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Both periodic and aperiodic open orbits have been studied at low fields, with most measurements at 10 kG.
Aperiodic open orbits from both the fourth-zone hole surface and the fifth-zone electron surface have been
clearly observed and the extent of the two-dimensional regions of magnetic field direction for these orbits has
been plotted. The magnetic field dependence and temperature dependence of broad aperiodic open-orbit torque
peaks have been used to predict the magnetic field and temperature dependence of two sharp periodic-open-
orbit torque peaks and thus to demonstrate that those sharp peaks are caused by periodic open orbits which
exist on both the fourth- and fifth-zone surfaces simultaneously. A large number of periodic open orbits which
exist along directions of lower symmetry for smaller ranges of magnetic field direction have been observed,
many for the first time. The data are compard with the results of other experiments and with theoretical

predictions.

I. INTRODUCTION

The Fermisurface of white tin has been investi-
gated for several years, and its topology is known
in some detail. The de Haas—van Alphen (dHvA)

effect has been studied in detail by several workers .

(Gold and Priestley, ! Stafleu and de Vroomen, ? and
Craven and Stark®) and has yielded a wealth of in-
formation. Open orbits on the Fermi surface have
been studied using magnetoresistance techniques
(Alekseevskii et al.,* Anderson and Young, ® and
Youngs). Fermi-surface calipers have been ac-
curately measured using the radio-frequency size
effect (Gantmakher’® and Matthey et al.®).

The induced-torque technique allows the experi-
menter to plot a complete stereogram of open-orbit
directions using only one spherical single crystal,
and without the necessity of attaching leads to the
sample. The method measures the torque from
eddy currents induced in a sample suspended in a
slowly rotating magnetic field and was first used
by Moss and Datars'® to investigate open orbits in
mercury. A theoretical description of the effect
was given by Visscher and Falicov'! and by Lass
and Pippard. !?

At high fields the torque increases proportional
to B? in the presence of open orbits and saturates
when the orbits are closed, as long as there is no
magnetic breakdown. In this experiment the torque
from closed orbits was so small that it was difficult
to detect at all. The open-orbit torque about the
v axis due to a magnetic field rotating in the x-z
plane, and at the instant when the field is perpen-
dicular to the open-orbit direction in k space, is
given by11

N,=d,Btcos®a +d, , (1)

where a is the angle between the open-orbit direc-
tion in k space and the field rotation plane, and d,
and d, are constants.
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This paper reports the results of an induced-
torque experiment giving additional information
about open orbits on the Fermi surface of tin. The
experimental method is described in Sec. II. The
Fermi surface of tin is described in Sec. III, and
experimental results are presented in Sec. IV.

The results of this experiment are compared with
the theory and with the results of other experiments
in Sec. V.

II. EXPERIMENTAL METHOD

Torques were measured with a self-nulling elec-
tronic torque balance like that used by Condon and
Marcus'® and by Vanderkooy and Datars' to detect
dHvA-effect torques. The suspension system was
modified to allow changes of sample orientation
between rotations of the magnet (Moss and Da-
tars'®), The induced torque was generated by ro-
tating a 12-in. Magnion electromagnet at a constant
rate using a motor and chain drive (usually at 10°/
min), and at constant field strength. Torque signals
were recorded directly on an X-Y recorder and were
simultaneously stored in digital form on magnetic
tape. A computer then compared the data from both
directions of magnet rotation, corrected for com-
pliance in the torque magnetometer, and subtracted
the data points for one direction of magnet rotation
from the corresponding points for the other direc-
tion. This had the effect of increasing the induced-
torque signal, which is an odd function of magnetic
field rotation direction, and reducing signals,which
are an even function of rotation direction (e.g.,
dHvA-effect torque signals and slowly varying back-
ground signals from the sample holder), The en-
hanced result was then plotted on a Calcomp plotter.
A complete description of the computer-enhance-
ment technique is given by Grodski and Dixon. "
The sample was a $-in. -diam sphere cut by spark
machining from a single crystal of high-purity tin
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FIG. 1. Fermi-surface model for zones 4 and 5 calcu-
lated by Stafleu and de Vroomen. The parts of the Bril-
louin-zone edges inside the fifth-zone surface are shown
dotted; another pear-shaped piece at R (not shown) is
connected with an arm to the pear at the top of the zone.

obtained from Materials Research Corp. It was
mounted in a micarta barrel and oriented with back-
reflection Laué photographs. The sample could be
rotated about a horizontal [100] axis oriented so
that the magnetic field was along [100] at the begin-
ning of each magnet rotation,

