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Collective exciton magnetic polarons in quantum wells with semimagnetic barriers
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A mechanism for exciton Bose condensation is suggested. We show that the interaction of localized exciton
magnetic polaron$EMP’s) can lead to the formation of a free collective exciton magnetic pol&&&EMP)
able to move as a whole particle. Critical conditions for this transition and characteristics of the CEMP are
found. We interpret the recent data on giant magnetic polaron mobility in ZnSe/8din quantum wells
[G. A. Balchin, C. D. Poweleit, and L. M. Smith, iaroceedings of the 23rd International Conference on the
Physics of Semiconductomdited by M. Scheffler and R. Zimmerma@iorld Scientific, Singapore 1996p.
2055 as a manifestation of the free CEMP formation due to clusterization of long-living indirect EMP’s.
[S0163-182698)52308-9

Exciton magnetic polaron&EMP’s) are quasiparticles that holes is weaker, which normally complicates the formation
are found in crystals having magnetic ions. They are forme@f the condensat¥. In quantum wells with semimagnetic
due to the short-range coupling between the exciton spin anbarriers, the following scenario can be realized. Type-I direct
the spins of these magnetic ioh#n recent years, localized excitons are excited. During the polaron formation the holes
EMP’s have been found experimentally in quantum wellstransfer into one of the semimagnetic barriers and the exci-
with semimagnetic barriers like CdTe/CdMn,Te or tons become spat.iall_y indirec; and, consequently, long living.
ZnSe/ZnMnSe,_, .2* Theory of the EMP'gRefs. 5-7F has T_he attraction of indirect excitons dogs not have a Coulom-
demonstrated that, in real structures, a primary nonmagnetfiC nature: It is due to the exchange interaction between ex-
localization of an exciton is necessary for the EMP to beCitons and magnetic ions, which is stronger for spatially in-
formed. A critical temperature of the free magnetic polarondirect than for direct excitons, in many cases. In the
(FMP) formation appeared to be too low to give any ChancefolIOW|r_1g, we will d|scgss vyhether this mechanism of con-
of observing FMP’s experimentally. It is also known that andensation can be realized in real systems.
attracting force between EMP's exists, due to their interac- Recently, Balchin, Poweleit, and Smifireported an ex-
tion with the magnetic media, allowing, in principle, the for- Perimental observation of a giant mobility of EMP’s in
mation of magnetic bipolarorfsThe lower the dimensional- ZNSe/ZnMpSe _, QW's. This seems to be a paradox since
ity of the system, the greater the chance to create a magnetecalized EMP’s(with a binding energy of about 30 mgV
bipolaron. Until now, no experimental evidence for the exis-Should obviously have a negligibly small mobility.Only
tence of magnetic bipolarons or collective polarons has beefie€ magnetic polarons can move in a QW plane. Simple
reported, to the best of our knowledge. estimations show that the FMP’s cannot be fqrmed in the

In this paper, a collective EMP formed by an ensemble oftudied system. Our analysis allows us to interpret the
N excitons in a condensed phase in a quantum YW@W) exp_enment%2 as a manlf_esta_tlon of the exchange induced
with semimagnetic barriers is theoretically considered, to th&Xciton Bose condensation in ZnSe/Zn)8e _, quantum
best of our knowledge for the first time. We show that theWells. )
critical temperature of the free polaron formation increases The Schrdinger equation for a singlelhhl EMP in a
proportionally toN, which makes possible the formation of a QW with semimagnetic barriers is written as
two-dimensional(2D) collective FMP. In other words, the
exchange interaction between excitons and magnetic ions {K+V+Ucourt Uered Wexd = E} Werc=0. @
can lead to the exciton Bose condensation at temperaturg#ere K is the kinetic-energy operator describing electron
much higher than the temperature of FMP formation. and hole motion normal to the QW plane direction, their

The phenomenon of Bose condensation of excitons inelative motion, and the exciton center of mass mot\oris
quantum wells has been a subject of many wasee, for the QW potential,Uc,, is the operator for electron-hole
instance, Refs. 9-11 and the references therélere, we  Coulomb interactionJ.,., is the wave-function-dependent
only consider the features of the condensed exciton state spexchange term, which can be representéd as
cific for the case of a collective EMP, and do not discuss the
problems of exciton condensation in general. It is worthwhile Ueexen= (@l =3 BINGX(S(V'5,0)),
to mention, however, the reasons why the semimagnetic
QW’s seem favorable for exciton condensation. A substan- ) 5 2(al —3BI)VE .
tial lifetime of excitons is needed to form the condensate, (s(W&xd) = 2Bsp2 TBK(T+Ty) |
which may be realized in type-ll quantum wells where elec- 0
tron and hole are spatially separated. On the other hand, iHere « and 8 are the electron and hole exchange constants
type-1l wells the Coulomb interaction between electrons andlefined in the semimagnetic materibhrrier, in our case|
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andJ are electron- and heavy-hole spiBs;, is the Brillouin  the critical temperature of a free magnetic polaron forma-
function, Nox is an effective concentration of the magnetic tion increases proportionally to N

ions taking part in the exchange interaction, arglis an Until now, we have only discussed the static properties of
effective temperature. Two latter quantities are introduced teollective polarons. In order to conclude whether their for-
take into account the spin-glass effétk is the Boltzmann mation is possible in real systems, one should have some
constant. idea of the dynamics of their formation.

