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Theory of combined exciton-cyclotron resonance in a two-dimensional electron gas:
The strong magnetic-field regime
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| developed a theory of combined exciton-cyclotron resondBx€R) in a low-density two-dimensional
electron gas in high magnetic fields. In the presence of excess electrons an incident photon creates an exciton
and simultaneously excites one electron to higher-lying Landau levels. | derived exact EXCR selection rules
that followed from the existing dynamical symmetries, magnetic translations and rotations about the magnetic
field axis. The nature of the final states in EXCR is elucidated. The relation between EXCR and shake-up
processes is discussed. The double-peak EXCR structure for transitions to the first electron Landau level is
predicted.
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Optical manifestations of many-body effects in low- 2e—h, in the final state. Importantly, there is a coupling of
dimensional electron-holee¢-h) systems in magnetic fields the center-of-mass and internal motions for chargedh
have been the focus of many experimental and theoreticalomplexes in magnetic fiel#sn order to describe the high-
studies during the past decade. Recently, such objects d#ld EXCR, | obtained the complete spectra of the-8
e.g., artificial atoms in quantum dots and negatively-chargeeigenstates in higher LL's with a consistent treatment of the
excitons X~ in quantum wells have been under intenseCoulomb correlations. | exploited a recently developed
scrutiny® The surprising apparent stability of the (which ~ schemé?® for chargede—h complexes in magnetic fields in
in the dilute limit is a weakly-bound st&tef two electrons ~ Which one degree of freedom is separated while all existing
and one holgin the presence of excess electrons in stronglynamical symmetries, rotations about Beaxis and mag-
magnetic fields, and the relation of this stability to a many-netic translations, are preserved. This allows one to establish
body collective response have been actively discub3éah- exact E_xC_R selectlon_rules that are ap_pllcablanbltrary
other interesting manifestation of many-body effects ardnagnetic fields, to derive the EXCR oscnl_ator strengths, and
shake-up processksn the photoluminescence of a two- to establish the heretofore missing relation between ExXCR

dimensional electron gd2DEG): After the recombination of an(_jr;h?_lfe—qﬁ pr'ocezses !B.thetgilu;%‘!gmrit. tate |
the e—h pair, one electron is excited to one of the higher € Hamiltonian gescribing e satein a per-

Landau levels(LL's). A closely-related phenomenon, com- pendicular magnetic fielé=(0,0B) is given by

bined exciton-cyclotron resonand&xCR) also has been - 72 5 2

identifiec® in low-density 2DEG systems: Here, an incident H= >, el h € + € (1)
photon creates an exciton and simultaneously excites one i5122me  2my Ko elri—ry|  €ry—ry|’
electron to higher LL's. These phenomena and the relation - ] ) )

between them remain only partially understdodlA theory ~ Where m=—i4V;—ejA(rj)/c are kinematic momentum

of EXCR has been developedor weak magnetic fields, ©Perators and the symmetric gauge=;Bxr is used; a
when the magnetic lengths=(%c/eB)*2 is much larger weak exchangee—h interaction, small central-cell correc-

than the exciton Bohr raditss= e#2/me?|z>ag . The en- tions to the Coulomb potential, and the crystal anisotropy are
ergy positions of the EXCR spectra were obtafedm an not reIeyant for the present stgdy and are neglected. The
expansion in the unbound “exciterelectron” states. The €*act eigenstates @fl) form families of degenerate states;
Coulomb interactions were taken into account phenomeng2ach family is labeled by the indexthat plays a role of the
logically as two-particlee—h excitonic corrections to the Principal quantum number and can be discréteund states
transition matrix elements. In addition, the following OF continuous(unbound states forming a contmuluﬁf
assumptioriswere made(i) a strictly-2D system(ii) back- The.re is a macroscopic number of degenerate states in each
ground electrons in the lowest spin-polarized 0 1 LL with family labeled by the discrete oscillator quantum numker

spins oriented parallel to the fieldii) low electron density =01, ... - This qu_agntum number is associated with mag-
Ne, i.€. nea§<l. netic translatiofs® and physically describes the

