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Excitonic Zeeman effect in the zinc-blende I11-VI diluted magnetic semiconductors Cd_,Y,Te
(Y=Mn, Co, and Fe)
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The sp-d exchange constantsNga and NyB) of the zinc-blende diluted magnetic semiconductors
Cd,_,Mn,Te, Cd_,CoTe, and Cd_,Fe Te are deduced from the huge excitonic Zeeman effect observed in
wavelength-modulated reflectivity spectra, supplemented with magnetization measurements with a supercon-
ducting quantum interference device magnetometer. The Zeeman spectra recorded in magnetit) fighds (

60 kG, and temperatured Y down to 1.8 K clearly reveal the Van Vleck paramagnetism of GHe Te; in
contrast, C¢d_,Mn,Te and Cd_,Co,Te display a Brillouin-function-like fl/T) dependence of their excitonic
Zeeman components associated with spin 5/2 and 3/2 ground states?6favid C3", respectively. The
antiferromagnetid-d interaction between the magnetic ions, displayed in the Zeeman data, is mainly limited
to nearest-neighbor M ions, whereas it is significantly stronger forCdhan for Mrf* and extends to more
distant neighbors.
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[. INTRODUCTION their characteristic ground-state multiplets as reflected in the
excitonic Zeeman effect of Gd,Mn,Te, Cd _,Co,Te, and
Tetrahedrally coordinated II-VI multinary alloys in which Cd;_,FeTe, is particularly attractive.

a fraction of the group-Il cations is randomly replaced with  In the context of the above considerations, we have car-
3d transition-metal ions, as in Gd/Mn,Te and ried out a comprehensive study of the excitonic Zeeman ef-
Cdy_x_yZn,Mn,Te, are known as diluted magnetic semi- fect in the CdTe-based zinc-blende DMS's involving Mn
conductors(DMS’s). In contrast to the nonmagnetic 11-vi Co™", and Fé" magnetic ions, exploiting the power and
alloys, DMS’s are singled out by their remarkable magneticSensitivity of modulation techniques; the results, along with
and magneto-optic properties, originating i the exchange their interpretations, are reported in the present paper.
interaction between the spins of thal Zlectrons of the
transition-metal ions(TMI's) and those of the band Il. EXPERIMENT
electrong i.e., in the so-calledsp-d exchange interaction

and(2) the magnetic interaction between the 8lectrons of 4 cleaved from bulk single crystals grown by the vertical
neighboring TMI's, thed-d exchange interactiorknown 10 griggman technique. The ternary alloys were prepared using
occur through an antiferromagnetiéF) interaction. _purified CdTe and required amounts of Mn, Co, or Fe and Te
The excitonic Zeeman effect in DMS’s is a spectroscopicadded in stoichiometric proportions. Mn metal was purified
phenomenon ideally suited for probing the magnetization repy multiple sublimation under dynamic vacuum, but Fe and
sulting from thesp-d andd-d interactions. It is also micro- Co of 99.998% purity were used without further purification.
scopic phenomenon that underlies the giant Faraday amthe stoichiometric charge was placed inside a graphite-
large Voigt effect they display:® These considerations pro- coated ampoule and sealed off under a dynamic vacuum of
vide a strong motivation for the study of the excitonic Zee-1076 Torr. The ampoules, heated to 1150 °C for about 12 h
man effect in [I-VI DMS'’s involving the 8 magnetic ions. before the growth commenced, were kept static and the fur-
The excitonic Zeeman effect has been investigated witthace moved vertically at a rate of 1-3 mm/h. The tempera-
photoluminescenckjn absorptior, and in unmodulated re- ture gradient in the growth zone ranged between 3 and 8 °C/
flectivity. The limitations of these techniquéa partial pic-  cm. In the postgrowth period, the ampoules cooled at the rate
ture of the Zeeman effect, the need for extremely thinof 50 °C/h down to 800 °C, followed by 100°C/h for the
samples, or the presence of a large continuum backgioun@ooling rate down to room temperature.
are elegantly circumvented by employing one of the many The excitonic signatures were obtained in reflectivity em-
modulation technique¥:'® The rather limited studies on ploying wavelength modulation. Measurements were per-
TMI's other than MA™ are due to their low solubility in  formed with a SPEX 1870 monochromator, a quartz halogen
DMS’s based on them. However, the high sensitivity oflamp as a light source, and a silicon photodiode as a detector.
modulation techniques offers an opportunity for the investi-With calibration lines from Kr, Ar, Xe, and O discharge
gation of the excitonic Zeeman effect in such DMS’s evenlamps, the wavelength accuracy of the monochromator in the
for small x, for example, in Cg_,CoTe and Cd_,FgTe.  entire spectral range of interest was ensured. The wavelength
An intercomparison of Mfi", Co**, and Fé*, each with modulation was achieved with a vibrating mirror, incorpo-

All the specimens studied in the present investigation
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rated in the monochromator optics, operating at 85 Hz. A (a) Faraday (b) Voigt
Janis superconducting optical magnet cryostat provided a
maximum field of 60 kG; its variable-temperature feature o
allgrv;/led samplgs tp reach temperatures down to 1.8 K. ' L _<__T'+”2> r%_<—?—r—-—-|+m>
e magnetization data were taken on a Quantum Design . (112>
MPMS-5 superconducting quantum interference device |
(SQUID) magnetometel! The computer-controlled system !
|

|

|

|

I

|

allows data acquisition for temperatures between 1.8 and 400
K and fields up to 55 kG. The magnetometer is capable of
measuring magnetic moments as small as “Emu, al- 2

[-3/2>

though a signat10 ®emu is preferred. Because of the b_._,_|.u> 12>
physical limitation of the pick-up coils in the SQUID, the Iy P! 41725 Iy IPS
sample sizes did not exceed a few millimeters in width and 1 ¢l e f e
mm in thicknesgwith a mass of about 50 mg q !

