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Fine structure of excitons and polariton dispersion in quantum wells
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The fine structure of excitons, caused by the electron-hole exchange interaction, is modified
in quantum wells due to the reduced symmetry and increased Coulomb interaction. We present
a systematic formulation of the exchange interaction for quantum-well excitons and perform nu-
merical calculations of the fine-structure splitting and dispersion for Alp. sGap. &As/GaAs quantum
wells. The coupling of quantum-well excitons with the electromagnetic field is formulated in second
quantization. By solving the coupled equations of motion for excitons and photons we calculate
the dispersion relations for localized and resonant polaritons as well as the radiative lifetime for the
resonant modes. Our results agree with those obtained by Andreani and Bassani [Phys. Rev. B 41,
7536 (1990)] and Tassone, Bassani, and Andreani [Nuovo Cimento D 12, 1673 (1990)], who used
Maxwell's equations instead of the quantum field formulation. We draw some conclusions on the
fine-structure splitting expected for excitons in quantum wells of II-VI semiconductors.

I. INTRODUCTION

Since the first optical experiments on quantum wells

by Dingle, Wiegmann, and Henry it has become clear
that excitons play a much more important role in quan-
tum wells (QW) than in bulk material, allowing for the
observation of free excitons even at room temperature.
This is due to the increased binding energy and oscil-
lator strength of QW excitons, a fact now well under-
stood from the theoretical point of view as a conse-
quence of the increased electron-hole Coulomb interac-
tion resulting from the confinement potential of QW's. 2 s

The fine-structure splitting is caused by the electron-
hole exchange interaction and removes the degeneracy
of the bound states, which arises from the multiplicity
of the conduction- and valence-band edge. Some spec-
ulations arose from photoluminescence and magneto-
optic experiments with respect to the size of fine struc-
ture or exchange splitting of quantum-well excitons. In
fact, a simple estimate for two-dimensional (2D) excitons
gives an exchange splitting that is orders of magnitude
larger than for three-dimensional (3D) excitons. s s How-
ever, a theoretical attempt to explain the experimen-
tal data of Ref. 6 in a realistic model of QW excitons
used a bulk exchange parameter for GaAs which was
an order of magnitude larger than the best known ex-
perimental values. s ~c In bulk semiconductors the most
accurate experimental information about exchange split-
ting comes from resonant light scattering and time-
of-flight measurements, which at the same time un-
cover the dispersion of exciton polaritons. In quantum-
well systems these experiments are hindered by large ex-
citon linewidths due to well-width fluctuations. How-
ever, initial attempts indicate their feasibility in the

near future. 5 Therefore, a thorough theoretical study
of fine structure, dispersion, and polariton effects for
quantum-well excitons seems to be in order. The results
presented here for A1~Gaq ~As/GaAs quantum wells
complement those of Andreani and Bassani o and Tas-
sone, Bassani, and Andreani.

In the first part of this paper we will formulate the
exchange interaction for excitons in QW's taking into
account the light-hole (LH) —heavy-hole (HH) mixing for
the subbands as well as the Coulomb coupling between
the lowest LH and HH excitons. The exchange split-
ting of QW excitons, which turns out to depend on the
exciton center-of-mass wave vector Q~~, will be related
to the exchange parameters of the bulk excitons. The
dominant contribution to the exciton dispersion will be
found, however, to derive from the dispersion of the in-
volved electron and hole subbands. In order to evalu-
ate this contribution we exploit the freedom in choosing
the relative and center-of-mass coordinates to formulate
the hole subband states (and hence the Coulomb inter-
action) independent of the exciton total in-plane wave
vector. Instead it appears in a linear coupling with the
relative momentum. This coupling is taken into account
in solving the exciton integral equation.

In bulk material the longitudinal-transverse (LT) split-
ting coincides with the energy shift of the transverse
modes if retardation is taken into account and is a di-
rect measure of the interaction strength between exci-
tons and photons. This interaction leads to the concept
of excitonic polaritons introduced by Hopfield in 1958,
which contributed substantially to our understanding of
coupled exciton-photon excitations. 7 In 3D systems it is
intimately linked to momentum conservation, i.e. , to the
fact that each exciton state of a given wave vector cou-
ples only to the electromagnetic wave with the same wave
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vector and polarization. When transferring this concept
from bulk material to a two-dimensional system like a
QW, a fundamental difference appears due to the loss
of translational symmetry in the growth direction of the
sample (taken to be the z direction): the z component of
the wave vector is not conserved any more. This induces
a coupling between excitons of fixed Q~~, which is con-

served in QW systems, and photons with the same Q~~

but arbitrary Q, and leads to two qualitatively differ-
ent polariton modes: localized (guided) polaritons which
have an infinite lifetime and resonant polaritons with a
finite lifetime due to radiative decay, as has been pointed
out long ago by Agranovich and Dubovskiirs and in the
context of phonon polaritons by Fuchs and Kliewer. rs

