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Experimental observations are reported of Landau quantum oscillations (LQO) in the elec-
trical transport properties of the compound Mg,Pb in the range H=<50 kG and T=1.2-4.2°K,
The results are associated with two bands of holes previously inferred in explaining the low-
field (H=5kG) field dependence of the Hall coefficient, confirming the earlier interpretation.
The magnetoconductivity tensor elements derived from the nonoscillatory contributions to
the Hall and transverse magnetoresistivity have been fitted with three bands of carriers la-
beled as light holes, heavy holes, and electrons. This establishes band overlap in Mg,Pb.
The light-hole band (F =0, 27 X108 G) is nearly spherical (+2%) with m*~ 0, 04m,, g=~11, and
contains 7.9%10!" carriers/cm3. The heavy-hole band [F = (2. 8-3.7) x10® G] is a warped
sphere, whose shape has been determined from experimental extremal cross sections using
the Fermi-radius inversion method developed by Mueller. The heavy-hole cyclotron effec-
tive mass has been measured as 0.35 and 0. 45 electron masses for orbits perpendicular to
[100] and [111], respectively. This band contains 4.2 %10 carriers/cm?. These two va-
lence bands are compared with similar valence bands in Ge via the model of Dresselhaus
et al. The evidence for a Ge-like, rather than grey-Sn-like, valence-band ordering is con-
sistent with the band calculation of Van Dyke and Herman. No LQO associated with the
electron band were observed, although the analysis of classical magnetoconductivity data
requires the presence of 4.1x10!° electrons/cm? in order to explain the high-field value

1971

of Ho'lz.

I. INTRODUCTION

In spite of the high proportion of good metals in
the system of intermetallic compounds Mg,X (X is
Si, Ge, Sn, or Pb), all of the members are rela-
tively poor electrical conductors,!™ the first three
members being semiconductors, while Mg,Pb is
semimetallic. This behavior was first interpreted
by Mott and Jones on the basis of the electronic
band structure.® They noted that the number of va-
lence electrons was just enough to fill the first four
Brillouin zones of the fcc Bravais lattice (anti-
CaF, crystal structure). Later, measurements of
the electrical properties of this system were aimed
primarily at discovering and developing possible
technological applications.®™® In addition, there
was interest in both experimental and theoretical
determinations of the band structure. Most of the
experimental efforts in band-structure determina-
tion were directed toward Mg,Sn,!°"? while theo-
retical work until recently had generally been on
the lighter members of the group.'®*~!" Although the
experimental studies revealed many of the quali-
tative features of the band structure, few if any
measurements offered a direct quantitative com-
parison between theory and experiment. The pur-
pose of this paper is to report on such a series of
measurements which have been made on the least
understood compound in this system: Mg,Pb.

Until recently, only sketchy and somewhat con-
tradictory information on the electrical properties
of this compound was available.?'*!® Recently, we

reported the low-field (H <5 kG) galvanomagnetic
properties of Mg.‘,Pb.19 On the basis of those ob-
servations it appeared that quantitative measure-
ment of some Fermi-surface (FS) parameters would
be possible at high magnetic fields. We report here
measurements of the magnetoresistance and Hall
voltages in magnetic fields up to 50 kG and at tem-
peratures from 1. 12 to 4. 2 °K which exhibit Landau
‘quantum oscillations (LQO) in these properties, in
addition to their normal monotonic variations. Ex-
tremal cross-sectional areas, effective masses,
and effective scattering temperatures are deduced
from these measurements for several orbits on

two different sheets of the FS.

In the earlier low-field measurements,'? it was
possible to explain the field dependence of the Hall
coefficient in terms of two spherical bands, the
light and heavy holes. Both the Hall coefficient and
magnetoresistance were consistent with this model
and quite similar in behavior to p-type Ge.?® How-
ever, extension of these measurements to 5 kG
< H <40 kG reveals that the two-band model is un-
able to account for the observed behavior, as shown
in Fig. 1. According to the two-band model, whose
parameters were determined at low fields, the Hall
coefficient would be expected to saturate at high
magnetic fields at the value R., which is clearly
not the case. These observations require, in addi-
tion, a third band of carriers. The analysis is
carried out using the magnetoconductivity tensor,
since the contributions of every band are then addi-
tive and of the same simple form.?! With this anal-
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FIG. 1. Magnetic field dependence of the Hall coeffi-
cient showing the high-field departure from the low-field
two-band model. Rjand R, (Ref. 19) show the low- and
high-field values expected if only the two-hole bands are
present.

ysis, it is possible to compare the results obtained
from the LQO measurements, and, further, toshow
that electrical transport in Mg,Pb involves not only
two bands of holes but also electrons, establishing
unambiguously the existence of band overlap.

