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The phase transition in Pb; _Ge, Te (0 < x <0.10) and Pb; _,Sn, Te has been systematically
investigated by the electrical-transport method. The composition dependence of the transition
temperature in Pb; _,Ge, Te determined from an electrical resistivity anomaly is in good agree-

ment with other experiments. We found that the resistivity-anomaly peak position increases
with a reduction of the anomaly under a strong magnetic field in Pb; _,Ge, Te (x =0.01,0.015)
and Pb; _,Sn, Te (x =0.40). The magnetic field dependence is tentatively explained by an
interband-electron—TO-phonon coupling model, taking into account the phonon anharmonicity.

I. INTRODUCTION

Recently PbTe-GeTe-SnTe alloy semiconductors
have been extensively studied for application to
wavélength-tunable infrared detectors' and lasers.?
Both electronic and lattice properties have been in-
vestigated in cooperation with basically important -
works such as determination of phase diagrams®* and
developments of the crystal-growth technique.’ The
Pb; -,Ge,Te and Pb, _,Sn,Te systems exhibit a struc-
tural phase transition from a high-temperature NaCl-
to a low-temperature As-type structure in alloy com-
position ranges with more than 1 at.% Ge or 35 at. %
Sn. There have been many experimental studies of
the structural phase transition by Raman scatter-
ing,57%2* electrical-resistivity measurement,®~!! neu-
tron scattering,'>!3 x-ray diffraction,* ! capacitance
measurement of p-n junction,'® !¢ ultrasonic attenua-
tion and velocity,!” and magnetoplasma reflection,'® !
etc. A considerable attention has been paid to an ap-
parent carrier-concentration dependence of the transi-
tion temperature (7.)!' and to the soft TO-phonon
mode freq,uencies.7 These phenomena have been ex-
plained on the basis of an interband-electron—TO-
phonon coupling model?®?! taking into account the
anharmonic phonon-phonon interactions.

In this paper, we have investigated electric-
transport properties in order to understand micro-
scopically the phase transition of Pb,_,Ge,Te and
Pb,-,Sn,Te. We found an anomalous increment of
the resistivity near 7T, in these systems. We deter-
mined T, systematically for many specimens with dif-
ferent Ge compositions (0 < x <0.10). Under a
strong magnetic field we observed a significant
change of a resistivity peak position accompanying a
reduction of the anomalous increment. The
magnetic-field effects were tentatively analyzed by
the interband-electron—TO-phonon coupling model.
We can explain a change in 7, based on this model,
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since the interband coupling strength should change
through magnetic quantization of the electrons in a
strong magnetic field.® In Sec. II, we will describe
experiments in detail and present our experimental
data. The experimental analysis and discussion of
the magnetic-field dependence will be presented in
Sec. 11l on the basis of the interband-electron—TO-
phonon coupling model. A summary and concluding
remarks will be given in Sec. IV.

II. EXPERIMENTAL DETAILS
A. Sample preparation

The samples were prepared by a vapor-transport
method to get large homogeneous single crystals.®
The carrier concentrations were controlled by chang-
ing the growth temperature in Pb; _,Ge,Te
(x =0.01,0.015) or by isothermal annealing in
Pb,_,Sn,Te.> In Table I and II we list carrier con-
centrations and mobilities determined from Hall
measurements, 7., and crystal-growth conditions.
The grown crystals were cut by a spark cutter. Slices
were etched in a H,0-KOH-C,HgO; (20:20:1) solu-
tion or in concentrated HBr with a drop of 30-vol%-
H,0,; solution to remove surface damages. The typi-
cal size of the samples was 6 X 1 x 1 mm? in
Pb,_,Ge,Te and was 4 x0.6 X 0.3 mm? in annealed
Pb;-,Sn,Te.

