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Free-exciton magnetoreflectance and magnetization are used to stugldhexchange interaction of
Cd;_,Cr,S (x=0.0024, 0.0031, and 0.0083Vlagnetization data are well described by a simple crystal-field
model taking into account static, tetragonal Jahn-Teller distortion suffered Byi@hs, as well as the hex-
agonal crystal field of CdS. In effect, a strong magnetic anisotropy of a singfei@r was found. From the
heavy-hole exciton splitting, and the Crion spin deduced from magnetization data, fhel exchange
parameter was evaluated HgB= +0.48+0.05 eV, using the previously obtainedd exchange parameter:
Noa=+0.22£0.01 eV. These exchange parameters provide a reasonable description of the exciton splittings
for a magnetic field oriented along or perpendicularly to the crystal hexagona[ 8Ri63-182698)02727-1

. INTRODUCTION energy difference between the involvedandd orbitals®®
For II-VI DMS with at least a half-filledd-shell, such as Mn
Diluted magnetic semiconductotBMS), also known as (d®), Fe d®), and Co @) the p-d exchange is antiferro-
semimagnetic semiconductors, are based on typical Il-VImagnetic(AF) (i.e., exchange parameté,3<0), which
1I-V, or IV-VI semiconductors for which a controlled frac- was well documented experimentdllyand explained
tion of nonmagnetic cations is substituted by magnetidgheoretically! On the other hand for less than a half-filled
elements. DMS bridge the physics of semiconductors andd-shell theory predicts the possibility of a ferromagnegticl
the physics of magnetic materials, since they retain googxchange KoB>0).3*® Recently ferromagnetip-d ex-
semiconductor properties characteristic of their hosts, and &hange was observed for ZnS, ZnSe, and ZnTe doped with
the same time may be regarded as random magnetic systef@s (d*).8~** This observation was of crucial importance for
of localized magnetic moments. The class of DMS is rathetesting theoretical models and understanding the exchange
broad: a large variety of host lattices and different magnetignechanisms in DMS.
ions can be used to produce DMS. All these features made The problem with(Zn,Cn-DMS was the low Cr content,
DMS attractive materials for studies during the last two de-which led to rather low band splittings, so that not all the
cades. Magneto-optical effects were of particular interesexcitonic transitions could be resolvéd! Eventually the
since, due to strong exchange interaction between band catifference Noa—NyB was evaluated, but not the separate
riers and magnetic ions’ spins, they are enhanced by ordefdge, NoB values. Therefore the conclusion of a ferromag-
of magnitude with respect to the nonmagnetic crystalg., netic p-d exchange was obtained under the assumption that
Faraday rotation and Zeeman band splittihghe exchange Nya~+0.2 eV. Although this assumption seems to be well
interaction between conduction bar(db) and transition justified'~’ it was not supported by any experimental data for
metal(TM) magnetic ions such as Mn, F€* or C&" (s-d  (Zn,C DMS. Only recently Ngja was estimated for
exchangg results largely from direcfpotentia) exchange. Cd,_,Cr,S (x=0.0024) by means of spin-flip Raman spec-
The contributings and d one-electron orbitals are centered troscopy(SFRS.!? Although the Cr content is still low this
on the same ion core, so tlsed exchange should be ferro- has opened the possibility of direct determination gj-d
magnetic(FM). This is indeed the case: for all DMS studied exchange parameter for €d.Cr,S.
so far the exchange parameldja measurings-d exchange In this paper we present magnetoreflectance measure-
strength was found to be positive and largely magnetic ionrments of excitonic interband transitions in £dCr,S crys-
and host lattice independehfThe situation for the valence tals, together with magnetization measurements performed
band is different. Thep-d exchange is dominated by kinetic on the same samples. Based on these data we evaluated a
exchange, determined by tped hybridization?~” for which ~ No8 parameter, which turned out to be positive, indicating
the main contribution arises from virtual jumpspfd)-type = FM p-d exchange.
electrons to the orbital already occupied dfp) electrons. The paper is organized as follows: in Sec. |l the theoret-
The character of this interaction crucially depends on thedcal background necessary to interprete the excitonic transi-
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tions are presented. Experimental details are given in Sec. The Hamiltonian describing the band structure of the
[ll. The magnetization data are presented and discussed IDMS can be obtained as a sum of the Hamilton{an and
Sec. IV, while Sec. V is devoted to magnetoreflectance datthe well known Hamiltonian of the wurtzite crystdfs:*®
and the determination of the exchange parami{g®. We  The full Hamiltonian matrix for the conduction band, in the
conclude in Sec. VI. center of the Brillouin zone, which includes direct interaction
of the band eleltron with the magnetic field, has in the basis

Il. THEORETICAL BACKGROUND |ST) or |S|) the following form(see also Refs. 20—22

The s,p-d exchange interaction between localized mag-
netic ions, possessing spB=(S,,S,,S,) and delocalized
band electrons described by the spin(s,,s, ,s,) is usually
expressed by isotropic Heisenberg-like Hamiltorfidn:

Eg+ 7+ %ge,uBB ST
Hep= 1 )
Eg_ T27 EgeMBB S|
HexS-s. 1) 3

This form of exchange was shown to be adequate for Mn, Feyhere thez axis was chosen along crystal hexagonal axis
and Co DMS. For Cr-based DMS the general Hamiltonian igthis convention will be kept in this papeiE, is the energy
expected to be more complé&X However the experimental gap andy, is the electrorg factor. The exchange interaction
results obtained fo(Zn, Cn-based DMS suggested that the is determined here by the components of the mean spin:
Heisenberg part is still the dominant contribution to the L
s,p-d Hamiltonian!! Therefore also for Cd ,Cr,S we will 7= 3 Noax(S,),

7. =3 Noax((S) £i(Sy)),

restrict the discussion to the Heisenberg term. The Hamil-

tonian (1) is typically considered within the mean field ap-

proximation (MFA) %nﬂ the virtual crystal approximation pere () is the mean spin component along the hexagonal

(VCA), which gives* axis, (S,) *i(S,) are the mean spin components perpendicu-
lar to the hexagonal axis ang=(S|J|S) is the conduction-

band exchange constant. Hamiltonieg) is given for Bliz.

For whichever magnetic field direction the splitting of the

conduction band has the form:

T+

Hex=—XNgJ(S) "5, (2

where x is the molar fraction of magnetic ion$\, is the
number of cations per unit volumé,is the exchange con-
stant(proportional toa or 8 for conduction or valence band,
respectively, (S) is the thermodynamic and configurational
average value of the localized spiiiln the discussion which
follows we ignore the opposite signs of spin and magnetic

moment) For Mn- and Co-based zinc-blende DMS the ion where\ denotes the direction of the magnetic fi@dIt has
spin was always oriented along the applied magnetic fieldio be stressed that the conduction band splitting is propor-
no matter what the direction was. This is not the case fotional to the total spin corrected for the g-factor, which gen-
Cr?* ion, neither for the zinc-blende host nor for the wurtzite erally may not be parallel to its component along magnetic
one, as will be shown belowSec. IV). Moreover for a hex- field.

agonal crystal one has to consider orientation of the ion spin In the similar manner the valence band matrix, written in
relative to the hexagonal crystal axis. These complication#n the standard basis function st |, X_1, X, |, X;T,

1
Ee:=Eg*5 \/ 2  (Noax(S,)—9,)?%
2 A=X,Y,Z

will be discussed below.

Z|, Z1, whereX. =1V2(X*iY), has the form>~2

8,+ vin 5_ 0 0 0 X1
6.  —2A,—6, —V2A; 0 0 0 X, |
0 —Vv2A;  —A—A,-6, 0 0 5 z1
Tw=l g 0 0 ~ 5~ O 0 X_|’ @
0 0 0 5, —2A,+ 6, V2A, 1
0 0 5, 0 V2A;  —A—A,—6,] Z]

whereA; is the hexagonal crystal-field splitting parameter, 8,= 3 NoBX(S,),

A, andA are parameters of the spin-orbit interacti8iThe

main effect of magnetic field is indirect, by producing non- 8+=3 NoBx((S)=i(S))),

zero mean spin(S)=((Sy).(Sy).(S,)), which components g=(X|J|X) is the exchange parameter of the valence band.
enter the exchange part of the Hamiltonian The standard Zeeman term of the electron direct interaction
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FIG. 1. The Jahn-Teller distortion axg4:00), (010, and{001) 104 3 lio
in the Cartesian coordinate system, where (hkl) is the quanti- = “
zation axis. The momentum operators in the Stevens notation of the € os; (.h/’/,”,/—s 08
crystal-field Hamiltonian are defined for tk200 direction. ss | [T
28 osfm ! 4 ot T o6
C £ T e
has been included only for heavy-hole states for magneticE 2 . 1 o
. .. . . = 0 o4} T _ 104
field along thec axis in the above Hamiltoniatthe perpen- £ % o
. . Q s
dicular g factor, gi,, is zerd): _y'r',hzégu,uBB cosd, where 9§ .l | —— Joz
¥ is the angle between theaxis and the external magnetic 3 B e

field. The direct Zeeman term is, in fact, a correction to the O T T ot oke i 0w 0i oior oioe o
diagonal part only, so it can be added after diagonalization to X<-S > x<-8 >
the hole levels. Unlike conduction-band states particular field :
orientation now implies the certain mixing between valence- FIG. 2. Calculated band diagram of £4CrS in k=0 as a
band states, although, as mentioned already, spin may not ffenction of mean spin componefger unit cel): (&) x(S,) for Blic;
colinear with magnetic field. (b) x(S,) for BI(110).Lc. Arrows indicate optical transitions in

If the spin is aligned along the hexagonal ax{se., circular polarizationgthick arrows represent stronger linedhe
<sx>:<sy>:o), then the heavy holethh) do not mix with bottom picture shows the calculated oscillator strengths of the tran-
the light holeg(Ih) or spin-orbit split holegsoh. In effect the sitions ino~ ando* polarizations(the initial and final states are
hh exchange splitting is proportional to the spin alongdhe denoted by the hole subband number and conduction spin subband,
axis,x(S,). On the other hand if the spin is oriented perpen-} or 1)-
dicularly to the hexagonal axi($,)=0), then for small
values of the mean spir((S,) =i(S,)) the hh band splitting  field direction the spin given by Eq5) has nonvanishing
is negligible. This effect is well known also as the mentionedcomponents along theaxis ((S,)), as well as perpendicular
zerog, factor in pure CdS? In general the hh mix with the  to the ¢ axis (S,)+i(S,)). For certain high symmetry di-

other bands. This mixing is Ehe reason hh-originated stategctions of magnetic fieldBl(111) or (110)) the perpen-
split, since otherwise operat&* S, has vanishing matrix dicular component vanishes since its contributions fiam
elements within subspace of pure hh states. B, andC centers sum up to zero.