II. EXPERIMENTAL PROCEDURE

Details of crystal growth and sample preparation
are given elsewhere.!® The residual-resistance
ratio (Ry3/R,.,) was typically 25. Both dc and ac
techniques were used to measure the magnetoresis-
tance and Hall voltages. The dc four-probe method
is illustrated by the schematic diagram shown in
Fig. 2. In these measurements, the sample (No.
1b, 1.2x1,3%x10 mm) was held with the current
fixed along [112] and the magnetic field along one
of three fixed orientations, [100], [110], or [111].
The last orientation was the transverse magneto-
resistance configuration (H 1 J) and was used in
measuring the total dc variations of the magneto-
resistance and Hall voltages which were later in-
verted to the magnetoconductivity. In these mea-
surements, the bandpass filter was eliminated and
the output of the nanovoltmeter was recorded di-
rectly on the XY recorder as a function of the su-
perconducting solenoid current. Traces of LQO
superposed on the monotonic background were ob-
served both in the dc magnetoresistance and Hall
voltage, although the dominant LQO frequency dif-
fered in the two cases. The lower-frequency LQO
corresponding to the minority light holes was dom-
inant in the Hall voltage, while the higher frequen-
cies corresponding to the majority heavy holes
were most prominent in the magnetoresistance.
With 1/H swept linearly in time, the LQO are peri-
odic in time. The bandpass filter was used to iso-
late different oscillatory frequencies in the spec-
trum and study the field dependence of their ampli-
tude for use in calculating effective masses and
scattering temperatures. Although the Kronhite
filter proved exceedingly useful in separating the
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small LQO from a larger monotonic background,

it introduced a frequency-dependent phase shift be-
tween the input and the output signals. This effect
produced no error in the measurement of the oscil-
latory frequency (since the LQO were periodic in
time) but, to avoid errors in effective mass deter-
mination, it was necessary to average between an
upsweep and a downsweep in order to associate an
amplitude with a particular value of magnetic field
strength.

Because of the frequency-dependent phase shift,
LQO waveforms containing high-harmonic content
were distorted when passed through the filter.
Since the low-frequency LQO exhibited structure
interpreted as spin splitting, and since an accurate
record of the undistorted waveform is required for
determination of the g factor, another method was
used to reduce the large nonoscillatory background
signal. An admixture of the monotonic magnetore-
sistance signal, introduced into the Hall voltage by
misalignment of the pressure contacts, was used
to nearly cancel the monotonic Hall voltage. By
properly choosing the direction of the magnetic
field, the contributions from the Hall effect (odd in
H), could be made to nearly cancel the contribu-
tions of the magnetoresistance error signal (even
in H) over a portion of the field sweep. In this way,
it was possible to measure the spin splitting from
LQO waveforms recorded without filtering.

Investigations of the angular dependence of the
LQO frequency spectrum were made using a spiral-
geared sample holder which allowed continuous
angular rotation with respect to the direction of the
magnetic field. A diagram of the experimental ap-
paratus is shown in Fig. 3. The chief source of
angular error in this apparatus was backlash, the
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FIG. 2. Schematic diagram of apparatus used to make
dc measurements. The bandpass filter was used only
when studying LQO to eliminate monotonic variations and
select single-oscillatory frequencies. The sample holder
allowed selection of several fixed orientations with respect
to H.



