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The internal transitions of two-dimensionéD) excitons in a high
magnetic fieldB exhibit features due to the coupling of the internal and
center-of-mass motions. A study is made of these features, and it is
shown that for magnetoexcitons with a center-of-mass momemtum
#0 the energies of the strong transitions decrease with incre&sing
and the absorption spectra show weakly resolved transitions, whose
total intensity depends strongly on the exciton statis(distribution
function). © 1997 American Institute of Physics.
[S0021-364(®7)00421-7
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1. Intraband transitions of quasi—two-dimensional excitons in quantum (@)
and superlattices in a magnetic field have attracted a great deal of interest in recent years
(see Refs. 1-3 and the literature cited thexefrogress in this field requires a sensitive
method of investigation — optically detected cyclotron resonance. Intraband IR magneto-
spectroscopy could be effective for studying the kinetics of interlevel excitonic transi-
tions, for investigating collective effects in a system of excitons with finite density, and
for resolving the fine structure of the ground and excited states of quasi-2D excitons, for
example, in coupled double QWs.

In the case of intraband IR spectroscopy, all populated excitonic states give a re-
sponse, including states with finite center-of-mass momerurfhis is in contrast to
interband transitions for which only excitons with=0 are optically active. Physically,
the center-of-mass and relative motions of a newddl pair are coupled in a magnetic
field B. The present letter examines theoretically some characteristics of excitonic IR
absorption, which are associated with this circumstance, in 2D systems in a high mag-
netic field. Similar effects should exist in atomic physitaking account of the change in
the characteristic magnetic field and momentum scales

2. For simplicity, we shall study the purely 2D situation. Motion of a 2D neugrdl
pair in a transverse magnetic fiekl= (0,0B) is described by the Hamiltonian
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wherer = (x,y). The motion is characterizétly a conserved magnetic momentum of the

center of masK = —ifiVg— (e/c) A(r). HereR=(mgr .+ myr,)/M are the coordinates
of the center of mass and=r,—r}, are the relativee—h coordinatesM =m,+my,, and
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A=1BXr. The wave function of an exciton with momentincan be represented in the
form® W =exp(/%)[K + (e/c) A(r)]-R)®«(r). This can also be regarded as a unitary
transformation of the HamiltonianH—H(K)=U0THU, where U(K)=exp({/%)
X[K+ (e/lc)A(r)]-R). The transformed Hamiltonian has the fdrfn
H(K)=Hq(K)+Ugp, and
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where " t=mg+m, ", weem=eB/Mgpc, andi,=—i[rxV,], is the projection of

the angular momentum of the relative motion. Similarly to the case of electrons in a
magnetic fieldB, the Hamiltonian(2) can be diagonalized in a representation of Bose
ladder operatorgsee Ref. ¥. For this, we first perform another unitary transformation

H(K)—H=W"(K)H(K)W(K), whereW(K) = exp((/2%) yK -r) andy= (my,—mg)/M,
and then a translation of the coordinatesr =r —ry=(x,y) with ro=e,x KI3/%. After
this we obtain the HamiltoniaH , (obviously,H=H g+ Ugx(r)) which in the coordinate
representation assumes the form of the HamiltomigK =0) from Eq.(2). To diago-
nalizeH, we introduce the ladder operators
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such that [a,a*]z[W]zl and [TM:[W]:O; here z=x_+iy_ and
lg=(fic/eB)Y2 In this representation, we hawé,=#fw.(a’a+2)+hwe(bTb+3),

so that the orthonormalized eigenstates have the form of factorized wave functions
Inmy=(a®)"(bT)™00)/ ynIm! with eigenvaluesi weo(n+ ) + A wen(M+3). In the co-
ordinate representation the wave functigmgnm)= ¢, (r) are identical to the wave
functions of an electron in a fielB (for example,(r|00)=exp(—p%43)/(2713)*?. In

the case of a magnetoexciton the operatafs a (b', b) describe electroni¢hole)
Landau levels. SinceS(K)=W(K)U(K)=exp(i/4)Ro-[K+ (e/c) A(r)]), where
Ro=3(re+ry),the wave functiongn mK)=§(K)|nm) describing the free motion of an

e—h pair in a fieldB can be represented in the form

()

z* ol d
2lg “Boaz)
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The wave functions¥,,,k(re,r,) correspond in the limit of a high magnetic field
(cf. Ref. 6 to 2D magnetoexcitons with the dispersion relatidg,(K)
:<nm|Ueh(r_r0)|nm>-

