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Photon drag current due to spin-flip transitions of electrons in nonsymmetric quantum wells
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Photon drag current caused by transfer of momentum from absorbed far-infrared radiation to two-
dimensional~2D! electrons is calculated for spin-flip transitions in nonsymmetric heterostructures. The induced
current is not parallel to the longitudinal component of photon wave vectorq because the contribution
@q3vs# (vs is the characteristic spin velocity along the normal to 2D layer! is essential in the matrix element
for spin-flip electron-photon interaction. Both spectral and angular dependencies of the current and the effect
of the in-plane magnetic field are discussed for the short-range scattering case. Numerical estimations for
typical parameters of InAs-based heterostructures and a THz pump with intensity 1 kW/cm2 are presented.
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I. INTRODUCTION

Photon drag~PD! current measurements are a specific t
for investigating the momentum-transfer kinetics under int
subband transitions in various systems~the intrasubband
transitions are also studied in bulkp-type Ge!. In the past
decade PD currents have been studied for different kind
two-dimensional~2D! electron systems~see Refs. 1 and 2!.
This kind of response is due to photon momentum tran
and different types of transitions are excited by such a
current. The phenomenon may be interesting for deve
ment of a new type of ultrafast detectors also.3 In connection
with recent applications of intense THz radiation to stu
different types of electron responses in heterostructures~see
Ref. 4 and references therein!, the peculiarities of the PD
currents for tunnel-coupled quantum wells~QWs! have been
discussed in Refs. 5 and 6. In this paper we consider ano
system with closely spaced~with a few meV splitting energy
corresponding THz spectral region! subbands: a nonsymme
ric heterostructure in which the spin degeneration of the e
tron subbands is lifted.

While theoretical calculations of the spin-splitting of ele
tron spectra in nonsymmetric heterostructures was starte
years ago,7–9 detailed experimental studies have been p
formed only recently. The measurements of Shubnikov–
Haas oscillations in different InAs-based heter
structures10–13 demonstrate clearly a splitting energy of th
order of a few meV for heavy-doped samples. Magne
optical measurements permit to studies of the spin-split
energy spectra in nonsymmetric GaAs-based QWs als14

Recent band-structure calculations15,16 ~using thek–p ap-
proach with corresponding boundary conditions! demon-
strate reasonable agreement with experimental data.

Since the energy spectrum of 2D electrons in nonsymm
ric heterostructures is spin-split, then spin-flip transitions
pear the dominant contribution to the PD current excited
far-infrared radiation. To the best of our knowledge the co
tribution from the spin-flip transitions to the PD current w
only previously considered for bulkp-type Ge,17 where
PRB 580163-1829/98/58~23!/15666~9!/$15.00
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mid-IR excitation is effective. The scheme of intersubba
transitions between spin-split electron states is presente
Fig. 1~a! where the spin-split energy is determined
2vspF , wherepF denotes the Fermi moment andvs is the
characteristic spin velocity. The geometry of THz excitati
is shown in Fig. 1~b!. Due to the presence of two distinc
directions in the 2D plane~i.e., the longitudinal wave vecto
q direction and the perpendicular direction@q3vs#; the vec-

FIG. 1. The scheme of the nonvertical spin-flip transitions~a!
and the geometry for excitation of the longitudinal and transve
PD-currents~b!. Here s561 are the quantum numbers for th
spin-split branches of the energy spectra,q is the longitudinal com-
ponent of the wave vector,H is the magnetic field,vs is the char-
acteristic spin velocity, and the anglesu, f, andc characterize the
geometry.
15 666 ©1998 The American Physical Society
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PRB 58 15 667PHOTON DRAG CURRENT DUE TO SPIN-FLIP . . .
tor vs is along the normal to 2D plane! the matrix elements
for spin-flip transitions shows a complicated angular fo
and the PD current is not parallel to the transferred mom
tum \q. The calculations of these dependencies of the
current, which also take into account the effect of an in-pla
magnetic field, are presented below~previously we consid-
ered this problem in the absence of magnetic field18!.

