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Statistical fluctuations of the magnetization on a nanometer scale have been investigated with the use of
magneto-optical spectroscopy of quasi-zero-dimensional excitonic magnetic pol&Mifs in individual
pancake-shaped CdSe/ZnMnSe quantum dQB'’s). The EMP emission line demonstrates a qualitatively
different behavior in magnetic fielB normal and parallel to the QD plane. In the first case, the alignment of
the Mn spins in high magnetic fields results in a giant Zeeman shift and linewidth narrowing of almost one
order of magnitude to values characteristic of nonmagnetic QD’s. No similar effects are observed in the second
case where the emission line demonstrates a weak blue shift and small linewidth variation. It is shown that the
difference originates from the anisotropy of the hole exchange field in the QD’s and can be described using the
fundamental fluctuation-dissipation theorem and taking into account the anisotropy of thgfaoter. Both
the longitudinal and transverse fluctuations of the magnetization are determined from the analysis of EMP
emission lines recorded in the two directions of magnetic f2ldve demonstrate that in high magnetic fields
the longitudinal fluctuations decrease exponentially whereas the transverse ones decrdase as 1/
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I. INTRODUCTION The thermodynamic fluctuations control the width of a
photoluminescencéPL) line of an excitonic magnetic po-

A variety of new electronic and magnetic properties oflaron from a single DMS QD*!° It was also found that the
semiconductors can be introduced by including magnetienagnetic field normal to the growth plagd-araday geom-
ions in a semiconductor crystal matrix due to the strepgl  etry”) results in an exponential line narrowing at high mag-
exchange interaction between the charge carriers and theetic field indicating a strong suppression of magnetic
magnetic ions. This interaction results in a giant Zeemarfluctuations:> We will show further that in a general case the
splitting of the valence- and conduction-band states, a largeelation between the linewidth and magnetic fluctuations is
Faraday rotation, and the formation of magnetic polaronsiot unique. In particular, in EMP’s with isotropgfactor of
(MP’s) observed in semimagnetic semiconductdedso  electrons and holes, the transve(sermal to the local mag-
known as diluted magnetic semiconductt®1S's)].13The  netization fluctuations do not contribute in the PL linewidth
MP is a small region of crystal with strongly correlated spinsand thereby the linewidth gives an information only about
of carriers and magnetic ions due to the strepedexchange the longitudinal(parallel to the local magnetizatipfiuctua-
interaction. Optical properties of such MP’s have beentions. In structures with an anisotropic carrigifactor, the
widely investigated in bulk DMS'§three dimensional, 3D magnetization does not necessarily follow the magnetic field
and DMS quantum well§2D).2° In QD’s, the MP effect is  direction that leads to a well pronounced dependence of the
much more pronounced due to the strong 3D confinement gfolaron shift on the direction of the magnetic fidddand a
the charge carriers. However to get quantitative access to OBomplicated relation between the linewidth and the magnetic
MP’s, one has to avoid inhomogeneous broadening effectBuctuations.
caused by the size and/or composition fluctuations, which is The effect of theg-factor anisotropy on the magnetic-field
possible by experiments on a single @8QD).}°"®*Recent dependence of the polaron shift has been investigated in 2D
magnetooptical studies of individual DMS QD’s have re-systems in DMS quantum wellQW's) with a highly aniso-
vealed a strong influence of thermodynamic fluctuations ofropic holeg factor. It was shown that the suppression of the
the magnetization on the properties of ultrasmall magnetipolaron shift in the magnetic field normal to the QW is sig-
systems such as QD'¢:}° This fact imposes a natural limit nificantly stronger than in that parallel to the QW plafi&’
on functionality and accuracy of possible devices based ohlo analysis of magnetic fluctuations is possible in the QW'’s
controlling the interaction between magnetic ions and carribecause of a relatively strong broadening of QW level
ers spins. caused by fluctuations of its width and composition.
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It is obvious that similar anisotropy of the hotefactor

o QD emission
will also appear in pancake-shaped QD’s whose symmetry is )

similar to that of quantum wells. Thereby the QD’s of such V4

shape are expected to show anisotropy of the magnetic field metal mask

induced suppression of the polaron shift analogous to that in Zn Mn.s

guantum wells. In addition, that should result in an anisot- MM B(Faraday)
ropy of EMP emission line broadening caused by the fluc- — CdSe, 2.5ML

tuations of the magnetization in the GPThus, in order to

carry out complete analysis of thermodynamic fluctuations of Zny7sMn,,;Se

the magnetization in the QD’s one has to use a tilted mag- —>
netic field where both longitudinal and transverse fluctua- GaAs substrate B(Voigt)
tions contribute to the width of EMP emission line.