The polariton dispersion has been obtained previously
in a semiclassical way by solving Maxwell's equations
with a given nonlocal excitonic susceptibility. Here
we give a formulation in the framework of quantum the-
ory. In Sec. IV we derive the Hamiltonian which in
second quantization describes the interaction of exci-
tons and photons and solve the corresponding quantum-
mechanical equations of motion in Sec. V. The lifetimes
of the resonant polaritons, which are related to the irnag-
inary part of the self-energy, are obtained in Sec. VI. Fi-
nally in Sec. VII we discuss our results and compare them
with existing theoretical and experimental data.

II. THE EXCHANGE HAMILTONIAN

The lowest electronic excitations in a QW system are
the excitons formed by an electron in the first conduc-
tion subband (C1) and a hole in the first heavy- (HH1)
or light- (LH1) hole subband. Taking into account the
spin of the particles these exciton states span an eightfold
space. The most general form of the exchange Hamilto-
nian acting in this space can be found by an invariant
expansion and was presented in Ref. 9. Due to the re-
duced symmetry in an A1~Gar As/GaAs QW [the sym-
metry group for a QW with the growth axis (001) being
D2rr] as compared to bulk material (symmetry Tg), the
exchange Hamiltonian contains a larger number of invari-
ants and, in angular-momentum representation ~M, o)
falls into four 2 x 2 blocks corresponding to difFerent val-
ues of ~M+ o

~
(o is the electron spin, M the hole spin). s

The eigenvalues of this exchange Hamiltonian agree with
the splitting pattern obtained from the decomposition of
Fs I's (Ts) in the symmetry group D2d, which for HH
exciton states is I'sFs = I'r g3Fz Fs and for LH exciton
states I'7 I'6 ——I'3 I'4 I'5. The dipole-allowed states
are 14 (e ~~ z, also called Z exciton) and I s (e ~~

x, y).
Our microscopic approach, which will be presented in

the remainder of this section, explains the origin of only
a part of the invariants and therefore will not provide the
complete splitting pattern. It turns out in this approx-
imation that the dipole-forbidden exciton states, which
are of minor interest anyway, will not be affected by the
exchange interaction.

The formulation of the Hamiltonian for quantum-well
excitons and of the corresponding eigenvalue problem as

a,n integral equation was given by Broido and Sham2 and
Broido and Yang without taking into account the ex-
change interaction. Here we add the formulation of the
exchange contribution. In a erst step we evaluate the ex-
change integral, i.e., the integral over the single-particle
wave functions. Its general form is

Q2
dxrdx2 gqt (xr) Q~t„(x2)

r~ —r2

x@x~(xr) Qg (xg) . (1)
The single-particle wave functions for electrons and holes
are (the argument x, r, means space and spin coordinates)

A. (x.) = e'" ~' ) C(k, ) e'" "u, i, (x,), (2)

eikh;PP, ) ) C2 (kr )
eiA.

"
zr„

khM z
O' M

X uvk'M (xh) (3)

where k~~
= (k~~, &p) in polar coordinates and @ (z) is

the vth bound state at k~~
= 0. The subband func-

tions g~ (z) have deFinite parity under the operation
A:i] M

z ~ —z, which reduces the number of nonzero expansion
coefficients A~ M (k~~).

2r The subband dispersion and the
expansion coefficients are obtained by diagonalizing the
Luttinger-Hamiltonian including the QW potential.

