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Exciton magnetic polaron in semimagnetic semiconductor nanocrystals
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We present a theoretical study of the magnetic polaron associated with an electron-hole pair in a diluted
magnetic semiconductor quantum dot. It is based on the effective-mass approximation in the strong confine-
ment regime, which incorporates the coupling between the light- and heavy-hole bands. The magnetic polaron,
arising from thesp-d exchange interaction between the confined carriers and the magnetic ions, is treated in
a self-consistent mean-field approach that leads to coupled nonlineadBg@oequations for the electron
and the hole. The local response to the effective field is modeled by the experimental high-field magnetization
curve in the bulk. The electron-hole Coulomb interaction is taken into account. An exact numerical solution of
the three coupled equations is used to calculate the equilibrium polaron size, binding eBgrggnd spin
(Sp). Results are first presented for CgMn, Te nanocrystals witk=0.11. E, decreases and the orbital
contraction increases with an increasing quantum dot radiusl small dots, approaching saturation in the
core region,E, decreases slowly as the temperatuf@ (ncreases. In large dot&,(T) decreases rapidly
towards the fluctuation regime, whe%oca‘? A similar temperature dependence is obtainedSgr the
fluctuation-regime value is, however, size independent. The light-induced magnetization enhancement due to
polaron formation is considered and an optimal quantum dot radius is predicted~48®md. We have also
calculatedE,, as a function of an applied magnetic field, which shows a decreasing behavior that depends on
a and T. Theoretical results for Cd ,Mn,Se nanocrystals show a good agreement with recently reported
experimental data on the photoluminescence Stokesshifusmagnetic field[S0163-182@07)02508-3

l. INTRODUCTION Wang et al* reported an experimental investigation on
DMS nanocrystals. ZggdMng o/S crystallites of average di-
Semiconductor nanocrystallites, also called quantum dotameter=25 A were grown in a glass matrix. The observed
(QD’s), have been studied a lot in recent yelhs particular, ~ photoluminescencéL) peak at 2.12 eV corresponds to the
high-quality nanocrystals of 11-VI compounds have been fabwell-known Mn?* internal emission. The PL-excitation
ricated and their optical properties investigated in greakpectrum yielded a quantum-confinement blueshift of 0.23
detail? including well-characterized “band-edge” lumines- eV for the fundamental gap. They also measured the static
cence. The confinement-induced blueshift of the fundamentahagnetic susceptibility from 2.3 K to 314 K; the data fit the
gap and the discretization of the energy spectrum have be&fyrie-Weiss law with a negligibly sma® value, suggesting
observed. On the other hand, semimagnetic or diluted magy smaller contribution of antiferromagnetic Mn-Mn interac-
netic semiconductorsDMS) based on II-VI compounds, o in the QD than in the bulk. More recently, Bhargava
such as Cd_,Mn,Te, are known for giant magneto-optical o 515 stydied coated Mn-doped ZnS particles of diameter
properties and magne_tlc pola_ro?ﬁ'hese effects arise f“’”? varying from 35 to 75 A; they focused on the characteristics
strongsp-d exchange interactions between the band carrerge ihe Mn2* luminescence. In fact. DMS materials such as
and the Mrf* ions. Bound magnetic polarons associatedan_XNInXS with the bulk band g,ap well above 2.12 eV

with shallow impurities(donors and acceptgréiave been seem unsuitable for studying the magnetic polaron, as the PL
extensively studiedl.Localized exciton magnetic polarons X . ying gnetic polaron,
spectrum is dominated by the Mn emission. This is because

have also been reported in bulk and in epilayerh : ¢ tor f | hol . h
Cd, ,Mn,Te (Ref. 5 and in CdTe/Cd_,Mn,Te the time of energy transfer from an electron-hole pair to the

heterostructure®. Acceptor-bound magnetic polarons ap- Mn d shell is short £500 psek™® perhaps in the range of
proach the saturation regime at low temperafaréthe mu- the polaron formatlon_tlmeﬂ( 1QO psec in the bul® In this

tual spin polarization between the bound hole and the Mri€SpPect, magneto-optical studies of dMn,Se nanocrys-
ions situated in its orbit tends to form a ferromagnetic clustals embedded in quartz glass, reported by Yawatal,*®

