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Magnetization and exciton spectroscopy of the diluted magnetic semiconductor Cd12xCr xS
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Free-exciton magnetoreflectance and magnetization are used to study thep-d exchange interaction of
Cd12xCrxS ~x50.0024, 0.0031, and 0.0033!. Magnetization data are well described by a simple crystal-field
model taking into account static, tetragonal Jahn-Teller distortion suffered by Cr21 ions, as well as the hex-
agonal crystal field of CdS. In effect, a strong magnetic anisotropy of a single Cr21 ion was found. From the
heavy-hole exciton splitting, and the Cr21 ion spin deduced from magnetization data, thep-d exchange
parameter was evaluated asN0b510.4860.05 eV, using the previously obtaineds-d exchange parameter:
N0a510.2260.01 eV. These exchange parameters provide a reasonable description of the exciton splittings
for a magnetic field oriented along or perpendicularly to the crystal hexagonal axis.@S0163-1829~98!02727-1#
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS!, also known as
semimagnetic semiconductors, are based on typical II
III-V, or IV-VI semiconductors for which a controlled frac
tion of nonmagnetic cations is substituted by magne
elements.1 DMS bridge the physics of semiconductors a
the physics of magnetic materials, since they retain g
semiconductor properties characteristic of their hosts, an
the same time may be regarded as random magnetic sys
of localized magnetic moments. The class of DMS is rat
broad: a large variety of host lattices and different magn
ions can be used to produce DMS. All these features m
DMS attractive materials for studies during the last two d
cades. Magneto-optical effects were of particular inter
since, due to strong exchange interaction between band
riers and magnetic ions’ spins, they are enhanced by or
of magnitude with respect to the nonmagnetic crystals~e.g.,
Faraday rotation and Zeeman band splitting!.1 The exchange
interaction between conduction band~cb! and transition
metal~TM! magnetic ions such as Mn21, Fe21 or Co21 ~s-d
exchange! results largely from direct~potential! exchange.
The contributings and d one-electron orbitals are centere
on the same ion core, so thes-d exchange should be ferro
magnetic~FM!. This is indeed the case: for all DMS studie
so far the exchange parameterN0a measurings-d exchange
strength was found to be positive and largely magnetic
and host lattice independent.1 The situation for the valence
band is different. Thep-d exchange is dominated by kinet
exchange, determined by thep-d hybridization,2–7 for which
the main contribution arises from virtual jumps ofp(d)-type
electrons to the orbital already occupied byd(p) electrons.
The character of this interaction crucially depends on
PRB 580163-1829/98/58~4!/1912~10!/$15.00
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energy difference between the involvedp and d orbitals.4,6

For II-VI DMS with at least a half-filledd-shell, such as Mn
(d5), Fe (d6), and Co (d7) the p-d exchange is antiferro-
magnetic ~AF! ~i.e., exchange parameterN0b,0!, which
was well documented experimentally1 and explained
theoretically.4 On the other hand for less than a half-fille
d-shell theory predicts the possibility of a ferromagneticp-d
exchange (N0b.0).3,4,6 Recently ferromagneticp-d ex-
change was observed for ZnS, ZnSe, and ZnTe doped
Cr (d4).8–11 This observation was of crucial importance f
testing theoretical models and understanding the excha
mechanisms in DMS.4

The problem with~Zn,Cr!-DMS was the low Cr content
which led to rather low band splittings, so that not all t
excitonic transitions could be resolved.8–11 Eventually the
differenceN0a2N0b was evaluated, but not the separa
N0a, N0b values. Therefore the conclusion of a ferroma
netic p-d exchange was obtained under the assumption
N0a'10.2 eV. Although this assumption seems to be w
justified1–7 it was not supported by any experimental data
~Zn,Cr! DMS. Only recently N0a was estimated for
Cd12xCrxS (x50.0024) by means of spin-flip Raman spe
troscopy~SFRS!.12 Although the Cr content is still low this
has opened the possibility of direct determination of ap-d
exchange parameter for Cd12xCrxS.

In this paper we present magnetoreflectance meas
ments of excitonic interband transitions in Cd12xCrxS crys-
tals, together with magnetization measurements perform
on the same samples. Based on these data we evalua
N0b parameter, which turned out to be positive, indicati
FM p-d exchange.

The paper is organized as follows: in Sec. II the theor
ical background necessary to interprete the excitonic tra
1912 © 1998 The American Physical Society
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tions are presented. Experimental details are given in S
III. The magnetization data are presented and discusse
Sec. IV, while Sec. V is devoted to magnetoreflectance d
and the determination of the exchange parameterN0b. We
conclude in Sec. VI.

II. THEORETICAL BACKGROUND

The s,p-d exchange interaction between localized ma
netic ions, possessing spinS5(Sx ,Sy ,Sz) and delocalized
band electrons described by the spins5(sx ,sy ,sz) is usually
expressed by isotropic Heisenberg-like Hamiltonian:2,3

Hex}Ŝ• ŝ. ~1!

