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Effect of the reduction of dimensionality on the exchange parameters
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We present experimental results showing a variation of the exchange parameters between carrier spins and
Mn spins as a function of quantum-well width in semimagnetic heterostructures. Relative changes of the
exchange parameters of about 0.1 are observed by analyzing the Zeeman splittings of the free-exciton states in
epitaxially grown Cd_,Mn,Te/Cd,_,_,Mn,Mg,Te quantum wells with no discontinuity of the Mn content
at the interfaces. We attribute the well-width dependence of the Zeeman splittinggswiector dependence of
the exchange parametef§0163-18206)51432-3

In semimagnetic semiconductors the large exchange intespins and between carriers and Mn ions, exhibits no differ-
action between the band states of electrons and holes and teace between barrier and well materil§i) Since the ex-
localizedd electrons of(usually Mn ions leads to strong change constant for the valence band is four times stronger
magneto-optical effects like Zeeman splittings of the freethan that for the conduction band, it is necessary to have a
exciton states of more than 100 meV. The Zeeman splittingsonsiderable valence-band offset in order to provide a strong
in bulk system$ (e.g., Cd_,Mn,Te) and semimagnetic quantization of holes. Our structures have a valence-band
quantum well§QW’s) such as CdTe/Cd ,Mn,Te (Refs. 2  offset of about 0.3.
and 3 and Cd,_,Mn,Te/Cd, ,Mg,Te (Ref. 4 have been We show experimentally that the exchange parameters are
extensively studied. Deviations from the expected behaviomodified by a reduction of dimensionality. We find relative
in semimagnetic QW’s have been attributed to a modificachanges of the exchange parameters of about 0.1 with well
tion of the magnetic properties at the interface between magwidth in our structures.
netic and nonmagnetic material. Two interface effects were The experiments were performed on samples grown
found: (i) the enhanced paramagnetisms at the interface duasy molecular-beam epitaxyMBE). CdgoeZngosle Serves
to the partial missing of nearest neighbors of Mn ions in theas substrate, which, for example, is lattice-matched
vicinity of Mn ions at the interfacd,which leads to less to CdggMggsfe ©0r CchodMinggTe® Both these
antiferromagnetically coupled Mn pairs and to more paracompounds have valence-band offsets of 0.3 with respect
magnetically active single spingij) the diffusion or segre- to CdTe or to each othérDue to the similar variation
gation of Mn atoms into the nonmagnetic wédr barrie).> of the band gap with composition, Gd,Mn,Te,

The second effect is especially important in quantum well$Cd; ,Mg,Te, and Cd_,_,Mn,Mg,Te have similar photo-
with magnetic barriers and nonmagnetic wells, where even luminescence(PL) halfwidths as a function ok+y.® In
small amount of paramagnetic Mn ions diffused in the wellCd; _,_,Mn,Mg,Te magnetic and nonmagnetic prop-
experiences a strong overlap with the excitonic wave funcerties can be tailored nearly independently. We
tion. study Cd_,Mn,Te/Cd;_,_  Mn,Mg,Te QW's with

Apart from the interface effects, it is unclear yet whetherMn  contents  0.04x<0.11 and Mg contents
the exchange parameters at the conduction- and valenc®-20<y=<0.25. Therefore, our structures are closely
band edgeéconstantsy andg at thel” point) are affected by lattice matched to the GgdygZngo4T€ Substrate. The carrier
the reduction of dimensionality. A standard technique to ex<onfinement conditions determined by the Mg content
tract the exchange parameters for bulk material is to comparare very similar for all QW’s studied. The structure of our
optical measurements and magnetization measurements, &gmples is schematically shown in the inset of Fig. 1. After a
magnetization measurements are extremely difficult for epiCd; ,_yMn,Mg,Te buffer of about 2000 A there are sev-
taxially grown QW structures due to the limited sample vol-eral Cd,_,Mn,Te QW's separated by 500-A-thick barrier
ume. To study the variation of the exchange parameters withayers of Cd _,_,Mn,Mg,Te. The well widths are typically
well width by optical means only has not been possible up t800, 80, 45, and 18 A. Finally, a 5000-A-thick cap layer of
now, since the influence of the exchange parameters has be€ud, _,_,Mn,Mg,Te was grown. During the growth of the
screened by the interface related effects mentioned above.ternary quantum wells the Mg cell was closed, and for the

