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Spin-splitting-induced photogalvanic effect in quantum wells
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A theory of the circular photogalvanic effect caused by spin splitting in quantum wells is developed. Direct
interband transitions between the hole and electron size-quantized subbands are considered. It is shown that the
photocurrent value and direction depend strongly on the form of the spin-orbit interaction. The currents
induced by structure-, bulk-, and interface-inversion asymmetry are investigated. The photocurrent excitation
spectra caused by spin splittings in both conduction and valence bands are calculated.
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[. INTRODUCTION vestigated which is essentially different from the one men-
tioned above. This is the circular photogalvanic effect which

The spin properties of carriers have attracted much atteris a conversion of photon angular momentum into a directed
tion in recent years due to rapidly developed spintronicgnotion of charge carriers. The result is an appearance of
dealing with the manipulation of spin in electronic devi¢es. electric current under absorption of a circularly polarized
The first idea was put forward by Datta and Das, who projlght.26 The photocurrent reverses its direction under inver-
posed a spin field-effect transisfofheir work is based on a sion of the light helicity. Microscopically, the circular photo-
change of the Rashba field in semiconductor heterostrucurrent appears owing to a coupling between orbital and spin
tures, caused by structure inversion asymmésia).2 degrees of freedom. In semiconductors the coupling is a con-

The promising materials for spintronics are I1I-V semi- S€quence of the spin-orbit intera_ction. In two-dimensional
conductor quantum welléQW’s) whose spin properties are Systems, the circular photogalvanic effect can be caused by
well documented and can be controlled by advanced technoRoth Rashba and Dresselhaus effective magnetic fields. In
ogy. However, in addition to the Rashba spin-orbit interacthis paper we show that SIA and BIA result in experimen-
tion, other effective magnetic fields act on carriers in zinctally distinguishable photocurrents.
blende heterostructures. This is, first, the so-called Dressel- The recently started activity on circular photogalvanics in
haus field caused by bulk inversion asymme@yA)4~21t ~ QW's attracted much attenticri?® The photocurrents in-
is present in QW's made of semiconductors without inver-duced by both SIA and BIA have been investigated. The
sion center. circular photocurrent has been mostly studied uridaa-

Second, there is the spin-orbit interaction produced by théand transitions induced by infrared or far-infrared excita-
interface inversion asymmetiylA ). It has been established tions. However it is important to extend studies on the opti-
that the single-interface symmetry allows heavy-light holecal range where the effect is expected to be much stronger. In
mixing at zero in-plane wave vectd-” This mixing gives this case, the photocurrent appears duénterband transi-
rise to spin splitting in both valence and conduction bands alions. In the present work, the theory of the interband circu-
nonzero wave vectdf > The structure of the corresponding lar photogalvanic effect in QW's is developed, and the pho-
linear in the wave vector contribution to the electron effec-tocurrent spectra are calculated.
tive Hamiltonian coincides with that due to BFA.In the
following both contributions BIA and IIA are considered to- Il. GENERAL THEORY
gether as a generalized BIA field.

Both SIA and BIA give rise to many spin-dependent phe- In the absence of a spin-orbit interaction, two states with
nomena in QW’s, such as an existence of beats in th&he same wave vectdrin the same size-quantized subband,
Shubnikov—de Haas oscillatioA&spin relaxatiorf, splitting  |1) and|2), are degenerate. In a symmetrical QW, the elec-
in polarized Raman scattering spe(;?t?and positive anoma- tron envelope functions of these states can be chosen in the
lous magnetoresistané®. Spin splittings and relaxation form
times have been extracted from these experiments. However,
in (00D)-grown QW's, the SIA and BIA spin-orbit interac- |1o)=exp(ik-p)@(2)71,|2e)=explik-p)e(z)], (1)
tions result in the same dependences of spin splittings and
spin relaxation times on the wave vector. Therefore it is im-wherez is the growth directionp is the electron position in
possible to determine the nature for the spin splitting at lowthe plane of QW, and and | are the spin-up and spin-down
wave vectors. Only in the simultaneous presence of both BlAunctions. For odd(even subbands of size quantization,
and SIA of comparable strengths, one can observe new efs(—z)= * ¢(z), respectively.
fects, see Ref. 25, and references therein. However, the latter The two degenerate hole states with the wave vdctan
situation is rare in real systems because it requires a specibé chosen as symmetrical and antisymmetrical with respect
structure design. Usually SIA and BIA cannot be distin-to the mirror reflection in the plane located in the middle of
guished in experiments. the QW. The wave function for the symmetrical state has the