In performing the integrals in Eq. (1) we first consider
the spin part of the Bloch functions and use symmetry
arguments to obtain the matrix (J cr- z)~MM, .22 In a sec-
ond step the products of the involved s (p)-type periodic

where C(k, ) and C~ (k,') are the Fourier transforms of

the corresponding subband functions ((z) and (- (z),
kh, M

k, h, p, h the in-plane wave vector and particle coordi-
nates, respectively, and k = (k„k,), k' = (kg, k,') the
three-dimensional wave vectors. Throughout this paper
boldface letters denote 3D vectors whereas 2D vectors
in the QW plane are marked with an arrow. A„Ah are
compact notations for the quantum numbers necessary to
characterize the single-particle states. A and V are the
normalization area and volume. u,k (x,) and u„k M(xh, )
are the spin-dependent periodic parts of the bulk Bloch
functions of the electron and hole, which may be con-
structed from the decomposition of the direct product of
spin-1/2 spinors with s- and p-type periodic functions in
the symmetry Tp, respectively. They are assumed to
be the same for well and barrier material. j labels the
four different hole states which due to LH-HH mixing are
linear combinations of different M values for the finite in-
plane wave vector kh, . This is accounted for by using the
subband k p method which consists of an expansion of
the k~~ g 0 subband functions in terms of the four series
(corresponding to difFerent M values) of bound states at
k~~

= 0. Within the axial approximation (i.e. , the ne-
glect of warping) this expansion can be written as

(„'- M(z) = & ' '").~'.M(kii) @ (z)
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parts of the electron (hole) Bloch functions are repre-
sented as Fourier series

ii;i, (r) ii~i, (r) = ) .D.~i,i, (G) e' ',
where G = (G~~, G, ) are three-dimensional reciprocal-
lattice vectors, in accordance with the assumption that
the u's are the same for well and barrier material. By
integrating over all space coordinates we obtain

7l 6

M, M' q k, . ..,k',"

x ) D&&gg'~(G)D gigi i(G )
G, G'

xd6k k"+q +G 86k'„k +q +G 6q q & 6- q

(6)

where k~~
= kk, k~~

——k&, Q~~
= k, —A, k is the exciton in-

plane center-of-mass wave vector and 2 is a periodicity
length. In view of the reduced symmetry of the QW
system one would expect to find in Eq. (6) instead of
the spherical symmetric invariant J cr the decomposition
into J o + J„cr„and J,a, .s This is in fact the case,
because different vreighting factors result in evaluating
D,„i,i, (G) with the in-plane exciton wave vector Q~~ as
a good quantum number, as will be seen in Eq. (10).

In performing the sum over C, C' in Eq. (6), we
distinguish as in bulk material the contributions for
C = C' = 0 and the rest. In the bulk the former con-
tribution is responsible for the LT splitting of the dipole-
allowed I's exciton states; in the limit Q -+ 0 this
term depends nonanalytically on the relative orienta-

tion between the exciton wave vector Q and the mo-
mentum matrix element (cIpIv). It is called the non-
analytic exchange. 2~ 24 In contrast the contributions for
G, G' g 0 behave analytically. Although it will turn out
that for QW's the exciton dispersion is analytic and the
LT splitting vanishes linearly for Q~~

~ 0, we maintain
the label "nonanalytic" and "analytic" exchange contri-
bution to give reference to the bulk term from which it
derives.

Let us first consider the case G, C' g 0, which cor-
responds to the analytic exchange contribution. Be-
cause Q~~ and all A."s are small compared to the length
of reciprocal-lattice vectors, they can be neglected in
D,„i,i, (G) and we have G = G'. This part of the ex-
change matrix reads

7t'6 2

I'~.~".~.~„=—&. ~s(~ ~ —-')-M &. G.2
ID-«(G)I'

M, M' G+0

x ) C'(a, ) C~ (a, —~,)) C(A:,') C&, , (A.", —q, ) .
q„k k' II

The unknown parameter, which determines the
analytic exchange splitting, is given by A'

+~ye 6Q 0 Gz IDcuoo(G) I
. At this point we ne-

glect the 6~.0 factor and use the bulk parameter A =
ID,„oe(G)I, known from the experimental

determination of the analytic exchange splitting in GaAs
to be A = 1.98 x 10s meV. 2s In doing so we obtain an
upper limit for this exchange contribution for QW exci-
tons.