508 G. A. STRINGER AND R. J. HIGGINS 3

GR-1309A 2w ]
OSCILLATOR | |REFERENCE

w GENERATOR

. XY RECORDER
AMPLITUDE T T
CONTROL~H [7 I_z

1 REF ouT|
KRONHITE PAR- HR 8 I/H
POWER AMP | |LOCK-IN M SWEEP

AMPLIFIER
G )i

HP-6I77A PAR-110 SOLENOID
CURRENT TUNED AMP CURRENT
SOURCE NOTCH AT w SOURCE

Ve

HELMHOLTZ COIL

MOUNTED SAMPLE

/ PRESSURE_CONTACT

——__ROTATING GEAR

~~_CURRENT LEAD
/ A

FIG. 3. Schematic diagram of field-modulation appa-
ratus used to study angular dependence of LQO spectrum.
The second harmonic of the 15-Hz modulation signal was
synchronously detected and plotted inverse magnetic field
on an XY recorder. The sample orientation was varied
by means of a spiral-t_gothed gear whose axis of rotation
was perpendicular to H., The sample was contained in a
cylindrical hole in the gear and could be rotated to pre-
select any plane of rotation.

effects of which could be eliminated by reaching any
orientation through a final rotation always in one
direction.?? The final orientation of the sample
holder with respect to the rotating gear (which de-
termined the plane of rotation) was accomplished
using an optical lever arrangement.?® In these ex-
periments, the field-modulation technique (FMT)?*
was used with phase-sensitive detection of the ac
component of the magnetoresistance voltage. The
second harmonic of the 15 Hz modulation was de-
tected and recorded as a function of 1/H on an XY
recorder. The modulation amplitude was adjusted
to maximize the LQO and maintained at an optimum
level by varying the modulation amplitude propor-
tional to H?, using a Servo system.?

III. MAGNETIC FIELD DEPENDENCE OF ELECTRICAL
CONDUCTIVITY TENSOR

A. Theory of Classical Multiple-Band Magnetoconductivity

The isothermal conductivity tensor T is defined
by the equation

J-5.E, (1)

where J is the current density and E is the electric
field. The z axis is defined by the magnetic field
H which, for experimental reasons,?® was chosen
to lie along the [111] axis of this cubic crystal. In

the relaxation-time approximation, the magnetic-
field-dependent elements of the conductivity tensor
have the following approximate form:

Ou=0g=2 nyeH[H*+H}]™ ,
Orp== 0y =2 ngeH[H*+H{]™ ,

(2a)
(2b)

where n; and H; are model parameters, which, in
the special case of spherical bands, are the number
of carriers and inverse Hall mobility (H; =n, e/0;)
for the ith band. The summation is carried out over
all bands of carriers.

Equation (2a) is a sum of Lorentzian functions of
H each of which contains a weighting factor propor-
tional to the partial conductivity o; for the ith band.
E will be convenient to rearrange (2b) in two differ-
ent forms in order to emphasize two different phys-
ical properties and the distinct characteristics of
the low-field and high-field regimes. Both of these
forms retain the Lorentzian line shape. The first
rearrangement of (2b),

01/H=2; (n,e/H?)[1+(H/H,)?)™, @)

yields a sum of Lorentzian functions of H containing
weighting factors proportional to the carrier mobil -
ity in the ith band. This representation of the data
emphasizes the details of the low-field behavior of
0y2. The high-field behavior is more easily seen in
the other useful form of (2b),

mzH:Zi"ce[l +(H¢/H)z]-l ’ )

which is a sum of Lorentzian functions of 1/H with
weighting factors proportional to the number of car-
riers in the ith band. This analysis gives a good

fit to the data in spite of the obvious deficiencies of
the simple model?” and provides independent quali-
tative information about the band structure of Mg,Pb
in support of, and in addition to, that obtainable
from the LQO data.

B. Magnetoconductivity Observations and Band-
Model Deductions

The experimental values of 0y,, 0,,/H, and o, H
were calculated from the measured resistivity ten-
sor using the inversion relations

01 = (pu)-l[l +(RH/P11)2] - , (5a)
012=0,(RH/py,) , (5b)

where p;, is the measured transverse magnetoresis-
tivity and RH is the measured Hall resistivity. All
other independent elements of the conductivity ten-
sor are zero by symmetry in this orientation.