The critical temperaturd . of a free magnetic polaron The possibility of creating a collective state requires hav-
formation is a characteristic of equilibrium when the loss ofing a few single localized polarons not far from each other
the free energy of the system due to exchange interaction &nd with a long enough lifetime. In the following, we will try
equal to the increase of the exciton kinetic energy if onelo determine more precisely what is “not far” and “long
starts to localize a free exciton. It can be found from condi-enough” using basic thermodynamics arguments. Suppose
tion that the quantity of localized polarons in the plane is substan-

tial, N—oo, and that they have an in-plane concentration
The formation of the collective polaron is preferential in this
=0, ©) case if the free energy of a large-radius polaffor which
R the probability of finding an exciton in a definite point in the
whereR is the radius of the polaron, arfdis the free energy QW plane equals) exceeds the free energy of single
of the system that coincides with the energy, except the expolarons. A critical condition fon, therefore, can be written
change term, which has the following form:

IF
I(1R)

K—=U+Fgwp=Fcemps (6)

EEMP: —kTNO'if dr Whe_reK andU are the kinetic and potential energies of the
exciton center-of-mass wave function in the plane of the QW
for a single polaron. The exchange part of the free energy of
4) the collective polaron is

52’2 exp( m(al—%BJ)I‘I’ixJ)

XIn| &
6m:75/2 k(T+TO) 5/2
~ NoX
It has been shown in Refs. 5-7 that Fcemp= —KT TO f dzln| 25/2
m<=
Tc+T0:77[(CY'_%,BJ)Z]/ﬁZ/Mexcv ®) m(al—%BJ)|U§xc(Z)|n
where 7 is a coefficient dependent on the QW shape, and X ex K(T+Tp) ' @)

Mgy is the exciton mass. ) )

Suppose thall excitons, all having the same wave func- HereUexc(z) is thez component of the exciton wave func-
tion ¥,., have formed a magnetic polaron. The ground statdion:
of this collective polaron can be found from E@) with a Fcewpis negative and decreases linearly with the increase
substitution ¥ o, VNW,,.. Here we only consider those Of natsmalin, then saturates. Thus, in order to make CEMP
excitons that have formed a condensed state, while evidentljormation favorable, one should increase the in-plane con-
at a finite temperature, there are others with nonzero in-plangentration of the magnetic polarons. The latter depends
wave vectors that do not participate in the polaron. Here andnostly on two factors: the intensity of excitati@ and the
further on, we will neglect the correction to the Coulomb €xciton lifetimer: n=Gr. IncreasingG causes a heating of
energy due to the interaction between excitons supposingie system that is unfavorable for the magnetic polaron for-
that it is small in comparison with the exchange potentialmation. In order to facilitate the condensation of magnetic
variation® Moreover, we fully adopt the approach of polarons, one should try to increase the exciton lifetime. The
Keldysh and Kopae¥,who considered spatially indirect ex- QW'’s with semimagnetic barriers offer a great advantage in
citons as bosons, neglecting the fermionic nature of singléhis sense: In these structures an initially symmetric spatially
electrons and holes. This seems to be valid at concentratiofrect exciton state can spontaneously lose the mirror sym-
below the Mott transition, i.e., in the excitonic regime, which metry during the magnetic polaron formation, so that a
is likely to be fulfilled at the conditions of the experiméAt. type-Il spatially indirect exciton is formed that obviously has
The exchange contribution to the exciton localization energy® much longer radiative lifetime. This effect has been pre-
is governed by a polarization degree of magnetic ions. Thélicted theoreticall}>'® and observed experimentally in
higher the probability of finding an exciton at each magneticZnSe/ZnMnSe _, QW's.” The spontaneous transfer of the
ion, the stronger the magnetic ions are polarized. The prob2eavy hole into one of the semimagnetic barriers takes place
ability of finding an exciton obviously increases if instead of at temperatures lower than a critical one that can be found
one particleN ones, in the same state, have condensed. from condition

