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with GaAs-Al„Gat „As quantum wells

D. A. Kleinman, R. C. Miller, and A. C. Gossard
2 T&T Bell Laboratories, Murray Hill, .Vew Jersey 07974-2070

(Received 31 March 1986; revised manuscript received 27 August 1986)

Very sharp line emission has been seen in the v=1 heavy-hole exciton Elq luminescence of cer-
tain GaAs-Gal Al As quantum-well structures under optical excitation at E l I, + n fico Lo
(n=1,2,3,4) where AcoLo ——36.7 meV is the LO-phonon energy of GaAs. The samples showing this
effect all have a resonance between Elq+AcoLo and some higher excitonic transition, in most cases
the nominally forbidden transition involving the n=1 electron and n=3 heavy hole, E»h. The ef-
fect, which we call doubly resonant Raman scattering (DRRS), has been seen for excitation with

E»z and E2q in square-well structures and resonant with E»z in one half-parabolic-well sample.
The DRRS line has nearly three times the circular polarization of the broad ordinary luminescence
and a large linear polarization (optical alignment) not usually seen in luminescence from quantum
wells. The polarization properties of DRRS at 6 K for one sample have been completely deter-
mined, as well as the magnitude of the scattering relative to the ordinary luminescence. A theoreti-
cal discussion is given for the first-order DRRS characterizing the principal mechanisms, the
strength, the LO-phonon involved, the effects of symmetry, and polarization relaxation. It is con-
cluded that the Frohlich interaction can account for the strength but there could also be significant
impurity-assisted Frohlich scattering, the deformation potential interaction is negligible, and the po-
larization relaxation suggests as much as 55%%uo impurity-assisted scattering.

I ~ INTRODUCTION

The observation of Rarnan scattering resonant with ex-
citons in GaAs-Al„Ga~ „As quantum-well (square-well)
structures has been reported previously. ' Enhanced Ra-
man scattering was observed when either the incident
photon energy or the scattered photon energy was
resonant with a quantum-well exciton transition in which
the electron and hole possessed the same confinement
quantum number n.. This paper describes the first
resonant Raman scattering (RRS) with GaAs quantum
wells where the incident and scattered photon energies are
both resonant with an exciton transition. Furthermore, in
the sample studied in detail (principal sample) the incident
resonance involves different confinement states for the
electron and hole. This type of resonant Raman scatter-
ing will be termed "doubly resonant Raman scattering"
(DRRS). As many as four sharp peaks separated by the
longitudinal optic (LO) phonon energy fmto have been
seen in excitation spectra of samples which exhibit
DRRS. These peaks seen in excitation, and the relatively
strong sharp peak (FWHM-0. 4 meV) seen in emission
under DRRS, all exhibit substantial optical alignment as
well as strong circular polarization.

Phonon-assisted transitions seen in excitation have been
observed at 6 K with many GaAs quantum-well struc-
tures including those with many wells, single wells, and
half-parabolic wells. One sample was grown by metalor-
ganic vapor deposition while the remainder were grown by
molecular-beam epitaxy (MBE). The structures all exhib-
ited two exciton transitions, one of which was in emission,
separated in energy by %coro, and their photoluminescence
efficiencies were generally down from the brightest sam-

ples by one or more orders of magnitude. The principal
sample containing 50 GaAs quantum wells with
I,=140 A separated by 193 A x =0.33 alloy barriers
was grown by MBE on a (100) Cr-doped semi-insulating
GaAs substrate.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The photoluminescence (PL) and excitation spectra ob-
tained in the backscattering direction at 24 from normal
to the layer for the principal sample at 6 K are shown in
Fig. 1. All data presented in the figures in this
manuscript were obtained with a detection resolution of
FWHM=0. 20 meV, which results in a measured excita-
tion dye laser linewidth of FWHM=0. 35 meV. The laser
was a Kr-pumped tunable cw dye laser. For the PL spec-
trum, excitation was with 6.2 W/cm at 1.568 eV. This
excitation photon energy is resonant with the An =2 exci-
ton transition between the n =1 electron and the n =3
heavy hole, denoted E»~. ' The unique feature in the PL
spectrum is the sharp peak at 1.533 eV. Other data (not
shown) taken at higher detection resolution (0.15 meV) led
to measured widths FWHM-0. 33 and 0.38 meV for the
exciting laser beam and sharp PL peak, respectively.

The excitation spectrum given in Fig. 1 was obtained by
scanning the incident photon energy with detection of the
PL set on the sharp DRRS peak. Calculated energies of
some of the usual exciton quantum-well transitions are in-
dicated by short vertical arrows. The An =0 transitions
are labeled by E,z where i =n and j gives the hole charac-
ter h or l, for heavy and light holes, respectively. These
exciton transitions, which show up more clearly with
detection shifted to the broad PL peak (1.529 eV), were
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FIG. 1. Photoluminescence (dashed and solid curve on the
left-hand side), and excitation (solid curve on the right-hand
side), spectra at 6 K for a GaAs quantum-well sample with 50
periods of 140 A wells and 193 A x =0.33 alloy barriers. For
the photoluminescence spectrum, the sample was excited at
E&3p = 1.5680 eV. The excitation spectrum was obtained by
scanning the incident photon energy E~ with the detector set at
1 ~ 5326 eV. The detector sensitivity was decreased by 10 for
E~ & 1.538 eV. The measured intervals equal to AcoLo between
the sharp peaks in the excitation spectrum are given in meV and
are believed accurate to +0.3 meV. Calculated exciton transi-
tion energies are indicated by short vertical arrows below the ex-
citation spectrum.

0

used to estimate the quantum-well width, L, =140 A.
The transition energies shown in Fig. 1 were calculated as
described in Ref. 7 using a nonparabolic conduction band
for GaAs and valence-band offset equal to 40% of the
band-gap discontinuity between the GaAs and
Al„Ga& As layers.