The results, shown in Figs. 4-6 require a three-
band version of the model described above in order
to reproduce all of the qualitative features., The
dashed curves are the contributions to the total con-
ductivity of each band as determined by a least-
squares fit to the model expressed in Eqs. (2a),
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FIG. 4. 04(10*/Qcm) versus H (kG). The data (+) are
determined from the magnetoresistance and Hall volt-
ages using Eqs. (5a) and (5b). The solid curve is the
least-squares fit to the data by a function having the
form of Eq. (2a) and the dashed Lorentzians show the
contributions from each of the three bands assumed in
the model.

(3), and (4).2 The fitting procedure selected two
parameters n,; and H, for each band subject to the
condition that the total rms deviation of the fitted
curve from the data be minimized. The values of
the six parameters determined by the fitting pro-
cedure are shown in Table I, along with mobilities
derived from the classical interpretation of H,.2®
The bands 1-3 have been identified with light holes,
heavy holes, and electrons, respectively. The ob-
servation of LQO (Sec. IV) confirms the existence
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FIG. 5. 03 (G cm)™ versus H (kG) emphasizes low-
field properties. The data points have been fit to an ex-
pression of the form shown in Eq. (3). The contributions
of the individual bands are shown as dashed curves. Pos-
itive curves correspond to holes while the negative curve
represents electrons.
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FIG. 6. Hoy, (10° G/Q cm) versus 1/H (kG™!) emphasizes
high-field properties. This representation of the data
clearly shows that electrical transport in Mg,Pb involves
both holes and electrons, i.e., it is impossible to fit
the data with an expression having the form of Eq. (4)
without having both positive and negative Lorentzians.
Again, the dashed curves show the contributions of the
individual bands. Since the heavy-hole and electron-
band contributions are each much larger than the experi-
mental data, a ten times expanded view of the data and
three-band fit are also shown (upper solid curve).

of the first two, but not the third band of carriers.
It is important to note, however, that the only way
to fit the peaked curve of Fig. 6 is with a superpo-
sition of positive (holes) and negative (electrons)
Lorentzians. This information, together with the
knowledge that the carriers are degenerate, leads
to the unambiguous conclusion that band overlap
occurs in Mg,Pb.

IV. LANDAU QUANTUM-OSCILLATION MEASUREMENTS

A. Theory of Quantum Oscillations
in Magnetoresistance

LQO in the magnetoresistance, commonly called
the Shubnikov—de Haas effect,? are produced by a
modulation in the density of states at the FS in the
presence of a changing magnetic field. The theory
is treated elsewhere.®® Such oscillatory phenomena
arise from the quantization of electron energy levels
(Landau levels) whose energy spacings are propor-
tional to the applied magnetic field, resulting in
LQO which are periodic in inverse field. The fre-
quency F gives a means of directly measuring the
extremal cross-sectional area A of the FS in the
direction defined by H, through the relation

F=crA/2me . (6)
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TABLE I. Summary of band parameters (n;, H;) ob-
tained from a least-squares fit to the magnetic field
dependence of the magnetoconductivity tensor. The
values for o; and p; were calculated from the para-
meters using the classical relationships indicated.

Band label 1 2 3
H; kG) 1.2 7.1 -8.2
By = 10%/H,
(cm?/V sec) 8.3x10% 1.4x 104 - 1.2 x104
ny (em™) 5.4 %1017 3.6x 101 3.5 x 101%
Ty =n;e by holes holes electrons
(Q cm)-! 7x 103 8.1x 104 6.9 x 104

The amplitude of the oscillatory magnetoress-
tance

Ap (T+T)e'B*TD/”
p(H) ~ HT sinh[é *(T+7,)/H) ()

[where g*=2n2km*c/ek =1.468(m*/m,)x10° G/ °K],
can be used to extract experimental values for the
effective mass m*, the effective scattering tempera-
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\T=I.I5°K
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1 1 L
27 24 21 8 15
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FIG. 7. Typical LQO observed from the light-hole
carriers. The lower curve shows an unfiltered dc wave -
form obtained using the approximate bucking scheme
described in the text. Spin splitting of the peaks is evi-
dent. The upper curve was filtered and shows the effect
of removing the harmonic content from the lower wave-
form. The dashed lines show the change in amplitude as
T was increased from 1,13 to 4.2°K.

