PHYSICAL REVIEW B 69, 035209 (2004
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Resonant enhancement enables the discovery and delineation of spin-flip Raman s¢&f€&Bdrom free
or donor-bound electrons in diluted magnetic semiconductors contairdnigaBsition-metal ions at doping
concentrations. In such studies, the intringiactor of the host, CdTe in the present case, has to be accounted
for accurately. The SFRS in CdTe yields the conduction band elegtfactor of —1.676+0.007 and displays
two resonance peaks mediated by free and donor-bound excitons, respectively. Excitonic signature in modu-
lated reflectivity signals the successful formation of, Cd/, Te as an alloy, whereas magnetization measure-
ments show vanadium ions incorporated & With x~4x10 4. SFRS of Cd_,V,Te displays vanadium
related SFRS shifts of a sign opposite to that of the host. This indicates a ferromashgdetxchange
interaction between thelike conduction electrons and thed hell of V2" in Cd,_,V,Te; from the linear
dependence of the-d exchange energy as a function of magnetizatdyy, the s-d exchange constant is
deduced to be 2858 meV.
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[. INTRODUCTION limited extent, because only doping concentrations of these
TMI's can been incorporated. However, the distinct type of
Diluted magnetic semiconductor®MS’s) are ternary magnetism displayed by each TMI is a strong motivation for
compounds in which the cation sites are partially and ranthe study of these DMS’s, provided a suitable experimental
domly occupied by magnetic ions, for exampled 3 technique is exploited. Additional interest in Sc, Ti, V, and Cr
transition-metal ion§TMI's).* Cd,_,Mn,Te, Ga_,Mn,As, based DMS’s stems from theoretical predictbasd pre-

and PR_Mn,Te are examples of II-VI, 11I-V, and IV-VI liminary experimental indicatiofighat thep-d exchange in-
DMS ternaries® respectively. Thanks to the exchange in- traction in DMS's with TMI's with less than a half-filledd

teractions between the TMI's as well as those between TMIShell is ferromagnetic in striking contrast to its antiferro-
and band carriers, DMS’s display striking magnetic andmagnetic character in those with K Cc**, and Fé". It

magneto-optic phenomena. To date, the most thoroughly in> " this context that we have undertaken the growth and
vestigated DMS's are Mn-, Co- and Fe-based I1-VI DMS's in magnetic and spectroscopic investigations of G¥,Te.

view of the large concentration of the magnetic ions which Spin-flip Raman scatterin@SFRS from free electrons or
. 9 . . 9 those bound to donors in the effective mass ground state is a
can be incorporated in bulk crystals; in CdTe, for example

) X owerful tool in the study of the magnetic phenomena dis-
Mn, Co, and Fe can be mtrqduced _to concentratllop levels o layed by DMS'S. The SFRS shift in these cases equals the
70%, 2%, and-4%, respectively. Since thedSTMI'sinthe  7geman splitting of the conduction band and thus yields the
[I-VI DMS’s are isoelectronic with the cations, except for the magnitude of thes-d exchange interaction between tde
distinctly magnetic 8 cores, they offer an outstanding op- glectrons of the TMI's and the-like electrons of thel'
portunity to investigate magnetic phenomena with a varietyeonduction band. In contrast, other magnetooptic techniques,
of experimental techniques and theoretical models. Cursych as Faraday rotation, magnetoreflectance, and magneto-
rently, there is considerable interest in the study of IlI-V juminescence, involve the combined Zeeman splitting of the
based DMS’s with Mn(e.g., Ga_,Mn,As).? In these mate- conduction and valence bands. In addition, the polarization
rials Mr?* ion, replacing substitutionally the group Il cat- selection rules of SFRS provide unique signatures of the un-
ion, is simultaneously a magnetic constituent and a singlelerlying exchange interaction, whether it is ferromagnetic or
acceptor. This scenario sets the stage for solid-state electroantiferromagnetic. Another advantage of SFRS is its superior
ics in which both the charge and the spin of carriers—holesensitivity and precision, especially desirable at low TMI
in this case—are exploited, these ternaries then being reconcentrations, for which excitonic Zeeman splittings are

ferred to as spintronic semiconductdrs. small and the signatures observed in reflectivity and absorp-
While Mn-, Co-, and Fe based II-VI ternaries have at-tion tend to overlap. Further enhancement in SFRS sensitiv-
tracted the most attention, the DMS’s with othet BMI’s, ity and precision can be achieved when the photon energy of

viz Sc, Ti, V, Cr, Ni, and Cu have been studied only to athe exciting laser radiationfi(w,) passes through the exci-
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modulation, reflectivity spectra were obtained at low tem-