ter. A similar situation is expected in an optically excited are more interesting; their exciton luminescence data do pro-
small DMS nanocrystal with additional contribution from the vide evidence for magnetic polaron. The PL Stokes shift un-
electron. In fact, such a QD should be a model for a zeroder selective excitation was found to decrease in the presence
dimensional exciton magnetic polaron, provided that the poef a magnetic field and to saturate in a field of 6 T. Such a
laron formation time is shorter than the lifetime of the behavior is typical of localized exciton magnetic polaron.
electron-hole pair. Moreover, picosecond time-resolved spectroscopy indicated
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a decreas_e Qf the QD exciton lifetime from 900 to 400 ps in ‘I’ﬁiﬂ(re,fh)Z P (re) (/,Z(rh). (1)
a magnetic field of 5 T.

An early theoretical study of the magneto-optical proper-
ties of DMS nanocrystals was presented by one of’us. Y1) = (r)UE(r) @
was based on the effective-mass approximation in the strong m me
confinement regimé&-?? The confinement-induced mixing In a spherical potential the envelope functig(r) is of the
between the light- and heavy-hole states was found to yield 4s type; the unperturbed version is given®by
reduction of the Zeeman splitting of the fourfold hole ground

$o(r)= \[a

Here the electron wave function is

state. An exactly soluble “spin cluster” model was used for 2sin(mr/a) Yoo. 3
calculating the equilibrium properties of the magnetic po- r
laron associated with an electron-hole pair in the zmc—blend%%(r) is the conduction band Bloch function &, with

Cdy—,Mn,Te quantum dot. The calculation was lafeex- m=s,= * 1. In the spherical approximation for the Luttinger
tended to the hexagonal case CgMn,Se and compared Hamiltonian the hole wave functions are

with the experimental data of Ref. 16. The reduced Zeeman

shift fitted the magnetoabsorption data, while the field depen- h h

dence of the polaron binding energy showed qualitative ‘/’u(r)zzv Fou(nu,r), 4
agreement with the PL Stokes shift data.

In this paper we present a more realistic model for thewhere u, v run through3, 3, —3%, and — . u”(r) are the
magnetic polaron(MP). It is based on a self-consistent time-reversed valence band Bloch functions Iat with
mean-field approach previously applied to the cases of,=v. Note that, following Xi&! and Efros?> we have in-
bound® and freé° hole magnetic polarons. We first general- cluded only the fourfoldl'g valence band in Eq4). Very
ize the theory in order to incorporate the fourfold degeneracyecently, Richarcet al?® have reported that the contribution
of the unperturbed valence band. In the spherical approxim&rom the spin-orbit split-off band’; might be of crucial
tion, assuming a %;,, ground state for the confined hole, importance for the QD hole level ordering. Here, we con-
after averaging out the angular dependence ofsiiel ex-  sider the dipole-active fourfold ground stat8;} that corre-
change field, we deduce the effective-mass equations. Thesponds to
are three coupled nonlinear differential equations for the

three radial envelope functions corresponding to the electron, Fou(r)=05,,Ro(r) Yoot (3, v:2(u—v)|3. 1)
and thes- and d-like parts of the hole. An experimental
high-field magnetization curve is then used to modelize the XRo(r)You-1(0,0), ®

response of the Mn spins to the local exchange field due qhere Clebsch-Gordan coefficients have been used. The
the electron and the hole. The direct Coulomb interactiorypove functional forms remain valid in any potential of
between the carriers is also taken into account in the Hartregsnerical symmetr§# So, we can use them as long as the
approximation. An exact numerical solution is used to calCusffective exchange field retains this symmetry. The unper-
late the equilibrium properties of the magnetic polaron. Reyrhed QD functionsRy(r) and R,(r) can be written in
sults are first presented for QD’s of €dMn,Te with  termg of the spherical Bessel functiofis.