In this paper we study the exchange parameters in semgrowth of the quaternary layer both fluxes of Mn and Mg
magnetic QW's using specially designed structures to avoidvere offered simultaneously. In the MBE process the stick-
the interface-related effects. We employ dMn,Te/  ing coefficients of both Mn and Mg on Te are considerably
Cd;_4_yMn,Mg,Te QW's, which fuffill the following re- larger than the competing Cd. Under the growth conditions
guirements necessary for our studi@s:Our structures have applied for the fabrication of the quaternary layers Mn and
no discontinuity in the Mn content at the interfacds) Mg are built in at the expense of Cd and the growth of
Moreover, the exchange interaction, both among the MrCd, ,_,Mn,Mg,Te on Cd,_,Mn,Te by additional Mg
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FIG. 1. Photoluminescence of a  ggMngoTe/ FIG. 2. Photoluminescence and photoluminescence excitation

Cdo.74MNo.0Mgo22Te quantum-well structure on G@eZNoosT€  spectra of a 300-A-wide GghgMingosTe/Cy 79MN g ogMd o 2oTe
substrate and well width of 18, 45, 80, and 300 A takeif atl.8 guantum well aB=0 (top) and atB=9 T (applied parallel to the

K. The photoluminescence spectrum is excitedi@by.=2.4 €V.  structure growth axisunders* - and o~ -polarized excitatior{bot-
The sample structure is schematically illustrated in the €&  {om): T=1.8 K.
=conduction band, VBvalence band

tter d t ch the M &rith | (AE; is well described by a modified Brillouin function
offer doés not change the Mn contenthe samples were Bs;,. For heavy-hole excitons it has the following fofm:
mounted in the Faraday configuration in the bore of a super-

conducting split-coil magnetfields up toB=9.5 T), im-
mersed in superfluid helium at 1.8 K. PL was excited by the
514-nm line of an argon-ion laser. PL excitation spectra were
carried out using tunable Pyridine 2, DCM, Rhodamine 6G,
and Rhodamine 110 dye lasers. The spectral resolution is OMtherea and 8 are the exchange constants at thpoint for
meV. the conduction and valence bahdespectively,N, is the

In Fig. 1 a typical PL spectrum of a GdMng ;0Te/  number of unit cells per unit volumg=2, u is the Bohr
Cdg 7gMn g 1gMg o 1sTe structure with several QW's is shown. magneton S is the effective spin, and is the lattice tem-
The spectrum consists of well-resolved lines from the barrieperature. The paramete8y and T, characterize the mag-
layer, the QW’s and from the GdgZng osTe substrate. The netic properties of the Mn-ion system, which are determined
x andy contents of the quaternary layers were determinedy the antiferromagnetic interaction of neighboring Mn ions.
from the energy of the exciton recombinations in theThe effective spin decreases afglincreases with increasing
300-A-wide Cd,_,Mn,Te well and the quaternary barrier x content'® The exchange constanis and 8 characterize
layer. More details about the determinationxoéndy con-  the exchange interaction of the band states with the magnetic
tents have been described in Ref. 6. moments of the Mn iondNga=0.22 eV andNy,8=—0.88

The magnetic properties of the semimagnetic QW's areeV have been determined for €¢d,Mn,Te (Ref. 1) at the
studied by analyzing the Zeeman splittings of the free-I" point and we have shown in our previous work that they
exciton states via PL excitatio(PLE) spectroscopy. PLE could also be applied to qu_yMnXngTe.6 We have in-
spectra at field strengtiB=0 and 9 T together with a PL troduced in Eq.(1) an additional factorf to account for
spectrum atB=0 T of a 300-A-wide CgqoMn,oTe/ changes in the exchange parameters with well width. Since
Cdg79Mn g oMggo0Te QW are shown in Fig. 2. The PLE changes in the exchange parameters are contributed by
spectra are detected on the low-energy side of the PL line. Inhanges in the valence bandfactor f’) and in
magnetic fields the PLE spectra are taken under right- anthe conduction band (factor €), f is defined as
left-circularly polarized excitation. The observation 0$-2 f=(f°a—f"B)/(a—B). We can usef=1 for thick
and 3-exciton states at magnetic fields demonstrates th€d,_,Mn,Te and Cd_,_,Mn,Mg,Te layers. Note that
high quality of the studied samples. The large Zeeman spliteEq. (1) also applies to QW's since in contrast to all previ-
ting of the 1s hh state of, e.g., 80 meV &=9 T is caused ously studied QW'’s in magnetic fields the band edges of the
by the sp-d exchange interaction between the heavy-holewell and barrier layers shift by the same values leading to
exciton states and the magnetic moments of the Mn ions ansymmetrical Zeeman splittings for wells. Diamagnetic shifts
is proportional to the magnetization of the Mn-ion system. Itof the exciton states are negligible in the range of magnetic
has been shown for Gd,Mn,Te that the Zeeman splitting fields studied here.
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FIG. 3. Zeeman splittings of heavy-hole excitons of
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FIG. 4. (a) fS fitted with Eq.(1) as a function of well width

