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Polarization-dependent spectral redshifts atnÄ1 and nÄ2 in a GaAs quantum well
in high magnetic fields up to 60 T
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Polarized magnetophotoluminescence measurements performed on a wide parabolic GaAs/Al0.2Ga0.8As
quantum well reveal the presence of spectral redshifts in the energy at filling factorsn51 and 2. The magni-
tude of these redshifts depends on the polarization and filling factor. While the values for the case of thes2

polarization agree with existing theories, the results for thes1 polarizations are less understood.
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One of the anomalies1–11 revealed in the magnetophoto
luminescence~MPL! experiments performed on the two
dimensional electron gas formed in semiconductor hete
structures@single heterojunctions and single quantum we
~QW’s!# was the presence in the spectra of some reds
discontinuities4,7,10,11at the filling factorsn51 and 2. The
theoretical model proposed for the case of thes2

polarization2,4 shows that the magnitude of the redshift d
continuity in the energy that appears when the magnetic fi
sweeps through these filling factors will be proportional
the difference between the Hartree-Fock energy (EHF) of the
hole formed in the conduction band~CB! after the recombi-
nation and the binding energy of the exciton formed bef
the recombination (EEX), and it will scale as (AB) with
magnetic field.4 At n51 the value of the discontinuity wa
shown to be 2A2 times larger than the value forn52. These
predictions were confirmed in several rece
experiments.4,9,11

On the other hand, Osborneet al.,7 as a result of the MPL
measurements on a 300-Å QW, found that the value of
redshift atn51 is about 1 meV smaller ins1 polarization
than in thes2 polarization. Following the theoretical mode
proposed by Cooper and Chklovskii3 these authors consid
ered that in the limit of low electronic Zeeman energy~i.e.
low magnetic field!, the fundamental state of the system w
be either an excitonic state~in which a spin-down electron
from the conduction band is bound to a hole from the
lence band! or a nonexcitonic state in which the valence ho
binds to an electronic spin texture, leading to the format
of an excitonic skyrmion. The formation of an excitonic
nonexcitonic initial state is dictated by the separation
tween the electrons and holes. The different values obta
for the redshifts atn51 in the two polarizations were ac
counted for in the frame of this model by the effects of t
valence-band~VB! mixing, which produces a larger bindin
energy of the exciton ins1 polarization than in thes2

polarization.
In this paper we present the results of the right~RCP! and

left ~LCP! circularly polarized photoluminescence expe
ments performed on a wide (1480 Å) GaAs/Al0.2Ga0.8As
parabolic QW with a high carrier density ((7.661)
31011 cm22 under illumination!. The values for the red
PRB 620163-1829/2000/62~7!/4249~4!/$15.00
o-

ift

ld

e

t

e

-

n

-
ed

shifts that we have obtained depend upon the filling fac
(n51 or 2! and also upon the polarization. In the case ofs2

~LCP! polarization we obtain a rather good agreement w
the existing theories,1–4 and the ratio of the redshifts atn
51 and 2,DEn51

s2 /DEn52
s2 '4, is close to the predicted valu

of 2A2.
The situation is different for the case of thes1 ~RCP!

polarization when, at bothn51 and 2, the magnitude of th
redshift is smaller than the one observed ins2 polarization.
The difference between the redshifts in the energy for thes1

and s2 spectra atn52 ~1 meV! is almost ten times large
than that atn51 ~0.1 meV!. The ratio of the redshifts in the
s1 polarization at these two filling factors i
DEn51

s1 /DEn52
s1 '12.8, a value which is almost three time

higher than the one obtained in the previous case.
The sample used in the measurements was a modula

doped single wide parabolic GaAs/Al0.2Ga0.8As QW with a
well width of 1480 Å. The MPL studies were performed
a temperature ofT51.5 K and the magnetic field was varie
from 0 to 60 T using a quasicontinuous long-pulse magn
The sample was illuminated with a 632.8 nm CW He-N
laser with a total power of about 1 mW. The carrier conce
tration under illumination @estimated to be (7.661)
31011 cm22] was obtained from low-field Shubnikov de
Hass-type PL intensity measurements. Details of the exp
ment are described elsewhere.12

To describe the optically active recombinations we u
the following conventions13 adopted in the literature: Fo
band-to-band absorption or emission,s1 light couples only
the23/2 heavy-hole~HH! state and the21/2 electron state,
whereass2 couples only13/2 HH state with11/2 elec-
tron state. For excitons,s1 couples to the exciton made u
of 13/2 HH state and21/2 electron state, whereass2

couples to the exciton made up of23/2 HH and11/2 elec-
tron. In Fig. 1 and Fig. 2 we show the recorded spec
around filling factorn51 (B531.4 T, Fig. 1! and n52
(B515.7 T, Fig. 2!. Thes1 polarization involves recombi-
nations of the21/2 spin electrons from the lowest Landa
level whereas thes2 polarization involves recombination
of the11/2 spin electrons from the lowest Landau level. T
evolution of the energy with magnetic field displays a re
shift discontinuity at filling factors in the range of 0.85<n
4249 ©2000 The American Physical Society
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FIG. 1. The MPL spectra recorded ins1 ands2 polarizations
around filling factorn51 (B'31.4 T) show the presence of red
shifts in the energies. The values areDEn51

s2 '6.5 meV and
DEn51

s1 '6.4 meV, respectively.

