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Polarization dependence of the resonant Raman scattering from electrons
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We have shown that the resonance Raman spectrum of electron spin-flip excitations in a lowest spin-split
conduction subband in a semiconductor quantum well depends on the directions of circular polarization of the
incident and the scattered lights. In the case of resonance with a heavy-hole subband, this dependence can be
detected only if this heavy-hole subband hybridizes with light-hole subbands. However, for resonance with a
light-hole subband, the result is not so sensitive to the mixing of heavy- and light-hole subbands. We also
found that under extreme resonant conditions, the amplitude of scattered light from charge-density excitations
mixes with that from spin-density excitations because of the spin-orbit coupling associated to the spin splitting
of conduction subband§S0163-182809)02140-2

I. INTRODUCTION the energy of an incident photon and the fundamental gap is
much larger than the energy separation between adjacent
In recent years there have been many studies on transpdrole subbands in a quantum well, calculatibas shown that
and optical phenomena associated to the spin-orbit splittingrhen the circular polarization reverses its direction, there is a
of the conduction band in Ill-V semiconductor quantumchange of the relative intensities of Raman peaks corre-
wells and nanostructures. The spin-orbit interaction whictsponding to transitions between spin-split subbands. This
splits the conduction band consists of two terms. Thetheoretical prediction has been confirmed by a very recent
Dresselhausterm is due to the lack of inversion symmetry experimenf However, most experiments of electronic Ra-
in the zinc-blende crystal Brillouin zone, and in addition theman scattering in quantum wells are performed at resonant
Rashbaterm appears if the self-consistent potential within aconditions. In this case, components of the Raman scattering
quantum well is asymmetric along the growth direction. Thetensor depend strongly on which of the hole subbands is in
spin-orbit interaction Hamiltonian derived from thep per-  resonance with the incident light. Consequently, we expect a
turbation expansion has the form that the electronic spin  different polarization behavior associated to the spin-orbit
coupled to amagneticfield h(k) which depends on the elec- effects as compared to the nonresonant case.
tron wave vectok. The spin precession around the direction In this paper we will study how the resonant conditions
of h(k) leads to the splittingh(k)| of the electron energy, Wwill modify the electronic Raman spectrum, which is asym-
which manifests itself in a split Raman band. Jusserandnetric with respect to the direction of circular polarization.
et al3 were the first to observe the spin-orbit splitting in the We consider a single quantum well in which a degenerate 2D
low-frequency spin-flip electronic Raman spectrum of anelectron gas occupies the lowest subband. Based on the sym-
n-type modulation-doped GaAs/&ba, _,As quantum well, metry of hole eigenstates, we have reached general conclu-
and deduced from it the spin-orbit splitting of about 0.4 sions regardless of the shape of the quantum well. In particu-
meV. By analyzing the angular dependence of the spectruniar, the mixing of light- and heavy-hole subbands plays an
the contribution of the Dresselhaus term was separated frofmportant role when the resonance with the heavy-hole sub-
that of the Rashba terfh. band takes place. At extreme resonance conditions, our
The spin precession arourtilk) also leads to various theory predicts in Raman spectra an unusual mixing of
quantum interference phenomena which can be observed ftharge- and spin-density excitations due to the spin-orbit in-
transport and optical properties of two-dimensiof2d) de-  teraction.
generate electrons in quantum wells. For example, the spin-
orbit int.eractiqn can induce an interference between light Il. RAMAN SCATTERING BY ELECTRONS
waves melastlcally_ scattered_ from different vector compo- IN A SPIN-SPLIT SUBBAND
nents of spin-density fluctuations. As a consequence, a spe-
cific polarization dependence of the Raman spectrum was In the presence of the spin-orbit interactiofk) - s, where
predicted® which can be observed when the incident and/ork = (k, ,Ky) is the electron wave vector parallel to interfaces,
scattered light waves are circularly polarized. For the case dhe Hamiltonian of an electron in the lowest conduction sub-
nonresonant Raman scattering where the difference betwedrand E(k) =k?2m* has the formH=E(k)+h(k)-s. Al-
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though in general the spin-orbit interactib(k) contains the and a part from the spin-density fluctuations. This expression
Dresselhaus tertrand the Rashba terfits explicit expres-  Of v,4 is valid for quantum-well systerisf the incident
sion depends on the crystallographic orientation of the welllight is far from resonances with intermediate transitions
If the growth directionz is along the[001] axis, then the from hole subbands to the final electron state above the
Dresselhaus term can be writterf as Fermi level. The corresponding detuning of the resonances
must be much larger than the energy separafipietween

he(K)= aky(ki—&?), hy(k)=ak,(x?’~k?), (1)  hole subbands. Under this condition, E¢8) and (5) have
been calculated in Ref. 5.