This form of exchange was shown to be adequate for Mn,
and Co DMS. For Cr-based DMS the general Hamiltonian
expected to be more complex.3–5 However the experimenta
results obtained for~Zn, Cr!-based DMS suggested that th
Heisenberg part is still the dominant contribution to t
s,p-d Hamiltonian.11 Therefore also for Cd12xCrxS we will
restrict the discussion to the Heisenberg term. The Ham
tonian ~1! is typically considered within the mean field a
proximation ~MFA! and the virtual crystal approximatio
~VCA!, which gives1,13,14

Hex52xN0J^S&•s, ~2!

where x is the molar fraction of magnetic ions,N0 is the
number of cations per unit volume,J is the exchange con
stant~proportional toa or b for conduction or valence band
respectively!, ^S& is the thermodynamic and configuration
average value of the localized spins.~In the discussion which
follows we ignore the opposite signs of spin and magne
moment.! For Mn- and Co-based zinc-blende DMS the i
spin was always oriented along the applied magnetic fi
no matter what the direction was. This is not the case
Cr21 ion, neither for the zinc-blende host nor for the wurtz
one, as will be shown below~Sec. IV!. Moreover for a hex-
agonal crystal one has to consider orientation of the ion s
relative to the hexagonal crystal axis. These complicati
will be discussed below.
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The Hamiltonian describing the band structure of t
DMS can be obtained as a sum of the Hamiltonian~2!, and
the well known Hamiltonian of the wurtzite crystals.15–19

The full Hamiltonian matrix for the conduction band, in th
center of the Brillouin zone, which includes direct interacti
of the band eleltron with the magnetic field, has in the ba
uS↑& or uS↓& the following form ~see also Refs. 20–22!:

Hcb5S Eg1tz1
1

2
gemBB t2

t1 Eg2tz2
1

2
gemBB

D S↑

S↓
,

~3!

where thez axis was chosen along crystal hexagonal axic
~this convention will be kept in this paper!; Eg is the energy
gap andge is the electrong factor. The exchange interactio
is determined here by the components of the mean spin

tz5
1
2 N0ax^Sz&,

t65 1
2 N0ax~^Sx&6 i ^Sy&!,

Here ^Sz& is the mean spin component along the hexago
axis,^Sx&6 i ^Sy& are the mean spin components perpendi
lar to the hexagonal axis anda5^SuJuS& is the conduction-
band exchange constant. Hamiltonian~3! is given for Biz.
For whichever magnetic field direction the splitting of th
conduction band has the form:

Ecb65Eg6
1

2 A (
l5x,y,z

~N0ax^Sl&2gl!2,

wherel denotes the direction of the magnetic fieldB. It has
to be stressed that the conduction band splitting is prop
tional to the total spin corrected for the g-factor, which ge
erally may not be parallel to its component along magne
field.

In the similar manner the valence band matrix, written
in the standard basis function setX2↓, X2↑, X1↓, X1↑,
Z↓, Z↑, whereX651/&(X6 iY), has the form:15–22
Hvb5S dz1ghh
i d2 0 0 0 0

d1 22D22dz 2&D3 0 0 0

0 2&D3 2D12D22dz 0 0 d2

0 0 0 2dz2ghh
i d2 0

0 0 0 d1 22D21dz &D3

0 0 d1 0 &D3 2D12D22dz

D X1↑
X1↓
Z↑

X2↓
X2↑
Z↓

, ~4!
nd.
tion
whereD1 is the hexagonal crystal-field splitting paramet
D2 andD3 are parameters of the spin-orbit interaction.16 The
main effect of magnetic field is indirect, by producing no
zero mean spin̂ S&5(^Sx&,^Sy&,^Sz&), which components
enter the exchange part of the Hamiltonian
, dz5
1
2 N0bx^Sz&,

d65 1
2 N0bx~^Sx&6 i ^Sy&!,

b5^XuJuX& is the exchange parameter of the valence ba
The standard Zeeman term of the electron direct interac
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has been included only for heavy-hole states for magn
field along thec axis in the above Hamiltonian~the perpen-
dicular g factor, ghh

' is zero23!: ghh
i

5 1
2 gimBB cosq, where

q is the angle between thec axis and the external magnet
field. The direct Zeeman term is, in fact, a correction to
diagonal part only, so it can be added after diagonalizatio
the hole levels. Unlike conduction-band states particular fi
orientation now implies the certain mixing between valen
band states, although, as mentioned already, spin may n
colinear with magnetic field.

If the spin is aligned along the hexagonal axis,~i.e.,
^Sx&5^Sy&50!, then the heavy holes~hh! do not mix with
the light holes~lh! or spin-orbit split holes~soh!. In effect the
hh exchange splitting is proportional to the spin along thc
axis,x^Sz&. On the other hand if the spin is oriented perpe
dicularly to the hexagonal axis (^Sz&50), then for small
values of the mean spin,x(^Sx&6 i ^Sy&) the hh band splitting
is negligible. This effect is well known also as the mention
zerog' factor in pure CdS.23 In general the hh mix with the
other bands. This mixing is the reason hh-originated sta
split, since otherwise operatorŜx6Ŝy has vanishing matrix
elements within subspace of pure hh states.

