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The s,p-d exchange interaction in Cr-based diluted magnetic semiconductors was studied by means of
polarized magnetoreflectance and magnetization atT52 K. The exchange constantN0a2N0b for four dif-
ferent zinc chalcogenides~Zn12xCrxSe, Zn12xCrxSe0.95S0.05, Zn12xCrxS, and Zn12xCrxTe! was determined.
Assuming constantN0a a chemical trend inN0b variation is discussed.@S0163-1829~96!05332-5#

I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s, also known as
semimagnetic semiconductors! are semiconducting materials
based on classical semiconductors, such as CdTe or ZnSe, in
which a fraction of nonmagnetic cations is substituted by
magnetic ions~typically Mn, Fe, or Co!.1 One of the most
characteristic features of DMS’s is the strong exchange in-
teraction between delocalized band electrons (s- and
p-type! and localized electrons (d-type! of magnetic ions.
This interaction yields spectacular magnetooptical and mag-
netotransport effects~such as Faraday rotation and Zeeman
splitting!.1

For the conduction band the dominant contribution to the
exchange interaction results from a direct exchange, originat-
ing from simultaneous jumps of conduction bands-type
electrons and the magnetic iond-type electrons between
their original orbitals. We note that the conduction band
wave functions are built ofs-type orbitals of nonmagnetic
cations ands-type orbitals of magnetic ions; however, a size-
able overlap of thes andd wave functions occurs only for
the latter. The other contributions tos-d exchange~both di-
rect and indirect! either vanish or are very small and can,
therefore, be neglected.2 The exchange integral for the con-
sidereds-d direct exchange is positive, which means that
ferromagnetic~F! ordering of electron spins is preferred. For
II-VI DMS’s with Mn, Fe, and Co, thes-d exchange was
indeed found to be positive and only weakly dependent on
both magnetic ion and host lattice.1

For the valence band the situation is different. This band
originates from the anionp-type orbitals, which means that
the overlap between these orbitals and the magnetic~cation!
d orbital is rather small~as compared to magnetic ions-d
overlap! and the direct exchange is expected to be negligible.
The dominant contribution to the exchange in this case re-
sults from indirect, kineticp-d exchange. This process in-
volves virtual jumps ofp electron to thed state and back or
thed electron to thep valence band state and back. In order
to give some ideas aboutp-d exchange, a simple one-
electron argumentation can be applied to explain the ob-
served sign ofp-d exchange. In this approximation, the split-
ting of spin-up and spin-downp levels results from their

hybridization with the spin-up and spin-downd orbitals of
t symmetry.3 Since spin-up and spin-downt orbitals are
strongly split, due to correlation effects~which are absent for
delocalizedp orbitals!, the final splitting ofp orbitals de-
pends critically on the relative energy position ofp and t
spin-up (t1) and -down (t2) orbitals. In the case of a Mn,
Co, or Fe ion,p orbitals are located far abovet1 and below
t2 orbitals, which yields antiferromagnetic~AF! splitting of
p orbitals.3 An essentially different situation may be ex-
pected for ions with a less than half filledd shell, such as Cr
(d4), V (d3), or Ti (d2). For these ions the correlation split-
ting of unoccupiedt1 and t2 orbitals is much smaller than
for occupiedt1 and t2 orbitals. Consequently, unoccupied
t1 and t2 orbitals can be located above the top of the va-
lence band, which may lead to the ferromagneticp-d ex-
change. The ferromagneticp-d exchange was observed for
Zn12xCrxSe ~Ref. 4! and preliminary data are available for
Zn12xCrxS ~Ref. 5! and Zn12xCrxTe ~Ref. 6!.

The problem ofp-d exchange in DMS’s~in particular,
with ions other than Mn! was recently analyzed by Bli-
nowski and Kacman,7 as well as by Bhattacharjee8 and
Mašek.9 It follows from Refs. 7 and 10 that for Mn (d5), Fe
(d6), and Co (d7) thep-d exchange should be AF type, and
ferromagnetic for Sc (d1) and Ti (d2). Moreover for all
these ions the Hamiltonian describingp-d exchange is pre-
dicted in a simple isotropic Heisenberg-type form (H;s•S,
wheres andS are spin operators ofp and d electrons, re-
spectively!. For the other ions the situation is more compli-
cated and the sign (F or AF! of p-d exchange depends on
the particular location of thed-levels relative to the top of
the valence band. The form of thep-d Hamiltonian for these
ions is also more complicated.7,8

In this work, we present the results of magnetore-
flectance and magnetization measurements for four
different chromium based II-VI DMS: Zn12xCrxSe,
Zn12xCrxSe0.95S0.05, Zn12xCrxS, and Zn12xCrxTe. We
determine thep-d exchange constants for these materials and
analyze the chemical trend of the interaction strength.

