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Observation of Magnetically Induced Effective-Mass Enhancement of Quasi-2D Excitons
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We present the first measurements of the dispersion relation of a quasi-2D magnetoexciton. We demon-
strate that the magnetoexciton effective mass is determined by the coupling between the center-of-mass
motion and internal structure and becomes overwhelmingly larger than the sum of the electron and hole
masses in high magnetic fields.
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The physics of two dimensional (2D) systems of charged
particles in a strong perpendicular magnetic field has at-
tracted much attention over the last two decades. For
example, single component 2D electron (or hole) gases
exhibit the integer and fractional quantum Hall effects
[1]. Two component 2D electron-hole neutral systems are
also expected to possess curious properties at high mag-
netic fields. This is in particular the case of 2D excitons
in perpendicular magnetic field (magnetoexcitons) whose
composite e-h structure has been predicted to result in in-
triguing effects [2]: (i) the 2D-magnetoexciton binding en-
ergy and effective mass are independent of the electron
and hole effective masses and are determined by the mag-
netic field only [3,4]; (ii) although 2D magnetoexciton is
a neutral particle, it reacts to the application of in-plane
electric field as a single charge (Hall effect for exciton)
[4,5]; (iii) in a direct band gap semiconductor the 2D-
magnetoexciton ground state in in-plane electric field oc-
curs at finite momentum [4–6].

The common origin of the aforementioned effects is that
an exciton in a magnetic field exhibits a unique coupling
between the internal structure and center-of-mass motion
[7]. This coupling is a general property of elementary neu-
tral excitations in a magnetic field. Along with interband
magnetoexcitons this applies to the intraband excitations in
2DEG in quantizing magnetic fields: the spin-wave excita-
tions [8–12], the magnetoplasmon excitations [8–11,13],
and the quasiexcitons (a quasiexciton is a bound state
of a quasiparticle and quasihole) in the fractional quan-
tum Hall effect regime [9,11,12,14,15] described also as
particle-hole pairs of composite fermions, called the CF
excitons [16].

Figure 1 illustrates the physics behind that coupling
for magnetoexcitons. The 2D magnetoexciton is made of
an electron and a hole traveling with the same velocity,
vg � ≠EX�≠P, and producing on each other a Coulomb
force which is exactly canceled by the Lorentz force [3,4]
[P [ �x̂, ŷ� is the 2D-magnetoexciton center-of-mass mo-
mentum and EX � EX �P� is its dispersion law]. Applying
this condition self-consistently determines EX and, in
turn, the binding energy EB and the effective mass MB. In
804-1 0031-9007�01�87(21)�216804(4)$15.00
the high magnetic field limit, defined by the condition that
EB is much smaller than the e and h cyclotron energies,
the problem can be solved analytically [3]: (i) EB �p

p�2 e2��´lB� �
p

B�, where lB �
p

h̄c��eB�� is the
magnetic length and ´ is the dielectric constant,
(ii) EX �P� � 2EBe2bI0�b�, where I0�b� is modi-
fied Bessel function, b � �PlB��2h̄��2 [Fig. 1(c)], (iii) for
PlB�h̄ ø 1, MB � �23�2´h̄2���p1�2e2lB� �

p
B�, (iv) for

magnetoexciton with P � 0 the magnetic length plays
the role of the Bohr radius, (v) magnetoexcitons with
momentum P carry an electric dipole in the direction per-
pendicular to P whose magnitude, 	reh
 � ẑ 3 Pl2

B�h̄,
is proportional to P. This expression makes explicit the
coupling between the center-of-mass motion and the in-
ternal structure. The coupling results in a property, called
the electrostatic analogy: the dispersion EX�P� can be
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FIG. 1. Schematics showing (a) the coupling between the
2D-magnetoexciton center-of-mass and internal motions, (b) the
separation between the electron and hole wave functions for 2D
magnetoexciton (left) and quasi-2D indirect magnetoexciton
(right). (c) Calculated dispersions of 2D magnetoexciton (left)
and quasi-2D indirect magnetoexciton with d � lB (right) in
the high magnetic field limit.
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calculated from the expression of the Coulomb force
between the electron and the hole as a function of 	reh

and has the unusual consequence that the magnetoexciton
mass depends on the B� only independent of the electron
and hole masses. Contrary to the e-h system at zero
magnetic field (hydrogenic problem) all the e-h pairs
are bound states and there is no scattering state. At
PlB�h̄ ¿ 1 the separation between electron and hole
tends to infinity and the magnetoexciton energy evolves to
the sum of the lowest e and h Landau level energies.

In this Letter we report the first measurement of a dis-
persion relation of quasi-2D magnetoexcitons. We find that
the exciton effective mass is strongly enhanced as the per-
pendicular magnetic field increases and, at high fields, it
becomes much larger than the sum of e and h masses.
This experimental finding proves that a magnetoexciton is
a quasiparticle whose effective mass is determined by the
coupling between the center-of-mass motion and internal
structure rather than by the masses of its constituents.

