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Magnetic Breakdown in Cadmium and Zinc
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Experimental data from induced-torque measurements on cadmium and zinc for magnetic
field directions perpendicular to the hexagonal axis are analyzed theoretically. In both Cd
and Zn, magnetic breakdown between the first- and second-zone Fermi surfaces (the “caps”
and the “monster”) found by Datars and Cook is discussed. The change in topology, from
open to closed orbits, makes the torque method an accurate tool for measuring the magnetic-
breakdown parameters Bj; these are 8.8 kG (for Cd, B parallel to [1010)), 18.7kG (Cd; B
in [1120] direction), and 5.1kG (Zn for B along a direction in the basal plane 7° from [1010]).
For Zn, a second magnetic-breakdown phenomenon has been found. This is between the first-
zone ‘taps” and the third-zone ‘heedles,” and produces a transition between closed orbits and

a different kind of open orbits.

I. INTRODUCTION

This paper is concerned with the application of
the formula derived in the preceding paper® (re-
ferred to as I) to the analysis of some experi-
mental results of Datara and Cook. 2 They mea-
sured the induced torque in cadmium and zinc due
to open orbits present in both metals in which B
is perpendicular to the hexagonal axis. The geom-
etry of their experiment is that described in I,

Magnetic-breakdown® effects on these orbits were
found in the experiments.? As can be seen in Fig.
1, the torque increases at first as B?(character-
istic of open orbits) but then (~5 kG) it levels off
and tends to saturation at higher fields (indicating
closed orbits). This breakdown phenomenon is

The breakdown parameter for this second effect is 38.5kG.

well known* and takes place between the first- and
second-band surfaces, ° near the H point in the
Brillouin zone. We have used a simple model for
calculating the total conductivity (which we describe
in Sec. II) and determined the value of the break-
down field (the parameter B, such that the proba-
bility of breakdown in a magnetic field Bis P = ¢~20¢/ B)
by least-squares fitting. In the data for zinc (Fig.2, )
after the initial quadratic rise and subsequent
tendency towards saturation, the torque begins

to rise again at very high fields (~ 15 kG).

This suggests that the open orbits which close up

at the first breakdown field are becoming open
again. Such behavior can only occur if there is
magnetic breakdown in the neighborhood of the K
point in the Brillouin zone between the first-band
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FIG. 1. Measured in-
duced torque in cadmium
as a function of B. Smooth
curve is the best theoret-
ical fit. (a) B along
[1070]; fit with 7:=1.57
%1077 sec (assuming
m*=m, the free-
electron mass). (b)

B along [1120], T=1.22
x1077 sec.
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FIG. 2. Measured induced torque in zinc; smooth
curve is best fit (r=1.12x1077 sec).

“cap” hole surface and the third-band “needle”
electron surface. We determined (again by least-
squares fitting) the breakdown field B{ at this point,
This breakdown phenomenon has not, to our knowl-
edge, been reported previously.

The results of the least-squares fitting and their
interpretation are included in Sec, III.

II. MODEL

The Fermi surfaces of cadmium and zinc® have
only closed orbits for most field orientations.
However, for fields in the hexagonal basal plane,
there exists for each metal a small sheaf of open
orbits all passing near the H point in the Brillouin
zone and directed along the hexagonal axis, In the
experiments of Ref. 2, the sample is mounted with
the (0001) basal plane vertical, so the horizontal
field B may be swept through it. A rotation dia-
gram (torque versus angle) is thus obtained. As
B passes through the basal plane there is a sharp
peak in the torque coming from the open orbits,
The height of this peak in the rotation diagram is
plotted as a function of magnetic field strength B,
and this is the curve we use in our discussions.
By choosing various suspension axes in the (0001)
plane, different open-orbit cross sections of the
Fermi surface are obtained.

The conductivity at these open-orbit peaks is
primarily due to that part of the Fermi surface
which contains the open orbits, namely, a portion
of the second-band “monster.” Therefore, our
model treats these orbits in detail, as well as the
first-band cap surfaces with which they may be
connected by magnetic breakdown. The rest of the
Fermi surface contains only closed orbits, and is
taken into account through a free-electron-like
contribution to the conductivity; this includes the
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remainder of the monster (the “arms”) and the
third-band electron lens.