The paper is organized as follows: in Sec. II, we recall the
basic facts concerning exchange-induced band splitting. The
experimental procedure is described in Sec. III. Section IV
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presents the experimental results which are discussed in Sec.
V.

II. THEORETICAL BACKGROUND

To describe thep-d ~valence band–magnetic ion! and
s-d ~conduction band–magnetic ion! interaction in Mn-, Co-,
and Fe-based DMS’s the isotropic Heisenberg Hamiltonian
was used. The mean field and virtual crystal approximations
lead to the following form of the Hamiltonian:1

H52N0Jxsz^Sz&, ~1!

wherex is the magnetic ion concentration,J is the p-d or
s-d exchange constant,^Sz& is the magnetic ion mean spin
along thez axis,sz is thez component of the band electron
spin, andN0 is the number of elementary cells in a unit
volume. This Hamiltonian results in band splittings propor-
tional to the mean spin of the magnetic ion. The valence
band splits~in a magnetic field! into four subbands, which
are equidistant if the exchange interaction constant for heavy
and light holes is the same and the interaction between light
holes and spin-orbit split holes is neglected. The conduction
band splits into two components. Thus, there are eight pos-
sible optical transitions between the valence and the conduc-
tion band. Four of them are visible in the Faraday configu-
ration ~magnetic field parallel to the light wave vector! ~Fig.
1!. The energies of these transitions are described by the
equations:

EA5E013b23a, EB5E01b13a,

EC5E02b23a, ED5E023b13a ~2!

where E0 is the zero-field exciton energy,
a5(1/6)N0ax^2Sz&, b5(1/6)N0bx^2Sz&, a andb are ex-
change constants for the conduction and valence bands, re-
spectively. The transitionsA andB are allowed for circularly
right polarized light (s1), while C andD are allowed for
circularly left polarized light (s2). The four linesA, B, C,
andD were clearly observed for several Mn-, Fe-, and Co-
based DMS~for sufficiently large magnetic ion concentra-
tions, x.0.01).11,1 The linesA andD ~resulting from the
heavy hole exciton! are three times stronger than linesB and
C.11 Equation~2! takes into account only exchange-induced
splitting. Usually, for large magnetic ion fractionsx, the Zee-

man splitting of a pure nonmagnetic crystal is much weaker
than the exchange splitting and, in practice, may be ne-
glected. However, for lowx both must be considered.

The mean spin̂Sz& of the magnetic ion may be obtained
from the macroscopic magnetizationM ~per unit mass!:

M52
xmB^Mz&

m
, ~3!

wheremB is the Bohr magneton.Mz5Lz12Sz is thez com-
ponent of the magnetic moment operator,m is the mass of a
single molecule. ^Mz&5g^Sz&, where g521^Lz&/^Sz&,
which leads to

M52
xmBg^Sz&

m
. ~4!

The g factor may be obtained from model calculations. It
was found that it is weakly magnetic field and temperature
dependent for a typical magnetic field and temperature
range.12

Equations~1!, ~2!, and ~4! allow one to determine the
values of the exchange constants if the magnetization and
exciton splitting are known. It follows from Eqs.~2! and~4!
that

N0~a2b!5gmB~ED2EA!/~Mm!. ~5!

The integralsN0a andN0b can be uncoupled using the en-
ergies of two other excitonic lines (EB andEC) and Eqs.~2!.
The other possibility is to evaluateN0a from an independent
experiment~e.g., Raman spin-flip experiment13!.

