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The s,p-d exchange interaction in Cr-based diluted magnetic semiconductors was studied by means of
polarized magnetoreflectance and magnetizatioh=a K. The exchange constaN«—NgyB for four dif-
ferent zinc chalcogenidégn, _,Cr,Se, Zn,_,Cr,Sey 9550 05, ZN1_»CrS, and Zn _,Cr, Te) was determined.
Assuming constanilya a chemical trend ifNyB variation is discussedS0163-18286)05332-3

I. INTRODUCTION hybridization with the spin-up and spin-dovehorbitals of
t symmetry® Since spin-up and spin-down orbitals are
Diluted magnetic semiconducto(®MS’s, also known as strongly split, due to correlation effedi@hich are absent for
semimagnetic semiconductprare semiconducting materials delocalizedp orbitalg, the final splitting ofp orbitals de-
based on classical semiconductors, such as CdTe or ZnSe, pends critically on the relative energy position pfand t
which a fraction of nonmagnetic cations is substituted byspin-up ¢.) and -down {_) orbitals. In the case of a Mn,
magnetic iong(typically Mn, Fe, or Co.! One of the most Co, or Fe ionp orbitals are located far abote and below
characteristic features of DMS’s is the strong exchange int_ orbitals, which yields antiferromagneti&F) splitting of
teraction between delocalized band electrors @nd p orbitals® An essentially different situation may be ex-
p-type) and localized electronsdftype) of magnetic ions. pected for ions with a less than half filledshell, such as Cr
This interaction yields spectacular magnetooptical and mag-d#), V (d®), or Ti (d?). For these ions the correlation split-
netotransport effectésuch as Faraday rotation and Zeemanting of unoccupied, andt_ orbitals is much smaller than
splitting).* for occupiedt, andt_ orbitals. Consequently, unoccupied
For the conduction band the dominant contribution to ther, andt_ orbitals can be located above the top of the va-
exchange interaction results from a direct exchange, originatence band, which may lead to the ferromagnetid ex-
ing from simultaneous jumps of conduction basdype  change. The ferromagnetj-d exchange was observed for
electrons and the magnetic iattype electrons between zn,  Cr,Se(Ref. 4 and preliminary data are available for
their original orbitals. We note that the conduction bandzn, . Cr,S (Ref. 5 and Zn,_,Cr,Te (Ref. 6.
wave functions are built oé-type orbitals of nonmagnetic The problem ofp-d exchange in DMS's(in particular,
cations and-type orbitals of magnetic ions; however, a size-wjth jons other than Mn was recently analyzed by Bli-
able overlap of thes andd wave functions occurs only for powski and Kacmanh,as well as by Bhattacharjéeand
the latter. The other contributions sad exchanggboth di-  pagek? It follows from Refs. 7 and 10 that for Mndf), Fe

rect and indiregt either vanish or are very small and can, (d%), and Co @7) the p-d exchange should be AF type, and
therefore, be neglectédThe exchange integral for the con- ferro’magnetic for Scd) and Ti (d?). Moreover for ’aII

fsé?g%is_gegggf toredxecrri]r?ngo(faellse cgfsgl\s/ei,ngvirg(:hre?;??en ds gg’;tthese ions the Hamiltonian describipgd exchange is pre-
9 9 P b ' dicted in a simple isotropic Heisenberg-type forfi<s- S,

[I-VI DMS’s with Mn, Fe, and Co, thes-d exchange was h ds . i dd elect
indeed found to be positive and only weakly dependent of/€res and > are spin operators qﬁ andd electrons, re-
spectively. For the other ions the situation is more compli-

