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COLLECTIVE EXCITATIONS IN EXCITON CRYSTALD. V. Kulakovskii *Institute of Solid State Physi
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ow Region, RussiaYu. E. Lozovik **Institute of Spe
tros
opy, Russian A
ademy of S
ien
es142092, Troitsk, Mos
ow Region, RussiaA. V. ChaplikInstitute of Semi
ondu
tor Physi
s, Russian A
ademy of S
ien
es, Siberian Bran
h630090, Novosibirsk, RussiaSubmitted 19 May 2004Crystal phase of indire
t ex
itons formed by spatially separated ele
trons and holes in 
oupled quantum wells isanalyzed. The 
olle
tive mode spe
trum of the ex
iton 
rystal at zero and nonzero magneti
 �elds is found. Thespe
trum 
onsists of two opti
al and two a
ousti
al modes (transverse and longitudinal in ea
h 
ase). We alsostudy 
hanges of the dipole 
rystal 
olle
tive ex
itations at the transition ex
iton 
rystal�ele
tron-hole plasma.PACS: 71.35.Lk, 73.20.MfIn a bilayer system with spatially separated ele
-trons and holes, the overlapping of wave fun
tions and,
onsequently, the re
ombination rate is suppressed andtherefore the lifetime of laser pumped ele
trons andholes 
an be su�
ient for the appearan
e of di�erentinteresting quasi-equilibrium ele
tron-hole phases [1, 2℄.In parti
ular, a super�uid phase with anomalous trans-port and opti
al properties [3℄, quasi-Josephson phe-nomena [4℄, and nonordinary behavior in strong mag-neti
 �elds [5, 6℄ 
an be observed (we note that thereis strong analogy and some mapping between proper-ties of bilayer ele
tron-hole and ele
tron-ele
tron sys-tems). The essential feature of the system of interwellex
itons is the existen
e of parallel ele
tri
 dipole mo-ments of the ex
itons. Dipole-dipole repelling of theex
itons suppresses the ex
hange intera
tion of the ex-
itons and stabilizes ex
iton phases [2℄ in 
omparisonwith the three-dimensional 
ase [7℄. Modern manufa
-turing te
hniques of layer stru
tures enable obtaininghigh-quality nanostru
tures and easily varying their pa-rameters. In re
ent years, very interesting experimentalresults were obtained in su
h bilayer ele
tron-ele
tron*E-mail: kulakovd�issp.a
.ru**E-mail: lozovik�isan.troitsk.ru

