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The effect of nonparabolic band structure on the transverse madgnetoresistance in a semiconductor such as n-
type InSb in the presence of a dc magnetic field is studied taking into account the inelasticities in the
electron-phonon scattering. We discuss this effect of nonparabolicity in semiconductors for both deformation-
potential coupling and piezoelectric coupling to acoustic phonons. Results show that the numerical values of
the transverse magnetoresistance for the case of the piezoelectric coupling are much smaller than those for
the case of the deformation-potential coupling. Therefore, the deformation-potential coupling mechanism
plays the dominant role for the transverse magnetoresistance in strong magnetic fields in n-type InSb. We
also found that the nonparabolicity of the energy-band structure will change the effect of the temperature on
the transverse magnetoresistance besides the enhancement of its magnitude. Our numerical results are found
to be in qualitative agreement with experimental results in the quantum limit.

I. INTRODUCTION

The quantum effect of a dc magnetic field on the
scattering of electrons in semiconductors has been
studied by many authors.'”® This quantum effect
is being investigated intensively in such semicon-
ductors as indium antimonide and indium arsenide
because of the high carrier mobilities and small
effective masses in these compounds. The longi~
tudinal and transverse magnetoresistance are the
two most investigated properties in which the ef-
fect of the dc magnetic field is exhibited. These
magnetoresistances depend on the nature of energy-
band structures of the material, the carrier mo-
bilities, the strength of the dc magnetic field, and
the temperature. It has been found that the nonpar-
abolicity of the energy bands in nondegenerate
semiconductors can lead to a nonzero longitudinal
magnetoresistance even when the energy and mag-
netic field dependences of the relaxation time are
neglected in strong magnetic fields.® This result
is contrary to the zero magnetoresistance pre- .
dicted by the usual Boltzmann theory which as-
sumes that the collisions are unaffected by the dc
magnetic field. Askerov et al.?°'?! have pointed out
that in the case of degenerate semiconductors, the
band nonparabolicity and the scattering inelasticity
have a strong influence on the field dependences of
the longitudinal and transverse magnetoresistance.
The transverse magnetoresistance for nondegener-
ate semiconductors with isotropic parabolic energy
bands has been studied for the case where acoustic
phonons are the dominant scattering mechanism,**
where it was shown that the transverse magneto-
resistance increases with the dc magnetic field in
the quantum limit.- Arora'® found that the trans-
verse magnetoresistance changes dramatically with
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inelasticity, while the longitudinal magnetoresis-
tance remains essentially unchanged. Consequent-
ly, inelasticity may be expected to play an active
role and should be included for electronic trans-
port in the transverse configuration.

In the case of a nonparabolic band structure, one
has to.consider the effect of the band shape not only
in the density of states, but also in the scattering
probability. It is the purpose of the present paper
to study the effect of the nonparabolicity of the con-
duction band in nondegenerate semiconductors on
the transverse magnetoresistance, taking into ac-
count the inelasticity of the acoustic phonons. We
investigate this effect for the inelastic scattering
of acoustic phonons from the deformation-potential
and piezoelectric coupling. The scattering is treat-
ed in the Born approximation for strong magnetic
fields. In Sec. II, we calculate the transverse
magnetoresistance for the deformation-potential
coupling and piezoelectric coupling to acoustic
phonons. It is assumed here that the inelasticity
is the dominant mechanism in resolving the diver-
gence which occurs for the strong-field transverse
magnétoresistance. In Sec. III, we present numer-
ical results and give a brief discussion.

