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1. The recent experimental observations of the magneto-
v of p-type Ge films'? have been at-’
either to the inhomogeneity across the film thick-
~curnulation lavers near the surface in contact with

ate) or to the inhomogeneity and appearance (in

in dcgmulatmu laver) of the size en"ect over distances
order of the mean free path.” We shall show that the
anisotropy can 150 be due to the initial
delormation of the p-type Ge fums %4 We shall do this by

censidering the galvanomagnetic effects in semiconductors
guch as p-type Ge subjected to a uniaxial homogeneous de-
formation when the dispersion law of holes becomes?®.’

nagnetoresistance

By (k)= Akt (1)
where [ = 1, 2 is the number of the band; k is the wave
vector; E; is the hole energy in the I-th band;

;i .
n == by \'T:c"iz:\)r L 7;‘; (2)

gy are the components of the strain tensor expressed in
terms of the x. v, and z axes selected’’ so that Exx = Eyy #
Eyg = Exy = . The constants A, B, and b are

zz> Exz 7
i [ Following ref. 7, we shall assume

given in refs. 6 and 7
that if 5 = 0 the samiconductov‘ is isotropic, we shall intro-
duceaverage constants b= 4d/v5, B+ D/AVT and Ty = Yo (Cyy—

j. and we shall drop the averaging bar over these con-
siants.]

Uniaxial deformation lifts the pand degeneracy at k=0
in accordance with Eq. (1) and it gives risetoadependence
of the effective masses in each of the bands (mgl)) on the
direction: P

4 [ ks 4
i _‘%_ [ "-. 9E; a0, (3)

Here, f=x, v z;dQ = sin 9d8de; 8 and ¢ are the polar
and azimuthal angles in a spherical system of coordinates
with a polar axis z. Figure 1 shows the dependence of the
effective masses on deformation obtained from Egs. (1)
and {3}, umcethe_enectwe mass amsotropy il = mg)
(m(l)} =(—1) 5 n/lnhl (mi /mx j —1] has different
signs in different bands {see Egs, (1) and (3) and Fig.
13}, the band of the holes dominating a given galvanomag-
netic effect has a strong influence on the anisotropy of
this effect,

In the absence of deformation the main contribution to
the transverse magnetoresistance Ao/o, in weak maguetic
fields is made by the light holes.? I the deformation is
<« 1, where n = n/+T, % is the Bolt

weak {7 ZMAann con-
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sAoy/ooand perpendicular to this axis Aay /og. The.ma

17 changes its sign on transition from weak to strong def

A

i strongly detormed p-type Ge, It is
perpendicular o

etic field i parallel

nm:rcp\
on. This anisotropy

The matrix elenient of

constant, and T is temperature). so that the redisiribution
of the holes between the bands can be ignored to within

terms linear with respect to 7 {refs. 5and 6}, the magneio~
resistance is still governed primarily by the holes in the

first band and it becomes anisotrapic because ofthe anisoti-
opy of these holes.? R

If the deformation is strong {/
are located in the second band.”® so that the magnetore
sistance anisotropy is governed by the anisotropy of the ‘
effective mass in this band £, and its sign is opposite to
the sign of the magnetmec]‘%tance anisotropy in the weak
i.e.. when the deformation is increased

> 1}, all the holes

deformation case

{rom |57} «1to |7 1> 1. the si

1 of the magnetoresistance

anisotropy changes.

In classically strong magpetic fields there is no mag-
netoresisiance anisotropy in weakly and strongly deformed
samples.

Since the conductivity ¢y in H = 0 is dominated by the
second-hand holes even in the absence of deformatlonf‘ it
follows that throughout the full range of values of n the
conductivity anisotropy ¢ = [0,(i1x/04(ilz}1—1 is gov~
erned by the anisotropy of the second-band holes and when
he deformation is increased, only the magnitude of
changes,

Figure 2 shows gualitatively the dependence of the
magnetoresistance Ao/o, and of the conductivity o, on the
deformation in the case when the momentum is dissipatied

the scattering on acoustic lattice vibrations. 7
in Fig. 2 are plotied using the results obtained below for
weak and strong deformations [Egs. {7)-({14)] and on the
basis of the dependences m (Z)(n} (Fig. 1).