The magnetic anisotropy of Cr-DMS originates from the |n Fig. 2 we show the calculated band structure for mag-
presence of strong static Jahn-Teller effect F'on'****  netic field B parallel @I(111)) and perpendicular
along one of threg100), (010, (001 directions (centers (pj(110)) to thec axis as a function of the mean spin com-
A,B',C, respectlvely_—seg Flg.);qu the given, smgle Gt _ponent along magnetic field, i.ex(S,) andx(S, )=x({S,)
ion its Jahn-Teller distortion axis is an easy axis of the SPINLj(s)), respectively(these components correspond to the

orientation. In effect for an a_lrbitrary magnetic field directiqn macroscopic magnetizatidd, and M, ). The shownx(S,)
there are always nonvanishing both parallel and pe_rpend|c or x(S, )) range corresponds to the limit of saturating mag-
lar spin components. In the crystal the mean spin result

) ) etic fields (~-100 T) for x=0.005. Spin components were
from the averaging over centess, B, and C. Assuming

ibriu? : calculated according to the model presented in Sec. IV. The
complete thermal equilibriuf the average spin may be ex- ¢onqyction band splits linearly for both configurations. This
pressed in the following way:

results from the fact that exchange splitting of this band,
1 neglecting the direct Zeeman interaction of the band
(s):Z(ZA<3>A+ZB<5)B+ZC<3>C), (5)  elelctron, is proportional to the total mean spin value,
namely, (S)=(S)*+(S,)*+(S,)*, which in our coordi-
whereZ, are the partition functions for each of theB,C ~ nate system reflects the same direction(8f and(S,) for
centers in the given magnetic field;,,==;exp(—E/kgT), Bllc or (S) and(S, ) for BIl(110).
andZ=Z,+Zg+Zc. In general for an arbitrary magnetic ~ The situation for the valence band is more complicated.
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The heavy-hole subband splits predominantly dugSip, as  change splitting is proportional to the total’Crspin, (S),

was already noted. However, spin operator components pesimilar to the conduction-band splitting, but generally is not

pendicular to the axis,S,*iS,, lead to an admixture of the Proportional to the macroscopic magnetization.

Ih and soh states to the hh statescond-order effegtThe

resulting hh subband is then sensitive to botkS,) and ll. EXPERIMENT

(S0 =i(S), so strictly speaking the splitting is not linear in

the spin component along the given magnetic field. How- TZe Cg,?hCrXS g?’.St(‘;’“; y(\j/ere gr:)WE from Ctdt?\ alndt'tCrt

ever, in the case dBlic (z axis in Fig. 1 the ¢ axis is the powders by thé modilied bridgman techniqué, at tné Institute
. . . of Technical Physics, Military Academy of Technology,

triple symmetry axis for all three centers of Jahn-Teller dis- inale oh | btained onlv f h

tortions, (100, (010, and (001) (centersA, B, and C Warsaw. Single phase crystals were obtained only for rather

) N ' . o Y ’ low Cr concentrationg, below 0.005. The attempts to grow
respectively, which are equivalent in this case. In effect, as

. - crystals with higherx resulted in precipitations of ,
noted above, perpendicular contributions fr¢h®0), (010, similarly to the case ofZn,Cn-based DMS. Only s?fgz:]le-

and(001) centers cancel together and only spin alongdhe phase crystals were used for the present study. Since stan-
axis (S,) is nonzero. This way spigS)=(0,0(S,)) is par-  gard methods used to determine crystal composigomic

allel to the applied magnetic field. The resulting hh splitting ahsorption or wet chemical analysare rather inaccurate for

is proportional to(S,) and then to the magnetization, as in |ow x values, the chromium content was estimated from the
the case of Mn, Fe, or Co DMS. For |h and soh subbandsnagnetization data, as iZn,Cn-DMS.**?8 This procedure

spin componentg'S,) contribute linearly to the subband was based on the assumption that magnetization scales with
splitting (first-order effect, while the nonlinear band split- x as described in Sec. IV.
ting originates from the mixing with other ban€fsg. 2). For Magnetoreflectance spectra of the free excitons were mea-
the arbitrary magnetic field direction the effects of miXing sured in the Faraday Conﬁguratid'rght wave vector para||e|
are expected to be stronger for Ih and soh bands than they magnetic fielt at T=2.0 K and the magnetic field up to
were for the hh subband, since only tRe*iS, operator has B=5T. The spectra were taken simultaneously in two cir-
nonzero value between the hh and other bands. cular polarizations of lighfc™ and o). Light polarization