B. Experimental procedure

The electrical resistivity p and the Hall coefficient
R were measured using standard dc techniques. Four
voltage probes with 50-um platinum wires were at-
tached to a sample by an electrical discharge method
with a typical sparking voltage of 10—15 V. The two
current-probe wires were soldered with Indoalloy No.
2 or 5 or attached by sparking. A good ohmic contact
was not easy to obtain for low-carrier-concentration
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TABLE 1. Characteristics of Pb; _,Ge,Te samples.

x np Crystal growth wy (17 K) wy (4.2 K) T4 (K) Ap(T,)®
(%) (1018 cm™3) (cm?V~lgec!) (em2V~lsec™) (Qcm)
0.0 n, 0.11 v.t.P (850°C) 4.3 x104 52 x 10*

0.5 n, 0.14 v.t. (830°C) 2.4 x 10* 58 x 10* . ce
1.0 p, 0.61 v.t. (830°C) 2.0x104 5.2 x 10 23.6 4.4x1075
1.0 n, 3.7 v.t. (790°C) 1.4 x 104 3.8 x10* 16.5 ce
1.0 p, 2.9 v.t. (795°C) 7.6 x 103 3.5x10% 39.4 52x1073
1.0 p, 2.6 v.t. (820°C) 1.3x10* 4.5 x10* 33.5 4.7 %1073
1.0 n, 0.72 v.t. (810°C) 2.4 x10% 8.4 x 104 22 .
1.0 n, 0.30 v.t. (820°C) 4.9x10* 22 x 10* 335 7.4x1075
1.0 p, 0.17 v.t. (830°C) 4.0 x 104 17 x 10 32.8 9.2x1075
1.0 n, 0.45 v.t. (826°C) 2.1 x 10 4.5 x10* 23.5 S
1.0 p, 0.48 v.t.s.c (800°C) 1.5x 104 6.5 x 104 36 6.2x1075
1.25 n, 0.33 v.t. (830°C) 2.5 x 10 5.4 x 10 . .
1.5 p, 1.33 v.t. (790°C) 1.3 x 104 6.3 x 104 47 7.5%1075
1.5 n, 0.79 v.t. (790°C) 2.1 x 104 5.3 x 104 51.5 7.7x1075
1.5 © p, 0.65 v.t. (792°C) 3.0x103 4.1x104 47 ce
1.5 p, 0.29 v.t. (800°C) e ce 52
1.5 n, 0.28 v.t. (791°C) S S S .
1.5 n, 0.54 v.t.s. (795°C) 2.1 x 104 6.2 x 10* 50.3 1.1 x10~*
2.0 p, 1.8 v.t. (770°C) 1.0 x 104 2.7x10% 70.5 3.2x1075
2.0 p, 0.90 v.t. (780°C) 1.5x10% 6.9 x 104 62.2 1.1 x10™*
3.0 p, 2.4 v.t. (800°C) 6.6 x 103 . 100.5 7.6 X105
3.12 p, 2.4 Bridgeman 3.6 x 103 105 1.1 x10°3
4.0? p, 3.6 Bridgeman 3.1x103 119 7.7%1073
5.52 p, 4.0 v.t. (817°C) 0.8 x10° 143 2.4x1074
5.5 p, 0.85 v.t. +annealing 29x103 149 26x107*

(550°C)

5.52 p, 42 v.t.s. (830°C) 2.4x103 143.5 1.5 x 104
7.0 p, 3.2 v.t. (800°C) 5x10? 163 2.6x1074
10.0 p, 3.2 v.t. (800°C) 1.7 x 102 223 3.3x1074

2Determined from the lattice constant.

94T.: from the resistivity anomaly.

by.t.: vapor transport.
Sv.t.s.:. v.t. with seed.

samples with carriers of less than about 107 cm™.
Resistivities and Hall coefficients were measured with
a temperature-controlled cryostat by changing the
heater current. Sample temperatures were measured
with a Au+0.07 at.% Fe—chromel thermocouple
(Osaka Sanso Co., Ltd.) over the range from 4.2 to
300 K. The sample was glued to a copper block with
Apiezon grease N. The current direction was usually
parallel to a (100) direction. Resistivities were meas-
ured with a temperature changing rate of about 0.5
K/min. A magnetic field was applied along the
current by a superconducting magnet up to 90 kG, in
most of the resistivity measurements. A more strong
magnetic field up to 150 kG [by the Intermagnetics
General Corporation magnet at the Institute of Solid
State Physics (Tokyo)] was applied on some samples:
the thermocouple output is not practically influenced

¢Ap(T,): magnitude of resistivity anomaly at T.

by a magnetic field up to 150 kG within 0.1 K. Hall
measurements were usually performed in a magnetic
field of 20 kG at 4.2 and 77 K.