Due to the effect of the in-plane magnetic field@vectorH
in Fig. 1~b!#, the branches of the energy spectra belonging
different spin states are shifted in thep plane along the di-
rection perpendicular toH. The electron energy spectrum fo
such a case appears to break the inversion symmetry a
this direction~such peculiarity of the spectra and its effect
the transport phenomena are discussed in Refs. 19–21! and,
therefore, both the conservation laws for energy and m
menta transfer under intersubband transitions and the co
sponding matrix elements are modified in an essential m
ner. This leads to substantial modifications of the spec
and angular dependencies of the PD current under relati
weak magnetic fields when the Pauli spin-split energy
comparable with the energy of the intersubband transit
2vspF .

The kinetic approach for the calculations of PD curre
in 2D systems under resonant intersubband excitation
worked out in Refs. 22 and 23~see also Ref. 24 where th
transitions between Landau subbands in bulk conduc
were considered!. The photoresponse was deduced from
quantum kinetic equation averaged over the period of e
tation. The matrix elements of the intersubband transiti
that appear in the generation rate of such a kinetic equa
take exactly into account the momentum transfer. As
mechanism of momentum relaxation we consider below
scattering by static defects~this mechanism is particularly
relevant in the low-temperature region! and the intersubband
transition broadening is described by the phenomenolog
energy parameterG. The second-order responses have b
calculated for the quasiequilibrium Fermi distribution
electrons using an effective electron temperature.

Below, after presenting the details of our calculations
the PD current density~Sec. II!, we consider the spectral an
angular dependencies of the PD current, and then discus
effect of the in-plane magnetic field~Secs. III A and III B,
respectively!. In the final section conclusions and the list
assumptions are presented. Some details about the det
nation of the energy spectrum and matrix element for
spin-flip transitions are given in Appendix A, while Appen
dix B contains the estimation of the small quantum corr
tion to the PD current.

II. THEORETICAL BACKGROUND

The Hamiltonian for the lower spin-split subband in no
symmetric heterostructures is given by the 232 matrix8,9

ĥ5
p2

2m
1~ŝ•wp!, wp5@vs3p#1

g

2
mBH. ~1!

Here p is the 2D momentum,m is the effective mass,ŝ is
the Pauli matrices; theg factor and Bohr magnetong andmB
are determined by the spin-splitting energy forp50 under
the in-plane magnetic fieldH @we neglected here the usu
n-
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magnetoinduced modification of the kinetic energy in Eq.~1!
using the conditioneHd/c!pF ; d is the QW width#. The
spin velocityvs is determined by the nonsymmetric confine
potential, and such velocity is used below as a given ba
structure parameter. The spin-dependent dispersion law«sp

is obtained from the eigenstate problemĥusp&5«spusp&.
The results for«sp and for wave functionsusp& are evalu-
ated after diagonalization of Hamiltonian~1!. See Appendix
A for the details. The dispersion law appears to depend
the spin quantum numberss561 in the following way:
«sp5p2/(2m)1swp ; note the nonsymmetry of this energ
spectrum («s2pÞ«sp) in the presence of the in-plane ma
netic field. The corresponding wave functions take forms

usp&5
1

A2
F11 i

ŝ•@wp3vs#

wpvs
Gs&, ŝzus5sus&, ~2!

whereus& are the two-component columns with the proje
tions 61 on theOZ axis.

The general expression for the photon-induced stea
state current densityJPD normalized to the areaL2 is written
by the usual way:

JPD5
e

L2
spS p

m
1@ŝ3vs# D r̂̄1dJ, ~3!

wheresp is included in the summations overp and the spin

variable,r̂̄ is averaged over the period of the radiation de
sity matrix, and spin-dependent contributions to the veloc
operator@ŝ3vs# are taken into account. The small quantu
correctiondJ is considered in Appendix B. The average

density matrix r̂̄ may be found from the quantum-kineti
equation:

i

\
@ ĥ, r̂̄ #25 Ĵsc~ r̂̄ !1Ĝ~ r̂̄ !,

Ĝ5
1

\2E2`

0

dte2 i ~v1 il!t

3@e~ i /\!ĥt@dĥ, r̂̄ #e2~ i /\!ĥt,dĥ1#21h.c. ~4!