In this work, | developed the theory of EXCR for the center-of-rotatiof of the charged complex iB. Each family

physically interesting regime oftrong magnetic fields),  Starts with its parent statPS |\ _om s, that hask
<ag. Otherwise, | adopted essentially the same assumptions 0 and the largestfor the total chargeQ<0) possible in
(i)—(iii ), as in Ref. 5. Note that in the higbdimit, the char- the family value of the total angular momentum projection
acteristic length of the problem i rather thanag, and M. Degenerate daughter statéls, v« ss,,) can be con-
condition(iii ) can be formulated in terms of the filling factor, structed iterativel§” out of the PSS, denotes the total spin
as ve=2ml3n.<1. In the limit of low-electron density, of two electrons, eitheS,=0 (singlet statesor Se=1 (trip-
EXCR can be considerddo be a three-particle resonance let statey S, is the spin state of the hole. Noninteracting
involving a charged systenof two electrons and one hole, electrons(or holeg in B can also be classified according to
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FIG. 1. Optical transitions involving the low-density 2DEG in
the spin-polarizeah] LL. \I’Mzs(t)y denotes charged singlgttriplet
t) 2e—h parent states witlk=0. The exact selection rule isl,
=n.

this scheme. The correspondireg and h- single-particle
wave functionsg{®(r)=¢{"*(r) have the factored form
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FIG. 2. The eigenspectra of the three-particle-R triplet S,
=1 states in the first electron LL. The parent stgd§i° ) with
k=0 are only shown. Energy is given relative/to3 s+ 3 ) in
units of Eg= Jmr/2e?/ el ..

Av

spin-up? polarized, the photon af " (¢ ~) circular polariza-
tion produces the singlédtriplet) final stateqsee Fig. 1

It is illuminating to compare the EXCR processes and
photoluminescence(PL) of negatively-charged excitons,

and are well-known in the theory of the fractional quantumsy, -

hall effect!® n is the LL quantum number, which determines
the energyfi ween(n+3) With wgemn=eB/Merc, andm

=0,1, ... is theintra-LL oscillator quantum number, the
single-particle version ok. The angular momentum projec-

tions arem,s= —m,,=n—m. In the zero LL
l m

(= V2mlaml ( ) ex[’( ) @

wherez* =x—iy.

Let us derive the optical selection rules for EXCR. Inter-
band transitions witle—h pair creation can be described by

the luminescence operatdlp = pc\,fdr\ifl(r)\ifﬁ(r), where

7% 2

\2lg

r

(e) -
2
415

om

X~ —e, +photon in which the electron is left in theth LL

in the final state. Such processes are described by the transi-
tion matrix elementD(v)* =<¢§1%|ELL|WKMZ,kSeShV) and

can be considered as the inverse of EXCR. The exact selec-
tion rule D(v)* ~OMm, n shows that thex™ PL transition is

only possible when the electron is left irsengle and specific
LL with the numbern=M,. Therefore, contrary to EXCR,
no various final LL’s are achievable in the PL from any given
X~ state. In this sense, the shake-up proce$sesjing as
the final states various LL's=1,2, . . . must be prohibited
in the PL of the isolatedX™ in a translationally invariant
system inB.

Below, | studied EXCR from the zero spin-polarizad
=07 LL to the first electron LL in high magnetic fields

Py is the interband momentum matrix element. Consider the

creation of thee—h pair in the presence of the low-density
2DEG in then-th LL (see Fig. 1 Taking into account only

7762
26|B.

4

hwee,hwep=>Eg=

the three-particle correlations in the final state, the dipole

transition matrix element is

D(¥)=(Wim, 55,4 Lol dm- ©)

The oscillator quantum number is conserVeddipole tran-
sitions: m=k. Physically this means that the center-of-

The 2e—h states can be obtained in this regime as an expan-
sion in LL's. The complete orthonormal basis compatible
with both axial and translational symmetries has been con-
structed in Ref. 8 and will be denoted here as

®

ngN Ny kml).
RiIrtth

rotation of charged complexes in the initial and final statesThe conserved oscillator guantum number is fixed and equals

must coincide. Due to the change of the Bloch wave func
tions, the usual selection rukeM ,= 0 holds for the envelope
functions, thusm,.=n—m=M,—k. The combination of the
two selection rules leads D(V)~5n,vv|z- whereM, is the

angular momentum projection of the PS in theh family.