III. EXPERIMENT

All the results presented in this paper were obtained for
bulk crystals grown by the modified Bridgman technique
from high purity ZnSe, ZnS, and ZnTe with pure metallic
chromium. Single phase monocrystals were obtained only
for rather low chromium concentrations, i.e.,x,0.007 for
Zn12xCrxSe, Zn12xCrxSe0.95S0.05, and Zn12xCrxS, but
x,0.001 for Zn12xCrxTe. The chromium composition was
checked by atomic absorption, electron microprobe, or wet
chemical analysis. The low temperature magnetization and
model calculations of single Cr21 ion magnetic moment pro-
vided very accurate relative chromium concentration~for de-
tails see Ref. 12!. Low temperature magnetization was also
used to check the samples for the existence of chromium
chalcogenides precipitations~ferromagnetic or ferrimag-
netic!. Only precipitation-free samples were used for the op-
tical experiments. The crystalline structure was analyzed by
a standard x-ray diffraction. The Zn12xCrxSe,
Zn12xCrxSe0.95S0.05, and Zn12xCrxTe revealed a zinc
blende structure, while Zn12xCrxS crystals were polytypes
~mixed cubic and hexagonal structure!.

In order to determine Zeeman band splitting, reflectance
in the free exciton range was studied. The experiment was
performed in the Faraday configuration for magnetic field up
to 5 T. Samples were immersed in superfluid liquid helium at
T52 K. The light was reflected from the cleaved samples’
~110! surfaces. Because of the strict selection rules in the
Faraday configuration~Sec. II!, the reflectance in two circu-
lar polarizations (s1 ands2) was measured. The polariza-

FIG. 1. Optical transitions between valence and conduction sub-
bands visible in the Faraday configuration (N0a.0 andN0b,0
were assumed!.
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tion of the reflectance was analyzed using two different
methods. In the first one, a standard setup with a photon
counting system was used to record thes2 ands1 spectra
separately. In the second experiment, the difference between
the intensities of two polarizations (I s22I s1) was measured
by a lock-in technique. Simultaneously, the total reflected
signal (I s21I s1) was recorded at a different frequency. For
selected Zn12xCrxSe and Zn12xCrxTe samples both meth-
ods were applied and reasonable agreement was obtained.

The magnetization of the same samples, on which the
magnetoreflectance measurements were performed, was
measured using a superconducting quantum interference de-
vice ~SQUID! magnetometer. The measurements were taken
at T52 K in a magnetic field up to 5 T for the same orien-
tation as in the optical experiment.

IV. EXPERIMENTAL RESULTS

Steplike dispersive structures, typical for the free exciton,
were observed in zero field reflectance spectra for all the
studied crystals. The exciton energy was taken as the energy
at which the excitonic structure attains half of its height. In
the absence of a magnetic field, the exciton line shifts to
higher energies with increasing chromium concentration. A
reasonable linear behavior of exciton energy versus Cr con-
centration is observed for Zn12xCrxSe ~Fig. 2!.

In the presence of a magnetic field, the reflectance spectra
were recorded for two circular polarizations. Typical reflec-
tance spectra for different compounds are presented in Fig. 3.
A splitting of the excitonic structure in the magnetic field is
clearly visible. However, due to low chromium concentra-
tion, the splitting, even in the strongest magnetic field~5 T!,
is smaller than the width of the structure. As a result, instead
of four lines (A, B in s1 andC, D in s2 polarization! only
a single excitonic structure is visible in each polarization.
We ascribe the structure ins1 to the mixture ofA andB
lines, and the structure ins2 to the linesC andD. For all
the investigated samples, the excitonic structure in thes1

circular polarization was blueshifted in respect to the struc-
ture in thes2 polarization~Fig. 3!. This is exactly the op-
posite to the behavior of all DMS’s based on II-VI com-
pounds with Mn, Co, and Fe,1 and is compatible with

ferromagneticp-d exchange, as discussed below. As men-
tioned in Sec. II, for each polarization one of the lines (B for
s1 or C for s2) is three times weaker than the other one
(A or D). In view of that, the weak lines (B andC) are
neglected and the structure in thes1 polarization is consid-
ered as corresponding to lineA and ins2 to line D. This
rough assumption leads to an underestimation of the deter-
mined exciton splitting. This effect will be discussed below.