C. Experimental results

We measured the temperature dependence of the
resistivity in Pb; _,Ge,Te with various x up to 10%.
An anomalous hump was observed in the resistivity
near 7,. Typical examples are shown in Fig. 1(a) to
1(c) for p-type samples. Similar results were ob-
tained for n-type samples (x =0.01 and 0.015) as
shown in Fig. 1(d). In fact there is no resistivity

-anomaly in PbTe, which does not transform at finite

temperature as shown in Fig. 1(e).
In Fig. 2 we plotted the peak position of the resis-
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TABLE II. Characteristics of Pb; _,Sn, Te samples.

x p Crystal growth wy (77K) wy (4.2K) TX(K)

%) (10'8 cm™3) (ecm?2V~lsec™) (cm2V~lsec™)

35 0.68 v.t.S+annealing 1.4 x 10* 4.3 x 10* 12
(450°C)

40 7.4 v.t.+annealing 3.9x10° 6.3 x 10* 22
(600°C)

40 1.1 v.t.+annealing 2.4 x10% 5.4 x10% 17:5
(450°C)

40 0.71 v.t.+annealing 2.2 x104 5.1 %104 19
(425°C)

404 1.2 v.t.(Bi-doped) 1.8 x10* 2.8 x104 12.5°
(750°C)

70 280 v.1.(780°C) 3.4 x102 4.7 %102 44

auy: Hall mobility at 77 and 4.2 K.
®T,: from resistivity anomaly.
‘v.t.. vapor transport.

dSupplied by R. Kawabata, otherwise from S. Nishi.

tivity anomaly with different Ge compositions (x) to-
gether with other experimental results (x-ray diffrac-
tion,* capacitance measurement of p-n junction,'® ul-
trasonic attenuation,'’” and microwave magnetoplasma
reflection). As the agreement between the peak posi-
tions and other experiments is very good, one may
assign a peak position to a transition temperature.
We found that the peak position of the anomaly in
Pb, -,Ge,Te shifts to the high-temperature side along
with a reduction of its peak height by application of a
strong magnetic field in the (100) direction. Typical
data are shown in Fig. 3. We will assume that the
peak position corresponds to 7. even under the mag-
netic field. The magnetic-field dependences of the
peak positions are shown for different specimens
(x =0.01 and 0.015) with various carrier concentra-
tions in Fig. 4. It should be noted that the increment
of the peak position (7,.) with application of the mag-
netic field becomes appreciable above the quantum
limit. Similar results were obtained in Pb,_,Sn,Te
(x =0.40). However the magnetic-field dependence
is slightly different between these alloy systems. The
peak position (7;) decreases at first and then rapidly
increases above the quantum limit in Pb; _,Sn,Te
(x =0.40) as shown in Figs. 5 and 6. The solid
curves in Figs. 4 and 6 are the calculated ones as will
be mentioned in detail in Sec. I1I.

Figure 7 shows the temperature dependence of the
resistivity for three different magnetic-field directions
in low-carrier-concentration Pb; _,Ge,Te (x =0.01).