III. FERMI SURFACE OF TIN

White tin has a body-centered-tetragonal lattice
with two atoms per unit cell. The low-temperature
lattice constants (Weisz'®) are a=5.80 A and ¢
=3.15 A, Most of the sheets making up the Fermi
surface of tin are recognizable distortions of the
empty-lattice model first described by Gold and
Priestley.! A local-pseudopotential approximation
used by Weisz!® and based on Gantmakher’s”® size-
effect measurements produced a Fermi-surface
model qualitatively similar to the later calculations
by Stafleu and de Vroomen'’ (based on dHvA-effect
measurements?), For the purposes of this experi-
ment, the most important parts of the Fermi sur-
face are the open surfaces in zones 4 and 5, shown
in Fig. 1. Zone 4 is made up of two surfaces con-
nected together: a multiply connected hole surface
with large arms along (110), connected to an electron
surface centered at T' by necks at the top and bottom
of the two surfaces. The fifth-zone electron sur-
face is a large multiply connected sheet consisting
of pear-shapedpiecesand connecting arms. Both
surfaces are essentially two-dimensional networks
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of tubes lying in the (001) plane.

The surface shown in Fig. 1 will support two
types of open orbits, periodic and aperiodic. A
periodic open orbit occurs when the magnetic field
is perpendicular to a symmetry direction along
which the Fermi surface is multiply connected.
Aperiodic open orbits can occur for a solid angle of
magnetic field directions around a symmetry di-
rection in the crystal. In this case the electron’s
motion is not periodic, and the open orbit is not
along a symmetry direction. This solid angle of
field directions will be represented by an area on
a stereographic projection of field direction along
which open orbits are observed, and because of this
these orbits are sometimes called two-dimensional
aperiodic open orbits (Fawcett'®). In both cases the
representative point of the electron must be able
to move along the Fermi surface to infinity in the
extended zone scheme, while staying in a plane per-
pendicular to the magnetic field direction.

The two types of open orbits are easily distin-
guished in a data trace. Periodic open orbits give
rise to sharp torque spikes when the magnetic field
passes through a direction perpendicular to the
open-orbit direction, while aperiodic open orbits
result in broad, flat-topped torque peaks as the
magnetic field passes through the solid angle of
field directions inside which these orbits are ob-
served. Because of the two-dimensional nature of
the surface shown in Fig. 1, all periodic open-orbit
directions lie in the (001) plane, and both surfaces
support aperiodic open orbits for a range of field
directions near [001].

The large (110)-directed arms of the fourth-zone
hole surface should give torque spikes for mag-
netic field directions perpendicular to the (110) di-
rections, except for [001] where all orbits on the
surface are closed (a singular field direction,
Fawcettm), and for field directions very near (110)
where the open orbit is closed by the presence of
necks joining the fourth-zone electron and hole sur-
faces. Around [001] aperiodic open orbits will ex~-
ist for all magnetic field directions for which there
exist closed orbits centered at L between the arms—if
thereare closed orbits centered at L, itisimpossible
for an electron moving along the top of the sheetto
get to the bottom and reverse its directionto forma
closedorbit. Instead, it will continue to move with the
same average direction on the top half of the sheet,
The disappearance of the closed orbit can thus be
used to predict the size and shape of the area of
aperiodic open orbits on the stereogram. The re-

- gion of aperiodic open orbits will result in a large,

broad torque peak whenever B sweeps through the
region of aperiodic open orbits around [001]. The
fourth-zone surface will also support a narrow
band of periodic open orbits along (100), because
of the thickness of the connecting arms.
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FIG. 2. Data trace as the magnetic field sweeps through the edge of the aperiodic-open-orbit region. The magnetic
field rotation plane is tilted 40° from [001] about [010]. Torque peaks are labeled to show the direction of the open orbit
causing the peak, not the direction of the magnetic field in this rotation plane.

The fifth-zone electron surface should give torque
spikes whenever B is perpendicular to [100], ex-
cept for the singular field direction along [001],
and broad torque peaks for a two-dimensional re-
gion around [001]. Because the arms are thinner
than those of the fourth-zone surface, the two-di-
mensional region will be smaller than for the
fourth-zone surface. This region of aperiodic open
orbits will result in a second broad torque peak su-
perimposed on the broad peak from the fourth zone,
but it will be somewhat narrower because the two-
dimensional region is smaller, The model also
predicts a narrow band of periodic open orbits for
B along [110].