he curves

/A

Y. 02tz 5w
'7/1511("

Dependences of the effective masses on the uniaxi

Fig. 1.

p~1ype Ge. The elongation or compression axis coincides wup tne Z axis:

D m ¥ =0y Py 2 D = O)AFW (m: 3 m P =0y
)/r =0) /m (I“n;

al deformation of
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Fig. 2. Dependences of the magnetoresistance (1, 2) and electrical conduc-

tvity (3, 4) on the uniaxial deformation of p~type Ge. The stretching or

compression axis coincidés with the z axis: T = const; 1) 8o/og (jllxs HIl y;
) o/odm = 0% 2Xac/odi iz W /{Ac/odm = & 2) ox(n)/aly =
0% O oy, y(n Yeoln = 0.

2. 1In weak electric fields the distribution function
7 ;(k) of holes in the i-th band can be represented in the
form o Filk) = fplE 1+ krUNE EjL ere fp(E;) is the egui-
librium Bolizmann distribution fuuctxon which depends only
on the hole energy: fo{Ej) = Ce‘Ei/M where C = p-

i
4

2/12r)’ Z i\ e"r‘i/y‘ Tdsk]"i, kRr(D (E;) « 1, and pisthehole
f==1
density. Equations forthe functions R areobtained inthe

elastic approximation from the transport equation (see,

for example, ref. 7) and they are of the form
e Fo o [BRID(E) REV(ES é (E) 4
’ﬁ‘mé“’ e méi) = ”(E &;1 )’

£

™

where F is the electric field intensity; 1/'"r(i> and 1/7,1})
are the components of the diagonal — in terms of the x, v.
and z axes —tensors of the reciprocals of the intraband
and interband relaxation fimes, given by

1 3 2 o K
= T <z.~)s{23d9 o { a9 B )
LT S o
—)degE \d h kP E; (k) {k ))%= (5}
=)
i 3 2 k L
e e ke [ aswgpr e E,; (k) (1 — 3,0, (6)

Pij(k, k'} = P‘i.élEi(k) E {k")] is the probability of a tran-
sition from a dtate with a wave vector k in the band i to a
siate with a wave vector k' in the band j; Pij(k, k') depends
on the deformation and this dependence is calculated in the
Appendix for the scatiering by acoustic lattice vibrations.

We shall solve the system (4) for weak |n] < 1
{In | « Bk? and strong |7 | > 1 (n | » BK’) deformations.

In the case of strong deformations it follows from Eq.
{1) and the Boltzmann distribution that all the holes are in
the second band so that we can ignore the last term in the
system (4} and solve it only for i = 2,

If 2 = (my)/m; = (A—|Bi)/A + |B] < 1lmi=m(n = 0)]
and 7 = 0, the equations (4) for different bands are indepen~

dent to within terms ~ v? if H = ¢ and to within terms ~ v

it 0 = 0 (ref. 7). Therefore, in the case of wesk deforma~

tions, when we shall be inter e§ted in small deviations of
FERY

the guantities m<I Tﬁl), =)/ from their values in the

s
ot
=2
e
o
O
<
=
ja
<!
Q
e
o
>
o
t
o
=
19
=
@
ot
w
-3
[

n = (case, we can ignere the terms ~ 7 oy

term in Eq. (4.

After dropping the interband scatic

can be saolved easily for each of the hzm i
ple, the Appendix in ref. 8). The curveni is

the usual way in terms of the distribution functions’ {Vi1

- e

oy vt

fjm

dE{/dkg. § = Ze/@m)® ¥

=1

=1

and the galvano-

magnetic effecls are calculated easiiy.