In this paper we present PL studies on individual pancake-
shaped self-assembled QD’s in the CdSe/ZnMnSe system in FIG. 1. A sketch of the sample with a metal aperture. Directions
magnetic fieldB parallel and perpendicular to the QD plane. of the magnetic field in “Faraday” and “Voigt” geometries are
Those measurements allow us to separate contributions froghown by arrows.
longitudinal and transverse fluctuations of magnetization. PL
signal from a DMS QD results from recombination of a lo- found in CdZnSe/ZnSe quantum wells with weak potential
calized EMP, i.e., a ferromagnetically aligned spin complexfluctuationé®?® and gives a clear proof of the 3D exciton
consisting of one exciton and several hundredsMions  confinement within a size comparable to the 3D Bohr radius
with strongly correlated spins. The investigation of 3D con-(about 3—4 nm in these materipldn order to obtain PL
fined EMP in a SQD allows one to completely avoid thesignal from an individual QD, an opaque aluminum mask
effect of inhomogeneous broadening of the PL line due tavas deposited onto the top of the sample. The mask con-
size fluctuations and spatial inhomogeneity of the Mn contained small periodically arranged aperture holes down to
tent that are characteristic of QW’'s and multiple QD’s. 100 nm in diamete?*

Thereby only two contributions determine the EMP line- PL was excited with ultraviolet lines of Arion laser
width in the PL spectrum from a single QD in time- (A=351-364 nm). The sample was immersed in superfluid
integrated PL measurements: fluctuations of the EMP madiquid He (Ty,»=1.8 K) in an optical cryostat with super-
netic momenM and the transient shift of the PL line due to conducting magnet providing a magnetic field up to 12 T.
the EMP energy relaxatiolf:’®> Here we study CdSe/ The PL signal was detected by liquid-nitrogen-cooled
ZnMnSe QD’s with an EMP lifetime much longer than the charge-coupled device camera. The density of the excitation
EMP formation time that allows us to neglect the contribu-power was less than 0.1 mW focused on a spot of about
tion from relaxation effects. Thus, these SQD EMP’s are50 um in order to avoid overheating of the Mn spin system.
ideal objects for exploring magnetic fluctuations. The EMP formation time in our QD’s is-130 ps, which is

The paper is organized as follows. In Sec. Il we describénore than four times shorter than the EMP lifetifielhat

our sample and experimental setup. Section Ill presents thgllows us to neglect the transient effects in the first approxi-
results of measurements of emission spectra on individuahation.

pancake DMS QD's in magnetic fields normal and parallel to
the QD plane. Finally, in Sec. IV we discuss the anisotropy
of the magnetic-field dependence of an EMP ground-state
energy and of the fluctuations of magnetization in the QD

and their relation to the anisotropy of the h@éactor. Figure 2 disp|ays typ|ca| QD PL spectra taken from two
different apertures with size as small as 350 nnt re-
corded in “Faraday”B||z and “Voigt” BL z (z is the direc-
tion perpendicular to the QD plangeometries in the range
The sample under investigation schematically shown irof B=0—11 T. Low excitation density of 4 W/chwas used
Fig. 1 was grown by molecular beam epitaxy on(1®0  in order to ensure that) only a single electron-hole pair was
GaAs substrate. The QD layer with a nominal CdSe thick-generated per QD an@i) any marked heating of Mn spin
ness of 2.5 monolayers was grown on & ZgMn,Se layer system was avoided. 2=0 T, the spectra consist of sev-
with the Mn contenk=0.25 and covered with a cap layer of eral wide lines on a broad background. Applying a magnetic
the same content. Typical lateral QD sizes found in similarfield normal to the QD plane changes the spectrum drasti-
CdSe/ZznSe and CdMnSe/ZnSe systems by transmissiarally. With increasingB the initially wide weakly resolved
electron microscoph''° and atomic force microscop¥,re-  and unresolved lines exhibit a strong red line shift, become
spectively, are about 10 nm. The quantum dots are only aarrower, and finally split into a set of well resolvable lines
few monolayers in height, thus having a pancakelike form. Awith full width at half maximum of~0.5—-1 meV. The PL
strong localization of excitons in our samples is confirmedsignal is nearly 100% circular polarized already Bt
by a very long, about 580 ps, recombination lifetime deter->1.5 T.
mined from time-resolved PL spectroscdpyThis time is The set of lines and energy separations between different
roughly one order of magnitude longer than that usuallylines changes strongly from one aperture to another. To get a