The composition of the samples was determined using a ELH EIH
JEOL JSM-6400 scanning electron mlcrosc,Jc’rpequped FIG. 1. Exchange splitting of the valence and conduction bands

with a LINK data analysis system for energy-dispersive eleCTor zinc-blende 1I-VI DMS'’s and the excitonic transitions {a)

tron microprobe gnalysi@EMPA). The quantitative EMPA Faraday kIH) and (b) Voigt geometries K1 H), wherek is the
results were obtained using CdTe, CdMnTe, and pure Co angirection of light propagation.

Fe as standards. The accuracy of the composition using this

technique is estimated to be about 0.05 at. %. p-d interactiond result in a splitting of the conduction band
into two subbands and the valence band into four subbands,
as shown in Fig. 1. The energies of these subbands, inclusive
of the sp-d exchange interaction, are given by

The half-filledd subshell of Mn is the main reason why it

IIl. THEORETICAL BACKGROUND

has a simple orbital singletSs;, ground state. But as one E3Y(m;) =E.—mSNoax((S,)),
goes through the otherd3metals on either side of Mn in the
periodic table, the departufexcess or deficjtfrom the half- EPY(my)=E,— $miNoBx((S,)), (1)

filled d subshell leads to more complex ground stafess a

result, DMS’s based on these ions show magnetic behaviovherec andv refer to the conduction and valence bands,
richer and more complex than that of the Mn-based com+espectively,E. and E, are the conduction- and valence-
pounds. The ferromagnetig-d interaction in Zn_,Cr,Se  band-edge energies in the absence of the exchange interac-
(Ref. 14 and the Van Vleck paramagnetism in {CdFe,Se  tion, Ng is the number of unit cells per unit volume,and 3

(Ref. 15 are unique and intriguing examples of these phe-are thes-d and p-d exchange integrals for the conduction-

nomena. and valence-band electrons, respectively, gl the molar
In considering the excitonic levels of a DMS, one mustfraction of the TMI.
account for theintrinsic magnetic interaction®f the host If the mean magnetic moment of the TMI is proportional

(e.g., CdTe A direct-gap zinc-blende semiconductor is to its mean spiS,) in a magnetic fieldHlz, a g factor g;
characterized by a zone cenigg (J.=3) conduction-band can be defined for the TMI in the DMS host. The magneti-
minimum and al'g (J,=3) valence-band maximum. In the zation (per unit massdue to these magnetic ions is then
presence of an external magnetic field, the orbital motions ofjiven by
band electrons lead to Landau quantization of the bands and
the spin dynamics of the electrons result in a further spin gimusNa
splitting of the Landau level¥ M =M+ XaaH =~ W(x) X((S) + xacH, ()
The dramatic magneto-optic effects displayed by a DMS
can be traced to the exchange interaction between the locakhereN, is Avogadro’s numberug is the Bohr magneton,
ized magnetic moments of the TMI's and those of the bancand W(x) is the molar weight of the DMS. Herl}, is the
electrons. This effect is taken into account by adding an exeontribution of the magnetic ions to the magnetization, while
change term, thep-d exchange Hamiltoniaft(s, 4, to the  xgj, arises from the diamagnetic susceptibility of the host.
zero-field Hamiltonian. The extended nature of the electronid his small diamagnetic contribution, which is linear in field,
wave function spanning a large number of magnetic ions andhould be considered for high valuestdfT and lowx. For
lattice sites allows the use of tmeolecular-field approxima- CdTe, xq.= — 3.45X 10" emu/g?’
tion to replace the magnetic-ion spin opera®rwith its In Eg. (2), the mean spin((S,)) denotes the spatial as
thermal and spatial averadéS)), taken over all the ions. well as the thermal average of the spin component along the
Also, the exchange interaction can be treated in the spirit omagnetic field. Assuming the magnetization of a dilute alloy,
the virtual-crystal approximation, along with its translationalin which it is experimentally justified to consider contribu-
symmetry. tions of only two types of complexsingles(with no other
When used as perturbations to the zero-field Hamiltonianpeighboring magnetic ignand pairs (when two ions are
the diagonalized Hamiltonians corresponding tothe and  neighborg, and for spin interactions up to théh neighbor,
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K Amy=mS—mj=0,+1. @
((Se=PRON(Sict 2 PROO(SY, (3)
I~ At low temperatures, the single excitonic transition in the
where the indess refers to isolated ions up to tlieh neigh-  absence of a magnetic field splits into four components for
bor, andp corresponds to pairs that are firgt1),...kth  H>0 in the Faraday geometrfi.e., for light propagation
(J=Kk) neighbors. P;(x) is the probability that a magnetic- alongH), with Am;=*1 and energies given by
ion spin belongs to the complgéxFor a random distribution

of ions over a fcc sublattice, Kreitman and Barietind Ea(— 35— —3)=Eg+ 3fi(0§+ wh) — 3(g% — 30} ) ugH

