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Quasi-two-dimensional excitons in finite magnetic fields

Yu. E. Lozovik} I. V. Ovchinnikov! S. Yu. Volkov! L. V. Butov? and D. S. Chemfz®
Linstitute of Spectroscopy, 142190, Moscow region, Troitsk, Russia
2Materials Sciences Division, E. O. Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Department of Physics, University of California at Berkeley, Berkeley, California 94720
(Received 12 October 2001; published 24 May 2002

We present a theoretical and experimental investigation of the effects of a magnetic field on quasi-two-
dimensional excitons. We calculate the internal structures and dispersion relations of spatially direct and
indirect excitons in single and coupled quantum wells in a magnetic field perpendicular to the well plane. We
find a sharp transition from a hydrogenlike exciton to a magnetoexciton with increasing the center-of-mass
momentum at fixed weak field. At that transition the mean electron-hole separation increases sharply and
becomesxP/B, , whereP is the magnetoexciton center-of-mass momentum Bnds the magnetic field
perpendicular to the quantum well plane. The transition resembles a first-order phase transition. The magnetic-
field—exciton momentum phase diagram describing the transition is constructed. We measure the magnetoex-
citon dispersion relations and effective masses in GalsiSla, ¢-As coupled quantum wells using tilted
magnetic fields. The calculated dispersion relations and effective masses are in agreement with the experimen-
tal data. We discuss the impact of magnetic field and sample geometry on the condition for observing exciton

condensation.
DOI: 10.1103/PhysRevB.65.235304 PACS nuniger71.35.Ji, 71.35.Lk, 63.20.Ls
[. INTRODUCTION reduced mass$g and# w,. fix the magnetic length and energy

scales, whereagg and R, determine the Coulomb ones. In

The theory of Mott excitons in a magnetic field was first the following we measure the exciton energy from the semi-
developed by Elliott and Louddnand by Hasegawa and conductor gap.
Howard? who considered the case of exciton with zero In the high-magnetic-field limit one can demonstrate ana-
center-of-mas$c.m) momentum. The exciton dispersion re- lytically the following interesting results for 2D magnetoex-
lation, i.e., the influence of the exciton motion on its spec-citons built up frome and h in the zeroth Landau levels
trum, was subsequently investigated in the high-magneti€LL's) (Ref. 4: (1) The magnetoexciton dispersion relation is
field limit (when cyclotron energy is much larger than thegiven by Ex(P)=—Ege #l(8), wherely(x) is the modi-
Coulomb energy in the cases of three-dimensioné@8D)  fied Bessel function ang=[Plg/(2%)]?. (2) The magneto-
excitons? 2D excitons in a perpendicular magnetic fiéid,  exciton binding energy is proportional to square rooBof,
and spatially indirect quasi-2D excitons also in a perpendicug ;= \/7/2e%/(elz)~ B, . (3) For small momentaPlg/#

lar magnetic field. <1, the magnetoexciton dispersion is parabolic and is char-

The interest in this issue stems from the unique coupling terized by an effective magnetoexciton mads
between the exciton internal structure and c.m. motion in-_(zg/zshz)/(wl/zezl )~\/§ (4) For a magnetoexciton
- B 1

duced by the magnetic fieftd” To illustrate this result let us with P=0 the magnetic length plays the role of the Bohr

consider a 2D exciton, madfa Pf an electand a holen, radius. (5) Magnetoexcitons with momentur® carry an
free to move parallel to thex,y} plane. In the absence of gjectric dipole in the direction perpendicular B whose
magnetic field they form a flat hydrogenic system with c.m. . _ A 2,5 .

P ) o , magnitudee(ry=e(r.—rn)=ezxPlg/f is proportional to
momentumPe {X,y}. A high magnetic field applied perpen- p_This expression makes explicit the coupling between the
dicular to the{x,y} plane, B=B,z, changes this picture ¢.m. motion and the internal structure. This coupling results
completely, forcing the electron and the hole to travel within a curious property, called the electrostatic analogy: The
the same velocity,= dEx /dP, in such a way that they pro- dispersionEx(P) can be calculated from the expression of
duce on each other a Coulomb force that cancels exactly th@e Coulomb force betweemandh as a function ofr) and
Lorentz force, Fig. (a).*® Applying this condition self- has the unusual consequence that the magnetoexciton mass
consistently determines 2D-magnetoexciton dispersion relaand binding energy depend on the magnetic field only and
tion Ex=Ex(P) and, in turn, its binding energig and ef-  are independent afi, andm,,. Contrary to thee-h system at
fective massMg. In the high-magnetic-field limit the zero magnetic fieldhydrogenic problem all e-h pairs are
problem can be solved analyticafty. bound states and there is no scattering stateP \t/z>1

For the following it is convenient to introduce four quan- the separation betweerandh tends to infinity and the mag-
tities: (i) the magnetic lengths= VA c/(eB,), (ii) the cyclo-  netoexciton energy tends toward the sum of the lowestd
tron energyh w.=heB/(uc), (i) the 3D-exciton Bohr ra- h LL energies, i.e.3%w.. The theoretical magnetoexciton
dius ag=e%2/(ne?), and (iv) its binding energy R,  dispersion is shown in Fig.(d).
=ue*l(2e%4h?); here,my, m,, and u=memy/(Mg+m;) The internal structure and dispersion relation of the 2D
are, respectively, the and h effective masses and theh magnetoexciton are qualitatively different from those of 2D
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FIG. 2. Schematics showing the dird&) and indirect(l) ex-
<X >_ citons in SQW's(left) and CQW's(right) with electron and hole

eh residing either in the same layer or in layers separated by a distance
d along the growth axis.

high B, or largeP, the exciton structure is dominated by the
interaction of each carrier with the magnetic field. It is es-
sential to realize that the latter regime occurs for large values
of P even at wealB, , when thee-h separation in théx,y}

1 plane,(r)=zxPl2/#, is large and the Coulomb interaction

§h°°c’EB‘ E— is small compared to the interaction with the magnetic field.
01 2 3 45 From now on we will call the excitons in these regimes hy-
P |B/ h drogenlike excitons and magnetoexcitons, respectively. We