The four sharp peaks in the excitation spectra are
reproducible and are attributed to phonon-assisted transi-
tions. The separations between these peaks given in the
figure in meV are estimated to be accurate to +0.3 meV
and are in good agreement with A'coLo for bulk GaAs, '

namely, 36.7 meV. When the detection energy is changed,
the phonon-associated peaks, and not the exciton transi-
tions, move along with it preserving their AcoLo-like inter-
vals. This has been observed for shifts to higher and
lower energies from that shown in Fig. 1 by as much as 4
meV. As shown in Fig. 2, a plot of the amplitude of the
sharp single-phonon DRRS peak versus energy shows a
width FWHM=4. 2 meV which is in good agreement
with that seen for E&I, in excitation, namely 4 meV+1
meV. Also the maximum amplitude of the sharp PL peak
occurs at the observed E~I„1.5340 eV+0. 5 meV. No
luminescence at E~3~ was observed when exciting at

Lo n = 1,2, 3.
Limited data show that these phonon-associated peaks

are not very sensitive to either the excitation intensity Iz
or the sample temperature T. The variation of the ampli-
tudes of the sharp and broad PL peaks expressed as Iz is
approximated by a-0.93 and 1.4, respectfully. When T
is increased from 6 to 80 K, the sharp DRRS peak in the
PL decreases by a factor =4 while the main PL peak de-
creases by a factor =50.
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FIG. 2. Photoluminescence intensity, solid curve, at 6 K in
the absence of DRRS and the amplitude of the DRRS signal,
dashed curve, as the excitation photon energy is scanned
through E 13&. The calculated and measured photon energies of
the Elq exciton peak are also shown. The energy of the DRRS
peak and its FWHM=4. 2 meV are in good agreement with that
observed for Elq as seen in excitation (not shown).

Data have also been obtained using both circular and
linear polarization techniques. For resonant excitation at
E&3~ as in Fig. 1 the observed circular polarization at the
DRRS peak was the same sign (+ ) as that of the excita-
tion and very large (77%%uo), nearly 3 times that for the
broad PL peak (27%). Signal-to-noise problems made
similar measurements di fficult to make at the other
phonon-associated peaks in the excitation spectrum, but
an increase in positive polarization could be detected for
excitation at the phonon peak on the high-energy side of
Ez~.

Of even more interest are the measurements of linear
polarization, which is not usually observed in the PL of
GaAs quantum-well samples. Following Menendez and
Cardona, ' we define the directions x [1,0,0], y [0,1,0],
x'[1, 1,0], and y'[1, 1,0] in the plane of the quantum well
and z[0,0, 1] normal to the well. Figure 3(a) shows, for
example, the PL spectra at 6 K with resonant excitation at
E&3q for the excitation-detection configurations z(y', y')z
and z(y', x')z. These data give a linear polarization of
+53% at the DRRS peak and at most —3%%uo elsewhere,
which is believed to be instrumental in origin. A sum-
mary of the DRRS polarization data (integrated intensi-
ties) on the principal sample is given in Table I. The dif-
ferent configurations were obtained on the same sample,
incident beam, and detection system by changing only the
input and output polarizers. The uncertainties indicated
in Table I are a measure of the scatter of the measure-
ments from run to run. The V notation for polarization
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FIG. 3. Photoluminescence spectra at 6 K for the principal sample. (a) Spectra are shown for resonant excitation at F. &3$ —1.5680
eV for the excitation and detection linear polarizers parallel, z(y', y')z, (solid line), and crossed, z(x', y')z, dashed line. The linear po-
larization of the sharp peak in this case is +0.53 with the parallel configuration giving the larger signal. The background polariza-
tion of —3%%ug is believed to be instrumental. (b) The photoluminescence spectrum is shown for resonant excitation at 1.533 eV. A
resonant Raman peak is observed AcoLo below the excitation photon energy.

configurations to be used later is defined in Eq. (22). The
three higher-energy phonon-associated peaks show linear
polarizations -25%.

Most of the wafers which have exhibited DRRS were
structures for which E»~-E&~ -ALLO. One interesting ex-
ception was a wafer which contained 20 half-parabolic
wells grown by MBE as described in Ref. 11. An analysis
of the energies of the exciton transitions seen in the exci-
tation spectrum for this structure shows that the energy
intervals between successive excitons from n =1 to 4 in
the conduction band are very nearly constant as expected
and have an average value of 36.7 meV, i.e., equal to
%coLQ ~ For this case with detection set at E

& ~ a sharp pho-
non peak is seen in the excitation spectrum at
E2~~ ——E~~+AcoLQ, and a weaker sharp peak at
E&I, +2AcuLQ which is therefore coincident energywise

Configuration V notation Measured

TABLE I. Measured integrated intensity for principal sample
of single-LO-phonon DRRS for various excitation-detection po-
larization configurations. The configurations are defined fol-
lowing Eq. (25) and the V notation in Eq. (27). The measured
values are normalized to make z(+, + )z+z(+, —)z =1.

with the expected position of the E3&~ exciton trans-
ition. Also several wafers with L, = 190 A exhibited
DRRS with emission at E

& I and excitation at E2&.
We have estimated the PL quantum efficiency of the

principle sample by comparing the integrated PL intensity
with that for one of the brightest samples we have ever
studied with the pump photon energy in each case at
E~=E2q. The principle sample (L~=140 A) was down
from the bright sample (L, =145 A) by a factor =124.
On the reasonable assumption that the bright sample has
near unity quantum efficiency, we estimate g —8. 1& 10
for the quantum efficiency of the principle sample.