Following the above assumption, the exciton splitting
DE'ED2EA was determined from the separately measured
s1 ands2 polarization spectra by subtracting the energy of
excitons observed in the two polarizations. However, if the
splitting is small compared to the structure width,DE can be
determined with better accuracy using the directly measured
difference betweens1 and s2 polarization spectra
(I s22I s1), as well as the total reflectanceR5I s21I s1

~where I is the intensity of the reflected light fors1 and
s2 polarizations, respectively!. Calculating the degree of po-
larization,

P5
I s22I s1

I s21I s1
, ~6!

and the logarithmic derivative ofR over light energyE,

F5
]

]E
lnR, ~7!

one can obtain the splittingDE from the relation14

P.
DE

2
F. ~8!

Equation~8! holds if the shape of the reflectance structure is
the same for both polarizations and if the splittingDE is
reasonably smaller than the structure width. This procedure
was used for Zn12xCrxS, Zn12xCrxTe and some of the
Zn12xCrxSe samples.DE may be obtained from a compari-
son ofP andF spectra in the entire spectral range. In prac-
tice, however, due to some reasons explained later, usually
only the depths of the structures were compared. The ex-
amples ofP and (DE/2)F spectra are displayed in Fig. 4.

FIG. 2. The chromium concentration dependence of the free
exciton line energy for Zn12xCrxSe atT52 K andB50. The data
points correspond to the center of the excitonic line, the total width
of which was about 6 meV.x was determined from the low tem-
perature magnetization~Ref. 12!. The straight line corresponds to
E5(2.80312.275x) eV.

FIG. 3. Reflectance spectra in magnetic fieldB55 T in circular
polarizationss2 ands1 for Zn12xCrxSe and Zn12xCrxTe.
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We note that the dip observed forP spectra corresponds to
E(s1).E(s2) @for E(s1),E(s2) a peak inP would be
observed#.

The exciton splitting~obtained using the procedures de-
scribed above! as a function of magnetic field is exemplified
in Fig. 5. The comparison of the two methods@i.e., the direct
method and the one using the degree of polarization, Eq.~8!#
performed for a few samples showed good agreement of the
determined splittings. The experimental error of the data
points in the Fig. 5 takes into account the following.

~1! If the splitting is very small and the excitonic structure
is rather broad the degree of polarizationP is low and be-
comes comparable to the polarization of the experimental
setup, which is usually hard to reduce below a few percent.
In our case, the setup polarization is caused mainly by the
dichroism of the cryostat windows. In the simplest approxi-

mation, the degree of polarization of the setup and the
sample can be expressed asP4Psetup1Psample. In such a
case, it is relatively easy to eliminate the setup contribution,
because its energy dependence is much weaker than that of
Psample. In practice, the linear interpolation ofP from the
outside of the excitonic structure was considered asPsetup
and was subtracted from the measuredP.

~2! The other problem occurs when the derivative ap-
proximation@Eq. ~8!# fails due to a relatively large splitting.
In such a case, the shapes ofP andF spectra are different.
However, it appears that for splittings even as large as one
third of the linewidth, the splitting determined from the ratio
of P andF structure depths deviates from the real value by
only a few percent~see the Appendix!. For that reason,DE
was obtained as a ratio of the depth of the dip in theP
spectrum and the corresponding depth of the dip inF.

~3! In some cases the shape of the excitonic structure in
two polarizations is not the same~this is clearly visible for
Zn12xCrxTe, see Fig. 3!. The possible reason may be either
asymmetric splitting@i.e., different from that described by
Eq. ~2!# of weak excitonsB andC @which is, for instance,
the case of pure ZnTe~Ref. 15!#, or the different shape of the
lines A andD. The differencei s1, s2 spectra results in
smaller accuracy of the determined splitting. For details see
the Appendix.

Except for the problems discussed above, both methods
determine the splitting of the ‘‘mean’’ exciton~mixedA and
B orD andC), not the real difference:ED2EA . To estimate
the systematic error introduced in this way it was assumed
that the excitonic structure in each polarization is composed
of two lines of different strength, but the same shape and
energies described by Eq.~2!. It follows from the model
calculations presented in the Appendix that the determined
splitting corresponds to the weighted average of the split-
tings of the strong (ED2EA) and weak (EC2EB) compo-
nents@Eq. ~A1!#. The knowledge of the relative behavior of
the strong and weak excitons@Eq. ~2! andN0a# allows one
to obtainED2EA from such an average. It will be argued
later that it is reasonable to assume theN0a exchange con-
stant as 0.2 eV. Using this value one obtains that the real
ED2EA splitting in the present case is from 10 to 20 %
~depending onN0b magnitude! larger than the average

FIG. 4. The degree of polarizationP spectra~solid line! together
with the (DE/2)F ~dotted line! ~a constant background was sub-
tracted to provide the overlap of the spectra! and the total reflec-
tance (R) for Zn12xCrxSe and Zn12xCrxS.