3
[111]
o
fe
-
L4
2
>
3
T
f100]
1 L L 1 L
45 42 39 36 33 30

Magnetic Field (kG)

FIG. 8. Typical LQO observed from the heavy holes
using filtering. Frequencies and effective masses were

nearly the same for H in [111] and [110]. Two lower
frequencies were observed with H in [100].

ture Tp, and the effective temperature due to in-
homogeneity broadening T,, from the temperature
and field dependence of the LQO amplitude,3!

B. Experimental LQO Spectra

Typical records of the LQO observed in sample
1b using the dc method are shown in Figs. 7 and 8.
In all of the records, the bandpass filter was used
to eliminate the monotonic background signal, ex-
cept for the lower trace in Fig. 7 (light holes)
which illustrates the approximate bucking method.
The spin splitting which is apparent in this unfil-
tered waveform is completely eliminated in the fil-
tered version shown above it. The change in ampli-
tude of the fundamental frequency with temperature
(dashed lines show the envelope at 4. 2 °K) was used
to estimate the effective mass for these carriers.
These results are shown in Table II along with other
numerical results from the LQO analysis. The fact
that the change in amplitude was comparable to the
noise is reflected in a large uncertainty for m* and
also for g. Typical LQO for the heavy holes are
shown in Fig. 8. Filtering has been used to sup-
press the light-hole LQO. Table II shows the cy-
clotron effective masses measured at three symme-
try directions. Within experimental error, the
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TABLE II. Band parameters obtained from quantum-
oscillation measurements. The g factor was obtained
by associating the split minima in Fig. 7 with spin-
split Landau levels, with a phase shift 27 (gm*/2m,).

Light holes

Heavy holes

LQO frequency 0.27%x10% G 2.7-3.8x10" G
F
FS shape Spherical Warped sphere
Effective mass 0.04 +0.01 0.35+0.,02 in [100]
m*/mg 0.45 +0. 06 in [111], [110]
Scattering tem -
erature Tp (1.2£0.3) °K
g factor 11:2.5

number of carriers 7.9x107 cm=® 4.2x10" em™?

n

same mass was estimated for both [110] and [111]
orientations. When H was along [1T1] (HL7J), it
was possible to estimate the effective scattering
temperature Tp from the field dependence of Appqo/
p(H).

The LQO observed with H in [100] exhibit strong
beating effects from two oscillations of nearly equal
amplitude, The effective mass determined from
these two competing frequencies represents an av-
erage over two different orbits. At low fields the
lower frequency was dominant, while at higher
fields the upper frequency became dominant indi-
cating a slightly higher effective mass for the larg-
er orbit. In addition, at high fields a signal was
observed arising from harmonics of the two funda-
mental LQO. Analysis of the actual wave shape
clearly shows that the higher frequency arises from
a relative maximum in the cross-sectional area,
while the other is due to a minimum.%? This obser-
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MAGNETIC FIELD DIRECTION

FIG. 9. Angular dependence of the LQO frequency
spectrum for the heavy-hole band with H in the (001)
and (011) planes. The solid curve represents the least-
squares fit. Solid circles designate the LQO frequency
of dominant amplitude, while open circles are frequencies
deduced from beats.

TABLE III. Geometry of the heavy-hole band. Experi-
mental areas A are measured in wave-number units
(27/4)? and directions designate normals to the plane of
the orbit. Fermi radii along the directions specified are
derived from the Mueller inversion scheme and have
units of (21/4).

[100] [110] [111]
A 0.0264 0.0360 0.0367
kg 0.0692 0.1093 0.1262

vation is compatible with the orbital assignments
discussed below. LQO frequencies observed for
the heavy holes in two principal symmetry planes
are shown in Fig, 9.

