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Cyclotron resonance has been investigated in the (100) and (011) planes in lead monocrystals.
The anisotropy in the effective mass of the conduction electrons corresponding to the lowest
cyclotron resonances has been studied. A comparison has been made and agreement found
between the experimental results and a Fermi surface model based upon the free electron
approximation. [4,5] The dimensions of the multiply-connected surface of the third zone

have been determined.

CYCLOTRON resonance studies yield a variety
of experimental data from which the correctness
of one or another model for the Fermi surface of
a metal can be verified. [1] Cyclotron resonance
in lead has been investigated by Aubrey;[%] how-
ever, poor definition and the variety of possible
interpretations of the spectra which he obtained
rendered impossible a quantitative comparison
between them and the Fermi surface model. Vari-

ous reasons for failures of this sort are discussed
. 1]
in [11,

THE EXPERIMENT

The measurements were carried out, using a
frequency-modulation technique, (3] on lead mono-
crystals, characterized by a resistance ratio
p(20°C)/p(4.2°K) = (0.6 — 1) x 104 The crystals
had the form of rectangular slabs of dimensions
13 X 6 x 1 mm, and were grown from a melt in de-
mountable forms of polished quartz. Their natural
surfaces were not subjected to further working.
The directions of the crystal axes of the samples
were monitored by x-ray methods to an accuracy
of ~1°. Figure 1 shows the orientations of the
axes of the two samples investigated, as well as
the directions of the rf currents and the magnetic
field, which was oriented in various directions in
the plane of the sample. Certain questions regard-
ing the experimental conditions—in particular, the
orientation of the magnetic field—have been dis-
cussed in [1J. The measurements were made at
a frequency of 9.47 kc in magnetic fields ranging
from 0.8 to 7 kOe, at a sample temperature of
2°K.
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FIG. 1. Orientation of crystallographic axes for the two
lead monocrystals studied. The arrows J indicate the direc-
tion of the rf currents. The magnetic field H lies in the plane
of the sample.

A sample trace of the cyclotron resonance
spectrum is presented in Fig. 2. From each such
spectrum, obtained for successive rotations of
the field through 2—3°, the ratio u of the effective
electronic mass m* to the mass of a free electron
me was determined from the formula
HS[(Hat— Hi),

(1)

where H,, is the field strength at electron para-
magnetic resonance, while Hy is the field at the
cyclotron resonance of order n.

The depth of the cyclotron resonances in each
group, corresponding to a particular effective
mass, depends fundamentally upon the direction
of the magnetic field. Whatever the orientation
of the field, however, the resonances in the group
¢, are of appreciably greater depth than the rest,
as in the spectrum in Fig. 2.

The dependence of u(¢) for the various cyclo-
tron resonances upon the angle ¢ of the magnetic
field relative to the crystallographic axes is dis-
played in the polar diagram in Fig. 3. This dia-

W = m’[m,
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FIG. 2. Cyclotron resonance spectrum trace obtained for
sample 1 (Fig. 1) with field rotated 3° from the [001] axis.
The symbols adjacent to the resonances (minima) correspond
to those for the effective masses in Fig. 3; the indices in
parentheses represent the order of the resonances. (e.p.r.—
electron paramagnetic resonance),

gram consists of two sections, joined along the
[011] axis. The data obtained from experiments
on sample 1 are presented in the lower portion,
and those for sample 2, in the upper (see Fig. 1).
The polar diagram thus represents a simple di-
hedral surface, unfolded along the [011] axis into
a plane. Data on the effective masses could not
be obtained in these experiments for u < 0.3,
since they were carried out in magnetic fields

exceeding ~ 1 kOe in the normal-state regions
of the lead samples.

DISCUSSION OF THE RESULTS

In constructing a model for the Fermi surface
one may make use of the concept of free electrons
situated in a weak crystalline field. In accordance
with this model, [4:5] the first Brillouin zone is
filled; the second zone has a closed central hole
surface. The third zone is filled near its edges;
its energy surface, in the form in which it has
been constructed by Gold, [*] is illustrated in
Fig. 4. This surface is made up of identical tubes
whose axes lie in the (011) directions.

Let us consider the possible character of the
cyclotron resonances whose excitations are to be
expected to derive from the form of the surface
of the third zone (Fig. 4). Resonances may be
observed for the extremal closed orbits lying in
planes perpendicular to the magnetic field. Thus,
for a field directed along the [001] axis, resonance
should occur for the orbits &y, &9, &3, &4 &, and n,
while the corresponding effective masses are de-
termined by the well-known relation

2num* = 9S8 (g)/0¢, )

where S(€) is the cross-section area of the sur-
face of constant energy € in which the orbit lies.

