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We provide an experimental evidence and a theoretical substantiation for a strong reduction of the
s-d exchange interaction between electrons and Mn-ion spins with increasing degree of the confinement
in nanostructures of diluted magnetic semiconductors. By spin-flip Raman scattering a strong (up
to 25%) reduction of the exchange parameter is observed in (Cd,Mn)Te/(Cd, Mn,Mg)Te quantum
well structures. As a responsible mechanism we suggest switching-on of the kinetic exchange for
the conduction electrons with finite k vectors. Quantitative agreement between experimental data and

calculations is achieved.
PACS numbers: 75.30.Et, 71.70.Ej, 75.50.Pp, 78.20.Ls

Semimagnetic or diluted magnetic semiconductors
(DMS) are known for their giant magneto-optical effects
originating in a strong s p-d exchange interaction between
the band electrons and the magnetic (e.g., Mn) ions. In-
corporation of semimagnetic layers in quantum-confined
heterostructures opened new possibilities for the “spin
splitting engineering” [1]. In this context, in addition
to a magnetic field, temperature, and Mn molar fraction
dependences, also the confinement energy and the size
guantization became means of an effective tuning of
the spin splittings. While a precise tuning of the spin
splitting is of great significance for future-spin-dependent
electronics, it is already now of obvious importance in,
eg., studies of samples with zero g-factor in the frac-
tional quantum Hall regime [2]. Also, exciting physica
phenomena have been reported recently for semimagnetic
heterostructures. coherent spin excitations [3,4], magnetic
polaron formation [5], and ferromagnetic hole alignment
in p-type doped structures [6].

For the electrons from the vicinity of the conduction
band edge the exchange interaction with the localized d
electrons of magneticionsis described by the Hamiltonian:

Hyxy = —« Z(Ssl)a(r - Ry, (1)

where the parameter of the s-d exchange interaction « is
positive. In the case of the holes, the exchange energy
has the same form but the parameter of p-d exchange
interaction B8 < 0. In Eq. (1) s and r are the spin (total
angular momentum in the case of the holes) and coordinate
operators of a carrier, and S; and R; are the total spin
and coordinate of the ith magnetic ion. A positive sign
of « results from the direct (or potential) exchange of
the conduction band electron with the d electrons of Mn
ions. The negative sign of B is due to a dominant role of
the kinetic exchange [7] which occurs because of possible
transitions to virtual statesin the d shell [8].
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A possibility of a modification of the exchange parame-
ters under quantum-confined conditions has been recog-
nized already with the first semimagnetic semiconductor
quantum wells (QWSs) studied. However, experimental
evidences showing unambiguously such a modification
of the exciton Zeeman splitting, i.e., of (¢« — B), have
been found only recently [9]. A specia design of the
QW structures was crucial for the latter studies since one
had to rule out effects related to a modification of mag-
netic properties at the magnetic/nonmagnetic interfaces.
A recent theoretical approach to the problem developed
by Bhattacharjee [10] shows a qualitative agreement with
experiments of Mackh et al. [9] but fails to describe quan-
titatively the large value of (@« — B) variation amount-
ing to ~15% since it predicts only 2% variation of the
exchange parameters. Let us note that the approach of
Ref. [10] accounts for the variation only of .

In this Letter we present new experimental results of
direct measurements of the dependence of o on the QW
width by means of spin-flip Raman scattering (SFRS). A
strong 25% decrease of « isfound. We developed also a
model accounting for the kinetic exchange for the conduc-
tion band electrons in quantum-confinement structures. 1t
shows a good agreement with our experiments and with
the data of Ref. [9]. An extension of the model predicts
even stronger modifications of the exchange interaction in
quantum dot structures made of DMS,

The SFRS spectroscopy has been chosen here since
it is the most reliable method of investigating « [11].
We studied a high-quality (Cd,Mn)Te/(Cd, Mn,Mg)Te
QW structure grown by molecular-beam epitaxy on (100)-
oriented GaAs substrate. It contained a CdyogsMng 2 Te
single QW sandwiched between Cdyg76Mng014sMgo.11Te
barriers. Exact Mn contents in the part of the QW and in
the barriers were determined from the giant Zeeman effect
of the conduction electron states by means of SFRS. A
wedgelike shape of the sample (for details see Ref. [12])
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alowed us to redlize in one single structure an in-plane
variation of the well width from 300 A down to 45 A and
thus to achieve a variation of the electron confinement
energy E, from 5 meV up to 50 meV. The structure was
lightly n-type doped in the barriers (about 10'> cm™3) in
order to enhance the SFRS signal. The spin-flip shift
caused by the free electrons in the QW was measured at
a temperature of 1.6 K and in magnetic fieldsupto 7 T
applied in the Voigt geometry (for details see Ref. [13]).
Raman shifts corresponding to the giant Zeeman split-
ting of the conduction band electrons in 45 and 300 A
wide QWs are shown in the inset of Fig. 1. Solid lines
trace the fits of the Raman shifts with the use of equa-
tion: AEsprs = a(E.)NoxSerrBs/2[58vn B/ 2kp(T +
To)]. Here Ny isthe number of unit sells per unit volume,
gvn = 2, mp is the Bohr magneton, T is the lattice
temperature, and S.¢r and T, are effective parameters
characterizing magnetic properties of Mn-ion system [9].
The effective parameters were determined from the fit for
the widest region (300 A wide) of the QW done with bulk
value of exchange parameter Noa = 0.22 eV. These
parameters were kept constant in further determination
of a(E,.) in narrow regions of the QW. The dependence
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FIG. 1. (@) Exchange parameter o®% as a function