The contribution for G = G' = 0 has to be evaluated
by taking into account the differences in the wave vectors

k —k" = k' —k"' = (Q~~, q, ) of the periodic parts of the
Bloch functions in a k p expansion, which gives

1 5 (cI(k —k") p Iv)
c'Ukk" (8)

where c, v refer to the conduction- and valence-band
edges of the bulk material. The exchan. ge coupling be-
tween different pairs of conduction and valence bands
results in a two-band model as a background screening
of the exchange term. We obtain for the nonanalytic
exchange part
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7t- 2 2

&„„„,„, = —) -(J cr —-) ) rl(Qii, q, ) ) C'(k, ) C„'- (k, —q, ) ) C(k,') C„', , (k,' —q, ), (9)
M, M' V

A: k'

where for GaAs bulk material p = 'z (cip iz)
1/226.23 (eVA. ) i, s~ = 10.9 in accordance with a LT

splitting of 0.08 meV, ' and for Qii ii e

n(Qii q. ) =
&

q2
for iv) = iz)

+qz
Q2

for ]v) = ix)
ii
+ q

, 0 for iv) = [y) .

The dependence of rl(Qii, q~) on the relative orientation
between (Qii, q, ) and the momentum matrix element
(cipiv) gives rise to the longitudinal-transverse splitting.
At this point we emphasize that the k dependence of the
periodic parts of the electron and hole Bloch functions
is crucial for this part of the exchange interaction. An-
dreani and Bassani in their evaluation of the electron-
hole exchange interaction have neglected this k depen-
dence and used a calculation scheme adequate for the
description of Frenkel excitons which involves an approx-
imate evaluation of lattice sums. 26 This scheme implies
a downward shift of the transverse exciton, which may
be interpreted as a local-field correction and is expected
for localized Frenkel excitons. This local-field correction
was neglected in Ref. 10, in order to achieve a correct
description for a delocalized Wannier exciton.

III. DISPERSION OF EXCITONS

The exchange interaction obtained in Sec. II is now
considered by first-order perturbation theory. We use
the exciton functions calculated within the axial model,
which can be written as

For 8 excitons, the angular-momentum quantum number
l takes the values l = 0, 1 for LH and l = —1, 2 for HH
excitons. ' ~ Matrix elements of the exchange interaction
between difFerent exciton states (which can be uniquely
labeled by l and cr) are given by

~lo ) —il(P
yLo(k ) gx e il'y—' yl'a'(ki)

kll A:

(12)

Due to the axial symmetry for a given value of l (l') only
one M (M') component of the hole subband function
contributes to expression (12). We want to mention that
this point was not correctly taken into account in Ref. 9.

The exchange matrix (12) has to be diagonalized sep-
arately in the LH and HH subspace. In order to be able
to identify longitudinal and transverse exciton states, we
perform in the two I'5 blocks a transformation from the
angular-momentum eigenstates to states which transform
as x and y, which with respect to the in-plane wave vector

Qii ii e are identified as L and T excitons, respectively.

Our choice of kii = kh, and Qii = k, —kh, = k,'—
kh in Sec. II has the advantage that the hole-subband
states with their entanglement due to LH-HH coupling
do not depend on Qii. However, we have to take into

2
account the coupling term "

kii Qii deriving from the
parabolic electron subband dispersion. This is done by
including this coupling between 8 and p excitons in the
solution of the exciton integral equation and yields the
Qii dependence due to spatial dispersion.

For the exciton energy including exchange we finally
obtain

hcuz ——her, „(Qii) + s ) 4~ C~, [(A+ N)K„ i —2NQiiI„„.(Qii)],
vv'

~LH ~LH(Q ) + 1 ) C, LH@LH AK
vv'

"—M."„"(Qii)+ —,
' ) C "C,","[AK„~+ —,'NQiiI. .(Qii)],

vv'
(15)

where N = " and bc',„(Qii) is the sum of the energy
gap, confinement, and binding energy as well as the con-
tribution from the center-of-mass dispersion. For the HH
I and T excitons the factor 1/3 has to be omitted and
the corresponding HH quantities have to be used in Eqs.
(14) and (15). No Z mode exists for the HH excitons. In
the above expressions K„„and I„.(Qii) are defined by

vv dz ('(z) C(z) @-(z)4." (z)

Ivv'(Qi[) = dz dz' g*(z) Q (z) g(z') g', (z') e

(16)

