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We derive the kinetic equations for the density-matrix components and the quasiclassical
transport equation for densities and fluxes for a two-dimensional electron system with spin-orbit
interactions. Using the transport equations we evaluate the main characteristics of combined
resonance—the amplitude, line shape, linewidth, and saturation. We also consider nonlinear
resonance effects—second-harmonic generation and rectifying effect—and spin resonance when
alternating electric and magnetic fields act simultaneously.

1.INTRODUCTION

The two-dimensional electron gas in heterojunction
MIS structures or on the surfaces of semiconductors is the
result of size quantization in an axisymmetric potential well,
so that the symmetry admits the presence, in the Hamilto-
nian of these electrons, of a spin-orbit term which is linear in
the momentum'~:

X o=—"1[aV]p. (1)

The vector V which has the dimensions of a velocity, is here
oriented at right angles to the plane of the two-dimensional
states. The operator 77, modifies the normal spectrum of
the electrons in a magnetic field which connects the Landau
quantization with the spin.' Resonance absorption of an al-
ternating electric field occurs at frequencies which depend
on V and which can be realized either as cyclotron resonance
(CY) corresponding to transitions without spin changes, or
as combined resonance (CR)—transitions between the spin
branches without a change in the number of the Landau
level.!

An analysis of the experimental data*> about resonance
absorption in the GaAs-Al,Ga, _,As heterojunctions was
given in Refs. 2 and 3, where the manifestation of the spin-
orbit interaction (1) was revealed and an estimate was given
of the spin-orbit constant a =#V /2. Dorozhkin and
OPl’shanskii,® using their own measurements and also those
of Ref. 7, estimated the spin-orbit coupling constant for the
hole channel on the (110) surface of silicon using the discon-
tinutiy in the Shubnikov oscillations of the conductivity. Ac-
cording to the estimates in those papers the spin-orbit con-
stant is @~ (1-6) X 107 '° eV-cm. We use in the present
paper the transport equations for the densities and the fluxes
to obtain the basic characteristics of the resonance absorp-
tion of two-dimensional electrons in an arbitrarily oriented
magnetic field B and alternating electric and magnetic fields.
We consider nonlinear effects—saturation of the resonance,
resonance excitation of the second harmonic, and rectifica-
tion effect.

To describe the two-dimensional system we use the
Hamiltonian

H=p2m+¥ —,Q.0, (2)

where p= — iV —eA/c, A is the vector potential, and
Q, =guyB. It is well known that in semiconductors the
band mass m is smaller than the “spin” mass m, which deter-
mines the spin magnetic moment of the electron. In a paper
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by the present authors and Khmel’nitskii® the manifestation
of CR was studied for an electron system coupled to a dislo-
cation and described by a Hamiltonian similar to (2). It was
shown that the shape of the CR line observed experimental-
1y° enables one to explain a number of specific properties of
the electron system. In the two-dimensional case the CR
picture turns out to be even richer and can offer new possibil-
ities of studying the properties of electron systems.

2.KINETIC EQUATIONS AND TRANSPORT EQUATIONS

We shall start from the Liouville equation for the
Wigner distribution function:

r+u/2

i(p,r)= S‘duexp(ipu+i—i j Adl)f(r—llz_’r+12)’

r—u/2

where f (r,,r,) is the density matrix—a 2 X2 matrix in the
spin indexes—which has the form
=
~ - 1 0% 0
——+i[9€,]’]_+——[ f] +i[eEj+i %B]
at 2tgp;" o 2 cl op

1 9(R46) af 1 i~
+ a—,,,.JfSt i) (3)
Here [,] + indi/gatgs, respectively, a commutator or an anti-
commutator, S t( f) is the collision operator, and ¥ is the
same as (2) with the quasimomentum p replacing the opera-
tor p. Equation (2) is valid for electric and magnetic fields
which vary slowly in space. If we write f (p,r) in the form

i="/.(F*+Fa), 4)

we get from (2) and (3) a set of equations for the scalar F°
and the vector F parts of the distribution function:

I ) - wlvegllr
ot (8E+‘_[mB j Op;  2c v de !