If the dissipation of the momentum is due to the scat-
tering by acoustic phonons, the conducuvm, in the absence
Cn &’) is

of a magnetic field (j, =

0 P ;
2 s g &
Cp="3 3 (\1 T N, i
< 5
m?(3) )
. Ty
Ne=1%

S BT =
Here, 7; = 7 -Fi)\/Ei/x =

7?)(&, n=OWE /MT, t (;’ =
{(l/mgr)){ﬁm /OM/EN = s(i

{(1/~<l's{a (3 /5 (ne

o
Ep =0 Tg and m; are defined i ref, Tt follows
from Egs. (1) and (3) that (1/2)t, (" = LA\?/~-(‘/9>T ® =
@ = 0.3, The expressions for s,(J are obtained in

the Appendix [Egs. (A.7} and (A.8)] and for a semi~
conductor with the parameters of p-type Gel[y = 0.36,
by/a = 0.33, C? /02T = 2,76 (see ref, T), where Cy
and CT are fne velocities oflongitudinal andtransverse
sound, a is the deformation potential constant] these ex-
pressionsare (1/2)8 M= —g v(l):0.00I, ~-{1/2)5‘2(
0.05. Since | Sa( D« 1) |, in the case of weak deforma-
tions it is satlsfactorv to use the approximation employed
inrefs. 6 and © (i)

2) —
#Sx\)

0< i rilEik, ml, Le., 557 = 0.

In the case of strong deformations there is one aniso-
. . N . N : e {2
tropic band characterized by the relationships ma = m;,;'

(7> 1), UM, = 2/R (84 —1/21Ba/ln ), /M, = 2/R° & +

i

[Bin/inl), 'r( (7] > 1) = 7L v T/E, and itfollows from
the results in the Appendix that *0 ecan be taken from rei,
10, where we have to substitute Tg{ =79, =15, C7 =9,
C1,/Cy= L’C'P’ Ey=3/2ibi(exx—ezn)/ lexx— 25415
Eg=a—(1/3)5y.

For a semiconductor with the parameters of p-type
Ge, we have

1
i

TN, =—N, (1> 0)=1.06, N {1< 0}=10.67,
N> 0)=13.74, N] (< 0)==2.8.

__G 129 7\7'

144, (9‘)
Figure 2 shows qualitatively the dependence of the
conductivity of p-type Ge (T = const) on the deformation,
ploited on the basis of Egs. {7)-(9) and of the dependence
%) @) (Fig. 1).
If the current flows along the o axis, the magnetic
field perpendicular to the current is directed along the 8

ln{Hg =

0) —iy (H)rg)'}/{jn,(ﬁﬁ = 0)] in weak magnetic fields is given

axis and the magnetoresistance MC AU&,B/UQ =
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It is clear from Eqs. (10)-(12} that when the current
flows along the x axis the magnetoresistance of a deformed
semiconductor is different in fields H ||y and H| z. Since -
in ihe weak deformation case the main confribution to the
magnetoresistance is made by holes in the f{irst band and
in the strong deformation case the magnetoresistance is
dominated by holes in the second band |Egs. (10)-(12)], it
follows that when the deformation is increased the mag-
netoresistance anisotropy MC [txyz = (Acrxy/ao)/ AO’Xy .
(0,37 — 1] changesits sign on fransition from weak to strong
deformations, For a semiconductor with the parameters
of p-type Ge, we have

=154, L, (12> 0) =Lz (13> 0) =

LIW:()f L .:—Lzz
Ly O = E (1 0y =1.9, L, (72> 0)==3.18, L. (n<C0)=T7.27.

‘ (13)
Figure 2 shows qualitatively the dependence of the

magnetoresistance of p-type Ge on 1.

In strong magnetic fields the magnetoresistance be-
comes isotropic relative to the rotation of the magnetic
field and it is given by the expressions

y 7 9% (13— sV & ?\u)\
Hi«;j : (1,\

,, ‘\ ( — b= /
):1—%. (14)

We shall conclude by pointing out that although the
main attention has been concentrated on the magnetore-
sistance anisotropy, the expressions (7)-{(14) have a wider
range of validity. For example, when the current flows
along the compression axis (n > 0, j || ©).the magnetore-
sistance is isotropic but it is interesting to note the non-
monotonic nature of the dependence of the magnetoresis-
tance on the deformation in weak magnetic fields H [see

Sgs. (10) and (13)): Ao/og (I [ < 1) < Ad/og(0)< Ao/ o
{ini> 1), and so on,

The author is deeply grateful to Z. 8. Gribnikov and
Yu. A. Tkhorik for their constant interest and valuable
advice,

APPENDIX
We shall now calculate the {ransition probabilities in

the scattering of holes by lattice vibrations in defcrmed
p-type Ge using the theory of the deformation potential of
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semiconduciors with a complex band sivucture and
ing the Luttinger —Kohn method. !