FIG. 5. The splitting of excitonic structure versus magnetic field
for several samples of Zn12xCrxSe (x50.0035), Zn12xCrxS
(x50.0036), and Zn12xCrxTe (x50.0005).

FIG. 6. The degree of polarizationP spectrum~solid line! to-
gether with the (DE/2)F spectrum~dotted line!. A constant back-
ground was subtracted to provide the overlap of the spectra.
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‘‘mean’’ exciton splitting. However, to avoid arbitrary as-
sumptions and present the data as clearly as possible, this
correction will be used only for the final result.

We note that for Zn12xCrxTe the excitonic structures
were much weaker than for the other compounds. Moreover,
a significant difference between the shapes of the excitonic
structure observed in two different polarizations shifts the
P spectrum to higher energies with respect to theF spectrum
and also makes it more asymmetric than it was for
Zn12xCrxSe or Zn12xCrxS ~Fig. 6!. As a result, a lower
accuracy of exciton splitting for Zn12xCrxTe was obtained
~Fig. 5!.

Although the splitting of electronic bands in DMS’s is
usually dominated by the exchange interaction between mag-
netic ions and band electrons, for very small Cr concentra-
tions the direct effect of the magnetic field on band electrons
~Zeeman splitting in a pure, nonmagnetic crystal! may play
an important role. To extract only the exchange-induced
splitting, the exciton splitting for a nonmagnetic crystal was
subtracted from the value obtained for the DMS crystal. The
pure host lattice splitting was evaluated using the degree of
polarization technique@Eq. ~8!#. For ZnSe, ZnS, and ZnTe,

the s1 line was blueshifted with respect to thes2 compo-
nent. For ZnS a linear variation of exciton splitting with
magnetic field was found with the slope 0.6 cm21/T. For
ZnSe, 0.15 cm21/T was obtained while for ZnTe, 0.4
cm21/T. The observed splittings are in agreement with the
results of other authors.15

In view of Eq. ~5!, the value of the exchange splitting
ED2EA ~the total splitting corrected for pure host crystal
Zeeman splitting! was compared to the magnetization mea-
sured for the same samples. The magnetization was corrected
for the diamagnetic susceptibility of the host lattice
@xd

ZnSe523.2 emu/g,xd
ZnS523.9 emu/g, andxd

ZnTe523.0
emu/g ~Ref. 16!#. For all the studied Zn12xCrxSe,
Zn12xCrxSe0.95S0.05, and Zn12xCrxS samples a linear be-
havior of the exciton splitting versus magnetization~Fig. 7!
was found. We stress that for the investigated samples the
slope of theDE versusM seems to be concentration inde-
pendent. The relatively large experimental error for
Zn12xCrxTe makes it difficult to conclude that the depen-
dence ofDE onM is both linear and concentration indepen-
dent. In addition, the slope of the data for two Zn12xCrxTe
samples seems to differ slightly, although the difference is
still within the experimental error. Such a small deviation
may be caused by a slight inhomogeneity of the samples
~magnetization probes the entire volume of the sample, while
the reflectance comes from only a thin surface layer!. On the
other hand, an apparent concentration dependence of thep-
d exchange has been observed, e.g., for Cd12xMn xS ~Ref.
17! and explained by multiple scattering effects.18 However,
the accuracy of the present experiment does not allow to
formulate any pertinent conclusions.

The linear variation of the exciton splitting versus mag-
netization observed for Zn12xCrxSe and Zn12xCrxS
strongly suggests that the exchange interaction may be de-
scribed by a simple Heisenberg-type Hamiltonian. Equation
~5! was used to fit the data and obtain the difference of ex-
change constantsN0a2N0b for all the materials~Table I!.
The extraction of thep-d exchange constant (N0b param-
eter! requires the information aboutN0a, which is currently

FIG. 7. The exchange exciton splitting~see text! versus magne-
tization ~lattice diamagnetism corrected! for ~a! Zn12xCrxSe, ~b!
Zn12xCrxSe0.95S0.05, ~c! Zn12xCrxS, and~d! Zn12xCrxTe. Solid
lines represents a linear fit ofDE5aM to the data. The numbers in
the plots indicate chromium concentrationx as determined from
magnetization measurements.