A further calculation by Craven'® was based on
dHvA-effect measurements by Craven and Stark, ®
and in a discussion of the magnetroresistance re-
sults by Alekseevskii et al.* and Anderson and
Young® makes several theoretical predictions that
can be compared with the present experiment.

The most recent calculation by Devillers et al.?
is based on the extensive radio-frequency-size-ef-
fect data by Matthey et al.® Both of these models
are qualitatively similar to that shown in Fig. 1.

IV. EXPERIMENTAL RESULTS

A survey of open-orbit directions was performed
at 10 kG and 1.2 °K by rotating the sample through
2° intervals about [010] after each pair of magnet
rotations until a complete stereogram of field di-

rections was obtained. A portion of one such ro-
tation plot is shown in Fig. 2, where the magnetic
field is rotating in a plane tilted 40° from [001]
toward [100]. Each open-orbit torque spike on the
diagram is plotted as a point on the stereogram of
open-orbit directions shown in Fig, 3. The curve
labeled 6 =40° corresponds to the data trace shown
in Fig. 2. The large spikes on the right and left

of Fig. 2 (labeled A) are from the (110)-directed
orbits, and the spike at the center of the diagram
(labeled B) is from one of the (100)-directed orbits.
Note that these labels do not correspond to magnetic
field directions in this diagram, but instead to open-
orbit directions whose torque spikes are visible for
a range of field directions in the plane perpendicular
to the open-orbit direction. These (A and B) are the
major open orbits in tin and can be seen for al-
most all rotation planes except for field directions
very near the [001] singular field direction. When
the magnetic field is rotated in the (001) plane
(6=90°), only A and B are seen. C is first visible
as a very small blip in the curve for 6 =60°, and

the series of smaller spikes between A and B ap-
pear as the magnet rotation plane is changed so

that the magnetic field sweeps closer and closer

to [001]. They are visible for short ranges of field
direction, and the data points for each spike fall

on radial lines on the stereogram. The lines rep-
resent planes whose poles lie on the outer circle

of the stereogram, and correspond to open-orbit



12 OPEN ORBITS ON THE FERMI SURFACE OF TIN USING. .. 1203
[100] 7S .
e
\546"&“&
u:\
[no] [T0]
P
‘%4*’ ~.
\ \
— 18° \\\\
/ \\7\\ B \\‘* N
[010] [o01] [010]

FIG. 3. Stereogram of magnetic field directions along which open-orbit peaks have been observed. Curved arrows

show how the example data traces are plotted on the diagram.

directions that are all perpendicular to [001]. For
example, the radial line of data pointing toward
310 corresponds to field directions along which the
[310]-directed open orbit can be observed. The
rising background torque near the center of the
diagram is caused by aperiodic open orbits and is
first visible as a slight rise in the background near
the center of the 6§ =44° trace.

As the sample orientation is changed to give
smaller values of 6, two distinct background peaks
are seen, one superimposed on the other (see the -
top trace of Fig. 4). The narrower of the two
broad peaks, labeled D, is caused by aperiodic
open orbits on the fifth-zone electron surface, and
the wider peak, labeled E, is caused by aperiodic
open orbits on the thicker arms of the fourth-zone
hole surface.

When the sample is turned to 6=18°, a third
broad peak is seen (labeled F in the middle trace of
Fig. 4). This peak is reproducible but never more
distinct than in this diagram. At this sample ori-
entation peak C has disappearedand B is now much
less distinct. The noise shown at the bottom-left-
hand side of this trace was caused by swinging of
the sample suspension after changing the orienta-
tion of the sample. Noise near the center of the
trace comes from changes in the magnet rotation
rate caused by poor bearings in the magnet plat-
form. These noise signals have no phase coher-
ence between the two magnet-rotation directions,

and are proportional in amplitude to the induced-
torque signal being recorded, %

As the sample orientation is changed to even
smaller values of 6, the edges of peaks D and E
move away from the center of the trace and become
indistinct. The amplitude of the wide torque peak
is reduced, and it begins to narrow, until at 6 =4°
the data consists of a gently rising background
torque, increasing toward the center of the trace,
with a broad torque peak about 16° wide at the cen-
ter, upon which are superimposed two indistinct
spikes of type A and one of type B.