(17)
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and (j=LH,HH) 1 612.00

dkll "II ~ (kll)A —i~-'(kll)
1 611.50—

As discussed in Sec. II the dipole-forbidden states are
not influenced by the exchange interaction. The Fourier
transform of gP(kll) in Eq. (18) describes the relative
electron-hole motion of the QW exciton. At this point
we want to emphasize that in the presence of LH-HH
mixing the exchange interaction is not a contact interac-
tion any more. Indeed, I'„ is proportional to Ct(p = 0)
only under the assumption of no LH-HH mixing [then
A„&+i (kll) oc 6i~j. This point was apparently missed in
Ref. 10, where the exchange interaction was treated as a
contact interaction. The resulting Bne-structure splitting
was found to be proportional to ~P(0)~2, a factor which,
however, was calculated using a very elaborate model in-
cluding LH-HH coupling. The factor C„also appears
in the expression for the oscillator strength and is re-
sponsible for the nonvanishing oscillator strength of QW
excitons with other than 8 symmetry. 7

In Fig. 1 we show the exchange contribution for LH ex-
citon states for a 50-A. quantum well. The main features
are the vanishing LT splitting for Qll ~ 0 (EEr,T oc Qll
for QIIL (( 1) and the large anisotropy splitting between
Z and L, T exciton states at Qll = 0 as already found

by Andreani and Bassani. io This splitting has been ob-
served recently in two PL experiments. i4' For QIIL )) 1
the LT splitting is enhanced over the corresponding bulk
value and the finite TZ split is due to the analytic ex-
change. The enhancement factor, which is about 2.5 for
L = 50 A. , is much smaller than expected by the simple
estimate mentioned in the Introduction.

The dispersion of the HH excitons is shown for a 50-
A QW in Fig. 2. It can be seen that the effects due to
the center-of-mass dispersion are much more pronounced

1611.00—
I

1610.50-
U)

C 1610.00-
w

1 609.50—

1609,00 ' ' ' ' I I I I

0 1 2 3 4 5 6 7 8 9 10

Q (10 cm )

FIG. 2. Energy of the 50-A HH excitons.

than the fine-structure splittings.
Fi ure 3 shows similar results for the LH excitons in a

150- QW. The strongly nonparabolic exciton dispersion
is caused by the corresponding LH subband dispersion.

Figure 4 shows a comparison of our calculated val-
ues for the TZ splitting together with experimental
results. i4 is The observed increase of EETz with decreas-
ing L is reproduced only qualitatively; however, the ex-
perimental results do not yet provide a conclusive pic-
ture. The fact that our theoretical values are smaller than
those seen in the experiments may be attributed to the
neglect of Coulomb coupling to exciton states deriving
from higher subbands as well as to continuum states. s si

The LT splitting discussed here should not be confused
with the LT splitting in superlattices as studied recently
in Ref. 28. The latter is intimately connected with trans-

0.9—
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FIG. 1. Exchange contribution for the LH excitons in a
50-A qW.

FIG. 3. Energy of the 150-A LH excitons. The splitting
between the L and T exciton is not resolved.
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250
I

l I i I i I i
I

i I i
I

2.00—

and the enhanced LT split in CdTe derives from the
smaller Bohr radius (by a factor of 2.4), the prefactor N
being even smaller in CdTe than in GaAs. In the strict
2D limit the expression for the TZ split is (neglecting the
analytic exchange)

1.50—

1.00—
~E» = —', ~Iy'D(0) I',

0
(20)

0.50—

I I I I I I I I I I I I

40 60 BO 100 120 140 160
0

QW width (A)

FIG. 4. Theoretical and experimental results from Ref. 15
(o) and Ref. 14 ( ) for the TZ splitting for difFerent QW
widths.

thus, the ratio between the Bohr radii enters only
quadratically. This reduces the ratio between the bulk
LT splittings in CdTe and GaAs of 8.1 to a correspond-
ing ratio of the TZ splitting in QW's of 3.4. IP(0) Iz enters
also the expression for the oscillator strength (neglecting
LH-HH coupling) and as is well known, the strict 2D
limit overestimates this factor so that an even smaller
ratio than 3.4 is to be expected. Nevertheless, with the
increasing quality of QW's with, e.g. , CdTe as well mate-
rial, an expected TZ splitting of 3 times the values found
in GaAs QW's should be detectable in the near future.

lational symmetry in the growth direction. Only in this
case, for fixed polarization in the xy plane, a transverse
mode propagating in the growth direction exists. It is
this mode which has been considered for the LT splitting
in Ref, 28.

One might expect that the details of the fine structure
are more pronounced in QW's with II-VI semiconductors,
due to the enhancement of the corresponding bulk LT
splits (0.65 meV in CdTe vs 0.08 meV in GaAs). The
expression for the bulk I.T split reads~4

zz„'TD= 4 miy'D(o)I' ~ m —,1
a03

IV. THE EXCITON-PHOTON INTERACTION

To derive the exciton-photon interaction we start with
the Hamiltonian which describes the interaction of elec-
trons and photons,

HI = ) d r gt (r) p A(r, t) Q (r).