IIl. MAGNETIC-FIELD DEPENDENCE OF THE DMS QD
EMISSION SPECTRA

II. EXPERIMENT
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the spin alignment itself is not enough to completely sup-
press statistical fluctuations of the magnetization.

IV. DISCUSSION
A. Magnetic-field dependence of the EMP ground state

A strong difference in the polaron energy shift in Faraday
and Voigt geometries was earlier observed in 2D systems in
magneto-optical studies of DMS quantum wéfisThe dif-

Voigt
o N
2

ference has been shown to originate from the lowered sym-
metry of quantum wells and explained in the framework of a
model taking into account the anisotropy of the hage
factor!’ The effect of the latter on the magnetic polaron for-

Intensity (arb. units)

o
-
N
—

3T
+ I + . N ) .
7T; 4TM : mation and magnetic fluctuations in the 2D EMP was con-
5 ot 5 sidered theoretically by Merkulov and KavolihThe pan-
) y Tg £ cake QD's are characterized by the symmetry similar to that
- 10T‘l t* of quantum wells and thereby have a similar anisotropy in
R ' . the holeg factor. Thereby to describe the difference in the
2.06 2.08 2.10 2.12 2.04 2.06

polaron shift in a single QD we can follow the theory sug-
gested in this work. The anisotropy of the hgléactor will
) be also employed in the explanation of the difference in the
FIG. 2. QD photoluminescence spectra taken from two 250-nMgp inewidth behavior in Faraday and Voigt geometries.
apertur_es(No. 1 ar_ld No. 2 at various magnetic flelo_ls in Faraday The giant Zeeman shift in the Faraday geometry in low-
gnql \_/0|gt geometries. The arrows point out the P_L "Fes of selecteq)imensional DMS structures as well as in bulk DMS mate-
::&‘Egu]al quantum dotsNote, the energy scale is different@® a5 vasyits from the increase si-dexchange interaction of
: electrons and holes with Mn ions caused by the Mn spin
alignment in magnetic field The EMP binding energy in a
spectrum with a relatively small number of separate lines on&D is determined by the exchange interaction of an electron
needs to use aperture with the size smaller than 300 nm. Nand a hole localized in the QD with Mn ions. In bulk dia-
lines could be resolved with the size larger than 500 nmmondlike DMS’s the exchange interaction of electrdes
Thus, we can ascribe the individual lines observed at higtand holegh) with magnetic ions is described by the Hamil-
magnetic fields in the Faraday geometry to the emission ofonian
excitons localized in different individual QD’s. Note that
even in high magnetic fielB=11 T the linewidths are in the
range of 0.5—1 meV and are still markedly larger than those
in nonmagnetic QD¢less than 0.1 me\M°2°The large line- . . . .
width of a DMS SQD emission is related to statistical mag_whgr_e In is the spin operator of a magnetic ion with the
netic fluctuations: as the SQD is being probed repeatedly iROSItion VeCtorRy, ; a;, J;, andr; are the electror{hole)

our experiment, statistical variations of the magnetizatioffXchange integral, spin operator, and position vector, respec-
within the exciton wave function result in a broadening of UVely: Electron and hole zone center states are degenerate
the single QD emission peak in time-integratedtwomld and fourfold, respectively, and the valuebéquals

experimentd5:2° Je=s=1/2 andJ,=3/2. In a pancake QD the hole state
The change in the emission linewidth with magnetic fielgsPlits into two twofold degenerate ones due to the lowered

