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Asymmetries of spin-flip electronic Raman scattering
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We have calculated the angular and the polarization dependence of spin-flip electronic Raman scattering
from a IlI-V semiconductor quantum well with its conduction band spin split due to broken inversion sym-
metry. We found that the interference of light scattered from the longitudinal and transverse spin-density
fluctuations leads to a dependence of the Raman spectrum on the direction of circular polarization of photons.
This phenomenon at zero magnetic field is entirely due to the intrinsic electron spin dynamics in the spin-split
band. The predicted asymmetric polarization dependence is preserved when the sample becomes dirty, such
that the elastic-electron scattering rate exceeds the characteristic frequency of electron spin precession in the
spin-split band[S0163-182817)50204-9

In semiconductors of zinc-blende structure, the absence ant spatial components of the spin-density fluctuations. The
inversion symmetry lifts the spin degeneracy and splits theontribution of this interference to the Raman cross section
conduction band.The electron energy spht(k) =|h(K)| de- ~ €an be observed only if the incident and the scattered photon
are circularly polarized. Furthermore, for a nongyrotropic
material in the absence of a magnetic field, this observable

) X X __interference term changes sign when the directions of circu-
the amount of split has been deduced from optical orientatiofy ho|arizations are reversed. To demonstrate our theoretical

measurements.and was found rather small. However, in findging, we will calculate the intensity of the electronic in-
narrow quantum wells, due to the confinement of electron,zspband spin-flip Raman scattering from a degenerate
motion along the growth directiok,can be sufficiently large  two-dimensional2D) electron gas in a narrow quantum well
to yield® a largerh(k), which has been derived from the in which only the lowest subband is occupied. Two limiting
magnetoresistance in weak magnetic fiéldrom the  cases will be studied in detail: the low and the_high mean
Shubnikov—de Haas oscillationsand from the Raman elastic scattering rate of electrons as compardu(k)/4%. In
spectrd both cases the Raman scattering is asymmetric with respect
The resonant Raman scattering is an effective tool foto the right and the left circular polarization of photons.
studying the electronic excitations in bulk semiconductors For the convenience of mathematical presentation, we set
and in semiconductor microstructuresn the depolarized #=1. The electronic states in the lowest subband are speci-

geometry where the polarization of the incident light is per-figq as|k a) whereK is the 2D wave vector and is the

pendicular to that of the scattered light, the spin-flip Ramarzpin projection onto the axis which is along the growth

scattering detects the electron spin-density fluctuations, an . > > o
the spin splitting of the conduction band shows up in the |r§ct|on. Lete; (or ;) be the pPIazlzatlon vector' of the
Raman spectrum as low-energy peaks, which correspond t8cident(or scatterefiphoton, and®=e; X eg According to
the transitions between pairs of spin-split electron statediamilton and McWortef, the spin-flip quantum amplitude
Measuring the positions of these peaks at different samplef scattering a photon from the initial photon statg (k;) to
orientations and at different wave-vector transfers, one cathe final photon statea(s,lzs) can be expressed as
determine the magnitude of the spin splitting and the struc-
ture of spin-split bands. Jusserartlal® were the first to
observe the spin splitting in the low-frequency spin-flip elec-
;{/:/(()arl]lg:. Raman spectrum of GaAs/fGa, As quantum whereﬁz(lzi-l{s)u is the component ok;-Ks parallel to the
However, in this paper we will show that Raman scatterXY Plane, ands, is the corresponding Fourier component of
ing can provide additional information about the dynamics ofthe électron spin-density operator.
electrons in the spin-split bands. This is due to the phases of The matrix elements 0§, are characteristic to the spin
electron spin excitations, the effect of which manifests itselfdynamics of electrons in the spin-split conduction band of a
in the interference of light inelastically scattered from differ- 11l-V semiconductor described by the Hamiltonfan

pends on the direction of the wave vectgrand grows as
k® with increasing electron enerdyn bulk semiconductors,