The field operator @~(r) is expanded in terms of annihi-
lation operators a - and a .- for electrons in the low-co kII ejkII
est conduction or highest valence subband, respectively,
according to

0 (r) = ) e'"i ~
& ) a „- ((z) u, (r) + ) a, .„- („' (z) u„ o(r) & .

k
II

o' jM
(22)

At this point the A; dependence of the Bloch functions
can be neglected. The vector potential is expanded as
usual in the eigenmodes of a cube with volume V,

tion vectors e may be chosen as e = (0, 1, 0) and
QA

e = (Q„O, —Qii)/Q. v = c/gs' is the light veloc-

ity in the medium with dielectric constant e~. We now
introduce hole operators defined by P - = a

&
and re-+k

II

name the electron operators by a- = a -, in order tot t
kII ckII

keep the notation symmetric. These two operators have
to be paired to form creation and annihilation operators
for excitons with center-of-mass wave vector Qii defined
by

where c and c~& are annihilation and creation opera-
QA

tors for photons with 3D wave vector Q and polarization
A. The in-plane components Qii of Q are good quantum
numbers and with Qii II e, the two transverse polariza- kll

(24)
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with a similar expression for B . Here K specifies inter-
~@II

'

nal degrees of freedom of the QW exciton. By using the
completeness of the P"(k~~) relation (24) can be inverted
and used to formulate Hl as

Hl =) A-
q (c „+et~i)(B~- +B q ),

Q, A

with the coupling constant

(25)

e (27rhv &
'~

mcqQZp ) .O~(~Ie „pI~& ——,') dz ((z) Q„(z) e'q" . (26)

Exploiting the axial symmetry we have used t = M + iz

(for s excitons), where l is the angular momentum of the
envelope function. Care has to be taken when evaluat-
ing the matrix element (ccr~e pIvl —z), which gives

1/~3 p,„ for T excitons, 1/~3 Q, /Q p,„ for L excitons,
and 2/v 3 Q~~/Q p,~ for Z excitons. As could be ex-
pected, the A = 1(2) mode, which is connected with a
TE (TM) field, couples only to T (L, Z) ex-citons. Equa-
tion (25), due to the inclusion of the finite extension of
the wave functions in the z direction and I H-HH mixing
represents an extension of Hanamura's formulation.

V. DISPERSION OF POLARITONS

The total Hamiltonian of the exciton-photon system
can now be written

H = ) ~q~~~Bt Bq +) hvQ etc qc „+HI. (27)

(HH). In order to compare with the dispersion relations
obtained in Refs. 10 and 16 we want to point out that in
our approach the exciton energy LulQII includes the con-
tribution of both analytical and nonanalytical exchange.
This can be seen most easily by the fact that HI vanishes
in the limit t" —+ oo. This is in contrast to the approach
of Refs. 10 and 16 where it was shown that solving the
electrostatic Maxwell equations is equivalent to a micro-
scopic calculation of the nonanalytical exchange interac-
tion. Therefore this contribution must not be included
in the exciton energy in the approach of Refs. 10 and 16.
Substituting the explicit expression for the exchange con-
tribution of the L exciton given in Eq. (15) into Eq. (30)
the nonanalytical exchange contribution cancels exactly
and we find the dispersion relation

~ = hDq, + gp ) O' O' I„(o.),
&oo VV'

where now hCuq~~ lilcludes only the analytical exchange.
For the T and Z polaritons we find in analogy

Heisenberg's equations of motion for the four exciton and
photon operators yield for time-periodic solutions and
neglecting the antiresonant term dispersion relations of
the form

22 ft"4) 2~ = ~q~( gp ) .@vC'v'Ivv'(~)
0!C

VV'

(32)

h(cd —
(dq~~)

—
Zq~~ (M) = 0,

with the self-energy Zq~~ (~) given by

»QIA'-

h ~ ((u+ i6) —v (Q + Q, )
'

ll

(28)
1 635.00

1 634.50—

1 634.00—
Equation (29) has to be evaluated separately for resonant
(ur ) vQ~~) and localized (u ( vQ~~) I, T, and Z (the
latter being allowed only for LH) polaritons. For the
localized L polariton we find a dispersion relation given
by