In this work, the other spin-dependent phenomenon is inform?°
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photocurrent arising due to asymmetry of the carrier distri-
bution in thek space at the moment of creation. It is different
from another photocurrent caused by carrier momentum re-
distribution during the process of spin relaxation. The latter,
so-called spin-galvanic effect, was considered in Refs. 31
and 28. These two photocurrents can be separated in the
time-resolved experiments: after switching off the light
source, the former decays with the momentum relaxation
time while the latter disappears within the spin relaxation
time.

The electric current is expressed in terms of the velocity
operators and spin density matrices for electrons and holes as
follows:

j=e2k T @ (k) p©@ (k) —v™(k)pM(k)], (5

wheree is the electron charge.

Density-matrix equations taking into account both direct
optical transitions and elastic scattering give the following
expressions for linear in the light intensity values entering
into Eq. (5):

FIG. 1. SIA- and BIA-induced photocurrents appearing under
oblique incidence of circularly-polarized light.

| 1) = explik- p)N{ ~ [Ugiz VW, exp(2i U121 X+ (2) R
. . . plOV =t — 7, > MM [ 8(Ey+ En—fiw)
+i[exp(3i dr)U_ g VBW_expli puyslx—(2)}, .
(2) +8(Ey+E;—fow)]. (6)

and the antisymmetrical wave functi¢®,) can be obtained ere, andr, are the relaxation times of electrons and holes
from [1,) by applying the operations of time and space in-(here we assume isotropic scattelintjo is the photon en-

version. Heral.. 5, Uy, are the Bloch functions at the top grgy M (k) is the matrix element of the direct optical tran-

ZIJIéhﬁjxgiiaieo?igg{rair?gti)&; aizje;’),(r?sseﬁgtglrig’e %\é?\:]veaennd sition between the stgtegandn, and the energy dispersions
[100] andk: Ee,h(k.) are rgckoned inside the bands. o
Spin splittings of electron or hole subbands both give rise
tand =k, /Ky . to the circular photogalvanic effect. The corresponding con-
tributions to the current are independent, therefore we con-
Spin-orbit interaction in QW’s is described by the Hamil- sider the cases of electron and hole spin splittings separately.

tonian which has the following form in the basis of two

States|1> and|2> I1l. ELECTRON SPIN-SPLITTING INDUCED
PHOTOCURRENT
H(k)= o Q(K). 3

Here oy, oy are the Pauli matrices acting on the stgtes
and |2). The effective k-dependent magnetic fieldBq;
«Q)(Kk) is determined by the type of inversion asymmetry.

Here we take into account spin splitting in the conduction
band. In QW's, the spin-orbit interaction E@) is described
by the linear in the wave vector Hamiltonian

In the presence of the spin-orbit interacti@), the two Qi(K)= By ki . @)
eigenstates with a given wave vectlkrare split by A ' 1
=2|Q(k)|. We denote these states by the index=.  Cubic ink corrections do not result in a circular photogal-
Their envelope functions in size-quantized subbands can bganic effect, therefore we do not consider them below.
chosen in the form Tensorg is determined by the symmetry of the QW. As

mentioned in the Introduction, in structures with a zinc
1 blende lattice, there is a contribution due to BIA and IIA
E|2>' (4) known as the Dresselhaus term. FO01)-grown QW's, it
has two nonzero components, namely,