Okadd® give the probabilities for first-, second-, and third-

neighbor interactions. —3No(a—B)X((Sy)), €S)
It is important to consider the special case of a spherically

symmetric magnetic ion in a 1I-VI host. Despite its limita- Ep(—3—3)=Egxt+ 3fi(wi+ wd) +3(g% +9 ) ugH

tion, this model is applicable, to a good approximation, to .

Cd,_,Mn,Te because of the small crystal-field splitting of +3No(a+ BIRX((S,)), 9

the Mrf™ ground state, and to Gd,Co,Te because of the
large crystal-field-induced separation of the first excited state g (1 —1)=E_ + 1% (0S+ wl)— (g% +9*) usH
of Co?* from its ground state. This model does not apply to 2 ? . 07Tl 2¥e TR AT

Cd;_,FeTe, which manifests Van Vleck paramagnetism —3No(a+ BI3)x{(S,)), (10
and has to be dealt with separatély.

At magnetic fieldsH<|J;/ug|, the ground state for a E (2l mE 425 ( 0+ o)+ (g — 30" ) waH
nearest-neighbofNN) pair of ions is nonmagnetidi.e., a(z—2)=Eget sh(wot wo) +2(0c 30, e
(S)}=0). Therefore, the mean value of the magnetic mo- +3No(a— B)x{(S,)), (12)
ment for an ensemble of ions of spB at a temperaturé,
considering only NN interactions, is given by H&) as These components, shown schematically in Fig. 1, are

_ circularly polarized, thea andb transitions allowed foior .
X - P " N
—ps s__ " 4 =(1M2)(X+i¥) whereasc andd transitions occur foro_
(S21=P100(S2)1 x 5Bs () @ =(1M2)(X—iY¥). In the Voigt geometryi.e., for light propa-

gation normal toH), thea, b, c, andd components are po-

Wherg ZTS‘Q‘MBH/!(BTG“ and st(”) is the Brillouin larized normal tcH; in addition, two transitions, governed by
function” The effective concentration(x,t) <x reflects the A =0 and polarized alon, are expected at

decreasing contribution of single ions k. In addition,

the much weaker, long-range, more distant-neighbor cou- g 1 _1y_p 41z cy oy 1ok o H
pling of magnetic ions can be accounted for byedfective ol ~27 7 2) =Byt afilwgt wo) —2(dc ~ 0y e
temperature Ty=T+Tar, WhereTAF(.x,T)>O. Hence, the —3No(a— BI3)x{(S,)), (12
magnetization of DMS’s with spherically symmetric mag-
netic ions, assuming strong interactions only up to first 11y 1, € o\ Lok ok
neighbors, is given by Ei«(z—2) ng+2ﬁ(w0+w0)+ 2(9¢ =9y ) ueH

+3No(a— BIRX((S,)), (13

uaN ueH
m:g“uB AYSi S(gli) + XdiaH - )
W(X) "\ KgTerr
IV. RESULTS AND DISCUSSION
Besides the modified-Brillouin-function contribution of
single ions to the magnetization, saturating at low fields, A. Cdy_Mn,Te
there can also be a significant high-field susceptibility con- The electronic configuration of free Mhis[Ar]3d® and,
tribution due to second- and more distant-neighbor pairs ofollowing Hund’s rules, its ground state RS;,,. As a sub-
magnetic iong?23 stitutional ion replacing Cd and hence withl4 site sym-
Combining the different interactions, and taking the zerometry in CdTe, the sixfold spin degeneracy %8/, is lifted
of the energy scale at the valence-band maximum in zergy the crystal-field effects, yielding Bg quadruplet ground
field, the allowed magneto-optical transitidhbave the en-  state and d', doublet 0.001 meV above 3. This splitting

ergies being so small, it is justified to treat the ground state ofMn

v . N e cx - as an atomic®Sg), level. Since the first crystal-field-split ex-
E(m—mj) =Egxt 27 (wo+ wg) +(mMyge —m;g, ) ueH cited statd *G(“T",)] is ~2.2 eV above the ground stefteat
+IES(mS) — ES(m?)]. ©) low temperatures only th€S;), state is populated and Mh

ions in CdTe exhibit paramagnetism with an effective spin
Here the first term E4,) corresponds to the exciton band S=3.
gap, inclusive of the excitonic diamagnetic shift, the second The sample used in this investigation has a nominal Mn
to Landau shifts, the third corresponds to the intrinsic Zee€oncentration ok=0.01. Microprobe analysis of the sample
man splittings of the bands, and the fourth is due tostpel yielded x=0.0097-0.0005, in good agreement with the
exchange. These transitions obey the selection rule nominal value. The zero-field position of the free exciton at
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0 10 20 30 40 50 60 FIG. 3. Excitonic signatures of Gd,Mn,Te at 1.80 K:(a) H
H (kG) =0; andH=15kG in the(b) Faraday andc) Voigt geometry.