both magnetic ion and host lattiée. :
For the valence band the situation is different. This band@ted and the signF( or AF) of p-d exchange depends on
originates from the aniop-type orbitals, which means that the particular location of the-levels relatllve Fo the top of
the overlap between these orbitals and the magretition the valence band. The form of tiped Hamiltonian for these
d orbital is rather smallas compared to magnetic iaad ~ 1onS is also more complicatéd.
overlap and the direct exchange is expected to be negligible. In this work, we present the results of magnetore-
The dominant contribution to the exchange in this case reflectance and magnetization measurements for four
sults from indirect, kinetigp-d exchange. This process in- different chromium based II-VI DMS: Zp ,Cr,Se,
volves virtual jumps op electron to thed state and back or Zn;_,Cr,Sey 550,05, ZN1-4CryS, and Zn_,Cr,Te. We
thed electron to the valence band state and back. In orderdetermine thg-d exchange constants for these materials and
to give some ideas abouyt-d exchange, a simple one- analyze the chemical trend of the interaction strength.
electron argumentation can be applied to explain the ob- The paper is organized as follows: in Sec. Il, we recall the
served sign op-d exchange. In this approximation, the split- basic facts concerning exchange-induced band splitting. The
ting of spin-up and spin-dowmp levels results from their experimental procedure is described in Sec. Ill. Section IV
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man splitting of a pure nonmagnetic crystal is much weaker
than the exchange splitting and, in practice, may be ne-
glected. However, for low both must be considered.

B |A The mean spiqS,) of the magnetic ion may be obtained
e~ fo~ |oF |0t from the macroscopic magnetizatidh (per unit masp
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whereug is the Bohr magnetorM ,=L,+2S, is thez com-
ponent of the magnetic moment operatorjs the mass of a
single molecule.{M,)=9g(S,), where g=2+(L,)/(S,),
which leads to
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FIG. 1. Optical transitions between valence and conduction sub- M=— m . 4
bands visible in the Faraday configuratioNyge>0 andNyB<0
were assumed The g factor may be obtained from model calculations. It

was found that it is weakly magnetic field and temperature
presents the experimental results which are discussed in Sedependent for a typical magnetic field and temperature
V. range!?
Equations(1), (2), and (4) allow one to determine the
Il. THEORETICAL BACKGROUND values of the exchange constants if the magnetization and

. L exciton splitting are known. It follows from Eq€2) and (4)
To describe thep-d (valence band—magnetic iprand 4t

s-d (conduction band—magnetic ipimteraction in Mn-, Co-,
and Fe-based DMS'’s the isotropic Heisenberg Hamiltonian No(a—B)=0gus(Ep—Ea)/(Mm). (5)
was used. The mean field and virtual crystal approximations
lead to the following form of the Hamiltoniah: The integralsNoer andNy3 can be uncoupled using the en-
ergies of two other excitonic line€g andEc) and Egs(2).
H=—=NoIxs(S,), (1) The other possibility is to evaluaté,a from an independent

wherex is the magnetic ion concentratiod,is the p-d or ~ €XPerimente.g., Raman spin-flip experimét

s-d exchange constar{S,) is the magnetic ion mean spin
along thez axis, s, is thez component of the band electron ll. EXPERIMENT
spin, andN, 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 valencgrom high purity ZnSe, ZnS, and ZnTe with pure metallic

band splits(in a magnetic fieldlinto four subbands, which chromium. Single phase monocrystals were obtained only

are equidistant if the exchange interaction constant for heav%r rather low chromium concentrations. i.e<0.007 for

and light holes is the same and the interaction between Iigt’%n Cr,Se, Zn_Cr,SeyoS and an ”Cr. S but
1-x>x ’ —x~!x .95-0.05+ —x~l x>

holes and spin-orbit split holes is neglected. The conduction : =
band splits into two components. Thus, there are eight pos)5<0'001 for Zn, -Cr,Te. The chromium composition was

sible optical transitions between the valence and the condu checked by atomic absorption, electron microprobe, or wet

tion band. Four of them are visible in the Faraday configu—%hemlc"’1I analysis. The low temperature magnetization and

ration (magnetic field parallel to the light wave ved(dFi model calculations of single &f ion magnetic moment pro-
1). The eger ies of tﬁmse transitiong are described gt; thvided very accurate relative chromium concentratiion de-
: 9 Y Mfils see Ref. 1p Low temperature magnetization was also