A s(K,Q) = yP-(k+0,a| Sy, B), (1)
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H=E,+h(K)-s, @ Mis(0.0)=Mi- (0,0)=7P-n?, (10
whereE,=k?/2m* . The second term in E@2) has the form
of an electronic spi|§ interacting with an effectivenagnetic
field h(k) whose direction and magnitude vary with the elec-wheren,=h(k)/|n(k)[.
tron wave vector. The explicit expressionﬁ(ﬂ?) dependson For intra-SSSB transitions, if we n.eglect the very small
the crystallographic orientation of the quantum well systemdifférence between the.two. 2D Fermi momenta in the two
If the growth directiorz axis is along th¢001] axis, then we SSSB’s, the delta function in E@6) is simply 6(v;-q-w).
havée The intra-SSSB excitations then give rise to a peakvat

R R =v:q in the Raman spectrum, similar to the usual case of
hx(k)=akx(k§—;<2), hy(k)=aky(—k§+ «?), () single particle intrasubband excitations in an electron’gas.

h 2 is th . | £ th 50/62)2 However, the additional feature of the SSSB system is that,
where «* is the expectation value of the operatop/oz) due to the spin splitting of electron energies, the intensity of

W't.h respect to the co.nfme.d wave func_tlon anng ﬂ?@l] . this peak is angular dependent. This angular dependence is
axis. If we choose this axis as the spin quantization axis, .

from Eq. (2) we easily derive the two spin-split subbands 9'VE" by Mg, .+, +(@,q) in (10) with kq=k:a/q.
(SSSB's as The inter-SSSB transitions generate two more Raman
R peaks. We defineWi,j(w,c*]) as the partial scattering cross-
E. i(=Exx|h(k)|/2. (4 section in Eq.(6) contributed by the excitations with a hole
the jth SSSB and an electron in tilhn SSSB. In order to
monstrate the essential physics with well-approximated
analytical expressions, we assume zero temperature and ob-

Mg+ =(@,0)= ¥?|PXn=iP,|?, (11)

The corresponding spin-dependent part of the eigenfunction'ge
are

1 1 tain from Eqgs.(4) and (6)
t/fi,ﬁ,fﬁe*"*k’z, P )= iﬁe"f’k’z, (5) —
W. z(0,9)=N(Ej o o o

where ¢, is the angle between the vectb(k) and thex
axis. The subscript$ (or |) indicate that the projection of
the electronic spin onto the axis, s,, is 1/2 (or —1/2).

Let us first consider very clean materials in which the\yhereN(E;) is the 2D density of states at the Fermi energy,

elastlc_ scattering time is sufficiently Io_ng that the corre- 4  is the angle between the 2@ and thex axis.

sponding broadening of electron energy is small compared t\9V Y h ke isely. i ¢
- . . . . + 7(o, Vi more preci , inver rer

h(k) and tov;q, whereuv; is the Fermi velocity. In this case = =(©,q) have peaksmore precisely erse square roo

the scattering cross section at the Stokes shifiw;-ws is s;mgylaghes; af the extremal pomts. on the Fermi line where
proportional to a6 (vs-q=|h(kf)|)=0. As was Qmpted out by Jusserand
et al.® the angular dependence |ti(k)| can be important in
determining the precise positions of the peaks if
In(K)|>v+q. This allows us to subtract a contribution of the
i o i Rashba terr? which in asymmetric quantum wells adds to
XH(E} Q) 6(Ei kg~ Ejk— o), ®)  the intrinsic spin-orbit interaction given by E(R).
wheref(E) is the Fermi distribution function, and The polarization dependence of thejntensities of the inter-
5 SSSB peaks is determined b . +(w,q) in Eq.(11) taken
> , c 2 at the corresponding extremal points. This expression can be
Miii(@@= X ¥ iAapKDiiig (D PONAING ExTEmal pos. TS express

XMg, = =(0,9)8ve-q= (k)| -], (12)

Weo.)=2 2 Mgl f(Eifq)]

ap=1. written as
is the transitign E)robability from the stakein the jth SSSB Mﬁ,i,:(w,a)z 72(|F3H><ﬁk|2+|pz|2iiﬁ>< P*.ny).
to the statek+q in the ith SSSB. Let us definep; g (13