indicates a strong dependence of statistical fluctuations ofymmetry. The hole spin in the lowest energy stateljs
magnetization in the QD on the magnetic field. The linewidth= 3/2- AS this hole state is only twofold degenerate, the holes
narrowing in the magnetic field is connected to the suppres2'® usually(for unification with electron)§descr|bed as qua-
sion of statistical fluctuations. A natural reason for that is thesiparticles with pseudospijy,=1/2: J,=gj,, whereg is a
alignment of Mn spins in strong magnetic fields. One couldtensor of the holg factor. As a consequence, the exchange
expect a similar strong narrowing of EMP emission line inHamiltonian of an electron keeps the form given by Eq,

high magnetic fields in Voigt geometry that also leads to avhereas that for a hole becomes more complex,

strong Mn ion spin alignment. However, Fig. 2 shows that
the behavior of the EMP emission in Voigt geometry is quali-
tatively different. In this geometry, the spectra do not reveal
any strong changes even in the highest investigated field of HereHyy is the part of the Hamiltonian that depends on
11 T. The lines remain broad demonstrating a small blue shifthe magnetic-ion spin state onlyan-Vleck term. This term
rather than redshift. They are only weakly linearly polarizedleads to an energy shift of both degenerate hole levels. It is
even atB=11 T with polarization degree less than 0.1. As usually small and can be omitted in the first approximafion.
the Mn spin alignment in high magnetic fields takes placeug is the Bohr magnetorgy,=2 is g factor of Mr?*. The
both in the Faraday and Voigt geometries, we conclude thatxchange fieldBYr is responsible for the splitting of the hole

Energy (eV)

HL=a> (J;-1,)8(ri—Ry), 1

ng:HVV(Ilv cee vln)_MBgMnB('\aAQ(Ila coln)-ine 2
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states and for the rearrangement of the two-component holi Ji

wave function. This field plays the main role in EMP forma- QD %s QD JhT/vs

tion and its anisotropy leads to a qualitative difference of

EMP properties in bulk cubic DMS’s and QD’s of lower B M

symmetry. b B, By
To simplify the problem, for a semiquantitative consider- M AB KA il

ation one can consider an electrdmwle) interacting with the Bex \ Be'; A 1 BB

total spinl =21, of all ions inside the electrothole) orbit. B, B )

This corresponds to the formal assumption that the electror a

(hole) wavefunction = 1/\/V inside the localization volume Ve

V and equal to zero outside?tAs long asl>1 one can <My >

neglect the quantum uncertainty of its componéh&inally, L W

let us use the so-called “adiabatic approximation” valid \/<57j> 1

when the binding energy of EMP is substantially higher than B

both the temperature and all characteristic frequencies in the M

system of Mn iong® In this approximation the exciton and
Mn ion system can be considered separately and it is conve
nient to introduce an effective exchange field induced by the
electron,BS, and holeB}, acting on Mn spins,

. a1 B 1

C) d)

& wemn VS’ X Bugmn V h FIG. 3. Electron and hole spirss J,, exchange field8¢,, B, ,
and total fieldBy in the Faraday(a) and \Voigt (b) geometries.
Diagrams(c) and(d) explain the meaning of longitudinal and trans-
verse fluctuations oM in the Faraday and \Voigt geometries, re-

spectively.

where a=a,, B=ap—their numerical values in ZnMnSe
can be found in literatur®
In the framework of these approximations spin Hamil-
tonian of the EMP in the external magnetic fidddcan be
written as follows: where N, is the number of cations per unit volume. The
effective Mn spinS;+<<5/2, and the effective temperature
H=gunual (B+BS+BL) - 11=0gwnia(Bs-1). (4  T.=T+T, take into account the antiferromagnetic interac-
tion between neighboring M spins.kg is the Boltzmann
constant.
Equations(5) and (6) show that the electron and hole
, . exchange fields influence the EMP transition energy not only
cates that thep-dexchange interaction between the 3D con-gire iy “hut also via the magnetization,,, as the Mn ions
fined carriers and the spins of the Knions leads to a direct spin alignment in the EMP is provided by a cooperative ac-

dependence of the transition energy of the PL signal from g, of hoth the external field and the electron and hole ex-

