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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-
dimensional2D) electrons is calculated for spin-flip transitions in nonsymmetric heterostructures. The induced
current is not parallel to the longitudinal component of photon wave vegtbecause the contribution
[gXvs] (vs is the characteristic spin velocity along the normal to 2D Ilajeessential 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 k\Aterpresented.
[S0163-182608)04247-1

I. INTRODUCTION mid-IR excitation is effective. The scheme of intersubband
transitions between spin-split electron states is presented in

Photon dradPD) current measurements are a specific toolFig. 1(@) where the spin-split energy is determined as
for investigating the momentum-transfer kinetics under inter2vspg, wWherepg denotes the Fermi moment and is the
subband transitions in various systerttae intrasubband characteristic spin velocity. The geometry of THz excitation
transitions are also studied in bufktype Ge. In the past IS shown in Fig. 1b). Due to the presence of two distinct
decade PD currents have been studied for different kinds dfirections in the 2D plané.e., the longitudinal wave vector
two-dimensional2D) electron systemgsee Refs. 1 and)2  d direction and the perpendicular directipgx vg]; the vec-
This kind of response is due to photon momentum transfer
and different types of transitions are excited by such a dc
current. The phenomenon may be interesting for develop-
ment of a new type of ultrafast detectors alda.connection
with recent applications of intense THz radiation to study
different types of electron responses in heterostruct(ses
Ref. 4 and references thergirthe peculiarities of the PD
currents for tunnel-coupled quantum wel3Ws) have been
discussed in Refs. 5 and 6. In this paper we consider another
system with closely spacdwith a few meV splitting energy
corresponding THz spectral regiosubbands: a nonsymmet-
ric heterostructure in which the spin degeneration of the elec-
tron subbands is lifted.

While theoretical calculations of the spin-splitting of elec-
tron spectra in nonsymmetric heterostructures was started 20
years agd;® detailed experimental studies have been per-
formed only recently. The measurements of Shubnikov—de
Haas oscillations in different InAs-based hetero-
structure$® 13 demonstrate clearly a splitting energy of the
order of a few meV for heavy-doped samples. Magneto-
optical measurements permit to studies of the spin-splitting
energy spectra in nonsymmetric GaAs-based QWs “4iso.
Recent band-structure calculatién®® (using thek-p ap-
proach with corresponding boundary conditiprdemon- (b)
strate reasonable agreement with experimental data. FIG. 1. The scheme of the nonvertical spin-flip transiti¢as

Since the energy spectrum of 2D electrons in nonsymmetang the geometry for excitation of the longitudinal and transverse

ric heterostructures is spin-split, then spin-flip transitions appp-currents(b). Here o=+1 are the quantum numbers for the
pear the dominant contribution to the PD current excited b)épin_sp“t branches of the energy spectras the longitudinal com-

fa}r-in_frared I’adiation.. To the be;_t of our knowledge the con-ponent of the wave vectoH is the magnetic fieldys is the char-
tribution from the spin-flip transitions to the PD current was acteristic spin velocity, and the anglés¢, and characterize the
only previously considered for bullp-type Gel’ where  geometry.
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tor v, is along the normal to 2D plah¢he matrix elements magnetoinduced modification of the kinetic energy in &q.
for spin-flip transitions shows a complicated angular formusing the conditioreHd/c<pg; d is the QW widt. The
and the PD current is not parallel to the transferred momenspin velocityv is determined by the nonsymmetric confined
tum #q. The calculations of these dependencies of the PIpotential, and such velocity is used below as a given band-
current, which also take into account the effect of an in-planétructure parameter. The spin-dependent dispersior: jgw
magnetic field, are presented beldpreviously we consid- is obtained from the eigenstate probld%fnp)zsgp|ap).
ered this problem in the absence of magnetic Hld The results fore,,, and for wave function$op) are evalu-
Due to the effect of the in-plane magnetic figlectorH  ated after diagonalization of Hamiltonidf). See Appendix
in Fig. 1(b)], the branches of the energy spectra belonging te\ for the details. The dispersion law appears to depend on
different spin states are shifted in tpeplane along the di- the spin quantum numbers==*1 in the following way:
rection perpendicular tbl. The electron energy spectrum for & = p?/(2m) + ow,; note the nonsymmetry of this energy
such a case appears to break the inversion symmetry alorgectrum §,_,#¢,,) in the presence of the in-plane mag-
this direction(such peculiarity of the spectra and its effect onnetic field. The corresponding wave functions take forms:
the transport phenomena are discussed in Refs. 1%,
therefore, both the conservation laws for energy and mo- 1 _(}.[prVs]
menta transfer under intersubband transitions and the corre-  |[op)=—| 1+i————
sponding matrix elements are modified in an essential man- V2