In this paper we will consider the opposite case of strong
resonance with one of the hole subbands, say:thesub-
bande,(k), when the detuning is much less thAp. Here
the main contribution to the scattering tensor comes from the

he(K)=7ky, hy(k)=— vk, (2)  intermediate states which lie very closestgkg). We define
) ) ] LSO) as the zone-center Bloch states for electrons with spin
where y is determined by the shape of the self-consistent, ~gnq |u)) as the zone-center Bloch states for holes. In

potential in the quantum well along the growth direction. Forierms of these states, the resonance Raman scattering tensor
a symmetric well,y=0. was derived 29
It is straightforward to solve the Schiimger equation to

obtain the two spin-split subbands for conduction electrons

where« is a constant ana@? is the average of the operator
—(9192)? over the electronic state of the lowest subband.
The value ofk is of the order of the inverse width of the
well. The Rashba terfrcan be expressed as

Yap(K. ) =2 (Salpe|ui)(u;lpe S > A, (1)
E.(k)=E(k) = |h(k)|/2, 3) j v

and the corresponding spin-dependent parts of the eigenfunl’,"-ith
tions

1
1 1 A= Ka@It, @) ®
_ g2 T il Aj
g+ (k)= \/Ee Oz gL (k)== \/Ee K@
HereA, =E.(k+q)—e,(k—Qgs) — w_ is the resonance de-

whereg, is the angle between the vectulk) and thex axis.  nominator andy(z) is the zdependent part of the electron

We are interested in the low-frequency Raman scatteringnvelope function. The-component part of the hole enve-
for which electronic transitions occur within a single spin- lope function is conventionally expressed in vector form
split subband or between the two subbands. We will label thé,(z), which is the eigenvector of the Luttinger
frequency, the polarization vector, and the wave vector of thédamiltonian'? For heavy-hole band and light-hole bands,
incident and scattered electromagnetic waves as, respewhich correspond to the total angular momentiim3, we
tively, o, , &, q., and wg, €5, gs. We also definew  havej==3 (heavy hol¢ and = 3 (light hole). Hencef,(2)
=w_ — wg for the Stokes shift, and the 2D vectqrfor the  =(f, 3(2),f, 1A2).f, —1/2(2).f, —32(2)). However, for the
projection of the vectoq, —qs onto thexy plane. In terms  split-off hole band with total angular momentud 3, we
of these notations, the scattering cross section, weighted lyavej=+3 andf,(2)=(f, 12(2),f, - 1A2)).
the Fermi occupation functiof (E) of the initial and the

final State, has the standard form IIl. POLARIZATION DEPENDENCE

Positions of Raman peaks are determined by the extremal
points ink space which satisfy thé functions in Eq.(5). It
has been showrhat the electron excitations within the or
XF[En(K)JOLEm(k+0) —Ex(k) — o]. (5 - spin-split subband generate a peakth inverse square-

For a degenerate electron gas with high enough 2D densitrf)Ot singularity in the Raman spectrum ai=veq. At the

which is the situation considered in this paper, we have ¢&me time, transitions between theand — spin-split sub-

<k and |h(k)|<Eg. Then, the major contribution to Eq. ands produce two more peaks. The precise positions of
(5) comes from the terms witk in the very near vicinity of tﬂelfe peaks r?re QetTrmlned byhthehangutljgr depz(nd%nce of
the Fermi wave vectok: . Under this condition, the transi- [h(ke)]. For the s(;mhpl?st cbase that t € cubic te(;mh d K
tion probability from the stat& in the nth spin-split subband Eq. (1) are ignored|h(ke)| becomes isotropic and the pea

h Yqin the mth - positions are given by =vgq=|h(kg)|. The anisotropy of
to the statec+q in themth subband is given by |h(kg)|, caused by the cubic terms, is the origin of the com-