\2

where the phasé, is given by

Imy=—exp(—i®,)|1)+

Bxx=— Bny Baia 8

wherex||[ 100] andy]||[010].
Let us now consider optical excitation of a QW by circu-  SIA appears due to difference of the right and left barrier
larly polarized light(see Fig. 1L Here we investigate the heights of the QW, electric fields applied alomglirection,

tand, =, /Q, .
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etc. It leads to an additional contribution to the Spln OrbltHere| | =x Y, ando is a pro]ecuon of the unit vector a|ong

Hamiltonian, the so-called Rashba term the light propagation direction on the QW plafsee Fig. L
The wave vector of the direct optical transitidq,, satisfies
Bxy= — Byx=Bsia- (9  the energy conservation law
The velocity matrix elements calculated on the wave Ee(ky) T En(Ky) =fiw—Eg, (19

functions (4) taking into account the spin-orbit corrections

(3), are given by whereE (k) =#%k</2m, is the electron energy without spin-

orbit corrections, and, (k) stands for the hole dispersion,
ik m cal\c/:\;;lateddin tEe sgfhericall'l apprgéimition]; co1d) |
@y |4 (5. - Si , e study the effects linear 1B, therefore Eq. IS
(O Dy =| T 7 (Bri COSPict By SINPY) | S valid at ho—EQ">pBk,, where EQV=Ey+Eq(0)
m +E;1(0) is the fundamental energy gap corrected for the
+ 7(/3)” cos® — By; SIND ) (1— Sy ), energie; of ;ize guantization. Howevgr, for real systems, the
theory is valid even near the absorption edge.
The frequency dependence of the photocurrent is given by

n K 1 dEq(k) the functionG(k)
o =qon(k), o=z —g = (10
~_ k d[F(ku(k)| F(k)[u(k)
wherem, is the electron effective mass. Glk)= v(k) dk| (k) v(k) [v(k) —2), (18

Calculations show that all odd Fourier harmonics of
p@M(K) entering into Eq(5) are proportional to the follow- Where

ing part of the sum: F(K) =KIN(K) Qu (KW (K) 127e(K),

epAo)2 . )
M Mm% Peirel ——1 Sin@(NQ.)?m ik fik 7h(K)
iy ol ] s 0(0= o+ (K0, uk)= { +on(lo s 0.
X{ S [W..cog D= 2+ ) (17)
+W2 cog @ — $)]+i (1= Sry) The first term in Eq(16) appears because the direct transi-
tions to the uppetlower) spin branch take place at a wave
X[W.siN®—2¢p,+ ¢p) vector slightly smalleflargen thank,, , and the second term

occurs because the two electron spin states with the &ame
have different velocities.
The factoré(k) depends on the form of a spin-orbit inter-

HereP. is the circular polarization degreg.and¢ are the 5 ign |t follows from Eqs(8), (9) that, for the BlA-induced
spherical angles of the light polarization vecteee Fig. 1, spin-orbit interactiond®, = — ¢, , while, for SIA dominance
p is the interband momentum matrix elemefg, is the light Dy = dh— /2 Therefore one has ’

wave amplitudem, is the free electron mass, and

+WA sin(®y— )1} (11)

éein=1, &ga=1—-1W. (k). (18)

ZJ dze(z) x~(2). (12 The difference appears because in the BIA case the terms
o with W.. in Eqg. (11) are the third harmonics o, and,
hence, do not contribute to the current. This means that BIA

and SIA create different current distributions of optically
|generated electrons.

This difference gives rise to non-equal frequency depen-
dences of the photocurrent. It is dramatic at the absorption
edge, whenfiw=Eg". For the ground hole subband
W, (k)~k?, and hence

The upper(lower) sign in Eqg.(11) corresponds to excitation
into the odd(even electron subband®.