The phonon-assisted transitions described above have
resulted from excitations at energies )~LQ above the ex-
citon energy gap of the quantum-well sample. It has also
been observed that if the principal sample is excited
resonantly with the E&~ exciton transition a satellite peak
appears in the emission spectrum shifted by AcoLQ to lower
energies. This RRS is shown in Fig. 3(b); in this case the
amplitude of the satellite peak is about 0.5% of the main
broad PL peak. The LO-phonon-shifted peak moves with
the excitation line and is observed with the principal sam-
ple as long as the excitation is within the E~~ exciton
peak.

z(+ + )z

z(+, —)z

z(x, x)z
z(y, x)z

z(x', x')z
z (y', y')z
z (y', x')z

(1,0,0,0)
(0, 1,0,0)

(1,1,1,1)/2
(1, 1, —1, —1)/2
(1,i, —i, 1)/2
(1, —i,i, 1)/2
( —i, 1, 1,i)/2

0.885+0.005
0.115+0.005
0.79+0.02
0.23+0.04
0.75+0.04
0.82+0.02
0.27+0.04

III. THEORETICAL DISCUSSION

The following discussion is mainly concerned with the
principal sample and the data of Table I. The one-LO-
phonon DRRS shown in Fig. 1 is mainly due to the pro-

1 7 I 2y 1 3

A p F Ap
R; ~(X,3p, )~(X(h+L) ~R, +L, (1)
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where R, X, and L denote photons, excitons, and LO pho-
nons, respectively, A-p is the photon-exciton interaction,
and F is the electrostatic polar (Frohlich) interaction. An-
isotropy' of the phonons will be neglected and the pho-
nons will be regarded as those of bulk GaAs. All of the
particles in Eq. (1) have zero momentum in the (x,y)
plane of the quantum well, but L may have arbitrary
momentum in the z direction. The excitons X are in the
ls ground state for the relative (x,y) electron-hole motion
but may have various configurations (noted where neces-
sary) in regard to the single-well confinement states for
the electron and hole (n„nh), and the corresponding spin
labels (c,v), where for electrons c =+ —, , v =+—, for
heavy holes, and v =+—, for light holes. ' ' The photons
R are specified by frequency co and polarization unit vec-
tor p, and where appropriate, an exciton created by pho-
ton R" can be indicated by X" which uniquely specifies
(c,v) if heavy (h) or light (1) is also indicated. The inter-
mediate states in parentheses in Eq. (1) in general need not
be resonant with the initial or final state, but the case of
resonance is indicated by the solid arrow. Our model
neglects confinement and zone folding of the phonons
and umklapp scattering of the excitons, which is con-
sistent with our observing the same effect in single-well
and many-well samples.

There exists a similar intrinsic process through the de-
formation potential interaction (D) (Refs. 10 and 12)

Ap D A-p

R; ~(X]3h)——~(X]i+L) —~R, +L— (2)

which involves a nonresonant scattering to the light-hole
exciton X». In Eq. (1) both intermediate states are

resonant (DRRS), in Eq. (2) only one intermediate state is
resonant (RRS), so we would expect the former to be the
dominant process.

There is also an extrinsic DRRS process closely related
to Eq. (1),' the FI process,

A.p I Ap
Ri ~ (X]3h ) ~(X]3$ ) ——~(X]q +L ') ~R, +L

(3a)
F I

Ri ~(X]3]i) ~(X]p, +L ') ——~(X]p, +L ')~R, +L ',
(3b)

which involves a static scattering interaction I due to im-
purities and excitons X' and phonons L' having nonzero
momentum in the (x,y) plane. The middle intermediate
state is off resonant by the amount of the kinetic energy
of the scattered exciton X'. The processes of Eqs. (1) and
(2) might involve the same initial and final states (interfer-
ence) (unless forbidden by the symmetry of L), whereas
the process of Eq. (3) necessarily involves a different pho-
non (no interference) from that in Eqs. (1) and (2). ' For
the three-dimensional (3D) case, where phonon momen-
tum is fixed by momentum conservation, Menendez and
Cardona' have used the interference between the F and D
mechanisms in several polarizations to explain the ob-
served line shape of the single-LO-phonon RRS in GaAs
and determine (for a particular sample) the contribution
of the FI mechanism. The FI process has the same polar-
ization properties as the F process.

The matrix elements of the Frohlich interaction can be
written approximately'

&x'L IHF Ix ) ]'cFvN ~K'+Q, K"~c'g"~U'U
I
Q+qz

I

I ~&l

where K,Q are exciton and phonon wave vectors in the
(x,y) plane, q the phonon wave vector along z, m, and
m~, are the electron and hole transverse effective masses
(in units of the free electron mass mo) for motion in the
( x,y) plane and M =m, +mi, „r=r, —ri, is the two-
dimensional (2D) relative coordinate, VN an arbitrary 3D
normalization volume for the phonon waves, A, denotes
the exciton internal state, and the Frohlich constant is'

CF —= []2ire %co] o(e ' —&0 )]' (5)

with eo, e the low- and high-frequency dielectric con-
stants. In Eq. (4) the polarization vector of the LO pho-
non has been taken in the Q+qz direction. The following
points are significant in Eq. (4): (a) Q is fixed by momen-
tum conservation but q is unrestricted; (b) only one parti-
cle in the exciton can change its confinement quantum
number; (c) the internal exciton state can change only if
Q~O; (d) the exciton polarization and heavy- or light-
hole character (i.e., all spins) are unchanged; (e) the pro-
cess A, '=A, with Q=O (the 2D analog of the "forbidden
process" in 3D) is allowed in the 2D case providing either
particle changes subband. In regard to (b) and (d), it

should be noted that apparent violations of these selection
rules can occur through hole-subband mixing to be dis-
cussed later.

The matrix elements of the photon-exciton interaction
in the same approximation as Eq. (4) are

{X"
I

—(e /moc) A p I
R" ) = —C& A.(0){n,

I
ni, )

x &c li, .p I
v)LN '"

7

(6)
Cz =—(2rrhe /rvmoe )'

where A,{r) is the normalized ( f I
A.

I
dr= 1) exciton

internal wave function, p is the momentum operator, and
L& an arbitrary normalization length along z. This form
is only useful for the so-called "allowed" transitions
n, =n~ in the case of square wells, since it cannot account
for the observed strength of the so-called "forbidden"
transitions like E»~ or the DRRS reported here. The ap-
proximation in Eqs. (4) and (6) is the separation of the z
and (x,y) motions of the hole based on neglecting the
off-diagonal terms (subband mixing) (Refs. 17 and 18) in
the valence-band effective-mass Hamiltonian H~.