ner. This leads to substantial modifications of the spectre\}vhere|0> are the two-component columns with the projec-
and angular dependencies of the PD current under relativelyyns +1 on theOZ axis.

weak magnetic fields when the Pauli spin-split energy is  The general expression for the photon-induced steady-
comparable with the energy of the intersubband transitiongisie current densitypp normalized to the areia? is written

20sPe. _ by the usual way:
The kinetic approach for the calculations of PD currents

o), ojo=0old), (2

WpU's

in 2D systems under resonant intersubband excitation was e D N
worked out in Refs. 22 and 2@ee also Ref. 24 where the Jpp="—55SP = +[oX V] |p+ 8, (3
transitions between Landau subbands in bulk conductors L m

were considered The photoresponse was deduced from the . . . .
N : : ‘Wheresp is included in the summations ovprand the spin
guantum kinetic equation averaged over the period of exci- P
tation. The matrix elements of the intersubband transitionyariable,p is averaged over the period of the radiation den-
that appear in the generation rate of such a kinetic equatiogity matrix, and spin-dependent contributions to the velocity
take exactly into account the momentum transfer. As aperatof o-xX v¢] are taken into account. The small quantum
mechanism of momentum relaxation we consider below theorrection §J is considered in Appendix B. The averaged
scattering by static defectshis mechanism is particularly
relevant in the low-temperature regjcend the intersubband
transition broadening is described by the phenomenologic
energy parametdr. The second-order responses have been i e
calculated for the quasiequilibrium Fermi distribution of %[h,p],:Jsc(p)—FG(p),
electrons using an effective electron temperature.
Below, after presenting the details of our calculations for

density matrix; may be found from the quantum-kinetic
&ﬁquation:

the PD current densit§Sec. I), we consider the spectral and A1 (0 —i(w+iN)r
X ) G=— dre
angular dependencies of the PD current, and then discuss the 2]
effect of the in-plane magnetic fiel@ecs. 1l A and Il B,
respectively. In the final section conclusions and the list of X[ sh ple~MA7 SR+ +he.  (4)

assumptions are presented. Some details about the determi-

nation of the energy spectrum and matrix element for theHere, J,. is the usual collision integral an@ describes the
spin-flip transitions are given in Appendix A, while Appen- photon-induced transition generation rate through the opera-
dix B contains the estimation of the small quantum correcyq, 3h given by:

tion to the PD current.

— elw . A
Il. THEORETICAL BACKGROUND sh=—i5 —E-(pe'¥+e%p)
The Hamiltonian for the lower spin-split subband in non- e. ' gus C - _
symmetric heterostructures is given by the 2 matrix®° +i—o[veX Ele' ™+ —— ~(o-[ax E])e'¥. (5)

2

~ P A g This perturbation operator originates in the general Hamil-
h=ﬁ+(a-wp), Wp=[vs><p]+§,uBH. (1) b P g g

tonian, linearized in the pumping waue exp{gx—iwt).

R Note thatq is the longitudinal component of the photon
Herep is the 2D momentumn is the effective massgis ~ wave vector ¢ and E are the frequency of wave and the
the Pauli matrices; thg factor and Bohr magnetamand ug electric-field strengthwhile the transversal component is
are determined by the spin-splitting energy for0 under omitted here because the width of the 2D layer is smaller
the in-plane magnetic fielth [we neglected here the usual than photon wavelength.
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In this paper we consider the case where the effect of spimertical transitions only. The total PD current contains two
splitting is not suppressed by scatteringi¢ the character- contributionsi‘*) andj(®) resulting from the expansion of the

istic relaxation timg i.e., matrix elements and the energy conservation law, respec-
- tively. For the quasiequilibrium Fermi distributioiy(e ;)
2upe>hl T, (6)  Wwith the electron temperature we write the first contribu-