and ele
tron-hole [8�13℄ systems. Presently, it is pos-sible to obtain a system with spatially separated ele
-trons and holes of low densities su
h that the distan
ebetween 
harge 
arriers in a layer is mu
h greater thanthe interlayer separation. In this 
ase, formation of in-dire
t ex
itons (dipoles) [14�20℄ and the appearan
e ofnew ex
iton phase, the ex
iton 
rystal, be
omes possi-ble at low temperature in some intermediate region ofex
iton density [2; 21; 22℄. This 
auses the great interestin the theoreti
al resear
h of the dipole 
rystal 
olle
-tive ex
itations at zero and nonzero normal magneti
�elds, whi
h 
an be used for experimental veri�
ationof the ex
iton 
rystal existen
e by opti
al methods. Itis also interesting to study the behavior of the 
olle
tiveex
itation spe
trum of a dipole 
rystal at the transitioninto the phase of the ele
tron-hole plasma.We 
onsider a double-layer two-dimensional sys-tem. The �rst layer 
ontains an ele
tron 
hannel withthe density of 
arriersNe and the se
ond layer 
ontainsholes with the density Nh. The distan
e between thelayers isD. We are interested the 
ase, whereNe = Nh.
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on
entrations of ele
-trons and holes (Ne(h)a2B � 1, where aB is the e�e
tiveradius of indire
t ex
itons along layers), the system isa weakly nonideal ex
itoni
 gas of the areal densityNex
 = Ne = Nh with dipole moments d perpendi
-ular to the layers; in the ground state, d = eD andit in
reases with the distan
e between layers. In aspatially separated ele
tron-hole system, 
ontrary tothe ordinary (single-layer) ele
tron-hole systems, thedire
t dipole-dipole repulsion gives the main 
ontribu-tion to the total energy (in 
ontrast with the ordinarysingle-layer ele
tron-hole system). At the same time,van der Waals attra
tion between ex
itons and the ex-
hange intera
tion are not essential (less than 1% 
om-pared with the 
ontribution of the dire
t dipole-dipoleintera
tion). At low temperatures, in a 
ertain regionof low 
on
entrations Nex
 and interlayer separationsD, the dipole-dipole repulsion leads to the formationof an indire
t ex
iton 
rystal. The small 
ontribu-tion of the ex
hange intera
tion in a spatially separatedele
tron-hole system is 
onne
ted with an exponentiallysmall probability to tunnel through the barrier of thedipole-dipole intera
tion.We start with the ex
iton 
rystal phase. The kineti
energy of the system isTkin = 1Xn;m=�1�me _r2enm2 + mh _r2hnm2 � == 1Xn=�1�M2 _R2nm + �2 _�2nm� ; (1)where M = me + mh is the ex
iton mass and� = (memh)=(me + mh) is the redu
ed mass,Rnm = (merenm +mhrhnm)M�1 is the 
oordinate ofthe 
enter of the ex
iton mass, and �nm = renm�rhnmis the 
oordinate of relative motion.The potential energy of the system 
onsists of twoterms. The �rst term is the Coulomb intera
tion ofspatially separated ele
tron and hole in one ex
iton,whi
h in the 
ase where �� D 
an be transformed asUex
 = � e2�p�2 +D2 � � e2�D + 12 e2�D3 �2: (2)

