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At present, explicit expressions for the electron g factor in crystals are known only for the fol-

lowing two cases: either the Fermi energy € i of the electrons lies at the edge of the electron energy
band, & (key), or the electron energy spectrum of a crystal can be approximated by the two-band
model. Here we obtain explicit formulas for the g factor in situations when the Fermi level € g is
close to but does not coincide with the band edge and when the two-band model of the spectrum
includes small corrections from other electron energy bands. In particular, we derive the expres-
sions that describe the dependences of the g factor on e p —¢ (key) and on the direction of the mag-

netic field for doped semiconductors. The results are applied to ITI-V semiconductors and to bis-

muth.

PACS: 71.18.+y, 71.55.Eq, 71.70.Di

1. Introduction

As is well known [1], the g factor of electrons in
crystals with inversion symmetry specifies the split-
ting of Landau energy levels caused by an interaction
of the electron spin with a magnetic field, AE =
= g(eh/2mc)H, and can considerably differ from its
free-electron value, g = 2. Here e and m are the charge
and mass of an electron, and H is the external mag-
netic field. In this paper we shall discuss the g factors
in the semiclassical limit when there are many Landau
levels under the Fermi surface of the crystal. Besides
this, we exclude from consideration those situations in
which magnetic breakdown occurs. In this case the
semiclassical g factor appears in the well-known quan-
tization rule [1—4] for electron energy ¢ in a magnetic

field,

S(e,kyy) :2n|e|H[n +

yig(g’kH)m*jy (1)
fic

4m

where S is the cross-sectional area of the closed
semiclassical orbit T of the electron in the Brillouin
zone, ky; is the component of the wave vector of the
electron in the direction of the external magnetic
field H, n is a large integer, the cyclotron mass
m* = (h? /21)(8S(e, kyy ) /@€), the constant v is always
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equal to 1,2 when the spin—orbit interaction is taken
into account [5,6], and the g factor ¢g(g, kg ) depends
on the location of the orbit I" in the Brillouin zone [7].

The exact equations for the g factor were derived in
Refs. [5,8]. ( In fact, they are another representation
of Roth’s results [9].) These equations take into ac-
count the dynamics of the electron spin when the elec-
tron moves in its semiclassical orbit. For this reason
the g factor depends on the entire orbit and is usually
not expressed in explicit form. On the other hand, in
many papers, see, e.g., Refs. [10—-26], the so-called lo-
cal g factors g(k) introduced by De Graaf and
Overhauser [27] for points k on the Fermi surface
were calculated, and the g factor of the orbit was ob-
tained by integration of g(k) over the orbit. In this
symplified approach the dynamics of the electron spin
is neglected completely. As was shown in our previous
papers [8,28], the symplified approach is approxi-
mately valid if the spin—orbit interaction in the crys-
tal is not too strong. Besides this, at an arbitrary
strength of this interaction there are two situations
when the symplified approach leads to the exact result
for the g factor.

In the first situation, which is characteristic, e.g.,
for doped semiconductors, the Fermi level of the elec-
trons practically coincides with a minimum (or a max-
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imum) of the electron energy band e(k), and hence
this (k) can be well approximated by the «one-band»
model,
h2 (koc - kex [} )2
e xe (k) + ) 2 (©)

2my,

a=xy,z

where k., is the point of the energy-band extremum
in the Brillouin zone, and m,, are all positive (or neg-
ative) effective masses at this point. In this case the
electron orbit takes the shape of a very small ellipse
surrounding the point k.., and the g factor of the or-
bit coincides to a first approximation with the local g
factor g(key ).

In the second situation the electron energy spec-
trum of the crystal can be well approximated by the
two-band model [28]. The two-band model can be ap-
plied to the description of the energy spectrum if in
some region of the Brillouin zone the energy gap be-
tween the band under consideration and some other
band as well as the energy differences between these
bands and the Fermi energy ¢ f are all relatively small
as compared to other energy gaps in the crystal. (Then
one may consider only these two bands, neglecting the
other bands of the crystal.) In this case the energy dis-
persion relations (k) for both the bands are found
from a quadratic equation that can be always reduced
to the form:

{8 vp(0) + va(O)]kT _
2

2
- Bg AL _ZV“(O)]T +qiki +aiky +q3k2,
3)
where v(0), v,(0), g4, g2, g3 are some real con-
stants, and £, is the energy gap between these bands
at some point of the above-mentioned region of the
Brillouin zone (we take this point as k =0). For ex-
ample, the electron energy spectrum of bismuth and
its alloys near the point L of the Brillouin zone is
close to this type. The two-band model can be also
useful for narrow-gap semiconductors. In this two-
band case the appropriate equation [8] determining
the g factor can be solved explicitly [28], and the re-
sult for the g factor of the electron orbit (this orbit
need not be small now) coincides with that obtained
in the framework of the local g factor approach. In-
terestingly, in this case the combination & = gm"/ 4m
is equal to +1/2 [29], i.e., the splitting of the elec-
tron energy levels in the magnetic field described by
the g factor coincides exactly with their orbital split-
ting. This result generalizes the well-known finding
of Cohen and Blount [30] obtained for a symplified
variant of the two-band model [31].
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The above exactly solvable cases can be applied to
real situations only approximately. In particular, the
Fermi energy in doped semiconductors does not lie
strictly at the edge of the energy band, and thus the
electron orbits have a small but finite size. In that
case, the g factors of such orbits slightly differ from
the ¢ factor calculated at the edge of the band,
g(key ). Since g factors are measured with high accu-
racy [32,33], the correction Ag = g — g(k., ) was ex-
perimentally investigated in a number of semiconduc-
tors [34]. It is clear that to calculate this correction,
one has to go beyond the framework of the local g fac-
tor approach. As to the two-band model, it suffi-
ciently well describes the energy spectrum of bismuth
when the wave vector k is perpendicular to the longest
axis of its Fermi surface at the point L, i.e., this model
is good enough for magnetic fields directed along this
axis. When the magnetic field deviates from the lon-
gest axis, corrections to the g of the two-band model
have been observed experimentally in bismuth [35],
and the accurate calculation of the g factor is possible
only if one goes beyond the framework of the two-
band model (and of the local g factor approach).

In this paper we consider one-band and two-band
extended models of the electron spectrum which in-
clude small corrections to the above exactly solvable
cases. These models enable one to describe the electron
energy spectra in a number of real situations. In the
framework of these extended models we find explicit
formulas for the g factor, using the theory [8]. In par-
ticular, the case of doped semiconductors is analyzed
in detail. As an illustration, the results obtained are
applied to IT1I-V semiconductors and to bismuth.

2. Calculation of the g factor

The ¢ factor in the quantization rule (1) is ex-
pressed in terms of the matrix elements of the effective
one-band Hamiltonian Hy of a Bloch electron in a
magnetic field. Since the electron bands are twofold
degenerate in crystals with inversion symmetry [4],
the Hamiltonian is a 2 x 2 matrix in the spinor space.
This Hamiltonian to first order in the magnetic field H
has the form [36,37]

Hef = () 1+ € H(k, n), (4)
C

where n is the unit vector directed along the magnetic
field H, ¢ (k) is the electron dispersion relation for
the band being investigated, k = K — (e,/ch)A(id,/7K),
A(r) is the vector potential of the magnetic field H,
and the function (k) in Eq. (4) is assumed to be
completely symmetrized in the components of k. The
2x2 matrix [eH[i(k,n) /c] describes the interaction of
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the electron spin with the magnetic field in the crystals,
and its elements satisfy the relations: pqq =— o9,
iy = tyy. In Ref. 8 (Appendix) it was shown how to
calculate this matrix explicitly when one starts from
the so-called k-p Hamiltonian [4] or from the Hamil-
tonian in the LMTO representation [38]. Depen-
dences of the matrix {i on k and on n, up to numerical
factors, can be also found using the theory of in-
variants [39].

In Appendix A of this paper we present the equa-
tions of Ref. 8 for the ¢ factor and find the g factors
for the one-band and two-band models of the spec-
trum. Let us denote the energy dispersion relation and
the matrix (i for the energy band under consideration
in these exactly solvable cases as ¢ © (k) and 0 O (k) (
p,p =12). Below we shall consider the models for
which one may write,

e(k) = O (k) + Ae(k), (5)

Hppr (k) = 1% () + At (K, (6)

where the terms Ae(k), Ap,. (k) are small correc-
tions. Assuming that these corrections are known, we
shall find the appropriate corrections to the g factors
of the electron orbits for these extended models. Note
that the orbits are slightly deformed by the term
As (k) in Eq. (5). The appropriate deformation is
found in Appendix B.