SQD on the Mn-ion magnetizatioM ,, within the exciton change fields. To calculaté! and Ecyp one has to deter-

xﬁnirfu:;t'on' The EMP transition energy in the QD can beyine the direction oB}, andB¢, that is parallel to the hole

and electron spins, respectively. The properties of the hole

pseudospin and the electron spin in a pancake QD are quite

different. The electron spin has no preferable direction in the
=Eq(T)—Bex M(Bs ,T). (5) absence of the magnetic field. In contrast, the properties of

the 3/2 hole spin in QD’s with the lateral size markedly

Here Eo(T) is a field independent part of the QD transition exceeding that in the normal direction are very similar to

energy,Be,=Bg,+ Bl is the sum exchange field. The effec- those in the quantum wells. In particular, B&0 the hole

tive volume V¢, in which the exciton spin interacts with spin is directed normal to the QD plane. As the hgliactor

the spins of the Mfi" ions, is given bWe;= yV, whereVis  is highly anisotropicg,,> gy, gyy=9. , the hole spin di-

the volume occupied by the exciton wave function, and rection coincides with that of an external magnetic field only

(which is less than unifytakes into account the fact that only when the latter is normal to the QD plari|z. In all other

a part of the exciton wave function overlaps with the®n cases the direction of the hole exchange field differs from

spins.M =My, Vers=0gunugl is the total magnetic moment that of B. In contrast, the electrog factor is isotropic. That

of Mn ions withinV¢¢¢. The Mn-ion magnetization in exter- means that in the dots with a comparable size of electron and

nal and exchange fields depends on the total fislcand is  hole wave functions the lowest EMP energy is reached when

Here we have taken into account only the lineat iterms
and omitted the electron-hole magnetic eneqyg(B-S)
+gnhue(B-Jy), as itis small §,J,<I). Equation(4) indi-

Eemp(B, T)=Eo(T) = Bex Myn(Bs , T)Veis

described by the modified Brillouin function: both the electron spin and Mn spins are directed along the
sum of B+B,. In other wordsB¢, always follows the di-
SuedwnBs | By rection of theB+B" . That is illustrated in Figs. @) and
MMn(BE!T):_XNOMBgMnSeffBrSIZ(k—n = 3b ex gs. @
2kgTefrr | By (b).
(6) The magnitude of the deflection of the hole spin direction
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from the magnetic field depends on the direction and magni- — r T 1

tude of the magnetic field and the ratiQ,/g,,. The mag- { Experiment Theory

netic field parallel to the QD plane mixes hole states with

J,=3/2 and 1/2 which leads to a superlinear dependence of 2.11 1 ® Faraday —— .
the exchange fiel8¥ on1. In particular, in this casBM(1) = Voigt ----—-

can be written as

2.101

1
BEY(1)= v(@detalie+Gite), (7)

38IMn
whereg, is the in-plane component of the hajdactor, G,
is determined by the ratio of characteristic exchange energy
and the splitting of the light and heavy hole subbands. If the
two last terms are equal to zero, the hole spin is directed
normal to the QD plane in any magnetic field. It is natural 208 -
that no EMP emission line polarization will appear in this
case in the magnetic field in the QD plafiélhat is because
there is no preferential hole spin projectidfy on z axis.

It is just the last two terms that lead to the splitting of the 2.07 - .
heavy hole level and the EMP line polarization. As described &
in the preceding section the linear polarization degree of the —— 7T
EMP emission line in our QD’s does not exceed 10% in the 0 3 6 9 12
highest used magnetic fielBLz. That means that we are Magnetic Field (T)
still far enough from the critical magnetic field where the last
two terms in Eq(7) become comparable to the first one. The FIG. 4. Magnetic-field dependences of the transition energies of
estimation of those terms carried out at the end of this sed%rr‘]es al?:jnl‘?' b frﬁm apﬁrture '\l'o- 1f i?w F?"?‘day ?‘;‘thOigt gefo([anﬂetries.
tion results in the ratiod, I, +G,1°)/g,),<0.1 at 11 T. e solid fine shows the results of the fitting with the use of .