In Fig. 8 we plot the shifts of the peak positions (7)
from the values at the zero field and the peak heights
of the anomalies normalized by the value at zero
field as a function of the magnetic field. The incre-
ments of the peak position (7,) become increasingly
small in the (100), (110), and (111) directions. The
resistivity anomalies in the (111) direction do not be-
come small compared with those in other directions
in the quantum limit. In the Pb, -,Ge,Te sample
(x =0.015, p =1.3 x10'® cm™3), the anomaly does
not become so small even in a (100) configuration.
The Hall coefficients in Pb;_,Ge,Te (x =0.01 and
0.015) do not change appreciably in the temperature
range from 4.2 to 100 K within experimental errors.
From these facts, one may judge that there is no ap-
preciable change of total carrier concentration and no
important mobility difference between the four
energy-band valleys under crystal distortion below T,
and no other carrier contribution such as from near
the 3 point in Pb;_,Sn,Te.?? The resistivity in-
creases well below T, under a high magnetic field in
small-carrier-concentration samples as shown in Fig.
7. If there is a multidomain structure below 7, such
behavior can be expected. The situation of a valley
nonequivalency is different for different domains
which cause a large increment of electrical resistivity
in specimens with small Fermi energies (small carrier
concentrations). The magnetoresistance also be-
comes large in such inhomogeneous valley structures
below T..
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FIG. 1. Temperature dependence of resistivity in Pb; _,Ge, Te: (a) x =0.10; (b) x =0.055; (¢c) x =0.03; (d) x =0.01; (e)

x=0.
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FIG. 2. Transition temperature of Pb, _,Ge,Te vs Ge
content determined from resistivity anomalies with other ex-
periments (the symbol O denotes the temperature obtained
by us by extrapolation according to the Curie-Weiss law with
50-GHz magnetoplasma reflection).

IIIl. EXPERIMENTAL ANALYSES AND DISCUSSION

First, we briefly discuss the origin of the resistivity
anomaly. Next, we examine the magnetic-field
dependence of T, through the electron—TO-phonon
coupling model by considering the magnetic-field
dependence of soft TO modes.

A. Resistivity anomaly near T,

The increment of the electrical resistivity near T,
has been mainly attributed to an increase of the re-
laxation rate due to soft TO phonons and screened
LO phonons (L7) through the increment of the Bose
factor® %2 [n Fig. 9, the solid curve shows the ob-
served anomaly, which is obtained by subtracting the
background contribution [dotted curve in Fig. 1(b)]
from the data. We supposed that the background
resistivity changes smoothly, since there is no appre-
ciable change in Hall coefficients near 7,. The dotted
curve in Fig. 9 shows the theoretical calculation® us-
ing the formula in Ref. 23. There is a tendency of
the magnitude of the resistivity anomaly (Ap) to de-
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FIG. 3. Resistivity anomalies of Pb, _,Ge,Te (x =0.01)
under magnetic field. The peak of the anomaly moves up-
ward in temperature with the magnetic field. 0,, 0., 0, are
the zero points for curves b, ¢, and d, respectively.

crease with decreasing Ge composition x (or 7.) and
increasing carrier concentration as shown in Table 1.
This can be also explained qualitatively by the above
model.

B. Maﬁnelic-field dependence of T,

To examine the magnetic-field dependence of T,
we start from a soft-TO-phonon expression based on
the interband-TO-phonon coupling model taking into
account the fourth-order phonon anharmonicity,
since the order parameter of the phase transition
corresponds to the static shift of the TO-phonon mo-
tion and the phase transition is characterized by the
soft-TO mode.

The TO-phonon frequency of the above-mentioned
model is expressed as”’

- 2
Ak

o
T

~2 2 1
w10 =wTo t 7 e
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with
o/T
G[Qf] = J; x coth(%x) dx ,

where a., is the temperature coefficient of the
squared TO-phonon frequency at the high-
temperature limit and other notations are the same as
in Ref. 7. The temperature dependence of the TO-
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FIG. 5. Resistivity anomalies of Pb; _,Sn, Te (x =0.40)
under magnetic field (H is parallel to the (100) direction).

phonon frequency mainly comes from the phonon
anharmonic term [the second term of Eq. (3.1)].
Under a magnetic field, the TO-phonon frequency
may be modified through a change of the third term
in Eq. (3.1). Here we suppose that the third term is
divided into two parts. One is a summation near the
band edges, and we define the summation as contain-
ing the N7 electrons states. The other is the
magnetic-field-nondependent term which comes from
the remaining part of the electronic bands. When a
magnetic field is applied along a (100) direction for
an n-type sample with carrier concentration N,, the
term may be rewritten