of the electron confinement energy in CdyosMnyopTe/
Cdyg76Mng014sMgo.11 Te single QWSs. In the inset magnetic
field dependencies for the Raman shift in 300 and 45 A QWs
are presented; (b) reduction factor of exciton Zeeman splitting
pV = (@ — B)/(a — B) as a function of QW width
in Cd;_,Mn,Te/Cdy75-,MnMgyosTe QWSs (experimental
data are taken from Ref.[9]). In both panels results of
the calculation are shown by the lines. ¢~ — E, = 2.5 eV
(dashed) and e~ — E, = 3.5 eV (solid).
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a(E,) determined in this way is shown in Fig. 1a. We
found a decrease of « by about 25% with QW width being
reduced down to 45 A. On the other hand, the recent
theory [10] predicts no confinement energy (i.e., no well
width) dependence of «. Because of this conflict between
the existing theory and our experimental results we are
led to the conclusion that there must be a mechanism, so
far not considered, which is responsible for the observed
rapid drop of «. Such a mechanism is suggested below
involving the kinetic exchange also in the case of the
conduction band electrons.

Let us recall that the I' point the kinetic exchange for
the electronsis forbidden by their s-like symmetry. Inthis
case the exchange interaction between the band and the lo-
calized d electrons has a potentia character with a > 0.
For electronic states away from the Brillouin zone cen-
ter (i.e, for finite k vectors), the wave functions of the
valence band states with p-like symmetry admix to the
Bloch functions of the conduction band. This admixture
facilitates the kinetic exchange also for the conduction
band electrons, the magnitude of the kinetic exchange be-
ing determined by the degree of the admixture. The ki-
netic mechanism of the exchange leads, in turn, to the
negative sign of the contribution to the exchange constant.
Therefore, turning on the kinetic exchange causes, at first,
adecrease of a and can even induce its sign reversal.

A theoretical approach is developed within the enve-
lope function theory. A calculation in the frame of the
Kane mode! [14] taking into account k? terms (k directed
along the z axis) gives the Bloch amplitudes of the elec-
tron wave function (for s = + %) in the following form:

(hpk)? (2E, + A)? + E;
T em2 ( (E, + AQE? ﬂ f

a5t e
)(X—i—iY)l]
2

Here S and X, Y, Z are the orbital components of the
Bloch amplitudes at the bottom of the conduction band
and at the top of the valence band, respectively, while the
arrows 1, denote the spin components; £, and A are the
energy gap and the spin-orbit splittingat I'; p = (S|p.|X)
is the momentum matrix element between the conduction
and the valence band wave functions at I'; and my is the
free electron mass.

The admixture of the p-like wave functions to the
conduction band states makes the hybridization of the
conduction band states with d orbitals of the magnetic ions
possible. Accordingly, the virtual transitions with capture
of the electrons from the conduction band by the half-
filled d shell (see Fig. 2) become alowed. This means
that the mechanism of the kinetic exchange has to be
considered also for the conduction band states. In such
a case the value of the renormalized parameter of the

uc (k)= [1
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exchange interaction for spin components parallel to k in
Eqg. (1) isgiven by

all(k) =apotlcc,l/Z(k)lz + [Bpot + Y(Ee(k))ﬁkin]
X [1C,0(k)I> = 1Cy 1 (k)] €)

Here C.1,2(k), C, o(k),and C, (k) arethe coefficients de-
scribing the contents of S, Z, and (X + iY)/+/2 functions
in the total Bloch amplitude [in the lowest order of k they
aregivenin Eq. (2)]; apot, Bpot» and By, are the potential
and the kinetic exchange constants at the conduction band
and the valence band edges [i.e.,, a k = 0]. The coeffi-
cient y(E,) describes a possible dependence of the kinetic
exchange on the electron kinetic energy E..