All the results presented in this paper were obtained for
bulk crystals grown by the modified Bridgman technique

equations: used to check the samples for the existence of chromium
Ea=Ep+3b—3a, Eg=Ep+b+3a, chalcogenides precipitationgferromagnetic or ferrimag-
Ec=E,—b—3a, Ep=E,—3b+3a ) netig. Only precipitation-free samples were used for the op-

tical experiments. The crystalline structure was analyzed by
where E, is the =zero-field exciton energy, a standard x-ray diffraction. The Z4n,Cr,Se,
a=(1/6)Ngax{—S,), b=(1/6)NgBx(—S,), « andB are ex-  Zn,_,Cr,Seyo:S¢05, and Zm,_,Cr,Te revealed a zinc
change constants for the conduction and valence bands, rblende structure, while Zn ,Cr,S crystals were polytypes
spectively. The transition& andB are allowed for circularly  (mixed cubic and hexagonal structure
right polarized light ¢*), while C andD are allowed for In order to determine Zeeman band splitting, reflectance
circularly left polarized light ¢). The four linesA, B, C,  in the free exciton range was studied. The experiment was
andD were clearly observed for several Mn-, Fe-, and Co-performed in the Faraday configuration for magnetic field up
based DMS(for sufficiently large magnetic ion concentra- to 5 T. Samples were immersed in superfluid liquid helium at
tions, x>0.01) 1! The linesA and D (resulting from the T=2 K. The light was reflected from the cleaved samples’
heavy hole excitonare three times stronger than lindsand (110 surfaces. Because of the strict selection rules in the
C.} Equation(2) takes into account only exchange-inducedFaraday configuratiotSec. 1), the reflectance in two circu-
splitting. Usually, for large magnetic ion fractiorsthe Zee- lar polarizations §* ando~) was measured. The polariza-
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FIG. 2. The chromium concentration dependence of the free 22650 22900 22750 096 00 19200 19300

exciton line energy for Zp_,Cr,Se atT=2 K andB=0. The data
points correspond to the center of the excitonic line, the total width
of which was about 6 meVk was determined from the low tem-
perature magnetizatio(Ref. 12. The straight line corresponds to
E=(2.803+2.27%) eV.

Wave number (cm‘]) Wave number (cm'l)

FIG. 3. Reflectance spectra in magnetic fiBl¢t5 T in circular
polarizationso~ ando* for Zn,_,Cr,Se and Zp_,Cr,Te.

ferromagneticp-d exchange, as discussed below. As men-
tjoned in Sec. Il, for each polarization one of the linésfor
ot or C for o7) is three times weaker than the other one

tion of the reflectance was analyzed using two differen
methods. In the first one, a standard setup with a photo
counting system was used to record the ando™ spectra ) i
separately. In the second experiment, the difference betwed/* OF D). In view of that, the weak linesi and C) are

the intensities of two polarizations {-— I ,+) was measured n€glected and the structure in the polarization is consid-

by a lock-in technique. Simultaneously, the total reflectec®®d @s corresponding to lire and ino— to line D. This
signal (,-+1,+) was recorded at a different frequency. For rqugh assumption I_eads to an unde_restlme}tmn of the deter-
selected zn_,Cr,Se and Zp_,Cr,Te samples both meth- mined exciton splitting. This effect_ will be d|scu_ssed bglqw.
ods were applied and reasonable agreement was obtained. _Following the above assumption, the exciton splitting

The magnetization of the same samples, on which théE~Ep—Ea was determined from the separately measured

magnetoreflectance measurements were performed, wds ando polarization spectra by subtracting the energy of

measured using a superconducting quantum interference gexcitons observed in the two polarizations. However, if the

vice (SQUID) magnetometer. The measurements were takefiP!itting is small compared to the structure widif£: can be
at T=2 K in a magnetic field upat 5 T for the same orien- determined with better accuracy using the directly measured