10Q, OF | p; 0F° 1 [_a_ - ,
Ty ar; 0p1+70—r1—‘—2 ar F]*Sp(St(F , F)),
(5a)
OF ‘ e[ p oF
12+ VoL Fl+ (B4 2L 5]) T

— V][]

16Q, 0F°  p, oF 1[ 0 oo n
IR ok R i A LA G

St (F°, F)).
(5b)
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It is necessary to note that if the external fields are constant
in space, the kinetic equations (3) and (5a), (5b) are ex-
act—they do not contain the semiclassical approximation.
In particular, when E = 0 and the magnetic field is at right
angles to the plane, the equilibrium functions F§ and F,
making the left hand sides of Egs. (5a) and (5b) equal to
zero can be obtained from the exact wave functions and
eigenvalues of the energy.”

In what follows we conduct our analysis in the semiclas-
sical approximation €5, 7> (.. In that limit we can use the
classical expression for the collision integral.® In the case
when the mean free path is considerably shorter than the
other spatial scales of the problem, such as the size of the
specimen in the z = 0 plane and the electromagnetic wave-
length, and the spin-orbit interaction is weak,

V(p*)t<Q, 17, (6)

we can obtain from the kinetic equations (5a) and (5Sb)
transport equations for the densities and fluxes:

o=J ') (@p), w=JF)@p),
=] [ B+ ve) ] @), %

0
=2 S myvie] @),

Here p and p are the particle and spin polarization densities
per unit area (the magnetic-moment density is M = yzgu/
2),17and J j" are the components of the particle and spin
polarization flux densities (here and henceforth the upper
index in ] { refers to the spin and the lower one to the coordi-
nate). One can show in the same way as in Ref. 8 that in the
transport equations one gets from the collision operator, in
the leading order in V, relaxation terms that are diagonal in.
the flux components and have the same relaxation time 7 for
I and I }. The set of transport equations is the following:

dp d]jo
pLAS =0, 8
dt drj 0 ( a)
duk Ml:_uoh ( 1 1 ) a],k
= Fl——— - +—
T T\ (W—16,8) Cn o,
+HQuulutmV (1, —8,.1,") =0, (8b)
d[jo Ijv 1 [ 0”] '_pz ()p
—_—t———V—| +[QI'),+ ——
ot T 2 at J; [ L 2m?* 9r;
14 (alj“ 6],'y) 1 . Q4 €p
V(o oty =g,
2\oy  oz! a2m" or; m " (8¢
Y E P p
th + —é— + enlhglnljl+eijngcnljh+v (’Zn‘ w— 'E‘ Qu) B
pp ) ] P owm V9 0
- é—n—;u —‘2_9“‘ O +2—m—2'5;—"2*—£—[ethzlj tend,’]
p 0Qu ekE;
m ar; m e (8d)

Here p = y,B is the vector of the equilibrium spin polariza-
tion (y, is the static spin susceptibility), { = B/B is a unit
vector along the constant magnetic field, e;; is an antisym-
metric unit tensor, = eB/mc, and
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P { ex/2 1 {2/6,
2m

T %o = —2‘ gUsPo T
for the degenerate and nondegenerate cases, respectively. In
deriving these equations we have used the approximate rela-
tions

1 =
j (dp) pipitn = 5P T

and we have also introduced the phenomenological spin-
spin (7},) and spin-lattice (7',) relaxation times. We assume
that 7', , >7. Furthermore, we consider the spatially uni-
form case when we can drop in Egs. (8a)-(8d) the terms
with spatial derivatives.

3.COMBINED RESONANCE

We consider the situation when an alternating electric
field E(z) = E exp( — iwt) acts upon the two-dimensional
electrons, as dues a constant magnetic field B oriented at an
angle ¢ to the normal n, to the surface (the x axis lies in the
plane of the vectors § and n, ) (Fig. 1). Itis convenient to let
the upper indexes (of the spin polarization) refer to the
(&M = n,,t) coordinate system and the lower indexes of I
and / j" to the (x,y) system in the plane. Moreover, we intro-
duce circular components of the fluxes and the spin densi-
ties:

l=I+ial,,
n=pitipu

IP=IpIn,
(a, p==1).