Here, Ĵsc is the usual collision integral andĜ describes the
photon-induced transition generation rate through the op
tor dĥ given by:

dĥ52 i
e/v

2m
E•~ p̂eiqx1eiqxp̂!

1 i
e

v
ŝ•@vs3E#eiqx1

gmB

2

c

v
~ŝ•@q3E# !eiqx. ~5!

This perturbation operator originates in the general Ham
tonian, linearized in the pumping waveE exp(iqx2 ivt).
Note that q is the longitudinal component of the photo
wave vector (v and E are the frequency of wave and th
electric-field strength! while the transversal component
omitted here because the width of the 2D layer is sma
than photon wavelength.
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15 668 PRB 58F. T. VASKO AND O. KELLER
In this paper we consider the case where the effect of s
splitting is not suppressed by scattering (t̄ is the character-
istic relaxation time!, i.e.,

2vspF@\/ t̄, ~6!

and the nondiagonal component ofr̂̄ is small so that the
spin-flip contribution to velocity operator in Eq.~3! may be
neglected. The diagonal component of the kinetic equa
needs for this case only:G( f ua)1Jsc( f ua)50; a5(s,p).
The generation rate transforms as

G~ f ua!5
2p

\ (
a8

@ z~aud ĥua8!z2dG~«a2«a82\v!

1 z~aud ĥ1ua8!z2dG~«a2«a81\v!#~ f a2 f a8!,

~7!

while the collision integral takes the usual form for the ela
tic scattering case:

Jsc~ f ua!5(
a8

W~a,a8!~ f a82 f a!,

W~a,a8!5
2p

\ (
k

wkz^aueikxua8& z2d~«a2«a8!. ~8!

The probability of transitions in Eq.~8!, W(a,a8), is written
for the static random potential scattering case (wk is corre-
lation function of random potentials and\k is transferred
electron momentum!.

Since the anisotropic part ofG( f usp) is small~due to the
smallness of the transferred momentum! we can consider the
linearized kinetic equation

Jsc~d f usp!1dGsp
~eq!50, ~9!

whered f sp is the anisotropic part of the electron distributio
function. The generation ratedGsp

(eq) , linear in\q, is calcu-
lated by using the equilibrium electron distribution in E
~7!. For simplicity we consider below short-range scatter
for which the solution of Eq.~9! may be written as

d f sp5tspdGsp
~eq!, ~tsp!215w̄

2p

\ (
p8

d~«sp2«sp8!,

~10!

and the relaxation timetsp is expressed through the 2D de
sity of states (w̄ is the short-range correlator of scatterin
potentials!.

The PD current density is obtained after substitution~10!
into Eq. ~3!. For heavy-doped structures@with «F

5pF
2/(2m)] we can use the inequalities

«F@mvs
2/2, gmBH, ~11!

and take into account contributions to the matrix element
the intersubband transitions@Eq. ~A11!#, which are linear
with respect to\q. It should be noted that the Pauli-typ
spin-flip interaction@last term in Eq.~5!# drops out of the
calculations in the first order with respect to\q because this
contribution to Eq.~A8! is proportional todpp8 and describes
in

n

-

g

f

vertical transitions only. The total PD current contains tw
contributionsj (1) andj (2) resulting from the expansion of th
matrix elements and the energy conservation law, resp
tively. For the quasiequilibrium Fermi distributionf T(«sp)
with the electron temperatureT we write the first contribu-
tion using Eq.~A11! as follows:

j ~1!.2
e3t̄

mvE dp

2p\2
pS vs

wpD 2

~E•wp!~E•@vs3\q# !

3dG~«11p2«21p2\v!$ f T8~«11p!1 f T8~«21p!%.

~12!

The second contribution is included@Eq. ~A10!# and trans-
forms as

j ~2!.
e3t̄

mvE dp

2p\2
p
~p•\q!

m S vs

wp
D 2

~E•wp!2

3dG8 ~«11p2«21p2\v!$ f T8~«11p!2 f T8~«21p!%.