The characteristic spin splittings are usually very smal
therefore we consider a linear jB regime. In this approxi-
mation, SIA and BIA give independent contributions into the
photocurrent

j(w)=jsia(®) +jga(®), (13

wherejga andjga are linear inBga and Bga , respectively.
Assuming the splittingA—0 and calculating the reduced
density of states, we obtain from Ed$)—(12) the expres-
sions for the interband circular photocurrents

jea~(ho—EJ"Y)?, joa~ho—EJV. (19

This conclusion opens a possibility to distinguish experimen-

tally which kind of asymmetry, BIA or SIA, is dominant in

the structure under study. This could be done by studying the

power, quadratic or linear, in the dependence of the circular

photocurrent on the light frequency near the absorption edge.

G(k ). (14) At higher photon energies, the spectra are also different due
to k dependence of the functioMd.. [see Eq(18)].

PAY\?

MgfiC

jilw)= _Blialpcirc(
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IV. HOLE SPIN-SPLITTING INDUCED PHOTOCURRENT HereF, uandv are given by Eq(17) with é=1—1W.. and

In this section we calculate the circular photocurrentmterChangereHTh' The factory

which arises due to the spin splitting in the valence size-

qguantized subbands. The split hole states have wave func- dinA

tions Eq.(4), the two degenerate states in the conduction y(k)= )

band are given by Eq1). dink
SIA and BIA result in the hole spin splitting as well as for

electrons. Below we consider both cases and derive the e

pressions for circular photocurrents.

(25

>Xt k—0, y=3 for the hl subband andy=1 for the |1
subband. The edge behavior of the spectrum is governed by

A. SIA-induced circular photocurrent thehl—el transitions and follows the quadratic law

SIA is described by the hole Hamiltoni&r® which has
the following form in the basisiz,, Uy, U_1/p, U_3p: jsia~(ho—EZM)?2. (26)

0 0 0 0

0 0 e ' 0 B. BIA- and IlA-induced circular photocurrent
H(k)=—iak| o0 —e¢« 0 0f- (20) IIA is described by the interface term in the
0 0 0 0 Hamiltoniart!~13:3334
In a weak electric field applied along the growth direction, 42
the k—mdepen_dent coefficient is propo_rtlonal to its strength. Hyp= tl(gh{JX I 8(z—2). (27)
In the basig1), |2,) the Hamiltonian(20) has the form Moagy/3
of Eq. (3) with
Qu+iQy=(2,|H[1,)=1A exp(3i ¢y), (2)  Herez are coordinates of the lefi£L) and the right {

=R) interfaces,a, is the lattice constant, and , are the

where operators of angular momentum 3/2. The heavy-light hole
P % mixing coefficients at two interfaces @3;Bs QW'’s are re-
A=3akN2<vvif dei(z)+w%J dzf(z)). lated by
(22)

The splitting equals toA=2|A(k)|, and the phaseb, t =t
=3¢+ 2.

At k—0, for theh1 subband one has~k®. For thel1
subband, the Hamiltonian in the basis exgg|2,), exp The BIA contribution for holes in the bulk is described by
(—2i¢y)|1,) has the form the HamiltoniaR®3°

H(k) = a(oky—aky),

i.e., itis similar to the SIA Hamiltonian for electroig), (9).

The splitting in this case is linear ik In real experiments,
the hole wave vector may be large, therefore we take into 5 o 5 s
account the nonparabolicity effects and allow explicide- T Iy Ky (K=K +IKAK=KD)]. (28
pendencéA(k) in Eq. (21).