668 D. A. KLEINMAN, R. C. MILLER, AND A. C. GOSSARD 35

Cg (c
~ p p ~

~ )A]v C3 ] gkk k(k)

(m], —m])'
C3 1

—— L, = —0.017L, ,5~' m((9m, —4m, )

(8)

where L, is the square-well width, m~, m& are the effective
masses (units of mo) for z motion, and the value is for
GaAs quantum wells. To derive Eq. (8) it has been as-
sumed that the confinement wave functions can be ap-
proximated by those for an infinite barrier. The
Schrodinger equation for the exciton can be written ap-
proximately

Subband mixing is discussed briefly in the Appendix
for the case K=O. If in the absence of mixing an exciton
X is characterized by good quantum numbers U, n~, A, (as
well as c, n„and K =0), and X represents an optically ac-
tive internal state of s symmetry (isotropic), then in the
presence of mixing the optically active s-symmetry com-
ponents of X have the same hole spin U. This is a conse-
quence of the conservation of angular momentum (spin
plus orbital) in subband mixing. We denote the Fourier
transform of A, (r) by A, (k) such that k(r)
=A]v ' /k'(k)e'"', where A]v is an arbitrary normali-
zation area. The effect of mixing on the optical spectrum
is described by the replacement

~

n )A(k)~
~

n )+ g'[C(k)]„„~n') A(k),
n'

C(0) =0, [C(k)]„„=0,
where [C(k)]„„gives the mixing. In lowest order in
k, [C(k)]„„=C„„kwhere C„„ is constant. We do not
believe subband mixing need be considered in the scatter-
ing matrix element in Eq. (4), but it is essential in the op-
tical matrix element Eq. (6).

The expansion of C(k) in powers of k can be obtained
from perturbation theory (see the Appendix). For the case
of interest here (the 13h transition), Eq. (6) is replaced by
the leading term from subband mixing (second order in
the term ( —',

~
H],

~

—,
' ) ),

( +]3Q
~

—(e /moc) A.p ~

R")

2m.e ]]]i A.(0)
i

Ph i
2C3 ]

(co;co, )' m oe PaiiL,

I'] =&+ z l(p +ip )/~&l+ z ) .

(13)

The lattice is here treated as a GaAs lattice. This process
is diagonal in polarization indices p;,p, regardless of the
basis chosen for expressing p;p, . The interaction with the
lattice when dispersion of the phonon frequency is
neglected can be regarded as the production of one pho-
non in the single effective mode (wave packet)

—1/2

UF(Z) =z g TF(q)
q

V]v g (q/
~ q ~

)e ~ TF(q)

=zA]v ' (L,I) 'c gF(z), (14)

where
z

gF(z) w3(z) w](z)dz,

so that Eq. (8) can be written in the form of Eq. (6) with
the replacement

( le
~

3h ) ~(2C3 ]/Pa&L, )-0.12, (12)
0 0

assuming L, = 140 A, az ——160 A. The value of
( le

~

3h ) calculated in the conventional ' way (no band
mixing) is typically —0.02—0.03. The value estimated in
Eq. (12) is of sufficient size to account for the observed
strength of E]3/g.

The deformation potential interaction will not be dis-
cussed in detail. We mention here only that its nonvan-
ishing matrix elements ' are of the form (+—',

~

HD
~
+ —,

'
)

which couple heavy holes to light holes, as noted in Eq.
(2), and thereby reverse the circular polarization of the
emitted photon relative to that of the incident photon.
Unlike HF, HD operates only on the holes.

The transition matrix element for the Frohlich process
of Eq. (1) is

V~
' 'iC~CF(3h

/

e ' '/ lh )
/ q f

L]v (fico; E]h f]—coLo)(fico;—E]3],)—

$2 e2
p2 A.(r) =E„A,(r),2mom„e (r2+p2L, )]c2 (9) I=I. f" gF(z) dz .

where m, is the reduced effective mass, and the empirical
constant P [representing an effective value for
(z, —zh ) /L, ] can be fixed by requiring, for example,

( le, lh
~
[aj]+(z, —z], ) ]

'
~

le, lh )

( 2+p2L2) —]/2 (10)

where az ——co% /mom, e is the Bohr radius. Alternative-
ly /3 can be fitted to known binding energies. The poten-
tial in Eq. (9) with P=0.26, when used in a variational
calculation, gives binding energies in reasonable agree-
ment as a function of L, with more accurate variational
treatments. ' Regardless of the value of E, we have
from Eq. (9) in the limit r~0,

gF(z) = [sin(4irz /L, )+2 sin(2vrz/L, )](4ir)

~z
~

&L,/2, (16)

gF(0) =0,
i
z

i )L, /2,
(11) I= ( 5/32ir ) .

g k X( k) = (2/paI] L, )k(0),
k

We have treated q as a continuous variable; for a superlat-
tice q would be restricted to integer multiples of 2~/p
(umklapp processes) where p is the period. In Eq. (14) uF
is the displacement of As relative to Ga atoms. Due to
the orthogonality of the confinement wave functions
wh(z), gF(z) vanishes outside the quantum well and the
small penetration region in each barrier. This agrees with
the fact that the phonon frequency observed (coLo) is that
of GaAs. Assuming a square well and infinite barrier
height, we obtain
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For finite barriers Eq. (16) is still a reasonable representa-
tion if L„ is replaced with an effective width L', )I, A
different single effective phonon mode is involved in the
process of Eq. (2). Note that uF is an even mode,
—UF( —Z) =UF(Z).