To calculate the exchange interaction constant for
the spin components perpendicular to k [i.e, a (k)]
one can use Eq. (3), with the term |C, ;(k)|> canceled.
In (Cd,Mn)Te, where A < E,, the anisotropy of the
exchange interaction is very smal and will be further
neglected.

The dependence y(E.) is due to the fact that the ki-
netic exchange is normally calculated in the second order
perturbation theory. As a result, y(E.) depends drasti-
cally on the energy difference E; — E, between the ini-
tial state and a virtual state by which the electron (or
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FIG. 2. Scheme of virtua transitions responsible for the
kinetic exchange of the carriers in the half-filled 4 shell of
Mn?* ions: (a) for holes in the vicinity of the valence band top
E, and (b) for electrons in the vicinity of the conduction band
edge E.. ¢" and &~ are energy levels for the hole and the
electron capture in the d shell, respectively.

the hole) is captured on the d shell of the magnetic ion
[15]: Bkin(E:) « |Vpal* > (E; — E,)~ 1. HereV,, isthe
matrix element of the operator describing the p-d hy-
bridization assumed to be a constant. The virtual states
facilitating the kinetic exchange for the conduction elec-
trons are the same as for the valence band holes. Their re-
spective energies are denoted £~ and e+ (see Fig. 2). But
the energies of the initial states for the kinetic exchange in

| the valence and conduction bands differ by E,. Asaresult

(EV B 8+)(8_ — EV)

Y(Ee (k)) =

{[Eg + E. (k)] + (E, — e")H{(e” — E,) — [Eg + Ee(k)]}

(4)

For (Cd,Mn)Tethevaueof E, — et = 3.5 eV is estab- | than 210 meV and smaller than —260 meV (e —E, =

lished fairly accurately from photoemission experiments.
For the value of e~ — E, no experimental data are avail-
able and only estimations in the range from 2.5 to 3.5 eV
can be found in literature [16]. Thus, the value of e~ —
E, isthe only parameter of our model that can be adjusted
within certain limits.

For small confinement energies, where the linear expan-
sion interms of E, isvaid we find from Egs. (2) and (3)

da(E,)  [2E, + A)? + Ef]
d|E,| E.(E; + A)(BE, + 2A)

X {apm - [Bpot + BkinY(Ee)]

% [1 - 3[2(E, iAZ)z n E;“ (5)

The dependencies a(E.) calculated from Eg. (3) for
CdyosMng o Te for two values of e~ — E, = 2.5 and
3.5 eV are plotted in Fig. 3. We assume that B, <
|ﬁkin| and _4a'pot =~ (IBpot + IBkin) = Bkin [10] Re-
sults of the linear approximation by Eq. (5) are shown by
dash-dotted lines. Negative values of E, (k) correspond to
states below the band gap, i.e., in the tunneling regime (as
appropriate, for example, for the tails of the electron wave
functions penetrating into the barriers). One can see that
the electron exchange constant decreases with increasing
absolute value of E,(k). For the states with E, larger

2.5 eV) the exchange constant o became negative.

Using the dependencies of Fig. 3, it is not difficult to
calculate an effective modification of the exchange con-
stant in QW well provided that one knows how the carrier
wave function is distributed between the QW layer (posi-
tiveE,) andthebarriers(negative E,). We performed such
calculations to describe experimental results presented in
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FIG. 3. Dependence of the electron exchange parameter «
on the electron kinetic energy in CdyosMny g, Te. Calculations
performed according to Eq. (3) and for a linear approximation
of Eq. (5) (dash-dotted lines) are shown for two vaues of
e — E,of 25and 3.5 eV.
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Fig. 1. Calculationswithe™ — E, = 2.5and 3.5 eV are
shown by the dashed and solid lines, respectively. Re-
markably good quantitative agreement is achieved with
our results on SFRS [Fig. 1(a)] with the value of 2.5 eV.
The calculated reduction factor of the giant Zeeman split-
ting pV = (oY — W) /(a — B) is compared with
experimental results of Mackh et al. in Fig. 1(b). Again
e — E, =25 eV corresponds to the best agreement
with the experiment. We stressthat the variation of the ex-
citon Zeeman splitting is contributed to by both variations
of the exchange constants in the conduction and in the va-
lence bands. However, as shown in Ref. [10], only 2% of
the effect can be attributed to changes of B°W. Therefore,
the dominating contribution to the observed 15% reduction
of the Zeeman splitting does come from the decrease of
the conduction band exchange constant put forward here.

Note that e~ — E, isthe only adjustable parameter of
our model. The best agreement with experimental data
achieved when its value is 2.5 eV makes it possible to
estimate the energy ¢~ of Mn ion with respect to the
valence band edge. To the best of our knowledge this
parameter has not been measured experimentally so far.