=it di+q) and ey :=3(di— ¢i+g)- Then from Eqs(l)  From this equation one can immediately see a drastic differ-
and(5) we find the intra-SSSBi E) transition probabilities  ence between two cases of linearly and circularly polarized
incident and/or scattered light. In the former case the vector

- 3\ — A2 L. H . >
M « = (,0) = y°|Pycog ¢ g) + Pysin( ¢ q) P is real and, hence, the third term in E§3) is zero. How-
LiP.sin(o )2 ever, in the latter case it is not zero. The tePw P* - n, is
*iPsin(eg o)l (8) . :
o due to the interference of the light waves scattered by the
and the inter-SSSBi €& j) transition probabilities Sg,2 component and th&; ; component of the spin-density

. fluctuations. The contribution due to this term to the Raman
Mlz,i,I(qu):’yzlpxSin((PEd)_PyCOi(Pﬁyd) cross section will disappear if the conduction band is not

) , spin split. When the circular polarization directions of both
-+ Lo >
_'PZCOS{‘Pk,q) the incident and the scattered light are reversed, thdre-
Sinceq<k=Kk;, we can selp;= ¢y, 4 to simplify Egs.(8) comese; , e, becomese} , and soP becomesP*. As a
and(9) as result, the interference term in E@.3) exhibits their remark-

2, 9)
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able property that they change sign under the reverse of treamples. This property allows us to derive the effects of spin
directions of circular polarizations. splitting from Raman measurements.

To see the main qualitative features of the interference The intensity of the spin flip Raman scattering can be
term we consider a simple case when the Rashba term @galculated by making an average- - )., of Eq. (6) over a
ﬁ(IZ) is absent and only linear terms with respecﬂthnre random po'genna] dge t.o |mpur|t(|atlads1 and |mper_fect|ons. U;lng
taken into account in Eq3). This corresponds to a narrow f[he. ﬂuctuatlon—d|_53|pat|on theor .the scattering prqbab|l—

) . Lo ity is expressed in terms of the spin-density correlation func-
symmetric quantum well where>k; . In this casg¢h(k)| is

tion as

angular independent and as can be seen from(Eg).the

eaks in the Raman spectrum ardat, if |h(k)|<vq and . P 2ndy
E > o p q | ( )l viQ ' W(w,Q):y_|m —i E Pi ’_"J' -
k= *kq, when|h(k)|>vq. In the former case the two inter- T i Vo 2w
SSSB Raman bands at=v:q=|h(k,)| are due to the both
W+,_(w,ﬁ) andW_,+(w,ﬁ) contributions to the cross sec-
tion. The corresponding interference terms have opposite R
signs, as can be seen from H43). On the other hand, if XS;iG(v+wk+a,kK' +0) Dranp, (14
|R(k)|>v:q we haveW_ . (w,q)=0, butW, _(w,q) gives o
rise to two peaks ah,:|ﬁ(|2q)|iqu. The higher-energy Where the electron Green functio®»,k,k") are matrices

. . o - . i in the spin space. The off-diagonal componeritsX,y and
peak is due to excitations #t=kq while the lower-energy j=2) in the integrand represent the interference of the trans-

one is formed by the excitations &=-k,. Since ny  verse(along thez axis) and the longitudinalin xy plane
- _ﬁ_k , the third term in Eq(13) also has opposite signs Spin-density fluctuations. Because the conduction band is
q

for these two Raman bands. Therefore the interference P _spl|t, these components are f|n|teq_at 0. WhenF IS
constructive for one of the inter-SSSB Raman bands, and ngﬂmently large, the electron transport is dominately diffu-

2
is destructive for the other band.H{k)— 0, the two Raman

sive with the diffusion constanD=v:/4I'. Due to the

AR D’yakonov-Perel mechanisii, the longitudinal and the
bands merge and the corresponding interference terms cang
each other in the cross section. Hence, the interference co

nsverse spin fluctuations relax with the respective rates
tribution to the Raman spectrum is entirely due to the elec

J=xy.z

X(THS;,;G(v,k,K")