2 = 2 f(Eck) _f(Evk)
MNa? %1—'(1()' Eck—Evk

=K(Wo,H) —K(Eg,H)+ --- , (3.2)
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where the dots stand for the magnetic-field-

nondependent term, with

K(EH)

|E(k) |2pns (H.ky)

0
2 ns kz
dk,
MNa? ,,2:’ J; ES(k; H) —

»

E(k;, H)

where g is the number of valleys (g =4), p,s the joint
density of states, W, the upper-limit energy of the
summation (the "valley" width) and Er the Fermi en-
ergy as schematically shown in Fig. 10. It is noted
that both W, and Er are functions of H, since we fix
the carrier concentrations Ny and N, under a magnet-
ic field. The suffices n and s are the orbital and
effective-spin quantum number, respectively.

Since the band gap of the PbTe-GeTe-SnTe system
is very small (0—0.3 eV), the two-band model gives a
fairly good approximation for near-band-edge struc-
tures. We give the dispersion relation of the two-

band model in a magnetic field in Appendix B. The
k-dependent deformation potential Z(k) is expressed
as (see Appendix A)

202 =|EE KN

=1|E°P0 +2/(1 +20)7 (3.3)

with

=0 _ i)l

E'=al (Yol ou (o) |

at the L point (k =0). Using Eqs. (3.3) and (B2),
K (E H) in Eq. (3.2) becomes

Em€E

K(EH) =4 3 (&+1) ,
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FIG. 7. Resistivity anomalies of low-carrier-concentration Pb; _,Ge, Te (x =0.01) under magnetic field along the (100),
(110), and (111) directions respectively.
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FIG. 10. Schematic illustration of the change in interband
coupling due to a magnetic field [p(E) is the density of
states, W the upper limit of the summation (the band
width) and Ef the Fermi energyl.

The transition temperature 7, is defined as a zero
of the TO-phonon frequency in Eq. (3.1), where the
third term is replaced by Eq. (3.2). Since
AT, =T.(HN,) —T.(0,N,) << ©, we may approxi-
mate the second term in Eq. (3.1) as «(T,) (T — Ty).
It is easy to proceed to a p-type case by replacing N,
with a hole concentration P.. The solid curves in Fig.
4 show the calculated magnetic-field dependence of
T, by the above model. The band parameters used in
these calculations are as follows: E; =0.2 eV,
my =0026”’I0, my =0.26M(), a=64 A,
M =1.31x10"22 g, and W, is chosen to be large
enough (—1 eV) not to influence the calculated
results. The only adjustable parameter is |E°|%/a
which is estimated as 3.0 X 1072 ¢V2sec?K rad~? for
x =0.01 and 2.0 x 1072 ¢V?sec?K rad 2 for x =0.015.
The agreement between the calculations and the ex-
periments is fairly good in spite of the only one
parameter used in the calculations. The temperature
coefficient a(7,) is smaller than the high-
temperature-limit value a,, owing to the Bose-
Einstein distribution of phonons. The coefficient
a(T,) is about 0.4q,, for 7, =30 K (x =0.01) and
about 0.66a., for 7. =50 K (x =0.015), which are
deduced from Raman scattering (@ =145 K).?* The
experimental values of a., for Pb;_,Ge,Te
(0 < x <0.05) spread from 0.32 x 10% rad?sec2K™!
to 1.7 x 10 rad?sec 2K ™!, which values are deter-
mined from neutron scattering,'? microwave magne-
toplasma reflection,'® far-infrared reflection,? and
Raman scattering.?* The interband optical deforma-
tion potential at the band edge, =°, is 20—45 eV for
x =0.01 and 21—-48 eV for x =0.015, respectively.
The values are comparable to 21 eV as estimated by a
fitting with a resistivity anomaly in Fig. 9 (Ref. 8)
and 24 eV as deduced from the minimum band-gap
increment below 7.2

Since the band gap is very small (~25 meV) in
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Pb; _,Sn,Te (x =0.4, 20 K) compared with

Pb, _,Ge,Te, a larger effect on T, is expected. The
solid curves in Fig. 6 are calculated by the above-
mentioned method on assuming a magnetic-field
dependence of-the band gap of the form