To find the g factor, we have to solve Eq. (A.2).
Note that it is always possible to reduce the matrix
¢ppr in Eq. (A.5) to diagonal form by a constant uni-
tary transformation in the spinor space. Thus, without
loss of generality we may assume that ¢y =—c9y =2,
c1p =c¢9y =0, with & from Eq. (A.6). Then Eq. (A.2)
takes the following form

. hc
1
|el

t =2ayp(k) +

+ Apgp ()t +2Ap0 (KT - Apfy(k), (D

where k = k[t,¢]: see Appendix B. The solution of this
equation can be represented in the form

(¢) = Ce —iglt) Ax(t),

where the first term is the solution of Eq. (7) at
Appyy =0; C is some complex constant which should
be found from the boundary condition (A.3); Azt is a
small correction proportional to Ap,,, and

t
(1) =2K|;|CHJ‘dt’w(k[t’,8]). 8)
0
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Inserting ©(¢) thus obtained into Eq. (A.4), we
eventually arrive at

Ag = gl kyy) - g(O)(S(O)ka) _

m A

4 P -
M2 M Ay + Re (ApppO), (9)
m* n fi
where the first term is due to the deformation of the

electron orbit (i.e., it is caused by Aes (k)),

Ap =o(T) — @ (1),

the function (p( (T is glven b formula (8), but
Wlth k[t',e] replaced by k k© [t e ] in the argument

v (note that accordmg to Eq. (A.7), one has
m(p (T)/(Ttm*) g @) the bar over Ap,, means
time averaging over the period T

T
— 1 - (0) o
Apr' — ?Idtr Apr' (k(()) [t’,S(O)]) ezq) (t)(P P ),
0

and the constant C is determined from the equation,
= (Apyp)* =0.

1_ el(P(T)
—|C
2mm *
(10)

It should be also emphasized that we are finding the
difference in the g factors calculated at different ener-
gies ¢ and e©. However, since the difference & — g©
is small, Appendix B, and we calculate Ag in the first
order in Ae (k), Ap, (k), one may neglect the differ-
ence between ¢ and £ in Eq. (9).

In the case of the one-band model, Appendix A, the
function y =1, and thus Ap =0. This means that in
this case the Ag is determined only by Ap,y rather
than by As(k). Moreover, if the combination &
=g Oy / 4mis not close to an integer or a half- mteger
(i.e., if the appropriate difference considerably ex-
ceeds m"| Apyy| /7)), the constant C is relatively small,
and the third term in Eq. (9) may be omitted. Then
we arrive at simple formula:

AM12C2 +2 {AM“ + ih

AmApy g
EE— 11
P (11

In the case of the two-band model, Appendix A, the
Ag depends both on the Ap,, and on the Ae(k). Be-
sides this, since in this case the electron energy levels
in the magnetic field are doubly degenerate
60 = +1,/2), the constant C is not small, and it fol-
lows from Egs. (9), (10) that

2 0
ag = [T he  dmhug | amAal” )
m" 1 | |

Ag =
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3. Semiconductors

To apply our results to semiconductors, let us con-
sider more closely the case of the one-band model of
the electron energy spectrum, Eq. (2). Assuming that
the energy is measured from the band edge e (k,, ) and
the wave vector k from k., equation (2) is rewritten
as follows:

e© (k) = Zh2k§ Qm) ™", (13)

a=xy,z

where k, are the components of k. As was mentioned
above, in the one-band case the correction Ag depends
only on Ap,, rather than on the correction to the en-
ergy dispersion relation, Aes. Thus, it is sufficient to
consider only Ap,, here. Since M(O), is the constant
matrix, Appendix A, the first correction to it is pro-
portional to k. However, this linear correction may be
identically equal to zero due to symmetry of the crys-
tal, and so we shall treat both the linear and the qua-
dratic corrections to u;(l))),:

n) =c+ > b%, + D a%Pkyks,  (14)

aA=X,Y,2 o,B=x,y,2z

where ¢ = ﬁ(o), and b “ 4B are some constant matri-
ces. The matrices ﬁ(o), b*, a*P depend only on the
unit vector n=H/H.