~13!

Here@and in Eq.~7!# we took into account the broadening o
the spin-flip intersubband transitions usingdG(E)
5G/@p(E21G2)#, when G is the broadening energy. Th
inequalities~11! give usuwpu!«F, and for such approxima
tion j (1,2) are transformed to

j ~1!.2
e3t̄

mvE dp

p\2
pS vs

wp
D 2

3~E•wp!~E•@vs3\q# !dG~2uwpu2\v! f T~«p!,

j ~2!.
e3t̄

mvE dp

p\2
p
~p•\q!

m

vs
2

wp

3~E•wp!2dG8 ~2uwpu2\v! f T8~«p!, ~14!

where«p5p2/2m is the electron dispersion law for the spin
degenerate case. Due to complicated angular dependenc
the matrix elements~A11! the PD currentsj (1,2) are not par-
allel to \q and atransverse~i.e., parallel to@\q3vs#) com-
ponent of the PD current appears in Eq.~14!.

III. SPECTRAL AND ANGLE DEPENDENCIES

Thus, the dependencies of the PD current densityj (1)

1 j (2) on the frequency and angles@incidence and polariza
tion anglesu andf in Fig. 1~b!, andc, the angle between
the magnetic fieldH and the in-plane wave vectorq] are
determined after integration of Eq.~14! over thep plane.
Below we consider first the zero magnetic-field case and t
we discuss the effect of an in-plane magnetic field.

A. Zero magnetic-field case

In this casewp5@vs3p# and integration over thep plane
anglew yields the following contributions toj (1,2):
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E
0

2pdw

2p
p~E•@vs3p# !5

p2

2
@E3vs#,

E
0

2pdw

2p
p~\q•p!~E•@vs3p# !2

5
p4

8
$\q@E3vs#

212@E3vs#~\q•@E3vs# !%.

~15!

The integrations overupu are straightforward for the zero
temperature case due to the replacement off T and f T8 by the
d andd8 functions, respectively, and then we have obtain
nt

is

s

t

d

the explicit expressions for PD current density. It is conv
nient to introduce the PD velocityVPD according to

en2DVPD5 j ~1!1 j ~2!, ~16!

VPD5VPD
i q

q
1VPD

'
@q3vs#

qvs
,

where we usedq and @q3vs# as the basic directions in th
2D plane;VPD

i andVPD
' are the longitudinal and transvers

components of the PD velocity.
The explicit expressions forVPD

i ,' take the forms
UVPD
i

VPD
' U52p

e2t̄

mv

vs
2

«F
\qH U Es

2

EsEpcosu
UdG~2vspF2\v!

22vspFU3Es
21Ep

2cos2u

2EsEpcosu
UFvspFdG9 ~2vspF2\v!1

3

2
dG8 ~2vspF2\v!G J . ~17!
ally
It is convenient to expressVPD
i ,' through the angle-depende

functions

F i~u,f!5~3cos2f1sin2fcos2u!sinu,

F'~u,f!5~sin2usin2f!/2 ~18!

and the dimensionless frequency detuning

V5~\v22vspF!/G, ~19!

so that spectral dependencies are written in terms ofD(V)
5(V211)21 and the first and second derivatives of th
function D8(V) andD9(V). As a result we obtain

FIG. 2. Spectral dependencies of the longitudinal component
the PD current under, respectively,s polarized~1!, mixed ~2, with
f5p/4,! andp polarized~3! THz pump excitation for the inciden
angles:u5p/6 ~dashed lines!, u5p/4, ~solid lines!, and u5p/3
~dotted lines!.
VPD
i

52vPD$@ f D9~V!1D8~V!#F i~u,f!

1~8/9f !D~V!cos2fsinu%,
~20!

VPD
' 52vPD@ f D9~V!1D8~V!