This has an important consequence for the critical condi- )
tions of the FMP formation. If we havd excitons instead of E _ (®)
only one, the kinetic energy increases proportionallyNto &zg .o ’
but the exchange energy increases more strof@lgpor- 0
tionally to N2 in case of a quasidelocalized excijoBubsti-  whereF is the free energy of the magnetic polaron calcu-
tuting, in Eq.(5), | by NI, J by NJ, and multiplying the lated over all centrosymmetric trial functions, amgl is a
kinetic-energy term in the denominator by one finds that shift of the hole center of mass from the center of the QW
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towards a barrier. The critical temperature given by ).
appears to also be a critical temperature for the collective
EMP formation since a spatially direct state has most prob- (a)
ably a too short lifetime to allow for the condensation of
polarons.
A simple approach of estimating the mobility of a free 3D
magnetic polaron has been developed in Ref. 18. The idea
was to equalize the work per unit time for the orientation of
the spins of magnetic ions made by a moving polaron, with .
the product of the external force acting on the polaron and its (b)
velocity. Note that this model ignores all contributions to the
mobility that are not specific for magnetic polarons, i.e., in-
teraction with phonons, scattering at potential fluctuations,
etc. Generalizing this approach for a 2D case, one can esti-
mate the magnetic polaron effective mobility as

w (u3gPLoa'e) By, © (c) .
where ug is the Bohr magnetong is the magnetic iorg

factor, L, is the QW width,a is the radius of the magnetic . o
polaron in a QW planey is the magnetic susceptibility of FIG- 1. The schema of the collective EMP formation in a QW
the semimagnetic semiconductor, ands the longitudinal ~With semimagnetic barrier¢a) localized single EMP's are forming,
spin-relaxation time of a magnetic ion. For a collective po_(b) the polarons with parallel magnetic momenta clusterize,(end

laron, formula(9) is applicable provided that the external repu',s'on. between.dus.ters.makes them move away from eaCh. OFher'
. . . EMP’s with opposite directions of magnetic momentum are distin-
force is uniform over the area occupied by a polaron. For

. L uished by using light and dark gray.
large N the magnetic polaron radius increases as/N so g y gl gray

that an effective mobility is expected to increasd\g\s/ qu‘ Note that the force®(R) is normalized to a single exciton.
hole mobility measured ip-ZnSe is about 25 cfiV's, The factor of N (number of excitons in the collective po-
thus the effective mobility of a single exciton magnetic PO-|aron) enters in the average magnetic ion sp#, which is

laron is of the order of 10 cfV s (this number is of course defined in the same way as in E®). One can see that the

not exact because the single polarons are essentially locglsisive interaction of polarons with opposite spins be-
ized and their hopping mobility strongly depends on the.,mes stronger with the increasehdf which is quite under-

scale of magnetic fluctuations in the barrle@onsequently,  gangaple since the radius of polarons increases Mith
the effective mobility of the collective polaron formed by |, reality, however, in the case of a nonpolarized excita-

100 excitons is about 100 000 & s, which is the same jjon excitons having opposite spins are randomly distributed
order of magnitude as the data of Ref. 12. _ in the QW plane, so that the formation of collective polarons
In optical experiments with spatial resolution, high po- 4,y their repulsion represent a more complicated process as
laronic mobility can be detected in the case of efficient dif-gp, 5,y schematically in Fig. 1. First, the single localized po-
fusion mechanism. EMP’s are neutral. Consequently, 194rons are forming. Then they organize clusters of free po-
make them move, one should create some nonelectric forcg, ons Then the repulsion between clusters leads to the for-

Such a force can originate from the repulsion of magnetiqnation of more or less cylindrically symmetrical polaronic
polarons with opposite magnetic moments. The mechanisrg,q,g

of this repulsion can be described as follows: two excitons |5 grder to get a numerical idea about the characteristics
with opposite spins separated with some distaRc@y t0 o the collective polaron state, we have performed for the

orient the magnetic ion spins in the environment in order tOg¢y,cture for which Balchin. Poweleit. and Snihhave
fqrm a polaron gnd to increase thelf energy, wh|le each €Xfound a surprising giant mobility of magnetic polarons, i.e., a
citon orients the ion spins parallel to its own spin. Those I0NS7\Se/7p sdMNg 1S QW of 10 nm thickness, a self-
that are between two polarons remain unpolarized or weaklggnsjstent variational calculation using a modified version of
polarized. It is therefore energetically preferential for the ex+,o technique described in Ref. 19.