It should be also noted that formula (11) was de-
rived in the representation in which the matrix c is di-
agonal. If this matrix is not assumed to be diagonal,
formula (11) transforms into

T *
Ag :@IdtCMAMM + Re (012AM12)’ (15)
aT 0 N

where &, = \c?y +|cqpl* = /[~Det (&). Using Eqs. (15)

and (14), we find that

2m mye
Ag =27 [aslh’; —5’]+bnkH +ank121], (16)

where kg =n'k; n =H/H, and the n-dependent pa-
rameters m,, b, , a,, a are expressed via traces of the
matrices &, b%, a*P as follows:

_ § 2
n% - My Mg

a=x,Y,z

b, =m; ZnamaTr h*),

a=x,y,z
ZnanﬁmamﬁTr (éa™?),
o,B=x,y,2

a; =m;! ZmaTr(éd‘m) -a,.

a=xy,z

a, = m,;2
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Experimental investigations of the oscillation effects
enable one to measure the g factors of the electron or-
bits lying in the extremal cross sections of the Fermi
surface (with respect to k) [1]. For spectrum (13)
the extremal cross sections correspond to kg =0, and
for such orbits we obtain from Eq. (16)

2mm,,
509
Formulas (16) and (17) are the main result of this
section. For a given matrix An,, (k,n) they enable
one to find Ag explicitly for various ¢, ky, and di-
rections of the magnetic field n. However, these
formulas fail for such 8@ = g(o)m*/ 4m  that
sin (2nd (0)) ~ 0; see Sec. 2. A more accurate estimate
of the condition under which Egs. (16) and (17) hold
true yields

Ag(e kyy =0) =¢ . (17)

} sin (22756(0))} - ;AZZ*! (18)
P

Note that the intervals of 3 where Eqgs. (16), (17)
fail are very narrow when Ag is small.

4. Examples

II11-V semiconductors

As an example, consider ITI-V semiconductors, and
in particular, the well-known GaAs, which are widely
used in practice. The semiconductors of this class have
the zinc-blende crystal structure with the point of the
band extremum, k.., being in the center of the Bril-
louin zone, i.e., Ry =0. These semiconductors have no
center of inversion, and strictly speaking, the electron
energy levels in these crystals do not degenerate
in spin even without a magnetic field. However, near
the center of the Brillouin zone this splitting of the
electron energy levels caused by the spin—orbit inter-
action is considerably less [40] than the splitting
AE = g(eh/2mc)H caused by the magnetic field that is
usually applied to the samples in experiments. In this
context the concept of the g factor is justified and is
commonly used to describe the electron energy levels
in magnetic field for IIT-V semiconductors.

The correction Ag has been investigated experimen-
tally in these semiconductors, and it was found that [34]

Ag(e) =Pe (19)
for the extremal cross sections (kg =0). The coeffi-
cient p varies from 144 eV ™! for InSb to 22 eV ! for
InP. Note that relation (19), found experimentally, is
in complete agrement with our result, Eq. (17).

Let us take the axes of the coordinate system along
the principal crystal axes. Then the energy dispersion

Fizika Nizkikh Temperatur, 2004, v. 30, No. 12
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relation for these compounds has the form of Eq. (13)
with my =my =m3 =m*, while the matrix fi(k,n) can
be written as [40,41]

)
%ﬁ(k, n) = gT wp6n) + ak2(6n) + 2a5(6k) (kn) +

+ag(S k2n, +6 k2n, +6,k*n,), (20)

Yy y Yy
where n =H/H, ppg is the Bohr magneton, g(o) is the
g factor at the band edge, and a4, a5, ag are some con-
stant real parameters (expressions for these parame-
ters in terms of the band-structure parameters can be
found in Ref. 41). The first term in this expression
describes u(O) = ¢ [see Eqgs. (6), (14)], while the other
terms in Eq. (20) give Ap, . Note that the term lin-
ear in k is absent. Inserting these A, into formula
(16), we immediately arrive at

8mm * ¢ Zklzq
Ag(e ky) = | s+ 2as T
7°él 2m

ki |
+ag | eF0,0) + = ZO—SF@@D_r (1)
m

where

1
FO.0) = 1|1
=y

2 |-

a=x,y,z
=sin 20 (sin® 0 cos® ¢ sin’ ¢ + cos °0),
and the angles 0 and ¢ are defined as follows:

n = (sin © cos @, sin 0 sin @, cos 0).