The magnetic anisotropy of Cr-DMS originates from t
presence of strong static Jahn-Teller effect of Cr21 ion11,24,25

along one of threê100&, ^010&, ^001& directions ~centers
A,B,C, respectively—see Fig. 1!. For the given, single Cr21

ion its Jahn-Teller distortion axis is an easy axis of the s
orientation. In effect for an arbitrary magnetic field directio
there are always nonvanishing both parallel and perpend
lar spin components. In the crystal the mean spin res
from the averaging over centersA, B, and C. Assuming
complete thermal equilibrium26 the average spin may be ex
pressed in the following way:

^S&5
1

Z
~ZA^S&A1ZB^S&B1ZC^S&C!, ~5!

whereZn are the partition functions for each of theA,B,C
centers in the given magnetic field:Zn5( iexp(2Ei

n/kBT),
and Z5ZA1ZB1ZC . In general for an arbitrary magneti

FIG. 1. The Jahn-Teller distortion axes:^100&, ^010&, and^001&
in the Cartesian coordinate system, where the^111& is the quanti-
zation axis. The momentum operators in the Stevens notation o
crystal-field Hamiltonian are defined for the^100& direction.
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field direction the spin given by Eq.~5! has nonvanishing
components along thec axis (̂ Sz&), as well as perpendicula
to the c axis (̂ Sx&1 i ^Sy&). For certain high symmetry di-
rections of magnetic field~Bi^111& or ^1̄10&! the perpen-
dicular component vanishes since its contributions fromA,
B, andC centers sum up to zero.

In Fig. 2 we show the calculated band structure for ma
netic field B parallel (Bi^111&) and perpendicular
(Bi^1̄10&) to thec axis as a function of the mean spin com
ponent along magnetic field, i.e.,x^Sz& and x^S'&5x(^Sx&
6 i ^Sy&), respectively~these components correspond to t
macroscopic magnetizationM i and M'!. The shownx^Sz&
~or x^S'&! range corresponds to the limit of saturating ma
netic fields (;100 T) for x50.005. Spin components wer
calculated according to the model presented in Sec. IV.
conduction band splits linearly for both configurations. Th
results from the fact that exchange splitting of this ban
neglecting the direct Zeeman interaction of the ba
elelctron, is proportional to the total mean spin valu
namely, ^S&5A^Sx&

21^Sy&
21^Sz&

2, which in our coordi-
nate system reflects the same direction of^S& and ^Sz& for
Bic or ^S& and ^S'& for Bi^1̄10&.

The situation for the valence band is more complicat

he

FIG. 2. Calculated band diagram of Cd12xCrxS in k50 as a
function of mean spin component~per unit cell!: ~a! x^Sz& for Bic;

~b! x^S'& for Bi^1̄10&'c. Arrows indicate optical transitions in
circular polarizations~thick arrows represent stronger lines!. The
bottom picture shows the calculated oscillator strengths of the t
sitions in s2 and s1 polarizations~the initial and final states are
denoted by the hole subband number and conduction spin subb
↓ or ↑!.
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The heavy-hole subband splits predominantly due to^Sz&, as
was already noted. However, spin operator components

pendicular to thec axis,Ŝx6 iŜy , lead to an admixture of the
lh and soh states to the hh states~second-order effect!. The
resulting hh subbandA is then sensitive to botĥSz& and
^Sx&6 i ^Sy&, so strictly speaking the splitting is not linear
the spin component along the given magnetic field. Ho
ever, in the case ofBic ~z axis in Fig. 1! the c axis is the
triple symmetry axis for all three centers of Jahn-Teller d
tortions, ^100&, ^010&, and ^001& ~centersA, B, and C,
respectively!, which are equivalent in this case. In effect,
noted above, perpendicular contributions from^100&, ^010&,
and ^001& centers cancel together and only spin along thc
axis ^Sz& is nonzero. This way spin̂S&5(0,0,̂ Sz&) is par-
allel to the applied magnetic field. The resulting hh splitti
is proportional to^Sz& and then to the magnetization, as
the case of Mn, Fe, or Co DMS. For lh and soh subba
spin componentŝ Sz& contribute linearly to the subban
splitting ~first-order effect!, while the nonlinear band split
ting originates from the mixing with other bands~Fig. 2!. For
the arbitrary magnetic field direction the effects of mixin
are expected to be stronger for lh and soh bands than
were for the hh subband, since only theŜx6 iŜy operator has
nonzero value between the hh and other bands.

For the perpendicular configuration (B'c) the hh sub-
band splits, in general, mostly due to the spin compon
perpendicular to the magnetic field~i.e., ^Sz& in this case!
~Fig. 2!. The mixing with the other hole subbands is sma
since we consider lowx ~needless to mention that for highe
x mixing would be stronger, making thêSx& component
effective!. With increasing magnetic field the spin align
alongB and its perpendicular component^Sz& tends to zero,
which results in a quenching of the hh band splitting. T
contribution of the perpendicular spin component^Sz& is the
largest for the magnetic field applied along one of the^2̄11&
directions. For the particular magnetic field direction alo
one of the ^1̄10& directions the perpendicular mean sp
component is zero, sincê1̄10& is the symmetry axis for the
three Jahn-Teller axes~Sec. IV!. Selection rules for hh-to-cb
transitions~light polarization refers to the magnetic-field d
rection! are completely relaxed for lowx. The reason is tha
the heavy-hole states are (1/&)(X1↑6X2↓) making all
four optical transitions in boths2 ands1 equally probable.
On the other hand optical transitions from lh are much m
intense than those for hh and selection rules are well p
nounced. The purity of transition polarization exceeds 9
even forBi^2̄11&.