x=0.11. The self-consistent contraction of the hole and elec- Now, the expectation value of the exchange interaction
tron radii is discussed. In addition to the characteristic depetween the carriers and the Mrelectrons(total ionic spin
creasing behaviors of the polaron binding energy with in-g— %) is given by’

creasing temperature or magnetic field, we find that the

energy decreases with increasing QD radius. The tempera-

ture and size dependence of the spontaneous magnetic mo-  (Hedm,= —az |$(R)[*mS,

ment of the polaron is also investigated. The saturation re-

gime is approached in small dots. The ratio of the B . )

superparamagnetic polaron magnetization to the paramag- _g;;‘g FX (RN -SIEFu(R),  (6)
netic QD magnetization in the low-field limit, which should "

be an indication of the light-induced magnetization enhancewhere i labels the Mn ion sites an& (8) denotes the
ment, is studied. We thus estimate the optimum QD radiusp-d exchange parameter for an electidwle). The effec-

for this effect to be around 30 A. Finally, the model is ap-tive exchange field acting on a Mn spinrats thus

plied to the case of CghMng;Se nanocrystals; the calcu-

lated field dependence of the polaron binding energy shows a _
good agreement with the experimental photoluminescence Be“(r)_%

-~ B
aml¢(n)*z+ 32, FL, (1)
Stokes shift datd® ’

X(i1€)F gu(r) |- (7)

Il. THEORY . .
Note that the exchange field of the hole contains an angular

We consider a spherical QD of radiassmaller than the dependence even if we neglect its transverse components. In
bulk exciton Bohr radiusg; in this strong confinement re- order to restitute the spherical symmetry of our self-
gime, neglecting the small excitonic correlation, the lowest-consistent problem we, therefore, average over the orienta-
energy state of an electron-hole-h) pair can be written as tionsr in Eq. (7). Then
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1 B 1
Bo(1) = g o= | aml¢(r)]*+ §M(|f(r)|2+§|g(r)|2” vexch=—Amuf dr|(r)[2(f(r)[*+[g(r)[?). (16
8 After collecting all the terms in the total free enerGywe
along the mean-field axis Here, apply the usual variational recipe for minimization:
1 1 5((3 EcNo) =0 5(G EnNp)=0
f(r)=—==Ry(r), g(r)=—==Ry(r) 9 E R b
i g a2 ¢ 17)
S
so that W(G_EhNh):O,
fa(|f(r)|2+|g(r)|2)47-rr2dr=l. (10) whereN, , and E ,, represent the norms and the Lagrange
0 multipliers, respectively. We thus obtain a system of three

, ) coupled Schidinger equations
The magnetic free energy can be written as

<d2 2d)¢() M(B ()
Bei(r) 5= \7= r—|— r
Gmag:—f drf " M(B)dB, (11) 2meldr? " T dr eof
0
e 1
where M(B) is the magnetization of the Mn spin system +?J dr’z{|f(r’)|2+|g(r’)|2}+Am,u{|f(r)|2
(assumed continuousThe total free energy of the-h pair
and the Mn magnetization cloud is 5
+|9(n)[7} (1) =Ees(r), (18)

G:Gmag+ Tet T+ Vair+ Vexchs (12

- - y[d* 2d ,BM
whereT, (Ty) is the expectation value of the electriole) — =+ f(r)— M(Beﬁ(r))
kinetic energy in the effective-mass approximatioy;, 2mo \dr? " 1 dr
(Vexeh represents the direéexchangg Coulomb interaction e? 1
between the electron and the hole. The different terms are +—f dr’—|¢(r’)|2+Am,u|¢(r)|2}f(r)
given below. We have € r

h2y d> 5d 3
2/d2 24 +—2y (— Sla(r)=Exf(r)
= * - | — 2 BL d 2 d h ’
fdrqs (1 Zme(drz r dr”c/)(r) (13) mo “etldr? v dr T
19
where m, is the b%lectron effective mass. The hole kinetic , ,
energy is given heyi( d 2d 6 Bu
d2 24 - ZmO(WJFFa—r—z g(r)— 150715 M (Beg(r))
+?J dr’—|é(r")|*+Amul|$(r)|*|g(r)
>
(d2 .54 d 3) ( )] ) ,
~MeL| g2 r h d d
dre r dr Y1
+_2mo MBL(dr rdr) f(r)=Eng(r). (20
. d? d
+J drg*(r)) —meL dr? r dr f(r) For the local magnetization functional, following Ref. 19,
we shall use the experimental high-field magnetization
d> 2d 6 14 curve®
Tlartrar 9] 19
SgugH
Here m, is the free-electron mass. The Baldereschi-Lipari M(H)= gﬂBNOXeﬁSBS( K(T+To) +taH, (21)