2 plicated angular dependence of the peak positions, which has
, (6)  been discussed in detail in Ref. 4. In this paper we will
analyze the dependence of the Raman peak intensities on the
wherey,4(k,q) is the Raman scattering tensor. In the abovepolarization vectorg_ andes.
expression, the eigenfunctions satisfy the relatipn, (ke We need to calculaté/; j(k,q) at the extremal poink
+0)=0m, o(Kp). =kg* on the Fermi line, which is determined from tt&e
For bulk semiconductors, the Raman scattering tensdiunction in Eq.(5) (the mathematical procedure to locate the
Yap Was derived by Hamilton and McWhort®it contains a  extremal point was explained in detail in Refs. 4 andFor
part of light scattering from the charge-density fluctuationsthis purpose, the eigenfunctions of the Luttinger Hamiltonian

Wo,=2 3 Mma(k,a}{1-F[En(k+a)]}

Mana(k@)=| 2 Gha(ke) Yap(kQ)Gn,s(ke)
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have to be solved in order to evaluate the expectation valughereP=e% x g , andP,, is the Kane matrix element.
(9(2)|f,;(2)) in the coefficientAfj given by Eq.(8). Solv- The termPXP*-n in Eq. (11) is due to the interference
ing the eigenvalue problem becomes increasingly difficult inbetween the longitudinal and the transverse component of
the region of wave vectors where the light-heavy subbandhe spin-density fluctuations, and has different signs for the
mixing is important. To tackle this problem, we will use the two transition probabilities. Whefh(k)|—0, the spin-split
unitary transformation proposed by Broido and SHanf.  bands merge and the two interference terms cancel each
we choose the transformation to be independerk,&indz, other in the Raman spectrum. Although the same form of
it will allow us to treatk, as an operatok,=—i(d/dz). interference also appears in nonresonant Raman scattering,
Then, the 44 matrix representation of the original Lut- an important feature here is thax P* -n shows up together
tinger Hamiltonian is block diagonalized into two 22  With the coefficients\,, andA;, which characterize the mix-
matrices for the Corresponding Ham"toniaﬁﬁ and HZ- Ing of hole subbands. In a Raman S(:.atteri!"lg eXperimen-t with
After deriving the eigenvectors(f,i,(2),f,1(z)) and both the incident and the scattered light circularly polarized,

(,21(2), F,2n(2)) for H, and’H,, respectively, the eigenvec- it is easy to reverse simultaneously the polarization direc-
tors of the full Luttinger Hamiltoniar#{ are obtained with tions of both the incident and the scattered light. Such rever-

the inverse transformation sion will changeg, into g ande into es. As a result, in Eq.
(11), P becomesP* and PX P* changes its sign, while the
f,1(2)=(€'%f 11,6 7f 1, 7 1, —e 19f 1), other terms remain intact. Hence, the interference term can
_ ’ . . 9) be derived by taking the difference of two Raman spectra
fo(2)=(€"f on,— €' 5,67 7 5,67 ?f o). with opposite circular polarizations in both the incident and
i the scattered light. The so-obtaindifference spectrursan
Here the phase factoes’” "=B/|B| ande®" 7= —il/|l| are  pe calculated from the corresponding difference of transition
defined in terms of probabilities
B:_z\/§'}’3(kx_iky)a Pﬁv . e
AM. - =Fi—PXP*-n(Aj,—3Ar)A,. (12

9

I = = V3y (K~ k) +i2\3yskky,
. ) When evaluatinddM .. - at Raman peak positions which are
with the Luttinger parametef&y;, ¥,, and . In order o |ocated at extremal points= & it will produce two peaks

demonstrate the essential physics with a compact presentg:ina gifference spectrunBinceAM , _ andAM _ . are of
tion, we will use the spherical approximation = ys=y. opposite signs, these two peaks are also of opposite signs and
If the potential for holes is symmetric with respect to acan be observed experimentaly.
reflection with respect to they plane, the eigenvectors  |vchenko and Piku§ have calculated the Raman scatter-
given by Eq.(9) are then doubly degenerate with energiesing tensory,(k,q) assuming no mixing of the heavy- and
&,1(K)=¢,,(k). Such degeneracy &0 will be removed Jight-hole subbands. Under this assumption, it is easy to
in asymmetric wells. However, these nondegenerate statghow thatA;,=0 andA,,#0 for scattering resonant with
can still be very close in energy, and hence must be includeleavy-hole subbands, bi,,=0 andA,,#0 for scattering
in the summation in Eq(7) over the states with energies resonant with light-hole subbands. It then follows from Eq.
close to resonance. (12) thatAM .. =0 if the resonant scattering is mediated by
Substituting the results of E¢9) into Eq. (8), the coeffi- 3 heavy-hole subband, whileM . - #0 if the resonant scat-
cientsA,; can now be expressed in terms of the hole andering is mediated by a light-hole subband. Therefore, the
electron envelope functions as mixing of the heavy- and light-hole subbands must be taken
into account in order to formulate a complete theory. For this