No induced-torque signal can be seen when 6 =0°
(when B passes through [001]), but at 6 =4° inter-
esting structure is still visible (see Fig. 4, bottom
trace). Near the center of the trace is a small
peak about 2 3° wide superimposed on a background
peak about 12° wide. On both sides of these peaks
is the dHvA-effect noise remaining after computer
enhancement of the data. The improvement of the
data from computer enhancement ranges from a
negligible change in Fig. 2 to a startling enchance-
ment for the data of the bottom trace of Fig. 4.
[See Fig. 2 (6=5°) in Grodski and Dixon, %]

The edges of the peak E are plotted as dots to
give the position of the outer curve of Fig. 5 and
indicate the limits of the aperiodic open-orbit re-
gion on the fourth-zone hole surface. The middle
curve indicates the extent of the region of aperiodic
open orbits on the fifth-zone electron surface, and
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FIG. 4. Top trace
shows aperiodic-open-
orbit peak D superimposed
on aperiodic-open-orbit
peak E. The middle trace
shows part of a magnet
rotation in which B passes
well inside the aperiodic-
open-orbit regions, and
in the bottom trace the
magnetic field passes 4°
from [001], showing the
decrease in torque signal
near the singular field
direction.

MAGNETIC  FIELD

the curve closest to [001] shows the edges of peak
F. The extent of the aperiodic open-orbit region
on the fourth-zone hole surface was computed using
the empty-lattice model for the Fermi surface,

(A computer program by Taylor?? was adapted to
provide plots on the Calcomp plotter at the Univer-
sity of Waterloo.) The results are plotted as plus
signs. A similar calculation for the fifth-zone sur-
face obtained the limits of the aperiodic-open-orbit
region in the (100) directions: this data is shown
as crosses, but is not expected to be very reliable,
because the empty-lattice-model prediction of the

DIRECTION (deq)

fifth-zone surface is poor.

The amplitudes of the torque peaks from the
[010]-, [1T10]-, and [310]- directed open orbits are
plotted as a function of magnetic field direction
(measured in degrees from [001]) in Figs. 6, 7, and
8. In Fig. 6 the magnetic field direction is the
same as the angle 6 in the data traces of Figs. 2
and 4, however, this is not the case in Figs. 7 and
8 (except at 0° and 90°). In Figs. 6, 7, and 8 a
field direction of 0° corresponds to a rotation plane
where B passes through the singular field direction
[001] where the torque peaks have disappeared. A
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FIG. 5. Stereogram of measured limits of the electron surface aperiodic-open-orbit region (D) and the hole~surface

F shows limits of a third broad peak superimposed on E and D. Limits of the fourth-

zone (+) and fifth-zone (X) aperiodic-open-orbit regions were calculated using the empty-lattice model.

field direction of 90° in these figures corresponds
to the situation where 6 =90° and the magnetic field
rotates in the (001) plane.

To see how these three curves are plotted, con-

sider the data shown in the top trace of Fig. 4. The

[100]-directed orbit (spike B) is superimposed on
peak D, which in turn is sitting on peak E. The

magnetic field direction at spike B is tilted 34° from

[001] toward [100], so these three points are plotted
at 34° in Fig. 6. Spike A occurs 29° from spike B
on a trace tilted 34° from [001] about [010], so the
position of this spike corresponds to a mgnetic field
direction tilted 43.7° from [001] toward [110], and
is plotted at 43.7° in Fig. 7. Spike C occurs 10.6°
from B on the 6 =34° trace, it is plotted at 35.4° in
Fig. 8.

Since the fifth-zone electron surface is multiply
connected with arms along (100), it will support
open orbits for a large range of field directions
which are perpendicular to (100). This would re-
sult in a torque spike at the positions where the
peak B has been observed in this experiment. In
addition, it may be possible for the fourth-zone
hole surface to support open orbits along {100),
even though it is multiply connected by arms along
(110), if the arms are thick enough. In that situa-
tion, spike B would be caused by open orbits on
both the fourth-zone hole surface and the fifth-zone
electron surface acting simultaneously for some
magnetic field directions. Using a similar argu-

ment, spike A may be caused by open orbits on
the fifth-zone electron surface, if its arms are
thick enough, as well as the orbit expected on the
fourth-zone hole surface for most field directions
perpendicular to (110). In order to investigate the
possibility of open orbits occurring on two differ-
ent surfaces simultaneously, first consider the top
data trace shown in Fig., 4. Peak D results from
aperiodic open orbits on the thin arms of the fifth-
zone electron surface, while the broader peak E
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FIG. 6. Amplitude of the torque spike from the [010]-
directed open orbit (B) as a function of magnetic field di-
rection, D, E, and F show the amplitude of the broad
torque peaks lying below B in the data trace.
background signal from closed orbits is shown as curve G.