E,=EQ +BH. Here B is a magnetic-field coefficient.
The adjustable parameters are now |=°|%/a and B.
These are determined by a fitting procedure with the
experimental results for the sample

(p=1.1x10"® cm™) in Fig. 6. The band-edge
parameters used in this calculation are as follows:
EQ)=25 meV, my =0.0032my, and m;=0.032my. On
using only two parameters,

|Z2°)%/a=2.0 x 107'° eV2sec? K2 rad™? and
B=3x10"1" ¢V/G, the agreement between the calcu-
lated curves and the experimental points in different
samples with different carrier concentrations is fairly
good as shown in Fig. 6. The deformation potential
=% in this system is about 2.5 times as large as that
for the Pb; —,Ge,Te system, since «., is comparable
among them. Such a large value may not be realistic.
So far we have not taken into account spin splitting
which has not yet been well examined. If the spin
splitting (g ugH) is larger than the Landau splitting

( fw,. ), the band-gap decrease with magnetic field
causes a considerable enhancement of interband cou-
pling and an increment in 7, owing to the very small
band gap of the system. We may overestimate the
value of =°, a part of which may be caused by the
above-mentioned effect.

'Finally, we will qualitatively discuss the magnetic-
field directional dependence of the resistivity anomaly
shown in Figs. 7 and 8. The T, increment becomes
increasingly smaller in the (100), (110), and (111)
directions as shown in Fig. 8(a). We have the fol-
lowing two speculative explanations of this effect:

(i) The number of cyclotron lighter-mass valleys
(g.) which are responsible for the AT.(H) decreases
on going from the (100), to the (110), to the (111)
direction, that is g, =4 for (100), g, =2 for the
(110), and g, =1 for the (111) direction.

(i) When, moreover, the magnetic field ap-
proaches the quantum limit, a carrier redistribution
occurs: carriers of the heavy-mass valleys go into the
light-mass valleys, since the density of states of a
Landau subband of the light-mass valley is larger
than that of the heavy-mass valley. Then the critical
magnetic field satisfying the quantum limit in the
light-mass valley increases and AT,(H) decreases in
the (111) and (110) directions, while there is no
such carrier redistribution in the (100) direction.

The resistivity anomalies become small above the
quantum-limit critical field. The speculations for this
effect are as follows: the resistivity anomaly mainly
comes from TO-phonon scattering (pro). The resis-
tivity pro is proportional to the squared intraband
matrix element which is proportional to k2. When a
magnetic field is higher than the quantum-limit criti-

cal field kr (Fermi wave number) decreases rapidly
and the resistivity anomaly decreases. The small ef-
fect in the (111) configuration cannot be explained at
present, but there is a possibility that the quantum-
limit field increases in this direction as discussed be-
fore.

So far we have presumed that the magnetic-field
dependence of the peak position of the resistivity
anomaly is due to the interband-electron—TO-phonon
coupling. However, there might be another possibili-
ty that the TO-phonon frequency does not soften to
zero but again hardens below 7, from nonzero fre-
quency, under the magnetic field, and thus the effec-
tive T, goes up. We have not analyzed such a possi-
bility at present, but it would be necessary to consider
such a mechanism hereafter.

IV. SUMMARY AND CONCLUDING REMARKS

The structural phase transition and its relation to
electronic properties in PbTe-GeTe-SnTe alloy sys-
tems have been investigated by means of electrical-
transport measurements in the absence and in the
presence of a magnetic field near 7,. We summarize
our experimental results and analyses as follows:

(a) The electrical-resistivity anomaly has been ob-
served in Pb, -,Ge,Te and Pb,_,Sn,Te near T.,. The
phenomena are attributed predominantly to the in-
crease of carrier scattering due to the soft-optic
mode. We determined 7, systematically in
Pb; —xGe,Te up to 10 at. % Ge composition by the
resistivity anomaly.