FIG. 2. Magnetizatioricorrected for the host diamagnetisas
a function of field:(a) Cd,_,Mn,Te specimen at 1.80 and 4.50 K; free-exciton signature at 1.80 K is shown in Figa)3 It
(b) Cd,_xCo,Te specimen at 1.80 and 4.50 K; afwl Cd,_,FgTe  appears aE = 1.611 35 0.0005 eV and is very sharp, with
specimen at 1.80, 4.80, and 20.0 K. a broadening of less than 1 meV. This broadening value is

remarkably small for the linewidth of an exciton in a ternary

1.80 Kis 1.611350.000 05 eV, corresponding to a shift of alloy, and is a testimony to the high quality of the crystal.
14.75-0.05 meV from that of CdTe; this shift also yields  Figures 3b) and 3c) show the Zeeman components of the
~0.01% 1s free exciton observed in the Faraday and Voigt geom-

The magnetization of the Gd,Mn,Te specimen as a etries, respectively, at 15 kG. In agreement with Fig. 1, the
function of the magnetic fiel(corrected for the host diamag- free exciton splits into four lineflabeleda, b, ¢, andd) in
netism at 1.80 and at 4.50 K is shown in Figia2 The solid  the Faraday geometrg, andb in the &, andc andd in the
lines are Brillouin-function fits to the data points based ong_ circular polarizations. In the Voigt geometry, two addi-
Eq. (5). As can be seen, for both temperatures the magnettional lines,e andf, appear linearly polarized parallel to,
zation is linear inH at low fields, but approaches saturation while a, b, ¢, andd are polarized normal tél.
at high fields. From a least-squares fit of the data to(Bq. The excitonic Zeeman splitting of the free exciton vs
using the values ofjyn2+=2.00 andSy2+=3, the fitting  magnetic field for the Cd  Mn,Te sample at 1.80 K is
parameters and T 5 obtained for each temperature are, atshown in Fig. 4. All the six branches saturate to some con-
1.80 K, x=0.0090 andT,-=0.47K, and, at 450 Kx  stant value for fields above 30 kG, and they are approxi-
=0.0092 and Tpr=0.64K. Using |J;/kg|=6K for mately linear in field below~10 kG. Besides these, three
Cd;_,Mn,Te?® and considerations based on the nearestadditional branches appear in the spectra for fields above
neighbor probability distribution, the actual concentration of~20 kG, labeled as 1, 2, and 3 in Fig. 4. Although branch 2
magnetic ionsx can be extracted from. The x's thus de- follows the same Brillouin-function behavior as do the six
duced, 0.0101 for 1.80 K and 0.0103 for 4.50 K, are inZeeman components, 1 and 3 display a linear field depen-
excellent agreement with both the nominal and the microdence, showing no sign of saturation even at the highest
probe values and indicate that the exchange interactiofields. Twardowski, Nawrocki, and Gintérhave also re-
among the MA" ions does not extend beyond the first neigh-ported these branches; they attribute the features that saturate
bors. Finally, a fitting of the high-temperature susceptibilityat higher fields to the 2 and 3 excited states of the free
(100<T<300K) for this sample in the linear regiffere-  exciton, and those with a linear field dependence to higher-
sults inx=0.0100+ 0.0003. lying Landau levels. The fact that all of these features have

An illustrative example of the excitonic Zeeman effect in energies above theslexciton energy is consistent with these
Cd,_,Mn,Te is displayed in Fig. 3. The strong zero-field 1 conclusions.
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1.625 Ee—Ea=—0" ugH+ 35 NoBy((S,)), (14)
1620 1 Ei—Ee=(0gs — 095 ) ueH— 3 No(3a— B)X((S,)). (19
Note that the first term in each of the above equations, re-
= 1615 i lated to the intrinsic spin splitting of the bands, is a linear
‘3’ function of the field, while the second term is related to the
o 1610 q magnetization through Eqll). Therefore, the splittings,
w . corrected for the intrinsic spin contributions, can be ex-
1.605 i pressed as a function of magnetizatiaiready corrected for
the host diamagnetisnas
1.600 | o . . . . 7 (Ee—Eo)*=—CoNoBM% , (16)
0 10 20 30 40 S50 60 70
H (kG) (Ef—Ee)* =CoNo(3a— )My, (17)
FIG. 4. Zeeman components of the free exciton for WNereCo=W(X)/3Naugg;. Based on these equations, the
Cd, Mn,Te at 1.80 K as a function of magnetic field. corrected Zeeman splittings are clearly seen to be linear
functions ofM},, and their slopes yieltloe andNypS.
The spacings between the Zeeman comporgresandf For the Cd_,Mn,Te sample used x(=0.01), W(x)
(Fig. 4) vs the corresponding magnetization at 1.80Fg.  =239.4g/mole. With gy,2+=2.00, g}=-1.597° g
2(a)] are displayed in Fig. 5. These three lines were selectees —0.043%3!and the slopes from the linear least-squares fits

because they are the strongest and sharpest of the six Zeentanthe data in Fig. 5, one obtain$ge=191+5 meV and
components for most of the magnetic-field range covered\yB8=—826*+ 14 meV.