The residual
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FIG. 7. Amplitude of the torque spike from the [170]-
directed open orbit (A) as a function of magnetic field di-
rection. D, E, F, and G are background torques lying
below spike A.

results from aperiodic open orbits on the thicker
arms of the fourth-zone hole surface. Since peak
D can be attributed to the fifth-zone electrons act-
ing alone, and peak E to the fourth-zone holes act-
ing alone, if these peaks behave differently as some
experimental variable is changed, it should be pos-
sible to use this behavior to prove whether A and B
are caused by both electron and hole orbits simul-
taneously, or are due to only one type of carrier.
Both the magnetic field strength and the tempera-
ture can be varied in this experiment, and since

D and E show different behavior as the field
strength and temperature are varied, the results
of both of these experiments are described.

In order to plot the torque amplitude as a func-
tion of magnetic field strength, a decision on how
to plot the correct amplitude of spike B must be
made.
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FIG. 8. Amplitude of the torque spike from the [3TI0]-
directed open orbit (C) as a function of magnetic field di-
rection. D, E, F, and G are background torques.

Broad peak D can be attributed to the fifth-

A. E. DIXON 12

A
1 o )
A I

Lok
VL

D

T Le e

FIG. 9. (a), (b), and (c) show three different ways to
add the superimposed torque signals B, D, and E to pro-
duce the observed signal (d).

zone electrons and the broader peak E to the fourth-
zone holes, and the conductivity caused by orbits

on these two surfaces is additive and so the induced
torque is additive as well. In this case the height
of broad peak D is measured above the top of broad
peak E, while peak E is measured above the closed-
orbit base line (essentially zero torque in this ex-
periment). Three possibilities, each of which gives
a different plotting height for spike B, are shown
schematically in Figs. 9(a), 9(b), and 9(c). In each
case the three curves add up to the observed result
[Fig. 9(d)]. Figure 9 shows the situation in which
B is treated in exactly the same way as Dand E,
and this the obvious first approach. Figure 9(b)
shows what would happen if spike B were caused
only by a periodic open orbit on the fifth-zone elec-
tron surface (which is multiply connected along the
{100y directions). As the magnetic field sweeps
from left to right across the diagram, it first
reaches the edge of the aperiodic-open-orbit region
on the fourth-zone hole surface, and the induced
torque increases at the edge of broad peak E, Next
it reaches the edge of the region of aperiodic open
orbits on the fifth-zone electron surface, and be-
gins to trace out peak D. If the periodic open orbit
is on the fifth-zone surface but not on the fourth,
the electrons contributing to the current along the
aperiodic open orbits will be the same carriers
that carry current along the periodic-open-orbit
direction, and just at that direction the current is
all carried along the periodic orbit and the torque
from the aperiodic orbits drops to zero. Mean-
while, the torque from aperiodic open orbits on the
fourth-zone hole surface would still exist. Another
possibility that gives the same result for the height
of gpike B, is a flat top for D and a drop to zero
torque at the center of peak E. Since the fifth-zone
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FIG. 10. Peak height versus magnetic field strength
for data at 6=33° using the model of Fig. 9(c).

surface is multiply connected with arms along (100},
it would almost certainly support open orbits along
(100), this possibility was not considered. Figure
9(c) shows what will happen if the aperiodic open
orbits on both surfaces become periodic along [100]:
The torque from the aperiodic open orbits drops to
zero when the same carriers start moving along
the periodic open orbits, and in this case the height
of peak B should be measured above the base line,
As the magnetic field rotation plane is changed
from (001), where the magnetic field direction
passes through [100] at a magnetic field direction
of 90° in Fig. 6, peak E appears under B at a mag-
netic field direction of 42° and D appears a few de-
grees later., Both of these peaks grow in amplitude
very quickly. As the rotation plane of the magnet
is changed through this region, the three possible
mechanisms proposed to explain spike B in Figs.
9(a), 9(b), and 9(c) should all give different results.
In Fig. 9(a) spike B would ride up on top of peak E
and then peak D as they appeared underneath it, so
that the total induced torque measured at the tip of
B would be considerably increased by the appear-
ance of D and E beneath it. In Fig. 9(b), spike B
should ride up on E, but its amplitude would be un-
affected by the appearance of D, Finally, in Fig.
9(c) the total height of B should be unaffected by the
appearance of D and E. Figure 6 shows that the
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appearance of E and then D has very little effect on
the height of B as the angle between the field direc-
tion and [001] is decreased, indicating that the
mechanism described in Fig. 9(c) is much more
plausible than that in either Fig. 9(a) or 9(b), and
that the full height of spike B should be plotted in
an amplitude versus magnetic field plot.