3. Let us examine the interaction of excitons with IR radiation. In the Faraday
geometry(the radiation propagates parallelB) the Hamiltonian describing absorption
accompanying an interaction with the ac electric figlith amplitude 7, and frequency
w) of circularly polarized IR radiation has the form
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Here the* signs denote leftright) circular polarizationo™, and

=+

G

ijii’ﬁjy,(j:e,h), ﬂe:_iﬁve'f‘gAe, ﬂh=—iﬁVh—§Ah.

It can be shown tha{té\A/i,R]=0, i.e., magnetic momentum is conserved in IR transi-
tions (in the dipole approximation this also follows from the law of conservation of the
total momentum For K=0, magnetoexcitons can be characterized by the conserved
projection of the angular momentuly of the relativee—h motion; herel,=n—m
(T,=aTa—bTb). For this reason, for excitons with=0 in a fieldB the selection rules
have the standard form

<‘1’|/<:0,|;|5\7t|‘1’|<:0,|z>“5|£,|z:1- (6)

For K#0, on account of the presence of the teM c)B-[r X K] (which corre-
sponds to a uniform electric field in the moving coordinate systeB) jrthe Hamiltonian
(2) does not possess axial symmetry. As a result, the selection rules for IR transitions
reduce to only conservation of momentum: generally speakifi§| 5V=|¥ )+ 0 for all
pairs of excitonic terms. The analysis simplifies in the high-field limit. The matrix ele-
ments of the operator describing the interaction with the IR radiation field between states
of the 2D magnetoexciton@) have the form

(n'm’K| sV InmK)=(n'm’|S(K)TsV=S(K)|nm). 7

The relation

S(K) 6V S(K) = .
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(l)lB

shows that the matrix eleme(¥) does not depend on the momentéfmand in this limit
transitions are possible only with a change in the Landau level nurdygiAm) =1 for
o* polarization. The mixing of the Landau levels is taken into account below.

4. Let us consider IR transitions between excitons wWitl-0. In high magnetic
fields, the k excitonic states are formed mainly by the stf6K =0), which corre-
sponds to the zeroth andh Landau levels. On account of tieeh Coulomb interaction,
there is also a weak-|g/ageny<1 [Agen)= €2/ Mg €®] admixing of higher Landau
levels|nnK =0). In a similar manner, the2" (2p~) excitonic states are formed in the
ground statg 10K =0) (|01K =0)) with a weak admixing of the statéa+ 1 nK=0)
(Inn+ 1 K=0)). For this reason, the excitonic transitios-:2p* (1s—2p~) in a high
field B can be regardédis an electrothole) cyclotron resonanceoy— ¢ 10 (boo— Po1).,
which is modified by excitonic effects. In the purely 2D case and in the limit of a high
magnetic field, the binding energies of &nd 2 magnetoexcitons are equaftBy,
=E, and E;j=Eq;= 1E,, respectively; her&,= \/m/2e? elg~ \B. For this reason, the
1s—2p™ transition energies in this limit are
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The transitions $—np~ to higher-lying excited states are weak| B/aBe(h)]z, and their
energies

[2(n—-D]!
220 (1)1 2] °

Elsanp,=ﬁwce(h)+(n—1)[ﬁwce+ﬁwch]+ 1 (10)

contain a contribution which is a multiple of the sum of #¢m@andh cyclotron energies
[hwcethwgy]; the last terme[1— (mn)~ Y?]E, for n>1 in Eq.(10).