The principle of our experimental method is illustrated
in Fig. 2. It is well known that the only free exciton states
that can recombine radiatively are those inside the inter-
sect between the dispersion surface EX �P� and the photon
cone Eph � Pc�

p
´ [17]. In GaAs structures the radiative

zone corresponds to very small center-of-mass momenta
K # K0 � Eg

p
´��h̄c� � 2.7 3 105 cm21. Let us con-

sider now a spatially indirect exciton with electron and hole
confined in different layers parallel to the �x̂, ŷ� plane. d is
the distance between the layer centers. It has been shown
in Refs. [18–20] that when a magnetic field Bk is applied
in the �x̂, ŷ� plane the exciton dispersion surface shifts by
PB � 2

e
c dBk [Fig. 2(a)]. Therefore as Bk increases the

intersect of the photon cone with the exciton dispersion
surface varies. Thus by measuring the dependence of the
exciton photoluminescence (PL) energy as a function of
the in-plane magnetic field Bk one can determine the indi-
rect exciton dispersion.
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FIG. 2. Schematic of the indirect exciton dispersion (a) at zero
and finite in-plane magnetic field B and (b) at zero B, perpen-
dicular B, and tilted B. The optically active exciton states are
within the radiative zone determined by the photon cone.
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We use a n1-i-n1 coupled quantum well (CQW)
structure grown by molecular-beam epitaxy. The i region
consists of two 8 nm GaAs QWs separated by a 4 nm
Al0.33Ga0.67As barrier and surrounded by two 200 nm
Al0.33Ga0.67As barrier layers. The n1 layers are Si-doped
GaAs with nSi � 5 3 1017 cm23. The separation of the
e and h layers in the CQW (the indirect regime) is
achieved by the gate voltage Vg applied between the n1

layers. Vg determines the external electric field in the
ẑ direction F � Vg�d0, where d0 is the i-layer width.
The shift of the indirect exciton energy with increasing
gate voltage DEPL � eFd allows the determination of
the mean interlayer separation in the indirect regime
d � 11.5 nm, which is close to the distance between
the QW centers. For the CQW studied the shift in-
duced by strong in-plane magnetic fields KB �

e
h̄c dBk

is much larger than K0. For example, at Bk � 12 T,
KB � 2.1 3 106 cm21 � 8 3 K0. For the narrow QWs
the diamagnetic shift of the bottom of the bands is very
small and can be neglected [21], which is confirmed by
the negligibly small energy shift of the spatially direct
transitions (Fig. 3). Therefore, the peak energy of the
indirect exciton PL is set by the energy of the radia-
tive zone and is given as a function of Bk by Ep�0 �
P2

B�2M � e2d2B2
k��2Mc2� for a parabolic dispersion,

it is ~1�M. The PL measurements were performed in
tilted magnetic fields B � Bkx̂ 1 B�ẑ at T � 1.8 K
in a He cryostat with optical windows. The in-plane
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FIG. 3. PL spectra in magnetic fields B � Bkx̂ 1 B�ẑ for
different perpendicular, B�, and parallel, Bk, components at
Vg � 1 V. The intensities are normalized. Inset: Schematic
of the band diagram of the GaAs�AlxGa12xAs CQW.
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component of B was used to measure the dispersion of
the magnetoexciton (Fig. 2). Carriers were photoexcited
by a HeNe laser at an excitation density 0.1 W�cm2.

The basic features of the indirect magnetoexciton are
the same as that of the direct magnetoexciton. They are
also determined by the coupling between the magnetoexci-
ton internal structure and center-of-mass motion [Fig. 1(b),
right and Fig. 1(c), right]. However, because of the sepa-
ration between the electron and hole layers the indirect
magnetoexciton binding energy and effective mass differ
quantitatively from those of direct magnetoexciton. As d
increases the indirect magnetoexciton binding energy re-
duces whereas its effective mass increases. In particu-
lar, for d ø lB, MBd � MB�1 1 23�2d��p1�2lB�� and for
d ¿ lB, MBd � MBp1�2d3��23�2l3

B� [22]. The mass en-
hancement is explained using the electrostatic analogy: for
separated layers the e-h Coulomb interaction is weaker
than that within a single layer and changes only slightly for
	reh
 & d; this implies that EX �P� increases only slowly
for P & h̄d�l2

B; in other words, the indirect magnetoexci-
tons have a large effective mass.

The spatially direct transitions (D) and the indirect tran-
sition (I) seen in Fig. 3 are identified by the PL kinetics
and Vg dependence. The direct PL lines have short decay
time and their positions practically do not depend on Vg,
while the indirect exciton PL line has long decay time and
shifts to lower energies with increasing Vg [23].