The amplitude of the five peaks labeled in Fig. 4
is plotted as a function of magnetic field strength
in Fig. 10 (for 6 =33°), with the height of A, B, C,
and E measured above the zero level, and peak D
is measured above the flat top of E, Of the five
peaks plotted, only two behave in the usual way;
peak D shows a nearly-quadratic field dependence,
which is expected for open orbits!'!'!? (the actual
field dependence is approximately B*?), and peak
E shows definite saturation from the magnetic
breakdown® in the fourth~zone hole surface which
has previously been observed in magnetoresistance
experiments in tin.%® Spike C appears to be begin-
ning to saturate as the field is increased, but the
most startling behavior is the almost-linear in-
crease in amplitude of A and B above 12 kG. I the
decision that spike B was caused by both electrons
and holes simultaneously is correct, it should be
possible to combine the field dependence of the
holes (peak E) and the electrons (peak D) to generate
the magnetic field dependence of B. If a simple lin-
ear combination of D and E is used, the results are
shown in Fig. 11, The sum of the amplitude of
D and E is fitted to the highest-field data point by
adjusting a multiplicative constant, then lower-
field values are calculated using that constant and
the previously measured field dependence of D and
E. The lower pair of curves results when the same
procedure is followed for peak A, In both cases
the agreement between the field dependence of the
calculated and measured curves is excellent. When:
the temperaure dependence of D and E is measured,
they act quite differently (see Fig. 12). As the
temperature is lowered from 4.2 to 1.2 °K, peak
D increases in height by a factor of 2.2, while E
increases by a factor of 1.4. As was the case with
the field dependence, the temperature dependence
of A and B is similar, and can be predicted reason-
ably well using the temperature dependence of D
and E and the constant calculated in Fig. 11.

The Fermi-surface models'®:"+1%2 predict that
the fifth-zone electron surface will support open
orbits for all field orientations in the (100) plane,
and will support a narrow band of open orbits for
magnetic fields in the [110] direction. The fourth-
zone hole surface is multiply connected along the
(110) directions, but Craven' and Devillers et al.%
predict that the neck joing the electron and hole
surfaces in zone 4 will cut off the open orbits when
the field is along [110], and that the surface will
‘support a narrow band of open orbits when the field
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FIG. 11. Simple linear combination of the torque am-
plitudes of aperiodic-open-orbit peaks D and E is used to
predict the magnetic field dependence of periodic-open-
orbit spikes A and B.

is along [100]. Thus if the magnetic field is rotated
in the (001) plane, the [110] torque spike (B) de-
pends on a broad band of electrons and a narrow
band of holes. The field dependence of the two
torque spikes was found to be the same, €ach vary-
ing as B!*®, The peaks also exhibit similar temper-
ature dependence. In both cases the amplitude in-
creased by a factor of 1.5 as the temperature was
reduced from 4.2 to 1.2 °K. Because this rotation
plane is well outside the region where magnetic
breakdown has been observed,’® the similar field
dependence is not surprising, but the complete dis-
appearance of the holes contributing to the [110]
torque spike might be expected to result in a dif-
ferent temperature dependence for that spike, al-
though the difference in temperature dependence of
the electrons and holes is not large (see Fig. 12).
It is not possible to draw a definite conclusion from
this data about whether the holes contributing to the
[110] spike have completely disappeared when the
field is along [110].