The open-orbit part of the monster is approxi-
mated by a cylindrical surface; that is, all the
open orbits are taken to be the same shape and ob-
tainable from one another by rigid translation per-
pendicularly to the cross-sectional planes (i.e.,
along B). Our model for the orbit shape is ob-
tained by taking a cross section of the nearly-free-
electron Fermi surface through the K point, per-
pendicular to B. Thus the orbit is made up of arcs
of circles, with different lengths and possibly dif-
ferent radii; it resembles quite closely the corre-
sponding cross section of the actual monster sur-
face of Cd or Zn. This may be done for each field
direction in the basal plane; we have constructed
the cross sections for B along [10T0] and [1120].

The result for [1120] is shown in Fig. 3(a) (the
[1010] cross section is less simple, lacking the
left-right mirror symmetry). The shape of the or-
bits at low fields (where there is no magnetic break-
down) is shown in Fig. 3(b); there is an open orbit
from the second-band hole monster and a closed
diamond-ghaped orbit around the first-band hole
cap. As the field is increased, breakdown occurs
first at two points near the H point of the Brillouin
zone [labeled 1 and 2 in Fig. 3(a)] in both Cd and
Zn. As shown in Fig. 3(c), there results a single
closed diamond-shaped orbit, similar in shape but
larger than the low-field cap orbit in 3(b). The or-

FIG. 3. (a) Model for (1120) cross section at Fermi
surface in Cd or Zn. (b) Low-field orbits (no magnetic
breakdown). (c) Intermediate field orbits [breakdown at
points labeled 1 and 2 in (a)]. (d) High-field orbits (Zn
only); breakdown also at point 3.
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bits retain this shape at the highest fields investi-
gated for Cd, For Zn, however, there is a further
breakdown between the first-band caps and the
third-band needle. The needle is a small pocket
of electrons around the K point of the Brillouin
zone, nestled between the tips of the cap and sur-
rounded by the monster. It is not shown in Fig. 3,
where the high-field open orbit in zinc [Fig. 3(d)]
is depicted as jumping from the top of one cap di-
rectly to the bottom of the next. Because of the
smallness of the needle, its effect on the conduc-
tivity is negligible; however, when magnetic break-
down couples it to the open orbits it becomes im-
portant because breakdown occurs across two gaps
instead of one. An analysis of this situation®®
shows that the breakdown probability is given in
this case by

P=exp(- Bj/B)[2-exp(- B§/B)]~ (2.1)

instead of the usual P=exp(- By/B). Thus the or-
bits in Zn at the highest fields are extremely free-
electron-like with Bragg “reflections” occurring
only in the monster, in the horizontal I' K M plane
of the Brillouin zone,

The calculation of the conductivity arising from
the circular arcs depicted in Fig., 3(a) was made
using the standard path-integral solution of the
Boltzmann equation. The effects of magnetic break-
down on the connections between these arcs were
taken into account in the manner described by Fali-
cov and Sievert,®’

The total conductivity is obtained by adding the
contributions of all the cross sections, i.e., inte-
grating over k,; in the case of our cylindrical mod-
el this involves just multiplying by the height in
k space of the slab (cylinder). This factor, and
the fact that there are two monster surfaces ineach
zone, is taken into account by an over-all scale
factor = which we use as one of the fitting param-
eters,

In order to take into account the rest of the Fer-
mi surface (the closed orbits), a conductivity cor-
rection term was added. It was of the form

A/(1 +w?r?) -Dwt/(1+w?r?) 0

Oeorr = | DwT/(1+w?7? C/(1+w?2% 0] , (2.2)
0 0 %o
where
w =eB/mc (2.3)

is the cyclotron frequency. This field dependence
was chosen because it is the general form for the
conductivity of an ellipsoidal Fermi surface.

The constants A, C, and D are uniquely deter-
mined by requiring that the total conductivity o be
isotropic for B=0 and that the B~ « limit of the

Hall conductivity correspond to a compensated met-
al, i.e

0y =0(B™%) as B -, (2. 4)

The isotropy at zero field follows from the free-
electron model (and is well satisfied by Cd and
Zn).® The magnitude o, of this isotropic zero-field
conductivity was used as a fitting parameter.