II. THEORETICAL DEVELOPMENT

In the nonparabolic model, the energy eigenvalue
equation for electrons in a uniform dc magnetic
field B directed along the z axis is®

H, 1 eBx\%, .2
Ho<1 +§g—>‘lfiﬁ‘2m—*[pf+<m-c—> ”’z]‘lﬂ?n

E-D
=Ein<1+ E“")\If]:,,, ¢
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where E, is the energy gap between the conduction
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bands, m * is the effective mass of electrons at the

minimum of the conduction band, and E i, is the
true energy of the system, definedby Ho¥ i, =E ¥ ¢
The eigenfunctions and eigenvalues for Eq. (1) are
given by

W, =exp(ik,y +ik,z) ®,[x = (ic/eB) k, ] 2)
and -
4 72R2 \1/2
El-(—”=_éEg{1—[1+]—E;<(n+§)ﬁwc+ 2m:>:| },
(3

where k, and &, are the y and z component of the
electron wave vector k ®,(x) is the harmonic-
oscillator wave function, and w, =| e| B/m*c is the
cyclotron frequency of electrons. Since (7%, )2/
2m*E,~kT/E, «1 at the low temperatures in
whlch we are mterested (T <120 °K), Eq. (3) can be
expanded as

E;,,u%Eg(b,,—b;l)+7Z2k§/2m *b, ' (4)y
where
b,=1+2( +3)liw, /E, .

When (n+ 3)iw,+ °k2/2m* < E,, the energy eigen-
values reduce to those obtained using the parabolic
model for the band structure. However, when the
dc magnetic fields come into the high-field region,
the energy levels of electrons are quite different
from those that would be predicted by using the
parabolic model. '

From the nondegenerate statistics, we have the
Boltzmann distribution in the form of

fkn=< i )

m *3/2 wc(ks T)l/z
X exp[—E,(b,—b;')/AkyT —H*k2 /2m*k 5 TD, ]
2 ~E, (b —b'l))]'l '
1/2 g\’n n
x[gb" exp(—————4kBT , (5)
- |

|Mkn,k' ,(q)lz I(kn]exp(zq r)lk’n Y2

[ n! L L2@EN" [ pren
-<;i‘>e?‘p"§”qf>< 2 ) [z (

2 2
—ﬂ——ﬂ ok, —q,—ky)o(k,—q,~k,) forn'=n (8a)

| My, o (D17 = (o | exp(=iG - ) [ ) |2

’ 2 n-n’
= <_u) exp(___é_LZ qi) (..‘E_z.g_i_) [ n’-n’ (

2 2
———f*—)] 6(k, +q,—k;) 0k, +q,~k,) forn’'<n, (8b)

with the carrier density »,,.

For the scattering due to acoustic phonons, the
dissipative current lying in the direction of the
total electric field is given by!!.23-25

o= lel L2v 7
¢ kaT

(k — I)Z

x Y S

> 5
kn,k'n’

k'n')WlTn,i(.’n' ’

{6)
where L = ({#/m *u)c)l/2 is the classical radius of the
lowest Landau level, ¥, =c( ExB)/B? is the Hall
velocity with the applied electric field E and
Wi, is the transition probability in the Born
approximation between the Landau states kn and
k'n’. For acoustic-phonon scattering, the transi-
tion probability is given by

2r
Wi, im =3 2,1 C@I°
q

X[ Migg, o (DI (N, +1)
Xﬁ(E kn "'E'k"ni —ﬁwq)
+IMI<»n,—k"n’(—a)lz

XNO(E g, —E iy +Hwy)], (M

where ¢ =(4,q) denotes collectively the branch and
wave vector for the phonon mode with the energy
fw,, N, =[exp(iw, /kzT) —1]"* is the Planck dis-
tribution function for the phonons in thermal equi-
librium, C(q) is the electron-phonon coupling con-
stant, and §(x) is the Dirac § function. The two
terms in Eq. (7) give the contributions to the scat-
tering rate of the phonon emission and absorption
processes, respectively. Now, the matrix element
| Mz, . (@)% in Eq. (7) can be expressed as''

where L™(x) is the associated Laguerre polynomial, % and ¢,, q,, and g, are the components of the phonon
wave vector directed parallel to the dc magnetic field, normal to the dc magnetic field, and in the BXE
direction, respectively. 8(Eg,—Ep, —hw,) and 6(E¢, —E i, +Fw,) in Eq. (7) are given by

6(Ein_E‘—kb’n' _ﬁwa)=(m*/ﬁ2qn’n)bnbn'(bn’ _bn)— [é(kz +qzbn/(bn' —bn) +qn’n)+6(kz+qzbn/(b b ) qn n ]

forn'>n  (9a)
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and
S(Eg,—Efpy +lw,)=(m * /12 ) bbb, =) M [6(k, +q, b, /(b= Do) +qu) +6(R, +q,b, /(B = b)) = Gup)]
forn'<n, (9b)
with
<m*E >1/2( 4w, 7b b, 2¢21%b b, )1/2
G .