C. Experimental Fermi-Surface Deductions

Two sheets of the FS of Mg,Pb have been resolved
in these measurements; the light and heavy holes.
The labeling as holes comes partially from the
symmetry of the LQO observations and by corre-
spondence with the highest-mobility-carrier species
determined in Sec. III; the evidence for this identi-
fication will be discussed in Sec. V. While the
light holes have identical extremal areas at the
three symmetry directions measured, the heavy-
hole cross sections have a large anisotropy (A[111]
> A[110] > A[100]) as shown in Table III. The ob-
served angular dependence of areas (Fig. 9) are
consistent with central cross sections of a closed
single centrosymmetric surface (therefore centered
at I in the Brillouin zone). The surface also sup-
ports a noncentral extremal area for field direc-
tions near [100], which is larger in cross section
than the central extremum, These observations
require the surface to be a warped sphere, with
Fermi radii such that 2z[111] 2 £[110] > kz[100].

Although observed extremal areas can be com-
pared with areas calculated from a given model,
such calculations are tedious for a highly warped
sphere, and the resulting parameters are not nec-
essarily unique and highly model dependent. In-
stead, one can calculate Fermi radii directly from
experiment, using a theorem due to Lifshitz and
Pogorelov®® which was first brought to practical
utility by Mueller and Priestly.* The set of ob-
served central extremal cross section are fit by a
linear combination of cubic harmonics

A8, 9)= 2. iy K,(6,9) @)
with the expansion coefficients ;8, determined from
a least-squares fit to data in the (001) and (011)
planes. Under these conditions, 11 expansion coef-
ficients can be determined uniquely. But the Muel-
ler inversion theorem® shows that the Fermi radii
are determined by a similar expansion, with expan-
sion coefficients related in a simple way to the area
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FIG. 10. Fermi-radius vector for the heavy holes of
Mg,Pb, determined by fitting the observed extremal
areas (Fig. 9) using the Mueller inversion scheme.

expansion coefficients

BO.0-Z L K00, (©)

This procedure was carried out for the heavy
holes in Mg,Pb. But the inversion theorem applies
only to the central extremal area, and the data
shows two extrema near [100]. The lower-branch
data were used in the fit, for reasons discussed
below. The least-squares fit (Fig. 9, solid curve)
was in excellent agreement with the data, The re-
sulting Fermi-radius vector (Fig. 10) has the ex-
pected qualitative behavior, as shown in Table III.
The surface is nearly cubic in shape, as is shown
clearly in a polar plot (Fig. 11). The “cube” is
rounded at the edges and corners, and pushed in
along [100] directions.

These results, though model independent, are
subject to certain errors due to experimental un-
certainties in the measured cross sections, and
due to the small set of expansion coefficients used.
Although the gross features of Figs. 10 and 11 are
not likely to change, we do not feel confident at
present about the fine ripples. For example, in
the metal Pd, which has a rapid variation in area
near [110], early results® showed a small extra
bump in Fermi radius which vanished in more re-
fined analysis of more precise data.’” Viewing the
method as a Fourier analysis, any rapid change

requires high-order harmonics. But in Mg,Pb, the

area variation (Fig. 9) is slower than in Pd, and

the errors are of a random nature unlikely to lead

to spurious higher harmonics of large amplitude.
A second extremal area (Fig. 9, upper branch)

was observed near [100] and appears to merge with

the dominant curve (Fig. 9) with H about 20° from
[100] in the (001) plane and about 38° from [100] in
the (011) plane, Although the details of this branch

(particularly the merging with the dominant branch)

are not fully determined, the presence of a second
extremum when H is near [100] is required by the
FS parameters determined from the central extre-

mum (Fig. 9, lower branch) alone. The surface
shown in Figs. 10 and 11 predicts, perpendicular to
[100], in addition to the central (minimum) cross
section A,, a noncentral (maximum) cross section
A whose calculated area is (13 2)% larger than A,
For comparison, the second extremum observed at
[100] has an area 12% larger than the dominant
branch. For this reason, the second extremal area
is assigned to a noncentral orbit rather than to a
separate sheet of the FS. The good agreement be-
tween experimental and calculated areas supports
the selection of the lower branch in Fig. 9 as the
central extremum,

The resulting picture of the FS sections observed
in these experiments is a nearly spherical surface
nested within a larger distorted sphere (Fig. 11),
both located at I in the Brillouin zone. This exper-
imental conclusion bears a remarkable resemblance
to the constant-energy surfaces of p-type germanium.