N tion using Eq.(A11) as follows:
and the nondiagonal component pfis small so that the

spin-flip contributi_on to velocity operator in E(_ﬁ) may be _ _ e3r dp ve |2
neglected. The diagonal component of the kinetic equation jY=—- — ——b| —p| (E-Wp)(E:[veX7q])
needs for this case onhG(f|a)+ Js(fla)=0; a=(o,p). moJ 2w \W

The generation rate transforms as / /
g X Sp(er1p—e-1p—hiw){F1(s41p) + (e 1)}

2 -
G(flay=S-2 [lalshla")Por(e, o0~ o) (12

The second contribution is includdgég. (A10)] and trans-
+(alsh*|a")Por(e,— g0 +h)1(fo—f ), forms as

(7) 3_

. o o €7 dp (p-fQ)fvs

while the collision integral takes the usual form for the elas- @)= — W
P

2
tic scattering case: Mo J 27h m

2
) (E'Wp)2

X 5{‘(8+1p_8flp_hw){f',|'(8+lp)_f%(sflp)}-
Jodfla)=2 W(e,a")(fo=fo), 13

20 ' Here[and in Eq.(7)] we took into account the broadening of
W(a,a')= 72 wil(a|e™|a")8(e,—€,). (8  the spin-flip intersubband transitions usingsy(E)

K =T/[w(E?+T?)], whenT is the broadening energy. The
The probability of transitions in Eq8), W(a,a'), is written  inequalities(11) give us|wy|<eg, and for such approxima-
for the static random potential scattering caeg (s corre-  tion j+? are transformed to
lation function of random potentials arfik is transferred
electron momentuin . 7 dp [vs)\?

Since the anisotropic part &(f|op) is small(due to the j=- me | —2 ( )

smallness of the transferred momenjuse can consider the wh

linearized kinetic equation X (E-Wp) (E-[VeX :q]) r(2|wy| — i) f1(ep),

Jsd 8f|op) + 6G 5P =0, 9

Wp

-<2>~ﬁfﬂ (p-hQ) vg
= e mh2 Mmoo w,

wheresf ,, is the anisotropic part of the electron distribution
function. The generation rat.ﬁfoq), linear in%q, is calcu-

lated by using the equilibrium electron distribution in Eq. S (E-W)28M(2Iwel — B o) 14
(7). For simplicity we consider below short-range scattering (B-wo)“3r(2|wel ~ho)Tr(ep), 14

for which the solution of Eq(9) may be written as wheree ,= p?/2m is the electron dispersion law for the spin-

om degenerate case. Due to complicated angular dependencies of
5f yp= Tgpgegfp@, (T,,p)ﬂ:W?E 8(Egp—Eopr), the matrix elementgA11) the PD current$(*? are not par-
p’ allel to 4g and atransverse(i.e., parallel to agxvs]) com-
(100 ponent of the PD current appears in Etg).
and the relaxation time,, is expressed through the 2D den-
sity of states W is the short-range correlator of scattering IIl. SPECTRAL AND ANGLE DEPENDENCIES
potentials.
The PD current density is obtained after substitutib®)
into Eq. (3). For heavy-doped structuregwith &g
= pﬁ/(Zm)] we can use the inequalities

Thus, the dependencies of the PD current dengity
+j on the frequency and anglémcidence and polariza-
tion anglesé and ¢ in Fig. 1(b), and ¢, the angle between
the magnetic fieldH and the in-plane wave vecta] are

er>muli2, gugH, (11)  determined after integration of Eq14) over thep plane.

Below we consider first the zero magnetic-field case and then

and take into account contributions to the matrix elements ofve discuss the effect of an in-plane magnetic field.

the intersubband transitiof€q. (A11)], which are linear

with respect tofiq. It should be noted that the Pauli-type

spin-flip interaction[last term in Eq.(5)] drops out of the

calculations in the first order with respectfiq because this In this casew,=[VvsX p] and integration over thp plane

contribution to Eq(A8) is proportional tos,,, and describes angle¢ yields the following contributions 12

A. Zero magnetic-field case
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2rdg 2 the explicit expressions for PD current density. It is conve-
J'O 57 P(E-[vexp]) = S [EXVs], nient to introduce the PD velocitypp according to
2rde emypVpp=j ' +j?, (16)
f 5 P(ha:p)(E-[vsxp])® (19
0 a
Vop=Vh v Laxvs]
4 PD PDq PD Qs

= B (hQEX VeI + 2L EX V) (ha- [EX VD). -

where we used| and[gXVvg] as the basic directions in the

The integrations ovefp| are straightforward for the zero- 2D pIane;V”PD andVpp, are the longitudinal and transverse
temperature case due to the replacemerit:aind 1 by the  components of the PD velocity.