FIG. 2. The MPL spectra recorded ins1 ands2 polarizations
around filling factorn52 (B'15.7 T) show the presence of th
redshifts in the energies. The values areDEn52

s2 '1.6 meV and
DEn52

s1 '0.6 meV, respectively.
<1.07. The values of these redshifts are almost the sam
both spectra: 6.5 meV ins2 polarization and 6.4 meV ins1

polarization. Atn52 (B515.7 T) the redshifts are muc
smaller than those found atn51 as seen in Fig. 3. However
the magnitude of the redshift atn52 is muchlarger for the
s2 polarization (DEn52

s2 '1.6 meV) than for thes1 polar-
ization (DEn52

s1 '0.6 meV).
The redshifts in the energy have been explain

theoretically2,4 for the case of thes2 polarization by taking
into account the different initial and final states in the ele
tron configuration for filling factors slightly larger or smalle
than 1 or 2. In Fig. 4 we show the initial and final states
the s1 ands2 polarizations atn51. Following Gravieret
al.,4 we find that for s2 polarization at filling factorsn
slightly smaller than 1 (n512), the final state contains a
hole on the11/2 electron level. This will lower the recom
bination energy by an amountEHF5A(p/2)e2/e l , the
Hartree-Fock energy due to the interaction between the h
in the CB and holes in the VB. On the other hand, for fillin
factorsn slightly larger than 1 (n511) the initial-state en-
ergy, and consequently the recombination energy, will
lowered from the band-gap energy by an amountBEX , the
binding energy involving a21/2 spin electron. After the
recombination, a spin wave with zero total angular mom
tum will remain, and therefore the Zeeman energy of
final state will equal the Zeeman energy of the initial sta
The net result will be a redshift in the energy with increasi
field given by

DEn51
s2 5EHF2BEX . ~1!

FIG. 3. The evolution of the energy with magnetic field in th
s1 and s2 polarizations. The position of the filling factorsn51
and 2 was determined within a limit of 15% error such thatBn51

531.464 T andBn52515.762 T.



i

-

tic
c

d-
n
he
tia
-

ts

g
lle

the
ed

in

he
,
ifts
e

e

h a

the
in
-

re-

at
in

PRB 62 4251BRIEF REPORTS
The measured value of the redshift for our sample
DEn51

s2 56.5 meV.
For recombinations around the filling factorn52, the re-

sults are shown in Fig. 5. In the case ofs2 polarization,
Hawrylak and Potemski2 showed that the value of the red
shift should be

DEn52
s2 5~EHF2BEX!/2. ~2!

If we include in this formula the fact that the magne
field coresponding ton52 is half the value of the magneti
field for n51, we obtain a value of the redshift atn52
which must be 2A2 times smaller than the value of the re
shift at n51. Equation~2! takes into account the formatio
in the final state of an inter-Landau-level excitation with t
total angular momentum 1, as well as the fact that the ini
state at filling factorsn521 will show the presence of exci
tons formed with an electron from the Landau leveln51.
The experimental value that we have obtainedDEn52

s2

51.6 meV is in good agreement with this prediction.
For the case of thes1 polarization, which involves re-

combinations of electrons from the21/2 spin level with
holes from the23/2 spin level, the values of the redshif
which we measured at bothn51 and n52 are different
from those obtained in thes2 polarization.

Firstly, we notice that the change in excitonic bindin
energy due to the VB mixing cannot account for the sma
values of the redshifts measured atn51 and 2 in the RCP
spectra. In the framework of the discussed model,2,4 the ini-
tial exciton formed atn51 will always involve a spin-down
electron while the one formed atn52 will involve a spin-up

FIG. 4. The initial and final states in thes1 ands2 polariza-
tions aroundn51.
s

l

r

electron regardless of the polarization. For this reason,
value of the binding energy of the excitonic state form
before recombination (BEX) will be the same in boths1 and
s2 spectra. Also, Andreani and Pasquarello14 calculated the
effect of the VB coupling on the exciton binding energies
GaAs/AlxGa12xAs QW’s with different widths. Their results
show that in the case of a 200 Å QW, the difference in t
binding energies for thes1 ands2 excitons is about 1 meV
a value ten times larger than the difference of the redsh
obtained atn51, but comparable with the value we hav
obtained forn52.

One important observation for the case of thes1 polar-
ization aroundn512 is that the initial state does not hav
any 21/2 spin electrons available. In order to observe as1

polarized signal it is necessary to have an electron wit
spin 21/2 which can occur as a result of a spin-flip7,15 pro-
cess. This will generate an increase in the energy of
initial state (ES) as a result of the perturbations induced
the now incomplete11/2 electronic level such that the re
combination energy will be lowered by an amountEHF
2ES from the band-gap recombination energy. The net
sult is that the redshift of the energy atn51 in the s1

polarization will now given by

DEn51
s1 5EHF2BEX2ES . ~3!