« in (5) and M,=ng+n,—n,—k—m+1;n, is the hole LL
number,n, andng are the LL numbers of the electron rela-
tive and center-of-mass motions, respectialye Ref. 8 for
detaily. The permutational symmetry requires thgt-m
should be evenodd for S,=0(S,=1). Fixing k in (5)

Therefore, in the EXCR processes involving electrons from@mounts to summing the infinite numberefandh- states

the nth LL, the achievable final h states must havM,
=n and may belong tdlifferentfinal LL's. If the 2DEG is

in zero LLs. As an example, the stai@)=|000;000 — the
new vacuum — has the form
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B 1 Due to the selection rulé)(v)~6n,Mz, the 2e—h states
(rararp|0)=®o(ry,ra;rn) = 222y with M,=0 are active in the ExCR transitions from the
e =0 LL. As a result, the ExCR transitiog, +photon— X4,
r§+r§+rﬁ—(z’{+z§)zh to the boun.d. negatively-charged triplet M.X is prohipited.
xexp — 5 (6) EXCR transitions to the bound excited triplet and singlet
4l (2e)-h states are also prohibited: all these states have large

. M,>0. Therefore, the EXCR transitions from zero to the first
and is a coherefie—h state[cf. Eq. (2)]. In what follows | electron LL can only go to theontinuun2

consider only the PSM’MZS“)V)’ where the quantum num- All ExCR transitions are only due to LL mixing. In order

bersk=0 andS, are omitted for brevity and(t) denotes the to calculate the ExCR dipole transition matrix elements, |

singletS,=0 (triplet S;=1) electron spin state. went beyond the high-field limit and admix @) the triplet
Neglecting mixing between LL'¢the high-field limi), the  2e_n  states in  zero LLs EﬁoEﬁ:oyMZty(Zm

triplet 2e—h states in the first electron and zero hole LL, +1])|000;02n+11); expansion coefficientsyy ,(2m
|w(1% ), can be obtained as the expansion ' ’ : Matv
z +11)~0dwm, 1-2m-1 and ym 1,~Eo/fiwce~lg/ag. The co-

ordinate representation has the form

P10y = ,(2m,1)|010;02ml
e IZO mZO a2 > D i(ry,F23rn) =(rrorp|000;0ml)

- - 1 ZI_Z; m Zh !
+2, 2 Bu(2m+11)[100;02m+11), = ——| 5| |5 ®olr1.r2irn).
i=om=o0 ? [tmt\ 2lg 2lg
(7 8
where expansion coefficieniy ,(2m.1)~ w, 1+1-2m@8Nd A similar procedure is used for the singlek(;%,) states.

Bm (2M+11)~ 68y 1-2m. The Coulomb matrix elements The dipole transition matrix element is given by
of the Hamiltoniafil) are calculated analyticaflyand the

eigenspectra are obtained by numerical diagonalization of  Dy(v)=(W¥y _o| Lp | 65))

finite matrices of order 2 5x 10%. Such finite-size calcula- ‘
tions provide very high accuracy for bouXd states and are
also capable of reproducing the structure of the three-particle = pcvmzo M —ot(2M+1,2M+1)Doyiq, (9)

continuum The singlet statels? {;°2,) are obtained by using

a similar procedure.

The calculated triplet @-h eigenspectra are presented in DpEJ drlj dr2®;p(r1,r2;r2)¢g?(rl). (10
Fig. 2. Filled dots above free LL's show positions of the
excited bound three-particle states, denoted as)«R. Using Egs.(2), (6), and(8) and performing in(10) the trans-
These states originate from the excited states of two e|e(1‘ormationz§—>z’2‘ — 2} in the complex £,,25) plane, it can
trons that are bound in 2D because of the confining effect ohe shown that the overlap integ@) = (— 1)P\2. The inten-

the magnetic field. Bound €)-h states appear in the spec- sty of the EXCR transitions involving thee2h states with
trum for relatively large values d¥l,, when the hole can be gjgenenergieg, is

at a sufficiently large distance from the two electrons. There

is also exactly one low-lying triplet bound state — the ExC 5

negatively-charged magnetoexcitoMX) X, that hasM, |s(t)R(w)~Ve§V: [Dsy(»)|?6(hw—E,). (11
=1 and binding energy 0.088.” The shaded area of width

Eo in Fig. 2 corresponds to the three-particle continuum  he cajculated dipole matrix elements of transitions in

formed by the neutral MXXqo (€ andh in their zero LL'S 4 circular polarizations* ando— that terminate, respec-
with the second electron in a scattering state in the first LL; 0)