6 and &’ functions, respectively, and then we have obtained The explicit expressions fOV”F;E take the forms

V||‘:~D 62705 E§
=—7——1 or(2 —fh
VéD me eF q ESEpCOS9 r(2vsPe w)
3EZ+EScogd , 3,
—2v4PE 2E (E ,co) VsPr ST (2vsPr—frw) + §5r(21)sp|:_ﬁw) . 17
|
It is convenient to expresépp, through the angle-dependent Vip=—vpp{[fA"(Q)+A"(Q)]D (6, )
functions
+(8/9f)A(Q)co psing},
(6, d)=(3co ¢+ Sirf $pcos h)sind, (20)
Vip=—vpp[ fA"(2)+A"(Q)
d, (0,0)=(sin20sin2¢)/2 (18

+(419H)A(Q) D, (6, ¢),

and the dimensionless frequency detuning where the dimensionless paramete+2v pe/(3I') de-

scribes the broadening effect and this parameter is usually
larger than unity due to the inequalitp). We have also
introduced the characteristic velocitys, according to

Q= (fhw—2vpp)IT, (19)

so that spectral dependencies are written in terma (@)

=(Q2+1)"1 and the first and second derivatives of this W3 s 2 7152
function A’ (Q) andA”(Q). As a result we obtain =5 = —1_ I
UpD Cor SPD, SPD 127Thc m T/ (21)

FIG. 2. Spectral dependencies of the longitudinal components of
the PD current under, respectivel/polarized(1), mixed (2, with FIG. 3. Spectral dependencies for the longitudifialgnd trans-
¢=m/4,) andp polarized(3) THz pump excitation for the incident verse (L) components of the PD current for the anglés ¢
angles: #= 7/6 (dashed lines 6= /4, (solid lineg, and 8= =/3 =/4 and the different broadening parameters, namétyl.74
(dotted lines. (dashed lines f =3 (solid lineg, andf=5 (dotted lines.
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whereS is the magnitude of the Poynting vector of the THz tially changed under variations of the angles of the incidence
pump andSpp is the characteristic intensity;: is the Fermi  or polarization. In Fig. 2 we have plotted these dependencies
velocity. for the longitudinal component of PD velocity. The angle
Below, numerical estimations are presented for a InAsgependencies OfVéD are completely determined by
based unantzum well —with —electron  concentrationg, (g 4). The maximum value ol5p is realized for ¢
1.2x10'* cm™* and mobility 9.6<10° cn? V/s (the param-  _ 4" \uhile the transverse component of the PD current

eters are taken from Ref. 12n accordance with experimen- does not excite by pure or p-polarized pumps. The spectral
tal data in Refs. 12 and 13 we choasg=7.2x10° cm/s so dependencies d¥p, also show a double spectral inversion

that the energy of the transitionvgpe=3.5 meV corre-  ,o"one may see from Fig. 3. From this figure, one further-
sponds to the 0.75 THz excitation. Assumilig=fi/7 We  mgore sees that th¥/lss peaks grow when the broadening
obtain from Eq.(21) a characteristic velocitypp around 25 n5rametef increasedi.e., collisions become less important

cm/s for a pump intensity of the order of 1 kW/¢mand
Q=0. The estimation of the dimensionless broadening is

=1.8 for such a set of parameters. Maximum value¥/gf B. Effect of the in-plane magnetic field
are a few times larger tharpp due to the spectral dependent
factors in EQ.(20) (the peak values o¥/j5 are up to 200 Due to the effect of the magnetic fielfy,| depends on

cm/s for the conditions under considerajioifthe resonant the anglee and the averaging in Eq15) is no longer pos-
spectral dependencies M5 described by Eq(20) show  sible. For such a case the explicit expressiond/igl can be
doublespectral inversion character and the spectra are esseabtained after transformation of E(L4) to the form:

Vio| €7 v2 [ dp (hq-p)/(hQ) (E-wp)
Vi~ Mo o %(p{hqxvs])/(ﬁqu)[ w2 (B Raloriw] )ty
(hq-p) , ,
+ — (E.Wp)26F(2|Wp|—ﬁw)fT(sp)]. (22

The integration overp cannot be performed analytically here, and after integration [p/feffor the zero-temperature case
Eq. (22) is rewritten as

Vio 8 (27 Agw/SiINe+ ) 3f 1+w cose
. oW n .