1 =(h2(K))an/2D and T =(h2(K¢))qi/AT, where(- - - )g is

tron spin dynamics in the spin-split conduction band of quanan average over the direction kf. The electron diffusion
tum wells. and the spin relaxation can be described in the framework of
The signs of the interference terms can be reversed bguasiclassical approach when one ignores the quantum ef-
changing the circular polarizations of incident and scatteredects associated to the interference of quantum amplitudes of
light waves. Hence, taking difference of the two spectra withmultiple scattering of electrons from defects. Within this ap-
opposite circular polarizations, one can remove the peak cofroach the configuration average - )4, in Eq. (14) can be
responding to intra-SSSB excitations as well as the two firs¢alculated with the so-called diffusion approximatidn,
terms in Eq.(13), subtracting thus the interference contribu- Which allows the off-diagonal components of the trace in Eq.
tion from the Raman spectrum. When the Rashba term ag4) to be represented by the corresponding components of

well as cubic terms give noticeable contributionhi¢k) the thﬁ. gﬁfusgnn p&opggztor. |'Léj?l?]g _the fdn‘fusmn propagﬁtor
relative intensities and positions of the Raman bands in th ich we have derived earlief,the interference terms in the

difference spectrum have more complicated angular deperin® Scattering probability are obtained from Eiy) as

dence, as compared with the simple example considered -, 2o s

above. Analysis of this dependence can give new additional Wit(@,q) =iy"N(E) PXP*-ny (w/4T')

information on the relative value of various contributions to 11 2

Y xRe[m(q)/[D D -m*(@)]}, (15
It should be noted that, besides the spin-flip t€th @ |\ here m(q)=|h(IZq)|qu/(8I‘2) and D, =4iT/

circularly polarized light can also be scattered from the elec- N S = .
tron charge-density fluctuations. This scattering is usuall w+iDg"+il', y). Because of th&x P* term in Eq.(19),

observed at parallel linear polarizations of incident and scatWVit(,d) =0 for linearly polarized light which ha®=P*.
tered light. However, charge-density fluctuations are spin in©On the other hand, with circular polarizations of both the
dependent and, hence, cannot give any contributions to thacident and the scattered light, the interferemig(w,q)
interference term and will not be observed in the differencechanges sign when the directions of polarizations are re-
spectrum. versed. While this behavior is similar to that found in clean
After the study of clean samples, let us consider the opsamples, an important distinction is that now the Raman
posite limit that the system contains a strong random elastiband is structureless and its width depends on the values of

scattering potential such that bathq andh(k) are smallas I'i» I't, andq. _

compared to the electron elastic scattering FatéJnder this ~ We should mention that under the extreme resonance con-
condition, the Raman peaks due to various electron transfitions of the spin-flip Raman scattering, the longitudinal and
tions merge and become difficult to be resolved. Neverthethe transverse component contribute to the amplitude of scat-
less, we will show that the interference terms have the samiring with different weights, and therefore the expression
dependence on the polarization of light as in the clear(1) with a scalar producP-S; is no longer valid. However,
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as long as these weights have equal phases, our theoretichlctor quantum wells, due to the coupling between the lon-
analyses on the asymmetry with respect to the directions dfitudinal and the transverse electron spin excitations in the
circular polarizations remain unaffected qualitatively. A spin-split subband, interference terms appear in the spin-flip
quantitative problem in connection to the extreme resonanciiter-SSSB elecronic Raman scattering. This interference ef-
conditions is perhaps the appearance of resonance denonféct makes the Raman scattering asymmetric for the right
nators iny. This question requires future study. Additional and the left circularly polarized light, but not for linearly

study is also required on the electronic exchange effecholarized photons. This asymmetry appears in nongyrotropic
which gives rise to collective spin excitations in quantumgmyaterials at zero magnetic field, and is entirely due to the

15 i i T . ) . . .
wells™> We expect that this can result in new spectral feajnyrinsic electron spin dynamics in the spin-split conduction
tures of the interference term. band.

To close this paper, we would like to emphasize our theo-
retical prediction that in both clean and dirty IlI-V semicon-  We thank B. Jusserand for an interesting discussion.
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