To take into account saturation effects it is necessary to write
down not only the equations for the alternating components
I°,1%,1%, and i, but also the equations for the rectified
components ¢ and 77 (the components 4, T4, and ii° are of
higher order in the small ¥ thantou?, T%, and jz*, respective-
ly, and we therefore need not consider them for CR)

[1+i (aG.Q.—w) ]luo_l/k(ﬂTVZ ?’(1+aﬁ§z) l‘-ﬂ=VPEm (%a)
B

(/T (pRu—w) L+ amV Yy [ (1+a8L.) L. aBElst]=0,
: (9b)

[1+it(at.Q—o) ]I,}—’/szDZ (1+apt.) WP=vii*E,, (9c)
8

[1+it(at.Q.+8Q.—0)] L'+mVDaptut=0, (9d)
LT,/ mV Yy (1-aft.) I.P=0, (%)
a,B

[1+it(at.Qu+8Q,) 1LA+mVD (1—apt.) (Bi—po) = 21E_;m.
(9f)

FIG. 1. Oreintation of the coordinate systems.
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We introduced here the static mobility v = er/m and the
diffusion coefficient D = p?r/2m? Eliminating the spin
fluxes 7§, 1%, and T?, we get equations for u¢ and u? which
are the same as the Bloch equations. It follows from the set
(9) that the spin density component &', which contributes to
the flux 7°, experiences resonance at the frequency w = €,
[see Eq. (9b)]. The expression for the resonant spin density

0T, (1—i(Q—0—A0)T2) %o

w1 can be written in the form

VB
TS X (kv (@) B o), i

where the v, (0) = v/(1 + ir(a§,Q, — w)) are the circular
mobility components, made up of the transverse
(¥xx =v,,) and Hall (v,, = — v, ) components,

x(w)=

147 (Qi—0—Aw)*+T.T,(mV/4)*

is the resonance susceptibility,
1/To=1/T+/.D(mV)*Re S (o),

1 1 1 (1+ag,)®
= —+—D(mV)?
non e ) Z 17 (Qu a2

T, and T, are, respectively, the spin-spin and spin-lattice
relaxation times,

Ao="/.D(mV)*Im S (w)
is the shift in the resonance frequency, and
1+at,)* 282
Sy= Y[ e R ],
- itit(af.Qc—ow) 1+it(ag,Q.+Q—w)

The corrections to the spin-spin and spin-lattice relaxation
times arise due to the random changes in the spin precession
axis in scattering by impurities and phonons (Ref. 1)." Us-

ing Eq. 9(a) we write the conductivity flux density in the
following form:

el = 2 (03" (0) Saart e (©) ) Ea, (12)

ay

where 0\ = ep,v, (@) and the part of the effective conduc-

tivity which describes CR has the form
Oen ==/ (mV)*(1+aL.) (1+a,5:) va(0) Ve (0) Bx (0). (13)

The intensity of the absorbed energy per unit area of the
conducting layer is

1 1
0=‘_2_Re eE'Io='4—Re20amEa.Ean (14)
The resonance absorption of a wave which is linearly polar-
ized atan angle ¢ tothexaxis (E, = E, exp ia@) is given by

the following expression:

Qcr="1E(cos* ¢ Re oSF -+sin*¢ Re afy"‘ 7, (15)
where

R == (mV)By(0) (vaTilvie)?, (15a)

o =—=11.(mV )2 By (0) (E:vative)? (15b)

If the magnetic field is not at right angles to the conducting
layer (£, #1) the absorption is anisotropic and depends on
the direction of the polarization:
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y (1+a;,)valzu! 2

(11)

r

CR
UXX
CR

Uyy

_ 1+7* (0+E.°Q.) . (16)
t2 1+ (01+Q0)%)

In particular, if the magnetic field is parallel to the surface
(&, = 0) there is no resonance absorption for waves which
are polarized at right angles to the field.

The basic characteristics of the resonance—amplitude,
shape, width—depend significantly on the relations between
the reciprocal relaxation time 1/7 and the characteristic fre-
quencies {1, and (..

1. The simplest case is when ), S Q, € 1/7. In this case,
irrespective of the dependence on the orientation of the mag-
netic field and the polarization of the wave, the absorption
curve has an antiresonance shape with a dip in the region of
the spin frequency. The resonance width equals.