+
9 L bubnt ey —5,) T mE, (b, ~b, )

Substituting Egs. (5);, (7), (8a),"(8b), (9a), and (9b) into (6), one can obtain

2 —E (b,-b.")
Jg=n,| el v, E}? [41r5/2(kBT)3/2m *w,fz b1 exp <—_—gflknBT >]

x Z D f a*q| C(a)l® g N, (m(m +l),) by sii(1+D,,,50,d,) " 2 exp(-343 L )(‘“L ) [L;"("EZ—L—Z)T

m==o =0

1/, q2E? 1q2KE, om +1)q2nE, ; By +1/2)w,,h‘>]
Xexp[— By T (zEgb’ " am? wZm * * 2m3w, m* *am 2o m * +zmit, + 2mw, * m
quS/Z ) .
h 1/2
X COS <2f§mwckBT(M*)1/2 (1I+bm+,b,dm) , (10)

where d,,=1+2w, /mw, +q2E, /2m*wZm*, and }}’ indicates a summation over all m exceptm =0. The term
in which m =0 is vanished, because the second exponential function in the integrand contains a negative
value of 1/m2 This means that no contribution of the dissipative current for the case of the transition

m =0. Since the value of ¢, E¥?/mw,k,T(m*)'/? is small in the high-field region, one can expand cosh(x)
up to the second order in x and obtain

, = ~E,(b,-b;%)
Jy=nyl el vy E? exp(-E, /2k5T) [32f2_w5/2(k3 T)*2m*w? Y by/? exp<——g"ﬁ:‘?———>]
n=0 B

x 3 fd3lc( NZg2N, 1 ( 7:Fy 20 B ﬁ) 1q2L? th[ﬁwc <d e >]l
m;«, 1D 4N P\ T \dm? cm*+2mwc-2w“ 2B O ok, T \% T, |

giL? oo =
(P(m Wey T Way § )1 { % CSCh[szcT <d’”_m:vc>]}

L . (g2 L* flw, W,
+Qlm, w,, T; wq,q)I,,,ﬂ{ *2 csch[sz d,~ mZ)c , (11)
where we have used the relation®’
- U oy 2 2y) ( 2xy> (2xy”2> 12
15__‘, Tt LT0Py == S —exp(- 75 )75 )» (12)

and I, (x) is the modified Bessel function of the first kind. Functions P(m,w,,T;w,,d) and Q(m,w,, T;w,,§)
are given by

. )= qzE} < 3(7”*1)’7"-’6) 1/2
Pim,w,, T;w,,q) [2\/2—m3w§m*k";7‘2 1-.% 7 d,+1)
4VZ | 4V2(m+ 1w, (m +1)g3nEZ ) -1/2
+< m mE T 2vV2m 3w m *RA T @, +1)

4

g

4V2 (m +1)hwe _3/2J [ ;;wc< w, >]
+ mE, (d,+1) csch %, T d"‘_mwc

__ SqanEy L2 (EE_ZZ&’_ q3RE? e, Nz;zwc _3,2]
+[4\/2"m3wcm*k";7‘2 (d,+1) "2+ mE. " IEmiom T d,+1) =<, +1)

I4

x{mn—qiLz—(mﬂ)exp[‘ Zj%(dmv:l ﬂ}éschs[zz T< e )] .