It follows from the above considerations that for magne
field colinear with thec axis valence band to conduction
band transition energies are simply parametrized by the
component along the magnetic field, i.e., by the macrosco
magnetization, similarly as for Mn or Fe DMS.20–22,27How-
ever for the given magnetic fieldB not parallel to thec axis
or any of the^1̄10& axes the anisotropic magnetic mome
appears and the relation between exciton splitting and m
netization is more complicated. This is the consequence
both static, tetragonal Jahn-Teller distortion suffered by C21

ions ~main contribution! and axial symmetry of CdS crysta
~Sec. IV!. We note that for cubic Cr-based DMS the hh e
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change splitting is proportional to the total Cr21 spin, ^S&,
similar to the conduction-band splitting, but generally is n
proportional to the macroscopic magnetization.

III. EXPERIMENT

The Cd12xCrxS crystals were grown from CdS and C
powders by the modified Bridgman technique, at the Instit
of Technical Physics, Military Academy of Technolog
Warsaw. Single phase crystals were obtained only for ra
low Cr concentrationsx, below 0.005. The attempts to grow
crystals with higherx resulted in precipitations of CrySz ,
similarly to the case of~Zn,Cr!-based DMS. Only single-
phase crystals were used for the present study. Since s
dard methods used to determine crystal composition~atomic
absorption or wet chemical analysis! are rather inaccurate fo
low x values, the chromium content was estimated from
magnetization data, as in~Zn,Cr!-DMS.11,26 This procedure
was based on the assumption that magnetization scales
x, as described in Sec. IV.

Magnetoreflectance spectra of the free excitons were m
sured in the Faraday configuration~light wave vector parallel
to magnetic field! at T52.0 K and the magnetic field up to
B55 T. The spectra were taken simultaneously in two c
cular polarizations of light~s1 ands2!. Light polarization
always refers to the magnetic-field direction. The magne
field was oriented either parallel (Bic) or perpendicular to
the hexagonalc axis. Reflectance was measured on fres
cleaved surfaces; neither mechanical polishing nor chem
etching was used. The magnetization of the samples stu
optically was measured using a superconducting quan
interference device~SQUID! magnetometer. The tempera
ture, deduced from the pressure over the helium bath,
the same as in the magnetoreflectance measurements
experimental data were corrected for the diamagnetism of
CdS lattice:28 xCdS

d 523.731027 emu/g.

IV. MAGNETIZATION

Magnetization~per unit mass! was measured on oriente
samples, with magnetic field parallel to the crystal hexago
axis. Figure 3 shows the results for the samples withx
50.0024,x50.0031, andx50.0033 obtained atT52.0 K.
The magnetization varies strongly with magnetic field and
saturation is observed, despite the rather low Cr concen
tion. This behavior is similar to that observed for~Zn, Cr!-
DMS ~Ref. 26! and results from the presence of the Jah
Teller static distortion of the Cr21 ion.24,25 The shape of
magnetization does not depend on the concentrationx: the
curves displayed in Fig. 3 differ only by a scaling factor. T
fact that the shape of the magnetization curve is indepen
of x means that the interaction between Cr ions is unimp
tant in our case. This behavior results from the rather low
content in our crystals: forx50.003 about 96% of Cr ions
have no nearest magnetic neighbors~NN!, sod-d exchange,
if any, can be expected for only about 4% of ions. In suc
situation the NN interaction strength cannot be deduced fr
the magnetization data. Therefore, the model that assum
system of noninteracting Cr ions should provide a reasona
description. In such a model the magnetization per unit m
along the chosen direction denoted byl is the product of the
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magnetic moment of a single noninteracting ion and
number of the ions in the crystal:

Ml
mass5mB^Ml&x

NAv

mmole
, ~6!

where^Ml& is an average magnetic moment of the ion~av-
eraged overA, B, andC Cr21 centers! along thel direction,
mB is Bohr magneton,NAv is Avogadro’s number, andmmole
is the molar mass of the Cd12xCrxS ‘‘molecule.’’ Scaling
with x is obvious from Eq.~6!. The essential part in describ
ing the magnetization by Eq.~6! is the calculation of the
magnetic moment̂Ml& of a single Cr21 ion. This will be
done using crystal field model described below. The aver
magnetic moment of the Cr21 ion ^Ml& ~in units of mB! is
the thermodynamical and configurational average of
magnetic moment operatorM̂l5L̂l12Ŝl :

^Ml&5

(
i 51

N

^w i uL̂l12Ŝluw i&exp~2Ei /kBT!

(
i 51

N

exp~2Ei /kBT!

, ~7!

wherekB is the Boltzmann constant and indexi refers to the
i th eigenstate of the Cr21 ion (w i) with energyEi .

To obtain eigenstates and energies we generally fol
the crystal field model developed by Vallin24,25 and success
fuly used for cubic Cr-DMS.26,29–32We recall that the mode
takes into account tetrahedral crystal field, spin-orbit inter
tion, static tetragonal Jahn-Teller distortion and magne
field. In the present case additionally the hexagonal cry
field has to be included. This will be simulated by trigon
distortion, alonĝ111& direction, which will be considered a
the c axis. The energy structure of a single Cr21 ion is then
described by the Hamiltonian

FIG. 3. Magnetization of Cd12xCrxS atT52.0 K for Bic. Ex-
perimental data were corrected for diamagnetic contribution of p
CdS: xCdS

d 520.0037 emu/g~Ref. 28!. The solid lines are calcu
lated in the crystal-field model of Cr21 center with one fitting pa-
rameterx.
e

e
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H5Hcf1Htr1HJT1HSO1HB , ~8!

whereHcf is the cubic crystal field of tetrahedral (Td) sym-
metryHtr is the trigonal crystal field along thec axis, which
lowers the symmetry toC3v , HJT represents the static Jahn
Teller distortion of tetragonal symmetry,HSO is the spin-
orbit coupling, andHB is Zeeman term representing the e
fect of magnetic field. In terms of Stevens equivale
operators first three Hamiltonian components are33

Hcf52
2

3
B4~Ô4

0220&Ô4
3!, ~9a!