parameterug =(4y,+6vy3)/(5y1), wherey,, v,, and y; .
are the Luttinger parameters. Theh Coulomb interaction ~Where Bs is the Brillouin function andS=5/2. Ny is the
energy number of cations per unit volume. The phenomenological

parameters (reduced effective concentration of Mand
e? 1 T, account for the reduced single-ion contribution due to the
Vdir:_?f drf dr’r—|¢>(r)|2(|f(r’)|2+|g(r’)|2), antiferromagnetic Mn-Mn coupling, while the linear term
. (15) with the coefficienta, arises from the Mn cluster contribu-
tions. Recall that the effective fielHqu(r) is given by Eqg.
wheree is the static dielectric constant and the greater of (8). Thus, even in the spherical approximation we are left
r andr’. with the formidable problem of solving three nonlinear
Starting from the effective-h exchange Hamiltonian of coupled differential equations. Only some limiting cases can
the form —As-j8(r.—rp) we have the expectation value  be discussed analytically. Note that the total polaron spin is
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1 (a Thus, roughly speaking, at high the total polaron spin is
Sp=g— 47r2drM (Beg(r)) (220 almost size independent and the polaronic binding inversely
KBJo proportinal to the QD volume.
and the polaron binding energy Note that thee-h exchange interaction has been found to

yield a substantial singlet-triplet splitting in small QD’s of
CdSe(see Ref. 26 As a>0 andB<0, the doubly degen-
erate mean-field polaron ground state is given iy
=+ u=73, with the electron spin aligned parallel to the
average Mn spin direction and the hole spin antiparallel to it.
This, of course, corresponds to tleeh singlet. We have
5 1 verified that the triplet magnetic polaron, with the electron
E5=Nox3 (am+38upp) 24 and hole spins parallel, has a much higher energy even in
where small-size QD’s where the-h exchange interaction partly
compensates for the polaronic energy difference. Therefore,
(@ 1 we focus our attention on the lowest-energy singlet magnetic
Pp= J; 4ardr([f(r)]2+5[g(n)]?). (29 polaron. Note, however, that the polaronic energy of this
ground state would be slightly affected by théh exchange
In this limit, which would correspond to very small QD’s, through orbital extension. It is estimated to be less than a
we can neglect the orbital contraction due to polaron formapercent in the smallest QD’s considered. In view of the un-
tion. With the nonmagnetic QD hole wave functi6h$or  certainties concerning the exchange paramatewe have
f(r) andg(r) we can identifyp, as the Zeeman effect re- chosen to drop this term altogether.
duction factorp defined in Ref. 17 that depends only on the e finally solve the coupled equatiofEqs. (18)—(20)]
ratio of the light- and heavy-hole effective masses. for the MP ground state exactly through an iterative numeri-
The Mn-Mn antiferromagnetic coupling makes it impos- cal procedure explained in the Appendix. The resulting self-
sible to achieve complete saturation when0.1. But partial  consistent solutiod ¢(r),f(r),g(r)} shows an orbital con-
saturation corresponding to the saturation of the Brillouintraction due tae-h Coulomb attraction and magnetic polaron
function in Eq.(21) can be realized in QD’s of moderately formation. The polaron binding energy and total spin are
small sizea~15 A asT—0. In this regime calculated as functions of temperature for different values of
the QD radius. In order to compute the polaron energy in the
M (Beii(1)) = guNoXeii(5/2) + aBeg(r) (26 presence of an external magnetic fieB)( we replaceB
giving by B+Bg; in the equations above. The true polaron
binding energy irB is then obtained after subtracting off the
4ma @ 1 Zeeman shift of the e-h excitation energy: E;
Sp=NoXen(5/2) =3 =+ - 2| amt 3 Bupp | (27 44— pB)M(B)/(gus) from E, given by Eq.(23).
Light-induced magnetization enhancement is studied in
and the superparamagnetic picture in the low-temperature and
low-field limit. The equilibrium polaron magnetic moment is

a
Ep=NoXen(5/2) (am+3Bupp) + a) JO A7rr2dr[Beg(r)]%. then
(28)