c

and
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3q2nE?: (Zﬁﬁwc q3hE ) .
. =\ _ 272 z 1/2 - g 1/2
QUm, o, T3 0q, @) =a.L [4¢‘zm So B TE In T T Tl e m i) n V)
- 2V2 7w \-3/2 [ﬁwc Wa )] 2[ fiw, W, }
+__m_E_g_a(dm+1) coth 25,7\’ " mw csch —————Zk T d, “mw ) (14)

For acoustic-phonon scattering in semiconductors via the deformation-potential-coupling mechanism, the
electron-phonon coupling constant is given by?3:2¢

Ic@ F=Ean/2pv, (15)

where E, is the deformation potential constant, p is the mass density of the crystal, and v, is the sound
velocity. For the high-temperature approximation, the energies of the phonons involved in the scattering
processes can be neglected.!*>* Then, we have N =k, T/hiw =k,T/w|§|. In strong magnetic fields, the
transverse magnetoresistance can be approximated by'!

P =EJd,/(nyle v, . (16)

The expression for the resistivity in the absence of a dc magnetic field due to the deformation-potential
coupling is®*

= [3(2m*k 5 T)*/%/81* 121 *(m */noe*)(E2/ pv?) . (7

Using Egs. (11) and (15)-(17), the transverse magnetoresistance due to the deformation-potential coupling
is obtained,

L0 Pi“E”zexp( E, [961r2(k TR(m*)/? w, Z b”zexp< g(bn—b;1)>]-
50/ o € 2%, T B 4%, T

1 93E% w E, 1 ) 1 272 [_@5_ We ]
X z fd qqyexp{ 5 T(4m2wﬁm*+2mwc_zw"ﬁ - zqiL* coth 2, T dm_mw)

Mm==c0
. ‘qiLz [ﬁwc < Wy :I
x(P(m,wc,T,wq,ﬁ)Im{ 3 csch 2%,T d"'-mwc 4
o, Q3 L? [h‘wc Wy
+Q(m’wc’T9 wq’q)Imd.{ 2 CSCh 2kBT dm_mwc )] : (18)

For the acoustic-phonon scattering due to the piezoelectric interaction, the electron-phonon coupling
constant is given by?23:24
|C@*=(P*#/20v,)a/ (@* +4%) (19)

where P is the piezoelectric coupling constant, and the Fermi-Thomas screening wave number ¢, is given
by g% ~4me®*n,/kkyT (k is the dielectric constant). The resistivity in the absence of a dc magnetic field due
to the piezoelectric coupling is?*

po=[3(@m*k,T) /3G (2R 4T)/321 /21%] (m*/nqe®)(P?/pv?) (20)
where
G(x)=1=(¢>1*/8m*x) In(1 +8m*x/q% K?) . (21)

Using Egs. (11), (16), (19), and (20), the transverse magnetoresistance due to the piezoelectric coupling
is obtained,

Py =ﬁ2E1/2exp<_ E, [IZTIZk T(m*)?3/2G(2k,T) i bl/zexp(_Eg(bn—b;l)n
P/ p € 2kpT B B b i 4k T

. 1 ( qiE? qug 1 ) 12 w
—sw W) = Lt02L2 h c - w
xmz__-:, f ( >exp{ BT Gt B~ B0 | = 2q3L7 cot [2k3T<"' m.:vc)]
qLLZ fiw [0
X P(m,w T: w ﬁ sch[ c <dm" 4 >]}
( 315 We, m\l 2 2k, T ma,

272
qiL [ Fiwe W, )] 22)
+ - -
Rim,w,, T;w,,q) I"M{ ) cschl 2%, T <dm o, . (
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B(G)

FIG. 1. Transverse magnetoresistance (p./pg)p as a
function of d¢ magnetic field B at different temperatures.
The dashed curve indicates experimental results.