We believe the effective mode, which is a wave packet
of bulk modes, is relevant to the experiments discussed
here. However, the concept breaks down for very narrow
wells (L, -20 A) and for very large Al concentration in

the barrier ( x~ 1). Confined GaAs modes have been seen

experimentally and analyzed theoretically for GaAs-
A1As superlattices. For narrow wells these are sufficient-
ly split in frequency to be separately resolved; when that
happens the superposition in Eq. (16) becomes meaning-
less.

From the transition rate ("Fermi's golden rule" )

(2ir/fi) g ~
T;i

~

6(E; Ef—), we obtain from Eq. (13) the
scattering cross section (for the F process) per unit solid
angle per unit area of quantum well (dimensionless)

—1
dOq

dA

47Tco~ 0 ()

2
cc)g ag

L,
ag

2C3

Pa, L,

2
60 Ry IPh/mo I'&coLo

[A.(0)aii] I
~

irico; —E,h
—fico Lo Ace; E i 3h ~—

(17)

A+ gg
—1 4m oo 2C3

aii /3aIi Li
[A,(0)aii ]~

O~r

X[moc f(fico;)], (18)

where oo ——(e /moc ) and R~=e /2eoaii is the Rydberg.
Equation (17) includes the sum over q. From Eqs. (6) and
(12) we obtain the absorption cross section per unit area of
quantum well (dimensionless)

where a=ei/Pic, n is the refractive index, and f(~;) is a
normalized line shape for the E»~ absorption,

J f(E)dE = 1. We suppose that the absorption results in
luminescence with a radiative efficiency g from heavy
holes; the absence of light holes removes all emission po-
larized along z that would be present in bulk material and
adds this to the heavy-hole emission. It follows that Eq.
(18) multiplied by ( —, )(AA/4ir)il gives the emission into a
detector of solid angle AQ. Finally we can express the ra-
tio of Raman scattered photons to luminescence photons
entering the same detector

number of Raman photons
number of luminescence photons

8n o. &0

3g

[A,(0) a]iiI

aa mac f(iiico )

y( I h I'/mo)ir Loiri

I
&~ —Eih +~LO

I I
~ E13h—

(19)

f(~ ) l~ Eh+ —f'
h ~

Based on the constants for GaAs (Refs. 19 and 23)

~
Ph

~

2/mo ——1.3&&10 meV, R~=3.7 meV,
0

AcoLQ —36.7 meV, az ——160 A

e =13 I, eo ——11 1, n=3 3,

(20)

(21)

To treat the resonant case it is necessary to include damp-
ing E„~E —I I in the exciton energies; we neglect the
relatively small damping in the phonon AcuLQ which our
DRRS experiment indicates (by the sharp linewidth) is
about an order of magnitude smaller than that of the exci-
tons. The damping can be due to exciton diffusion,
recombination, relaxation to other subbands, or inhomo-
geneous broadening. We note that in general

and the rather reliable assumption A, (0)az —3/(2/ii), we
calculate

5 —0.025(0.038),
where the experimental value in parentheses is determined
directly from Fig. 3(a). The agreement is highly satisfac-
tory, and the calculated value being lower than the experi-
mental value is in the right direction, and may indicate
that the impurity-assisted FI process of Eq. (3) is making
a contribution but not a dominant contribution. The
small value qS-2~10 explains why only relatively
dim samples are likely to exhibit DRRS in our apparatus.

The deformation potential process Eq. (2) is not impor-
tant in the DRRS as evidenced by the polarization proper-
ties summarized in Table I. The F and D processes inter-
fere' to produce the I esultant transition matrix.

and the parameters measured for the principle sample, r(/ „/;;q) =TF(/ / 'q)+TD(~ (24)

Ace, =E&~ ——1.534/ 10 meV,

I ip ——2. 1, I »p, -2 meV,

L, = 140 A, g =8. 1 && 1.0

(22)

where TF is given by Eq. (13) and TD is similar except
that: (a) CF

~
Q+qz i

' is replaced by a constant CD con-
taining the deformation potential, (b) the state

i
Ih ) is re-

placed by
~

ll ), (c) the momentum matrix element enters
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as PhPI" where P~=+P~/&3, (d) the energy E,~ is re-
placed by E,~, (e) the circular polarization dependence is
given by [sgn(p;)-sgn(p, )]/2 where @=+1. Thus the D
process contributes a negative circular polarization, which
cannot be large because the observed circular polarization
is very high and positive (+77%). It follows that for
each q the polarization properties of Tz are given by

(thermal bath) of states with continuous energy spectrum
which we denote by an index g. In general the initial and
final states g are not equal, but the integrated strength of
the transition can be written as an average over just the
initial ensemble of g using the general definition

(26)

Tp( —,+ ) =iTp(x,y)=iTp(x', x')

= —Tp(+, —) =i Tp(y, x)

Tp(x, x) = Tp(y, y) = Tp(x', y') =Tp(y', x')

= Tp(+, +)=0, (25)

where (+) refer to P+ ——(x+iy)/v 2 and x', y' to
(x+y)/t/2, (x —y)/&2, respectively. TF is proportional
to the unit matrix referred to any of the bases
(x,y), (x',y'), or (+,—). As we have defined TF, Tp [see
Eq. (13) and (a)—(e) above] the quantities i TF,iTp are
both real when ~;,co, are far from the resonances of the
energy denominators. In this case because of the factors"i" in Eq. (25) there would be no interference between
them in any polarization configuration. However, if cu, is
in resonance with E~h (the situation in DRRS observed
here) the F scattering acquires a factor i due to the reso-
nance and could interfere with the D scattering (for a
given q) in the (x',x') and (y', y') configurations. Howev-
er, the data of Table I (which correspond to the sum over

q of
~

T
~

) indicate that the difference between these con-
figurations is small (-0.04), which may mean that the D
contribution is negligible; we return to this point later.
We note that for a square well the effective mode for the
D process is odd under reflection whereas that for the F
process is even. This would suggest that the same phonon
is not active in both processes, which would prevent in-
terference.