and/or because their positions could be determined without

any ambiguity, since they are free from the proximity of B. Cd,_,Co,Te

other features. Using the expressions obtained for the posi-
tions of these lines in Eq$8)—(13), the corresponding split-
tings are given by

The energy-level spectrum and magnetic properties of
free C3* in DMS’s having T4 site symmetry have been
studied by Villeret, Rodriguez, and Kartheu$&iThe elec-
—r— ————t tronic configuration of C8" is [Ar]3d’ and hence it has a

6 (E, -E)* T 4F4, ground state. Under the influence of the crystal field of
] a T4 site in CdTe, its sevenfold orbital degeneracy splits into
4r T a T, singlet, a*T'; triplet, and a*I, triplet in the order of
i T increasing energy. The crystal-field-splitting energy between
2r @ * T=180K the ground staté’I’, and the first excited statél's is A
- =390.5 meV?2 Therefore, only the ground state is populated
e e S at low temperatures. Spin-orbit coupling then splits each of
' ' ' ' >~y the “I's and *T', into '+ I';+ 2I'g levels, as shown in Fig.
gl (Er-E)* i 6.3 The ground staté'I", does not split but becomdsg,

retaining its fourfold spin degeneracy. Thus, at 1.80 K, the
Cc®* ion behaves paramagnetically with an effective spin
4+ (b) Cd, MnTe 7 S= %
The results reported in this section are based on a
, . ‘ , Cd,_,CqoTe specimen having a nominal value x£0.01.
T T Microprobe analysis of the sample yieldexi=0.0065
15 (E;-E,)* . +0.0010. The magnetization of the sample at 1.80 and at
- 1 4.50 K as a function of the magnetic fieldorrected for the

Splitting (meV)}

10 . host diamagnetisiris shown in Fig. 2b). The solid lines are
I 1 Brillouin-function fits to the data points based on Eg). As
5r (o) n can be seen, at both temperatures, the magnetization is linear
r in H at low fields, but approaches saturation at the higher
Qe——A— ' — fields. It should be noted that, despite the low Co concentra-
0.0 02 04 0.6 0.8 1.0

tion, the saturation in the magnetization curve is very similar
to that of the Cd_,Mn, Te sample with digherMn concen-
FIG. 5. Excitonic Zeeman splitting as a function of magnetiza-fration [Fig. 2@)]. This is an indication of a stronger AF
tion at 1.80 K:(a) Eq—E,; (b) E;—Ee; and (c) Eq—E,. The interaction among Cd ions compared to Mt ions. From a
spectroscopic data are corrected due to the intrinsic Zeeman shifteast-squares fit of the data to E®), using the values of
of the carriers and the magnetization for the diamagnetism of th@ce+ = 2.3093%* and Sc+ = 3/2,% the fitting parameters’
host. The linear least-squares fits to the data are also shown.  and T,r were obtained for each temperature. It was found

My, (emu/g)
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Fe*

Freeion H(Ty)

HSO
(1st order)

HSO

(2nd order)

that Xx=0.0035 andT,-=0.39K at

Free ion

Co™

H(Tq)

1.80 K, whereax

=0.0038 andT ,r=0.47K at 4.50 K. A fitting of the high-
temperature susceptibility (1607 <300K) for this sample
in the linear regime yieldec=0.0053+0.0002. Note that
these results indicate thafx=0.66+0.07, a value much
smaller than the 0.95 obtained from the NN probability Cdi—,Mn,Te (Fig. 3 reveals an intriguing difference: in

distribution®1° Thus it appears that, in contrast to the caseCd;_,Co,Te, the inner Zeeman components appear in the
of Mn?* in CdTe, the AF interactions are not limited to NN sequence, g, f, andc with increasing energy, in contrast to

Cc" ions, but extend to more distant neighbors as well. Thighe sequence, b, ¢, andf in Cd,_,Mn,Te. This sequence

is in agreement with the large value |3 for Cd, _,Ca,Te,
about five times larger than that for CdMn,Te, as ob-
served in a fit to high-temperature susceptibility of this and The Zeeman splitting of the free exciton as a function of

other samples?

PHYSICAL REVIEW B 63 155201

HSO

rs

r, FIG. 6. Schematic diagram of the energy lev-
L els of CG" and Fé" ions in aTy field, taking

¢ into account the spin-orbit interactidfollowing
Rodriguezet al. (Ref. 43].

free-exciton signature at 1.80 Krig. 7(a)] appears aEyy
=1.606 64+ 0.00005 eV with a broadening of less than 2
meV. Figures ) and 7c) show the splitting of the 4 free
exciton for a field of 60 kG in the Faraday and Voigt geom-
etries, respectively. A comparison with the results in

has an important consequence for the valueNgkr in
Cd, _,CaTe.

magnetic field for the Cd ,Co,Te sample at 1.80 K is

An illustrative example of the excitonic Zeeman effect in shown in Fig. 8. All the six branches saturate to some con-
Cd,_,Co,Te is displayed in Fig. 7. The strong zero-field 1 stant value for fields above 40 kG, and they are approxi-