tation as in the optical experiment. difference betweens™ and o~ polarization spectra
(I,-—1,+), as well as the total reflectand®=1,-+1,+
(wherel is the intensity of the reflected light far* and
o~ polarizations, respectivelyCalculating the degree of po-
Steplike dispersive structures, typical for the free exciton)arization,
were observed in zero field reflectance spectra for all the
studied crystals. The exciton energy was taken as the energy _ o=l (6)
at which the excitonic structure attains half of its height. In o+ 1+’
the absence of a magnetic field, the exciton line shifts to
higher energies with increasing chromium concentration. Aand the logarithmic derivative d® over light energyE,
reasonable linear behavior of exciton energy versus Cr con-
centration is observed for @Jx(_:rX_Se(Fig. 2. F= iInR, @
In the presence of a magnetic field, the reflectance spectra JE
were recorded for two circular polarizations. Typical reflec-
tance spectra for different compounds are presented in Fig. 8ne can obtain the splitingE from the relatior*
A splitting of the excitonic structure in the magnetic field is
clearly visible. However, due to low chromium concentra- pzA_E ®)
tion, the splitting, even in the strongest magnetic fi@dr), 27
is smaller than the width of the structure. As a result, instead
of four lines (A, B in o* andC, D in o~ polarizatior) only Equation(8) holds if the shape of the reflectance structure is
a single excitonic structure is visible in each polarization.the same for both polarizations and if the splittidde is
We ascribe the structure im* to the mixture ofA and B reasonably smaller than the structure width. This procedure
lines, and the structure ia~ to the linesC andD. For all was used for zp_,Cr,S, Zn,_,Cr,Te and some of the
the investigated samples, the excitonic structure in¢ie  Zn;_,Cr,Se samplesAE may be obtained from a compari-
circular polarization was blueshifted in respect to the strucson of P and F spectra in the entire spectral range. In prac-
ture in theo ™~ polarization(Fig. 3). This is exactly the op- tice, however, due to some reasons explained later, usually
posite to the behavior of all DMS’s based on II-VI com- only the depths of the structures were compared. The ex-
pounds with Mn, Co, and Fe,and is compatible with amples ofP and (AE/2).F spectra are displayed in Fig. 4.

IV. EXPERIMENTAL RESULTS
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with the (AE/2)F (dotted ling (a constant background was su
tracted to provide the overlap of the spettamd the total reflec-
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tance R) for Zn,_,Cr,Se and Zi_,Cr,S.

We note that the dip observed f@r spectra corresponds to
E(c")>E(o") [for E(c")<E(c") a peak inP would be

observed

The exciton splitting(obtained using the procedures de-
scribed aboveas a function of magnetic field is exemplified
in Fig. 5. The comparison of the two methdde., the direct
method and the one using the degree of polarization(&4.
performed for a few samples showed good agreement of th
determined splittings. The experimental error of the dataV

23000

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 polarizatignis low and be-
comes comparable to the polarization of the experiment
setup, which is usually hard to reduce below a few percen
In our case, the setup polarization is caused mainly by th
dichroism of the cryostat windows. In the simplest approxi-

Zn, Cr, Te

Zn,_Cr Se
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55631

-0.005

I . " " 1 . . . 1
19000 19200 19400

Wave number (cm'l)

FIG. 6. The degree of polarizatigR spectrum(solid line) to-
gether with the AE/2)F spectrum(dotted ling. A constant back-
ground was subtracted to provide the overlap of the spectra.

mation, the degree of polarization of the setup and the

sample can be expressed Bs= Pgeryst Psample IN SUCh a
b. case, it is relatively easy to eliminate the setup contribution,
because its energy dependence is much weaker than that of
Psample I practice, the linear interpolation ® from the
outside of the excitonic structure was consideredPag,p
and was subtracted from the measufad

(2) The other problem occurs when the derivative ap-
proximation[Eq. (8)] fails due to a relatively large splitting.
In such a case, the shapesfand F 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 and F structure depths deviates from the real value by
%nly a few percentsee the Appendix For that reasonAE
as obtained as a ratio of the depth of the dip in e
spectrum and the corresponding depth of the diFin

(3) In some cases the shape of the excitonic structure in
two polarizations is not the santthis is clearly visible for
AN1-xCrTe, see Fig. B The possible reason may be either
l:_;lsymmetric splittingi.e., different from that described by
o] (2)] of weak excitonsB and C [which is, for instance,
the case of pure ZnT@Ref. 15], or the different shape of the
lines A andD. The differencel ¢*, o~ 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” excitamixed A and
B or D andC), not the real differencéEp — E, . 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 E@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 Ep—E,) and weak Ec—Eg) compo-
nents[Eq. (Al)]. The knowledge of the relative behavior of
the strong and weak excitofiEg. (2) andNy«] allows one
to obtainEp—E, from such an average. It will be argued
later that it is reasonable to assume M exchange con-

FIG. 5. The splitting of excitonic structure versus magnetic fieldstant as 0.2 eV. Using this value one obtains that the real

for several samples of 2%n,Cr,Se (x=0.0035), Zn_,Cr,S

(x=0.0036), and Zp_,Cr,Te (x=0.0005).