Htr5B2
0Ô2

01B4
0Ô4

0, ~9b!

HJT5B̃2
0Ỗ2

01B̃4
0Ỗ4

0, ~9c!

whereÔ ( Ỗ) are operators andBl
k (B̃l

k) are constants. Here

Ỗ are operators of the tetragonal distortion along the^100&
axis ~see Fig. 1! rewritten in the basis for whicĥ111& is the
quantization axis~see Appendix!. The first termHcf splits
the free ion ground term (5D,L52, S52) into an orbital
triplet 5T2 , which is the ground state and an orbital doub
5E. The 5T2-5E energy separation, 120B4 ~or 10Dq!, is of
the order of 600 meV. Furthermore5T2 is split by the Jahn-
Teller distortion into an orbital singlet5B2 ~ground! and an
orbital doublet5E located at higher energy by 105B̃4

0 ~about

100 meV!. The spin-orbit coupling,HSO5l•L̂•Ŝ, yields
further splitting of the spin orbitals: spin quintet5B2 splits
into G1 andG2 ~semidoublet ground state!, G5 ~doublet!, and
G4 ~singlet! ~see also Refs. 26, 24, and 25!. Due to the fact
that the hybridization of thed wave functions with the ligand
wave functions is different for the5T2 and 5E states, three
different parameterslTT , lTE , and lEE are distinguished
following the formal definition ^wXuHSOuwY&
5lXY^wXuLSuwY&, where subscriptsX or Y denoteT or E
states.26,34 The hexagonal crystal field along thec axis lifts
the degeneracy ofG5 ~doublet becomes a semidoublet!. Fi-
nally external magnetic field, described by the Zeeman te
HB5mB(L̂12Ŝ)B, lifts all of the remaining degeneracies.

In the present work, we calculated the energy level str
ture of the Cr21 ion by a numerical diagonalization of th
full 25325 Hamiltonian~8! matrix. Thus all the interactions
were fully taken into account, without any approximation
The Hamiltonian matrix contains several parameters. Th
parameters were chosen to recover the energy structur
the Cr21 ion in CdS in the absence of magnetic field. Fro
the fit to the experimental data of Ref. 25 we obtainedB4

55.0 meV ~which corresponds to 10Dq5600 meV!, B2
0

50.23 meV, B4
0520.16 meV, B̃2

0525.8 meV, andB̃4
05

21.16 meV. The spin-orbit coupling parameters arelTT
51.73 meV, lTE56.0 meV, and lEE56.6 meV. The
energy-level diagram for the five lowest-lying states, calc
lated for the above parameters andBic is shown in Fig. 4.
The mixing between the states forB;3 T is clearly visible.
For higher fields~above 8 T! the mixing becomes less im
portant and the states can be labeled bySz . We note that the
lowest five level manifold can be well described by the
fective spin Hamiltonian, withS52.25 The energies and

re
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eigenstates obtained from Hamiltonian diagonalization w
used for calculating magnetic moment, according to Eq.~7!.
The result forBic is displayed in Fig. 5, together with th
results for the ion spin. First of all we note that the magne

FIG. 4. Energy structure in magnetic field,Bic, of the five
lowest-lying states of Cr21 ion in CdS.

FIG. 5. Calculated spin components of a single Cr21 ion ~^100&
is the Jahn-Teller distortion axis! as a function of magnetic field
(Bic). ^S& is the total mean spin,̂Sz& and ^Sx& are the spin com-
ponents alongc axis and perpendicular to it, respectively; (^Mz&
and^Mx& are the mean magnetic moment along magnetic field
perpendicular to it, respectively!. The inset shows the angle be
tween magnetic field and the total magnetization direction aT
52.0 K.
e

c

moment is nearly entirely due to the spin. Only a small fra
tion of ^M & results from orbital momentum~negative contri-
bution!. The most important observation is that magne
moment is not parallel to the magnetic field, since in addit
to the parallel component̂Mz&, there is a substantial per
pendicular moment̂Mx&. This effect reflects the importanc
of JT distortion, which via spin-orbit interaction tries to or
ent spin along Jahn-Teller̂100& axes. The angle betwee
magnetic field and magnetic moment~spin! is close to 45°
and decreases with increasingB. Only for very high mag-
netic fields~tens of T! the alignment effect of magnetic fiel
prevails over JT distortion and the magnetic moment orie
along the field. So far we did not discuss the problem
inequivalent Cr21 centers. As discussed previously24 each
Cr21 center suffers one of three JT distortions along^100&,
^010&, and ^001&. In the absence of magnetic field, all th
centers are equivalent. Distortion along^111&, which in our
case mimics the hexagonal crystal field, does not favor
of the centers. However, arbitrary magnetic field does dis
guish between different Cr centers and in general one is d
ing with three inequivalent centers. Only forB along one of
the high symmetry directions does the number of inequi
lent centers reduce to two or one. The simplest situation
encountered forBi^111&, for which B is at the angle of
54.7° to each of the JT axes and^111& is the triple symmetry
axis for the Jahn-Teller directions. For any other field orie
tation contributions from different centers have to be cons
ered and averaged with the weights reflecting distribution
the centers. The difficulty is in assigning proper weights
different centers, as was discussed in Refs. 26 and 30
avoid this complication we verified the model for the ca
with magnetic field along the hexagonal axis, i.e., for equi
lent centers. The calculated magnetization@Eq. ~6!# was
compared to the experimental data and good agreement
found ~Fig. 3!. This shows that the crystal-field model we
recovers the Cr21 ion energy pattern at our field range. W
stress that the Cr concentration,x, was the only adjustable
parameter~the resultingx was adopted as Cr concentration!.