Expression (21) completely agrees with that calcu-
lated in Ref. 40. At ky =0, formula (21) yields

8mm * ce

Ag(e) =
|| 3

(ay + agF(0,9)), (22)
i.e., we obtain the expression for the coefficient f§ in
relation (19). For the case ¢ = n/4 formula (22) coin-
cides with that derived in Ref. 41 by another method,
and it very well describes the experimental angular
dependences of Ag for GaAs [42].

According to Ref. 34, one has g ) = -0.44 and
B ~6.3 eV~ for GaAs. But it is well known that
even a small amount of Al significantly shifts g © o
positive values. This property of the compound
Al Ga_,As is now used in the spintronic devices
[43]. At a concentration x ~ 0.1 the electron ¢ factor
g© ~0. Then condition (18) fails, and Eq. (9) must
be used to calculate Ag. Eventually, in the region of
concentrations x where g ~ 0, we obtain
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*
Ag = Snm;HCS\/[cM + aGF(e,cp)]2 + aéG(e,cp), (23)
e
where
sin %0 9 9
G©,9) = [cos“O(cos 4 + 7) + sin® 4p].

Note that the angular dependence of Ag described by
Eq. (23) differs noticeably from that given by Eq. (22).

Bismuth

In bismuth near the symmetry points L of its
Brillouin zone there are two bands, £y (k) and ¢, (k),
which are close to each other and to the Fermi energy
[1,35]. (These bands which we denote by subscripts 0
and a are separated by a gap £, =g —&, ~10meV at
this point.) The electron Fermi surface of Bi consists
of three «ellipsoids» located near the three points L.
The symmetry of this point is Cy,. It is common prac-
tice to put the origin of the coordinate system (i.e.,
the point k =0) at L, to take the x axis along the
twofold axis Cy, to place the yz plane on the reflection
plane 5, and to choose the y axis in the direction of
the longest principal axis of the ellipsoid (this axis is
approximately ten times longer than the other two).
Since the Fermi surface of bismuth is elongated in the
ky direction, the two-band model is not sufficient to
describe the electron energy spectrum in this direc-
tion, and the following extended two-band model of
McClure [44,45] is commonly used:

2 2
r(ao—(xa)kzl |—Eg (oco-l-oca)k;—l
g—— I oLy Iy
S e E R

+qtky +laof* ky +a3k2, (24)

where the energy ¢ is measured from the middle of the
energy gap E, at the point L; o, o4, g1 and g3 are
real parameters of the model, while ¢, is an imagi-
nary constant, Re(g,) =0. The values of all these pa-
rameters are well known [46,47]. It is essential that
the value of |g,| is relatively small. It is for this rea-
son that the Fermi surface is elongated in the &, di-
rection, and the terms ocoky o ky are taken 1nto ac-
count. Without these terms, Eq. (24) reduces to the
two-band model.

The g factors of the central cross sections of the
Fermi surface of Bi have been measured with high ac-
curacy [35]. When the magnetic field is directed along
y, one has k, =0 for the central cross section, and Eq.
(24) reduces to the two-band model. This model suffi-
ciently well describes the spectrum of bismuth in this
situation, and hence 3 = gm* /4m ~1,/2. If the mag-
netic fields deviates from the y axis, a correction to
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this two-band result appears, and this correction was
calculated in Ref. 28 for an arbitrary angle between H
and the y axis. Here we shall consider the terms with
o, o, as small corrections and shall find Ag for the
conduction band g (k), using Eq. (12). Tt is clear that
this approach is valid at sufficiently small angles n be-
tween H and the y axis.
It follows from Eq. (24) that

g0 (k) = (k) + Ae,

e Q0 = (B, /D + g3 Hqal k2 +q3k2,

(oco—oca)kj E;, (a +oca)k;
Ag = + .
4 28(()0)(1() 4

The matrix elements of [i for the central cross sec-
tions of the Fermi surface of Bi were calculated in
Ref. 28. They are

Mo11 (@) = i + Apyy = A[-iBqaqsn, +

+p0(Ey =) +p, (P Hul*) + tGu” + V)], (25)

WM2®)5F4?'+AHQ::AﬁBQKqWM —qan;) -
2 tu + Vo(E, —€)? +v,t2 —v,u®], (26)
where

A=[(E, —e)Ey+E, —-2)]7";