Neither the F nor the D process contributes to the
(y', x') configuration, yet this configuration has a very
significant strength (0.27) in Table I. This indicates a sig-
nificant effect due to spin relaxation. The relaxation of
the electron and hole spins in the excitonic intermediate
states produces a net effective polarization relaxation (PR)
of the excitons accompanied by very small changes in en-
ergy. The width of the DRRS line (for varying co, with
co; held fixed) is due to the width of the LO phonon plus
the width of energy fluctuations from PR. This is to be
distinguished from the width of the DRRS response
(varying rp; and co, with co; —co, =coLo) which is due to in-
homogeneous broadening and damping [I &h, I »z in Eq.
(22)] of the exciton states. The distinction between PR
and damping is that damping processes remove an exciton
from the intermediate states which contribute to a scatter-
ing process such as shown in Eqs. (1), (2), or (3), whereas
PR processes only reverse its circular polarization. We
shall only discuss PR in a phenomenological way not at-
tempting to describe its physical mechanisms in detail.
Note, however, that the electron-hole exchange interaction
alone does not couple different polarizations. The PR in-
teraction HI R couples the excitons X" to a reservoir

where 0 is any operator on the reservoir and P& is a prob-
ability distribution for the g ensemble. The T-matrix ele-
ments T(p, p, ;;q,Q) in general are operators on the reser-
voir through inclusion of the interaction HIR to all or-
ders.

The quantities listed in Table I are integrated intensities
for various polarization configurations which can be
specified by a four-component vector V defined by its
components V& as follows

Thus an arbitrary T matrix can be expanded in the form

(28)

in terms of the pure circular configurations y. The vector
V is given for each configuration in Table I. It is con-
venient to define a configuration density matrix

d =V V* (29)

and write the integrated intensity (apart from an arbitrary
factor) in the form

W[V}=Tr[d&}, (30)

where the Hermitian Raman matrix A is (apart from a
factor)

(31)

The values in Table I are normalized to Tr[&}=2, or
W I 1,0,0,0}+W I 0, 1,0,0 } = 1.

The point-group symmetry of the GaAs(001)
quantum-well Hamiltonian including an LO phonon
along z of wave vector q, Q=O is C2, which has reflection
planes x~y, y~x and x~ —y, y~ —x. From this it is
easy to show that

T(+, +;q, O) = T(+,+,q, O),

T(+, +,q, O) = —T(+, +;q, O) .
(32)

Time-reversal symmetry also gives these relations. Be-
cause of the sum over Q in Eq. (31), A, which may in-
volve impurity assisted scattering, has the symmetry of
the Q=O case. It follows that A (denoted A for no
PR) satisfies the symmetry relations

Vr =PsaPip 1 = Y(a,P),
(27)

y(+, +)=I, y(+, —)=2, y( —,+)=3,y( —,—)=4.
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A'„=%44——A', 4=%4, (no PR),

~22 ~33 ~23 ~32
0 0 0 ~ P~1Z=~4Z= —~13=—~43

(33)

H 14—M4}y &23—&32 ( With PR ) (34)

for the pure Raman process without PR. Note that these
relations do not assume anything about subband mixing.
If the crystal is left with excitations of the PR reservoir,
this symmetry will be reduced to (x',x'):

(y', x'):

Tl [~11+~22+ ~14 ~23 4 ™(~12)]

2 [~11+~22+~14 ~23+41M(~12)]

z (~11+~22 ~14+~23)

from a common factor) in the presence of PR

(+,+): ~11,
(+,—): ~22,
(XtX ) ~ 7(&11 +&22+A 14+&23 )

(y, x): —,
' (~ll+~22 ~14 ~23) (35)

&12——W4q ———&13———&43,

in which all relations connecting diagonal with off-
diagonal components appearing in Eqs. (33) have been
dropped. Using just the PR symmetry of Eqs. (34) and
the components of V from Table I, we find the following
general expressions for the integrated intensities (apart

Note that symmetry ensures that, (x,y)=(y, x), (x',y')
=(y', x'), and (x,x) =(y,y). These relations, Eqs. (34) and
(35), are valid for any combination of mechanisms, since
no assumption has been made about the reflection symme-
try, if any, of the phonon, which would come in through
the sum over q in Eq. (31).

The consistency of the data can be checked against the
two relations

(X,X)+(y,x) =(+,+ )+(+,—) = (y', x')+ —,[(x',x')+(y', y')] .
(1 02+0'04) (1'00) (1.06+0.05)

We have indicated below each quantity its value from Table I. One of these relations can also be written

(y, x) —(y', x') = —,
' [(x',x')+(y', y')] —(x,x) = —&23,

( —0.04+0.06) (0+0.03)

(36)

(37)

9'yy + —,(r0/rl )6yy

I+(r0/rl@yy'+(r0/r2)( 1 '8yy')
(39)

where the times 70, 71 T2 are intended to characterize the
exciton lifetime, the diagonal relaxation of A', and the
off-diagonal relaxation (dephasing) of W, respectively.

which is of interest because the right-hand side equals
&23 which can only come from the D process Eq. (2).

Thus the data do not indicate any significant D process in
the DRRS, since the presence of substantial linear and cir-
cular polarization shows that the vanishing of %23 cannot
be attributed to PR. However, it is of interest to examine.

(x',x') —(y', y') = —41m(&,2) = —0.07+0.05 . (38)

where the value comes from Table I. This is the interfer-
ence between the F and D processes (after reduction by
PR) studied for bulk GaAs by Menendez and Cardona. '

As previously mentioned, the F and D processes are ex-
pected to have a quadrature phase relationship near the
DRRS peak so that Im(&12) is nonvanishing if the D pro-
cess is significant, unless different reflection (z~ —z)
symmetries cause the sum over q g to vanish in Eq. (31)
for the interference term.