T
H=60kG

80 Faraday

(AR/AE) x 1/R (Arb. Units)

1.600

1.610
Energy (eV)

1.620

FIG. 7. Excitonic signatures of the €d CqaTe specimen at
1.80 K: (8 H=0; andH=60kG in the (b) Faraday(c) Voigt

geometry.

mately linear in field forH<<10kG. The excitonic diamag-
netic shift>*” can also be clearly seen here as an upward
shift of the Zeeman components at high fields. Comparing
this figure with Fig. 4 for C¢_,Mn,Te, two major differ-
ences can be observed. First, the sequence in which the Zee-
man components occur for the two are different, as was men-
tioned above. Second, the energy differendés(E,) and
(E.— E;) are quite small for Cd_,Caq,Te, even for the high-

est fields; they are less thar0.7 meV at 60 kG. In order to
extract the physical significance of these experimental obser-
vations, it is useful to expres€{—Ey) and E.—E;) from
Egs.(8)—(13), i.e.,

(Ep—Ee) =05 meH +Noax((S,)), (19

Ec—Ef=—0¢ ugH—Noax((S,)). (19
Given g¥ =—1.592° at 60 kG the intrinsic contribution to
the spacings is-0.6 meV, clearly indicating that theb(e)

and (f,c) splittings are essentially intrinsic in their origin.
Dictated by the experimental error in the measured values of
the splittings(~0.1 meVj, an upper limit for|Ny«/| is esti-
mated at 20 meV. Finally, comparing the spacinds; (
—E;) and E,—E,) in Fig. 8, a small difference can ob-
served; based on the Heisenberg-type interaction of( &g.
there should be no difference between the two. This asym-
metric spin splitting is an indication of a second-order, non-
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FIG. 8. Zeeman components of the free exciton fof G&€a, Te
at 1.80 K as a function of magnetic field.

Heisenberg-type exchange interaction between thé" Co
spins and the effective hole spitfs.

Combining the results in Figs(l® and 8, one can display
the spacing between the outer Zeeman componefig, (
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FIG. 9. Excitonic Zeeman splitting,— E, of Cd, _,Co,Te as a
function of magnetization at 1.80 K. The spectroscopic data are
corrected for the intrinsic Zeeman shifts of the bands and the mag-
netization for the diamagnetism of the host. The linear least-squares
fit to the data is also shown.

—E,), as a function of magnetization at 1.80 K. These com-shown in Fig. 6. Since th&, ground state of F€ is non-
ponents were selected to avoid any anomaly due to the asyragnetic, Cgl_,Fe,Te does not exhibit ordinary paramag-
metric splitting mentioned above. Using the expressions obnetism. However, in the presence of a magnetic field, the

tained for the energy positions dfanda[Egs.(8) and(13)],

Eq—Ea=(97 —39;) ugH+No(a—B)X((S,)).

Hence, the spacingorrected for the intrinsic spin contribu-
tions) and magnetizatioffalready corrected for the host dia-
magnetism yield

(20

(Eq—Ea)* =CoNo(a— B)My,, (21)

where Co=W(X)/Naugg;. Thus, the corrected Zeeman
splitting is a linear function ofM},, and its slope gives
No(a—pB).

For the Cd_,Co,Te specimen studied, i.e., withk
=0.006, W(x)=239.7g/mole; gcgp+=2.3094%* g*
—1.59, gy =—0.04; the slope obtained from the linear
least-squares fit to the data in Fig. 9 yieltg(a—B)
=2331+130 meV. Given the upper limit of 20 meV ob-
tained above fotNy«a| and the error bracket of 130 meV, it
is justifiable to setNy8=—2331+ 130 meV.

C. Cd,_,Fe,Te

Zeeman interaction mixes the ground state with the low-
lying excited states, leading to the temperature-independent
Van Vleck paramagnetisi?.

The results reported in this section are based on a
Cd, _,FeTe specimen with a nominal Fe concentration of
x=0.01; microprobe analysis of the sample yield&d
=0.007+0.001. The zero-field position of the free exciton at
4.80 K is 1.6095:0.0001 eV, corresponding to a shift of
12.9+0.1meV from that of CdTe. This shift yieldx
=0.0072, in agreement with the microprobe result. The mag-
netization of the sample at 1.80, 4.80, and 20.0 K as a func-
tion of the magnetic fieldcorrected for the host diamagne-
tism) is shown in Fig. 2Zc). The anisotropy of the
magnetization as a function of crystallographic direction
relative to the field direction can be ignored here in view of
the small value ok and the relatively small magnetic fields
used. As can be seen, the magnetization is almost linear at all
three temperatures and does not saturate up to the highest
fields, despite the small concentration of Fe. This is in strik-
ing contrast to the Brillouin-function behavior of
Cd;_,Mn,Te and Cd_,Caq,Te shown in Figs. @) and Zb),
and constitutes a strong signature of the Van Vleck paramag-

The energy-level scheme and magnetic properties of fregetism unique to Fetand Cy based DMS’s. Another mani-
FE&' in DMS’s with T4 site symmetry have been studied by festation of Van Vleck paramagnetism is the temperature in-