Calculating the photocurrent, we arrive at the expression N .
(14) with the k-dependent tensg8 given by Herec, andc; are the relativistically small and nonrelativ-

istic valence-band spin-orbit constants, respectiviéhy,(k,
—id/dz) is the three-dimensional wave vector, aMj
Bxy(K) == Byx(K)= 41 (23 ={3,,(32-3%)}, etc. In Eq.(28) we neglected the cubic in
K relativistically small terms.
and with the following functionG(k) which determine the In the basis|1), |2,) both Hamiltonians(27) and (28)

4 2_ 2
HBIA:§C1K' V+C3[ K (K§—K?)

photocurrent excitation spectrum: have the form of Eq(3) with
(k)= k d | F(k)u(k) N F(k) [ u(k)
~ y(kv(k) dk|  v(k) v(k) |v(k) Q,+iQy=B; exp(5i ¢y) + B, expli o), (29

+

wll =501
w00 @9 here

235320-4



SPIN-SPLITTING-INDUCED PHOTOGALVANIC EFFET. ..

1 I I I I
:‘E 100 |
= a)
=]
2 hl- el
8 N o
'E 50 [ . ' L. -
o . .
st ) .
o .
= ,
Q ' X
2 0 :‘ 7\ __,4"” i
O | h3— el
£ I
o, L
g ~
~
Q Sea o -
- -50
o] - el A
c
)
<L
H h2— el
n -100 |
L 1 L 1 2 1 L 1 L 1
80 90 120 150 180 210 240

hoo-Egl (meV)

PHYSICAL REVIEW B 67, 235320 (2003

h2— el i

BlA-induced Photocurrent (arb. units)

A ] . ! A ] A ] A !
60 20 120 150 180 210

hm-Eg (meV)

240

FIG. 2. Partial contributions to the circular photocurrent for direct interband transitions. Spin splitting of the electron states is due to SIA

(a) or BIA (b).

2
B1o=+ 3N ———W.t{),x, (z)x(2)
\/3moao
+c3k Wif dz(dy. /dz)?
—w;f" dz(dy- /d2)2
k3 2 * 2
CSZ(lfwt)fclk er dzx%(z)
K3 +2W-
034(1 W;)— clk 3
xf dzxi(z)]. (30

The splitting is given by

A=2/BZ+ B2+ 2B;B, cos 4.

It is seen from Eq(30) that IIA and BIA give additive con-
tributions to the spin-orbit interaction: the coefficiers ,
have the terms proportlonal td, and toc, 5. At k—0 for
thehl subbandB;~k°, B,~k.

jilw)= ,L( o ﬁc) [Bi7(k,)Ga(k,)
+BP(K,)Ga(K,) 10y (3D)
The k-dependent tensoi8 are given by
dB
(L.2)( 1) = (12) — L2
and
~ F1Ak)u(k)
C1dW=5 e dk v(k)
12(k) (k)

Hereu andv are defined by Eq(17) with é&=1 and inter-

changere— 7,; y1,=dINBy,/dInk,
v1(K)=—=5/y1(K), va(k)=1lyy(k), (34)
F1==k(NQ.)?ryW¥* 12, (35)
Fo= +k(NQ.)?m W2 2,

The upper(lower) sign should be taken for transitions to the

Calculating the photocurrent, we arrive at the expressiorodd (even electron subbands.
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At the absorption edge we have the linear law - 1 T 1

[=]
o
T

jea~fio—EQ". (36)

The edge behavior of the photocurrent excitation spectra
Egs.(26), (36) are opposite to the electron case. The reason
is in the complicated valence band structure. For example,
the parabolic behavioi26) contrasts to the electron one Eq.
(19) due to thek? dependence of the tens@g, for holes,

Eq. (23.

(%))
o
T

o

V. RESULTS AND DISCUSSION

Equations(13)—(18), (23)—(25), and (31)—(35) describe
the contributions to the circular photocurrent due to inter-
band optical transitions. It is seen that the symmetry of the
system determines the direction of the current. Indeed, ac-
cording to Eq(14), ji(w)=B,;0,, i.e., (i) the current appears
only under oblique light incidence if®01)-grown QW's and
(ii) for SIA the currenj is perpendicular t@, while for BIA
the angle between and 0 is twice larger than the angle

between the axi§L00] ando, see Fig. 1.