V. MAGNETOREFLECTANCE

Representative magnetoreflectance spectra in Fara
configuration are demonstrated in Fig. 6 for two cases:Bic

and Bi^1̄10&'c. Pronounced excitonA, B, and C struc-
tures, corresponding to transitions from hh, lh, and soh
lence band to conduction band are observed. The exc
splittings are small even at the highest magnetic fields, wh
is due to the low chromium content. Nevertheless forBic the
splitting of excitonA ~hh! is clearly visible. We note tha
transition ats2 polarization occurs at lower energy than th
s1 transition, similarly as for other Cr-based DMS and
contrast with all Mn-, Fe- and Co-based DMS.1,21,35,36This
observation is compatible with ferromagneticp-d exchange.
The splitting of excitonB is less pronounced, but still vis
ible. On the other hand possible splitting of excitonC is not
resolved.

For B'c selection rules for excitonA transitions are re-
laxed, as noted in Sec. II. The relaxation of the select
rules is complete~all possible transitions are of the sam
intensity! for B50. For nonzero magnetic fields the intensi
of the excitonic transition in polarizations2 becomes higher

d
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FIG. 6. Representative reflectance spectra of Cd12xCrxS (x50.0031) in Faraday configuration atT52.0 K andB55 T for ~a! Bic, ~b!
B'c. Dashed lines indicates2 polarization, solid liness1 polarization. The energies of the heavy-hole excitons are pointed by the ar
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than ins1 but still selection rules are much relaxed. In e
fect, in both circular polarizations, excitonA has two pos-
sible energies, since there are two transition energies~heavy-
hole band does not split, Fig. 2!. Due to the fact that the
energy difference of these two lines is less than or com
rable to the linewidth of the exciton spectra, practically t
same line is observed for both circular polarizations~Fig. 6!.
In the case of excitonB the selection rules are much le
relaxed but there is practically no splitting of the excitonB.
The observed behavior is very different from that enco
tered for hexagonal Mn, Co, and Fe DMS, for which excit
B practically does not split forBic, while for B'c both
excitonsA andB split pronouncely.20,21

FIG. 7. The light- and the heavy-hole exciton energies of t
different Cd12xCrxS samples in Faraday configuration for two o
entations of magnetic field:Bic ~left! and B'c ~right!. Empty
points indicate thes2 polarization and full pointss1. The energy
position was ascribed to the inflection point of the reflectance st
tures. The lines indicate calculated energies for the following
rameters:D1527.5 meV, D521.7 meV, N0a510.22 eV, N0b
50.54 eV ~Eg was adjusted to recover zero-field energies!. Solid
lines represents1, while dashed lines represents2 polarizations.
a-

-

Except for free excitonic structuresA, B, and C the
bound exciton structure may be observed below excitonA, at
energy 2.553 eV~Fig. 6!. For Bic the bound exciton is vis-
ible only for s2 polarized transitions. This is due to the fa
that the donor ground state built of the conduction-ba
wave function is occupied and then cannot serve as a fi
state for optical transition. In the case ofB'c the initial
heavy-hole states for the transitions are well mixed so
transition to the the upper donor state is visible for bo
polarizations, but is less pronounced due to the hole mix
~Fig. 6!.

The sample magnetic field dependence of excitonsA and
B energy for parallel and perpendicular configurations
shown in Fig. 7. The inflection points of reflectance stru
tures were used to determine exciton energy. In Fig. 8
present the hh exciton splitting forBic, corrected for the
Zeeman splitting of pure CdS~0.06 meV/T, as measured b
us!. This mimics exchange-induced hh exciton splittin
Usually this splitting is used for determination ofs,p-d ex-
change constants.1,35,14 It follows from Eqs.~3! and ~4! and

c-
-

FIG. 8. Heavy-hole exciton splitting of Cd12xCrxS for Bic at
T52.0 K as a function of magnetic field. Data were corrected
the Zeeman splitting of pure CdS~0.06 meV/T, as measured by us!.
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the considered equivalence of the Jahn-Teller centers~Sec.
II ! for Bic that the hh exciton exchange splitting is propo
tional to the spin component along thec axis:

DE5~N0a2N0b!x^Sz&1~ge2ghh
i

!mBB, ~10!