V. BAND MODEL FOR Mg, Pb

Van Dyke has performed a relativistic orthogo-
nalized-plane-wave (OPW)band-structure calculation
for Mg,Pb.*® In this section, a qualitative compari-
son will be made between the experimental band-
structure information reported here and the results
of Van Dyke’s calculation. Quantitative compari-
sons will be found elsewhere,3®

The qualitative structure of the Mg,Pb energy
bands near the Fermi energy is shown in Fig. 12,
The band calculation®® gave the bands ordered as
shown in Fig. 12(a), but with the I'; conduction
band in close proximity (0. 15 eV) to the valence-
band edge. We will show that the experimental FS
data, however, are more consistent with the va-
lence-band structure at T' as found by Van Dyke®®
[Fig. 12(a)] than the alternative picture [Fig. 12(b).
Calculated conduction bands are at X and L, with
the level at X being the lower (in fact, showing 0. 01-
eV overlap with the valence band).3® The experi-
mental FS data are consistent with semimetallic
band overlap, but are not able at present to choose
between conduction bands at X or at L.

Although both experimental and calculated valence
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FIG. 11. Polar plot of the heavy-hole Fermi radii of
Fig. 10. The straight lines define a reference cube
whose faces have been chosen to coincide with the nearly
flat regions in the (100) plane of the actual surface.
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FIG. 12. (a) Qualitative features of the Mg,Pb energy
bands (Ref. 37). (b) Alternative band structure for
Mgzpb-

bands resemble p-type germanium, there is a dif-
ference in symmetry, since in Mg,Pb the center of
symmetry is located at an atomic site, The va-
lence-band edge in Mg,Pb is I';(T';s without spin or-
bit) rather than I'§(I',) as in germanium.*® In the
following discussion, the terms Ge-like [Fig. 12(a)]
and Sn-like [Fig. 12(b)] are used for convenience,
recognizing that a difference in symmetry exists,
Although the Fermi radii of Sec. IV are of most use
in quantitative comparisons with band-structure
calculations,® it will be convenient here to use
the Dresselhaus, Kip, and Kittel (DKK) model*® as
an aid to qualitative conclusions about the energy
bands. It can be shown®® that symmetry differences
do not alter the form of the DKK second-order E(k)
result [Ref, 40, Eq. (63)].

A. Valence Bands

The cyclotron effective mass m* for valence
bands of the DKK form is given by [Ref. 40, Eq.
()]

.«___ I
" 2(axB)

c3(1 - 3cos?p)?
1x ,
648(a+B)
10
B=[b2+(3c)) %2, (10)
Here, 6 is the angle between the normal to the or-
bit and [100] measured in the (110) plane, and a,
b, and ¢ are the band parameters of the DKK energy
spectrum

E(R)=ak?+ [b2R* + (k2 k2 + 2 B2 +RZRD)]VE, (11)

when Eqs. 10 and 11 refer to holes a<0, and the +
and - refer to heavy and light holes, respectively.
The central cross-sectional area perpendicular to
each field direction in the (110) plane may be ob-
tained from (10) using

A=m*E,(2n/K?), (12)

which is valid for bands in which the energy spec-
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trum has the form [22F(6, ¢)] as in the DKK model.
It is also possible to calculate the Fermi energy
E, from the measured values for A and m* by use
of (12). E, was calculated in the three symmetry
directions for the heavy-hole band as (9.4+0.7)
%102 eV and as (7.8 2)x 102 eV for the light-hole
band.** This agreement is consistent with a Ge-
like [Fig. 12(a)] valence-band structure. This re-
sult alone does not rule out Sn-like [Fig. 12(b) va-
lence bands, but sets an upper limit of 0. 04 eV to
the splitting of valence bands at T,

1. Light Holes

The number of carriers n; estimated for this
band from the classical analysis (5. 4x10'" cm™)
is 32% lower than the number determined from the
LQO frequency (7.9x10'" cm™). Because of the
spherical character of the band (within 2% from
LQO data) one might expect better agreement be-
tween the classical and quantum results. However,
this large difference is most likely the result of
interaction in the fitting procedure between the
parameters of the light-hole band and those of the
heavy-hole and electron bands where the spherical
model is not justified (bands anisotropic). McClure
has shown?” that the effects of warping give rise to
additional terms in the sums (2a) and (2b). The
neglect of these terms in the present analysis is
compensated for by a shift in the remaining param-
eters in order to minimize the fitting error. There-
fore, if one is to expect close agreement between
this type of simple classical analysis and the LQO
observations, all of the bands must be spherical.