. . . find that for magnetic fields smaller than a critical vaBg
FIG. 1. Schematics showin@) the coupling between the 2D- [see Eq.(12)] there is a sharp transition between these two
mqgnetoexcnon center-of-mass and internal motl_ejh)sthe sepa-  regimes ad® grows. At the transition poinP=P,(B,) the
ration between the electron and hole wave functions for 2D magexciton dispersion relation abruptly changes from a quadratic
netoexcitons, andc) calculated dispersions of 2D magnetoexciton dependenceEX(P)OCPZ for P<P,(B,), to being practi-
. . . . . . r il
in the high-magnetic-field limit. cally independent oR, Ey(P)~ :f w, for P>P,(B,). The

. ic field. This is clearl b origin of this transition is that the effective potentia)(r)
excitons at zero magnetic field. This is clearly seen by COMyaining the internal exciton structure has two minima, one

paring _the lowest-energy states _Of these two limits _Whicrborresponding to the Coulomb attraction and the other in-
evolve into each other wheiis varied: the magnetoexciton, duced byB, , as sketched in Fig.(8. The separation be-
which is built up frome andhin the zeroth LL's, and the 1Sy a0n these minima is proportional & As illustrated in

exciton atB=0. For the former, the dispersiop relation is Fig. (@), whenP increasedat fixed B, ) the energy of the
given above and is shown in Fig(cl and(r)=zxPI§/fi.  Coulomb minimum increases and eventually crosses that of
For the latter, the dispersion relation is quadrafig(P)  the magnetic minimum at the transition poidt=P,(B,),
=P?/2M—Ep and(r)=0 VP; here M=mc+my isthe ex- where the exciton ground-state wave function jumps from
citon mass ancE, is the exciton binding energy which is the Coulomb minimum to the magnetic minimu¢im the
equal to R for 2D excitons. Clearly the transition from the following the term “ground state” is used for the lowest-
2D exciton at zero magnetic field to the 2D magnetoexcitorenergy exciton state at any particul®). In the high-
is nontrivial, and this is the subject of the present paper. magnetic-field limit, defined b, ,Eg<% w., only the mag-
Experimentally, quasi-2D exciton systems are realized imetoexciton regime exists afd)=cP/(eB,) VP, whereas
two types of heterostructures: regulamgle quantum wells  for intermediate fields the transition smears out into a cross-
(SQW's) and coupled quantum well€EQW's). As shown in  over region. Following the evolution of the exciton disper-
Fig. 2, in the first case the andh reside in the same layer sjon asB, varies we also determine the variation of its ef-
and form spatially direct excitons, whereas in the secondective massMy. We find that the magnetic-field-induced
case thee andh are in two different layers separated by a enhancement of the effective mass is very different for spa-
distanced (along the growth directiom) and form spatially tially direct and indirect excitons, with a strong dependence
indirect excitons. In this article we study the dispersion rela-on the spacing between tlelayer andh layer, d. For ex-
tions and internal structures of both spatially direct and indi-ample, wherB, =0—10 T the mass of the direct excitons,
rect excitons in SQW's and CQW's for a wide range of mag-d=0, is not much affected; conversely, for indirect excitons
netic fields perpendicular to the QW plane. We use a directvith d=11.5 nm the mass increases by times. The cal-
method for solving the Schdinger equation in the imagi- culated mass enhancement for indirect excitons with
nary time formalism and we identify two very distinct re- =11.5 nm is in agreement with the experimental dase
gimes. The first is realized for wedk and small momenta also Ref. §.
P, where thee-h Coulomb attraction is dominant and the  The paper is organized as follows: In Sec. Il we describe
exciton structure is that of a strongly bound hydrogestic  the basic quantum mechanics efh systems in magnetic
state, only slightly modified by, . In the other regime, at fields and outline our numerical integration method. In Sec.
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Ueff 82
V( r) = - T
er<+d
n=0, m=1 exciton levels

e M e For spatially indirect excitong is the distance between the

3 P. . .

______________ 5 centers of thee and h layers andd=0 for spatially direct
exciton. Because the-h Schralinger equation is invariant

PP=P.r r-p, under simultaneous translation of thendh parallel to the

{>A<,§/} and the corresponding gauge transformation, there are

E 2D integrals of motiori:*

3

Landau levels hydrogen-like

P PedB z, P 'ﬁ(? °B (4)
=P+-—ByXz, P=-ifi—5+5-B, Xr,
m c | dR  2c *
Landau levels
n=0, m=1
n=0, m=-1
n=0, m=0

where R=(mgr.+myr,)/M is the c.m. coordinatet=r,
—ry, is the relative coordinatél = m.+m,, is the e-h pair
total mass, and we have introduced vedowhich accounts
for the effects of the perpendicular component of the mag-
netic field B, only. The in-plane magnetic fiel8; has no
effect on spatially directmagnetgexcitons, whereas for spa-
tially indirect (magnetgexcitons it shifts the dispersion curve

FIG. 3. (@ Schematics showing the variation of the effective by (ed/c) BH><2 without changing its shapéo the second
potential at weakB, with increasing exciton momentum. The order in B” and QW Width.g_ll Finally, since in the absence
Coulomb exciton levels slide along the magnetic parabpla.  of an in-plane magnetic field the Hamiltonian is invariant
=cP/(eB,) is the meare-h separation for the magnetoexciton in ynder inversion, the dispersion relation depends onlBon
the high-magnetic-field limittb) Schematic dispersions of the three andP2.
lowest exciton states at wedk, . The dotted parabolas and lines By choosing wave functions of the form
show, respectively, the three lowest hydrogenlike exciton states at
B=0 and the three lowest sums of the@ndh Landau-level ener-
gies which represent the three lowest magnetoexciton levels. \prm(R,r)zeX;{iﬁ_lR

2p°

1s
hydrogen-like exciton levels

Up, (1), (5)

e
Pm+ Eler)