N . N 1 1 purpose, we need to find the explicit expressiondgf and
An=A, 3= A, - 3= _i|<g|fvlh>|2+A_i|<g|fv2h>|2! A, .
vl vz In terms of the Pauli matrices,, o, ando,, the block
1 1 diagonalized Hamiltonian®{, and+, can be expressed in a
AL A= AL = Kl P+ Kol suitable form
vl v2

(100 Hy=y1(K2+KE) + y(K2—2k2) o, + kol Bloy— |1 oy +u(2),

. - (13)
whereA ;=E.(k+q)—e¢,i(k—qs) —w_. By defining a 2D B 2,02 L2 ou2y

unit vectorn=h(k)/|h(k)| with components,, = cos¢, and Ha=71(K*+kg) = ¥(K*= 2k3) 05~ kol Bl o+ [l oy + u(2),
ny=sin¢y, from Egs.(4), (6), (7), and(8), we obtain the \wherek,=—i(d/dz) andu(z) is the potential energy of a
transition probabllltlesl\/l + 7 for electrons between the two hole in the quantum well. The terms proportiona“m and
spin-split subbands |I| are responsible for the heavy- and light-hole subband

4 . - mixing. The eigensolutions dfi; andH, can be derived for
Pey [ (A, —3An,)

M. = P |2+At2|P xn|2 any value ofk, from which A,,, andA,, can be readily cal-
=T9 4 z b 1] culated. However, since8|~k and|l|~k?, in the region of
- . small k, we can treat théB| and the|l| term in H,, as
_ALAL3AL,) * perturbation. This will allow us to illustrate some character-
Fi—————PXP*-n|, a1y .
2 istic features of subband mixing.
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For the unperturbed Hamiltoniam;i(o) with i=1 and 2, However, for resonance with a light-hole subband, the effect
the zeroth-order eigenfunction§(f),0) and (0f(9)), as well  is not so sensitive to the mixing of heavy- and light-hole

as their corresponding eigenenergig$) ande')), can be ~ subbands.

easily obtained. They satisfy the relatiofi§) = (9., f,giol)l One additional prediction can be made for the third Ra-
:ffioz)w ¢@ =29 and 8£?l)|:8202)|_ Since the transition ™Man peak aw=qvg, which corresponds to intrasubband

robabilitiesAM . — are already finite at the level of unper- excitations within each spin-split sgbband. In an earlier work
P P, y b for nonresonant Raman scatterih@, has been shown that

turbed Hamiltonian if the scattering is resonant with a Iight-th. K d td d on the directi £ cireul |
hole subband, here we will calculate the perturbation correc: >, P€aK does not depend on the diréction of circuiar poiar-

tions to thewth heavy-hole subband. In the lowest order of Zation. However, the situation will be different under reso-
its mixing with the light-hole subbands, the wave function nant scattering. In this case, in HQO) the energy denomi-

+ - . —
correction is nator A ; differs from the energy denominatdr,; because

of the energy gap between the subband and the- sub-
band. As a result, this Raman peak is sensitive to the polar-

k2<f(°)|f(°-)>12k £(0) if(Q) ization of the light waves, as will be demonstrated below.
W_; 35S vint Dl A If the insignificant difference between the Fermi veloci-
fLir=iv3y m 20 _ (0 wil o ties in spin-split subbands is ignored, in E§) the transition
v Sl (14 ~ ProbabiliiesM, , andM _ _ have equal contribution to the

scattering cross section. Let us define

where the— sign is fori=1 and the+ sign is fori=2.