1~4/9f !D~V!#F'~u,f!,

where the dimensionless parameterf 52vspF /(3G) de-
scribes the broadening effect and this parameter is usu
larger than unity due to the inequality~6!. We have also
introduced the characteristic velocity,vPD , according to

vPD5
vs

3

cvF

S

SPD
, SPD

21512p
e2

\c

t̄

mS \

G D 2

, ~21!

of
FIG. 3. Spectral dependencies for the longitudinal (i) and trans-

verse (') components of the PD current for the anglesu5f
5p/4 and the different broadening parameters, namely,f 51.74
~dashed lines!, f 53 ~solid lines!, and f 55 ~dotted lines!.
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whereS is the magnitude of the Poynting vector of the TH
pump andSPD is the characteristic intensity;vF is the Fermi
velocity.

Below, numerical estimations are presented for a InA
based quantum well with electron concentrati
1.231012 cm22 and mobility 9.63104 cm2 V/s ~the param-
eters are taken from Ref. 12!. In accordance with experimen
tal data in Refs. 12 and 13 we choosevs.7.23105 cm/s so
that the energy of the transition 2vspF.3.5 meV corre-
sponds to the 0.75 THz excitation. AssumingG.\/ t̄ we
obtain from Eq.~21! a characteristic velocityvPD around 25
cm/s for a pump intensity of the order of 1 kW/cm2, and
V.0. The estimation of the dimensionless broadening if
.1.8 for such a set of parameters. Maximum values ofVPD

i ,'

are a few times larger thanvPD due to the spectral depende
factors in Eq.~20! ~the peak values ofVPD

i ,' are up to 200
cm/s for the conditions under consideration!. The resonant
spectral dependencies ofVPD

i ,' described by Eq.~20! show
doublespectral inversion character and the spectra are es
:

r-

y

s
er
-

n-

tially changed under variations of the angles of the incide
or polarization. In Fig. 2 we have plotted these dependen
for the longitudinal component of PD velocity. The ang
dependencies ofVPD

' are completely determined b
F'(u,f). The maximum value ofVPD

' is realized forf
5p/4 while the transverse component of the PD curr
does not excite by pures- or p-polarized pumps. The spectra
dependencies ofVPD

' also show a double spectral inversio
as one may see from Fig. 3. From this figure, one furth
more sees that theVPD

i ,' peaks grow when the broadenin
parameterf increases~i.e., collisions become less important!.

B. Effect of the in-plane magnetic field

Due to the effect of the magnetic field,uwpu depends on
the anglew and the averaging in Eq.~15! is no longer pos-
sible. For such a case the explicit expressions forVPD

i ,' can be
obtained after transformation of Eq.~14! to the form:
UVPD
i

VPD
' U.

e2t̄

mv

vs
2

n2D
E dp

p\2U ~\q•p!/~\q!

~p•@\q3vs# !/~\qvs!
UH ~E•wp!

wp
2 ~E•@vs3\q# !dG~2uwpu2\v! f T~«p!

1
~\q•p!

mwp
~E•wp!2dG8 ~2uwpu2\v! f T8~«p!J . ~22!

The integration overw cannot be performed analytically here, and after integration overupu ~for the zero-temperature case!,
Eq. ~22! is rewritten as

UVPD
i

VPD
' U.2vPDsin u

8

3pE0

2p

dw
Aww

vw
Usin~w1c!

2cos~w1c!
UH 3 f

2
D9~Vw!Awwsin~w1c!

11w cosw

vw

1D8~Vw!sin~w1c!FAwwS 12
11w cosw

2vw
2 D 1Aww50G1D~Vw!

cosf

3 f

11w cosw

vw
J . ~23!
ers

e
l

in
(

es
Here we have introduced the angle-dependent functions

Aww5w~cosf sin c1sin f cosucos c!