Let us now turn to zero-dimensional objects, i.e.,, DMS
guantum dots (QDs) embedded in a dielectric matrix. A
strong increase of the quantum-confined energy is expected
when reducing QD size. Leakage of the carrier wave func-
tions from Cdy 9sMng oo Te QDs into the dielectric barriers
is negligible. The case of a strong carrier quantization,
when the confinement energy exceeds the exciton binding
energy, allows us to neglect Coulomb corrections to the
shape of carrier wave functionsin QDs.

The reduction factor for the exciton Zeeman splitting
in the QD pQP = [aP(E,) — BeP]/(a — B) is plot-
ted in Fig. 4 as afunction of the dot radius. For electrons
in spherically symmetrical QDs with infinitely high barri-
ers aQP(E,) is directly given by Eq. (3) (see dso Fig. 3).
In the case of (Cd, Mn)Te QDs B8RP ~ 0.88 [17]. Calcu-
lationsillustrated in Fig. 4 were performed, again, for two
values of the d-level energy, e~ — E, = 2.5and 3.5 eV.
In the first case, the giant Zeeman splitting is much more
sensitive to the dot size, which is caused by a relatively
small value of the resonant denominator in Eq. (4). It
may even approach zero for small size QDs. In this case
the value of the effect strongly depends on the broadening
of the d level. However, firmly established experimental
data for QDs are not available yet.

The calculation of Ref. [10] predicts that the decrease of
pQP should be noticeable in QDs smaller than 30 A. In
our consideration the remarkable decrease of the Zeeman
splitting is predicted aready for QDs with radius smaller
than 80 A. In large QDs in external magnetic fields the
ground exciton state spin is equal to +1 and is opticaly
active (see scheme A in the inset of Fig. 4). In small
QDs, with the sign of a?P inverted, the ground exciton
state with the spin +2 is opticaly inactive. A strong
decrease of the luminescence efficiency and/or remarkable
increase of luminescence decay time may be expected to
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FIG. 4. A giant Zeeman splitting of the exciton state as
a function of the radius of a CdyosMngg,Te quantum dot.
Parameters are the same as in Fig. 3. For pQP < 0.64,
the exchange constant «?P becomes negative leading to an
optically inactive exciton ground state in magnetic fields. A
scheme for opticaly active (A) and inactive (IA) exciton
ground states is presented in inset (B # 0).

mark atransition to the optically inactive state induced by
an external magnetic field.

In conclusion, large modification of the exchange inter-
action between el ectrons and magnetic ions has been found
experimentally in (Cd, Mn)Te/(Cd, Mn, Mg)Te QWSs. The
mechanism of akinetic exchange for conduction band elec-
trons, which becomes allowed for the states with finite k
vector due to admixture of the valence band wave func-
tions to the conduction band ones is suggested.

This work has been supported in part by the Volkswa-
gen Foundation, the Deutsche Forschungsgemenschaft
(SFB 410), the Polish State Committee for Scientific Re-
search (PBZ 028 11/P8), and by the Russian Foundation
for Basic Research (Grant No. 96-02-16941).

[1] D. Awschadom et al., Phys. World, September 1993,
p. 31.
[2] A.N. Priest et al., Physica (Amsterdam) 256-258B, 347
(1998).
[3] S.A. Crooker et al., Phys. Rev. Lett. 77, 2814 (1996).
[4] J. Stihler et al., Phys. Rev. Lett. 74, 2567 (1995).
[5] D.R. Yakovlev and K.V. Kavokin, Comments Condens.
Matter Phys. 18, 51 (1996).
[6] A. Haury et al., Phys. Rev. Lett. 79, 511 (1997).
[7] A.K. Bhattacharjee et al., Physica 117& 118, 449 (1983).
[8] J.R. Schrieffer et al., Phys. Rev. 149, 491 (1966).
[9] G. Mackh et al., Phys. Rev. B 54, R5227 (1996).
[10] A.K. Bhattacharjee, Phys. Rev. B 58, 15660 (1998).
[11] D.L. Peterson et al., Phys. Rev. B 32, 323 (1985).
[12] T. Wojtowicz et al., Appl. Phys. Lett. 73, 1379 (1998).
[13] M. Hirsch et al., Phys. Rev. B 48, 5217 (1993).
[14] E.O. Kane, J. Phys. Chem. Solids 1, 249 (1957).
[15] B.E. Larson et al., Phys. Rev. B 37, 4137 (1988).
[16] T. Dietl, Handbook of Semiconductors, edited by
S. Mahgjan (North-Holland, Amsterdam, 1994), Val. 3b,
p. 1254.
[17] A.K. Bhattacharjee, Phys. Rev. B 51, 9912 (1995).