(b) The peak position of the resistivity anomaly
(T,) changes appreciably with application of a strong
magnetic field in Pb; _,Ge,Te (x =0.01 and 0.015)
and Pb,_,Sn, Te (x =0.40). The interband-
electron—TO-phonon coupling model gives a semi-
quantitative explanation of the magnetic-field depen-
dence of the peak position, assuming the peak posi-
tion to be T,. The value of the coupling constant in
Pb, _,Ge,Te (x =0.01 and 0.015) was estimated as
E0=10-48 eV. We also found the magnetic-field
directional dependence of the resistivity anomaly:
AT.(H) and its peak height.

It is desirable to carry out more experimental and
theoretical studies on the relations between the phase
transition and a magnetic field, for example,
specific-heat or capacitance measurements under a
strong magnetic field.
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APPENDIX A

By using the wave function for the L¢ and Lg lev-
els (L¢h, L¢s, L, and L) which make up the con-
duction and valence bands (the two-band model}, we
can obtain the 4 x4 Hamiltonian matrix in the kP
theory?’ as follows:

0 0 vk, vk_

0 0 vlk+ —v,k,
vk, vk- “Eg 0 ’ (AD
'Uj_k+ —v,k, 0 —Eg

H=

where a and B denote the partners of a Kramers pair;
k+ =k *iky; v; and v, are the longitudinal- and
transverse-velocity matrix elements between the con-
duction and valence bands, respectively. The eigen-
values E of the Hamiltonian in Eq. (A1) satisfy the
following relation:

E(E +E;) = vik2 + vk k_ . (A2)

The eigenfunctions of the Hamiltonian in Eq. (A1)
are given as follows:

Ua(k) =CIL¢, +A(P,L¢, + PiLés)]

Yp(k) =ClLe +A(P_L¢, —P,.Ld)] (A3)
Yk)=CIL¢, —A(P,Lé, +P.Lip)]

(k) =CILés +A(=P_L¢, + P,Lép)]

where 4 =1/(E +E,), P,=vk, and P+=v k+, and
C is the normalization factor of the wave function
given as [(1 +N)/(1 +2N)12, \=E/E,. The inter-
band optical-deformation potential for a wave vector
k is defined as

NI DY .| ATTORNG
[2(k) | =al (k)| ou lwZ ()|

tal a3 s . (A

where u is the internal coordinate of the optical pho-
non. When u is parallel to the z axis (trigonal axis),

4P,P_

(£, +260| (A5)

=) *= Eélzll -

where
— 14
|=(Z)|2=a|(['6a|’a_ul1~6t>|2

is the deformation potential at the L point (k =0).
A similar result is obtained when u is perpendicular
to the z axis, as follows:

_4(P2+P) ]

1
(E +2E)?

E (k)2 =|80|? (A6)

where
= 14
Bl =alal2La) A= uk, .

Then we average |E(k)|? over a surface at
E (k) =const. The resulting deformation potential is

[E(E) = (|E*K) [P)ay
=102 2
12 [1+ (1+2x)2] . (A7)

APPENDIX B

The Hamiltonian matrix of the two-band model in
zero magnetic field is given in Eq. (A1). When a
magnetic field is applied (Huz' axis), the Hamiltoni-
an is modified with k——i ¥V —(e/c ® A in Eq.
(A1), where A is the vector potential. The eigen-
value [E,(k,)] of the Hamiltonian is given as®

Eng U B () + By = B, | (n 4L 41 Bk
ns \ "z’ ns \Rz' gl = Lg ”+7‘+‘?S) fiw, +
. m,
where
1 1 1 1
my==Qmy+my)) =<E,|—+—],
p=3 i I sEel 7t 3,7
PR Iy ‘ (B1)

mec
1 2
me=my/(5 +5my/m)'?

for H 11 (100).
Using the dispersion relation in Eq. (B1), we ob-
tain the following relation used in Eq. (3.2):

1 2meH dkz

ol k) = s e dEn (k)
_ eH \/m_,,(l +2))
A2 R [EA +0) —(n +5 +;~s) fiw ]2
E& (ko H) — Egy (ke H) = Eg(1+2)) (B2)

k,°=lﬁ{2m,,[E(1 N = (n+5 +55) fwd)

£

A=
E,

L)
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