For the perpendicular configuratioB{c) the hh sub- always refers to the magnetic-field direction. The magnetic
band splits, in general, mostly due to the spin componentield was oriented either paralleB(c) or perpendicular to
perpendicular to the magnetic fielde., (S,) in this casg¢  the hexagonat axis. Reflectance was measured on freshly
(Fig. 2. The mixing with the other hole subbands is small, cleaved surfaces; neither mechanical polishing nor chemical
since we consider low (needless to mention that for higher etching was used. The magnetization of the samples studied
X mixing would be stronger, making th¢5,) component optically was measured using a superconducting quantum
effective. With increasing magnetic field the spin aligns interference devicdSQUID) magnetometer. The tempera-
alongB and its perpendicular compone8,) tends to zero, ture, deduced from the pressure over the helium bath, was
which results in a quenching of the hh band splitting. Thethe same as in the magnetoreflectance measurements. The
contribution of the perpendicular spin componé8}) is the  experimental data were corrected for the diamagnetism of the

largest for the magnetic field applied along one of (e1)  CdS lattice?® &4s= —3.7x 107 emulg.
directions. For the particular magnetic field direction along

one of the(TlO) directions the perpendicular mean spin IV. MAGNETIZATION

component is zero, sindd 10) is the symmetry axis for the
three'\']ahn-ll'riller "’lee.@e.c' V). fSeIectlohn rules for.h?.'t?d'co? samples, with magnetic field parallel to the crystal hexagonal
tran_smons( ight polarization refers to the magnetic-field di- ;o Figure 3 shows the results for the samples with
rection) are completely relaxed for low. The reasonis that _ 5 0954 v=0.0031 andk=0 0033 obtained af= 2.0 K

]Ehe hequ-lhole states a;)e ?}(Xg *X-1) ”rnakint? ;" The magnetization varies strongly with magnetic field and no
our optical transitions in boter ando ™ equally probable. ooy ration is observed, despite the rather low Cr concentra-
On the other hand optical transitions from Ih are much MOI&jon . This behavior is similar to that observed @, C-

intense than those for hh and selection rules are well propyg (Ref. 26 and results from the presence of the Jahn-
nounced. Th_e purity of transition polarization exceeds 90%ralier static distortion of the GF ion 2425 The shape of
even forBll(211). magnetization does not depend on the concentratiothe

It follows from the above considerations that for magneticcurves displayed in Fig. 3 differ only by a scaling factor. The
field colinear with thec axis valence band to conduction- fact that the shape of the magnetization curve is independent
band transition energies are simply parametrized by the spigf x means that the interaction between Cr ions is unimpor-
component along the magnetic field, i.e., by the macroscopigant in our case. This behavior results from the rather low Cr
magnetization, similarly as for Mn or Fe DM&.?*2"How-  content in our crystals: for=0.003 about 96% of Cr ions
ever for the g|V_en magnetic fied not parallel to thec axis have no nearest magnetic ne|ghb6‘ﬂ$|)7 Sod_d exchanQE,
or any of the(110) axes the anisotropic magnetic momentif any, can be expected for only about 4% of ions. In such a
appears and the relation between exciton splitting and magsituation the NN interaction strength cannot be deduced from
netization is more complicated. This is the consequence ahe magnetization data. Therefore, the model that assumes a
both static, tetragonal Jahn-Teller distortion suffered b Cr system of noninteracting Cr ions should provide a reasonable
ions (main contribution and axial symmetry of CdS crystals description. In such a model the magnetization per unit mass
(Sec. M. We note that for cubic Cr-based DMS the hh ex-along the chosen direction denotedis the product of the

Magnetization(per unit masswas measured on oriented
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S H=MHert Hyt Hyrt Hsot He, (8
[} =0.0033
[ . )x(fggggl ] whereH; is the cubic crystal field of tetrahedral {) sym-
04k o = metry Hy, is the trigonal crystal field along theaxis, which
F TooK 1 lowers the symmetry t€,,, H,7 represents the static Jahn-
- Blic 1 Teller distortion of tetragonal symmetr§{so is the spin-
S 03'_ h ] orbit coupling, andHg is Zeeman term representing the ef-
2 ' 6 . fect of magnetic field. In terms of Stevens equivalent
2 operators first three Hamiltonian components’are
EE 0.2r - 2 o -
He=— §B4(O4—20\/§O4), (93
0.1F . A A
- H,=B305+B%0?, (9b)
ol ] Hyr=B303+ B0, (90
0 1 2 3 4 5
Magnetic field (T) where® (O) are operators anBf (Bf) are constants. Here

FIG. 3. Magnetization of Cd ,Cr,S atT=2.0 K for Blic. Ex- O are operators of the tetragonal distortion along (he0
perimental data were corrected for diamagnetic contribution of puréXxis (see Fig. 1 rewritten in the basis for whickil11) is the
CdS: xd &= —0.0037 emu/g(Ref. 28. The solid lines are calcu- quantization axissee Appendix The first termH splits
lated in the crystal-field model of &f center with one fitting pa- the free ion ground term®D,L=2, S=2) into an orbital
rameterx. triplet °T,, which is the ground state and an orbital doublet