~— — — + ) —

g = ooz e A i )
, . 1+w cose cos¢ 1+w cosg
+A'(Q)sin(e+ )| Ayg| 1— ————| + Agw=0| TA(Q,) . (23
2v% 3f Ve
|

Here we have introduced the angle-dependent functions: Based on Eq(293) results of numerical calculations of PD

veIocities,V”F;iD are presented below using the parameters

listed in Sec. IlIA. Since the dependencie§y vs w are

Agw=W(cOS ¢ sin ¢r+sin ¢ cos fcos ) under consideration belown(is of the order of unit if the

+C0Sd Sin(@+ ) —sin ¢ cosd cog o+ i), magnetic field is around 1)Twe do not need any concrete
¢ sin(e+¥) ¢ Lot ) value of theg factor?® The modifications of the spectral
v,= JI+wW2+ 2w cos g, Q,=0+3f(v,—1), dependencies with increasing magnetic field are shown in

(24) Figs. 4 and 5. For the case of the strong magnetic field (

. . _ _ >1) we usev ,=Ww, A,,=~W cosE,H) and Eq.(23) is esti-
whenw=gugH/(2vspg) is a dimensionless quantity char- mated bythe simple Egs.
acterizing the effect of the magnetic field. The inted28)
is not convergent ap=7r for w=1 due to divergence of the | 8 ]
matrix element(A11) when the cross point of the energy ~ Vro/Upp="3WA'(Qy)sin ¢ cog(E,H)+o(cons),
branches(the point of thep-plane with|wy|=0) intersects
by the_ Fermi level. Both f|n|te-temperature effebmmh are VﬁD/vazo(consD, Qp=(ho—gugH)/T. (25
described by Eq(22)] and scattering by magnetic impurities
(the presence of which breaks the degeneracy of the energshe longitudinal component of the PD velocity increases
spectra are essential av=1. proportionally tow, and the §’-like peculiarity shifts to
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Vg g,

FIG. 4. Spectral dependencies of the longitudinal component of
the PD current undes polarized(a) andp polarized(b) THz pump FIG. 5. The same as in Figs(a} and 4b) for the transverse
excitation for different magnetic fields, viay=0 (1), w=0.4 (2), component of the PD current.
w=0.8(3), w=1.2(4), w=1.6(5), andw=2 (6) (the dashed curve
in (b) corresponds tev=3). The incidence angle and the orienta- IV. CONCLUSION
tion of the magnetic field aré= 7/4 and= w/4, respectively.

In this paper we have demonstrated that the photon drag
current caused by nonvertical spin-flip transitions of 2D elec-

PD velocity still st tional t tant. Th " frons in nonsymmetric QW’s is detectable and exhibits com-
velocity stft stay proportional to a constant. These ranS'plicated geometrical dependencies of the angles of incidence

. H . . .
formations ofVpp, for intermediate values aff are shownin — 5n4 holarization and on the in-plane orientation of the mag-
Fig. 4@ for the s-polarized pump. Analogous transforma- netic field. The mechanism under consideration is character-

tions take place for the transverse component of the LPD V&zed by the occurrence of a transverse component of the cur-
locity under thes-polarized pumpsee Fig. %] but Vep  rent and a double spectral inversion of the photoresponse.
=0 if w=0 for this geometry; an in-plane magnetic field The mechanism is sensitive even to the moderate in-plane
invalidates this selection rule. The modifications of the SPeCmagnetic field. The above-mentioned features allows one to
tra in the case of @-polarized pump are found to be more separate the spin-flip PD current from those originating in
complicated for intermediater’s [see Figs. &) and 8b)],  other types of transitions. The effective photoresponse under
i.e., peaks shift to lowef) if w<1 and transformation to the consideration may lead to possibilities to develop a type of
strong magnetic field case begins far>1. Significant  yitrafast detector for the THz spectral region.