wherex^Sz& is proportional to the macroscopic magnetiz
tion: x^Sz&5k x^M & ~k'0.523 practically magnetic field in
dependent for our field range26!. We note that Zeeman split
ting of pure CdS is an additive correction to the total splitti
DE @Eq. ~10!#, which justifies evaluation of the exchang
splitting DEexch5(N0a2N0b)x^Sz& as a difference betwee
Cd12xCrxS and CdS splittings. PlottingDEexch versus mag-
netization one can directly evaluate exchange param
N0a2N0b. This method was used for Mn, Co, Fe, and c
bic Cr DMS.8,11,21,13,27,35,14The plot ofDEexch versusx^Sz&
~the latter calculated from the macroscopic magnetization! is
displayed in Fig. 9. The stright line corresponds toN0a
2N0b510.26 eV. Since the conduction-band parame
was evaluated in independent spin-flip Raman scattering
periment asN0a510.22 eV, we finally obtainedN0b5
10.4860.05 eV. We note that in the case of nonvanish
perpendicular spin component one should plotDEexch/x ver-
sus^Sz& to obtainN0a2N0b.

The evaluatedp-d exchange parameter, together with t
others, was used for calculating all the excitonic transitio
for both magnetic-field configurations. Hamiltonians~3! and
~4! are parametrized by the following parameters:Eg , D1 ,
D5D25D3 ~so-called quasi-cubic approximation!, Sx , Sz ,
x, N0a, andN0b. Since our crystals are rather diluted w
used for the first four parameters pure CdS values:Eg
52.562 eV ~this parameter does not enter into hh excit
splitting anyway!, D1527.5 meV, D521.7 meV ~compare
the values in Ref. 19!. The result is displayed in Fig. 6~for
Eg , which is slightlyx dependent, we adopted the zero fie
energy of excitonA for a given crystal!. Generally speaking
the model calculations recover experimental exciton ene

FIG. 9. Heavy-hole exciton splitting of Cd12xCrxS for Bic ~nor-
malized to the molar fraction of chromium! vs mean spin compo
nent of single Cr21 ion, ^Sz&, obtained from the magnetization dat
Straight line corresponds toN0a2N0b510.26 eV.
-
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field dependence quite well. This is particularly true for
exciton (A) in parallel configuration. The model predic
strong polarization of both exciton components, in agr
ment with experimental observation. For perpendicular c
figuration (Bi^1̄10&) our model well reproduces very wea
splittings of excitonB. Also strong relaxation of selection
rules for hh exciton transitions are predicted. We point o
that the difference between exciton splitting in Cd12xCrxS
and hexagonal Mn, Co, Fe DMS~for which a very similar
overall exciton behavior was observed20–22! results mainly
from different sign ofN0b value for these systems.

In the case of the magnetic field applied along none of
three^111& axes~c axis in hexagonal crystals! nor along one
of twelve ^110& ~one of four^1̄10& in hexagonal crystals! the
Cr DMS are magnetically anisotropic, as already noted.
some extent a similar situation may be encountered for
DMS, where magnetization is anisotropic, however, for c
bic crystals and not very high magnetic fields the anisotro
is rather weak.37 Thus for Fe DMS Eq.~10! can still be used.
For cubic Cr DMS both conduction and hh bands split p
portionally to the Cr spin length. Therefore Eq.~10! should
be replaced by

DE5$@gemBB sin q2~N0a2N0b!x~^Sx&6 i ^Sy&!#2

1@~gecosq2ghh
i

!mBB2~N0a2N0b!x^Sz&#2%1/2.

~11!

The only complication is that the spin^S& has to be evaluated
from macroscopic magnetization, using the crystal-fie
model described in Sec. IV. Since^S& is not proportional to
the magnetization~as ^Sz& is! hh exciton splitting is no
longer parametrized by magnetization directly, as it was
Mn and Co DMS. StillDE scales with^S&, which is Cr
concentration and exchange constantsN0a, N0b indepen-
dent. This way the differenceN0a2N0b can be determined
directly by comparingDE with evaluated mean spin as
function of T andB, ^S(T,B)&.

Finally we would like to comment on the estimatedN0b
value. This value is the lowest from all obtained so far f
Zn12xCrxS, Zn12xCrxSe, and Zn12xCrxTe.11 Although no
proper calculations of theN0b value were done for Cr-DMS
with different host lattices, a naive model of Ref. 11 can
used as a first-order approximation. In this model ferrom
netic p-d exchange results from an empty spin-upd orbital
located above the top of the valence band. The magnitud
the interaction (N0b) depends on the probability ofp-d hop-
ping and energy denominator, i.e., energy difference betw
the top of the valence band and thed orbital. Following this
argument one may expect an increasingN0b value with the
top of the valence band approaching the spin-upd level.
Such behavior was indeed observed for the series of ZnC
Zn12xCrxSe, and Zn12xCrxTe, for which the valence-band
offset~relatived level! is the largest for ZnS and the smalle
for ZnTe. AccordinglyN0b was the smallest for Zn12xCrxS
and the largest for Zn12xCrxTe.11 The valence-band offse
for CdS is slightly larger than that of ZnS, so one cou
expect similarN0b for both sulfides, which is the case. W
would like to stress, however, that one should be aware
extending this simple, one-electron reasoning too far, si
in some cases it may lead to false conclusions.
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VI. CONCLUSIONS