[l we discuss the transition from the hydrogenlike exciton toone obtains the Hamiltonian for the relative motion wave
the magnetoexciton. In Sec. IV we compare experimentalunction,zﬁpm(r),3
data with theoretical results for the magnetoexciton disper-

sion relations and effective masses in finge. Section V . h? eB . P? 1 (eB\?
concludes our work H=— oAt Lt ot 5| 12
. 21 2Ccy 2M  2u\ 2c
IIl. QUASI-2D EXCITONS IN A MAGNETIC FIELD n iBl XP-r+V(r) (6)
cM '
The Hamiltonian of an interacting-h pair in a magnetic A .
field B is HerelL,=ihzr XV, is the angular momentum operator in the
z direction, = *=m;'+m;*, and  *=m;*-m; . The
- 1 d 2 representation(6) deserves some comment. The second term

. €
T2, 2m _'ﬁ(9_n+ EA(ri) +V(re=rn). (1) describes the interaction of exciton magnetic dipole with the
magnetic field and disappears when the carriers have the
HereV is the e-h interaction andA is the vector potential Same masses. This is easy to understand, since in the c.m.
generatingd. In the case of a 2D magnetoexciton it is con- coordinates, an electron and a hole ywth the same masses
rotate around the c.m. at the same distance and, since they
carry opposite charges, the total magnetic dipole of the sys-
tem is zero. The fourth term, (143[eB, /(2¢c)]%r? is re-
sponsible for the Langevin diamagnetic shift and the fifth
term expresses that an electric figfd=(cM) 1B, X P ap-
pears in the c.m. frame of the-h system moving in the
) magnetic field and interacts with the relative coordinate elec-
tric dipole er. This representation is helpful in the case of
L excitons with small momenta in wedk, , when the Cou-
wherer e {x,y}. In what follows we consider for simplicity lomb attraction dominates and determines the exciton inter-
the case of deep and narrow QW'’s so thateladh motion  nal structure. In that case, the terms linear and quadratic in
is approximately quasi two dimensional. They interactonly slightly modify the exciton ground state and can be
through the potential considered as perturbations.

venient to distinguish the componentsB®farallel and per-
pendicular to the plane of theh motion:B=B, + B, with

B,z and Bj=B| (xcos@+ysinf)e{xy}, and to work in
the gauge

1 . .
A(r)=EBLxr+zEg|(xsin6—ycose),
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It is also interesting to make the transformation, the exciton energy in the Coulomb minimum Bcgy
. =P2?/(2M)—E,+ AE, whereE, is the binding energy at
_ M _C. B=0 and the correctiod E comes from the Langevin shift
Yel(r) =ex 2_ﬁi;Pr) bp(r+po). Po=gg?* P, (@ [fourth term in Eq.(6)] and from the quadratic Stark shift
eal? [a is the exciton polarizability an& the apparent
field in the c.m. frame, fifth term in Eq6)]. The energy of
eB. |2 the lowest level in the magnetic minimum can be estimated
A=— —A+—L,+— it r2+V(r+p,), (8  from the sum of the lowese and h LL energies slightly
2u 2cy " 2u\ 2¢ perturbed by the Coulomb interactiorE,q= 3%,

which is very useful in the opposite case of magnetoexcitons e%/(epo) [see Eq(8) and Refs. 4 and]7 _
whose structure is mainly determined by the independent L€t us now consider the evolution of the exciton ground
interaction between carriers and the magnetic field, an§t@te for smalB, asP increases. As long #8<P;, where
where it is the Coulomb interaction that can be considered as
a perturbatior?:* This corresponds to large magnetic fields P~ \/ZM
and/or large exciton momenta. t

We concentrate on the magnetoexciton ground state. We ] ) )
determine numerically the solutions of the nonstationaryth® Coulomb leveEc,, is lower in energy than the level in
Schralinger equation in the imaginary time formalism. Any the magnetic minimum; i.e., the_hydrogenhke exciton is the
initial wave functiony(r,0) can be expressed ét;(r)}, the ground state and its wave function is almost that of the hy-

basis of eigenstates of the Hamiltonié®), and its evolution ~drogenlike exciton ground state in the absence of a magnetic
in imaginary timet has the form field. When P increases the magnetic minimum gradually

shifts away from the Coulomb minimum and the Coulomb
level slides practically along the magnetic parabola, Fig.

to obtair?

h? eB . 1

1

—+
EbZ

ﬁwc), (10

Y(r)=2, Cie Elyy(n), (9 3(a). WhenP>P,, the level in the magnetic minimum, i.e.,
! the magnetoexciton, becomes the ground state. Therefore, at
whereE;, j=1,2..., are theeigenvalues of Eq(8). After ~ P=Py there is a transition from the hydrogenlike exciton to