modifications ofVig under variation of the magnetic field  The presented results were calculated under the following
orientation are shown in Figs(# and @b) (due to symme- assumptions. The model of electron states introduced by Eq.
try requirements\/‘,'siD does not change under the replace-(1) is based on the simple effective mass approximation and
mentsH— —H andE.— — Eg so that we consider the region does not take into account both self-consistent corrections
0<y</2 only). Note also that the transverse component ofand the effect of nonparabolicity. These effects do not
the PD velocity vanishes fat=0, = 7/2, and the spectral change the structure of the Hamiltonigah) and they are
dependencies under consideration exhibit a complicated o$aken into account if we considen, g, andvg as semiphe-

cillatory behavior. nomenological parameters. The assumption of short-range
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magnetic impurities must be taken into account. We did not
consider this case because peculiarities of the PD current
appears in a narrow region a¥f aroundw=1 and more
sensitive magnetotransport measurements seems needed to
study this case. One should note also that photogalvanic con-
tributions to the photoresponse can appear under in-plane
magnetic field$! such type of response does not depend on
g and may be separated if one changes the geometry of ex-
citation in such a way thatj— —q. All assumptions dis-
cussed above do not change significantly the value of the PD
current and the described spectral/angular dependencies.
More detailed numerical calculations are needed for concrete
cases.

In a broader perspective it appears that the spin-flip tran-
sitions of 2D electrons in narrow-gap nonsymmetric hetero-
structures contribute essentially to the photoresponse under
THz excitation. This might stimulate experimental examina-
tions of both PD currents and other types of respoliske-
toconductivity, photoinduced voltagé InAs-based hetero-
structures.

APPENDIX A

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

g _1+ifr~up
p 7

where the condition(Q; U,)=1 is satisfied if (,-u,)=1.

In order to fix the orientation of the unit vectog introduced
in Eqg. (A1), we consider the matrix contribution to the
Hamiltonian

(A1)

FIG. 6. Spectral dependencies for the longitudif@land trans-
verse (b) components of the PD current undempolarized (solid
curves and p polarized(dashed curvgsTHz pump excitation for
0= /4 and the following orientations of the magnetic fieltk=0
1), y==l6 (2), =13 (3), and y==/2 (4). The dimensionless R .
magnetic field isv=0.6. +i[(o-wp),(o-uy)] -}, (A2)

scattering has been used above for the sake of simplicitgnd note that under the condition,L u,, Eq.(A2) may be

only (one can consider as a momentum relaxation time at ransformed into diagonal form, i.e.,
the Fermi energy The phenomenological description of the ~Lo~ N - -
broadening of the spin-flip transitions is generally accepted Up (- Wp)Up= (o [UpX Wp]) = oWy (A3)
and such approach gives realistic shapes of absorption peal 3 result the diagonalized Hamiltonian takes the form
[we suppose thdt is bigger than the temperature in order to

perform the integration of Eq(14), and this condition is 00, =p2/(2m)+ o w (A4)
usually valid for the low temperature regibThe inequality L 2P

(6) is satisfied for samples with high mobility:!® Because and consequently a linegrdependent contribution appears
the calculations of the generation rate in E9), based onthe in the dispersion lawe,, if H=0, while a nonsymmetric
use of the equilibrium electron distribution, are valid for the dispersion law appears for the in-plane magnetic field.
description of the second-order photoresponse, then the ef- An explicit expression for vectauy, is obtained from the
fect of electron heating is not essential. Our numerical resultsystem of equations:

confines this expectation. The local-field corrections change

the shape of the peaks but do not affect the angle of inci- (Up-up)=1, (wp-u,)=0. (A5)
dence and polarization dependencies; these modifications
the spectra can be taken into account through a change of t
phenomenological parameters introduced above. For a closer
examination of the response wt=1 both the temperature- u.=M
dependence of the Fermi distribution and the scattering by P

A ~ 1 . A A A
U;(a-wp)up=§{(a-wp)+(a- Up) (o Wp) (o up)

e orthogonality condition thus yields

(Vs'[pxwp])

(p Wp) , (A6)

[PXVs]+p
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where the normalization constanV, is equal to

(p~wp)/(wpvsp2). The final result for the solution of Eq.