Lu = Lug
2'+ gP ) 4„4 ~I„~(~) —Q~~I „1(Q~~)oo

VV

(30)

CS
1 633.50—

C
UJ

1 633.00—

1 632.50
0

I

I

I

1 2 3 4 5 6 7 S 9 10

Q (105 Cm ')
Here a =

Q~~
—u2/vz and the integral I„„(n) is al-

ready known from the calculation of the nonanalytic ex-
change interaction [Eq. (17)]. g equals 1/3 (1) for LH

FIG. 5. LH polariton dispersion for a 50-A QW. Resonant
and localized polaritons are separated by the dashed line,
which is given by hew = hcQ~~/ps~.



1676 S. JORDA, U. ROSSLER, AND D. BROIDO 48

1 61 2.00

1611.50—

0

0) 1 61 0.50—

LU

1611.00—

1 61 0.00—

1 609.50—

1 609.00
0 1 2 3 4 5 6 7 8 9 10

G (10 cm')
FIG. 6. HH polariton dispersion for a 50-A. QW.

TABLE I. Lifetimes of resonant polaritons in picoseconds.

5oA 1OO A 150 A

44.5 102.8 170.5
16.3 21.9 28.7

LH
HH

energy (29) by w = h/I'. The calculation is straightfor-
ward and leads to an identical expression for I' for L and
T polaritons at Q~~

= 0, which agrees with the results
obtained in Ref. 31. The corresponding values for ~ (in
ps) for QW widths of 50, 100, and 150 A. are summarized
in Table 1.

In a recent letter Deveaud et al. reported on the ob-
servation of a HH radiative decay width of 10 6 4 ps in
a 45-A QW of highest quality and at 2 K. They discard
the explanation in terms of localized excitons due to im-
purities and interface defects. Taking into account that
our calculation is for a slightly broader well, their result
agrees fairly well with our value.

and

Ld = Ldg()

2
87r 2 ~ Qff

p ) C„C„ I„„(n)—2K3E'~, A
VV

(33)

To obtain the dispersion relations for the resonant po-

laritons, P = w2/v —
Q~~~ must be substituted for n

and the exponential function in I „.(n) must be replaced
by the sine function. Also, for resonant T and Z polari-
tons the term involving I (n) has to be multiplied by
an extra factor of (—1). The dispersion relations, apart
from the differences discussed at the end of Sec. III, are
identical to those found in Refs. 10 and 16.

Figures 5 and 6 show the dispersion relations for LH
and HH polaritons in a 50-A Ale sGao 7As-GaAs QW.
The main features are a large discontinuity of the T and
Z modes at the photon line, the L mode being continu-
ous. In the limit c —+ oo the resonant polaritons disap-
pear and the localized ones reduce to the corresponding
excitons, i.e. , Fig. 6 becomes identical to Fig. 2.

Experiments concerning the QW polaritons have been
carried out by Ogawa, Katsuyama, and Nakamura, ~ who
made time-of-Bight measurements and by Kohl et al. ,
who used a grating coupler to excite the localized po-
laritons. Both experiments, however, are not sensitive
enough to allow for a quantitative verification of the po-
lariton dispersion.

VII. CONCLUSIONS

In conclusion we have calculated the fine structure
of QW excitons, which microscopically derives from
the electron-hole exchange interaction with parameters
known from bulk material. We find that the splitting
between longitudinal and transverse QW excitons (with
respect to the in-plane exciton wave vector Q~~) vanishes
linearly for Q~~

~ 0 and is enhanced over the bulk value
for Q~~

—+ oo. The most important effect of the exchange
interaction is the energy shiR of the Z exciton relative to
the L, T excitons, which is a consequence of the reduced
symmetry and was expected from group-theoretical con-
siderations. This splitting has been detected recently
in photoluminescence experiments. i4 is We derived the
Hamiltonian which describes in second quantization the
interaction of photons with excitons, solved the corre-
sponding equations of motion, and showed that the dis-
persion relations for localized and resonant polaritons co-
incide with those obtained by solving Maxwell's equa-
tions. For resonant polaritons we calculated a finite life-
time due to decay into electromagnetic modes, which de-
pends on the width of the QW. It is significantly smaller
for HH than for LH polariton states. These results are in
reasonable agreement with the few existing experimental
data but contain more detailed information which we
hope will stimulate experiments on this subject.
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