Let us consider a cylindrical tube of the Fermi
surface. For two cross sections of this tube—
So(€), perpendicular to its axis, and S¢(e), in-
clined at an angle ¢ —we have

FIG. 3. Effective masses y = m*/m, for the conduc-
tion electrons in lead in the following planes: (001) —
lower half of diagram; (011) —upper half. The masses
found by Gold[*] are indicated by the symbols: A — from
the a-oscillations, & —from the B-oscillations, and
A _from the y-oscillations.
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FIG. 4. Electron Fermi surface for the third zone. The
dashed lines indicate the resonance orbits for the electrons:
&, & & &y & 1, and v —with the field parallel to the [001]
axis; ¢ —with the field parallel to the [111] axis; » — with
the field parallel to the [011] axis. For clarity, the tubes
have been reduced in diameter by approximately one-half;
the dot-dash contours approximate the actual dimensions.

(Se (81) — So (£2))/(So (81) — So (€2)) = 1/cos @, @)

where €, # €;. From this, it follows that

iy =(c0s@Y = So (2)/Ss (), 4)

i.e., the effective mass of the electrons in this case
is proportional to the area enclosed by the orbit.
For the actual energy surface, this relation is the
more nearly fulfilled the less the departure of the
surface from the cylindrical form.

Let us now investigate the variation of the or-
bits &y, &y, &3, and ¢, as the field is rotated. Ro-
tation of the field from the [001] axis to the [011]
axis leads to an increase in the area enclosed by
the orbits ¢&,, &3, and ¢, and a decrease in that of
the orbit ¢;. The areas of the orbits ¢3 and ¢,
remain equal, increasing less rapidly than that of
the orbit ¢;. At the same time, the area of the
orbit ¢, decreases, as the field is rotated through
a small angle ¢ away from the [001] axis, at the
same rate as the area of the orbit ¢, increases.
It should be noted that for a possible error of ~ 1°
in the orientation of the sample, the areas of the
orbits ¢3 and ¢, will deviate slightly to either
side of the mean value corresponding to exact
orientation. The complete set of effective masses
g1, &9 &3, and g, is displayed in the diagram
(Fig. 3); their behavior corresponds exactly to
the pattern we have set forth.
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With the aid of Eq. (4) we can determine the
degree to which the form of the tubes making up
the Fermi surface approximates the surface of a
cylinder. Figure 5 shows the dependence of
m*<p/m3‘ upon (cos (p)'1 for two crystal planes:
(100) —curve 1, and (011) —curve 2. It is evi-
dent from the figure that, within experimental
error, the tube is cylindrical over a length of the
same order as its diameter. The curve passing
through the experimental points lies at an inclina-
tion of 45° relative to the x axis; this confirms
the supposition that the axis of the tube is parallel
to the [011] axis. The difference between curves 1
and 2 bears witness to the fact that the cross-sec-
tion of the tube-is not circular. The nearly-
cylindrical form of the tubes explains the rela-
tively great depth of the cyclotron resonances in
the orbits 51’ §2, §3, and §4.

It is difficult to predict the way in which the
effective masses corresponding to the orbits ¢
and 7 should vary as the field is rotated from the
[001] to the [011] axis. Over a range of a few de-
grees from the [001] axis, however, the area of the
orbit £ should increase, while that of the orbit 7,
should decrease. Qualitatively, this corresponds
to the behavior of the effective masses £ and 7
(Fig. 3).

As is evident from Fig. 4, cyclotron resonance
should occur in the orbit # in the presence of a
magnetic field along the [111] axis, and the corre-
sponding effective mass should increase rapidly
with deflection of the field. The cyclotron reso-
nance found experimentally for the orbit 4 is in-
dicated in Fig. 3. Knowing the range of orienta-
tions of the magnetic field over which cyclotron
resonance in the orbits ¢y, &, &, and ¢ is ob-
served, one can determine the mean diameter of
the tubes (in units of 2m/a, where a is the lat-
tice constant). These data are presented in
Table 1.
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Table I
Mean Diameter
Plane of ro- Computational of tube in units
Orbit | tation of H formula* of 2n/a
¢ (100) cot 55°=d/(l-d) 0.29
& (011) cot 42°=d/(l-d) 0.37
'3 (100) tan 25° = d/(l/2-d) 0.32
3 (011) tan 16° = d/l\/3] 0.34
dand ¢ Eq. (5) 0.37
Tube diameter, average of all

values 0.34

*The tube length is [ = (27/a)/\/2.

From Eq. (4) of the paper by I. Lifshitz, Azbel’,
and Kaganov, [%] it follows directly that

&vzl dl = 2nm”.

Assuming the orbits ¢ and ¢ to be circular (for,
respectively, H Il [111] and H Il [011]), and taking
account of the fact that v, is constant and identical
in both, since these orbits have a common point,
we arrive at the conclusion that the corresponding
effective masses must be proportional to the di-
ameters of the orbits; i.e.,

wo/us = (V'3 — d)/d. (5)

Substituting the values for the masses obtained
from Fig. 3, we obtain d = 0.37 (2n/a).