each time step we normalize the wave function. Since théhe magnetoexciton. At the transition tleeh separation in
bound levels at fixed are discrete, it follows that for times the ground state abruptly increases(to=po=cP/(eB,);
t>#(E,—E;) ! all excited states, including those directly i.e., suddenly the size of the exciton blows up. Once the
above the ground state, are exponentially eliminated anéxciton has passed through the transition its energy changes
only the ground exciton state contributes to the wave funconly weakly asP continues to grow, Figs.(8) and 3b). An
tion. In the calculations we used for units of length, energyjnteresting result is worth noting: the exciton momentum at
and momentum, respectively/2, 4R, (i.e., the Bohr radius  the transition point is finite even fd8, —0; see Eq(10).
and the binding energy of a 2D direct excifjoand P,  This limiting case is detailed in the Appendix.
=e’M/(eh). The exciton spectrum in weak magnetic fields is illus-
We performed the calculations for GaAs{AlGa, ¢AS trated in Fig. 8b) and can be described qualitatively as fol-
CQW's studied experimentally in Refs. 8,10 and 12 with lows. In the absence of a magnetic field the dispersion of the
=12.1 and d=11.5 nm @/2=6.71x10 7 cm, 4R, exciton ground state is quadratiEy(P)=P?/(2M)—E,,
=17 meV, andP,/%#=3.62<10°F cm ') and for AlAs/ and all the excited bound states have similar dispersion rela-
GaAs CQW's withd=3.5 nm studied experimentally in tion butwith smaller binding energies as shown by the dotted
Refs. 13 and 14. parabolas in Fig. @) which represent the first three hydro-
genlike levels. For any weak magnetic field the magnetic
IIl. TRANSITION FROM A HYDROGEN-LIKE EXCITON minimum of the effective potentiall(,(r) appears aiP
TO A MAGNETOEXCITON #0 with its co_rrespondlng family of magnetoexciton states
whose energies areE(n,m)~Aw[n+1/2(m|+mu/zn
Let us first discuss the case of weak magnetic fields. The-1)] ande-h :~:eparatior(r>=po.4 The energies of the first
“effective potential” U.¢¢(r) of the e-h motion [last two  three magnetoexciton levels are schematically represented by
terms in Eq.(8)] for P#0 has the form shown in Fig.(8. the dotted lines in Fig. ®). The levels of each family anti-
The potential is anisotropic and has two minima separated bgross because of tunneling between the wave functions, gen-
po=CP/(eB,): The first is the Coulomb minimum corre- erating the dispersion curvé&s(P) represented by the solid
sponding to the fourth term of E¢8) and the second has its lines in Fig. 3b). In particular for the lowest magnetoexciton
origin in the parabolic magnetic potential, third term of Eq.level (h=0, m=0) and the lowest hydrogenlike exciton
(8). Each minimum has its bour(dr quasibounglevels. For  level the splitting is determined by the paramefe(see the
large py and weak magnetic fields the wave functions of theAppendix.
lowest levels in the minima have negligible overl@ee the As shown in Fig. 4 the numerical solutions agree well
Appendi¥ and the level splitting is small. Therefore, the with the above qualitative description. Here we present the
corresponding energieg ., for the Coulomb minimum evolution of Ug(r) for five values ofP=0.1—1.5. The
andE,,4n for the magnetic minimum, can be approximately shift of the magnetic minimum and the transition from the
calculated by perturbation theory. Within this approximationhydrogenlike exciton ground state to magnetoexciton ground
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51U 51 Ux) 047 E Bl=8'(l'a)
41 a) P=0.1 41 b) P=0.4 /
j 6
31 31 0.2 4
2/ 2/ 2
0.0
14 1] 0.1;0.5;0.8
0 0 0.2
1 X X P
-10 0 10 20 30 -10 0 10 20 30 (@ 0.0 0.2 0.4 0.6 0.8 1.0
5. 5. (b)
U(x) Ux) E B =10T
4] ¢) P=0.6 4 d) P=0.8 0.51 ‘s
6
31 31 3
0.0 2
24 2
1 1 -0.51
0 0
1 X X ‘o P
-10 0 10 20 30 10 0 10 20 30 (b) 0.0 0.5 1.0 15 2.0
5, Ux)
o) P=15 FIG. 5. Dispersion relations of spatially indire@ and direct
41 T (b) excitons in GaAs/AJ3G& sAS CQW’s with d=11.5 nm in
3] various B, . The units are given at the end of Sec. Il. For the
5 comparison with the experimental data see Fig. 11.
1_
0_
i X

-10 0 10 20 30

FIG. 4. (a) Calculated variation of the effective potential
Ues(X) at B, =2 T with increasing exciton momentufd. The
calculations are performed for indirect exciton in

GaAs/Al 3 Ga gAs CQW withd=11.5 nm. The units are given
at the end of Sec. Il.

state are clearly seen. In Fig. 5 we present the evolution of
the dispersion relations of the ground statdBasncrease. It
shows that at weak fields the dispersion relation changes sud-
denly near the transition poift= P, , but is almost constant

at P>P,, . A sharp transition is observed upBy ~1 T for (2)0-0 0.2 0.4 06 08 1.0

the indirect excitongFig. 5a)] and up toB, ~8 T for the

direct excitons[Fig. 5b)], which is discussed later in the <r>-p,

section. i R (b)
As already mentioned, in the c.m. frame the exciton ex- ’\\‘\\!:\’5555352323%

periences an electric fielg= (cM) “BX P. In the hydrogen- -5 \.\ “\\\““‘/' —e—B 2T

like regime this produces a linear polarization of the exciton, * Yy —v—4’

with the appearance of an induced in-plane dipdtee(r) 104 '\. —A—6

=ea&xP. In the magnetoexciton regime, the averagk \\ —e—38

separatior(r)=po=cP/(eB,) also induces a dipole:P, 5. N —=—10

with a different proportionality coefficient, however. The \.\

transition between the two types of electric field linear re- P

sponse is shown in Fig. 6, which presents the calculated ig)oo.o os 7o e 20

(r(P))—po(P) for variousB, . At weak B, the transition

from the hydrogenlike exciton regim@r weak-magnetic- FIG. 6. The differencer)—p, between the actual meash
field regime to the magnetoexciton regimeéor strong-  separatior(r) and the mear-h separation for the magnetoexciton
magnetic-field regime is characterized by the abrupt in the high-magnetic-field limipo=cP/(eB,) for indirect (a) and
changes of(r(P))—po(P) corresponding to the sudden direct(b) excitons in various magnetic fields vs exciton momentum.
change of the exciton polarizability. In turn, the ground-stateThe units are given at the end of Sec. Il.
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FIG. 7. Variation of the direct exciton ground-state wave func-
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B
1
d [o]
B, . .
. Magnetoexciton !
\ L]
\\ ’
. [
N\ N
. N_ b Magnetoexciton
B | Hydrogen-like ~*« ;
0| exciton S~
— - -
Magnetoexciton S~ - e
(Hydrogen-like exciton metastability) —— ™ = e o .
[¢) a
P

FIG. 8. Phase diagram for the exciton on the magnetic-field—
exciton momentum plane. Linab (excluding the pointa itself)
corresponds to the transition of the ground state from the hydrogen-
like exciton to the magnetoexcitonabd is the region where the
hydrogenlike exciton is the ground state. The magnetoexciton is the
ground state in the remaining part of the plaabe is the region
where the metastable hydrogenlike level coexists with the magne-
toexciton ground state. On the lilec the magnetoexciton disper-
sion has an inflection point.