FIG. 8. Schematic diagram of relative position of ZnS, ZnSe,
and ZnTe valence band and one one-electron@‘‘ U,U8,J’’ model of
Kanamori~Ref. 21!# energy levels of Cr11 and Mn11.

5532 54W. MAC, A. TWARDOWSKI, AND M. DEMIANIUK



not available for the investigated crystals. However, for the
conduction band electrons, thes-d exchange interaction
(N0a parameter! is dominated by the direct exchange and
hardly depends on the host crystal and magnetic ion. For all
Mn-, Fe-, or Co-based II-VI DMS’s known so far,N0a is
0.2–0.25 eV.1 Moreover, very recently thes-d exchange
constant was evaluated from Raman spin-flip scattering for
Cd12xCrxS and a similar value ofN0a50.22 eV was
obtained.19 In view of that,N0a50.2 eV was assumed for all
our crystals. Thep-d exchange constants (N0b) resulting
from this assumption are listed in Table I. TheN0b values
thus obtained are underestimated, since the weak compo-
nents (B andC) were neglected as discussed above. If one
assumes that the measured exciton splitting is the weighted
average of the weak (B, C) and strong (A, D) exciton lines
~cf. the Appendix! and adoptsN0a50.2 eV, thenN0b val-
ues 10–20 % larger than the base results are obtained~last
column of Table I!.

V. DISCUSSION AND CONCLUSIONS

The evaluatedp-d constants reveal ferromagnetic cou-
pling between a Cr ion and the valence band electrons for the
entire series of crystals, from ZnS to ZnTe. Moreover, the
observed chemical trend of increasing magnitude ofN0b
from ZnS to ZnTe is exactly opposite to what was found for
Mn-, Fe-, or Co-based DMS’s~Ref. 1! and what was as-
cribed to increasing overlap of the wave functions with de-
creasing lattice constant. In the present case, the role of the
energy position of thed level relative to the top of the va-
lence band seems to be crucial for both the sign and the
variation ofN0b. The model Hamiltonian commonly used
for the description ofp-d hybridization problem consists of
three terms:

H5Hp1Hd1Hhyb, ~9!

whereHp is the effective mass Hamiltonian for the valence
band, Hd characterizes strongly interacting, atomicliked
states, andHhyb describesp-d interaction between valence
band andd states. The application of Hamiltonian~9! to
DMS’s has been discussed by several authors: Larson
et al.,20 Bhattacharjee,8 Mašek9 and most recently and com-
pletely by Blinowskiet al.7 For most semiempirical studies
of Mn-DMS’s, Hamiltonian~9! was represented by general-
ized Anderson Hamiltonian.20 In this treatment,Hd was con-
veniently described by the so called ‘‘U,U8,J’’ model of
Kanamori.21 We recall that in this model multielectron inter-
action is taken into account by introducing three parameters:
U, which is the energy penalty for accommodating an addi-
tional electron on the orbital already occupied by another
electron~with antiparallel spin!, U8 reflects the repulsive en-

ergy for two electrons on different orbitals~with any spins!,
andJ is the energy gain if there is another electron on dif-
ferent orbital but with the spin parallel to the spin of the
considered electron. Usually relationU@U8@J holds. Kan-
amori model results in one-electrond orbitals ~of t or e
symmetry!, which can be populated by a suitable number of
electrons. The energies of the orbitals crucially depend
~throughU, U8, andJ parameters! on the number of elec-
trons and their configuration. In particular, for thed5 con-
figuration ~Mn21) the energy structure is relatively simple
~Fig. 8!: all the spin-up orbitals are populated, while all the
spin-down orbitals are empty. Correlation effects lead to the
spin-up–spin-down energy splitting equalU14J. For the
d4 configuration~Cr21), the situation is essentially different
~Fig. 8!. Since onet spin-up orbital (t1) is empty, its energy
is higher byU82J than the energy of the populatedt1 or-
bitals. The correlation splitting for the unoccupiedt orbitals
is strongly reduced@E(t2)2E(t1)54J, ~Fig. 8!#.

The p-d exchange splitting of the valence band states re-
sults from the hybridization with thed states. For the sym-

TABLE I. Exchange constants~see text for details!.

Material N0(a2b) N0b N0b ~corrected!