V. COMPARISON WITH OTHER WORK

The extent of the aperiodic regions has been mea-
sured directly in transverse magnetoresistance ex-
periments*® and can be inferred from the cutoff of
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the closed orbit enclosing the space between the
arms of the open surfaces, which can be measured
with the dHVA effect.® Results from these two ex-
periments, as well as theoretical predictions, *°

are compared with the present measurements in
Table I. [The present experiment measures the
limit of the fifth-zone region to be 34° and that of
the fourth-zone region to be 42° in the (130) plane, ]
The number in parentheses in the last column is
taken from Fig. 5, and is slightly larger than the
value from Fig. 7. In the other cases, results from
Figs. 6 and 7 agreed ‘with- Fig. 5. The edges of the
fourth-zone hole surface can be measured more ac-
curately from Figs. 6 and 7 because the data points
shown in Fig. 5 come from the rather indistinct
outer edges of the broad peak, however the edges of
the fifth-zone peak are quite sharp (see Fig. 4) and
the data points in Fig. 5 are more precise. These
results are in every case but one larger than the
results predicted by Craven!® which in turn were
always larger than the dHvA-effect measurements
of Craven and Stark.® The fact that the dHVA- ef-
fect measurements are smaller than expected is
not surprising, since they are the result of the dis-
appearance of an orbit, At some point the signal
from the orbit is too weak to measure, but may not
have disappeared completely, sothe dHVA signal will
disappear slightly before the orbit does. In the
present experiment, the edges of the torque peaks
were measured by finding the angles at which the
torque just starts to increase—for example, in the
top trace in Fig. 4, the edges of the peak E were
taken to be at 14° and 73° and the edges of peak D
38° and 58°, Other choices for the edge of the peak
would result in smaller two-dimensional regions on
the stereogram. The magnetoresistance measure-
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FIG, 12, Same linear combination of the temperature
dependence of D and E is used to predict the temperature
dependence of A and B.

300

200

100 -

TORQUE (dyn cm)
m
>
o
o
3
@0
o
+
m




12 OPEN ORBITS ON THE FERMI SURFACE OF TIN USING... 1209
TABLE 1. Limiting angles for the aperiodic-open-orbit regions.
Magneto- This
Plane resistance’ dHvA®  Theory!® experiment
Surface  of B (deg) (deg) (deg) (deg)
fourth-zone (100) 38 35 36 43
holes (110) 44 37 42 42(44)
fifth~zone (1.00) 38 35 36 37
electrons  (110) 37 24 25 33

ments® could not differentiate between the two re-
gions in the (100) plane, and measurements were
made at higher field strength, a situation which
would accentuate the effect of the electron orbits.
The data points labeled F in Fig. 5 occur at the
same position as anomaly II in the magnetoresis-
tance experiment of Anderson and Young, % but ex-
periment over a wider range of field strengths are
necessary to confirm that they result from the same
mechanism,

Peroidic open orbits exist on the fifth-zone
surface for all magnetic field directions per-
pendicular to [100], except [001], and because of
the thickness of the arms, the fourth-zone surface
is also open in the same direction for the same
range of magnetic field directions.'®® The smooth
behavior of spike B near [100] in Fig. 6 supports
the contention that the fourth-zone surface supports
a narrow band of open orbits for B along [100], in
addition to a broad band of open orbits on the fifth-
zone surface. This is in agreement with the mag-
netoresistance results® and with Hall-effect mea-
surements by Kachinskii.?* The existence of simul-
taneous open orbits on both surfaces when 6 =33°
has been clearly demonstrated in this experiment
by combining the dependence of torque amplitude
on field strength for the aperiodic electron and hole
orbits to predict the field dependence of torque
peak B (see Fig. 11). A similar technique was
used to predict the temperature dependence of B
(see Fig. 12).

The fourth-zone hole surface is multiply con-
nected by arms in the (110) directions, and should
support periodic open orbits along [110] for all
magnetic field directions perpendicular to [110]
except for directions very close to [lTO], when the
open orbit is closed by the neck that joins the fourth-
zone electron and hole surfaces.!®'?® According to
Craven’s model, ® a broad band of open orbits along
[110] exists on this surface for field orientations up
to 71° from [001] in the (110) plane, after which a
narrow band of open orbits will exist to within 2.5°
of [110]. The sudden drop in amplitude of torque
spike A in the vicinity of 71° in Fig. 7 is due to
this change from a broad to a narrow band of open
orbits on the fourth-zone surface, which has also
been seen by Anderson and Young.® The further

drop in amplitude at 88° in Fig. 7 may be due to the
complete disappearance of the orbit on the fourth-
zone surface, leaving only an open orbit on the fifth-
zone surface for B along [1T0]. A study of the tem-
perature and field dependence of this peak at [110]
did not prove conclusively that the hole orbit had
completely disappeared.