SE. The °T,-°E energy separation, 1BQ (or 10Dq), is of
magnetic moment of a single noninteracting ion and thethe order of 600 meV. Furthermord, is split by the Jahn-
number of the ions in the crystal: Teller distortion into an orbital singletB, (ground and an

orbital doublet>E located at higher energy by 1B% (about
(6) 100 meVl. The spin-orbit couplingHso=\-L-S, yields
mole. further splitting of the spin orbitals: spin quintéB, splits
intoI"; andI', (semidoublet ground statd 5 (double}, and
I', (singled (see also Refs. 26, 24, and)2bue to the fact
that the hybridization of thd wave functions with the ligand
wave functions is different for thé€T, and °E states, three
different parametera.tr, Atg, and Agg are distinguished
following  the  formal  definition (x| Hsd¢y)
=M xv{®x|LS ¢y}, where subscriptX or Y denoteT or E
tates®>* The hexagonal crystal field along tleeaxis lifts
the degeneracy df 5 (doublet becomes a semidoubl€eEi-
@ally external magnetlc field, described by the Zeeman term

Hg= ,uB(L+ZS)B lifts all of the remaining degeneracies.
In the present work, we calculated the energy level struc-

Nav
M5 ug(M )\>X

where(M,) is an average magnetic moment of the {an-
eraged oveA, B, andC Cr®* centerg along the\ direction,
ug is Bohr magnetoniN,, is Avogadro’s number, anah, e

is the molar mass of the €d,Cr,S “molecule.” Scaling
with x is obvious from Eq(6). The essential part in describ-
ing the magnetization by Eq6) is the calculation of the
magnetic momentM,) of a single C#" ion. This will be
done using crystal field model described below. The averag
magnetic moment of the &f ion (M,) (in units of ug) is
the thermodynamical and conflguratlonal average of th

magnetic moment operatdm = L>\+ 28)\

N ture of the C#" ion by a numerical diagonalization of the
2 {@i|L\+25,| @i exp(— E; kg T) full 25X 25 Hamiltonian(8) matrix. Thus all the interactions
= were fully taken into account, without any approximations.
<Mk>_ N ' (") The Hamiltonian matrix contains several parameters. These
z exp(—E;/kgT) parameters were chosen to recover the energy structure of

i=1

the CF* ion in CdS in the absence of magnetic field. From

wherekg is the Boltzmann constant and indexrefers to the the fit to the experimental data of Ref. 25 we obtairid

— H _ 0

ith eigenstate of the €F ion (¢;) with energyE; . =5.0 meV (which correspondfoto g =600 me\JLOBZ
To obtain eigenstates and energies we generally follow=0.23 meV, B3=—0.16 meV, B)= —5.8 meV, andBj=
the crystal field model developed by Vaflfif°and success- —1.16 meV. The spin-orbit coupling parameters argy

fuly used for cubic Cr-DM$%232\We recall that the model =1.73 meV, A;g=6.0 meV, and Agg=6.6 meV. The
takes into account tetrahedral crystal field, spin-orbit interacenergy-level diagram for the five lowest-lying states, calcu-
tion, static tetragonal Jahn-Teller distortion and magnetidated for the above parameters aBitt is shown in Fig. 4.
field. In the present case additionally the hexagonal crystalhe mixing between the states B3 T is clearly visible.
field has to be included. This will be simulated by trigonal For higher fields(above 8 7 the mixing becomes less im-
distortion, along111) direction, which will be considered as portant and the states can be labeledshyWe note that the
the c axis. The energy structure of a single’Cion is then  lowest five level manifold can be well described by the ef-
described by the Hamiltonian fective spin Hamiltonian, withS=22° The energies and
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free  cubic Jahn-  S-O trigonal moment is nearly entirely due to the spin. Only a small frac-
ion field Teller coupling field . . . .

E tion of (M) results from orbital momenturfnegative contri-
bution). The most important observation is that magnetic
5D moment is not parallel to the magnetic field, since in addition
°E to the parallel componentM,), there is a substantial per-

pendicular momen{M,). This effect reflects the importance
LER of JT distortion, which via spin-orbit interaction tries to ori-
ent spin along Jahn-Tellgll00) axes. The angle between
\\ magnetic field and magnetic mome(spin is close to 45°
and decreases with increasiBg Only for very high mag-
T T T 7] netic fields(tens of T) the alignment effect of magnetic field
[ Bllc ] prevails over JT distortion and the magnetic moment orients
2r ] along the field. So far we did not discuss the problem of
inequivalent Ct" centers. As discussed previouélyeach
Cr?* center suffers one of three JT distortions aldhg0),
(010, and(002). In the absence of magnetic field, all the
centers are equivalent. Distortion alofigl1), which in our
case mimics the hexagonal crystal field, does not favor any
of the centers. However, arbitrary magnetic field does distin-
guish between different Cr centers and in general one is deal-
ing with three inequivalent centers. Only fBralong one of
the high symmetry directions does the number of inequiva-
lent centers reduce to two or one. The simplest situation is
encountered foB|I(111), for which B is at the angle of
Magpnetic field (T) 54.7° to each of the JT axes afidL1) is the triple symmetry
axis for the Jahn-Teller directions. For any other field orien-
tation contributions from different centers have to be consid-
ered and averaged with the weights reflecting distribution of
éhe centers. The difficulty is in assigning proper weights to
different centers, as was discussed in Refs. 26 and 30. To
avoid this complication we verified the model for the case
with magnetic field along the hexagonal axis, i.e., for equiva-
Sent centers. The calculated magnetizatidfg. (6)] was
compared to the experimental data and good agreement was
found (Fig. 3). This shows that the crystal-field model well
recovers the G ion energy pattern at our field range. We
stress that the Cr concentration, was the only adjustable
parametefthe resultingx was adopted as Cr concentration

Energy (meV)

FIG. 4. Energy structure in magnetic fieldjic, of the five
lowest-lying states of GF ion in CdS.

eigenstates obtained from Hamiltonian diagonalization wer
used for calculating magnetic moment, according to &Y.