Coulomb level must still exist or, in other wordg,, must be

smaller thanPys,. Using Eqs(10) and(11) this implies for
the magnetic field thaB, <B,, where

CMEb

Bo= (12)

285\ 2M[Ep+ i we(Bo)]

tion with increasing exciton momentum near the transition point atAt B, > B, the exciton structure changes graduallyPai-

B, =4 T: (8 P=0.95, (b) P=P,, and(c) P=1.09P,. The units
are given at the end of Sec. Il.

creases, and, for example, in this case wave functions like
the one shown in Fig.(B) cannot exist.
Now we can set the boundaries of the weak-magnetic-

wave function suddenly changes from hydrogen like to magfield regime defined as the region of tfe,B, } plane where

netoexciton like at the transition, Fig. 7.
For P> P, the exciton energy varies only slightly &s

the exciton ground state is hydrogenlike. Obviously, it occurs
only for P<Py ,P4s, and, in addition, it must also be lim-

continues to increase. The metastable Coulomb level continted byB, <B; such that the cyclotron energy is much larger
ues to slide up along the magnetic parabola until it disapthan the Coulomb energyw.(B;)>E, ,Eg.>* This require-
pears because of the strong anisotropy of the Hamiltof@an ment terminates the weak-magnetic-field regimBat0. As
originating from the termer. In other words, the Coulomb we already mentioned foB, >B, there are no abrupt
minimum level disappears due to the “autoionization” of the changes in the exciton structure in the,B,} plane and,

hydrogenlike exciton by the stron@pparent electric field

therefore, wherB;>B, >B, only a smooth crossover be-

£=(cM)~*'BXP into the magnetoexciton state with a large tween the weak- and strong-magnetic-field regimes exists.

e-h separation. Note that for indirect excitons at higer

the Coulomb minimum itself disappeaf&ig. 4(e)]. The

These results are summarized in {& B, }-plane phase
diagram shown in Fig. 8. One can distinguish several re-

“autoionization” occurs when the characteristic anisotropy gions, separated by various lines. Lia® (excluding the

energy 2az€ becomes comparable t,, i.e., for the mo-
mentum

cME,

T (12)

Pdsp(B):

point a itself) corresponds to the hydrogenlike exciton
—magnetoexciton transition. The areabd is the weak-
magnetic-field domain where the ground state is hydrogen
like, whereas all the rest of tHé>,B, } plane corresponds to
the high-magnetic-field regime where the ground state is the
magnetoexcitonabe is the region of coexistence of the

For P> P, the bound hydrogenlike state disappears. Nowmetastable hydrogenlike level and the magnetoexciton

it is simple to understand at which magnetic fielth system

ground state. The magnetoexciton dispersion relation has an

makes the transition: At the transition point the metastablénflection point on the lindc.
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To illustrate the theory we now evaluate the critical pa-licity and anisotropy on the hydrogenlike exciton to magne-
rametersP,;, and B, for the spatially direct and indirecd( toexciton transition are negligible whet}, ,Eg<JE,  yy -
=11.5 nm) excitons in GaAs/fpkGa, s As CQW’s. Equa- In principle, the relative electron and hole spin orientation
tion (12) gives estimates oBy~1.4 T for indirect exciton is determined by the interplay between electron and hole
andB,~5.8 T for direct exciton. More accurate values areZeeman splitting and-h exchange interaction, with the later
obtained by noting again that f@&, <B, the exciton disper- depending ore-h separation. At the transition from a hydro-
sion and internal structure exhibit the peculiarity Bt ~ genlike exciton to a magnetoexciton the mean in-pleste
=P, . Using this criterion in the numerical calculations we Separation increases strongly and that could influence the
getBy~1 T for the indirect exciton an®,~8 T for the relative electron-hole spin orientation by reducing tké
direct exciton. According to Eq(10) as B—0 (point a in exchange. For the case where #x exchange interaction
Fig. 8 P,~0.43, for the indirect exciton andP,, and the electron and hole spin splittings are much smaller
= J4uIMP,~0.95P, for the direct exciton. Both the esti- than E, and Eg, a condition well satisfied for
mates forB, and P,, are in agreement with the numerical GaAs/ALGa,_,As QW structures, the spin effects on the
data as seen in Figs. 5 and 6. exciton dispersions and the transition can be neglected.

So far we have considered the transition from hydrogenTherefore, we do not consider the spin effects in this paper.
like excitons to magnetoexcitons for the ideal model system We now consider the effects of exciton localization by an
of (separateld2D spinless electrons and holes with isotropicin-plane random potential, due to unavoidable interface
parabolic dispersions. The theory does not include severdPughness, impurities, etc., on the transition from the com-
aspects of real life semiconductor heterostructures, such &ct hydrogenlike exciton, sizeag, to the extended mag-
finite QW width effects, complex band structure effects, spinnetoexciton, size~po(P)=(cP)/(eB,). The localization
and in-plane localization effects. Although accounting in de-effects are negligible whefi) the (magnetgexciton momen-
tail for these effects is beyond scope of our paper and delim uncertaintyi/l [1 is the mean free path of tHenagne-
serves separate studies, it is worth discussing at least qualP)exciton] is much smaller tha®, , (i) the (magnetgexci-
tatively how they affect the exciton dispersion and, in turn,ton size is much smaller than the electron and hole
the transition. As we will see the main theoretical resultslocalization lengths in the in-plane disorder potential, and
concerning the transition and the phase diagram are stiffii) the (magnetgexciton binding energywhich vanishes at
valid for many real systems, in particular for high-quality P> Py, for the magnetoexcitonis larger than the in-plane
GaAs/ALGa_,As QW and CQW structures with narrow random potential fluctuations. Therefore our phase diagram

QW'’s and high potential barriers. is only valid for high-quality QW samples with a weak in-
Finite QW widthsL modify the effect of both in-plane Plane disorder.
and perpendicular magnetic fields Gmagnetgexciton dis- Finally, one should note another practical limitation that

persion. Up to second order in the in-plane magnetic fieldestricts further the observation of the transition: the exciton
By, the finite well width produces two effectél) diamag- size should be smaller than the average distance between the

netic shifts of electron and hole dispersioﬁEdiaocLzBﬁ excitons: that is, the Mott criteria for the existence of a