309 T=6K peratures without an external magnetic field.
B =60kG Raman spectra were excited with radiation from a tunable
Ti:Sapphire laser pumped with a Afaser. The laser photon
E,=1.5946 ¢V energy fiw; was tuned into resonance with the excitonic
= i transitions of the samples. Special care was taken to prevent
2‘ 20 E local heating and the photoionization of V ions in
g i Cd, _,V,Te by reducing the exciting radiation intensity until
é i the spectral position of the SFRS transition was no longer
= ! affected; typical intensity did not exceed 2 W/criThe scat-
= 10 - i tered radiation was analyzed with a Spex double or, when a
! greater stray light rejection is desired, a triple spectrometer
| and detected using standard photon-counting electronics.
E SFRS spectra were recorded in a 90° scattering geometry
! with circularly polarized laser light incident along the direc-
015 : M . . tic_)n of magnetic fie_ld% and the scattered ra_ldia_tion analyzed
I 0.5 0.5 1.0 with a linear polarizer along the magnetic er|d.A Thﬂe two
’ . scattering polarization configurationsy(,z) and (o_,2),
Raman Shift (meV) allow the SFRS polarization selection rules to be verified.
FIG. 1. The StokegS) and anti-StokegAS) electron spin-flip
Raman transitions of CdTe recorded at 6 K and 60 Kk&ps [ll. RESULTS AND DISCUSSION
= kilocounts/s) A CdTe
tonic band gap of the semiconductor and the SFRS efficiency Figure 1 shows a part of the Raman spectrum of CdTe
is resonantly increased by orders of magnitude. recorded 86 K and 60 kG near the photon energy of the

It is known that there are two contributions to the Zeemarexciting laser line. A pair of “red” shifted(Stokes, $ and
splitting of the conduction and valence bands in DMSee, “blue” shifted (anti-Stokes, A$ Raman lines is observed,
for instance, Eq(3.3) in Ref. g: “intrinsic,” i.e., band struc-  with the Raman shift independent of temperature over the
ture related, and that due to the exchange interactions. Agnge 1.8—-10 K and linear in magnetic field. The Raman
high TMI concentrations in wide band gap DMS'’s, the ex-lines are attributed to the electron spin-flip Raman transition.
change term totally dominates the Zeeman splitting, whereakhe SFRS shift in CdTe is given by
at low TMI concentrations, the two contributions become
comparable and one has to account for the intrinsic part in hosers=09" ugB, (1)
order to extract thesp-d exchange interaction. At low TMI

concentrations one can closely approximate the intrinsi 4B i th ic induction. The | i
properties of a DMS with those of the host matefielg., ton, andB is the magnetic induction. The least-squares linear

CdTe is the host material for diluted magnetic fit 1o the dependence of the SFRS shift Bnyields |g*|

Cd,_,Mn,Te). The difference in the SFRS in a DMS and in ~ 1'67645,0'007' ,

the host should yield thep-d contribution with high preci- _ The sign of theg factor can be determined from the po-

sion. larization feapures obsgrved_ln a rlght—angle scattering geom-
In the present paper we report the SFRS results on caTatry schemr?\tlcally outllpedAm the |nsetAof.|A:|g. 2. W|Ath the

and Cd_,V,Te and their interpretation and analysis aided bymagnetic field alongz, . = (1/\/2) (x+iy) and o

the characterization of the specimens with modulated reflec= (1/v2)(%—i9), the circularly polarized incident radiation

tivity and magnetization. The modulated reflectivity pro- Of Positive and negative helicities, respectively, and the scat-

vided important information about alloy formation and band-tered radiation analyzed aloagield the (,2) and (-,2)

gap energy, while magnetization measurements enabled us p@larization configurations. A Stokes component much stron-

extract the exchange constant from SFRS. ger than the anti-Stokes is seen in(2) (Fig. 2), whereas
in (0,,2) it is opposite. The appearance of the weak anti-

Stokes component ino(_,z) and that of the weak Stokes
component in &, ,Z) are consequences of the small scatter-
Bulk crystals of CdTe and Gd,V,Te studied in the ing volume probed in the near resonance condition, resulting
present investigation were grown by the modified verticalin unavoidable departures from the exaat.(z) configura-
Bridgman method. Samples were cleaved from the bouleSons. Within this limitation, the distinctly stronger Stokes in
perpendicular to[110]. Magnetization measurements on (o_,Z) and anti-Stokes ind¢,,z) are strong evidence for
Cd,_,V,Te samples were performed, employing a Quantunascribing a negative sign to thefactor.
design MPMS XL7 superconducting quantum interference We note thatg* = —1.676+0.007 is in excellent agree-
device, in the temperature range from 2—300 K in a magneticment with 1.6806<|g*|=<1.6808 for the conduction elec-
field with the strength up to 70 kOe, the magnetic field beingirons in CdTe obtained from a microwave electron para-
perpendicular to the cleaved surfaces. Using wavelengtthagnetic resonancéEPR experiment and close to the