1 B
o . . . Mp=§(gMB)ZS§(k—T)- (31
It is important to notice that, aB.«(r) increases with de-

creasing , near the center of small-size QD’s the linear termon the other hand, in the absence of polaron formation, the

in Eq. (26) has to be limited to the maximum value compat- op magnetic moment is given by ,=(4mwa3/3)M(B).

ible with complete local saturation. However, this situationThys the low-field magnetization enhancement ratio

does not arise in moderately small QD’s. Then, if we neglecR=\ /M, is

the QD size dependence of the orbital contraction, it is easy P

to check that the integral in E€R8) is inversely proportional 4

to the QD volume. R=3—5
Let us now consider the high-temperature fluctuation re-

gime realized in larger QD’s, when the Brillouin function whereNggz=NgX.(47a%/3) and

can be approximated by the linear term

Ep= f:4wr2drBeﬁ(r)M (Bes(1)). (23

Clearly, the (hypothetical complete saturation limit corre-
sponds taM ¢,= gueNex(5/2) giving

3

T+Ty
T

2
Sb
Neff

(1-9), (32

(Bs(X)~[(S+1)/S](x/3)}. Then :(1_2 KT+ To) (33
35/ NoXer(9us)”
Noxeﬁ(35/12 | 1
T Tk(T+ 7o) (gre M 3Bupp| (29 Numerical results are presented and discussed in the next

section.
and

NoXer(35/12 @ lll. RESULTS AND DISCUSSION

KT+To) | (Qm)’

p

a
Amr2dr Ber(1)12. ,
fo i (189 Ber(r)] Most of our numerical results correspond to nanocrystals
(30 of Cd;_,Mn,Te, because experimental high-fidlgp to 40
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FIG. 1. Radial probability densities of the electron and Hale FIG. 3. Zero-field polaron binding energmeV) vs temperature

units of nm™*') are shown for a CglggVng1:Te quantum dot of  (K) in CdygdVing 1:Te quantum dots. Different curves correspond to
radiusa=4 nm. The dashed curves correspond to noninteractinghe different values oé: 1.5, 2, 2.53, 4, and 5 nm.
confined particles; the dot-dashed ones result from the electron-hole

Coulomb interaction. The solid curves represent the equilibrium . .
magnetic polaron af=4.2 K. Note also that thee-h Coulomb interaction leads to a sub-

stantial orbital contraction, which tends to enhance the po-

T) magnetization curves are availabléor the bulk material. laron blndl??henergy and rled;Jce the EoLarlon spln.dl_r_l F]:g. 2,
We choosex=0.11, which is close to the maximum of sus- ;’;’]e present_ € zliverage (feectr_(m,)(a?t ole ([E) ra ['\; (: that
ceptibility, as a function of concentration. Then, & magnetc polaron as functions or temperature. Note tha

Xer=0.038,To=2.5 K, anda,=0.22x 10"* erglG? cmd). r»(T) shows a well-defined minimum, which is related to the
Also, we use the following CdTe parameters= 10, competition between the polaronic and localization energies.
No=1.47x 10?%cm?, and m,=0.096n,. For the valence Figure 3 shows the zero-field polaron binding enekgy
band Luttinger parameters, we use a recently determine@S & function of temperature for different values of the QD
set?” y,=4.7, y,=1.45, y;=1.9, giving ug =0.732. Fi- radiusa. Clearly,E, decreases with increasing QD radius. In
nally, the exchange parameters aga=0.22 eV and Small QD’s (@<2 nm) the decrease dE, vs T is relatively
NoB=—0.88 ev?® slow; here saturation is approached in the core region. In
Figure 1 illustrates the orbital contraction duestdy Cou-  1arge QD’s @=4 nm) the decrease is faster and the fluctua-
lomb interaction and magnetic polaron formation. The radiation regime is approached @t>30 K, whereE, = 1/a®. The
probability density of the electron ¢# 2| ¢(r)|?) and that of ~temperature dependence of the total polaron §ginwhich
the hole (4rr?[|f(r)|2+|g(r)|?]) are plotted againstfora  iS proportional to the spontaneous magnetic moment, is
QD of radiusa=4 nm. The dashed curves correspond to theshown in Fig. 4 for the same values af As for the quali-
noninteracting confined particles. The dot-dashed curves at@tive behavior, theS,(T) curves are rather similar to the
obtained when the-h Coulomb interaction is considered. Ep(T) curves. They, however, show a faster initial decrease,
Finally, the solid curves correspond to the equilibrium mag-and in the fluctuation regimé&, tends to a value that is
netic polaron aff =4.2 K. Clearly, the orbital contraction of independent of the QD size, in agreement with E29).
the electron is much smaller than that of the hole, because of We show the dependence of the polaronic binding energy
the smaller effective mass and weaker exchange couplin@n the applied magnetic field in Figs. 5 and 6, for 1.5