Hen
e, for small os
illation amplitudes, this term 
anbe approximated by the paraboli
 potential,U1 =Xn;m �!20�2nm2 ; (3)!20 = e2��D3 :For a real system of �nite thi
kness, the quantity !0must be found using z-dependent wave fun
tions inea
h layer.The se
ond term in the potential energy is the in-terex
iton intera
tion along layers. In the system under
onsideration, the intera
tion of indire
t ex
itons is thedipole-dipole repulsion,U2 == Xn;n0;m;m0e2�nm�n0m0R2�3e2(�nmR)(�n0m0R)�R5 : (4)Here, R is the ve
tor between dipoles at di�erent 
ells(a is the latti
e period),R2 = [a(n� n0) + (xn � xn0)℄2 ++ [a(m�m0) + (ym � ym0)℄2 ++ 2[a(n� n0) + (xn � xn0)℄�� [a(m�m0) + (ym � ym0)℄ 
os�; (5)xn (ym) are the displa
ements to the x- (y-) dire
tionof the dipole (n;m) from the equilibrium, and � is theangle between basis ve
tors of an arbitrary latti
e. We
onsider a triangular latti
e of the dipole (ex
iton) 
rys-tal. It 
orresponds to a minimum of the potential en-ergy, and the spe
trum of its frequen
ies is stable inthe two-dimensional 
ase, in the 
ontrast to other 
on-�gurations (see, e.g., [21, 23℄). Hen
e, � = �=3. The
orresponding re
ipro
al hexagonal latti
e is presentedat Fig. 1.In the harmoni
 approximation, we expand the po-tential energy U2 to the se
ond order in displa
ements.As a result, it is easy to obtain the equations of motionfor the 
enter-of-mass 
oordinates xn and ym, and alsofor the 
oordinates of relative motion un; vm:
�un = �!20un +
2 1Xn0;m0=�1 �(n� n0)2 � 2(m�m0)2�un0 � 3 [(n� n0)(m�m0)℄ vm0�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�5=2 ; (6)980
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tive ex
itations in ex
iton 
rystal�vm = �!20vm +
2 1Xn0;m0=�1 �(m�m0)2 � 2(n� n0)2� vm0 � 3 [(n� n0)(m�m0)℄un0�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�5=2 ; (7)
�xn = �
21 1Xn0;m0=�1 �� 3(n� n0)2 + 454 (m�m0)2�(xn � xn0)�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�7=2 ��
21 1Xn0;m0=�1 �15p32 (m�m0) �(n� n0) + 12(m�m0)� �(ym � ym0)�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�7=2 ; (8)
�ym = �
21 1Xn0;m0=�1 �� 3(m�m0)2 + 15 �(n� n0) + 12(m�m0)�2 �(ym � ym0)�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�7=2 ��
21 1Xn0;m0=�1 �15p32 (m�m0) �(n� n0) + 12(m�m0)� �(xn � xn0)�(n� n0)2 + (m�m0)2 + (n� n0)(m�m0)�7=2 : (9)At zero magneti
 �eld, the variables un; vm, des
rib-ing opti
al (out-of-phase) vibrations, and xn; ym, de-s
ribing a
ousti
 (in-phase) vibrations, are separated.From Eqs. (6)�(9), we therefore obtain two independentdeterminants of the se
ond rank giving the spe
trumof 
olle
tive ex
itations of the two-dimensional dipole
rystal.We sear
h for the normal mode in the formun = u exp[�i!t + ikan℄, vm = v exp[�i!t + iqam℄.The �nal equations for opti
al modes are" !2 � !20 +
2f11(k; q) �3
2f12(k; q)�3
2f21(k; q) !2 � !20 +
2f22(k; q) #�� " uv # = 0; (10)where 
2 = 2e2=��a3, (k; q) are the x-, y-
omponentsof wave ve
tor k,f11(k; q) = 1XN;J=1 N2 � 2J2(N2 + J2 +NJ)5=2 
os (kaN) 
os (qaJ);

f22(k; q) == 1XN;J=1 J2 � 2N2(N2 + J2 +NJ)5=2 
os (kaN) 
os (qaJ);f12(k; q) = f21(k; q) == 1XN;J=1 NJ(N2 + J2 +NJ)5=2 sin (kaN) sin (qaJ);N = n� n0; J = m�m0:Correspondingly, for a
ousti
 modes, we obtain" !2 �
21 ef11(k; q) 
21 ef12(k; q)
21 ef21(k; q) !2 �
21 ef22(k; q) #�� " xy # = 0; (11)where 
21 = 8e2D2=M�a5,ef11(k; q) == 1XN;J=1 �3N2 + 15 34J2(N2 + J2 +NJ)7=2 �1�
os (kaN) 
os (qaJ)�;981
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os (kaN) 
os (qaJ)�;ef12(k; q) = ef21(k; q) == 1XN;J=1 �15p32 J �N + 12J�(N2 + J2 +NJ)7=2 sin (kaN) sin (qaJ):The dispersion laws !(k; q) given by (10) and (11)are presented in Fig. 2 (opti
al) and Fig. 3 (a
ousti
al).These dispersion laws are obtained, respe
tively, for the

following dire
tions: (a) ��X , (b) ��L, and (
) L�X ,where �, L, andX are symmetry points in the �rst Bril-loin zone. The hexagonal re
ipro
al latti
e that 
orre-sponds to the triangular latti
e in 
oordinate spa
e andthe symmetry dire
tions are shown in Fig. 1. In our
al
ulations, the dimensionless energy units ! = !=!0,
 = 
=!0 = 0:2, 
1 = 
1=!0 = 0:01 and the dimen-sionless wave ve
tor units k = ka, q = qa are used.Two modes are found in ea
h of the spe
tra. One ofthe modes 
orresponds to a longitudinal (in-phase, orout-of-phase) vibrations and the other to transverse vi-brations. The transverse modes must undergo strong
hanges at 
rystal melting.In the presen
e of the perpendi
ular magneti
 �eld,we add the Lorentz 
omponents of a

eleration and ob-tain the system of four equations26666666666664
!2 � !211 !212 + i!(!e � !h) 0 i! eB�
!212 � i!(!e � !h) !2 � !222 �i! eB�
 00 �i! eBM
 !2 � !233 !234i! eBM
 0 !234 !2 � !244