The result forBlic is displayed in Fig. 5, together with the
results for the ion spin. First of all we note that the magneti

T T T T T T T T T

V. MAGNETOREFLECTANCE

Representative magnetoreflectance spectra in Faraday
configuration are demonstrated in Fig. 6 for two ca&is

and Bl(110)Lc. Pronounced excito®\, B, and C struc-
tures, corresponding to transitions from hh, lh, and soh va-
lence band to conduction band are observed. The exciton
splittings are small even at the highest magnetic fields, which
is due to the low chromium content. NeverthelessHie the
splitting of excitonA (hh) is clearly visible. We note that

Magnetic moment ( Mg )

) 0 SR . . 10 ] transitioni gta‘ pol_arization occurs at lower energy than th_e

0.0 — sy o™ transition, similarly as for other Cr-based DMS and in
0 ! 2 N 4 5 6 contrast with all Mn-, Fe- and Co-based DNM&:%5%This
Magnetic field (T) observation is compatible with ferromagnepied exchange.

The splitting of excitonB is less pronounced, but still vis-

FIG. 5. Calculated spin components of a singl8"dpn ({10 . ) " o
P P g (100 ible. On the other hand possible splitting of excitdris not

is the Jahn-Teller distortion ajiss a function of magnetic field
(Blic). (S) is the total mean spir(S,) and(S,) are the spin com- "€solved. . . -

ponents along: axis and perpendicular to it, respectivelyM,) For BL ¢ selection rules for excitor transitions are re-
and(M,) are the mean magnetic moment along magnetic field and@xed, as noted in Sec. Il. The relaxation of the selection
perpendicular to it, respectivelyThe inset shows the angle be- rules is complete(all possible transitions are of the same
tween magnetic field and the total magnetization direction at intensity for B=0. For nonzero magnetic fields the intensity
=2.0K. of the excitonic transition in polarizatiom™ becomes higher
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Bllc

Reflectance (arb. units)

. I ) I ) 1 . 1 . 1 .
2.54 2.56 2.58 2.60 2.62 2.64 2.66

Photon energy (eV)

FIG. 6. Representative reflectance spectra of G@r,S (x=0.0031) in Faraday configuration &=2.0 K andB=5 T for (a) Blic, (b)
B.L c. Dashed lines indicate ~ polarization, solid linesr* polarization. The energies of the heavy-hole excitons are pointed by the arrows.

than ino* but still selection rules are much relaxed. In ef- Except for free excitonic structured, B, and C the
fect, in both circular polarizations, excitoh has two pos- bound exciton structure may be observed below exditpat
sible energies, since there are two transition enefgieavy- energy 2.553 e\(Fig. 6). For Bllc the bound exciton is vis-
hole band does not split, Fig.).2Due to the fact that the ible only for o~ polarized transitions. This is due to the fact
energy difference of these two lines is less than or compathat the donor ground state built of the conduction-band
rable to the linewidth of the exciton spectra, practically thewave function is occupied and then cannot serve as a final
same line is observed for both circular polarizati¢fig. 6). state for optical transition. In the case Bf_c the initial

In the case of excitoB the selection rules are much less heavy-hole states for the transitions are well mixed so the
relaxed but there is practically no splitting of the exci®n  transition to the the upper donor state is visible for both
The observed behavior is very different from that encoun-olarizations, but is less pronounced due to the hole mixing
tered for hexagonal Mn, Co, and Fe DMS, for which exciton(Fig. 6).

B practically does not split foBlic, while for BLc both The sample magnetic field dependence of excitrand
excitonsA andB split pronouncely’?! B energy for parallel and perpendicular configurations is
- — shown in Fig. 7. The inflection points of reflectance struc-
a. Blic b. Blc tures were used to determine exciton energy. In Fig. 8 we
zo78 /g/}/—i——f——‘l——}‘_"% I 1> present the hh exciton splitting fdBlic, corrected for the
R N T oy i L1287 Zeeman splitting of pure Cd®.06 meV/T, as measured by
asrel 1 ¢ z L us). This mimics exchange-induced hh exciton splitting.
< ' Usually this splitting is used for determination sifp-d ex-
® 25751 r o 4 °o o ho- 2575 change constants®®!1t follows from Egs.(3) and (4) and
. O ceeeeen . Ih o+
g o L — hh relaxed
g 2563 17 12563 x=0.0033 x=0.0031 %=0.0024
r;u) 2.562 -12.562 15+
2.561 - 2.561
2.560 - ) 4 2.560
1.0

2550 . . . . L L L L ; o559
(¢ 1 2 3 4 5 0 1 2 3 4 5 {
Magnetic field (T) Magnetic field (T)

FIG. 7. The light- and the heavy-hole exciton energies of two oer
different Cd _,Cr,S samples in Faraday configuration for two ori-
entations of magnetic fieldBllc (left) and BLc (right). Empty

points indicate ther~ polarization and full pointsr™. The energy 00 e S
position was ascribed to the inflection point of the reflectance struc- B (M B () B (M)

tures. The lines indicate calculated energies for the following pa-

rameters:A;=27.5 meV, A=21.7 meV, Nga=+0.22 eV, Ny FIG. 8. Heavy-hole exciton splitting of Gd,Cr,S for Blic at