Villeret, Rodriguez, and Kartheus&t.The electronic con-
figuration of F&" is [ Ar]3d® which, following Hund'’s rules,

dependence of magnetization at lower temperatures, also
evident in Fig. 2, the magnetization at 1.80 and 4.80 K being

has the®D, ground state. Under the influence of the crystalalmost identical.

field of a T4 site in CdTe, the fivefold-degenerate orbital
state splits into @' doublet ground state and s triplet
excited state, with a crystal-field splitting af=332 meV3

The Zeeman splitting of the free exciton as a function of
magnetic field for the Cd ,FeTe sample at 4.80 K is
shown in Fig. 10. Comparing this figure with Fig. 4 for

Thus only the ground state is appreciably populated at lowCd, _,Mn,Te and Fig. 8 for Cd_,Cao,Te, two major differ-

temperatures. The spin-orbit interaction splits tRE€,
ground state, in order of increasing energy, into a singlet
a tripletlI',, a doubletl’5, a tripletl's, and a singlef’,, as

ences can be noticed immediately. First, none of the four
branches saturate to some constant value, even for the high-
est fields. Secondly, they are approximately lineaHiror
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T T T T TABLE |. The sp-d exchange constantSn meV) obtained
1616 1-480% e 9] from the present study and those reported in the literature. The
P L 1 technique used for each case is also given. WMR indicates
16141 . . 1 wavelength-modulated reflectivity, UR unmodulated reflectivity,
I L . s * and UT unmodulated transmission, and SFR spin-flup Raman scat-
5 1612r ¢ - * i tering.
; F . . ¢ C 1
o *
@ 16101 . 7 Noa NoB Technique Reference
w *
1608F ° . e ., . Cd,_ Mn,Te
* ., C e 191+5 —826+14 WMR Present study
16067 e ., 7 220+ 10 — 880+ 40 UR 7
o . L e 216+ 25 —840+25 UR 28
o 0 20 30 40 50 60 70 194 SFR 40
H (kG) Cd,-,CoTe
<20 —2331+130 WMR Present study
FIG. 10. Zeeman components of the free exciton for Cd,_,FeTe
Cd,_.FgTe at 4.80 K as a function of magnetic field. 311+5 —842+14 WMR Present study
300+40 —1270£80 UT and UR 39

the entire range of fields, despite the small valua.ohlso,
the Zeeman splittings are approximately independent of tem-

perature below~5 K. All of these trends are in accordance =239.6 g/mole; using the analysis in Ref. 3ff,=—1.59,
with those shown in Fig. 2 for the magnetization of this g = —0.04, and the slope from the linear least-squares fit to
sample, being direct consequences of Van Vleck paramadhe data in Fig. 11, one obtaifsya=269+17 meV and
netism. Finally, the excitonic diamagnetic shift is clearly dis-NoB8= —836+29 meV.

played by the upward shift of the Zeeman components at
high fields. V. CONCLUDING REMARKS

Combining the spectroscopic and magnetization data, Fig. As emphasized in the Introduction and in the theoretical
11 displays the spacing between the outer Zeeman comp&ec, |1, the striking magnetic phenomena displayed by the
nents, Eq—E,), and that between the inner components,||-v| DMS'’s can be traced tq1) the sp-d exchange inter-
(Ef—E¢), as a function of magnetization of the sameaction between the spins of the magnetic ions and those of
Cd,_,FgTe sample, all at 4.80 K. These Zeeman compo-+the band electrons, characterized Mya andNyB, and(2)
nents were selected because the third pair of compoitlents the d-d exchange interaction between the spins of the mag-
andc) could not be resolved except at the highest field. Solvnetic ions, expressed by;,J,,.... The observation and
ing Egs.(17) and(21) simultaneously using the slopes from identification of all the six excitonic Zeeman components for
Fig. 11, the values dflya andNoy3 can be readily obtained. Mn?" and CG* have allowed bottNya andNys to be sepa-
For the Cd_,FgTe specimen usedx&0.007), W(X) rately determined rather than just(a— ), as in the exci-

tonic Faraday effect.In Table | we listNoa and Nog3 for

- - - — Mn?", C&?*, and Fé" as the magnetic ions in the zinc-
T=4.80K blende CdTe host and compare them with values reported in
the literature.

(i) Cd;_,Mn,Te. The values oNya andNyB obtained in
80l = (EsE)* g the present investigation have smaller error bars due to the
sharp signatures observed in modulation spectroscopy, the
exceptional optical quality of the specimens employed, and
the use of calibration lines to determine the energies of the
Zeeman components more precisely. It is gratifying to note
40} . that the value of 175 meV quoted fdMya by Peterson
et al*® from their spin-flip Raman scattering for a sample
with x=0.01 yields 194 meV when corrected fokx=0.9,

10.0

o (Ee-E)*
6.0 R

Splitting (meV)

20F . _ .
Cd, Fe,Te as in the present measurement. The values reported by Gaj,
] Planel, and Fishmdnand by Twardowski, Nawrocki, and
00 " 1 L 1 L ] N 1 . 8 . . . o
o o1 oz 03 oa o5 Ginter® are somewhat higher; the difference can be attrib