(\!vhereg* is the appropriate factor, ug is the Bohr magne-

II. EXPERIMENT
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FIG. 2. Electron SFRS spectra of CdTe recordeddn ¢) and 0 | | T
(o—,2) polarization configurationste6 K and 60 kG. The inset 1.59 1.595 1.6
shows the scattering geometry; BS is a Babinet-Soleil compensator, Scattered Photon Energy (eV)

A, a linear analyzer. ] )
FIG. 3. Resonance profiles of Stokes and Anti-Stokes compo-

) ] 10 nents of electron SFRS in CdTe as functiongafincident and(b)
theoretical value of-1.64 calculated by Willatzeat al™" It scattered photon energies. Circles and squares are experimental

is equally noteworthy that Nakamumt al* reported ag  data. Solid curves are fits to the data using Egsand(3), yielding
factor of —1.59+0.02 with optically detected electron spin energy positions of the resonance peaks.
resonance, Oestreiat al? obtainedg* = — 1.653+0.02 in
a spin quantum beats experiment, while Simmoetial!®>  chemical nature of the shallow donor has yet to be estab-
measuredy* = — 1.6 from the magnetoluminescence of anlished, the binding energy of the donor-bound exciton is con-
exciton bound to a shallow donor. In contrast, an early elecsistent with those measured for effective mass donors in
tron SFRS experimetft yielded ag factor —0.74+0.03, CdTe®
clearly inconsistent with the values obtained with the variety On the basis of their spectral positions, which coincide
of experimental techniques and the theoretical calculation. within the experimental uncertainties with the Zeeman tran-
A deviation of the electrorg factors in semiconductors sitions of free exciton observed in reflectivifythe weaker
from +2, the electrorg factor in vacuum, is a well known resonance maxima in Fig. 3 can be attributed to a spin-flip
“band structure” effect arising from the mixing of electronic Raman process mediated via free excitonic levels. We note
bands by the spin-orbit interaction. The effect is especiallythat the zero-field free exciton energy measured in the
striking in narrow-gap semiconductors, e.g., IfSkand  present study using the wavelength modulated reflectivity
Hg,_«Mn,Te,'® in which the electromy factors reach values (see Fig. 4is 1.5966 eV consistent with the value reported
as low as—50. Although departure of the electrgrfactorin by Neumannet al,?! whereas Dreybrodet al?° estimated
CdTe from+2 is not as dramatic as those in the narrow-gaptheir zero-field exciton energy to be 1.5949 eV. Thus, mag-
semiconductors, it unambiguously shows the importance ofietoreflectivity data of Dreybrodit al. have to be shifted by
the band structure effects even in wide-gap semiconductord..7 meV to higher energies to be consistent with the present
In order to identify and delineate the electronic transitionsRaman resonance profiles.
and the Raman mechanisms responsible for the electron The resonances are rather broad with a full width at the
SFRS, we investigated the intensity of the Raman line as half maximum of about 2 meV. Very close to the resonance
function of 4w, and that of the scattered photon energymaxima the polarization selection rules are not strictly
(fws). The resulting resonance profiles measures@iléand  obeyed, as noted by Oka and Cardna ZnTe and by Scott
60 kG are displayed in Fig. 3. Two distinct resonances for theet al?®in cds.
Stokes, as well as the anti-Stokes component, are clearly The Raman process mediated via an exciton bound to a
visible. The stronger resonance peaks of both componenteutral donor is depicted schematically in Figa)5 The ini-
occur in the spectral range in which magnetoluminescenctal and final states are the Zeeman components of the
lines due to recombination of an exciton bound to a shallonground state of the neutral dondd). The intermediate state
neutral donor have been reportédiVe, therefore, attribute is one of the Zeeman levels derived from the ground state of
them to a spin-flip Raman process mediated via an excitoan exciton boundBX) to the neutral donor. Notice that the
bound to a shallow neutral donBt.Although the exact Zeeman spliting ofBX is that of its hole, since its two
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. resonance peak at a lower enefdys9 354 eV follows from
FIG. 4. Wavelength modulated reflectivity spectra of CdTe ;g 34 the experimentally observed separation of the reso-
(solid line) and Cd _,V,Te (dashed lingat zero magnetic field. nances is equal td. We note that at 60 kG¢ should be
~0.2 meV?2* With the typical width of the donor-bound