1.964

16 [ cawre s 140 1 CdMnTe
e 11.962 120
2 o165} ) 11960 100 £
5 “o~Electron 411.958 80 _"‘-\
o £
= j=5
% 164 | 11.956 £ 6
g
3 11.954 40 B
1.63 | 11.952 20|
hole .
0 o 20 30 a0 50> O 1020 30 40 50
temperature (K) temperature (K)

FIG. 2. The solid(dashedl curve shows the temperature depen-  FIG. 4. Zero-field polaron spin vs temperatur@) in
dence of the average radius of the h@dectron in the magnetic  CdggdMng 1T€ quantum dots. Different curves correspond to the
polaron in a Cd gMng 11Te quantum dot of radiua=4 nm. different values ofa: 1.5, 2, 2.5, 3, 4, and 5 nm.
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90 T T T T T T T T 12 T T T
CdMnTe il CdMnTe |
80 P a=1.5nm | 10
g
- : "’
z 01 = 8L
E g
e I Tr
g 60f S
= = 6 B T
v g 42K
c 5| ]
50 %D /\
g a4f 1
40 L L L 1 L 1 1 I 1 3 i 1 1 1 ]
0 1 2 3 4 5 6 7 8 9 10 2 3 4 5
magnetic field (T} dot radius (nm)
~ FIG. 5. Polaron binding energyneV) vs magnetic fieldtesla FIG. 7. Light-induced magnetization enhancement faBtptot-
in a Cdy gdVIng.11Te quantum dot of radius 1.5 nm at different tem- ted against the QD radius (nm) at T=1.8 and 4.2 K for
peraturesT=1.8, 4.2, and 10 K. CdgggMng 1:T€ quantum dots.

and 5.0 nm, respectively. In both figures three different temexample, with the Lawaetz values for CdTe;=5.29 ,
peratures are considered= 1.8, 4.2, and 10 K. Let us y,=1.89, y;=2.46, giving w=0.844, we obtain

recall that the Zeeman shift of theh creation energy has Eo(T=0)= 74.2 and 33.2 meV, foa= 1.5 and 5.0 nm,

been subtracted frorl,, in order to deduce the true polaron yespectively. These energy values are smaller than the corre-
binding energy shown here. The decrease of polaron bindingyonding ones in Fig. 3, obtained from the Luttinger param-
with increasingB is faster at lower temperatures. In small- gters of Ref. 27.
size QD's(Fig. 5 there remains a substantial binding energy  previously?® for numerical calculations, we resorted to
even at 10 T, because the polaronic effective field in the corgne ysual approximation of the MP theory for the hole, which
region is much larger tha and can orient Mn spins further. neglects the mixing of the light- and heavy-hole bands. It
On the other hand, in large dotBig. ) the binding energy  amounted to formally settingi(r)=0 in Egs. (18)—(20),
tends to decrease faster towards a small value. thus reducing the problem to a set of two coupled equations.
Figure 7 presents the light-induced magnetization ena comparison of the result@n example can be seen in Fig.
hancement factoR defined in Eq(32). In fact, it is the ratio ) shows that the simplifying approximation is utterly inad-
of the magnetization due to polaron orientation in a smallequate. In particular, it yields a larger hole radius, leading to
external field over that due to the Mn spifs the absence of 5 smaller polaron binding energy; the quantitative differ-
polaron formation We plotR againsta atT=1.8 and 4.2 K  ences with the exact solution presented here are indeed large.
only. The superparamagnetic picture would probably break hile Figs. 1-7 all correspond to GgdMn ;;Te, Fig. 8
down at higher temperatures. The curveTor 1.8 K shows  corresponds to GggMn g ;Se. It shows the polaron binding
a rather well-defined maximum arourg=3 nm. It is an  energy as a function of applied field in a QD of radius
indication of the optimum QD size for observing light- 3=8 nm atT=4.2 K. The parameters used for calculating