2
From Eq.(10) the coefficienth,, is readily derived as

+ P + = * *
o :%[(Ary—i— 3A;,)€S -8 +3(A],—Ap,)es £ 7]

(Dy)2 (Dy|2 + . + I
A :|<g|fv1|>| +|<g|f,,2,>| ' (15) and C—=—|(P§V/3)A|;P. The contribution ofM, . and
) A7 A, M _ _ to the scattering cross section is then proportional to
We should mention that in asymmetric quantum wells there M, . +M_ _=|C*.n|?+|C4|?+|C™-n|?*+|C,y|?

will be different perturbation corrections to the degenerate P . N
energiese(9), and (%, . In this case the two resonance de- TG CT N+ CeCTT n=Cp"Con
npminatorsAf1 and A, in Eq. (15 can be considerably —CgC*-n. (16)
different.

From Eqs.(15) and(14) we see that due to the mixing of Only when the incident and/or the scattered light is circularly
heavy- and light-hole subbands, the coefficiépf for reso-  polarized is the sum of the last four terms in the above Eq.
nant scattering from a heavy-hole subband is finite and in¢16) nonzero. It changes sign when circular polarizations re-
creases witlk. For an asymmetric quantum well, the right- verse their directions. The so-produced effect can be seen
hand side of Eq(14) is dominated by the term linear ik when we take the difference of the two Raman spectra cor-
because is small. Ifd, is the range of hole confinement in responding to opposite polarizations. This effect will mani-
a quantum well, then the expectation value of the operatofest itself with increasing difference betwedr; andA ;,
k,=—i(a/d2) is proportional tod, ", and the energy de- on which the values oh> andA>, depend, as shown in Eq.
nominator in Eq.(14) is proportional tod;z. Since the dy-  (10).
namics of the system is controlled by electrons with An unusual feature of these last four terms in Ef) is
=k, the coefficient, given by Eq.(15) is proportional to  that the amplitude€, andC* appear in the forms of cross
(ked, */d;?)2=kFd?. On the other hand, the eigenfunctions products. This means that amplitudes of inelastic light scat-
in a symmetric quantum well are either even or odd withtering from charge- and spin-density excitations interfere,
respect to reflection from they plane. For the lowest elec- and these four terms are just the corresponding interference
tron subbandy(z) is even. Hencef(y},) in Eqg. (15 is also  terms. To clarify the physical picture, we notice that the co-
even. Then, ifv in Eq. (14) corresponds to an even hole efficients C, and the components of the vecta®
state, say the topmost heavy-hole subband, at the right-hare(C,C, ,C,) are expressed in terms of the scattering ma-
side of Eq.(14) the term linear irk vanishes. Consequently, trix y as CoxTr[ v(k,q)] and C;«Tr[ y(k,q)oi], whereo;

A, is proportional tok?dﬁ. These expressions are valid if are Pauli matrices. Henc€, is associated to light scattering

the perturbation expansion parameited, is much less than by spin-independent charge-density excitations, while the co-
1. Beyond the perturbation regior,, has to be derived efficients C; are connected to the scattered amplitudes of
numerically. light by spin-density excitations. In the absence of the spin-

So far we have investigated the Raman spectra due torbit interaction,C; =C, andC*"=C~. Consequently, the
intersubband electron excitations between the spin-split subnterference terms in Eq(16) vanish, and the remaining
bands. By evaluating the coefficieAt,, we conclude that, terms represent the independent contributions of spin- and
based on the characteristic propertiesAd¥l . - given by  charge-density excitations to the Raman cross section. How-
Eq. (12), our theory predicts an observable polarization ef-ever, for the problem investigated here, due to the spin-orbit
fect in the resonance Raman spectrum. When resonant with@upling, these scattered amplitudes by spin-density excita-
heavy-hole subband, this effect can be detected only if thiions and charge-density excitations mix and the appropriate
heavy-hole subband hybridizes with light-hole subbandsresonance conditions make it an observable effect.
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It is well known that in a Coulomb gas the low-frequency with a weaker confinement of holes in the well. However, if
charge-density excitations are screened, while Egjsand  the Raman scattering is resonant with a light-hole subband,
(16) are derived for a noninteracting electron gas. Furtherthere is no such strong dependence. We also have shown that
more, Coulomb interaction can create collective spin-densitynterference of light scattering amplitudes from charge-
waves in the spin-split energy g&bBecause of all these density and spin-density excitations can be observed in the
complications, this topic requires a thorough study in thedifference spectrum of spin conserving electron transitions.
future. For that the resonance with incident photons must be strong

enough to distinguish between contributions to the Raman
IV. CONCLUSION tensor from the two spin-split electron states.

In summary, we have shown that the mixing of light- and
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