Zn12xCrxS 20.3760.1 eV 10.5760.1 eV 10.62 eV
Zn12xCrxSe0.95S0.05 20.6360.1 eV 10.8360.1 eV 10.93 eV
Zn12xCrxSe 20.6560.1 eV 10.8560.1 eV 10.95 eV
Zn12xCrxTe 23.461.2 eV 13.661.2 eV 14.25 eV

FIG. 9. ~a! Simulation of spectra for two circular polarizations
composed ofA andD excitonic lines split byDE540 cm21. ~b!
P ~solid line! and (DE/2)F ~dashed line! calculated for the above
spectra.~c! Similar to ~a!, but with four excitonic linesA, B, C, and
D, B, andC lines are three times weaker thanA andD. ~d! P ~solid
line! and (DEstrong/2)F ~dashed line! for spectra from~c!. For all
spectra the real zero-field spectrum of Zn12xCrxS was taken as a
base.E0 is the exciton energy atB50. Arrows indicate the depths
of the structures. See text for details.
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metry reason, at theG point of the Brillouin zone, only
t-type orbitals hybridize with thep-type states. Within the
lines of the one-electron model, the effect of hybridization
can be regarded as the repelling of the levels with the same
spin.3 Therefore in the case of Mn21 t1 levels, which are
well below the top of the valence band~3–4 eV! will repel
p1 states upward, while thet2 levels, being above the top of
the valence band, will pullp2 states downward. Effectively
the valence band is split in the antiferromagnetic way
(b,0). For Cr21 situation is more complex due to empty
t1 and t2 orbitals, which may be close to the top of the
valence band, and therefore may be decisive for the final
splitting of the valence band. In particular, ift1 orbital is
above the top of the valence band, as depicted in Fig. 8, one
could expect that the resulting downward repelling ofp1

will dominate other effects and the final splitting of the va-
lence band will be ferromagnetic (b.0). Moreover the
closer the emptyt1 orbital is to the top of the valence band,
the stronger the splitting should be, which is equivalent to
the larger magnitude ofN0b. Therefore, the observed ferro-
magneticN0b for Cr-based DMS’s could be interpreted as
resulting from above the top of the valence band location of
the emptyt1 orbital, while the populatedt1 orbitals are well
below the top of the valence band. Taking into account the
valence band offsets for ZnS, ZnSe, and ZnTe~Fig. 8! and
the host lattice independence of transition metal ions levels
location relatively affinity,22 one should also expect the larg-
est N0b value for Zn12xCrxTe, for which the energy de-
nominator is the smallest. All of these predictions recover
the experimental findings very well. One should be, how-
ever, aware of extending predictions of the one-electron
model too far, since in some cases it may lead to false con-
clusions~although it predicts correctly the sign ofN0b for
Mn-, Co-, and Fe-based DMS’s!.

A much better model, taking into account multielectron
effects in a more complete way, was recently developed by
Blinowski et al.7,10This model properly recovers AF valence
band splitting for Mn-, Fe-, and Co-DMS’s and predicts the
possibility ofF p-d exchange for the Cr-based DMS’s. The
essential finding of this model is that the sign of thep-d
exchange is governed mainly by the energy of the charge
transfer from the Cr21 (d4) ion to the valence band~energy
e1 of Ref. 10!. If this energy is positive,N0b should be
negative, otherwiseN0b is positive~i.e., ferromagnetic!. The
values ofe1 and e2 ~the charge transfer energy from the
valence band to the Cr21 ion! estimated from the donor
energies for Zn12xCrxS and Zn12xCrxSe leads toN0b val-
ues surprisingly close to the experimental data.10 For
Zn12xCrxTe, e1 is around zero and the result of the calcu-
lations was not clear. Having in mind the actualN0b value
for Zn12xCrxTe, we should conclude thate1 for this mate-
rial is still negative, but its magnitude is smaller than for ZnS
and ZnSe, which yields the largestN0b .