The influence of magnetic field on free exciton
Cd12xCrxS was studied for the field oriented along and p
pendicularly to the crystal hexagonal axis. The obser
heavy- and light-hole excitons split in a different way th
they did for DMS hexagonal crystals with Mn, Fe, or C
This difference results from the sign~ferromagnetic! and the
magnitude ofp-d exchange interaction. The value ofp-d
exchange parameter was estimated from the heavy-hole
citon splitting compared to the Cr21 ion spin calculated
within simple crystal field model taking into account stat
tetragonal Jahn-Teller distortion experienced by Cr21 ions
and hexagonal crystal field of CdS. The validity of the
calculations is justified by a very good description of ma
netization data by the same model. The role of the spin
isotropy resulting from both hexagonal and tetragonal dis
tions was pointed out. In this particular caseBic heavy-hole
exciton splitting is parametrized by the macroscopic mag
tization, as it was for Mn- and Co-based DMS, in the sp
of the mean-field and virtual crystal approximations. The
terminedp-d exchange strength is the smallest among
based DMS, which seems to comply with valence-band
set of CdS, relatively~Zn,Cr!-based DMS.
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APPENDIX A

Here we calculate the momentum operators entering
Jahn-Teller part of the Hamiltonian~8! for the center of the
type A ~along^100&!. We recall the expression for the Jah
Teller distortion Hamiltonian@Eq. ~9c!#,

HJT5B̃2
0Ỗ2

01B̃4
0Ỗ4

0,

would have the same form asHtr @Eq. ~9b!# if the chosen
quatization axis is one of the three^100& directions. Actually
the quantization axis is chosen along the^111& direction
since it simplifies calculations~especially forBic!. There-
fore it is necessary to express theÔ2

0 andÔ4
0 operators of the

Jahn-Teller Hamiltonian for the turned coordination axes,
which the ^111& axis will be the chosen one. These ne

operators are calledỖ2
0 and Ỗ4

0.
We recall after Ref. 33 that the Stevens equivalent ope

tors appearing in Eqs.~9a! and ~9b! are of the following
form:

Ô2
05 Ĵz

22J~J11!, ~A1!

Ô4
0535Ĵz

4230J~J11!Ĵz
2125Ĵz

2

26~J11!J13J2~J11!2, ~A2!

Ô4
35 1

4 @ Ĵz~ Ĵ1
31 Ĵ2

3!1~ Ĵ1
31 Ĵ2

3!Ĵz#, ~A3!
-
d

x-

,

-
n-
r-

-
t
-
-
f-

-

i

e

r

a-

where Ĵz , Ĵ2 , and Ĵ1 are the orbital momentum operato
and J52 ~in the case of Cr21 ion!. First two of the above
Stevens operators appear inHJT, when the Jahn-Teller dis
tortion along^100& states the quantization axis. We refer
this axis asz̃ in the (x̃,ỹ,z̃) Cartesian coordinates. Addition
ally the z̃ axis is chosen in the plane of (x,z) axes of the
desired coordinates (zi^111&). In effect the versors of
( x̃,ỹ,z̃) coordinates are expressed by the (x,y,z) versors in
the following way:

ẽx5
1

)
ez2

1

)
ex1

1

)
ey ,

ẽy5
1

)
ez2

1

)
ex2

1

)
ey , ~A4!

ẽz5
1

)
ez1A2

3
ex .

Accordingly the ‘‘turned’’ momentum operators (Ĵ̃z , Ĵ̃2 , Ĵ̃1)
take the form

Ĵ̃15~ Ĵ̃x1 i Ĵ̃ y!5
1

)
@~11 i !Ĵz2~11 i !Ĵx1~12 i !Ĵy#,

~A5!

Ĵ̃25~ Ĵ̃x2 i Ĵ̃ y!5
1

)
@~12 i !Ĵz2~12 i !Ĵx1~11 i !Ĵy#,

~A6!

Ĵ̃z5
1

)
~ Ĵz1& Ĵx!. ~A7!

The resultingĴ̃z
2 and Ĵ̃z

4 operators appearing inỖ2
0 and Ỗ4

0

of HJT are

Ĵ̃z
25

1

3
Ĵz

21
2

3
Ĵx

21
&

3
~ ĴzĴx1 ĴxĴz!, ~A8!

Ĵ̃z
45

1

9
Ĵz

41
4

9
Ĵx

41
2

9
@ ĴzĴxĴzĴx1 ĴxĴzĴxĴz1 ĴzĴx

2Ĵz

1 ĴxĴz
2Ĵx1 Ĵz

2Ĵx
21 Ĵx

2Ĵz
2#1
&

9
@ Ĵz

2~ ĴzĴx1 ĴxĴz!

1~ ĴzĴx1 ĴxĴz!Ĵz
2#1

2&

9
@ Ĵx

2~ ĴzĴx1 ĴxĴz!

1~ ĴzĴx1 ĴxĴz!Ĵx
2#. ~A9!

Finally the ‘‘turned’’ Stevens operators have the form

Ỗ2
053Ĵ̃z

22J~J11!, ~A10!

Ỗ4
0535Ĵ̃z

4230J~J11! Ĵ̃z
2125Ĵ̃z

2

26~J11!J13J2~J11!2. ~A11!
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We stress that these above formulas were calculated
for the centerA ~Fig. 1!. However, we take advantage of th
fact that for all three centersA, B, andC, c axis is the triple
symmetry axis. Therefore instead of calculating the expr
.
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sions for the momentum operators forB and C types of
centers the equivalent way is to turn the magnetic field
rectionB/uBu ~relatively toA direction! to simulate the con-
tribution of theB andC centers.
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