1cosf sin~w1c!2sin f cosu cos~w1c!,

vw5A11w212w cosw, Vw5V13 f ~vw21!,
~24!

when w5gmBH/(2vspF) is a dimensionless quantity cha
acterizing the effect of the magnetic field. The integral~23!
is not convergent atw5p for w51 due to divergence of the
matrix element~A11! when the cross point of the energ
branches~the point of thep-plane with uwpu50) intersects
by the Fermi level. Both finite-temperature effects@which are
described by Eq.~22!# and scattering by magnetic impuritie
~the presence of which breaks the degeneracy of the en
spectra! are essential atw51.
gy

Based on Eq.~23! results of numerical calculations of PD
velocities, VPD

i ,' are presented below using the paramet
listed in Sec. III A. Since the dependenciesVPD

i ,' vs w are
under consideration below (w is of the order of unit if the
magnetic field is around 1 T! we do not need any concret
value of theg factor.25 The modifications of the spectra
dependencies with increasing magnetic field are shown
Figs. 4 and 5. For the case of the strong magnetic fieldw
@1) we usevw.w, Aww.w cos(E,H) and Eq.~23! is esti-
mated bythe simple Eqs.

VPD
i /vPD.2

8

3
wD8~VH!sin u cos2~E,H!1o~const!,

VPD
' /vPD.o~const!, VH5~\v2gmBH !/G. ~25!

The longitudinal component of the PD velocity increas
proportionally to w, and thed8-like peculiarity shifts to
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strong magnetic fields while the transverse component of
PD velocity still stay proportional to a constant. These tra
formations ofVPD

i for intermediate values ofw are shown in
Fig. 4~a! for the s-polarized pump. Analogous transform
tions take place for the transverse component of the PD
locity under thes-polarized pump@see Fig. 5~a!# but VPD

'

50 if w50 for this geometry; an in-plane magnetic fie
invalidates this selection rule. The modifications of the sp
tra in the case of ap-polarized pump are found to be mo
complicated for intermediatew’s @see Figs. 4~b! and 5~b!#,
i.e., peaks shift to lowerV if w,1 and transformation to the
strong magnetic field case begins forw.1. Significant
modifications ofVPD

i ,' under variation of the magnetic fiel
orientation are shown in Figs. 6~a! and 6~b! ~due to symme-
try requirementsVPD

i ,' does not change under the replac
mentsH→2H andEs→2Es so that we consider the regio
0,c,p/2 only!. Note also that the transverse componen
the PD velocity vanishes forc50, c5p/2, and the spectra
dependencies under consideration exhibit a complicated
cillatory behavior.

FIG. 4. Spectral dependencies of the longitudinal componen
the PD current unders polarized~a! andp polarized~b! THz pump
excitation for different magnetic fields, viz.,w50 ~1!, w50.4 ~2!,
w50.8 ~3!, w51.2 ~4!, w51.6 ~5!, andw52 ~6! ~the dashed curve
in ~b! corresponds tow53). The incidence angle and the orient
tion of the magnetic field areu5p/4 andc5p/4, respectively.
e
-

e-

-

-

f

s-

IV. CONCLUSION

In this paper we have demonstrated that the photon d
current caused by nonvertical spin-flip transitions of 2D el
trons in nonsymmetric QW’s is detectable and exhibits co
plicated geometrical dependencies of the angles of incide
and polarization and on the in-plane orientation of the m
netic field. The mechanism under consideration is charac
ized by the occurrence of a transverse component of the
rent and a double spectral inversion of the photorespo
The mechanism is sensitive even to the moderate in-p
magnetic field. The above-mentioned features allows on
separate the spin-flip PD current from those originating
other types of transitions. The effective photoresponse un
consideration may lead to possibilities to develop a type
ultrafast detector for the THz spectral region.

The presented results were calculated under the follow
assumptions. The model of electron states introduced by
~1! is based on the simple effective mass approximation
does not take into account both self-consistent correcti
and the effect of nonparabolicity. These effects do n
change the structure of the Hamiltonian~1! and they are
taken into account if we considerm, g, andvs as semiphe-
nomenological parameters. The assumption of short-ra