induced magnetization enhancement due to polaron formane theoretical curves are as follows=8.9, m,=0.15m,,
tion suggested previously.

It is interesting to note that the results presented above are

quite sensitive to the values of the Luttinger parameters. For 30 f CdMnSe T
25 a=8 nm
35 T T T T T T T T T T=42K
~ 20t
30 >
S st
—~ 25 I &
T g
g s 10 |
g 201*
e 5t
st
0 1

10

magnetic field (T)

01 2 3 4 5 6 7 8 910 FIG. 8. Polaron binding energyneV) vs magnetic fieldtesla
magnetic field (T) in a CdyMng;Se quantum dot of radius 8 nm &=4.2 K. The
solid curve is the result of the present calculation; the dashed one is
FIG. 6. Polaron binding energyneV) vs magnetic fieldtesla from Ref. 29(simplified model. The circles represent experimental
in a Cdy ggMny 11Te quantum dot of radius 5 nm at different tem- values deduced from photoluminescence Stokes shift(&ah 16
peraturesT=1.8, 4.2, and 10 K. for x=0.12 andaverageradius 8 nm.



55 EXCITON MAGNETIC POLARON IN SEMIMAGNETLC . .. 10619

and Ny=1.77x10%%cm®. Using m}=0.45m, and [Eqs.(18)—(20)]. Neglecting thee-h exchange term and set-
mﬂ*zl_lano from Ref. 30, we obtainy;=1.77 and ting u=*3/2, m=+1/2 for the MP ground state, the equa-
weL=0.509. Also,Noa=0.26 eV andNo8=—1.11 eV¥"  tions can be rewritten as

From the experimental magnetization data up to 8REf.

31). we havex.=0.039 andT,=2.3 K. In view of the h? .

closeness of these two values to those fog, @dh o ;Te and - Z—meArqﬁ(fH US(r) ¢p(r) =Eee(r), (A1)

in the absence of high-field magnetization data in
Cdg dMn 1Se, we have assumed the same value,dbr the

2 2
linear coefficient in Eq(21). Anyway, for such a large value - M[A f(r) —MBL(d—z T > i T 32 g(r)}
of a, the contribution of the linear term is small. The solid 2mg | dre rdr r
curve in Fig. 8 results from the exact solution presented here, f _
while the dashed one is from Ref. 29 and is based on the FUANDT)=Eqf(r), (A2)
simplifying approximation explained in the preceding para- 5 )
graph. In addition to the theoretical curves, Fig. 8 also shows M 6 _ d 1 i f
the experimentaf photoluminescence Stokes shift values af- 2mg 2 9(r) = peL d r dr (r)
ter subtracting 50 meV for the exciton localization energy, g
following the authors of Ref. 16. It is satisfying to see that +UA(r)g(r) =Eng(r), (A3)

the exact solution yields a significantly better agreement with . . . .
experiment. Note that no adjustable parameter has been usé(&f[h ArﬁdzlerT(Z/r.)(d/dr)' Each effective potential
One should, however, keep in mind that here80 A is U (N=Uc(r)+Uy(r) is a sum of the Coulomb and mag-
larger than the CdSe exciton Bohr radiag=56 A and we ~ Netic contributions given by

are apparently beyond the strofigdependent particjecon-
finement regime assumed throughout this paper. Let us also
point out that the application of our model to the case of the
wurtzite crystal Cd_,Mn,Se assumes that the splitting be-

Ué‘(r>=—<e2/e>f dr[[f(r)|2+]g(r)2)r -,

tweenA andB hole bands is smaller than the hole c_ngine- US(r)=—(a/2gug)M (Beg(r)),
ment energy, and the magnetic field is parallel todtzis:
IV. CONCLUDING REMARKS Ufc(r): Ugc(r): _(e2/6)f drl|¢(r/)|2/r> ,