(A5) is
Up=[WpXVs]/(Wps), (A7)

and this expression has been used in @y.
It is convenient to introduce the vecte=[vsX E] in or-
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APPENDIX B

The consideration of quantum correction to the PD cur-
rent 8J, which is due to the multiplication of high-frequency
contributions to the density matrix and proportional to the
expigx—iwt) terms in the current operator, is given below.
The general expression for the current density operator at the
point X may be written as a variational derivative of the

used in the generation terrﬁGf,epq) [see Eqs(7) and (9)].

The general expression for such a matrix element may be

written as

|(+1p|(o-e)|—1p")|?

1 . - -
=7l(+1{1-i(o"up)}(o-e){1+i(o-up)} - 1)

1
= Zl(e—ie 1 (up-up)]

+(Up- &) (U, —iu,) + (Upr-€) (ay+iuy)|%. (A8)
Taking into account
Uy ug)= 2 = B (Ewy),  (A9)
P wowy Wp .

we transform(A8) into

|(+1p|(o-e)|—1p")?

1 W, W,/ v E.-w WX/_iWy/
ZZ(Ex—iEy)M—llJr S(W p) W 71V
Wprr p Wpr
2
v(E-wy.) Wi—iw?
4 Vsl EWo) Wy ”‘ (A10)

WP' Wp ‘

and for coinciding 2D momentp=p’ this matrix element
takes a simple formvg(E-w)2/4. Linearized inzq the con-
tributions to these matrix elemefguch linearization is de-

noted by an overline belowmay be obtained after straight-

forward algebraic transformations

[(+1p+7al(o-©)|—1p)P=—K+1pl(a-&)|-Lp—ra)f
2
US
ZW—p(E'Wp)(E'[VsXﬁQ]),

(Al11)

and this value has been used in E4®) and(13) for the PD
current.

e?/m
5\])(: ﬁ

w

_e2/m E 0

>

hw Pg-p

using also the basi) in the last expression.

ﬂcdre“*‘“”(om Sh|op) (f op— f yping) + C.C.

2

~ e . .
H—— igX—iwt _
Ji+|i——Ee S(x—X)+h.c.|, (B1)

where the steady-state part of the current operdgotakes
the form

sz%[fﬁ(x— X) + 8(X— X)p] + ] X ve] S(x—X)

+ig 2'%(9{[6>< o] 8(x—X)+ 8(x—X)[pX o1}

(B2)

Herem, is the free-electron mass awdande obey the usual
commutation relatiofix; ,f),-]_ =ig;jh. This current operator
leads to the velocity operat@/m+[ aX vg] if only the ho-
mogeneous PD currents and zero-wave-vector Fourier com-
ponents in Eq(B1) are essential.

Quantum corrections to the PD current appear due to the
second addendum in E¢B1) and such a contribution to Eg.
(3) is presented as

53 __e2E
e

wlw ~ . .
dtsps(x— X) Sp,e' ™1t

—mlw

(B3)

where 5p, describes the linear response due to the perturba-
tion (5). This may be written as

e—ia)t
if

0 ~ - “
f dre"Te(”h)hT[6ﬁe_i“",p],e_(”ﬁ)h7+ H.c.

(B4)

5;% =

After substitution of Eq(B4) into Eq. (B3) we obtain

. 0 f ; A noa i A
Ee"qxspa(x—X)f drerierel/Mh sh 5] e~ (Mh74 ¢ c,

(BS)
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In the first-order approximation iiq we use a matrix eIemen(tap|5ﬁ|ap>~(E-p) and the expression fofJ hence
transforms as

(B6)

2/ d i
5JemEEJ p/l

_ eE~p)( z?fap) 2ne2E(eE-ﬁq)
= - h +c.c= .
hw (2mh)2 @ +iX

I Mw q ap mt w2\ Mo

By this means, instead of the characteristic velogity,, which is determined by Eq21) we have obtained here a velocity

of the order of £E/w)?\/e/(m?c) and such a contribution is less thapg, by the factor @?)2mu§/(rv ). This factor is equal
approximately to &4 10 # for the numerical parameters used above.
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