citons to move away from each other in order to be able 0 \y/e have solved the Schimger equatiorfl) for a collec-

orient all magnetic ions within their localization areas. In; - :
: . . tive polaron substitutin VNW¥,. in the exchange
Ref. 8, the attraction of two magnetic polarons having parals P I e o g

lel spins has b vzed. Clearly. th Isi ; t_ft%fzrm (2) and taking account only of the hole contribution
€l Spins has been analyzed. Liearly, the repulSive potentiagl, .o 1ne exchange constant for an electron is much smaller

n the_casg of opposite spins ha§ the same s_hape but tlﬂ‘?an for a hole. The self-consistent Hamiltonidn has been
opposite sign. Thus, one can derive the repulsive force beépplied to a trial function
tween two identical collective polaror® as the function of

the distance between their cent®&sn the form Y ex= Ue(Ze)Un(zn) F(R)D, (p,Ze— 2p), (12)
oX N 3 AW e r —R)|? where Ug(z,) and Uy(z,) are electron and hole envelope
P(R)= 3(T+To) (al _3:33)f d°r TR functions normal to the QW plane direction,

X(S[N|W exd 1) [*=N| ¥, {r = R)|?]). (10 Fy(R)=V(2/my*) exp(—R%/¥?)
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T o o T above, at helium temperature the free polaron can be formed
E'ewoﬂ L =100 A b by N>15 excitons. The inset in Fig. 2 shows the calculated
1 electron and hole envelope functions in normal to the QW
plane direction folN=50. One can see that the exciton is
Hole ) * strongly spatially indirect, which provides its sufficiently
. long lifetime (in the order of 10 ns for the given conditions
. of localization. According to Eq.(9), the critical tempera-
| 156775 0 75 150 ] ture of the spatially indirect EMP formation is estimated to
z coordinate (A) ® T be about 10 K, which is very close to the temperature at
1 which the EMP mobility experiences a steplike decrease ac-
. cording to the datd The critical in-plane concentration of
ZnSe/Zn,  Mn _ Se localized single EMP’s necessary for the collective polaron
U AT AT formation is estimated from Eq6) as n~2.10 3 nm 2,
0 10 20 30 40 50 60 70 80 with a single localized polaron free energy taken to be 10
Number of excitons meV, which means that the average distance between local-

FIG. 2. The energy of the free collective EMP formed in the iz€d excitons should be approximately three times more than
ZnSel/Zn eMn, 1.5¢ QW as a function of the numbirof excitons taking ~ the exciton Bohr radius. This condition is likely to be real-
part in the polaron formation. The inset shows the QW potential andized in a QW excited by a laser pulse if the exciton lifetime
electron- and heavy-hole envelope functions normal to the QW plane direGig of the order of tens of ns.
tion for N=50. Very recently, an anomalous negative magnetoresistance
in (Zn,CdSe/ZnSe quantum wells doped with manganese
has been reportédand associated with unbinding @fee
magnetic polarons in a two-dimensional electron gas. More-

D, (p,ze— 1) = eXPl — VN[ P2+ (Ze— 1) 2]} over, a strong photoindgced increase_of magnetization and
conductivity at some critical concentration of holes has been
describes the electron-hole relative motiony and\ are the  found in a new semimagnetic semiconductor heterosystem
variational parameters that are obtained self-consistently angin,Mn)As/GaSk?! This may be two new experimental con-
represent physical probes of the polaron in-plane extensiofirmations of the stability of collective free magnetic po-
and of the exciton binding energy. larons in low-dimensional systems.

The parameters used are electron- and heavy-hole band In conclusion, a Bose-condensed exciton state can be
offsetsV,=45 meV andV,=20 meV, To=4.4 K, x=0.08,  formed due to the interaction between localized excitons via
aNo=0.26 eV, BNo=—1.34eV, the electron mass, their exchange coupling with magnetic ions in a QW with
=0.16my, the heavy-hole mass,,=0.49my, the light-hole  semimagnetic barriers. The necessary conditions for this ef-
mass m,=0.145n,, L,=10nm, andT=2K. Figure 2 fect are(i) a long enough exciton lifetime, which is realized
shows the free collective EMP energy as function of numbeat low temperatures because of the exchange induced transfer
of excitons participating in its formatioN. One can see that of the hole into one of the semimagnetic barriers, #ind
for N less than 15, the free polaron cannot be formed whilesubstantial concentration of the excitons in the QW, which
for greaterN its energy increases with the increaseMf also requires their long lifetime. These conditions are likely
saturating at the valuBcgyp=45 meV. This is in agreement to be realized in the ZnSe/gpMn, 1.5€ heterosystem re-
with the calculation of the critical temperature of the FMP cently studied? Our variational calculation allows interpret-
formation by formula5) (see also Ref.)7 For a single FMP  ing their data on a giant mobility of magnetic polarons in
the critical temperature appeared toThe- T;=0.4 K. Since terms of the collective EMP formation.
this quantity increases linearly witd, as it has been shown A. Kavokin thanks L. Smith for a stimulating discussion.
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is the exciton center of mass wave function in a QW plane
and
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