We have presented a self-consistent mean-field model for
the magnetic polaron associated with an electron-hole pair in
a semimagnetic semiconductor nanocrystal. The effective U{V'(r):_(|'8|/29'“B)M(Beff(r))'uﬁﬂ(r)zuh(r)/s'
Schralinger equations are derived for a fourfold degenerat
valence band in the spherical approximation. An experimen-
tal high-field magnetization curve in the bulk is used to
model the local response of Mn spins to the exchange field of
the confined carriers. Numerical results are presented mostly
for Cdg gMng 1Te nanocrystals in the radius range 15—50 A
at temperatures up to 50 K and fields up to 10 T. The polaron Now, in order to solve EqgA1)—(A3), we write the en-
binding energy decreases with increasing size, temperaturgelope functions in terms of the sine serfés:
or magnetic field. The spontaneous magnetic moment of the
polaron also decreases with increasing temperature. Small

he effective exchange field is

1 1
Be(r) = m[al¢(r)lz+lﬁl(lf(r)lz+ $lan®1.

N
QD’s show saturating polaron behavior at low temperature, (r)= 1 1 E b sin(mﬂ (A4)
while large ones approach the fluctuation regime at high tem- 2ma\r/aca " a

perature. Light-induced magnetization enhancement due to

polaron formation is predicted to be maximum aroundand similarly forf(r) andg(r) with the expansion coeffi-
a=30 A at T=1.8 K. No experimental data are, however, cients f,, and g,, respectively. The functions satisfy the
available in Cd_,Mn,Te nanocrystals. Yanatet al!® re-  boundary condition at=a and their normalization corre-
ported experimental evidence of localized exciton magnetisponds toX|¢,|?°=1 and=(|f,|?+|gn/?)=1. The number
polaron in Cg ¢Mng,Se nanocrystals of average radius 80N is eventually chosen large enough to achieve convergence.
A. Our theoretical curve for polaron binding energgrsus  Equations(A1)—(A3) are thus reduced to tHgormally) lin-
applied field shows a good agreement with the experimentadar equations

values derived from the photoluminescence Stokes shift un-

der selective excitation. Hopefully, the present work would

stimulate more systematic experimental studies of DMS M2+ > U nbn=(Ee/Eeo) b, (A5)
nanocrystals.

APPENDIX: NUMERICAL METHOD f
mzfm+2 umnfn_MBLngm+(3MBL/7T)E nVr-"r—mgn

Here we present our method for an iterative numerical
solution of the three coupled effective Sctiimger equations =(En/Eno)fm, (AB)
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2N X 2N matrix. In our applicationsN=30 is found suffi-

M2+ 2 [US o+ (6/m) (M Vit NV ) 100 — g MPfipy cient to assure a good convergence of the eigenvalues. The

self-consistent potential problem is solved iteratively, start-

H 1 1 —
(3 [PIMS Vo f = (E.JE . A7 ing fr_om the free partlcle casé’'(r)=0. At each step of
(3upL/ MM Vinofn=(En/Eno) (A7) teration the potentials are calculated from the ground-state
Here Eoo=#2m2/2m,a2 Eno= 717 2m22myaZ vectors of the preceding diagonalization. The matrix ele-
el e 1 L) . .
Ut =U® /Ee, urnn:UInn/EhOI ug, =UY9 /E, with ments of the Coulomb potential can be expressed in terms of

the Si functions and those of the exchange field calculated
i a , _ through fast Fourier transform routines. Depending on the
UmnE(Z/a)f sin(marr/a)U'(r)sin(nwrr/a)dr, (A8)  MP binding energy, only 5 to 15 iterations are necessary to
0 obtain a convergence better than #0The practically exact
andV,.,=Si[(m+n)7]= S (m—n) ], where Sik) is the  solution{(r),f(r),g(r)} thus obtained is used to calculate
usual sine integral. We see that the problem has been réhe MP equilibrium properties: orbital size, binding energy
duced to the diagonalization of oéx N matrix and one (Ep), and total spin §;).
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