E o
_ . _ Y 0a ;2 |
B—(Ea +Eg+s)/h, Eoyd(k)—i{2+ ) ky}

t=qiky; u :CI2ky +q3k,,

and

~ ~ .y z
Poa =P0axsV0,a = Vo,a"y T V0,a"z-

Here n; are the components of the vector n =H/H;
Po, P, are some real constants, and vg, vlovE, Ve
are constant complex parameters. The matrix ﬁ(()()(s
is obtained from Eqs. (25), (26) by setting py, =
:Vg,a :v‘; =g, =0. Note that Egs. (25), (26)
take into account corrections to the two-band model
even for magnetic field directed along the y axis
(n, =n, =0).
Using Eq. (12), we obtain

1 & 2 1. 99 99 Eg L
8 ~5 +2A{h|q2|q3nxp +§(q1nZ +q3nx)(1 —2—§ o+
+ hqy Im ([g3n, +ilqs|n, 1[v/n, +v2n2])}
27)

1298

where
2 2 2 2 2 2 2 2 2
A =nyq1q5 + nzqilqal"+nilqal” g5
E, T |

[ E, |
D= 1_79 — 1+7gy
p paL 28J po{ ZSJ
E E
Vﬁ:vg1——g +vg1+—g,
2e 2e
E E
(Y:oc01+—g —oca5+—g,
2e 2e

with B =y, z. Formula (27) can be further symplified
if one takes into account that this expression is valid
only for n,, =0 and that the ratio (q51* /q193) is of
the order of 1072 in bismuth [46,47]. Then, we may
put A = niq%q%, and eventually we find

8 =58(0) + Cy tan ncos ¢ +
(28)

where the following parametrization for the vector
n=H/H has been used:n =(sin nsin¢, cos m,
sin m cos £). The quantity 8(0) is the value of & for
magnetic field directed along y, i.e., when the angle n
between H and this axis is zero. Note that this 8(0)
differs from 1,/2 if the parameter v/ has an imaginary
part,

+tan? [Cy, sin 2 + C,, cos 20,

he
29193
The constants Cy, Cy,, Cy, are

Im v7.

6(0)=%+

7 _ _
Cy 2782(C]3IH1 vZ+qy| Re v¥),

2q4q3
h8| |, e—E,/2 _
Co, = ;’2 p+ (]2 o,
29193 16g1
e—-FE_ /2
Cy, = h8|q22| Re vi + ——a
24493 1643

It is clear from these formulas that an experimental
investigation of angular dependences of & in the xy
and yz planes (i.e., in the planes £ =xn/2 and £ =0)
near the y direction would enable one to measure
8(0), Cy, Cy,, Cy, and hence to extract the parame-
ters Imv?, g3Imv?+/gy| Re v¥, Re v?, and p from
the appropriate experimental data.

In Fig. 1 we compare the 3 obtained using the ex-
plicit formula (28) with the & calculated numerically
in Ref. 28. Note that in Ref. 28 the terms ocokj, ocaki
were not assumed to be small, and hence the results
for & are valid even at n ~n/2. Interestingly, the ap-
proximate formula (28) describes & quantitatively
even if the vector n substantially deviates from the y
axis.
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Fig. 1. The dependence of & =gm"/4m on the mag-

netic-field direction in Bi, Eq. (28), (solid lines). The val-
ues of the parameters are the same as in Ref. 28. The mag-
netic field lies either in the yz plane (a) or in the xy
plane (b). The angle m is measured from the y axis; the
positive direction of y is taken as in Ref. 35. The dotted
lines show the appropriate results of Ref. 28, which well
describe the experimental data [35].

Appendix A: formulas for the g factor

Here we present the equations determining the g
factor [5,8] and the solutions of these equations [28]
for the cases of the one-band and two-band models of
the electron energy spectrum.

As is well known [4], in the semiclassical approxi-
mation an electron in a crystal in a magnetic field H
may be considered as a wave packet, with the wave
vector of the packet k moving in an orbit [7] T in the
Brillouin zone. The dependence of the wave vector k
on the time ¢ can be found from the equation,

|e]

nk =9 H x v(k)], (A1)
C

where the electron velocity is given by

1k
V(k)—ET
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During the electron motion in the orbit T, the di-
rection of its spin s changes due to the spin—orbit in-
teraction. To describe the direction of the electron
spin in the semiclassical approximation, we introduce
the complex parameter t(k) that defines the compo-
nents of the electron wave function ¥(k) in the spinor
space of the Hamiltonian (4) as follows:

Y(k) [q .
T

This definition leads to the following representation
of the electron spin at the point k of the semiclassical
orbit:

o= 1 (Rer, 2Im, 14+%)
2 1472 '

Then, the dynamics of the electron spin may be de-
scribed by a function (¢). This function obeys the
equation: [5,8]

iy elH *
iht = L(Mﬂz +2114T — pyp).
C

(A.2)
Here poo = ppo [k(£)] are the matrix elements of the
matrix { in Eq. (4), and k(¢) is the function deter-
mined from Eq. (A.1). The boundary condition to
Eq. (A.2) is

o(T) =(0), (A.3)

where T = 2nem * / (el H) is the period of the electron
motion in the orbit T, and m * is the electron cyclo-
tron mass.

On calculating the functions k(¢) and ©(¢), the elec-
tron g factor for a closed orbit I is given by [5,8]

T
g= _2m|€|HJdt (M11(k) + Re {’C(t)Mz(k)}) (A.4)
0

nm*hic

Here k denotes the function k(#) determined from
Eq. (A.1). Since the combination |e| Hdt/c is propor-
tional to the infinitesymal element |dk| of the orbit T,
see Eq. (A.1), the appearance of the factor |¢| H /c in
Eq. (A.4), of course, does not mean the proportional-
ity of g to H. This factor is due only to the pa-
rametrization of the electron orbit with the use of the
time ¢.

For the one-band and two-band models of the elec-
tron energy spectrum, the orbit T is an ellipse, and the
function k(¢) is easily found from Eq. (A.1). In both
these cases the matrix Hopp' has the form [28]

1 (k) =y (Kepy (A.5)
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where p,p'=12, y(k) is some real function of the
wave vector (and of the electron energy), and c¢qy =
=—cyy and cyy =cyq are real and complex constants,
respectively. Using Eq. (A.5), equation (A.2) with
boundary condition (A.3) is solved exactly,

’CZ(—C“ i)\.) /612,

2 =\/(C11)2 + |C12|2-

Then, it follows from Eq. (A.4) that the g factor for
these models is

where

(A.6)

2mk elH
g = 2m)| el H

nm*he

Idtxy(k(t)) (A7)

In the one-band case one has [28]wy =1, Cop' =
= tpp (key), where ke, is the point of the band
extremum in the Brillouin zone. Using the formula
T =2nem”/ (el H), we obtain,

g«)) = dmi /h.

Note that in the one-band model this g(o) does not de-
pend on the energy and thus coincides with the g fac-
tor at the band edge.

In the two-band case one has [28]

il - e 05y nv . (K] 1,
2e — i[v((0) — v, (0) ]k
where ¢ is the electron energy, and the other notations
are as in Eq. (3). The explicit expressions for c,, are
presented in Ref. 28. Integrating Eq. (A.7), we now
arrive at [28]

g =2m/m*.

Note that in this case the combination & = gm * / (4m)
is equal to £1/2, and thus the electron energy levels
in the magnetic field are doubly degenerate [29].

Appendix B: deformation of the electron orbit

An electron moving in the semiclassical orbit in a
magnetic field has a constant energy s. Suppose that
the solution of Eq. (A.1) for the dispersion relation

¢ (k) is known, and that the electron orbit at the en-
ergy e© is given by some function k@, @] we
now find the new orbit

kt,e] = kOt @) + Ak[£]

which corresponds to the new energy & and to the
modified dispersion relation (5). We obtain

1300

k() = F (kP (®) + [n x v x

T
j dt VO )P F@)

XF(t)_OT )

Idt’(v(f)(t’))Z
0

where n = H/H, and Vio) is the component of the ve-

locity v® = (1/h)(68(0) (k) /&k) perpendicular to the
magnetic field,

t
,ed
F(t) = _([dt E[VkLFH(k)] ‘kekm)(t’)’

and

[e - e©@ _Ae (k)]Vg_O) (k)

F (k) =
” 7 v® (0]

In calculating the change of the ¢g factor, Ag, it
is convenient to chose the constant £ so that the pe-
riods of the electron motion (and hence the cyclot-
ron masses) are the same for the orbits k[t,&] and
kO, ie.,

T
AT =T -T©® - J‘dt’ Vie Dl oy =

- T k() =0,
eH

This condition is assumed to be fulfilled through-
out this paper.
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