of
FIG. 5. The same as in Figs. 4~a! and 4~b! for the transverse

component of the PD current.
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15 672 PRB 58F. T. VASKO AND O. KELLER
scattering has been used above for the sake of simpl
only ~one can considert̄ as a momentum relaxation time
the Fermi energy!. The phenomenological description of th
broadening of the spin-flip transitions is generally accep
and such approach gives realistic shapes of absorption
@we suppose thatG is bigger than the temperature in order
perform the integration of Eq.~14!, and this condition is
usually valid for the low temperature region#. The inequality
~6! is satisfied for samples with high mobility.12,13 Because
the calculations of the generation rate in Eq.~9!, based on the
use of the equilibrium electron distribution, are valid for t
description of the second-order photoresponse, then the
fect of electron heating is not essential. Our numerical res
confines this expectation. The local-field corrections cha
the shape of the peaks but do not affect the angle of i
dence and polarization dependencies; these modification
the spectra can be taken into account through a change o
phenomenological parameters introduced above. For a cl
examination of the response atw51 both the temperature
dependence of the Fermi distribution and the scattering

FIG. 6. Spectral dependencies for the longitudinal~a! and trans-
verse ~b! components of the PD current unders polarized ~solid
curves! and p polarized~dashed curves! THz pump excitation for
u5p/4 and the following orientations of the magnetic field:c50
~1!, c5p/6 ~2!, c5p/3 ~3!, and c5p/2 ~4!. The dimensionless
magnetic field isw50.6.
ty
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magnetic impurities must be taken into account. We did
consider this case because peculiarities of the PD cur
appears in a narrow region ofw around w51 and more
sensitive magnetotransport measurements seems need
study this case. One should note also that photogalvanic
tributions to the photoresponse can appear under in-p
magnetic fields;21 such type of response does not depend
q and may be separated if one changes the geometry o
citation in such a way thatq→2q. All assumptions dis-
cussed above do not change significantly the value of the
current and the described spectral/angular dependen
More detailed numerical calculations are needed for conc
cases.

In a broader perspective it appears that the spin-flip tr
sitions of 2D electrons in narrow-gap nonsymmetric hete
structures contribute essentially to the photoresponse u
THz excitation. This might stimulate experimental examin
tions of both PD currents and other types of responses~pho-
toconductivity, photoinduced voltage! in InAs-based hetero-
structures.

APPENDIX A

Expressions for the energy spectrum and wave functi
~2! are evaluated below through a diagonalization of
Hamiltonian in Eq.~1!, which is performed by the unitary
transformation

Ûp5
11 i ŝ•up

A2
, ~A1!

where the condition (Ûp
1Ûp)51 is satisfied if (up•up)51.

In order to fix the orientation of the unit vectorup introduced
in Eq. ~A1!, we consider the matrix contribution to th
Hamiltonian

Ûp
1~ŝ•wp!Ûp5

1

2
$~ŝ•wp!1~ŝ•up!~ŝ•wp!~ŝ•up!

1 i @~ŝ•wp!,~ŝ•up!#2%, ~A2!

and note that under the conditionwp'up , Eq. ~A2! may be
transformed into diagonal form, i.e.,

Ûp
1~ŝ•wp!Ûp5~ŝ•@up3wp# !5ŝzwp . ~A3!

As a result the diagonalized Hamiltonian takes the form

Ûp
1ĥÛp5p2/~2m!1ŝzwp , ~A4!

and consequently a linearp-dependent contribution appea
in the dispersion law«sp if H50, while a nonsymmetric
dispersion law appears for the in-plane magnetic field.

An explicit expression for vectorup is obtained from the
system of equations:

~up•up!51, ~wp•up!50. ~A5!

The orthogonality condition thus yields

up5NH @p3vs#1p
~vs•@p3wp# !

~p•wp! J , ~A6!
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where the normalization constantN, is equal to
(p•wp)/(wpvsp

2). The final result for the solution of Eq
~A5! is

up5@wp3vs#/~wpvs!, ~A7!

and this expression has been used in Eq.~2!.
It is convenient to introduce the vectore[@vs3E# in or-

der to obtain the matrix elements for the spin-flip transitio
used in the generation termdGsp

(eq) @see Eqs.~7! and ~9!#.
The general expression for such a matrix element may
written as

u^11pu~ŝ•e!u21p8&u2

5
1

4
u^11u$12 i ~ŝ•up!%~ŝ•e!$11 i ~ŝ•up8!%u21&u2

5
1

4
u~ex2 iey!@12~up•up8!#

1~up•e!~up8
x

2 iup8
y

!1~up8•e!~ap
x1 iup

y!u2. ~A8!

