneling is®®

P(H)=e “Ho/¥ (8)

where H; is the breakdown field. Since there may
be several Bragg-reflection points on the orbit,
each having a particular breakdown field, the prob-
ability that an electron survives its trip across the
sample without tunneling is

s@) =TI [1 - B, | )
=1

where the P;(H) are the tunneling probabilities for
the various Bragg points and N(H) is the number of
turns in the helical trajectory crossing the sample.
Recalling that there is one oscillation for each turn
and using Eq. (6), we find

S =1 (1 - /717, (8)

where P is the period and H,...H, are the break-
down fields of the various Bragg-reflection points.
In order to calculate the amplitude of the resis-
tivity oscillations, we must take account of any
modification of the monotonic galvanomagnetic
properties induced by magnetic breakdown. In the
case of cadmium, however, breakdown occurs be-
tween two hole surfaces, so the compensation of
carriers is not affected. The monotonic terms
therefore are unchanged by breakdown except when
H is in the (0001) plane, where the open orbits on
the monster break down to form closed orbits. 128
For field orientations out of the (0001) plane, the
observed amplitude is therefore given by

A(H)=AH"SH)=AH"IL (1 -1 /AYH/P | (g)
i=1
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where 7 is the exponent predicted by Bloomfield for
a given type of orbit (Table I) and A, is an ampli-
tude factor which depends on temperature, sample
thickness, purity, and Fermi-surface geometry.
This expression indicates that the amplitude is un-
affected at very low fields, where most electrons
travel across the sample without tunneling, but be-
gins to diminish at higher fields.

The field dependence of the P, amplitude was
measured for several field orientations with con-
siderable care taken to avoid systematic errors due
to ac skin-depth problems inthe samples or changes
in modulation amplitude with field strength. Equa-
tion (9) was then fitted to the data, treating 4,, n,
and the H; as adjustable parameters. For all field
directions studied, best fits were obtained by as-
suming that tunneling takes place at one point only
on the orbit, implying that the breakdown field for
one Bragg-reflection point is much smaller than
for the others. In this case, Eq. (9) reduces to

A(H)=AH"(1 - e o/ T/ P (10)

where H, is the breakdown field at the one point on
the orbit where tunneling occurs. We first deter-
mined A, and n» from the low-field data, where the
amplitude has a simple H" dependence, and then
adjusted H, for agreement with the data at higher
fields where the amplitude decays.

The data for 6 =65° are compared in Fig. 16 with
curves obtained from Eq. (10) using three different
values for H,. The fit for Hy=40 kOe is quite good
over a range of nearly a factor of 5 in amplitude.
Data for four other field orientations are shown in
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FIG. 16. Amplitude of P, oscillations vs magnetic
field together with curves obtained from Eq. (10) assum-
ing three different values of Hy, Dots: experimental
points., Smooth curves: theory.
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FIG. 17. Amplitude of P, oscillations vs magnetic
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points. Smooth curves: theory.
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Fig. 17, together with the best-fit theoretical
curves from Eq. (10). One interesting feature of
these curves is the rapid damping of the oscilla-
tions at magnetic fields much smaller than H,.
This results from the fact that at 10 kOe, for ex-
ample, the oscillatory current arises only from
those electrons which survive approximately 100
consecutive cycles around their orbit without tun-
neling. The best-fit values of H, are plotted vs 6
in Fig. 18. (No breakdown data were taken in the
range 59° < 6< 63° because of interference from P,.)

Since the P, orbit traverses three valleys on the
monster, there are three points at which carriers
may tunnel to the first band [compare Figs, 2(b) and
10]. Because the data suggest that tunneling takes
place predominantly at one point only on the orbit,
we conclude that magnetic breakdown occurs at the
bottom of one of the valleys (across the shaded
region on the right side of Fig. 15). The precise
location of this point cannot be determined because
the position and shape of the orbit are only approx-
imately known.

Other workers have reported values of H, rang-
ing from a few kOe for the [0001]-directed open or-
bits®® to about 30 kOe for the trifoliate orbit around
the monster in the KM plane.? These variations
are not surprising since the breakdown field depends
on the magnitude and direction of the electron ve-
locity at the Bragg-reflection point. This variation
of H, with orbit location and field direction is un-
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FIG. 18, Variation of H, with field direction in the
(10T0) plane for the P, orbit.
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doubtedly the reason why the P, oscillations do not
exhibit anomalous damping.

V. SUMMARY

Several sets of size-effect oscillations were ob-
served in cadmium for the first time, and those

observed previously have been measured with
greater accuracy over a larger range of field ori-
entations. Most of the new oscillations have been
assigned to extremal area-derivative orbits on the
Fermi surface. The results indicate a slight de-
parture of the third-band lens from axial symmetry
about [0001].

The second harmonics of several oscillatory
periods have been resolved clearly and are attrib-
uted in most cases to noncircular orbit geometry.
It appears, however, that the second harmonic of
the lens limiting-point oscillations may arise from
specular reflection at the sample faces.

The anomalous damping of some but not all sets
of oscillations at higher magnetic fields is attrib-
uted to the onset of magnetic breakdown of the gap
between the first and second bands. A semiclas-
sical model for the influence of magnetic break-
down is in reasonable agreement with the data, and
the results suggest that the size effect is a useful
tool for studies of magnetic breakdown using rela-
tively small magnetic fields.
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