Evidently, the excitonic IR transitions are sensitive to¢ké Coulomb interactions.
Kohn's theorerfl is inapplicable in this situation, since the charge-to-mass ratios are
different fore andh. However, as one can see from Eg0), the difference

Elsaanr_Elsﬂnp’:ﬁwce_hwch (11

does not depend on the-h interactions: The result(11) follows from the fact that the
variables in Eq(2) are separable in cylindrical coordinates, and it is valid not only in the
limit of a high magnetic field or for a 2D system. This can likewise be attributed to the
existence of an exact symmetry for excitons in a uniform fiBldTo show this, we

introducé the time-reversal operaté'r which operate®nly on the system under study.
The fieldB is assumed to be an external field: The directio®afoes not change under

the operationT (the currents generating do not change directionIn the standard
manner, the coordinates do not change sign under the opefatibn’r T=r, while the
momenta and orbital angular momenta do change sigipT=—p and T~ 1T=—1.

For the total Hamiltoniaii (K)=U0T(K)HU(K), corresponding to the internal motion of
an e-h pair (see Eq(2)), we have

[H(K), T1=[Ho(K), T]=(hwecn— o) T1,. (12)

We shall now take into account that for excitons wihk=0 the projection, is a good
quantum number and thdt¥x gnp+ =¥k —onp-- (We note thatl *a’T=bT, so that
TInm)=|mn), and the last equality is obvious in the high-field limitherefore relation
(11) follows from the operator algeb(a2). In order for the relatiori12) to hold formally
it is important that the operatofr is antiunitary, so that'i"lfJ(K)'i'aﬁ U(K) and
[U(K),T]#0. The analysis based on an operator algebra similar to the algéPra

could be helpful for investigating more complicated Hamiltonians in a fel@ompare
with the theorem for a one-component many-electron sy$tem

5. Let us establish the characteristic features due to IR absorptigfobgxample,
thermally excitedl magnetoexcitons witk # 0. We assume that the magnetic fi@ds
high enough (g<agep)) that the mixing of different Landau levels can be taken into
account by perturbation theory. The results should also be applicable qualitatively for
lower fieldslg<aggn). We shall study the magnetic quantum Iina&;(=2wlanx<1,
when magnetoexcitons fill the zeroth Landau levalg;is the exciton density.
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FIG. 1. Schematic illustration of the dispersifgy(K) andE,K) of 2D magnetoexcitonf00K) and|20K ).
The vertical double arrow shows the weakly resoleedIR transition. The dashed lines mark the positions of
the unoccupied Landau levelay,).

Let us consider first how the energy of a strong transitfiK ) —| 10K ) depends on
K. Assuming low temperaturdesT<E,, we can limit the analysis to low momenta
Klg/%<1. The dispersion relations for magnetoexcitons in this region are quafiratic:

1
Eoo(K)=—Eq+K?/2Mqy, E1o(K)=—5Eo+ K2/2M 19, (13

whereM go= Zf'LZIEOIZB and M ;o= —2Mgo. The magnetoexcitoflOK) is characterized
by anegativeeffective mass. As a result of this, the “kinetic” energies of the initial and
final states do not compensate each other, and the transition energy

K?2 M00>

EOO—»lO:hwce+ —EQ— m 1+ m (14)

2

decreases with increasing momentukh (A similar situation for the transition
|00K )—|20K) is shown in Fig. 1. Therefore it can be expected that as the temperature
increases in a high magnetic field, the line due to this transition will broaden predomi-
nantly into the region ofower energies. Since the dispersion of 2D magnetoexcitons is
due to onlye—h interactions this effect is simply due to the influence of interparticle
interactions on intraband excitonic IR transitions.