The hatched area corresponds to the second overlapplnlvfll%) 'n the continuum of fma.l Sm.gléwMZ:OS’) and triplet .
band formed by the states of the neutral Nk, (e in the [WM,20r,) States are shown in Fig. 3. These ExCR transi-
first and h in the zero LD with the second electron in a tions require the extra photon energyi wg, relative to the
scattering state in the zero LL. The lower continuum edgdundamental band-gap absorptigg,{B) with final states in
lies at theX;o ground-state energy 0.574,, which, forthe then=0 LL. | neglect the initial and final state exchange
isolated MX, is achieved at a finite center-of-mass momenself-energy correctio ~ v.E,<E, that partly compensate
tum |K |Ig=1.19811As a result, the density of,, states has each other. The low-energy ExCR peak in Fig. 3 corresponds
at this energy an inverse square-root van Hove singularity io the transitiong, + photon— Xyt e; to the lower edge of
2D. The continuum of the singlete2h states has qualita- the continuum formed by the neutrak MX in zero LL,
tively the same structure; there are also bound singleX,,, and the electron in a scattering state in the first LL.
(2e)-h states above free LL'&ot shown. There are, how- Such ExXCR transitions have been theoretically identified and
ever, no low-lying bound singleX,, states. discussed in Ref. 5 in the loB-limit.

oo

241101-3



RAPID COMMUNICATIONS

A. B. DZYUBENKO PHYSICAL REVIEW B 64 241101R)

07 r

— e double-peak structure in thenterband EXCR transitions
High-field ExCR physically resembles the predicfeand observeld double-
- peak structure in thmtrabandinternal transitions of charged
MX’s X~ . Although the initial states are different, both types
of spectroscopies probe, in this case, the final states in the
three-particle 2—h continuum: The EXCR final states, as
well as the final states in the internal trip¢f transitions,
haveM,=0, while the final states in the internal singkf
transitions havéM,= 1.3 This suggests that the ExCR tran-
sitions to higher LL's, may have multiple-peaks and compli-
cated lineshapes because of more involved structures of the
continua.
0.0 L R ) ) - The intensity of the EXCR lower peak is larger in e

-1.0 -08 0.6 04 0.2 0.0 polarization(Fig. 3), which is consistent with experiment.
Energy (E,) The present theory predicts that the intensity of the second

FIG. 3. Energies and dipole matrix elements of the EXCR tran-=XCR peak V‘f” show the opposite dependence: It should be
sitions from the spin-polarized zerd AL to the first electron LL in  1argerin tlheo- polarization. Th's p_0|af'2atl_0n dependence IS
two circular polarizations=*. The representative cafa=fiwis  due to differente—e correlations in the final singleto("
shown. Spectra have been convoluted with a Gaussian of thBolarizatior) and triplet (¢~ polarization 2e-h states: The
0.01%, width (~0.3 meV for the parameters indicajed oscillator strength is transferred to the higher lying peak

when the final singlet @-h states—characterized by a larger

- C s b o — Ision—are involved. In agreement with Ref. 5, the
Surprisingly, the present theory predicts in high fiedos e-€ repu S
additional strong feature-the second, higher-lying, peak in ]E_)r(_atse?t the_g:% sh_owr?_ tzaft) t|ze~Ec;(c1:5R§ pejd;sehave\)ntrtlgsm

the EXCR. If this peak were simply due to the transitions Inite finewidins, in high Tields~0o. o(~2.6 me att
e, + photon— X, + €y to a final state consisting of ap2 =10 T corresponding to Fig.)3and have asymmetric line-

neutral MX X,q, which is dark in PL, and the electron in a shapes with high-energy tail€?) the EXCR transitions are

scattering state, the ExXCR transition would be extremelybecause of LL mixing and, therefore, EXCR is suppressed in

. 2 |2 2 _p-2
weak and proportional to the inverse area of the system. Th%tr?ng erldIS 6.13’9|D| Nel B(ItB/ aB)t. IB h. EXCR
second EXCR peak may be associated with a formation of,[':\ n .tg:onc_usllon, da l”r]tagg[e)ggp 'C? ﬁp})ﬂen%menon, g
quasibound three-partcle stateesonancewithin the Xso o 'y Co:chcall“for high magnetic fieds, The developed
+e, continuum: The amplitude of finding all three particles : y 9 9 C P
. . . .~ formalism allows a consistent treatment of the final statle
in the same region of real space is large for a weII—deﬂneé

: ande—e Coulomb interactions. The features of the high-field
resonance, so that the overlap intedgssle Eqs(9) and(10)] . . :
may be large too. The existence of the-2 resonances is EXCR, in particular, the double-peak structure of the transi-

physically plausible because of the 2D van Hove Singularityt|ons to the first electron Landau level have been predicted.

in the X,o density of states. A well-developed Fano- | am grateful to B.D. McCombe and D.R. Yakovlev for
resonance has been revealed rec&mmiyhe spectra of intra- useful discussions. This work was supported in part by a
band internalX™ transitions, clear evidence supporting the COBASE grant and a grant of Russian Basic Research Foun-
existence of quasibounde2h states. Note that the predicted dation.
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