Ep—E, splitting in the present case is from 10 to 20 %
(depending onNyB magnitude larger than the average
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Kanamori(Ref. 21] energy levels of Cf™ and Mn**.
%2 the ¢* line was blueshifted with respect to tlee compo-
E % 2f 1 nent. For ZnS a linear variation of exciton splitting with
< magnetic field was found with the slope 0.6 chT. For
ZnSe, 0.15 cmY/T was obtained while for ZnTe, 0.4
cm~Y/T. The observed splittings are in agreement with the
results of other authors.
In view of Eq. (5), the value of the exchange splitting
0 P E——— 0 : : Ep—Ea (the total splitting corrected for pure host crystal
0 02 04 06 08 10 0 0.02 0.04 0.06

Zeeman splittingwas compared to the magnetization mea-
sured for the same samples. The magnetization was corrected

FIG. 7. The exchange exciton splittiigee text versus magne- foange‘_e diamagnetic _ susceptibility of the host lattice

tization (lattice diamagnetism correctedor (a) Zn, ,Cr.Se, (b)  [xa  ——3.2 emu/g,x§">= —3.9 emu/g, andg" °= —3.0
Zn;_,Cr,Sey9:S00s, (€) Zn;_,Cr,S, and(d) Zn,_,Cr,Te. Solid  emu/g (Ref. 16]. For all the studied Zp ,Cr,Se,
lines represents a linear fit AfE=aM to the data. The numbers in  Zn;_4CrySey 955005, and Zny_,Cr,S samples a linear be-
the plots indicate chromium concentratianas determined from havior of the exciton splitting versus magnetizatigtig. 7)
magnetization measurements. was found. We stress that for the investigated samples the
slope of theAE versusM seems to be concentration inde-
“mean” exciton splitting. However, to avoid arbitrary as- pendent. The relatively large experimental error for
sumptions and present the data as clearly as possible, th/,_,Cr,Te makes it difficult to conclude that the depen-
correction will be used only for the final result. dence ofAE on M is both linear and concentration indepen-
We note that for Zn_,Cr,Te the excitonic structures dent. In addition, the slope of the data for two ZRCr,Te
were much weaker than for the other compounds. Moreoveisamples seems to differ slightly, although the difference is
a significant difference between the shapes of the excitonistill within the experimental error. Such a small deviation
structure observed in two different polarizations shifts themay be caused by a slight inhomogeneity of the samples
‘P spectrum to higher energies with respect tothgpectrum  (magnetization probes the entire volume of the sample, while
and also makes it more asymmetric than it was forthe reflectance comes from only a thin surface layen the
Zn,_,Cr,Se or Zn_,Cr,S (Fig. 6). As a result, a lower other hand, an apparent concentration dependence gf-the
accuracy of exciton splitting for Zn ,Cr,Te was obtained d exchange has been observed, e.g., fof G¥In,S (Ref.
(Fig. 5. 17) and explained by multiple scattering effetsdowever,
Although the splitting of electronic bands in DMS'’s is the accuracy of the present experiment does not allow to
usually dominated by the exchange interaction between madermulate any pertinent conclusions.
netic ions and band electrons, for very small Cr concentra- The linear variation of the exciton splitting versus mag-
tions the direct effect of the magnetic field on band electronsetization observed for 2zn,Cr,Se and Zn_,Cr,S
(Zeeman splitting in a pure, nonmagnetic crystahy play  strongly suggests that the exchange interaction may be de-
an important role. To extract only the exchange-inducedscribed by a simple Heisenberg-type Hamiltonian. Equation
splitting, the exciton splitting for a nonmagnetic crystal was(5) was used to fit the data and obtain the difference of ex-
subtracted from the value obtained for the DMS crystal. Thehange constantsya— N3 for all the materialgTable |).
pure host lattice splitting was evaluated using the degree dfhe extraction of thep-d exchange constaniNGB param-
polarization techniquéEg. (8)]. For ZnSe, ZnS, and ZnTe, ete) requires the information abobtya, which is currently