1T.=1/T,+D(mV)*(1+8.%/2), (17)

and the resonance frequency shift Aw is much smaller than
its width. For a wave polarized along the x axis the ampli-
tude is independent of the direction of the magnetic field and
for a wave polarized along y the amplitude is proportional to
[

2. In the opposite limiting case . X ), > 1/7 there oc-
curs not only spin resonance, but also the broader and
stronger cyclotron resonance the frequency of which de-
pends on the inclination of the field (£, . ). When the reso-
nance frequencies are the same (§, = Q,/9Q,) the charac-
teristics of the spin resonance are changed appreciably. The
spin-resonance frequency shift

_ PV (2150 (2,18 +26.7Q.)

A 18a
=Ty (205 +4(Q/7)° (182)
and its width
O (=
T, T, 41 \.2Q2+1/1
14+E.2) (£.2Q2+Q,) +H4E.2Q.Q,
LU @ ) +4T ) (18b)

(52Q:2—Q.5) +4(Q/1)*

depend resonantly on the inclination of the field and the
frequency shift changes sign for {, =, /.. The shape of
the CR curve has for any polarization of the wave the shape
of ordinary Lorentz resonance for practically the whole &,
range and is distorted only in a small neighborhood of a
“resonance” inclination of the fisld = = O /0  When
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FIG. 2. Curves of combined resonance in a strong magnetic field for dif-

ferent orientations of the field relative to the normal to the surface: 1—

3 =0° 2— =22.5°, 3— =135.3°, 4—3=90° (, =, cos¥). We

used the following parameter values: £,.7 = 15, Q. 7= 6,Q,7 =2, mV 27/

2=10""

&, =0,/Q, the CR curve takes the antiresonance shape
and the ““dip” occurs in the center of the broader cyclotron-
resonance curve. The CR amplitude also depends resonantly
on the inclination of the field and for a wave polarized along
the x axis

oon o (QHE0)" (19)
= (.2Q.—Q,)*+ (2Q,/1)*’
and for a wave polarized along y
(‘Zz QB+Q‘ 2
o5 e (979 (19b)

TG00 /)
We show the CR features mentioned here in Fig. 2.

4. RESONANCE SECOND-HARMONIC GENERATION?

As the electron system described by the Hamiltonian
(2) has a center of inversion, here is a second-harmonic cur-
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rent response which is proportional to the square of the elec-
tric field:

el = 2 SamazEmEaz- (20)

ag,a;

We note that there is no rectified conduction current
(although there are spin responses fi? and I at the zeroth
harmonic). Formally this is connected with the fact that in
the homogeneous case, under electric excitation, the connec-
tion between 7 ° and the spin polarization in (8¢) is realized
only through du/dr.

Toevaluate I, we need add to the set (9a)—(9f) equa-
tions for the second harmonics uf;® and 7 2%¢:

el = -,/1-‘ mV wva(20) [ Z B (1+aBt.) HI!B+2“§:MIIC],(213)
= B

1 mV
(Tf FipR—20) )t + T DL (1 abt) L GapLia] =0,
¢ (21b)

1 1%
<*— — Ziu)) TS _m_Z (1—(45@2)]:11:0, (21c)
Ti 4 a,f

(1+it(at,Q:+BR—20) ) Lo o*+mVD (aBlopr®

+(1—apl.) uu) ='/:vE.pP, (21d)

(H—ir(aCch—Z(o))Ifu-—’/szDZ (1+aBt,) pf=0. (21e)
[

On the right-hand side of Eq. (21d) one must substitute the
first harmonic of the spin polarization u? obtained by solv-
ing the set (9b)—(9f). The second harmonics of the spin
polarizations uf; and p%, which determine the response of
the conduction current (21a), have resonances both near the
spin resonance [when w={), the right hand side of (21d)
with u! is at resonance] and near half the spin frequency
[when @ =, /2 the resonance is caused by the first term of
(21b) 1. In the region of the resonances the coefficients s, ,.
of the (20) have the form
1. When o =€)
i(mV)?

Scaia™ — ‘_32—9"_’ t.(at2a,+aaz,) (1+at.)