We believe that the small perturbation energy (ES) of the
11/2 electronic level after the electron spin-flip could be
the origin of the smaller redshift in the energy observed
s1 polarization aroundn51.

FIG. 5. The initial and final states in thes1 ands2 polariza-
tions aroundn52.
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The smaller redshift in the energy atn52 in thes1 po-
larized spectra compared with thes2 spectra may be due t
the effects of the VB mixing. It has been shown16 that the
VB Landau levels have a strong nonlinear dependence
magnetic field as a result of VB mixing and that the effe
are stronger for the case of the23/2 VB energy level than
for the 13/2 energy level. The degree of band mixing i
creases with magnetic field and as a result the binding en
of the e↑h↓ exciton is larger than that of thee↓h↑ exciton.
For recombination processes aroundn521 in the s1 spec-
tra, the initial state is excitonic, involving a11/2 electron
from then51 Landau level and a23/2 hole in the VB hole.
The recombination, as indicated in Fig. 5, will take pla
between this hole and a21/2 spin electron from then50
Landau level. We suggest that, due to the increased bin
energy of the initial exciton, a second electron will be ca
tured by the excitonic complex shortly before the recom
nation, leading to the formation of a negatively charged m
netoexciton (X2). Equation~2! would then be modified such
that

DEn52
s1 5~EHF2BX2!/2, ~4!
ev
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whereBX2 is the binding energy of theX2 state. From our
data we estimate its binding energy to be about 2 meV lar
than that of the initial neutral exciton.

In conclusion, magnetophotoluminescence measurem
performed on a high-density modulation-doped wide pa
bolic quantum well displayed, at the filling factorsn52 and
1, the presence of an energy redshift with increasing m
netic field whose magnitude was different fors1 and s2

polarizations. While in the case ofs2 polarization the value
for the redshifts can be accounted for in the framework of
existing theories, the data for thes1 polarization requires a
much more detailed analysis of the interparticle correlatio
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1B.A. Muzykantskii, Zh. Éksp. Teor. Fiz.101, 1084~1992! @Sov.
Phys. JETP74, 897 ~1992!#.

2P. Hawrylak and M. Potemski, Phys. Rev. B56, 12 386~1997!.
3N.R. Cooper and D.B. Chklovskii, Phys. Rev. B55, 2436~1997!.
4L. Gravier, M. Potemski, P. Hawrylak, and B. Etienne, Phys. R

Lett. 80, 3344~1998!.
5F. Plentz, D. Heiman, L.N. Pfeiffer, and K.W. West, Phys. Rev

57, 1370~1998!.
6B.B. Goldberget al., Surf. Sci.263, 9 ~1992!; P. Vincenteet al.,

Solid State Commun.96, 901 ~1995!; G. Finkelstein, H. Shtrik-
man, and I. Bar-Joseph, Phys. Rev. B56, 10 326~1997!.

7J.L. Osborne, A.J. Shields, M.Y. Simmons, N.R. Cooper, D
Ritchie, and M. Pepper, Phys. Rev. B58, R4227~1998!; Physica
B 249-251, 538 ~1998!.

8R.J. Nicholas, D. Kinder, A.N. Priest, C.C. Chang, H.H. Che
J.J. Harris, and C.T. Foxon, Physica B249-251, 553 ~1998!.

9M.J. Manfra, B.B. Goldberg, L. Pfeiffer, and K. West, Phys. Re
.

.

,

.

B 57, R9467~1998!.
10B.B. Goldberg, D. Heiman, M. Dahl, A. Pinczuk, L. Pfeiffer, an

K. West, Phys. Rev. B44, 4006~1991!.
11S. Takeyama, G. Karczewski, T. Wojtowicz, J. Kossut, H. Ku

matsu, K. Uchida, and N. Miura, Phys. Rev. B59, 7327~1999!.
12C.H. Perry, Y. Kim, and D.G. Rickel, Physica B246-247, 182

~1998!.
13T.C. Damen, K. Leo, J. Shah, and J.E. Cunningham, Appl. Ph

Lett. 58, 1902~1991!; M. Potemski, J.C. Maan, A. Fasolino, K
Ploog, and G. Weimann, Surf. Sci.229, 151 ~1990!.

14L.C. Andreani and A. Pasquarello, Europhys. Lett.6, 259~1988!.
15H.V. van Kestern, E.C. Cosman, F.J.A.M. Greidanus, P. Daws

K.J. Moore, and C.T. Foxon, Phys. Rev. Lett.61, 129 ~1988!.
16M. Altarelli, in Heterojunctions and Semiconductor Superlattice:

Proceedings of the Winter School, Les Houches, France, ed
by G. Allan et al. ~Springer-Verlag, Berlin, 1986!, pp. 12–37.