M (emu/g) M (emu/g)
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TABLE |. Exchange constantsee text for details

Material No(a—B) NoB NoB (correctedl
Zn,_,Cr,S —-0.37+0.1 eV +0.57x0.1 eV +0.62 eV
Zn;_Cr,Sey 950,05 —~0.63+0.1 eV +0.83:0.1 eV +0.93 eV
Zn,_,Cr,Se —0.65+0.1 eV +0.85+0.1 eV +0.95 eV
Zn,_,Cr,Te -3.4+12eV +3.6£1.2 eV +4.25 eV

not available for the investigated crystals. However, for theergy for two electrons on different orbitatwith any sping,
conduction band electrons, thed exchange interaction andJ is the energy gain if there is another electron on dif-
(Noa parameteris dominated by the direct exchange andferent orbital but with the spin parallel to the spin of the
hardly depends on the host crystal and magnetic ion. For attonsidered electron. Usually relatiah>U’>J holds. Kan-
Mn-, Fe-, or Co-based II-VI DMS'’s known so faNya is  amori model results in one-electrah orbitals (of t or e
0.2-0.25 e\t Moreover, very recently thes-d exchange symmetry, which can be populated by a suitable number of
constant was evaluated from Raman spin-flip scattering foelectrons. The energies of the orbitals crucially depend
Cd;_,Cr,S and a similar value oNyga=0.22 eV was (throughU, U’, andJ parameterson the number of elec-
obtained® In view of that,Nya=0.2 eV was assumed for all trons and their configuration. In particular, for tdé con-

our crystals. Thep-d exchange constantdNg3) resulting ~ figuration (Mn2*) the energy structure is relatively simple
from this assumption are listed in Table I. TRgg values (Fig. 8): all the spin-up orbitals are populated, while all the
thus obtained are underestimated, since the weak compspin-down orbitals are empty. Correlation effects lead to the
nents B andC) were neglected as discussed above. If onespin-up—spin-down energy splitting equdl+4J. For the
assumes that the measured exciton splitting is the weighted* configuration(Cr2*), the situation is essentially different
average of the weakB(, C) and strong A, D) exciton lines  (Fig. 8). Since onéd spin-up orbital {,) is empty, its energy
(cf. the Appendix and adoptdNya=0.2 eV, thenNyB val- is higher byU’ —J than the energy of the populatéd or-

ues 10-20 % larger than the base results are obtdlastl  bitals. The correlation splitting for the unoccupiedrbitals

column of Table ). is strongly reducedE(t_)—E(t,)=4J, (Fig. 8].
The p-d exchange splitting of the valence band states re-
V. DISCUSSION AND CONCLUSIONS sults from the hybridization with thd states. For the sym-

The evaluatedo-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 magnitudeNgf3
from ZnS to ZnTe is exactly opposite to what was found for
Mn-, Fe-, or Co-based DMS’$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 8 oo 0 08 00 o0
energy position of thel level relative to the top of the va-
lence band seems to be crucial for both the sign and the
variation of No3. The model Hamiltonian commonly used
for the description op-d hybridization problem consists of
three terms:

Reflectance

-0.005

-0.005

H:Hp+Hd+thbl (9)

-0.010 [

whereH,, is the effective mass Hamiltonian for the valence -0.010

band, H; characterizes strongly interacting, atomiclikle

states, andHy,;, describesp-d interaction between valence s [ . ] LN ‘

band andd states. The application of Hamiltonia®) to -100 100 -100 100
DMS’s has been discussed by several authors: Larson EE, (cm’) EE, (cm’)