X Vo (20) va, () Vo, () By (@) . (22)
2. When o=, /2

_ i(mV)?
Scaas == m:——— t(1+at,) (1+a.t.)

X @,Ve (20) Ve, (0) Vo, (@) By (@), (23)

We note that the second harmonic is generated provided the
external magnetic field is not at right angles to the conduct-
ing layer. The ratio of the resonance responses at the first
and the second harmonics is, to order to magnitude, equal to

I my
I’ hQ,

CvE. (24)

For parameter values V'~ 10° cm/s, B~0.1 T, and v~ 10°
cm?/V-s the characteristic value of the field strength at
which the responses at the two harmonics are comparable is
~ 107 V/cm. Near half the spin frequency (0=$y/2), a
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spike appears also on the first harmonics. The amplitude of
this second harmonic in the current is

I'~1,"(mVE.vE[RQ,)*

5.SIMULTANEOUS ACTION OF ALTERNATING ELECTRIC
AND MAGNETICFIELDS

One often measures in experiment resonance reflection
or transmission of an electromagnetic wave (e.g., Ref. 4). In
that case the spin resonance can be excited both by the elec-
tric and by the magnetic component of the wave. Moreover,
the presence of an alternating magnetic field leads to a new
effect—the resonant generation of direct current (rectifying
effect).

For variable electric and magnetic fields acting simulta-
neously, the resonance part of the spin polarization can be
obtained from Egs. (10) and (11) through the substitution

’;L—VZ (1+at.)vi(w)E,

y
»mz—z, (14aL.) ve (0) Ea—igpsBi,

where B, = Eg + iﬁ,, is the circular component of the alter-
nating magnetic field. When energy is absorbed there oc-
curs, beside the terms which describe “pure” CR and ESR,
an “interference” term proportional to the product of the
electric and mangetic fields:

Q=OE+OB+QEB~ (25)

The first term describes here the electric dipole contribution
to the absorption, which is given by Eq. (14), the second
term describes the usual ESR:

. B
Qa=§lgusﬁilzRex(m), (25a)
and the third term

mV

OEB=_ S

¢usB Y\ Im ((1+a8.) v () 5 (o) ) Re (BLE.)

’ (25b)
gives the interference contribution to the absorption, caused
by the superposition of the fields causing the spin transitions
(the magnetic field and the effective magnetic field from the
spin-orbit interaction).

The presence of an alternating contribution to the cyl-

cotron frequency leads to resonance generation of a direct
current:

e’I_ao.= Zglz.(bua¢Ea|+cngl)y (26)

where the coefficient b, and c, are given by the equations

booy = — g (0) 0K
2¢

(27a)

c,=8a—cva(0) (1+at.) va(0) mVBy (o). (27b)

6.CONCLUSION

The analysis of the transport equations shows that the
amplitude of the CR is in reality determined by the responses
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of the conduction current 79 and the spin flux I to the
variable electric field. One should therefore expect that the
expression obtained for this amplitude [Eq. (13)] remains
valid in leading order in V also in more complicated situa-
tions (e.g., when 1/7, TS Q.¢{, and the Shubnikov oscilla-
tions of the conductivity become important), provided we
replace v, (@) by the real mobility value that determines the
response of the current to the alternating field. This state-
ment can immediately be checked for free electrons in any
Landau level and also for states which are localized at an
impurity (in that case one can in the approximation which is
linear in V evaluate the dipole moment matrix element be-
tween states with different spin directions). In both cases
Eq. (13) gives the correct value of the CR amplitude (see
Appendix).

The CR line shape is determined by the relation be-
tween the different components of the mobility (the real and
imaginary parts of the diagonal and the Hall components).
In particular, when ., @ € 1/7 and the real part of the diag-
onal component of the mobility is larger than the other com-
ponents, the line has an antiresonance shape.

The transport equations (8) do not give a spin-orbit
splitting of the cyclotron resonance (this splitting was evalu-

ated in Refs. 2 and 3 for V\/? > Q. under conditions which
were te opposite of the ones used by us when we wrote down
the transport equations). One can obtain the splitting by
expanding the scheme used: the equations for the fluxes con-
tain is a link to higher moments (( p;p; — {p.p;)) f3),
which we neglected. If we take this link into account and
write down equations for these moments we can obtain a
splitting of the cyclotron resonance frequency AQ_, ~mV 2.
We assume, however, that the inequality A, € 1/7 holds
and we neglect this splitting.