To analyze Eq. (38) further, and to discuss PR in
DRRS in a quantitative way, it is necessary to
parametrize the PR. We write M in the form (satisfying
A„+A'22 ——1)

(y,x') = —,(ro/r2)/( I+r0/r2) =0.27+0.04,

rp/72 ——1.2+0.5 .
(40)

If Wz2/W» «1 is neglected (corresponding to negligible
D process), the circular polarization gives

p=(1+r0/rl) '=0.77+0.01,
wp/~1 ——0.30+0.02 .

From Eq. (38) the interference term before PR is

(41)

Im(%12) =(1+r0/r2)lm(%12) = —0.04+0.04 . (42)

This is consistent with the vanishing of the interference of
the F and D processes due to opposite parity of the pho-
nons involved when the well has a symmetry plane. How-
ever, with a small asymmetry of the well, interference be-
comes allowed and could be a more sensitive indicator of

We present Eq. (39) without derivation as reasonable in
the absence of a detailed theory of PR for DRRS compar-
able with the forrnal theory for polarized photolumines-
cence and optical dephasing. We believe that the pres-
ence of sizable PR in DRRS is closely associated with the
well-known connection between resonance Raman
scattering and the sequential process of absorption fol-
lowed by luminescence to which Eq. (39) would directly
apply. The process (y', x'), which depends entirely on PR,
gives us the result
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the presence of D scattering than &23 in Eq. (37). There-
fore it is worth noting that through the rigorous inequali-
ty

~

Im(&~q)
~

& (A2qM~ ~)'

excitons are more subject to spin-flipping interactions
than are the Q=O, K=O processes of the F process.
Therefore we suppose

it follows that a lower limit on the D scattering relative to
the F scattering is given by

F ~~0,F ~~0, FI ~~0

~I F Fl
Tz =0, %0 —%0 —%0,

(46)

A2p/A)) ) Im(A)p) -0.0025(1+1), (43)

where the mean and rms deviation are obtained by assum-
ing a Gaussian distribution in Eq. (42). This is consistent
with the D process being negligible as noted above.

The processes associated with 70 and ~& do not contri-
bute to the width I of the DRRS peak which depends
only on the LO-phonon broadening, which we interpret as
an equivalent lifetime ~Lo, and the dephasing time ~2. If
the broadening is Lorentzian, we have

ro (1+rp/r2)(rp/r) )

(rp/rp) —(ro/r) )

(47)

From the values in Eqs. (40) and (41) we obtain,

where f is the fraction of F processes, and we seek to
determine f, Yj from the effective values of r, , rz fitted to
experiment. The solution is

f=(I+ro/rp)

2I /A=~Lo+zz ' . (44) f-0.45, rp/ri -0.73,

Experimentally the true half-width I was not accurately
determined because the DRRS line had only slightly
greater width (FWHM =0.38 meV) than the exciting laser
line (FWHM =0.33 meV). Assuming for convenience
Gaussian broadening for both lines gives the estimate
I (0.1 meV which should be regarded as an upper limit
for I . This is about what we would expect for the LO
phonon, from which we conclude that most probably

72))3+ 10 s

~Lo-3X 10 ' s .
(45)

It now follows from Eq. (40) that ro is much too long to
explain the resonance width (FWHM =4 meV) of the
DRRS which we attribute to inhomogeneous broadening
rather than exciton diffusion or recombination.

We believe that ~Lo cannot be attributed to effects due
to the combination of large q and phonon dispersion,
which in the case of superlattices would be called um-

klapp broadening. According to Eq. (13) the distribution
in q of the phonons is proportional to the quantity

~

(3h
~

e '~'~ lh )/q
~

which has a peak at qL, /2m —1. 1

and a width (FWHM) hqL, /2'-1. 2. It then follows
from the known dispersion of coLo in GaAs that the
spread (FWHM) in phonon energies is fihcoLo-0. 026
meV which is about 8 times smaller than the observed
value (0.2 meV). The concept of an effective phonon
mode is valid in this case because the decay time for the
wave packet is about 8 times longer than the phonon life-
time.

We have not been able to determine the separate contri-
butions of the F process Eq. (1) and the FI process Eq.
(3), since both have the same symmetry properties, and in-
terference of the F process with the D process Eq. (2) is
negligible. A consideration of the magnitude of the
scattering compared with normal luminescence in Eq. (23)
led to the conclusion that there may be significant FI
scattering of comparable strength to the F scattering. We
now speculate that the rather large PR present in the
DRRS is due entirely to FI processes. It is reasonable
that these processes involving Q&0 phonons and K&0

which would indicate 55%%uo of the scattering may be im-

purity assisted.
The higher-order processes involving 2,3,4 LO phonons

detected in these experiments seem to require the reso-
nance E&3l, —E» ——AcoLo to be observable. For the 2 LO
process we suggest the mechanism

Ap F F
A,. ——~(X3$)~( X&3 h+L )~(X,h+L +L )

A.p~A, +L'+L" (49)

in the notation of Eq. (1). The assignment of the non-
resonant virtual state to X3& is speculative; actually a
large number of other virtual states may also contribute
significantly. The higher-order processes 3 LO and 4 LO
have additional nonresonant virtual states which we can-
not identify following the initial photon state R;, but oth-
erwise finish like Eq. (49). All these transitions, therefore,
have matrix elements with two resonant denominators and
may appropriately be called DRRS.