et al,?° Bhattacharje&,Masek® and most recently and com-

pletely by I?:Ilnowsk_let 6.“' For most semiempirical studies FIG. 9. (&) Simulation of spectra for two circular polarizations
.Of Mn-DMS's, Haml!tonlgn(g) Wa_s represented by general- composed ofA and D excitonic lines split byAE=40 cm™ L. (b)
lzed_ Anderson I_—|amllton|a1°‘P. In this treat:ne,ntl,-]d was con- - p (solid line) and (AE/2).F (dashed ling calculated for the above
venlently_gescrlbed by the so calledJ;U’,J” model of  ghactra(c) Similar to(a), but with four excitonic linesh, B, C, and
Kanamoris~ We recall that in this model multielectron inter- D, B, andC lines are three times weaker tharandD. (d) 7 (solid
action is t_aken into account by introducing three_parameter_s;ne) and (AEgyond2)F (dashed ling for spectra from(c). For all
U, which is the energy penalty for accommodating an addispectra the real zero-field spectrum of ;ZgCr,S was taken as a
tional electron on the orbital already occupied by anothebhaseE, is the exciton energy @&=0. Arrows indicate the depths
electron(with antiparallel spih, U’ reflects the repulsive en- of the structures. See text for details.
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metry reason, at thd point of the Brillouin zone, only
t-type orbitals hybridize with the@-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® Therefore in the case of Mr t. levels, which are
well below the top of the valence bari@—4 e\) will repel

p. states upward, while the_ levels, being above the top of 098 |
the valence band, will pulp_ states downward. Effectively
the valence band is split in the antiferromagnetic way oo 0 100
(B<0). For CP" situation is more complex due to empty
t, andt_ orbitals, which may be close to the top of the :
valence band, and therefore may be decisive for the final 0 fo 4
splitting of the valence band. In particular, tif orbital is e
above the top of the valence band, as depicted in Fig. 8, one ® !

could expect that the resulting downward repelling pof
will dominate other effects and the final splitting of the va-
lence band will be ferromagneticB¢-0). Moreover the -0.008
closer the empty, orbital is to the top of the valence band,
the stronger the splitting should be, which is equivalent to
the larger magnitude dfloB. Therefore, the observed ferro-
magneticNy8 for Cr-based DMS'’s could be interpreted as
resulting from above the top of the valence band location of
the emptyt ., orbital, while the pODU|ated+,orb_'taIS are well four excitonic components. LineS andD are 1.5 times stronger
below the top of the valence band. Taking into account thg, ., A and B, AE=30 cm L. (b) P (solid lin® and (AE/2)F
valence band offsets for ZnS, ZnSe, and ZnFa. _8) and  (gashed ling for the above spectraE, is the exciton energy at
the host lattice independence of transition metal ions levelg—g. aArrows indicate the depths of the structuréSee text for
location relatively affinity’” one should also expect the larg- details)

est NyB value for zn,_,Cr,Te, for which the energy de-

nominator is the smallest. All of these predictions recovejon with one electron in the valence band=E,
the experimental findings very well. One should be, how-; g 4+ 6U’ —6J+E,) is negative(since it is smaller than
ever, aware of extending predictions of the one-electron_(y’ 4 23). Therefore, in the case of the Cr-DMS’s the

model too far, since in some cases it may lead to false coryne-electron model, although principally unjustified, leads to
clusions(although it predicts correctly the sign &8 for  ¢orrect conclusions.

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.”* This model properly recovers AF valence  The authors would like to thank Professor J. Blinowski
band splitting for Mn-, Fe-, and Co-DMS’s and predicts theand Professor J.A. Gaj for helpful discussions. This work
possibility of F p-d exchange for the Cr-based DMS'’s. The was partially supported by the Committee for Scientific Re-
essential finding of this model is that the sign of tha&l  search Grant No. 2P30B07009. One of(W.M.) acknowl-

exchange is governed mainly by the energy of the chargedges the scholarship of Foundation for Polish Science.
transfer from the Ct* (d*) ion to the valence bangnergy