2. Anisotropy of the Heavy-Hole Band

If the DKK model is an appropriate form to par-
ameterize the shape of the valence bands near T,
and if the heavy mass carrier observed in the LQO
is holelike (as deduced from the magnetoconductiv-
ity), then the shape of the heavy-hole surface is
consistent with valence bands ordered as in Ge rath-
er than as in Sn,*? This follows from Egqs. (10) and
(12) because the same combination of parameters
which determines the shape of the warping of the
heavy-hole surface also determines whether the
light carriers are holelike or electronlike.*® With
a heavy-hole surface warped outwards at [111] and
inwards at [100], it follows that the light carriers
are also holelike (m* also negative). However,
this particular experimental evidence in itself does
not determine the band ordering uniquely, since
deviations from the DKK model (discussed below)
partially decouple the light and heavy holes. In par-
ticular, the light holes are not accurately repre-
sented by an expression having the form of Eq. (10).

An estimate of the DKK parameters for Mg,Pb
may be made using heavy-hole extremal areas for
H along [100] and [111] and the light-hole extremal
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TABLE 1IV. Band parameters determined using Eq.
(10) in units of (:%/2m).

Mg,Pb p Ge (Ref. 40)
a -15.3 -13.0
16l 12.1 8.9
lcl 11.0 10.3

area. The band parameters determined using (10)
are found in Table IV,

It is unlikely that these parameter values are
quantitatively reliable, since a detailed calcula-
tion%®% shows coupling with other bands (presum-
ably the nearby I'§ conduction band) too strong to
be treated accurately to second order (as in DKK).
This shows up principally in the light holes becom-
ing nonquadratic (though still isotropic). The pres-
ent measurements are not sensitive to these cor-
rections for the light holes because of the large un-
certainty in the effective-mass measurement, How-
ever, the band calculation shows that the heavy
holes remain quadratic, with an angular dependence
of approximately the DKK form. Some deviation
from the DKK form is evident in our experimental
results for the angular dependence of area. Using
(10) and (12),

0.25 (DKK)
=<0.10 (observed).

Py
A = Aoon
Note that the value of this ratio in the DKK model

is independent of the value of the DKK parameters.
The discrepancy is not due to approximations made
by DKK in deriving Eq. (10), since higher-order
corrections due to the anisotropy are of order 1%

in Ge, and the anisotropy parameter ¢ is compara-
ble for Mg,Pb. The discrepancy is unlikely to be
due to use of Eq. (12), good only for quadratic bands
since the detailed band calculation®® shows the
heavy-hole band to be quite 2%-like in any given di-
rection,

The number of heavy holes determined from the
classical analysis (3. 6% 10'° cm™®) is lower than the
number estimated from an average LQO frequency
(4.2x10" cm™) for the band. Although the agree-
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ment is quite good, considering the departure of
the band from the classical model, the number de-
rived from the LQO frequency is probably more
accurate,

B. Electron Band

The magnetoconductivity analysis shows Mg,Pb
to be a nearly compensated semimetal. The de-
parture from perfect compensation (caused by the
necessity of growing the compound from a nonstoi-
chiometric melt)!® is measured by the limiting be-
havior of Ho,, as 1/H approaches zero (see Fig. 6)*
This number (p - n=1,3x10'® cm™®), along with the
net hole concentration already noted above, requires
a net carrier density in the electron band of 4.1
x10'® cm™, No unambiguous LQO evidence was ob-
served for electrons. The upper branch of the LQO
spectrum (Fig. 9) is consistent with the noncentral
extremal area for the heavy holes deduced from the
Mueller inversion. However, the details of the beat
structure are not well resolved away from [100] and
may contain weak contributions from the electrons.
The failure to observe LQO from the electron band,
although the classical analysis (Sec. III) shows them
to be only slightly less mobile than the heavy holes,
may be connected with an accidental zero (or near
zero) in the LQO amplitude,3% %5
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