A large number of periodic open orbits have been
observed over shorter ranges of field directions,
some of which have been followed inside the region
where aperiodic open orbits exist on both the
fourth and fifth-zone surfaces. The maximum an-
gle from [001] at which each torque peak was ob-
served is compared with the maxima for the four
orbits seen by Alekseevskii et al.* and predicted
theoretically by Craven. ' (See TableIl. ) The limit-
ing angle for the [130] orbit onthe fourth-zone surface
was calculated by Craven' tobe 61, andthatpredicted
for the fifth-zone surface was 57. The small bump
on the amplitude curve in Fig. 8 at 58° may be
caused by this change in character of the orbits
causing the peak, but a change of slope of the curve
would be more reasonable, When the [150] and
[120] amplitude curves were plotted in the range

TABLE II. Limiting angles for observing periodic open
__orbits in particular symmetry planes.
This
Theory!? Magnetoresistance? experiment
Plane of B (deg) (deg) (deg)
(970) 42
430) 42
(750) 43%
(320) 47 47 46
(1170) 41
(530) 463
(950) 423
(210) 51 52 51
(730) 44
(520) 413
(31.0)- 61 61 . 61
(1130) 42
410) 443
(1330) 41%
(51.0) 49 53 51
(61.0) 42
(710) 46%
(81.0) 41
(91.0) 43%
(1110) 42%
(1310) 413
(1510) 41
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near the cut-off angle, there was no evidence of
either a slope change or a bump at the predicted
limiting angle for orbits on the fifth-zone surface,
The reason many of the orbits along directions of
lower symmetry were not seen in previous mag-
netroresistance experiments is probably due to the
inherent advantage in high-conductivity materials
of a technique that measures conductivity (like the
induced-torque effect) over a technique that mea-
sures resistance. Many of these peaksareinare-
gion where the background conductivity due to
aperiodic open orbits is large, and the increased
conductivity due to periodic open orbits can be eas-
ily observed in a conductivity measurement but in
a resistance measurement shows up as a slight
further lowering of an already very small resis-
tance. A further advantage of the induced-torque ef-
fect in a soft crystal like tin is the absence of leads
which must be attached to the sample to supply cur-
rent and measure voltage in a magnetoresistance
experiment, and the consequent absence of possible
damage to the sample during this procedure,

VI. CONCLUSIONS

Open orbits on the Fermi surface of tin have been
studied in some detailat 10 kG. Aperiodic-open-
orbit regions from both the fourth-zone hole surface
and the fifth-zone electron surface have clearly
identified, and the extent of these regions has been
plotted on a stereographic projection. This experi-
ment shows that the aperiodic-open-orbit region is
larger than predicted by theory,'® especially for the
fifth-zone electron surface in the (110) plane, and
the size and shape of the aperiodic open-orbit re-
gion is different from the magnetoresistance mea-
surements,® which were unable to differentiate be-
tween fourth- and fifth-zone aperiodic open orbits in
all directions,
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This experiment confirms that the fifth-zone sur-
face supports periodic open orbits for all magnetic
field directions perpendicular to [110] except for
the singular field direction [001]. The fourth-zone
surface was found to support periodic open orbits
for magnetic field directions perpendicular to [100]
(except for [001]) and the dependence of torque am-
plitude on angle in Fig. 7 supports Craven’s' pre-
diction that a broad band of open orbits along [110]
exists on the fourth-zone surface up to an angle of
71° from [001], after which a narrow band exists
to within 23° of [110]. The temperature and field
dependence of the broad aperiodic-open-orbit
torque peaks have been combinedto predict the tem-
perature and field dependence of spikes A and B of
Fig. 4, and thus, to demonstrate that these are
caused by open orbits that occur simultaneously
on the fourth- and fifth-zone surfaces. The change
in character of the open orbit near 71° was clearly
demonstrated by Anderson and Young, ® since the
approximate compensation of orbits on the two sur-
faces produced a spike in the magnetoresistance
results which changed to a minimum for angles
greater than about 72° when the broad band of hole
orbits changed to a narrow band.

A large number of open orbits that occur for
shorter ranges of magnetic field directions have
been observed, many of which have not been ob-
served in previous experiments. The limiting an-
gle from [001] for these orbits has been measured,
and for the four orbits observed previously, excel-
lent agreement is found with the magnetoresistance
measurements? and theoretical predictions. !°

These measurements are continuing at higher
magnetic field strengths and over a wider range of
temperatures. A comprehensive study of magnetic
breakdown in tin will be made, and an attempt will
be made to observe quantum oscillations in the con-
ductivity similar to those seen by Young,®
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