=0.54 eV (E4 was adjusted to recover zero-field energiedolid T=2.0 K as a function of magnetic field. Data were corrected for
lines represent-*, while dashed lines represemt polarizations.  the Zeeman splitting of pure Cd8.06 meV/T, as measured by)us
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20— 71 T T T T T " field dependence quite well. This is particularly true for hh
| e  x=0.0033 ] exciton (A) in parallel configuration. The model predicts
x=0.0031 ] strong polarization of both exciton components, in agree-

o n

x=0.0024 _ : . .
ment with experimental observation. For perpendicular con-

figuration BI{110)) our model well reproduces very weak
splittings of excitonB. Also strong relaxation of selection
rules for hh exciton transitions are predicted. We point out
that the difference between exciton splitting in,CgCr, S
and hexagonal Mn, Co, Fe DM@&or which a very similar
overall exciton behavior was obserd&d? results mainly
from different sign ofNyB value for these systems.
05k i In the case of the magnetic field applied along none of the
L ) three(111) axes(c axis in hexagonal crystalsor along one

of twelve (110 (one of four(110) in hexagonal crystalshe

i 1 Cr DMS are magnetically anisotropic, as already noted. To

ol =0 e some extent a similar situation may be encountered for Fe-

0 0.002 0.004 0.006 DMS, where magnetization is anisotropic, however, for cu-
k<8 >1 (ug) bic crystals and not very high magnetic fields the anisotropy

is rather weak’ Thus for Fe DMS Eq(10) can still be used.

For cubic Cr DMS both conduction and hh bands split pro-

portionally to the Cr spin length. Therefore E40) should

be replaced by

AE= B sin 9— (Nga— NgB)x *i 2
the considered equivalence of the Jahn-Teller cer(tees. {[gers (Noa=NoB)x({S9 <SY>)]
II) for Blic that the hh exciton exchange splitting is propor- +[(gecosﬁ—gﬂm),uBB—(Noa— NO,B)X(SZ)]z}l/Z.
tional to the spin component along theaxis: (11)

(meV)

[AE,, )

FIG. 9. Heavy-hole exciton splitting of Gd,Cr,S for Blic (nor-
malized to the molar fraction of chromiymrs mean spin compo-
nent of single C¥* ion, (S,), obtained from the magnetization data.
Straight line corresponds tdga—NgB=+0.26 eV.

AE=(Nga—NoB)X(S,)+ (ge— i) 8B, (100  The only complication is that the spi) has to be evaluated
from macroscopic magnetization, using the crystal-field
wherex(S,) is proportional to the macroscopic magnetiza-model described in Sec. IV. Sing&) is not proportional to
tion: x(S,)=k x{M) (k~0.523 practically magnetic field in- the magnetizationas (S,) is) hh exciton splitting is no
dependent for our field rangf2. We note that Zeeman split- longer parametrized by magnetization directly, as it was for
ting of pure CdS is an additive correction to the total splitingMn and Co DMS. StllAE scales with(S), which is Cr
AE [Eq. (10)], which justifies evaluation of the exchange concentration and exchange constaNtgr, N8 indepen-
splitting AE¢,cr= (Nga—NgB)X(S,) as a difference between dent. This way the differenciye— NyB can be determined
Cd; _,Cr,S and CdS splittings. Plotting E,., versus mag- directly by comparingAE with evaluated mean spin as a
netization one can directly evaluate exchange parametdunction of T andB, (S(T,B)).
Noa—NgB. This method was used for Mn, Co, Fe, and cu- Finally we would like to comment on the estimatigg
bic Cr DMS811:21:13.27.3514 he plot of AE,,q, versusx(S,)  value. This value is the lowest from all obtained so far for
(the latter calculated from the macroscopic magnetizai®on zn,_,CrS, Zn_,Cr,Se, and Zp_,Cr,Te.!! Although no
displayed in Fig. 9. The stright line corresponds Nga proper calculations of thN,3 value were done for Cr-DMS
—NgB=+0.26 eV. Since the conduction-band parametemwith different host lattices, a naive model of Ref. 11 can be
was evaluated in independent spin-flip Raman scattering exssed as a first-order approximation. In this model ferromag-
periment asNya= +0.22 eV, we finally obtainedNy8= netic p-d exchange results from an empty spin-diprbital
+0.48+0.05 eV. We note that in the case of nonvanishinglocated above the top of the valence band. The magnitude of
perpendicular spin component one should pl&,,../x ver-  the interaction NyB) depends on the probability gfd hop-
sus(S,) to obtainNga—NgB. ping and energy denominator, i.e., energy difference between
The evaluategh-d exchange parameter, together with thethe top of the valence band and ttierbital. Following this
others, was used for calculating all the excitonic transitionsargument one may expect an increashy value with the
for both magnetic-field configurations. Hamiltonia(® and  top of the valence band approaching the spineuevel.
(4) are parametrized by the following parametegg:, A,, Such behavior was indeed observed for the series of ZnCrS,
A=A,=A; (so-called quasi-cubic approximatiorg,, S,, Zn, _,Cr,Se, and Zp_,Cr,Te, for which the valence-band
X, Npa, andNgyB. Since our crystals are rather diluted we offset(relatived level) is the largest for ZnS and the smallest
used for the first four parameters pure CdS valugg: for ZnTe. AccordinglyN,B was the smallest for Zn,Cr,S
=2.562 eV (this parameter does not enter into hh excitonand the largest for Zn ,Cr,Te.!! The valence-band offset
splitting anyway, A;=27.5 meV,A=21.7 meV (compare for CdS is slightly larger than that of ZnS, so one could
the values in Ref. 19 The result is displayed in Fig. Gor  expect similaiNyg for both sulfides, which is the case. We
Eg4. which is slightlyx dependent, we adopted the zero fieldwould like to stress, however, that one should be aware of
energy of excitorA for a given crystagl Generally speaking extending this simple, one-electron reasoning too far, since
the model calculations recover experimental exciton energin some cases it may lead to false conclusions.
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V1. CONCLUSIONS whereJ,, J_, andJ, are the orbital momentum operators
The influence of magnetic field on free exciton at@ndJ=2 (in the case of Ct' ion). First two of the above
Cd,_,Cr,S was studied for the field oriented along and per-St€Vens operators appearfifyr, when the Jahn-Teller dis-
pendicularly to the crystal hexagonal axis. The observedOrtion along(100 states the quantization axis. We refer to
heavy- and light-hole excitons split in a different way thanthis axis as in the (x,y,z) Cartesian coordinates. Addition-
they did for DMS hexagonal crystals with Mn, Fe, or Co. ally the z axis is chosen in the plane ok,gz) axes of the
This difference results from the sigferromagnetitand the  desired coordinatesz((111)). In effect the versors of