In treating the exciton-phonon interaction we have
neglected subband mixing. This leads to definite parity
for the phonon (opposite for F and D processes) in the
case of symmetric wells. The question arises whether in-
clusion of subband mixing could destroy the parity of hole
confinement states and hence the parity of the phonon. It
is known that the exciton transition E&zl„which would
seem to be parity forbidden, is sometimes observed in ex-
citation spectra and can be explained by calculations
which include subband mixing. The explanation is that
photon absorption is not to the 1s ground state of X&z~
but to the 2p excited state (X~2~) through its coupling
(subband mixing) to the ls ground state of X~~', subse-
quently X&zl, thermalizes to X&l, from which lumines-
cence is observed with positive circular polarization
(heavy-hole-like), since the electron spin does not have
time to thermalize. It is clear that in DRRS angular
momentum (which starts and ends at zero) would require
an even number of couplings for a nonvanishing matrix
element, whereas reversing the parity of the phonon
would require an odd number; thus subband mixing can
not destroy the parity (if any) of the phonon.
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IV. SUMMARY

Doubly resonant LO-phonon Raman scattering (DRRS)
has been observed in many special GaAs-Ga& „Al As
quantum-well structures as a very sharp (FWHM
-0.4 meV) component in the E&h ground-state-exciton
luminescence under excitation at photon energies
E&h+nficuLo (n =1,2, 3,4). In most of the special sam-
ples, having many square wells or in one case a single
square well, the "forbidden" exciton E&z~ was resonant
with the first-order Raman scattering E[3$—E]Q+AcoLQ.
In several other square-well samples the resonance in-
volved E&~ ——E2h —AcoLo. For one sample having half-
parabolic wells the resonance was with E2&q

——E&~+AcoLo.
The DRRS peak is much less sensitive to temperature and
incident intensity than the ordinary luminescence. De-
tailed polarization studies on the first order DRRS at 6 K
were carried out for one sample, the principle sample, giv-
ing the integrated intensities listed in Table I for various
configurations. The circular polarization (77%) was near-
ly 3 times that of the broad luminescence peak, and high
optical alignment (linear polarization) was observed
( —50%) which is ordinarily not observed in quantum-
well luminescence. A brief report on this work has ap-
peared elsewhere.

The theoretical discussion of the principal sample aims
to establish the mechanism of the one-phonon DRRS, to
account quantitatively for its strength, and to interpret the
observed polarization properties. The important mecha-
nism is found to be the Frohlich interaction which pro-
duces the LO phonon and scatters an exciton from the
13h subband to the 1h subband, possibly assisted by im-
purity scattering. To account for the strength of DRRS it
was necessary to derive by perturbation theory the effect
of subband mixing in the exciton wave function. It was
shown for the Frohlich process that the calculated ratio
( -0.025) of Raman scattered photons to ordinary
luminescence photons entering a detector is in satisfactory
agreement with the experimental value ( -0.038). How-
ever, there could also be a contribution from the
impurity-assisted Frohlich process of comparable magni-
tude. An explicit expression is obtained for the effective
LO mode involved in the Frohlich process on the assump-
tion of a uniform GaAs lattice. This mode is shown to be
completely confined to the quantum well, so no error is
introduced by the uniform GaAs model. The conditions
for the validity of an effective mode are discussed. The
deformation potential interaction has also been described
and the data carefully examined for evidence of scattering
by this mechanism, in particular, interference between it
and the Frohlich mechanism. It is noted that interference
is forbidden by symmetry for symmetric wells. Une-
quivocal conclusions were reached that the deformation
potential contribution is negligible in the DRRS observed
here. The data clearly showed the presence of hole and
electron spin relaxation resulting in a polarization relaxa-
tion in the DRRS. In order to analyze the data it was
necessary to determine the implications of symmetry with
and without relaxation. It was shown that the data are
consistent with the expected symmetry of the Raman ma-
trix. The effects of relaxation evidenced in the data are

interpreted in terms of two parameters r, /rp and 7p/7p,
where 7p is the exciton lifetime in the states relevant for
DRRS, ~& is the decay time for circular polarization, and
r2 is the dephasing time (coherence decay time) between
states of definite circular polarization. It was not possible
to obtain values for ~p, ~&, ~2, but it was concluded that the
resonance response of the DRRS is inhomogeneously
broadened, and the linewidth is that of the LO phonon.
The contribution of the impurity-assisted Frohlich process
was estimated to be -55% on the assumption that all re-
laxation is due to this process. The higher-order
(n =2,3,4) Raman transitions observed are attributed to
the Frohlich mechanism acting through a series of n+ 1

virtual excitons with the last two being the 13h and 1h in-
volved in the n = 1 process.
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APPENDIX

(A2)

where n "&n, n "&n', and

E„„=8'„,+& k /2, mv, , (A3)

where 8'„, is the confinement energy and m„ is the trans-
verse mass for spin U. We write 8„, for a square well in
the approximation of infinite barrier height and neglect
the transverse kinetic energy in Eq. (A3). Only one inter-
mediate state

l
2, —,

' ) contributes to Eq. (A2) in the case of
interest here n =3, n '= 1, U = —,. Thus the relevant ener-

gies in Eq. (A2) are

Consider an exciton at rest (K=O); the hole wave vec-
tor can then be taken to be k, the wave vector conjugate to
the relative coordinate r in the (x,y) plane. Except for an
arbitrary and unimportant phase factor the subband mix-

ing term in the hole Hamiltonian 0& is '

( 2 I
Hh

I z ) =(3'"/4)(mlh mhh )

X(l+a)' fi ( —k„+ik~)( i V, ), —(Al)

where V, =0/dz~, a is an anisotropy parameter which for
convenience we take to be zero (spherical model), and m~h

and m&& are the light- and heavy-hole masses for z
motion. Different subbands are coupled by V, while at
the same time the angular momentum is lowered by the
operator ( —k„+ik~ ) so as to conserve total (spin plus or-
bital) angular momentum. The wave function in k space
can be written A,(k)

l
n, u ), where u denotes spin and n is a

confinement quantum number. We have indicated in Eq.
(7) an expansion in which states n

' are mixed with state n

with u and k unchanged. The leading term in [C(k)]„„is

,
(n' u l~h

I

n u ')(" u" lah I
n u)

[ ]nn g (~ ~ )(~ E
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E3,3/2 (A /2mt, t, )(3m/L, )

E2 tgz ——(A /2mtt, )(2vr/Lz)

E],3/2 =(A /2mt t, )(rr/L, )

and the matrix elements of V, are

(A4)

(2
~
V,

~

3) =24/5L, ,

&1
~

V,
~

2) = —8/3L, .
(A5)

Now substitution into Eq. (A2) leads to C»k with C3
given by Eq. (8).
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