Cdo.0dVIN.04T€/Cch7MN 0 0Mgo22T€ quantum wells determined ¢or gifferent Mn contents in Cgd ,Mn,Te/Cd,_,_,Mn,Mg,Te
by photoluminescence excitation spectra in magnetic fields app“eﬂuantum wells aT = 1.8 K. (b) Reduction factof [see Eq(2)] for

parallel to the structure growth axi§;=1.8 K. The upper branches o exchange constants as a function of well width Xer0.05,
(o7) are shown by open symbols, lower branche$ ) are shown y=0.25.

by filled symbols.

quaternary material in comparison to £gMn,Te, and(ii)

Figure 3 shows the Zeeman pattern of the heavy-hole exf S . were the responsible factor, the observed effect should
citons for three different QW’'s of the GddingosTe/  be a function of Mn content, which is obviously not the case
Cdg 74Mn 0Mg o poTe structurec™ branches are denoted by for the range of studied contents 0:04<0.18. Therefore,
filled symbols,o~ branches are denoted by open symbolswe now propose a model explaining whycould be a func-
At first sight, the Zeeman splittings are practically identical,tion of the well width. As background information we first
only the lines of the smaller wells are blueshifted due to themention some results on studies of the exchange constants at
higher subband energy. The Zeeman splittings were fitteghe criticalL point.
varying the quantitie¥, andf S in Eq. (1). For the 300-A- Coquillat et al1° carried out most of the few magneto-
thick Cd; _,Mn,Te wells and the quaternary layefwhere  optical experiments studies of the interband transitions away
we takef=1) the values foiT, andS. agree well with the  from the center of the Brillouin zone at the point
values measured in bulk Gd,Mn,Te (Ref. 1) and in (0.5,0.5,0.5 They found a reduction factor ckE, /AEy
Cd,_Mn,Te MBE-grown epilayerSwithin the error bars  _ 1 for the Zeeman splittings, independent of Mn concentra-
of our measurementsH0.5 K for To and£0.1 for Ser)). We  yjon - A theoretical tight-binding analysis of the exchange

now study howf S behaves in QW's. _ constants at the point by Bhattacharj€é came to the con-

In Fig. 4@ we showfSey as a function of well width. oy sion that the dominating part of thevector dependence
Values for one Mn concentration are always determmecgf the exchange parameters has to be attribdieéor the
from one sample only. Qualitatively we find the same behavi,,ngyction band, to the projection of the conduction-band

ior for all samples studied so far. While fdr,— and  4ve function on the catios-orbital Bloch sum andii) for
L,—0 the bulk values offy and Sy are reproduced{Serr  the valence band, to the hopping interference factor
has a minimum in all of our structures at the well width of

L,=45 A, which does not necessarily agree with the real
minimum in the well width dependence. This real minimum
is difficult to determine since only a limited number of mea-
surable wells can be incorporated into one structure. The
relative variation off Sy with well width is about 0.1. We between the Mrd orbitals and the first- and second-neighbor
note that we find that same relative variation also inanionp orbitals, whered,,d, denote the coordinates of the
Cd; _,Mn,Te/Cd, Mg, Te QW's forx=0.10 and 0.18 and first- and second-neighbor anignorbitals. Since the model
well widths between 40 and 300 &maller wells cannot be of Ref. 11 is only satisfactory for the valence-band contribu-
evaluated in this case due to dominating interface effectstion, we neglect the conduction-band contribution for an es-
We attribute the changes fi5.4 with well width to changes timation. This, together with3/a~4, leads to a reduction

in f for the following reasons(i) S is not modified in the factor for the exchange integral of

