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Spin energetics in a GaAs quantum well: Asymmetric spin-flip Raman scattering
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France Télécom, CNET/DTD, Laboratoire de Bagneux, 196 Avenue Henri Ravera, F-92220 Bagneux, France
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We demonstrate an asymmetric dependence of the spin-flip electronic Raman spectrum from a two-
dimensional electron gas on the direction of circular polarization of the photons, resulting from an interference
of light scattered from longitudinal and transverse spin-density fluctuations. By exploiting these selection rules,
we are able to determine experimentally that the sign of the band-structure parametera42, which describes the
bulk k3 conduction-band spin splitting in zinc-blende semiconductors, isnegativefor GaAs.
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The lack of inversion symmetry in zinc-blende semico
ductors, such as GaAs, results in a removal of spin deg
eracy for conduction band electrons with wave vectork
away from the Brillouin zone center, even in the absence
a magnetic field.1,2 In addition to this bulk inversion asym
metry ~BIA ! spin splitting, the presence of an electric fie
results in an additional contribution, referred to as t
Rashba spin splitting.3 In recent years there has been cons
erable interest in the conduction band spin splitting in se
conductor quantum wells, both theoretically4–6 and experi-
mentally, through measurements of electronic Ram
scattering,7 weak antilocalization8,9 and Shubnikov–de Haa
oscillations10 in two-dimensional electron gas~2DEG! sys-
tems.

In particular, from Raman scattering measurements
spin-flip single particle excitations~SPE! in a 2DEG we have
been able to determine the in-plane anisotropy of the s
splitting and demonstrate the importance of both the BIA a
Rashba contributions to the spin-splitting in assymetrica
doped quantum wells;11,12 calculations of the spin-splitting
within a multiband envelope function approach have dem
strated good agreement between these experiments
theory.13 Using a perturbative approach4,12 based on the
theoretically well-known bulk spin splitting,1 we were able
to extract the magnitudes of the bulk spin-splitting para
etersa42 ~used to describe the BIA spin-splitting tok3) and
a64 ~for the Rashba splitting, proportional tok),4 which were
in good agreement with values predicted withink•p
theory.1,2,4 However, we were unable to determine fro
these measurements theabsolute signof a42 or a64, although
we were able to demonstrate the opposite sign4 of the two
parameters.11,12

Mal’shukovet al.14 predicted recently that an interferenc
of light amplitudes scattered from longitudinal and tran
verse spin-density fluctuations leads to an asymmetric de
dence of the Raman spectrum on the direction of circu
polarization of the photons. We exploit these selection ru
here to determine experimentally the sign ofa42 ~defined as
positive if the energy of a spin-up electron with wavevec
ki@110# in bulk GaAs is greater than that of a spin-dow
electron!. Theoretical determinations of the sign ofa42 for
PRB 590163-1829/99/59~4!/2506~4!/$15.00
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GaAs appear to disagree; the sign is given as negative in
4 whereas the spin-splitting parametergc ([2a42) deter-
mined in Ref. 2 is positive.

If we adopt a perturbative approach to describe the sp
splitting in a quantum well, the energies of the conducti
band states for a wave vectork are given byE↑(k)5E0(k)
1uh(k)u andE↓(k)5E0(k)2uh(k)u, whereE0 is the energy
in the absence of spin splitting andh(k) acts as an effective
magnetic field,14 given by1,11

hx5a42kx~ky
22k2!2a64ezky ,

hy5a42ky~k22kx
2!1a64ezkx ,

hz50, ~1!

wherek is a confinement wave vector along thez axis7 and
ez is an effective electric field11,12 for electrons in the quan
tum well; the x, y, and z axes are parallel to thê100&
directions of the semiconductor. The unit vectornk
5h(k)/uh(k)u describes the orientation ofh.

For SPE of energyv and wave vectorq, the cross-section
R(q,v)@ei ,es# (ei and es are the polarizations of the inci
dent and scattered photons! for Raman scattering by spin
density fluctuations is given by:14,15

R~q,v!@ei ,es#}2~N~v!11! (
i , j 5↑,↓

Im@P i j ~q,v!#,

~2!

P i j ~q,v!5(
k

M k,i , j

f @Ei~k1q!#2 f @Ej~k!#

Ei~k1q!2Ej~k!2v2 id
. ~3!