(Ref. 15 and(2) van Vleck paramagnetism inducing a renor- bound state.
malization of electron and hole effective masséd) ,,a

«L*Bf, along they L B direction’® These two contributions
are negligible for narrow QW's and/or not too strong fields,
ie., whenLSIBH, wherel B~ Vfic/(eB) is the in-plane field
magnetic length. Let us consider now the effect of a perpen- In this section we compare the theoretical results with
dicular magnetic field. Wheh #0, r,, the mean separation experimental data  for indirect  excitons in
between the electron and hole wave functions alpnghich ~ GaAS/Ab 3GayeAs CQW's with d=11.5 nm (see also

is affected by thes-h Coulomb interaction, depends on the Ref. 8. The_prlnmple of our experimental technlqug is based
center-of-mass momentuR) thus changing the effect &,  On Our previous remarfsee Eq(4)] that aBy only shifts the

on the dispersion law. A variational estimate of this effectmagnetoexciton dispersioBy(P) by (ed/c)Bjxz without
shows that it is very weak for aB, considered in our work. changing its shape as illustrated in Fig. 9.

The electron and hole dispersions in real semiconductor It is well known that the only free exciton states that can
QW structures are neither isotropic nor parabolic, and thisecombine radiatively are those inside the intersection be-
modifies the exciton dispersidfi. According to Kane’s tween the dispersion surfadey(P) and the photon cone
model, the conduction-band nonparabolicityme/me,  Epp= Pc/ /e, called the radiative zon€.In GaAs structures
~ SE/E causes negligible effects on the transition from hy-the radiative zone corresponds to very small c.m. momenta
drogenlike excitons to magnetoexcitons wheg, Eg<Eg. P/hi<Kg= Eg\/E/(ﬁc)~2.7>< 10° cm™!, where Eq is the
This condition is satisfied for most semiconductors. Thesemiconductor gap. Therefore & increases the photon
valence-band nonparabolicity and anisotropy originategone’s intersection with the magnetoexciton dispersion sur-
mainly from the light-hole—heavy-hole coupling. It decreasedace varies and the energy of the excitons that are coupled to
with increasing light-hole—heavy-hole band splitting, light, following the intersection, tracks the dispersion sur-
SE_H_nH, Which varies as the square of the inverse of theface. Thus, by measuring the magnetoexciton photolumines-
QW thickness. Thus effects of the valence band nonparab@ence(PL) energy as a function of the in-plane magnetic

IV. MAGNETOEXCITON DISPERSION RELATIONS
AND EFFECTIVE MASSES IN FINITE B
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FIG. 9. Schematic of the indirect exciton dispersion at Z&ro 1.55 1.56 1.57
perpendiculaB, and tiltedB. The optically active exciton states are Energy (eV)

within the radiative zone determined by the photon cone.
FIG. 10. PL spectra in magnetic fiel@s=Bx+ B, z for differ-
ent perpendiculal3, , and parallelB;, components aVy=1 V.

field B|, one can determine the dispersion of the spatiallyThe ntensities are normalized

indirect magnetoexciton.

We use an’-i-n" CQW heterostructure grown by mo- as the interlayer separatiathincreases, the indirect magne-
lecular beam e?'taXYMBE)- Thei region consists of WO  qexciton binding energy reduces, whereas its effective mass
8-nm GaAs QW's separated by a 4-nmyAdGay ¢/AS barrier  increases. In particular, in the high-magnetic-field limit
and surrounded by two 200-nm AlGa, ¢7AS barrier layers. Mgg=Mg[1+2%2d/(7¥%g)] for d<lg and Mgq

+ ; N 7 -3
Then™ layers are Si-doped GaAs witlig;=5x 10" cm 3. =MB771’2d3/(23/2I§) for d>lg.” The effective mass en-

oo . . Wancement is easily explained using the electrostatic anal-
(the indirect regimgis achieved by the gate voltad ap- gy For separated layers theeh Coulomb interaction is

plied betvveenAthe+ layers.V, determines the external elec- weaker than that within a single layer and changes only
tric field in thez direction,F =V /d,, wheredy is thei-layer  sjightly for (ry=d; this implies thatEy(P) increases only
width, and is monitored externally. The shift of the indirect sjowly for P<#d/I2 or, in other words, that indirect magne-
exciton energy with increasing gate voltageEp =eFd,  tpexcitons have a large effective mass.
allows the determination of the mean interlayer separation in  The spatially direct transition®) and the indirect transi-
the indirect regimed=11.5 nm, which is close to the dis- tjon (1) seen in Fig. 10 are identified by the PL kinetics and
tance between the QW centéfdzor the CQW's studied here V, dependence. The direct PL lines have short decay time
the shift induced by strong in-plane magnetic field§  and their positions practically do not depend 8, while
=(e/hc)dBy is much larger tharK,. For example, aB)  the indirect exciton PL line has long decay time and shifts to
=12 T, Kg~2.1x10° cm '~8K,. Furthermore, for the |ower energies with increasing,.® The upper and lower
narrow QW's the diamagnetic shift of the bottom of the gjrect PL lines seen in Fig. 10 are related to the direct heavy-
bands is very small and can be neglecteds confirmed by  hole excitonX and the direct charged complexé$ andX -
the negligible variation in the spatially direct transitions thatyhich are composed of the carriers confined in the same
we observe. Therefore, the peak energy of the indirect exciQWll9,20
ton PL is set by the energy of the radiative zone and for a The shift of the indirect exciton PL line \B| gives the
parabolic dispersion is given as a function Bf by Ep—o  magnetoexciton dispersion presented in Figalfor vari-
=Pg/(2Mx) =€’d’B{/(2Mxc?); i.e., it is inversely propor-  ousB, . The magnetoexciton effective mass at the band bot-
tional to the indirect(magnetgexciton massMy. The PL  tom is determined by the quadratic fits to the dispersion
measurements were performed in tilted magnetic fi@ds curves at smalP. At B, =0 the PL energy shift rate corre-
=Bjx+B,zatT=1.8 K in a He cryostat with optical win- sponds toMy=0.22m,, in good agreement with the calcu-
dows. Carriers were photoexcited by a HeNe laser at an exated mass of heavy-hole exciton in GaAs QW's
citation density 0.1 W/crh and the PL spectra were mea- ~0.25m, [m,=0.067m, and in-plane heavy-hole mass,
sured by a charge-coupled-devig@CD) camera. =0.18 m, (Refs. 16 and 2). Drastic changes of the mag-
The basic features of the indirect magnetoexciton are theetoexciton dispersion are observed at filite. The disper-
same as that of the direct magnetoexciton. However, becaus@®n curves become significantly flat at small momenta as
of the separation between the electron and hole layers, theeen in Fig. 11. This corresponds to a strong enhancement of
indirect magnetoexciton binding energy and effective masshe magnetoexciton mass. AlreadyBt=4 T the magne-
differ quantitatively from those of the direct magnetoexciton.toexciton mass has increased by about 3 times, and at higher
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% ._.4_.*.,.,./-"/' A FIG. 12. Calculated effective masses of indir€¢gbintg and
- 1‘555::3 ,4/"‘/37‘&:: | direct (circles excitons in GaAs/Aj;Ga cAs CQW's with d
> ISR P =11.5 nm vsB, . Triangles correspond to the experimental data
5 14 aa /9 for indirect excitons in GaAs/QlhGasAs CQW's with d
2 _./.,.;373 =11.5 nm. Squares correspond to the calculated effective mass of
1-550§rT;~o/°/° b an indirect exciton in AIAs/GaAs CQW witd=3.5 nm.
0
0 1 2 sample with narrow QW's(1) the L+#0 effects are negli-
K (106 cm’1) gible in the wide range of in-plane magnetic fields such that