2
f(k)E‘E ek 940,13 ek%
9 %
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F(k) studying semimagnetic interface effects in quantum wells.
f=0.2+ 0-8%- (2)  Moreover, the modification of the exchange parameters be-

_ _ comes increasingly important when the dimensionality of the
This k dependence can also be applied to QW's, where thgystem is further reduced. The strongest reduction of dimen-
wave vectork, is nonzero due to the confinement along thesjonality is realized in quantum dots. Recently, magnetoab-
growth axisz. For well and barriek, is given by sorption data have been published for ,CgMn,Se

1 1 nanocrystal$® A relatively small redshift of the absorption
ky:%‘/zmth and kSZ%‘/thh(v— E), (3)  edge is observed in magnetic fields. An exact analysis of the
data with respect to our question is complicated by uncer-
where E is the energy of the first subband in the valencetainties in the Mn content, the distribution of dot sizes and
band anadV is the valence-band offset. In Fig(b} we plot  surface effects on the magnetic properties, which should be
for illustration the reduction factor from Eq(2) for stronger than the interface effects in QW's due to the large
Cdg ggMn g gsTe/Cdy 7gMN g oM g 25T€ as a function of well  surface to volume ratio. However, a modification of the ex-
width, while only taking the variation due {g, into account change parameters due to the low dimensionality could ex-
with k,=k,=k=0. We usem,,=0.485 (Ref. 12 and a plain the experimental results.
valence-band offsef of 100 meV? The comparison Of F!gs. In conclusion, we have studied the Zeeman splittings
4(a) and 4b) shows a qualitative agreement. The variation ofof the semimagnetic heterostructures ;CgMin, Te/
f is about a factor of 2—3 smaller than that found experimencq, Mn,Mg, Te that allow us to vary independently
i P Xy X TYY . : : .
tally. Although the well width where the minimum of the magnetic and nonmagnetic properties and have no disconti-
exchange parameter occurs is difficult to evaluate from Fign ity of the Mn concentration at the interfaces between
4(a), there seems to be a disagreement in this well W'dﬂhuantum wells and barriers. We have shown that the reduc-
between experiment and estimation. But, two significant congjoy of gimensionality affects the exchange parameters in
t”bl:t!gnf ar? ?(.)t confld;argq noW)dThe_c?nduTt|?r?-2and semimagnetic semiconductors considerably. We attribute the
contribution 107 IS neglected in our description. In the rame ., .06 effect to &-vector dependence of the respective
of the model of Ref. 11 this contribution is strongly under- . : .

. ) xchange parameters. This effect is strong enough that it
estimated. The data from Ref. 10 together with the modef . : . X
should be taken into account in the evaluation of interface

from Ref. 11 show that thé-vector dependence of the related effects in heterostructures with a discontinuity in the

conduction-band exchange parameters could give a Comribl}{?ln content at the interfaces, where the exchange parameter
tion which is, for smallk, as important as the valence-band . ’ ge par:
effect is usually screened. Moreover, a further reduction of

contribution. Including the variation of the Conduction-banddimensiona”t t0 one- and zero-dimensional svstems should
parameters means that the minimumfas shifted to larger y y X
lead to even stronger effects. We hope that our experiments

We”. widths, as it is fo.un.d In our gxperlmen(q.) Solving the will stimulate more detailed tight-binding band-structure cal-
exciton problem variationally with appropriate parameters, . o ; : ;
culations. This is essential for further studies of semimag-

we find that for our structures the values kgf are smaller netic structures of low dimensionality
than the values ok, by about a factor of 4 and could not '
affect the minimum value of strongly, but could shift the We thank J. Gaj and D. R. Yakovlev for helpful discus-
minimum of f to larger well widths, too. sions. Support by the Deutsche Forschungsgemeinschaft

We note that the influence of the dimensionality on thethrough the Graduiertenkolleg and through Sonderfor-
exchange parameters should be taken into account whikkchungsbereich SFB 410 is acknowledged.
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