N(v) and f (E) are the Bose-Einstein and Fermi-Dirac o
cupation factors.M k,i , j (q,v) describes the transition prob
ability for SPE from statek in spin-subbandj @energyEj (k)]
to statek1q in spin-subbandi @energyEi(k1q)]. 14 If M k,i , j
is independent ofk, then Eq.~3! reduces toP i j 5Mi j x

0
i j ,

wherex0
i j is the Lindhard polarizability for transitions be

tween spin-subbandsj and i.15

For spin-flip SPE, Mal’shukovet al. have shown that14
R2506 ©1999 The American Physical Society
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H M k,↑,↓

M k,↓,↑
J 5g2S uPuu3nku21uPzu2H 1

2
J iP3P* •nkD ,

~4!

whereg is a constant15 andP5ei3es* (ei andes are defined
with respect to the sample!. It was pointed out in Ref. 14 tha
if the polarizations of the incident and scattered light a
circular then reversal of the polarizations, such thatei→ei*
andes→es* , results inP→P* , leading to a change of sign o
the last term of Eq.~4!. Thus the resulting Raman differenc
spectrumDR(q,v)5R@ei ,es#2R@ei* ,es* #, obtained by re-
versing the circular polarizations of both incident and sc
tered light, should contain only contributions resulting fro
this term. Non-spin-flip SPE and the contribution to spin-fl
SPE from the first two terms in Eq.~4! will be unaffected by
the polarization reversal and will therefore not contribute
the difference spectrum.14

The light scattering geometry for the Raman measu
ments is shown in Fig. 1. The sample is an asymmetric
modulation-doped 180-Å GaAs/Al0.33Ga0.67As quantum
well with a 2DEG density of 1.331012 cm22 ~described
elsewhere;11 sample D in Ref. 12!, held at ;10 K. The
backscattering geometry results in an in-plane wave ve
transfer

q5
2p

l
@sina01sinb0#

to excitations in the 2DEG along the@100# direction. Mea-
surements were performed with an excitation wavelengtl
5776 nm for two different geometries, parameters
which are given in Table I.

FIG. 1. Light scattering geometry for~a! incident light and~b!
scattered light. Thex-axis is parallel to the@100# direction of the
sample;z is parallel to@001#.

TABLE I. Parameters, described in the text and in Fig. 1, for
two light scattering geometries employed. For the excitation wa
length l5776 nm, the refractive index of the semiconductor
taken to be 3.7.

A B

a0 (°) 49.5 30.5
b0 (°) 38.5 19.5
q(105 cm21) 1.12 0.68
d (°) 1.5 2.9
c (°) 11.2 6.8
2i (P3P* )x@s1 ,s1# 20.331023 20.631023

2i (P3P* )x@s1 ,s2# 20.10 20.20
e
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Within the sample reference frame defined in Fig. 1,
polarization vectors associated withs1 ~right circularly po-
larized! incident and scattered light are given by

ei@s1#5
1

A2
~cosa,i ,sina!,

es@s1#5
1

A2
~cosb,2 i ,sinb!. ~5!

The correspondings2 polarizations are obtained by takin
the complex conjugates. Hence, we find fors1 polarized
incident light ands1 polarized scattered light@z(s1 ,s1) z̄
scattering#,

~P3P* !@s1 ,s1#52i sind sin
d

2
~sinc,0,2cosc!, ~6!

where d5a2b, and c5(a1b)/2 ~see Table I!. For
z(s1 ,s2) z̄ scattering (s1 incident ands2 scattered!,

~P3P* !@s1 ,s2#52i sind cos
d

2
~cosc,0,sinc!. ~7!

Note that ifa5b thenP3P* 50 for all polarizations; there-
fore there should be no signal in the difference spectr
DR(q,v) for a true backscattering geometry.

From Eqs.~1!, ~6!, and~7! we can see that for the prese
scattering geometry the only contribution to the interferen
term in Eq.~4! is (P3P* )xnx ; values for 2i (P3P* )x are
given for z(s1 ,s1) z̄ andz(s1 ,s2) z̄ in Table I. Note that
(P3P* )x is significantly smaller forz(s1 ,s1) z̄ than for
z(s1 ,s2) z̄, suggesting that we should only expect to se
signal in the difference spectrum obtained by changing
larizations fromz(s1 ,s2) z̄ to z(s2 ,s1) z̄.