IBH>L and(2) the complex band structure effects are negli-

gible in the wide range ofmagnetgexciton momenta such
that 5EB”< OE| y.un » because of the large light-hole—heavy-

hole band  spliting, &E 4_wyy=17 mev¥®  For
B, the dispersions become so flat that the scattering of th&aAs/ALGa _,As QW’s the electron and hole Zeeman
experimental points no longer allows precise determinatiorsplittings are small compared to the kinetic energy variation,
of such large masses. so that the spin effects are negligible. Finally, our sample is
The experimental results are now compared with calculaef high quality, with very small in-plane disorder, so that
tions of the magnetoexciton dispersion performed using théocalization effects are negligible. We should note, however,
approach described in the previous sections. The results athat the quantitative difference between experiment and
shown in Fig. 11b). We find that in a finite magnetic field theory for the rate of energy increase with momentum at the
the dispersion relation changes from a quadratic form atargest magnetoexciton momenta is unclear. The decrease in
small P to the typical form for pure 2D magnetoexcitons at our experimental accuracy in the line positions at the highest
large P.*7 At the same time the effective mass which char-Bj=10 T, ie., for the largest momenteP/7=1.8
acterizes the dispersion at smalmonotonically grows with X 10° cm™%, caused by the line broadening and the reduc-
B, , Fig. 12. The calculated effective mass enhancement is ition in intensity, is insufficient to explain that difference.
excellent agreement with the experimental data, with less We note that the observed large enhancement of the effec-
than 10% discrepanc¥-e.g., atB, =4 T the measured mag- tive mass of the indirect exciton in magnetic fields is a
netoexciton mass increase is 2.7 as compared to the theorsingle-exciton effect, unlike the well-known renormalization
ical value of 2.5(see Fig. 12 The agreement still remains effects in neutral and chargesh plasmag? It has, however,
gualitatively good at high moment@.g. both experiment very important effects on collective phenomena in the exci-
and theory show that at high the magnetoexciton disper- ton system. In particular, the mass enhancement explains the
sions at finiteB, become lower in energy than the exciton disappearance of the stimulated exciton scattering and the
dispersion atB, =0); however, the theory gives a rate of transition from the highly degenerate to classical exciton gas
energy increase with momentum at highslightly slower  with increasing magnetic field observed in Ref. 12.
than the experiment. This quantitative difference does not In general, the magnetic field effect on the quantum de-
change the general picture. generacy of the 2D exciton gas and the exciton condensation
The good agreement between the the@ge the end of totheP=0 state has a complicated character which is briefly
Sec. ) and the experimental data shows that the effects thaliscussed below. There are the “good” effects induced by
we have not accounted for, such as finite QW width, complexnagnetic field which increase the quantum degeneracy and
band structure, spin related, and in-plane localization, causenprove the critical conditions for the exciton condensation,
only minor corrections to the magnetically induced effectiveand there are the “bad” effects which, on contrary, reduce
mass enhancement. They are most likely too small to béhe quantum degeneracy and suppress the exciton condensa-
observed in our experiment because of our choice of th&on.
experimental conditions. For our GaAs(Sa, _,As CQW The “good” effects of applying a magnetic field are the

FIG. 11. (a) Measured andb) calculated dispersions of an in-
direct magnetoexciton in GaAs/fdGaAs CQW’s with d
=115 nmatB, =0, 2, 4, 6, 8, and 10 T v& (B)).
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following: (g1) It lifts the spin degeneracy, resulting inthe  =3.5 nm, where the magnetic field improves the critical
increase of the quantum degeneracy and of the exciton coonditions for the exciton condensatibit*and on the indi-
densation critical temperatui@ which are both<1/g. (g2)  rect excitons in GaAs/AlGasAs CQW's with d

It increases the exciton binding energy, reduces the ground=11.5 nm, where the magnetic field reduces the quantum
state radius, and reduces screening. This increases the exdigeneracy of the 2D gas of indirect excitdfs.