M?, (emu/g) uted to two factors. First, the corrections due to the intrinsic
Zeeman effect of the bands and the diamagnetism of the host
FIG. 11. Excitonic Zeeman splittings of ¢d,Fe Te as a func-  should be considered when dealing with small Mn concen-
tion of magnetization at 4.80 K. The spectroscopic data are cortrations, as has been done in the present study. Second, al-
rected due to the intrinsic Zeeman shifts of the carriers and théhough the experimental results in Fig. 5 show a linear rela-
magnetization for the diamagnetism of the host. The linear leasttion between the Zeeman splittings and magnetization, a
squares fits to the data are also shown. small departure can be observed in Figs) &nd 5b). These
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h i T ] for Mn-based DMS'’s, one can state roughly that a larger
03r% Cd, Fe,Te | magnitude ofB leads to a larged-d interaction between the
o2l 3 H=30kG | magnetic moments of TMI's. The large increasd dff and
\ . |J5| from Mn- to Co-based II-VI DMS’s is indeed in accor-
0.4f — T dance with the corresponding increaseif
ook . . A I T (iii) Cdy_4FgTe. Both the magnetization and the exci-
b T T ' U tonic Zeeman splittings of Gd,Fe, Te show features char-
5 02p €d, Co,Te acteristic of Van Vleck paramagnetism at low temperatures.
E: o H=20kG Temperature independence and the absence of saturation at
L g1 :‘ ] the highest fields are two characteristics of this field-induced
& \- ] paramagnetism, clearly displayed in the experimental results
00k . esecsercsgeescyoncesonsay . reported in the present study. To emphasize the difference
s T T T T between the Van Vleck paramagnetism of?Feand the
1 Cd,Mn,Te 1 Brillouin-function behavior of MA* and C3", the magne-
06p H=20kG 4 tization results for Cgl ,Fe,Te as a function of temperature,
‘i along with those for Cd ,Co, Te and Cd_,Mn,Te, are dis-
03r T played in Fig. 12. Note the difference between the three
'\....,. cases in the low-temperature range below K; a smaller
0.0 i | A $00009000090000p000e, . . . .
0 50 100 150 200 250 300 step size over this small range and samples with higloan
T (K) be used to show the contrast even more clearly.

Another unique characteristic of Fe-based DMS'’s is the

FIG. 12. Magnetizatior(corrected for host diamagneti$rof  anisotropy of their magnetization—and hence of the exci-
Cd,_xFgTe, Cd_,CqTe, and Cd_,Mn,Te as a function of tem-  tonic Zeeman splittings—expected as a function of crystal-
perature. lographic direction. This feature, fully explored by Rod-

riguez, Villeret, and Kartheuséf,is mainly due to the small

nonlinearities, whether due to higher-order terms in the exenergy separation of the two adjacent spin-orbit-split states
change interaction or an experimental artifact, deserve furof the °I'; multiplet, ~3 meV in Cd_,FeTe. At suffi-
ther theoretical investigation and experimental verification. ciently high magnetic fields, Zeeman splittings of the states

(i) Cdy_xCao,Te. The values oNyer andNyB have been  pecome comparable to this spacing and, combined with the
obtained independently in the present study, thanks to thgan Vieck paramagnetic behavior of the ground state, give
observation of all six Zeeman components and the relativelyise to the anisotropy in magnetization. Testeltral*® have
larger x characterizing the sample employed compared tandeed reported such an anisotropy in the magnetization of
those employed in previous studis’ The significantly cd,  FeTe (x=0.033) for fields exceeding 100 kG. With
larger|Nof| for Co?" compared to that for Mit in CdTe is  the maximum field of 55 kG available to us in magnetization
a behavior similar to that in CdSe, CdS, ZnSe, and Z%?Tﬁé measurements, such an anisotropy escaped detection.
The value|Noa|, on the other hand, is found to have an  Although theNya value obtained in the present study for
upper limit of 20 meV based on the measurements reportedd, _,FeTe agrees with that reported by Testebnal®
here, in contrast to other II-VI DMS’s studied so far, the within experimenta| accuracy, the value NBIB is S|gn|f|_
typical value being 200-300 me¥ It i striking to see such cantly different between the two. Part of the difference can
a big difference in the value of for different TMI's in @ pe attributed to the neglect of intrinsic Zeeman effects of the
given host as well as for the same TMI in different hosts. pands and the diamagnetism of the host referred to earlier;

Based on the magnetization results, it is found that the ARhese corrections are more important for samples with a
d-d interaction among CGd ions is much stronger than |ower concentration of Fe.

among Mr" ions in CdTe. While this interaction is limited
to NN Mn?" clusters, it extends to more distant-neighbor
Cc?* clusters. As was mentioned earlier, this is in agreement
with the large values od-d exchange constant3, | and|J,| The authors are indebted to Sergio Rodriguez and M. J.
for Co- compared to Mn-based II-VI DMS®S. The large  Seong for stimulating discussions. They acknowledge sup-
d-d interaction in Cd_,CoTe is also consistent with the port from the National Science Foundation Grant Nos. DMR
large p-d interaction reflected in the value df,8. Accord-  98-00858 and DMR 94-0041B8Material Research Science
ing to the superexchange model of Larsaral® developed and Engineering Center
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