III. COMPARISON WITH EXPERIMENTS

The least-squares fitting to the experimental da-
ta was done using as free parameters the scatter-
ing time 7 (assumed isotropic), the absolute magni-
tude scale for the torque (related to = and the ra-
dius of the sample), the zero-field conductivity oy,
and the breakdown field B,

Figure 1 shows the best fits obtainable for the
Cd curvesfor different field directions. The re-
sulting breakdown fields were 8. 8 kG [1010] and
18.7 kG [1120]. We are unable to explain this large
difference; it does not seem possible that it could
be due to anisotropy of the breakdown field, since
breakdown occurs at all possible points for both
field directions. Nor does it seem to be an experi-
mental fluctuation; the curves for intermediate
field directions? show the torque peak (hence the
breakdown field) moving up continuously as the
field turns from [1010] to [1120]. A similarthough
less pronounced effect seems to be present in Zn,

The analysis of Datars and Cook?® used both a
linear-chain model and the magnetoresistance calcu-
lated by Falicov and Sievert® The least-squares
fitting to the linear-chain model yielded breakdown
fields of 7. 0kG at [1010] and 11. 9kG at [1150]
which are approximately 40% lower than our values.
The use of Falicov and Sievert’s curves allowed for
the possibility of different breakdown fields at points
1 and 2 of Fig. 3(a). The use of equal breakdown
fields in this model gave a breakdown field of 8. 7kG
at [1010] which is in excellent agreement with our
value. This is reasonable because the present
model of the first- and second-zones is an extension
of the Falicov-Sievert model. To provide a better
fit at low fields, Datars and Cook suggested a model
with different breakdown fields at points 1 and 2,
and for B along [1010] obtained the best fit with a
breakdown field of 10. 8kG. However, for B along
[1120], 1 and 2 are equivalent, Even for B along
[1010], where they are, in general, inequivalent,
summing over all the cross-sectional planes per-
pendicular to B moves points 1 and 2 around in
such a way that for one cross section they become
equivalent, and for others they approximately in-
terchange positions in the Brillouin zone. For B
along [1010] a greatly improved fit with two fields
might be regarded as evidence for anisotropy of
breakdown field as the breakdown point moves
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around the neck of the monster, though actual esti-
mation of the highest and lowest values would re-
quire a more sophisticated model than ours. It
seems likely, in fact, that differences in orbit
shape from one cross section to another influence
the conductivity more than differences in break-
down field,

We find that the fit improves somewhat when two
fields are used (as it necessarily must when anoth-
er variable parameter is introduced); the best fits
are 5.2 and 10, 2 kG for B along [10T0], and 7.8
and 22. 0 kG for B along [1120]. But the decrease
in the sum of the squares of the errors is so slight
(less than 10% for [10T0] and 20% for [1120]) that
it would be scarcely noticeable in Fig. 1. Thus we
find that a single breakdown field is entirely ade-
quate to explain the data.

Figure 2 shows the fit we obtain to Cook and
Datar’ s induced-torque data for Zn,? for B in the
hexagonal basal plane 7° from [1010] direction,
The parameters we vary are the same as for Cd,
except that we now also allow breakdown at the K
point, number 3 in Fig. 3(a). The breakdown field
B{ at this point is much higher than that at points 1
and 2 (B,), so at fields below about 10 kG the or-
bits (and hence the torque in Fig. 2) resemble those
in Cd. After breakdown occurs at point 3, the or-
bits become open again [Fig. 3(d)] so the induced
torque begins to rise quadratically in the manner
characteristic of open orbits (see I).

To fit the data for Zn we used the same model
for the orbits as for Cd (Fig. 3); the Fermi sur-
faces of these metals are quite similar in general
form.® The only difference is, as mentionedabove,
the breakdown at point 3. The least-squares fit-
ting yielded for the breakdown parameters

By=5.1kG

at points 1 and 2 (near H in the Brillouin zone in
the actual structure) and

B} =38.5 kG
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for point 3 (at K in the actual structure).

The values reported here have an estimated er-
ror of about 20%. The magnetic-breakdown phe-
nomenon near H has been studied before, but the
values of B could not be accurately determined,
Tsui and Stark* point out that in Cd the orbit y’
(their notation), which involves breakdown close
to H, could not be observed for fields less than
32 kG, while Grassie!® could only bracket the val-
ue of B, between 2 and 120 kG.

The situation for Zn seems to have been finally
clarified, Stark!! estimates B, to be about 17 kG
but states that the openness of the monster paral-
lel to the hexagonal axis is not completely elimi-
nated for magnetic field strengths as large as 70
kG. The statement seems paradoxical and the
paradox is solved only if the second breakdown
phenomenon here described takes place.

One remark is in order. As farasweareaware,
this is the first time that magnetic breakdown has
been found between two nonconsecutive bands.
Breakdown between the caps (first band) and the
needles (third band) implies tunneling across the
second-band monster, Such a phenomenon is the-
oretically possible but had not previously been ob-
served,

In conclusion we would like to point out that the
advantages of the induced-torque method, which
uniquely singles out the open-orbit contributions,
are evident in the cases we have discussed here,
and should also be demonstrated in many other
cases, especially those involving compensated
polyvalent metals,
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