37777777777775
26666666666664

uvxy
37777777777775 = 0; (12)

where B is the magneti
 �eld and !e = eB=me
, !h == eB=mh
 are the respe
tive 
y
lotron energies of anele
tron and a hole. Dispersion laws for the ex
iton
rystal in the magneti
 �eld are presented in Fig. 4.In strong magneti
 �elds, opti
al modes approa
hthe ele
tron and hole 
y
lotron energies. Su
h behav-ior o

urs be
ause the 
y
lotron energy of ele
trons(holes) in this �eld is mu
h greater than the 
hara
ter-isti
 Coulomb intera
tions, and therefore the spe
trumof our system is de�ned by the magneti
 �eld, while thee � h intera
tion is a small perturbation. This resultagrees with [24℄, where the system of spatially sepa-rated ele
trons and holes at strong magneti
 �elds was
onsidered. In this 
ase, the frequen
ies of the a
ous-ti
 modes de
rease (see the inset in Fig. 4) be
ause ofmagneti
 lo
alization ele
trons and holes in the layers.This behavior is similar to one of the a
ousti
 mode ofthe Wigner 
rystal (see, e.g., [25℄), with the dispersionlaw in the region of strong magneti
 �elds of the form!� � �1=2sk3=2!e ; (13)

where � � 2�Nee2=�me and s2 = 4e2=me�a.We now dis
uss the phase transition between thedipole 
rystal and the ele
tron-hole liquid at whi
hthe long-range order in the ele
tron-hole system disap-pears. More pre
isely, we are interested in the 
hangeof the mode properties under the phase transition. Thea
ousti
 transverse mode therefore sharply disappearswhen the long-range order in the ele
tron-hole systemvanishes, and a damping transverse mode appears atwave ve
tors k � 1=L, where L is the radius of theshort-range 
rystal order (see, e.g., [26℄). The opti
altransverse mode be
omes nondispersive at small waveve
tors k. Two others modes (longitudinal opti
al anda
ousti
 ones) have the following dispersion laws at zeromagneti
 �eld: !2op = !20 + 2�e2Nex
�� k; (14)!2a
 = 4�e2N3=2ex
�M (kD)2: (15)982
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Fig. 1. The hexagonal re
ipro
al latti
e. Shown arethe ��L, ��X, and L�X dire
tions. Presented 
oor-dinates of symmetry points are 
oe�
ients atta
hed tobasis ve
tors of the oblique-angle 
oordinate systemThis result was obtained for a 
ontinuous medium (thatis, in the long-wavelength limit k[Nex
℄�1=2 � 1) andfor a small distan
e between the layersD � [Nex
℄�1=2.The same result 
an be obtained by expanding in thesmall parameter k (ka� 1) and omitting the summa-tion over the shift 
oordinates in expressions (10) and(11), whi
h formally means the absen
e of shear mod-ulus. As follows from formulas (14), (15), and (3), twoopti
al bran
hes go up as the distan
e between layersde
reases, but the a
ousti
 mode goes down.Transition from the intera
ting indire
t ex
itons tothe ele
tron-hole plasma o

urs at further in
reasingthe 
on
entration of spatially separated ele
trons andholes [27, 28℄. Chara
teristi
 values of 
on
entrationat whi
h su
h the phase transition o