11I. NUMERICAL RESULTS AND DISCUSSION

The expressions in Egs. (18) and (22) can be ap-
proximated by making use of the conditions for the
strong magnetic-field region'!:1%2%2¢ py ~py g,
»>m*?, hw, =/ m*L?>m*?, and m*2/E,~q%/
g% <«<1. As a numerical example,?® we consider the
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FIG. 2. Transverse magnetoresistance (p,/pg)p as a
function of temperature T at different magnetic fields.
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FIG. 3. Transverse magnetoresistance (pL/pg)p 2s a
function of dec magnetic field B at different temperatures.

50 100

transverse magnetoresistance for both cases of the
deformation-potential coupling and piezoelectric
coupling in n-type InSb. The relevant values of
physical parameters for this material are »n,=1.75
x10'em™®, m*=0.013m,, k=18, E,=0.2 eV, and
v,=4 x10° cm/sec. In Fig. 1, it is shown that the
transverse magnetoresistance for the case of the
deformation-potential coupling to acoustic phonons
increases with the dc magnetic field. The dashed
curve represents the experimental results with
7,=2.3 10" cm™ and T7="77.4°K."* The numerical
results shown here for the nonparabolic band
structure are enhanced over those for the parabolic
band structure.!’’ However, this transverse mag-
netoresistance will also change with the tempera-
ture, owing to the factor E,/kzT. We plot the
transverse magnetoresistance as a function of the
absolute temperature for the case of the deforma-
tion-potential coupling at some dc magnetic fields
as shown in Fig. 2. It can be seen that the trans-
verse magnetoresistance decreases with increas-
ing the temperature. When the dc magnetic field
is at B=1 kG, the transverse magnetoresistance
will drop to zero in a neighborhood of T=74 K.
This abnormal phenomenon indicates that our pres-
ent method used here will be invalid at the high-
temperature region with low magnetic fields. For
the piezoelectric coupling the transverse magneto-
resistance changing with the dc magnetic field at
some values of temperature is shown in Fig. 3. It
shows that the numerical values of the transverse
magnetoresistance for the case of the piezoelectric
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. FIG. 4. Transverse magnetoresistance (o, /pg) pasa
function of temperature T at B=1 kG.

coupling is much smaller than those for the case of
the deformation-potential coupling. We also plot
the transverse magnetoresistance as'a function of
the absolute temperature for the piezoelectric
coupling as shown in Figs. 4-6. ‘In Fig. 4, it shows
that the transverse magnetoresistance decreases
with increasing the temperature at lower dc mag-
netic fields. When the dc magnetic field is at
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FIG. 5. Transverse magnetoresistance (p,/py)p as a
function of temperature T at B=5 kG.
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FIG. 6. Transverse magnetoresistance (p,/py)p as a
function of temperature 7 at B=10, 25, and 50 kG.

B =5 kG, the transverse magnetoresistance in-
creases with the temperature up to 7=52 K and
then decreases with the temperature. - However,
when the dc magnetic field is larger than B =5 kG,
the transverse magnetoresistance increases with
the temperature.

We have investigated the transverse magnetore-
sistance for the case where acoustic phonons are
the dominant scattering mechanism. It has been
shown that the acoustic-phonon scattering due to
the piezoelectric coupling contributes very insig- -
nificantly to the transverse magnetoresistance in
our present numerical analysis. The most impor-
tant and dominant contribution to the transverse
magnetoresistance is the acoustic-phonon scatter-
ing due to the deformation-potential coupling. We
compare our numerical results for the case of the
deformation-potential coupling with experiments
performed by Aliev et al.'* It shows that our num-
erical results are in qualitative agreement with ex-
perimental results in the quantum limit. We also
have shown that the nonparabolicity of energy-band
structure will change the effect of the temperature
on the transverse magnetoresistance besides the
enhancement of its magnitude. This means that the
factor E,/k,T will play an important role in the
transverse magnetoresistance for the nonparabolic
band structure in nondegenerate semiconductors.
Therefore, in the high-temperature region, the
effect of the nonparabolicity on nondegenerate
semiconductors will be diminished, and the numer-
ical results of the transverse magnetoresistance
we obtained would be the same as those for th
parabolic band structure.. :
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