We are concerned here with Raman scattering by SPE
energyv and wave vectorq!kF ~the Fermi wave vector!,
with q parallel to@100# (x). We can obtain some insight int
the form of the difference spectrum if we make the assum

FIG. 2. Theoretical SPE Raman spectra;Wi j (q,v)52(N
11)Im@x i j

0 (q,v)#. Non-spin-flip spectrum (W↑↑1W↓↓) and spin-
flip spectra: W↑↓ , W↓↑ , (W↑↓1W↓↑) ~sum spectrum! and DR
}(W↓↑2W↑↓) ~difference spectrum!. High-energy cut-offs for
spin-flip SPE occur atvFq62uh(kF)u.
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tion h(k)!vFq (vF is the Fermi velocity!, in which case
excitations involving states aroundk5(kF,0,0) will domi-
nate the spin-flip SPE Raman spectrum.11 For these states
hx52a42kFk2, hy5a64ekF, andhz50 @see Eq.~1!#. In this
casenk , and henceM k,i , j @see Eq.~4!#, is independent ofk
and so the change in the Raman scattering cross sectio
reversal of polarization fromz(ei ,es) z̄ to z(ei* ,es* ) z̄ can be
written as

DR~q,v!}2ig2~P3P* !x

a42

Aa42
21a64

2e2/k4

3@N~v!11#Im@x0
↑↓~q,v!2x0

↓↑~q,v!#.

~8!

We can see from Eq.~8! that the sign of the Raman dif
ference signalDR(q,v) will depend on the sign ofa42. If
a42 is negative4 then, using the values for (P3P* )x given in
Table I, spin-down to spin-up SPE (R}2Im@x0

↑↓#) lead to
a negative signal in the difference spectrum with a minim
at v↑↓5vFq12uh(kF)u, whereas spin-up to spin-down tran
sitions (R}2Im@x0

↓↑#) give a positive signal inDR(q,v)
at smaller Raman shifts, with a maximum atv↓↑5vFq
22uh(kF)u. This is illustrated in Fig. 2, wherex0

↑↓ andx0
↓↑

have been evaluated numerically.7 For a detailed compariso
of experiment with theory the assumptionh(k)!vFq im-
plicit in Eq. ~8! is actually not sufficient in the present ca
and we must instead incorporateM k,i , j directly in our nu-

FIG. 3. Raman spectra measured withq51.123105 cm21 for

~a! z(y,x) z̄ ~line! andz(x,x) z̄ ~dashes! @cf. Fig. 2#, ~b! z(s1 ,s1) z̄

~line! and z(s2 ,s2) z̄ ~dashes!, ~c! z(s1 ,s2) z̄ ~lines! and

z(s2 ,s1) z̄ ~dashes! polarization configurations. Peaks due to R
man scattering by single particle excitations~SPE! and the plasmon
~P! are present.
on

merical determination ofP i j @see Eq.~3!#, using an expres-
sion fornx in Eq. ~4! derived from the full form ofh(k) @Eq.
~1!#.

In addition to Raman scattering by spin-density fluctu
tions, described above, we must also consider Raman s
tering by charge-density fluctuations, the cross-section
which depends on polarizations asuei•es* u2.15 This leads to
Raman scattering by plasmons and non-spin-flip SPE if~for
smalla andb) the polarizations of the incident and scatter
light are linear and parallel@e.g.,z(x,x) z̄), or if the polar-
izations are circular and of opposite sense@i.e., z(s1 ,s2) z̄
or z(s2 ,s1) z̄].

We show in Fig. 3 Raman spectra forq51.12
3105 cm21 for various polarization configurations. W
note that the plasmon~P! at 105 cm21 is only present in the
z(x,x) z̄, z(s1 ,s2) z̄ andz(s2 ,s1) z̄ spectra, as expected
The spin-flip and non-spin-flip SPE line shapes are a
clearly identifiable in Fig. 3~a! between 0 and 35 cm21, in
the z(y,x) z̄ andz(x,x) z̄ spectra, respectively. The SPE si
nal obtained in thez(s1 ,s1) z̄ and z(s2 ,s2) z̄ spectra
@Fig. 3~b!# have the same line shape but slightly differe
total intensities, possibly due to a change in the total tra
mission of the experimental setup on reversal of the po
izations. In contrast, for thez(s1 ,s2) z̄ and z(s2 ,s1) z̄
spectra in Fig. 3~c!, the form of the line-shape is change
when the polarizations of the incident and scattered light
reversed.