urs are of theorder 109 
m�2. Changes in the 
olle
tive ex
itationspe
tra have a 
hara
ter of prin
iple at this transition.Systems of the ele
tron-hole plasma have two 
olle
tivemodes (we negle
t the tunnelling between layers). Oneof them is opti
al, with the square-root dispersion law(!plop / pk ), and the other is a
ousti
, with the linearlaw (!pla
 / k) [29, 30℄. This means that the frequen
yof out-of-phase os
illations at k = 0 is equal to zero,in 
ontrast to the ex
iton phase of the system, whereout-of-phase bran
hes start from the dipole transitionenergy !0. In a perpendi
ular magneti
 �eld, the hy-brid magnitoplasma ex
itations are des
ribed as!opmp =q!plop2 + !2e ; (16)!a
mp =q!pla
2 + !2h: (17)We 
an see that su
h �eld dependen
es di�er from thoseof the dipole 
rystal (see Fig. 4).

qa = kak?b
ka = � � qak?


qa = 0k?a ka0:5 1:0 1:5 2:0 2:5 3:000:91:01:1!=!0

0:9 ka0:3 0:6 0:9 1:2 1:51:01:1
0

!=!0

1:8 2:1 2:4 2:7 3:0 qa0:91:01:1!=!0
Fig. 2. Dispersion of the opti
al longitudinal andtransverse modes: (a) ��L dire
tion, (b) ��X, and(
) L�XIn summary, in this work the properties of a dipole
rystal, a new ex
iton phase in a two-layer ele
t-ron-hole system with low densities of spatially sepa-rated ele
trons and holes, are investigated. Colle
-tive modes of the two-dimensional ex
iton triangularlatti
e at zero magneti
 �eld are found. The spe
-trum 
onsists of four bran
hes: two opti
al (longitu-dinal and transverse) and two a
ousti
 (longitudinaland transverse). The frequen
ies of opti
al modes atzero wave ve
tor are nonzero (in 
ontrast to the Wigner
rystal) and the frequen
ies of the opti
al modes forD � [Nex
℄�1=2 purely in the two-dimensional 
ase are!0 =pe2=��D3.The spe
tra of in-phase and out-of-phase vibrationsin the normal magneti
 �eld are also found. In strong983
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qa = kak?
b

ka = � � qa?k


qa = 0?ka
0 ka0:5 1:0 1:5 2:0 2:5 3:00:050:100:150:20!=!0

0 ka0:3 0:6 0:9 1:2 1:50:050:100:150:20!=!0

0 1:8 2:1 2:4 2:70:050:100:150:20
3:0 qa

!=!0
Fig. 3. Dispersion of the a
ousti
al longitudinal andtransverse modes: (a) ��L dire
tion, (b) ��X, and(
) L�Xmagneti
 �elds, the opti
al modes approa
h the ele
-tron and hole 
y
lotron modes, and the a
ousti
 onesde
rease as the �eld in
reases.We have dis
ussed 
hanges in the 
olle
tive ex-
itations of a dipole 
rystal at the transition to theele
tron-hole plasma phase. Plasma and magnito-plasma vibrations of that phase are 
onsidered in thesystem of two parallel in�nite planes.Th authors are grateful to I. V. Kukushkin for a use-ful dis
ussion of the results. This work was supportedby the RFBR and INTAS grants as well as by the Pres-ident Grant for S
ienti�
 S
hools and by the Programof the Russian Ministry of S
ien
e and Te
hnology.

ECRqa = 1:0ka = 0:1HCR
modesmagnetoa
ousti


1
432
5

3 510 42 !
=!0
!=!00:020:040:060:080:100 2 3 41 !
=!0

!=!0

Fig. 4. The dipole 
rystal 
olle
tive ex
itations asa fun
tion of the magneti
 �eld. ECR and HCRare the ele
tron and hole 
y
lotron energies in theGaAs/AlGaAs stru
ture. The inset shows the magneto-a
ousti
 modes in enlarged s
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