Thereby to simplify the further éonsideration we have IeftThe_beSt fitfor ”le lines a and b is _Obta'nEdE%tP: 15;8 mev,

: . . . . h - Tet1=9.6 K, B;,,=29 T and atE,,=15.0 meV, T¢1=9.4 K|

only the first term in Eq(7). In this approximationBg, is 5" _55 ¢ resgectively P
always directed along the axis independently of the mag- "*
nitude and the direction of the external fiddd The electron
spinsand Mn magnetic momem tune up along the direc- Parameter&n,, Tegs, Byp, andEo. The values of the ad-
tion of the sumB+ ng as shown in Figs. @ and 3b). In Justa_lble parameters for two lines are presented in the caption
particular, in the Faraday geometr|@) both exchange of Fig. 4. '_I'he par_ameters for two Imes from the same aper-
fields ng andBE, are parallel taz. In contrast, in the Voigt ture are slightly different. The same is true for othgr !mes we
geometry BL 2) the hole exchange fieIBQX is parallel toz analyzed. The exchange fielj,, was found to be within the

and that of the electroBS, is directed alongB+B!). The = 9° 24-3.3 T and;=9.2-9.6 K. We also found that

¢ . _ Emp varies in the range of 14-18 meV, which is in a good
angle ¢ betweenM andz is determined by the expression agreement with an average valifg,~17 meV obtained

h earlier in time-resolved measurements on the ensemble of
Bex CdSe/znMnSe QD&

The energyEp, of the detected EMP PL signal is equal to B. Fluctuations of the magnetization in the quantum dot

Energy (eV)
3

Eemp [EQ. (5)] and can be written as The PL linewidth of a SQD is not influenced by variations
of the Mn content or QD size that are characteristic of a QD
(Bcosgp—a)M(Bs ,Tetr) ensemble. It is determined only by the magnetic polaron

EpL=Eo+Emp (B—a)M(Bnp, Terr) ' (8) magnetization relaxation and quasiequilibrium fluctuations

of its total magnetic momentl. As was mentioned above,

whereE,, means the EMP binding energy in zero magnetictime-resolved measurements have shown that the EMP for-
field at T=0 K; By,,=|BS,|+|BL,. In the Faraday geom- mation time in CdSe/ZnMnSe QD's;~130 ps is suffi-
etry o* polarized PL signal corresponds to the recombinaciently shorter than the EMP lifetime of,~580 ps?!
tion of the excitor| Jf= +3/2s*= — 1/2). In the Voigt geom-  Therefore the influence of the dynamical broadening on the
etry the electron with the spin parallel By recombines with  linewidth is negligible!* Under these conditions the EMP
the hole whose spin with an equal probability is directedlinewidth is governed only by fluctuations of the EMP mag-
alongz and —z. As a consequence, the PL signal is unpolar-netic moment\.
ized. The statistical fluctuations d¥l lead to a Gaussian shape

Figure 4 shows the results sfmultaneouditting of the  of the EMP emission line with a full width at half maximum
line shift in two geometries with the use of four adjustable(FWHM)

195313-5
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AE=/81n2(SE?) =8 In2(5(Bey M)?),

where(SE2) and({8(Be,- M)?) are the dispersion d& and
Bex- M, respectively{(B.M)?) can be presented as a sum

of two components, longitudinal and transverse, correspond-

ing to fluctuations oM along and normal td/1 respectively:
<5( Bex' M)2> = ng,H( oM ﬁ> + Béx,L< 5Mi>'
Thus, the equation for FWHM takes the form
AE={8In2[(SM)(Bg,+By,cos$)?+(M?)
X(Bg,sin )2} 9)

According to the fluctuation-dissipation theor¢RDT),*°

o, _dMy(B) :
(OM)=—4g keT=M'(Bs)ksT,
I lacs,
dM, (B M(B
(omzy= B MG o
dBJ_ B:Bz BE

M (B), By andM, (B), B, are projections oM (B) andB
on the direction oBy and perpendicular to it, respectively.

PHYSICAL REVIEW B 68, 195313(2003

Magnetization

Magnetic field

The meanings of the longitudinal and transverse fluctua-

tions are illustrated in Figs.(8 and 3d). The first ones
correspond to the fluctuations of the amplitude Mdf,

FIG. 5. The plot illustrates the difference in the behavior of
longitudinal and transverse fluctuationsMfin magnetic field. The

whereas the latter are due to the fluctuations of its directionthick solid line is the magnetizatiodl (B) [Eq. (6)]. % is the angle

Using the high-temperature limit of the FDT one supposedetween the tangeidotted ling to the magnetization curve and the
that the characteristic energy of elementary excitations rex axis. tam:M’(B)~<5Mﬁ> decreases rapidly in high magnetic
sponsible for the EMP magnetic moment relaxation isfields, whereas taf= M/B~(SM?) (dashed lingdecreases notice-
smaller than the temperature of the Mn ion spin. Togethegbly slower.