It is worthwhile to note that the conditions for ferromag-
netic p-d exchange derived from one-electron model of
Kanamori21 and many-electron model of Blinowskiet al.10

are compatible. The emptyt1 orbital located above the top
of the valence band, which is equivalent to the relation
Et14U824J.Ep , provides that alsoe1 energy, calculated
as the difference between energy ofd4 configuration
(52Et12Ee112U8212J) and the energy ofd3 configura-

tion with one electron in the valence band (5Et
12Ee16U826J1Ep) is negative~since it is smaller than
22U812J). Therefore, in the case of the Cr-DMS’s the
one-electron model, although principally unjustified, leads to
correct conclusions.
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APPENDIX: MODEL CALCULATIONS
OF REFLECTANCE SPECTRA

Model calculations were performed to estimate the accu-
racy of the methods used in Sec. IV to determine the exciton
splitting. In these calculations the excitonic spectrum was
modeled by the smoothed, real zero field spectrum. The
spectra fors1 or s2 polarizations~in applied magnetic
field! were constructed by shifting the basic excitonic line to
an adequate energy@Fig. 9~a!#, and if two lines~e.g.,A and
B) in one polarization were desired, the algebraic sum of two
basic shapes was used@Fig. 9~b!#.

~A! To check the applicability of the polarization degree
method for large splittings only one line in each polarization
was used~weakB andC lines were neglected!. The lines
were shifted in energy with respect to one another byDE.
Then theP andF spectra were calculated. An example of
such calculations for the highest experimental splitting
DE540 cm21 is presented in Fig. 9~b!, where theF spec-

FIG. 10. Simulation ofs1 ands2 spectra for Zn12xCrxTe with
four excitonic components. LinesC andD are 1.5 times stronger
than A and B, DE530 cm21. ~b! P ~solid line! and (DE/2)F
~dashed line! for the above spectra.E0 is the exciton energy at
B50. Arrows indicate the depths of the structures.~See text for
details.!
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trum is multiplied byDE/2520 cm21. TheP andF spectra
do not match exactly, which reflects the inaccuracy of the
method for such largeDE. In the present case,DE deter-
mined from the depths ofP andF is overestimated by about
6%. This overestimation decreases for smaller splittings.
Similar calculations were also performed for the
Zn12xCrxTe line shape as well as for some other~e.g., sinu-
soidal! line shapes. For all of them, the overestimation of
determined splitting was less than 6% if only the splitting
was less than 0.2 of the linewidth.

~B! Next, the influence of weak components~linesB and
C) on the determined splitting was studied. The linesB and
C were taken to be three times weaker than theA andD
lines, according to the expected intensity ratio of these lines
~see Sec. II!. Thes1 ands2 spectra obtained this way are
exemplified forDEstrong540 cm21 andDEweak520 cm21 in
Fig. 9~c!. In such a case, one can expect that the determined
splitting can be approximated by the weighted average of the
strong and the weak exciton lines splittings:

DE5 3
4 ~ED2EA!1 1

4 ~EC2EB!. ~A1!

In Fig. 9~d!, the spectraP and (DE/2)F are compared.
Both strong and weak excitons are split symmetrically with
respect to the zero field line. The splitting determined from
theP andF depths is 12% smaller thanDEstrong, while it is
expected to be 20% smaller according to the weighted aver-
age of splittings@Eq. ~A1!#. This means that the use of Eq.

~A1! results in an underestimation of theED2EA splitting of
less than 10%. Several other line shapes were analyzed and
for all of them similar result was found. It is worth noting
that the effects described in paragraphs~A! and~B! partially
compensate one another.

~C! Finally, we checked the applicability of the method in
the case when the exciton structures in different polarizations
differ in shape~as for Zn12xCrxTe, Fig. 6!. In Fig. 10, the
modeled P ~solid line! and (DE/2)F ~where DE530
cm21 is the splitting used to model the spectra! are dis-
played. The blueshifted excitonic components (A andB) are
weaker than these in the other polarization (C andD) ~as in
Zn12xCrxTe, Fig. 3!. The P spectrum is nonsymmetrical,
similarly to the real Zn12xCrxTe spectra~Fig. 6!. We note
that the minima of calculatedP and F are shifted one in
respect to the other in the same way as in the present experi-
mental situation. To determine the depth of the structures, we
used linear interpolation from outside the excitonic structure
~Fig. 10!. The vertical arrows in the plot show the resulting
depth of the structures. The comparison ofP andF depths
yields a splitting which is only 5% larger than the input
DE value. The above considerations leads to the conclusion
that the experimental error of the determined exciton split-
ting is of the order of 5%, if the spectra fors1 ands2 are
similar, as in the case of Zn12xCrxSe and Zn12xCrxS, but
increases for Zn12xCrxTe, since there is a significant differ-
ence in shape for the lines in two polarizations and, more-
over, the reflectance structure is rather weak~Fig. 5!.
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