Taking into account

~up•up8!5
wp•wp8

wpwp8

, ~up•e!5
vs

wp
~E•wp!, ~A9!

we transform~A8! into

z^11pu~ŝ•e!u21p8& z2

5
1

4U~Ex2 iEy!F ~wp•wp8!

wpwp8

21G1
vs~E•wp!

wp

wp8
x

2 iwp8
y

wp8

1
vs~E•wp8!

wp8

wp
x2 iwp

y

wp
U2

~A10!

and for coinciding 2D momentap5p8 this matrix element
takes a simple formvs

2(E•w)2/4. Linearized in\q the con-
tributions to these matrix element~such linearization is de
noted by an overline below! may be obtained after straigh
forward algebraic transformations

z^11,p1\qu~ŝ•e!u21,p& z252 z^11,pu~ŝ•e!u21,p2\q& z2

5
vs

2

wp
~E•wp!~E•@vs3\q# !,

~A11!

and this value has been used in Eqs.~12! and~13! for the PD
current.
s

e

APPENDIX B

The consideration of quantum correction to the PD c
rentdJ, which is due to the multiplication of high-frequenc
contributions to the density matrix and proportional to t
exp(iqx2 ivt) terms in the current operator, is given belo
The general expression for the current density operator a
point X may be written as a variational derivative of th
Hamiltonian~1! with respect to the vector potential:

ĴX1S i
e2

mv
Eeiqx2 ivtd~x2X!1h.c.D , ~B1!

where the steady-state part of the current operatorĴX takes
the form

ĴX5
e

2m
@ p̂d~x2X!1d~x2X!p̂#1e@s3vs#d~x2X!

1 ig
ueu

2me
$@ p̂3ŝ#d~x2X!1d~x2X!@ p̂3ŝ#%.

~B2!

Hereme is the free-electron mass andx andp̂ obey the usual
commutation relation@xi ,p̂ j #25 id i j \. This current operator
leads to the velocity operatorp/m1@ŝ3vs# if only the ho-
mogeneous PD currents and zero-wave-vector Fourier c
ponents in Eq.~B1! are essential.

Quantum corrections to the PD current appear due to
second addendum in Eq.~B1! and such a contribution to Eq
~3! is presented as

dJX5 i
e2E

mvE2p/v

p/v

dtspd~x2X!dr̂ te
iqx2 ivt, ~B3!

wheredr̂ t describes the linear response due to the pertu
tion ~5!. This may be written as

dr̂ t5
e2 ivt

i\ E
2`

0

dtelte~ i /\!ĥt@dĥe2 ivt, r̂̄ #2e2~ i /\!ĥt1H.c.

~B4!

After substitution of Eq.~B4! into Eq. ~B3! we obtain
dJX5
e2/m

\v
Ee2 iqXspd~x2X!E

2`

0

dtelt2 ivte~ i /\!ĥt@dĥ,rC #2e2~ i /\!ĥt1c.c.

5
e2/m

\v

E

L2(sp
E

2`

0

dtelt2 ivt^spudĥusp&~ f sp2 f sp1\q!1c.c. ~B5!

using also the basis~2! in the last expression.
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In the first-order approximation in\q we use a matrix element^spudĥusp&;(E•p) and the expression fordJ hence
transforms as

dJ.
e2/m

\v
E(

s
E dp

~2p\!2S i

v1 il D S 2 i
eE•p

mv D S \q
] f sp

]p D1c.c.5
2ne2E

m\v2 S eE•\q

mv D . ~B6!

By this means, instead of the characteristic velocityvPD , which is determined by Eq.~21! we have obtained here a velocit
of the order of (eE/v)2Ae/(m2c) and such a contribution is less thanvPD by the factor (vt̄)2mvs

3/(GvF). This factor is equal
approximately to 431024 for the numerical parameters used above.
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