e; of Ref. 10. If this energy is positiveNyB should be
negative, otherwisblyg is positive(i.e., ferromagnetic The
values ofe; and e, (the charge transfer energy from the
valence band to the &f ion) estimated from the donor Model calculations were performed to estimate the accu-
energies for Zp_,Cr,S and Zn _,Cr,Se leads tdNy8 val-  racy of the methods used in Sec. IV to determine the exciton
ues surprisingly close to the experimental d&taFor  splitting. In these calculations the excitonic spectrum was
Zn,_,Cr,Te, e, is around zero and the result of the calcu-modeled by the smoothed, real zero field spectrum. The
lations was not clear. Having in mind the actddg value  spectra fore™ or o~ polarizations(in applied magnetic
for Zn,_,Cr,Te, we should conclude that for this mate- field) were constructed by shifting the basic excitonic line to
rial is still negative, but its magnitude is smaller than for ZnSan adequate enerd¥ig. Aa)], and if two lines(e.g.,A and
and ZnSe, which yields the largdsys . B) in one polarization were desired, the algebraic sum of two
It is worthwhile to note that the conditions for ferromag- basic shapes was usggig. 9b)].
netic p-d exchange derived from one-electron model of (A) To check the applicability of the polarization degree
Kanamorf' and many-electron model of Blinowskit all®  method for large splittings only one line in each polarization
are compatible. The empty, orbital located above the top was usedweak B and C lines were neglected The lines
of the valence band, which is equivalent to the relationwere shifted in energy with respect to one anotherAlfy.
E{+4U’'—4J>E,, provides that alse, energy, calculated Then the and F spectra were calculated. An example of
as the difference between energy df configuration such calculations for the highest experimental splitting
(=2E,+2E,+12U'—12J) and the energy of® configura- AE=40 cm ! is presented in Fig.(®), where theF spec-

1.00
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©
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-0.004

-100 0 100
E-E, (cm™)

FIG. 10. Simulation oir* ando~ spectra for Zp_,Cr,Te with
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trum is multiplied byAE/2=20 cm™*. The’P and.F spectra (A1) results in an underestimation of thg — E splitting of
do not match exactly, which reflects the inaccuracy of thd®SS than 10%. Several other line shapes were analyzed and
method for such larg\E. In the present case\E deter- for all of them S|m|Ia_r reSL_JIt was found. It is worth noting
mined from the depths dP andF is overestimated by about that the effects described in paragragghs and(B) partially
6%. This overestimation decreases for smaller splittingsCOmpensate one another. L _
Similar calculations were also performed for the (C) Finally, we checked the applicability of the method in
Zn,_,Cr,Te line shape as well as for some otfe., sinu- the case when the exciton structures_ in dlfferer_1t polarizations
soida) line shapes. For all of them, the overestimation ofdiffer in shape(as for Zn, _,Cr,Te, Fig. 8. In Fig. 10, the
determined splitting was less than 6% if only the splittingModeled 7 (solid line) and (AE/2)F (where AE=30
was less than 0.2 of the linewidth. cm™ - is the splitting used to model the spegt@e dis-

(B) Next, the influence of weak componeriimesB and  Played. The blueshifted excitonic componemsandB) are
C) on the determined splitting was studied. The liBeand ~ Weaker than these in the other polarizati@hgndD) (as in
C were taken to be three times weaker than fr@andD  Zn1-xCriTe, Fig. 3. The P spectrum is nonsymmetrical,
lines, according to the expected intensity ratio of these line§imilarly to the real Zn_,Cr,Te spectraFig. 6). We note
(see Sec. )l Theo™ ando~ spectra obtained this way are that the minima of g:alculate(z? and F are shifted one in .
exemplified forA Egyong=40 cm ™t andAE =20 cm tin respect to thg other in the same way as in the present experi-
Fig. 9(c). In such a case, one can expect that the determine@i‘enta_| situation. To d_etermlne the _depth of th_e structures, we
splitting can be approximated by the weighted average of thased linear interpolation from outside the excitonic structure

strong and the weak exciton lines splittings: (Fig. 10. The vertical arrows in the plot show the resulting
depth of the structures. The comparisonfand F depths
AE= 2 (Ep—Ep) + % (Ec—Egp). (A1) Vields a splitting which is only 5% larger than the input

AE value. The above considerations leads to the conclusion
In Fig. 9(d), the spectraP and (AE/2)F are compared. that the experimental error of the determined exciton split-
Both strong and weak excitons are split symmetrically withting is of the order of 5%, if the spectra for" ando ™ are
respect to the zero field line. The splitting determined fromsimilar, as in the case of 4n,Cr,Se and Zn_,Cr,S, but
the P and F depths is 12% smaller thakE,n While itis  increases for Zp_,Cr,Te, since there is a significant differ-
expected to be 20% smaller according to the weighted averence in shape for the lines in two polarizations and, more-
age of splittingg Eq. (A1)]. This means that the use of Eq. over, the reflectance structure is rather wégig. 5).
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