The ratio of the CR and ESR intensities is of the order of

QCR/QESR"’(mV\'E/gMuE). (28)

If we take typical values for the hole channel on the (110)
surface of Si®: m=0.35m,, V=~10° cm/s, and v~3x10°
cm?/V s, we get an estimate Q o /Q gsr ~ 109, if the electric
and magnetic field strength have the same values. However,
the mobility changes within wide limits depending on the
frequency, the magnetic field, and the impurity density, and,
moreover, due to the large value of the permittivity in semi-
conductors, the electric field strength in an electomagnetic
wave is smaller than the magnetic induction and therefore it
may turn out that real situations where the CR and the ESR
are of the same order of magnitude can in actual fact be
realized. It was shown in Sec. 5 that the absorbed power
contains not only terms describing “pure” CR and ESR but
also an interference term proportional to the product BE.
This contribution, in particular, changes sign when one var-
ies the direction of the wave propagation and it can be shown
experimentally.

Nonlinear resonance effects—second harmonic genera-
tion [Eq. (17)-(19)] and the rectifying effect [ (21), (22a),
(22b) ]—may be of interest for experimental observations.

The authors are grateful to D. E. Khmel’nitskii for dis-
cussions.

APPENDIX

Let us assume that in the description of the electron
quantum states we can take the spin-orbit operator (1) to be
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a perturbation. We show that the CR amplitude, i.e., the
absorption of energy from a variable electric field E(z) in
transitions between spin sublevels of any Landau level [or of
a state localized at an impurity] is determined by the re-
sponse of the velocity to the field E(?), i.e., by the quantum-
mechanical value of the mobility, similar to Eq. (13).

The quantum mechanical expression for the absorption
Qin a transition from a state |14 ) toastate | I ), where A is
the number of the Landau level, under the action of the per-
turbation — eE(¢)r has the form

0= 00, Y ) BBt o 10 A 1078 (2.

(A1)

Here u§ =f,, —f., is the spin polarization of the level 4,
i.e., the difference between the probabilities of occupying the
sublevels with down and up spin, respectively, , = x + iay
(a= + 1). The wave functions with first-order corrections
in #°, of (1) are the following:

mv [L G Dy 1A

Y=, — g,
A A ) " EA—E;\' ir
+_1_<x’|z;zay«iz?x|x>0‘p ]
2 Eh—'EA'_Qs t ’ (A2
N )
. mvz _ A |vy|}\>owo
oWl &l
AT L’

=
1w lgzama,mow 3 ]
2 E—E,tQ, ol

where V0 , and E; + Q,/2 are the zeroth-approximation
functions and energies, and ¥ =m ™ '(p — eA/c). Using
(A2) we can write the coordinate matrix element in the fol-
lowing form:

T
| rea] 41> = L4 (L+at:)ve ().

e

O ral V26N | Do A (A3)
7}4 :i ru v [ U—a 0
vile) =5 Z[ Fa—Er—o

B <x’|ra|x>0<x|u*a|;\.’>.,,l

I E;."‘E;.‘i'(v) ’
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Here the 1/; (w) are the circular components of the mobility,
determining the response of the velocity of the variable field
E.Indeed, one can easily show that (4 |b, |1 } = v (@) E, for
the perturbation — eEr. Using (A3) in (A1) we get for the
loss an expression of the type of the (14) with an appropriate
oSX which is the same as (13) when in the latter we change
from a Lorentz resonance to a é function.

"In atomic semiconductors the times 7, and 7, are determined by the
spin-orbit interaction, modulated by the lattice vibrations; according to
Ref. 11, T 5" « (Ag)?/7, where Ag s the shift in the g factor upon defor-
mation. Since Ag « V, both terms in T 12 are of the same order of small-
ness in the spin-orbit interaction (« ¥?).

2The nonresonance response 10 the second harmonic at high frequencies
(0>, 1/7) is considered in Ref. 12.
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