ton stability and maximizes the exciton density which can be

reachedlimited by_ the Mott transitipn, which. is determined V. CONCLUSION
by phase-space filling and screening, and inversely propor-
tional to the square of the exciton radit)sand therefore In conclusion, we analyzed the dispersion relations and

increases the guantum degeneracy @pdor high exciton internal structures of the spatially indirect and direct excitons
densities(g3) It results in the coupling between the exciton in single and coupled quantum wells in the entire range of
c.m. motion and internal structure. This coupling modifiesmagnetic fieldB, . We revealed the existence of the sharp
the nature of the exciton condensation:Bxs#0 the exciton transition between the hydrogenlike exciton and magnetoex-
condensation is purely determined by the statistical distribueiton with increasing the exciton c.m. momentuPat a

tion in momentum space of weakly interacting bos6ins.,  fixed weakB, . At the transition the mean separation be-
excitons,?* while in the high-magnetic-field regime, due to tween the electron and hole) sharply rises and becomes
the coupling, thee-h Coulomb attraction forces the excitons (r)=cP/(eB,) for the magnetoexciton. For the highBr

to the lowP states, and, therefore, the mean-field criticalthe transition smears out into the crossover and eventually
temperatureT, at which the quasicondensate app&=idin  disappears in the high-magnetic-field regime. The phase dia-
the high-magnetic-field limit is determingdithin the mean- gram describing an exciton in the magnetic-field—exciton
field approximation valid at not very low LL filling factors momentum plane has been constructed. The calculated mag-
by the e-h pairing?”-?® similar to the case of the excitonic netoexciton dispersion relations and effective masses in finite
insulatof® or Cooper pairs. According to the theory of Refs. B, are in an agreement with the experimental data for
27 and 28T, in high magnetic fields is much higher th@ip =~ GaAs/Al 3Ga sAs coupled quantum wells obtained by a
atB=0 (see, for example, Fig. 1 of Ref. 14 new method for monitoring of the magnetoexciton dispersion

The “bad” effects of applying a magnetic field are the relation using tilted magnetic fields. We have also discussed
following: (b1) According to Refs. 30 and 31, in high mag- the impact of magnetic field and sample geometry on the
netic fields the exciton condensate can be the ground stag@ndition for observing the exciton condensation.
only if the separation between the layers is srdadll g . For The results of the work can be generalized to the case of
larged or smalllg the e-e andh-h rather thare-h correla-  three dimensions as well as to the case of any composite
tions determine the ground state of spatially separatadd  particles consisting of oppositely charged subparti¢ies,

h layers. Therefore, magnetic fields such thatd should atoms, molecules, ejc.An important manifestation of the
destroy the condensatéh?2) According to the previous sec- effectis that such a composite particle is unstable in arbitrary
tions the magnetic field increases the in-plane exciton masymall magnetic fields when its kinetic energy exceeds its
My and, therefore, reduces the quantum degeneracy of tHénding energy.

2D exciton gas and, which are bothx1/M y .25%632[Note

that the Kosterlitz-Thouless transition temperature is also ACKNOWLEDGMENTS

«1/My (Refs. 33 and 34]

Some of the “good” and “bad” effects are crucially de- We acknowledge K.L. Campman and A.C. Gossard for
pendent on the interlayer separatidnin particular, smald ~ providing the high-quality CQW samples used in our experi-
is essential to maximize the g2 effect and g3 effect as th&ents. This work was supported by the Director, Office of
binding energy of indirect exciton is higher for the smatler Energy Research, Office of Basic Energy Sciences, Division
Smalld is also essential to overcome the b1 effect—namelyof Material Sciences of the U.S. Department of Energy, un-
for the smaller it is possible to reach higher magnetic fields der Contract No. DE-AC03-76SF00098 and by RFBR and
beforelg~d. The results shown in Fig. 12 present the mostINTAS grants.
important difference of the magnetic field effect on the quan-

tum degeneracy of the exciton gas and on the exciton con- APPENDIX: THE LIMITING CASE B, —0
densation for the systems with small and lady&or larged _ _ o
the magnetic field results in a huge enhancemenmMgf, Our approach remains correct in the limiting ca8e

while for smalld the mass enhancement is not significant.—0. The Coulomb and magnetic minima of the “effective
Therefore, a magnetic field could increase the quantum depotential” Ug(r) are separated by,=cP/(eB,). The
generacy of a 2D exciton gas and improve the critical consmaller|B, | is, the largerp, is. In the small-field limit the
ditions for the exciton condensation in systems of spatiallyCoulomb minimum is changed only slightly compared to the
separated electron and hole layers with sntatind, vice B=0 case, Eq(6). The width of thee or h wave function in
versa, reduce the quantum degeneracy of the 2D exciton géise zeroth LL is given by the magnetic length~1/VB,

and suppress the exciton condensation in the systems of spahile the separation between the Coulomb minimum and the
tially separated electron and hole layers with ladgg@hese  magnetic minimumpgy~1/B, . Therefore, atB, —0 the
results could explain the opposite effect of the magnetic fieldCoulomb minimum moves infinitely far away from the mag-
on the indirect excitons in AlAs/GaAs CQW'’s witld netic minimum and the overlap between the wave functions
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located in the two minima becomes exponentially small.

Therefore, these two states can be considered as independent

PHYSICAL REVIEW B65 235304

1 A
o= Eﬁwc< ‘/’Coul| wmagr> +<wCouI|V| ’pmagn>

candidates for the ground state of the system. The exponen-

tially small overlap between the wave functions lifts the de-
generacy of these states near the intersection point. The spl

it' 1

o \/ﬁchbeX% -y

Ep
hwe

ting of the spectrum is obtained by the diagonalization of the

Hamiltonian calculated on the unperturbed wave functions o

the LL, ¢magdr —po)=(1\2mlg)exd—r?(213)], and the
lowest bound state of the Coulomb potentiatcy,(r)

= (V2I7)agsnexp(riagp) [app=ch?(2ue?) is the 2D
exciton Bohr radiuk i.e., the Hamiltonian is the 2 2 matrix
Ey S

H= ) Emagn ’

And ¢ is proportional to the overlap between the wave
functions:

{Nherey: uIM.

Interestingly, the transition takes place at finite exciton
momentum even aB, —0. However, in the absence of a
magnetic field, obviously there should be no transition in the
system, which appears to be a contradiction. This, however,
can be clarified as follows: Whdn becomes larger thaR,,

the hydrogenlike bound state becomes metastable, but its

lifetime, which is« &2, increases infinitely aB, —0.

Note that the energy splitting between the lowest hydro-
genlike level and the lowest LL at the intersection is equal to
26, Fig. 3.
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