with the restrictions imposed by the adiabatic approximation

it leads to the following limitations of the validity of our comes dominant at high fields both because of increage of
model: Enp>kT>%hwy,, wherefwy, is the energy of any and decrease of transverse fluctuations. Thus, the investiga-

excitation in the system of Mn ions.
According to Eq.(10) longitudinal fluctuations decrease

tions of the EMP emission linewidth in the single pancake
QD with an anisotropic holg factor open an unique possi-

exponentially in high magnetic fields whereas transverséility to measure not only the longitudinal but also the trans-

ones decrease asBl/Figure 5 illustrates this difference.

verse magnetic fluctuations. The observed weak magnetic-

Let us first consider the Faraday geometry. In this geomfield dependence of the EMP linewidth in the Voigt geometry
etry ¢=0 and the transverse fluctuations are normal to thejualitatively confirms the predicted fact that the magnetic

exchange magnetic fieldf. Fig. 3c)]. It follows from Eq.

field suppresses the longitudinal fluctuations much stronger

(9) that in this case the transverse fluctuations do not conthan transverse onggg. (10)].
tribute to the linewidth and hence it is completely determined The dependences of the EMP linewidth extracted from

only by the longitudinal fluctuations:

AEg4(B)=181n2kgTBs,M'(Bs). (11)

experimental spectra in the whole range of magnetic fields
for two geometries are shown in Fig. 6. It is obvious that
single well-resolved lines are required for an accurate deter-
mination of their FWHM. Figure 2 shows that such well

AEg,, can be immediately related to the experimentallyresolved lines are observed only in the spectra recorded at

determined value adEp, /dB as it is follows from Eq(5):1°

12

dEp.
AEFar(B): V81n 2<BTBex - d_B

In the Voigt geometry the angleb increases monoto-
nously with external magnetic field. Figuréd® shows that

B>4 T in Faraday geometrypositions of maximums of
these lines are observable at lower fig¢ldBo extract the
width of the lines from the other spectra we have to use the
deconvolution of lines from different QD’s. In the deconvo-
lution procedure we have fixed the number of lines in the
spectrum. This number is well determined from the spectra
recorded at higlB in the Faraday geometry. In addition, we

in this case both the longitudinal and the transverse fluctuahave chosen for discussion only the lines that are more or

tions have a projection ont®,, and, hence, contribute to the
EMP linewidth. Moreover, the relative contribution of the

less separated from the othdesg., the lines marked by ar-
rows in Fig. 3. The deconvolution of the line shape of these

transverse fluctuations increases with magnetic field and béseparated” lines in the spectrum is rather reliable if their
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12 fluctuations contribute in the EMP line FWHM &]z. In
° Faraday contrast, the transverse fluctuations decrease m.uch .slower.
) The experimental dependence of the EMP linewidth in the

u Voigt \Voigt geometry is in a semiquantitative agreement with the

- calculated dependence. For a more accurate comparison of

the experiment and theory one needs measurements on

samples with a smaller amount of QD’s in order to separate

individual QD lines in the Voigt geometry.

The obtained value of Mn spin temperatdre 6.2 K sub-
stantially exceedd,,1=1.8 K. The difference is not sur-
prising as the optical excitation of free carriers in DMS’s
overheats the Mn spin systethWorking with a single QD
one has to increase the excitation compared to the experi-
ments with quantum wells and bulks. The more the excita-
tion density was used the larger was the Mn spin tempera-
ture.

FWHM (meV)

C. Estimation of the in-plane component of the holey factor

In the previous subsections we used the approximation of
ob—o o Lo an absolutely anisotropic hotgfactor for the description of
0 4 8 12 the experimental data. In this subsection we estimate the in-
.o plane component of the holg factor and show that the
Magnetic field (T) above approximation is justified. A magnetic field parallel to
FIG. 6. Magnetic-field dependence of the EMP PL linewidta the QD plane mixes the _heavy hole and_ light hole states W!th
(the line a in the aperture No. 1 in Fig) ; Faraday and Voigt qh=3/2 and 1/2, respectively, and thus increases an effectlve
geometries. The fitting curvesolid lineg are calculated with the iN-Plane component of a holg factor. The correction being
use of parameterg,,=15.8 meV,B,=2.9, To;=9.6 K, found cubic in B increases with magnetic fieldeq. (7)]. As was
from the fit of the transition energies. The best fit is found at MnMentioned above, this correction leads to the splitting of the
spin temperaturd =6.2 K. Ji=3/2 doublet and a deviation of the hole momentum from
the z axis. That inevitably leads to an appearance of a linear