The polarization states in the sample for nominally circ
lar polarizations will certainly be elliptical in reality due to
e.g., the off-normal incidence at the semiconductor surfa

FIG. 4. Experimental Raman difference spectra (d) for q
51.123105 cm21 @~a! and ~b!# andq50.683105 cm21 @~c! and
~d!#. ~a!, ~c! (R@s1 ,s2#2R@s2 ,s1#). ~b!, ~d! (R@s1 ,s1#
2R@s2 ,s2#). The dotted lines indicate the zeros for the diffe
ence spectra. In~a! and ~c! we show calculated spin-flip SPE dif
ference spectra~lines!. Spectra obtained using Eq.~8! are also

shown~long dashes!. In ~b! and~d! the spin-flip SPEz(y,x) z̄ spec-
tra are superimposed~dashed lines!.
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However, by determining the difference spec
(R@s1 ,s2#2R@s2 ,s1#) and (R@s1 ,s1#2R@s2 ,s2#),
any signals resulting from departures from pure circular
larization should cancel. In addition, photoluminescence
nals should be equivalent within each pair of spectra, res
ing in no contribution to the difference spectrum, and
should be left only with Raman signals resulting from t
interference effects predicted in Ref. 14.

The difference spectra (R@s1 ,s2#2R@s2 ,s1#) and
(R@s1 ,s1#2R@s2 ,s2#) are shown in Fig. 4 for the two
wave vectors; no attempt has been made to scale the ex
mental spectra, which were all obtained under nomina
identical conditions. The line shapes of the difference spe
(R@s1 ,s1#2R@s2 ,s2#) in Figs. 4~b! and 4~d! are in fact
described well by the total spin-flip spectrum obtained w
crossed linear polarizations~which are also shown, inverted
in Fig. 4!, suggesting an incomplete cancellation of con
butions to the Raman spectra other than the interference
of Eq. ~4!. Indeed, appropriate scaling ofR@s1 ,s1# and
R@s2 ,s2# can lead to complete cancellation in the cor
sponding difference spectrum, as predicted by theory.

The (R@s1 ,s2#2R@s2 ,s1#) difference spectra in
Figs. 4~a! and 4~c! have the same form as that illustrated
Fig. 2 ~superimposed on a constant background signal, a
probably resulting from slight deviations in the experimen
set-up between measurements!, giving confirmation of the
selection rules predicted by Mul’shukovet al. The nonzero
-
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signal at very small Raman shifts in the difference spec
may result from variations between spectra in the intensity
stray light not rejected by the subtractive stage of the tri
grating spectrometer. We also show in Figs. 4~a! and 4~c!
theoretical spin-flip SPE difference spectra calculated us
the full k-dependent form forM k,i , j in Eq. ~3!, with a425
216.5 eV Å3 anda64e526.9 meV Å,11 which are in good
agreement with the experimental line shapes@difference
spectra calculated using Eq.~8! are also shown#. We should
note that we were unable to fit (R@s1 ,s2#2R@s2 ,s1#)
using any combination of the SPE spectra obtained with
ear polarizations, as was possible for (R@s1 ,s1#
2R@s2 ,s2#); the interference effect described in Ref. 14
essential to account for the overall form of these lineshap

In conclusion, we have demonstrated the polarizat
asymmetry predicted by Mal’shukovet al. for spin-flip Ra-
man scattering,14 obtaining good agreement between expe
mental and theroretical line shapes. This has enabled u
give an experimental determination of the sign of the ban
structure parametera42 in GaAs, which we found to be nega
tive as predicted in Ref. 4.

D.R. is grateful to the Royal Society and the EPSRC
the support of this work. We thank B. Etienne for the pro
sion of the MBE sample used in this work, D. S. Kainth f
technical assistance, and U. Ro¨ssler for helpful discussions
. B.
ys.

ne,

ne,

h-

B
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