The effective masses k and v are also indi-
cated in Fig. 3. From their behavior it is possible
to associate them with the orbits identified by the
same symbols in Fig. 4.

Thus, in the present work, cyclotron resonances
have clearly been observed for all of the extremal
orbits lying in the multiply-connected Fermi sur-
face of the third zone. (It was not possible to de-
tect a resonance in a field H parallel to the [111]
axis corresponding to the orbit surrounding that
part of the surface about whose interior the orbit
¢ lies; this was due primarily to insufficient field
strength in the magnet, since the corresponding
effective mass would be of the order of 5.)

Certain other effective masses, corresponding
to cyclotron resonances of lesser depth, are also
plotted in the polar diagram of Fig. 3. They can
be attributed to orbits lying on the closed Fermi
surface of the second zone, and also to the pos-
sibly partially filled energy surface of the fourth
zone.[] The presently available data, however,
donot permit this assignment to be made with
adequate certainty.

Let us now compare some of the experimental
results from the present work with the data ob-
tained from investigation of the de Haas—van Alphen
effect. (4] The value of 0.38 (27/a) for the diam-
eter of the tubes of the Fermi surface (Fig. 4),
found by Gold (4] from the area of the extremal
cross section S = 0.11(27/a)?, is in good agree-
ment with the value for the average diameter
( Table I) found in the present work: dyy = 0.34
(2m/a); in this connection, it should be recalled
that the tube has a noncircular cross-section
(Fig. 5).

In view of the fact that cyclotron resonance and
the de Haas—van Alphen effect are both associated
with the motion of electrons about identical orbits,
it is possible to compare the ranges in the direc-
tions of the magnetic field over which these phe-
nomena are observed; the agreement is illustrated
in Table II.

Table II
Cyclotron resonance data Data from magnetic suscep-
(see Fig. 2) tibility oscillations'*
Type of Angular
Orbits Angular range oscillation range
& & +21°-25° y ([‘], Fig. 2, +19°
curve 2)
£, in (O11) + 42° y &, Fig. 4, +42°
plane curve 3)

Values for the effective masses of certain
groups of electrons, as determined by Gold (4]
from the temperature dependence of the magnetic
susceptibility oscillation amplitudes in lead, are
plotted in Fig. 3. The mass values for the a-
oscillations are close to the masses tentatively
assigned to the second-zone Fermi surface. For
the y-oscillations, full agreement is obtained,
within the limits of experimental error, with the
¢ orbit data.

The masses for the p-oscillations indicate that
they are to be attributed to the orbit v (Fig. 3),
and not to the orbit £, as Gold has done.[*] This
latter choice necessitated a number of unsatifac-
tory assumptions regarding the form of the tubes,
inasmuch as the diameter of the orbit (which we
take to be circular) as calculated from the B-
oscillations is relatively large: ~ 0.6 (27/a). At
the same time, it is quite natural to assume the
existence of increase in the magnitude of this di-
mension in the vicinity of the junctions in the sur-
face, at each of which four tubes come together.
The most convincing grounds for the proposed
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interpretation, however, lies in the circumstance
that the Fermi surface illustrated in Fig. 4, pos-
sessing such enlargements, has open (111) di-
rections, whose presence in the Fermi surface
of lead has been established by galvanomagnetic
studies. [T1*

Thus the experimental study of a number of
the cyclotron resonances, including the deepest,
observed in lead shows good agreement, both
qualitative and quantitative, with the form of the
Fermi surface for the third zone based upon the
free-electron approximation.

The authors are grateful to P. L. Kapitza for
his attention to and interest in this work, and to
G. S. Chernyshev and V. A. Yudin for their tech-
nical assistance.

*The fact that the Fermi surface model for lead proposed
by Gold[*] can have open <111> directions, was pointed out
by R. Young in a letter to Alekseevskii and Ga‘x’dukov,[“] who
kindly transmitted this information to the present authors.

1 M. S. Khaikin, JETP 42, 27 (1962), this issue,
p. 18.

2J. E. Aubrey, Phil. Mag. 5, 1001 (1960).

3M. S. Khaikin, PTE (Experimental Apparatus
and Techniques) 3, 95 (1961).

4A. V. Gold, Phil. Trans. Roy. Soc. 251, 85
(1958).

SW. A. Harrison, Phys. Rev. 118, 1190 (1960).

8 1ifshitz, Azbel’, and Kaganov, JETP 31, 63
(1956), Soviet Phys. JETP 31, 41 (1957).

TN. E. Alekseevskii and Yu. P. Gaidukov, JETP
37, 672 (1959 and 41, 354 (1961), Soviet Phys.
JETP 10, 481 (1960) and 14, 256 (1962).

8N. E. Alekseevskii and Yu. P. Gaidukov, JETP
42, 69 (1962), this issue, p. 49.

Translated by S. D. Elliott
5