As Bk increases the energy of indirect (magneto)exciton
increases (Fig. 3) due to the displacement of the disper-
sion surface in momentum space, while the energies of the
direct transitions are practically unchanged. The magni-
tude of the PL energy shift is smaller for the higher B�

[compare Figs. 3(a) and 3(b)]. The PL line shift vs Bk de-
termines the magnetoexciton dispersion. This is presented
in Fig. 4(a) for various B�. The magnetoexciton effective
mass at the band bottom is determined by the quadratic fits
to the dispersion curves at small K. At B� � 0 the mea-
sured PL energy shift rate corresponds to M � 0.22m0.
This value is in good agreement with the calculated mass
of heavy hole exciton in GaAs QWs �0.25m0 (electron
mass me � 0.067m0 and in-plane heavy hole mass mh �
0.18m0; see, e.g., Ref. [24]). Drastic changes of the mag-
netoexciton dispersion are observed at finite B�. The dis-
persion curves become significantly flat at small momenta
as seen in Fig. 4. This corresponds to a strong enhance-
ment of the magnetoexciton mass: already at B� � 4 T
the magnetoexciton mass has increased by about 3 times
and at higher B� the dispersions become so flat that the
scattering of the experimental points does not allow pre-
cise determination of that mass which becomes very large.

The experimental results are now compared with ab ini-
tio calculations. The Hamiltonian is

Ĥ �
1

2me

µ
i

≠

≠re
2

e
c

A�re, ze�
∂2

1
1

2mh

µ
2i

≠

≠rh
1

e

c
A�rh, zh�

∂2

1 V �r� , (1)
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FIG. 4. (a) Measured and (b) calculated magnetoexciton dis-
persions at B� � 0, 2, 4, 6, 8, and 10 T vs K2. Upper in-
set: Measured magnetoexciton dispersions vs K (Bk). Lower
inset: Measured (triangles) and calculated (circles) magneto-
exciton mass at the band bottom vs B�.

where re and rh [ �x̂, ŷ� are the in-plane e and h radii vec-
tors, r � re 2 rh, R � �mere 1 mhrh��M, and V �r� �
2

1
´
p

d21r2 is e-h interaction. The magnetic moment P
is conserved because of the translation invariance
along the �x̂, ŷ� plane and gauge invariance. Using the
gauge A�r� � 1

2 B� 3 r 1 x̂Byz 2 ŷBxz, we have
P � 2i

≠

≠R 1
e
2c B� 3 r 1

e
c Bk 3 dẑ [3,7]. Therefore,

in the two-layer model Bk causes only a shift of the
magnetic moment and a displacement of the magneto-
exciton dispersion EX�P� by e

c Bk 3 dẑ, similar to the
B� � 0 case [18–20]. For the magnetoexciton in per-
pendicular field B � B� after a gauge transformation
216804-3
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CP�R, r� � exp�2i
e
2c B� 3 R ? r�cP �R, r� the Hamil-

tonian takes the form

Ĥ �
1

2M

µ
m

k

∂2

P2 1
1

2m

µ
i

≠

≠r

∂2

1
eB�

2ck
L̂z

1
1

2m

µ
eB�

2c
r 2

2m

M
ẑ 3 P

∂2

1 V �r� , (2)

where L̂z is the angular momentum operator along ẑ and
the last two terms represent, respectively, the interaction
with the magnetic field and the Coulomb interaction,
m21 � m21

e 1 m21
h , k21 � m21

e 2 m21
h .

The calculations of magnetoexciton dispersion (Fig. 4)
are performed using the imaginary time approach and the
direct descent technique for a time-dependent Schrödinger
equation with Hamiltonian given by Eq. (2). We find that
in a finite magnetic field the effective mass which charac-
terizes the dispersion at small P monotonically grows with
B�. The calculated effective mass enhancement is in ex-
cellent, better than 10%, agreement with the experimental
data [25]; e.g., at B� � 4 T the measured magnetoexciton
mass increase is 2.7 as compared to the current theoretical
2.5; see Fig. 4. The agreement still remains qualitatively
good at high momenta (e.g., both experiment and theory
show that at high P the magnetoexciton dispersions at fi-
nite B� become lower in energy than the exciton disper-
sion at B� � 0); however, the theory gives a rate of energy
increase with momentum at high P slower than the experi-
ment. This quantitative difference could be accounted for
by including details such as the effects of the finite QW
thickness and finite radiative zone width (note also that
the experimental accuracy for the line position decreases
at the highest Bk * 10 T, i.e., for the largest momenta
P�h̄ * 1.8 3 106 cm21, due to the line broadening and
strong intensity reduction).

The observed large enhancement of the effective mass
of the indirect exciton in magnetic fields is a single-
exciton effect contrary to the well known renormalization
effects in neutral and charged e-h plasmas [26]. It has,
however, very important effects on collective phenomena
in the exciton system. In particular, the mass enhancement
explains the disappearance of the stimulated exciton
scattering and the transition from the highly degenerate
to classical exciton gas with increasing magnetic field
observed in Ref. [27].
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