Let us now estimate the characteristic size of the third term in(E4). Since 2D
magnetoexcitons form an almost ideal dAsye propose for them a Bose distribution
function fy= (exff (ex— w)/ksT]—1) "%, wheree, = K2/2M go= EoK?I 3/442 from Eq.(13),
and the chemical potential of a 2D ideal Bose gas is given by the expression
pn=kgT In[1—exp(—Eyvy/2kgT)]. Therefore, for 2D magnetoexcitons, the particular re-
gime which is realized is determined by the paraméteiEyvy /kgT. In the classical
limit, <1, we have Maxwell-Boltzmann statistics, afi?)/2M o;=kgT. In the degen-
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erate quantum limit;>1 (when the chemical potentiagl= —kgTe ¢ is exponentially
smal)), we obtain(K?2)/2M o= m?kgT/3{<kgT, i.e., narrowing of the absorption line
occurs.

Another feature associated with IR absorption by magnetoexcitonsiwith is due
to mixing of different Landau levels. In the high magnetic field limit, when mixing is
neglected, the magnetoexciton wave functipnsK ) are given by expressio@). In the
next order in the parametelg/aggn<1, the wave functions assume the form
InmK) ==, A n"m’K), where the coefficientd"™ = (1) and

n'm’
AlM = Yo _(K) LR (15)
hoc(n—n")+hwp(M—m')  8Beh)

HereUﬂ;nm'(K)=<n’m’K|Ueh|an> is the Coulomb matrix element between two mag-
netoexcitonic states. An analytical expression w};nm’(K) with arbitrary indices is
obtained in Ref. 11see also Ref.)6 For magnetoexcitons witk # 0 thee—h interaction
mixes all states on different Landau leveismK). This gives rise to a number of new
lines in the spectracf. Eq. (6)]: <W’nK|5\7t|0~OK>¢O. However, all transitions with
In—m|+ 1 are found to be weak, of order(lg/agen)) 2. Furthermore, fokgT<E,, the
larger the differencén—m|, the weaker the transition is. Let us consider as an example
the transition 00K )—|20K ) (see Fig. 1 We underscore that fd =0 this is a strictly
forbidden transition $—3d*. The total intensity of the transitiofdOK )—|20K) (the
total absorbed power is 2% w..R50)

2w N
Roo= 2 [(20K| 8V [00K) [*F (K, T) (16

depends on the population of differdfitstatesfy(K,T) is the Bose distribution function
of 2D magnetoexcitons in the zeroth Landau level. In the classicall) and quantum
(£>1) limits we obtain

25’75 [ kel |2 -5/2
R20:3_ZT£ — ~TB %, (=Egvx/kgT<1, 17
ce
25€2fg m keT |
Reo=35 7~ ?‘ge_m}(m) TR, ol 1o
ce

It is interesting to note that in the classical linlf7) the total intensityR,g~ny, whereas
in the quantum limit(18) R, saturates an¢to within exponential correctionss inde-
pendent of the exciton density . Transitions to higher Landau level80K )—|nmK)
(i.e., transitions in ther™ polarization withN=n—m>1) are suppressed even more
strongly at low temperatures: For example, €1 their total intensity is

vy(kgT)N 1
[(n+m—1)hw]?EY 3

NTNle*(NJr?:)/Z, (19)

nm

where we have set as a simplification,= w.y= o .
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6. In summary, we have studied the internal magnetooptic transitions of 2D exci-
tons. It was established that for excitons with center-of-mass mometa® the spec-
tra contain pairs of transitions differing in energy by the difference of the cyclotron
energies of an electron and hdléw.,— w¢e). This result was obtained for the case of
simple bands with quadratic dispersion relations. A recent expertfnemiwed that this
property also holds approximately for quasi-2D excitons in a GaAs/GaAlAs quantum
well with a complicated valence band. This situation will be studied theoretically in a
separate publication. It was predicted that for magnetoexcitonskw#l the spectra of
strong transitions will broaden into the region of low energies with increasing tempera-
ture. It was also shown that transitions for whi€hk=0 and which are weakly resolved
are sensitive to the magnetoexciton statistics. Thus a study of transitions of this kind
could be helpful in the investigation of the condensation of 2D magnetoexcitons.
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