magnitude ofp-d exchange ir_]teraction. The value pfd (x,y.2) coordinates are expressed by they(z) versors in
exchange parameter was estimated from the heavy-hole ej;eq following way:

citon splitting compared to the &r ion spin calculated

within simple crystal field model taking into account static, 1 1 1

tetragonal Jahn-Teller distortion experienced by ‘Cions &= —6€— —e+—e,

and hexagonal crystal field of CdS. The validity of these v3 V3 V3

calculations is justified by a very good description of mag-

netization data by the same model. The role of the spin an- ~ 1 1 1

isotropy resulting from both hexagonal and tetragonal distor- €y = 7332_ ‘/_?—)ex_ 7§ey, (A4)
tions was pointed out. In this particular caBic heavy-hole

exciton splitting is parametrized by the macroscopic magne-

tization, as it was for Mn- and Co-based DMS, in the spirit B= ie + \ﬁ e

of the mean-field and virtual crystal approximations. The de- Y N 3

terminedp-d exchange strength is the smallest among Cr- . 2 &
based DMS, which seems to comply with valence-band offAccordingly the “turned” momentum operatorsf{,J_,J.)

set of CdS, relativelyzn,Cr)-based DMS. take the form
< < < 1 ~ ~ A
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V3
APPENDIX A (A6)
Here we calculate the momentum operators entering the ~ 1 . R
Jahn-Teller part of the Hamiltonia8) for the center of the J,=—(J,+Vv2],). (A7)
type A (along(100). We recall the expression for the Jahn- V3

Teller distortion HamiltoniadEq. (90)], s, W .2, 20
The resultingd,” andJ,” operators appearing i@; andO,

~020 =02 of Hyy are
Hy=B305+B05, m
) s, 1. 2., V2 .. ..
would have the same form &%, [Eq. (9b)] if the chosen J22=§ J2+ 3 J2+ 3 (Jadetda), (A8)
quatization axis is one of the thré€00 directions. Actually
the quantization axis is chosen along t{l1) direction 1 4 5
smcg !t simplifies caIcuIatlonse§peC|aILyOforBlIc). There- 32425 34+ 5 I A+ §[jzjszjx+jszjsz+jzszjz
fore it is necessary to express 19§ andO9 operators of the
Jahn-Teller Hamiltonian for the turned coordination axes, for L i
which the (111) axis will be the chosen one. These new +3,J,23,+ 323,24+ 3,23 2]+ g[JZZ(JZJerJXJZ)
operators are calle® and O}.
We recall after Ref. 33 that the Stevens equivalent opera- sa s s 2V2 o,
tors appearing in Eqs9a and (9b) are of the following (It Id)d; HT[‘]X (Jzdxt Jxd)
form: L
+ (It Id) I (A9)
~A0_72
02=J,"—J(J3+1), (A1) Finally the “turned” Stevens operators have the form
05=353,*~300(J+1)3,2+25),2 03=33,-3(3+1), (A10)

—6(J+1)J+3J%(J+1)3 (A2) s .4 o o
03=351,*—300(J+1)J,2+25],2

O3= 113,3,%+3_3+(3,%+3_%)3,], (A3) —6(J+1)J+3J%(J+1)2 (A11)
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We stress that these above formulas were calculated onions for the momentum operators fBr and C types of
for the centeA (Fig. 1). However, we take advantage of the centers the equivalent way is to turn the magnetic field di-
fact that for all three centes, B, andC, c axis is the triple  rectionB/|B| (relatively to A direction to simulate the con-
symmetry axis. Therefore instead of calculating the exprestribution of theB andC centers.
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