FWHM does not exceed the energy separation between tfRPlarization in the EMP emissidt.Indeed, when the elec-
neighboring lines. This is supported by the fact that the exiron (hole) spin deviates from the axis by an anglep
tracted FWHM values for such lines weakly depend on the=¢e (¢n) its wave function can be presented as
initial parameters. Estimated errors in the FWHM values are=|1/2)cos@/2) + |- 1/2)sin(¢/2). Here|-1/2) and |1/2)
shown in Fig. 6. It is natural that they are small only at the@re the electrorthole) spin functions with the spiripseu-
high B in the Faraday geometry. In Fig. 6 we have plotteddospin projection onz equal to +1/2 and —1/2, respec-
only the points with an estimated error smaller than 30%. tively. That leads to a linear polarization degree of the
The fitting of the magnetic-field dependences of the EMPemitted  light P = (I,—1,)/(1x+1y) = —(singesin¢y)/(1
line FWHM determined in the Faraday and Voigt geometriest COS¢@COS¢p) wherel, andl, are the intensities of the PL
is shown in Fig. 6 with solid lines. The theoretical depen-signal linearly polarized i andy directions, respectivefy.
dences were calculated using E@@)—(12). Note that we It is seen thatP deviates from zero only itp,#0. In a
have used in the fitting procedure only one adjustablenagnetic fieldB> B, the direction of the electron spin is
parameter—the Mn spin temperatifeThe values off ¢,  close to thex axis, ¢~ /2, and, henceP~sin(g),. By
Bmp. andEy,, were taken from the fitting of the EMP tran- using the value oP~0.1 atB=11 T found in our measure-
sition energy described above. The best fit is obtained foments we can estimate that,~0.1 and hence ¢=0,
T~6.2+0.5 K. Comparison of this value witfi.;;=9.6 K +G,1%)~0.1g,,. This estimation shows that the approxi-
extracted from the fit of transition energies in Fig. 4 leads tamation of an absolutely anisotropic hajefactor used above
the value ongzs.z K which is close to that for bulk zZn- is well justified. So small contribution from the mixing of
MnSe (3.6 K).*! The simultaneous fit of the magnetic-field heavy and light hole states in our QD’s is due to a large
dependences of the EMP line FWHM in two geometries pro-energy splitting of these states because of the very small QD
vide a rather good description of experimental data in Farathickness.
day geometry. In the Voigt geometry, the calculated values
are within an experimental error but systematically smaller
than experimental ones. However, basing on the presented
experimental data we can conclude that in agreement with In summary, we have studied the Zeeman shift and the
the theoretical prediction€qg. (10)] we have found that the linewidth of EMP PL line from individual CdSe/ZnMnSe
magnetic field suppresses strongly only longitudinal fluctuapancake-shaped QD’s in the magnetic field up to 11 T ap-
tions of M in DMS QD’s (cf. Ref. 15 as wejl Only these plied perpendicular and parallel to the QD plane. These mea-

V. CONCLUSIONS
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surements allowed us to obtain complete information on stashown that the magnetic field weakly influences the trans-
tistical fluctuations of the EMP magnetization. That turns outverse fluctuations.

to be possible due to a high anisotropy of the hpl@ctor,
which allows one to get information not only on the fluctua-
tions of the magnitude but also of the direction of the
magnetization vector. The experimental data are satisfacto- This work was supported by Grant No. INTAS 01-2375,
rily described in the framework of the FDT theorem. Russian Foundation of Basic Research Grant No. 02-02-
The experiment with a magnetic field normal to the QD 16873, and the Deutsche Forschungsgemeinshhaft Grant No.
plane have confirmed that the longitudinal magnetic fluctuaSFB410. Authors would like to thanks I.A. Merkulov and
tions decrease exponentially with magnetic field, whereas thB.R. Yakovlev for helpful discussions. The technical assis-
experiments with a magnetic field in the QD plane havetance of M.Emmerling is gratefully acknowledged.
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