The spectrum of the photocurrent is determined by the
functionsG(k,). Figure 2 presents the partial contributions
to this function for both SIA and BIA electron spin splittings
calculated for a 100-A wide QW with infinitely high barriers.
The interband transitions from tiel, h2, 11, andh3 hole FIG. 3. Spectrum of the interband circular photocurrent due to
subbands to the ground electron subbatdare taken into SIA (soliq line) and BIA (dashgd ]in}aelectron spin.splittings ina
account. The effective masses of the electron, heavy anfP0-A Wide QW. The arrows indicate the absorption edges for the
light holes are chosen to correspond to GaAs, our optical transitions.
=0.06Mg, my,=0.5Imq, m;,=0.082n,. The momentum
relaxation times are assumed to be relatedrfpy 27, and
independent of the carrier energiés.

The edge behavior of the photocurrent is due to lifie
—el transitions. One can see the linear and quadratic raising VI. CONCLUDING REMARKS

of the current near the absorption edge in accordance with The sjtyations are possible when the both SIA and BIA

Eq. (19). At higher energies, the spectra are determinedyre present. The absolute value of the current in the case
mainly by thehl—el andh2—el transitions. The differ- Bsia- Baia# 0 is given by

ence between BIA and SIA spectra is crucial: although in
both cases the current for th—el transitions is mainly j(0)=ViZa(0) +i2a(@) T 2jga(w)]sia(w)sin 24,
negative and has a minimum, in the BIA-induced photocur- (37)
rent these transitions give twice smaller contribution than A
h1—el, while for SIA dominance they give the main con- where¢ is the angle betweemand the axi$100]. The upper
tribution. (lower) sign in Eq. (37) corresponds toBga- Bsia>0

The total circular photocurrent caused by the four kinds of(<0). The direction of the photocurrent is given by the
optical transitions is presented in Fig. 3. The arrows in Fig. 3angle » between 110] andj:
indicate the points where the transitions start. One can see
that the BIA-induced circular photocurrent has a peak in the jsia(®) +Fjga( )
spectrum, while in the SIA case the dip is present around the tany= - — tan( ¢ —m/4). (38)

. . o jsia(@) = jga(@)

same point. This photon energy corresponds to excitation of
carriers withk~2/a, wherea is the quantum well width. At The angular dependend87) occurs due to simultaneous
this point theh1l andh2 energy dispersions have an anti- presence of Rashba and Dresselhaus fieRiga( Bgia# 0)
crossing. This results in a transformation of the hole wavedy analogy with thes, dependence of the spin splitting. It
functions and, hence, substantial changes in the dependengkould be noted thgts, and jg 4 have different excitation
G(k). spectra that causes complicateddependences of the total

The main feature of Fig. 3 is that the BIA photocurrent photocurrent absolute value and direction, E3), (38).
has no sign change in the given energy domain, while in the The analysis shows that, under anisotropic scattering, the
SIA case it has a sign-variable spectrum. This makes possiblénterference” termsgBga - ,BS,A/(,Bé,AJrﬁé,A) appear in the

—SIA |1
----BIA

[=]
o
T

~—h2— el
l—h3— el

— 11 el

[ EEPR B
150 180 210 240

hm-Eg (meV)

2 .
-—hl— el

[(a)

B

Interband Photocurrent (arb. units)

to determine the structure symmetry by means of the photo-
galvanic measurements.
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total photocurrent Eq13) even in the linear in3’s regime.  circular photogalvanic effect a unique highly sensitive tool
This is caused by coupling of the Fourier harmonics of thefor investigation of symmetry and spin properties of QW's.
velocity operator and density matrix in EG).
In conclusion, we have developed a theory of the inter- ACKNOWLEDGMENTS
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