Ignoring the deformation-induced chs
formation potential constants, which give rise to correc-
tions of the order of E/V, « 1 {V, is the alomie potential;

te the transition probability, compared with the deforma-

tion-induced changes in the carrier spectrum, we findthat
the electron—phonon interaction operator of a deiormed
semiconducior is the same as that of an undeformed semni-
conducior [see Egs. (1.29) and (1.37} in ref. 12]. Howevelx
if the eigenfunctions of the noninteracting electron—phonon
system are represented, as usual, as produocts of the elec.
iron functions I and the phonon functions y, we find that
the functions F should be obtained,

in contrast to ref, 12,7
from the equation for electrons in a deformed crystal:

- . aF
(SE)+ D) F=itip7. (A1)
Solving Eq. (A.1) in the same way as in refs, § and 12 {the
matrices Sand Daregiveninvref. 12), we obtainthe dispersion
law, eigenfunctions, and expressions for P pim which

kk'{)gqp’
are the probabilities of the scattering of an electron from
a state of energy E; k) to a state with energy Ep, (k') ac-
companied by the emission (+) or absorption {(—) of an
acoustic phonon whose polarization is v and whose wave
vector is g,,,. Inthe elastic approximation, we find in the
same way as in Eq. (2.12), in ref, 12, that P{{ is

K (x)aqy
given by

T Wi

P, = Pl (oq, 0 1B (B) — E,, (K], P;LI,’UK’(i)qw:ﬁpCE gt
(A2}
where Cy is the velocity of so of polarization v,
Wime, y=3E; , {k, n)3E, , {: “RE{OREWm (n),  (A.3)
8E, (v
|B! 3{e.k) (gk) — #* (e,a)] + 1 1{e.q) — 3e,,6,]
=afe,q) — (—1)% 5
2VBS | B [ (k2 —3k2) + oF
: (A.4)
5 (O (0} .- 1N 3 A B
BELVREL, = (e,q)° (a‘ — b U, (4.8)
Wim 1 (j iy
Fol =75 |1—-1
I
o Pk — Rt B (ke — 324 k7 3k 4 onp
= == > (A6
2VBSE L B q (B —3k2) 7 VB 4 (B[ (k% — 3% + ¢ | (4.8)

&, is a unit polarization vector, and a is the deformation
potential constant.!?

If the deformation is weak, we find from Egq. (8), where

Pl = 5 (Prl + Pvi' > and £ 1
i} ;_; {{ o+ k,K'(—) Qi s nairom gs.
, (i}
{A .2)-(A 6) that 7\ = il E;(k,m}: (1+s\l’ -n/El),
1 T 3 € 1 s T
—.—)s“’—s“’—0.0ZI (1—~y)2~—7f§‘y2J 1:(1 ——y)”%‘—;' (;f .“ﬁif =7
L ki T j
4 B (A7)
M-009—T-01y—002u + 2_”3! ](—032—]»1/—0021/“
3 C3} B!
. Moy 5(0024-064 ?‘,l )]
i 2 vr 21817 . \
— 5 == - ¥ C"‘} LlAVE)
IR RS PR
{ y)® % Y (1 T C%.,
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siion case the relaxation times

A.23-(A.6) are identical withthe

Plimes oblained

rom the theory of anisotropic
scatiering in ref, 10, However, in our case the deforma-
tion poteniial constants introduced in ref. 10 depend on
whether the semiconductor is stretched or compressed:
= (3/2) 1b1(£XX‘ EZZ)/EEXX_ E‘Zzlv Zg= a—~1/3 Ey.

Y15 the case of films these axes are selected in such a way that the 2 axis
is perpendicular to the plane of the film. Since films of p~type Ge on GaAs
and on sapphire are compressed® (e, < 0, [ €, 1> €5, > 0) and bB > 0
(ref, T), it follows that for these films we have n < 0,

Y Here the magneroreistance anisotropy is defined ac
g Y

Bo T
s e HEE)
- o
e
= Gle Bl
(4
where o= 8 # y, H isthe magnetic field imensity, and j isthe current density,
n Eq. (10) the expression (Aoyp /o)X |n} <« 1)denotes that the terms linear

in 7 are omitred because In(1/in | > 1.
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