. L exciton level being~0.1 meV 2 it appears that the Zeeman
electrons have antiparallel spins in its lowest-energy Statecomponents of the bound exciton in Figabmerge into a

the ordering of the Zeeman |El"£4e|5 is based on the positivgjngle broad band, consistent with the observed separation of
sign of theg factor of the holé!?* The Stokes transition in  he stronger SFRS resonances in Fig)3

this process occurs as follows: initially, the neutral donor is |y analogy to the Raman-EPR transition of Mnin

inits |3)p state; the incidend _ radiation couples;)p with Cd;_,Mn,Te,” one can ascribe the weaker resonances to a
the| - 7)gx excitonic state, while the scattered radiation with thrée-step Raman process mediated via interband free exci-
polarizationz couples|—3)gy with |—3)p, resulting in a  tonic tranlsmolns. ]!:'%Ufe(!‘-_’)l shows the;, A mag]-
Stokes SFRS transition fromg)p to |—3)p. The anti- Ir:fglctr? :tb g}’ etr?eo vglgr?c\(laa ggﬁz b;g(él:;())gng (t)rr]deﬂn;g ;e-
Stokes transition can be similarly described. 2 2

. ) ; ) magnetic sublevels of thEg conduction band@). The ex-

The differential scattering cross section for such two-steRsjionic Zeeman levels are constructed from these valence and
process can be written in the following forfsee, for in-  conqyction band sublevels with the Coulomb interaction be-
stance, Ref. 26 tween the electron and hole being taken into account appro-

2 5 priately. In the ¢_,Z) Stokes scattering configuration, the
d_(T%fz e ) s (hwi) (y three steps leading to the electron spin flip dithe inci-
dQ mc) i (E—fw)?+(I/2)2 dent o_ radiation couples thél), state with the|—2)c

. . . ) state, (ii) an exchange interaction between the conduction
zere,fhls.thg OSC'"ﬁtor strength.of the transn;d?l—ﬁx, . electron and a donor electron induces a mutual spin flip in
L@ the incident p otonlenergE, an energy of the transi- them; and(iii) finally, the z-polarized scattered radiation
tion D—BX (e.g., E(]—3)sx) —E(]1/2)p) for the Stokes N ) . _
transition; andI’, a phenomenological damping term. couples thejz)c state with the originalz)y state. In this
Equation(2) implies a single “in-resonance” for the two- Mmanner, the Stokes shift is associated with the spin flip of the
step process whelhw; equalsE. On the basis of the Zeeman donor electron from it$3 ) initial to |— 3);, final state. The
splittings in Fig. %a) one expects that the Stokes resonanceanti-Stokes spin-flip transition of the donor elections)p
should occur at an incident photon energy higher than that-|3)p achieved with &, ,z polarization can be similarly
for the anti-Stokes, with a separation given dy- §, where  described, but with the incideriscattered transition origi-
A and § are separations of the Zeeman levels of the neutrahating (terminating at the|— 3 ) state.
donor and the neutral donor-bound exciton, respectively. Adapting Loudon’s theory for optical phonofisthe dif-
While the occurrence of the Stokes resonance peak at ferential scattering cross section for Stokes component of
higher energy(1.59 412 eV compared to that of anti-Stokes such a three-step process can be written as

~ ~ ~ 2
d_O'oC (3Vnst1Her 36 ns)(— 3P, 3 Hex 3P, — 39— 3.0 —1|Hed 3V, 0)) N 3
dQ [ﬁwl_E(|%V,_ %C>x)][ﬁw|_ﬁwSFRs_EU%V:%c)x)] !
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where the ellipsis represents five additional terms. In thishell and the latter due to an electron accepted in it. The
expressionﬂex is the exchange interaction Hamiltonian be- position of the \#*/V3*-donof? level has been
tween the electrons, superscriptsC, and D stand for va-  estimated®*° to be in the range from &—0.78 eV to
lence, conduction and donor states, respectivelgndng, Ecg—0.67 eV, while the ¥*/V™-acceptor level has been
numbers of incident and scattered photons, respectively, befetermined to be at Eg+1.0 eV (Ecg andEyg are con-
fore the scattering process, afg, an energy of an exci- duction band minimum and valence-band maximum ener-
tonic Zeeman sublevel. gies, respectively

The two terms in the denominator of E@) should result In CdTe, depending on the specific growth conditions,
in an in-resonance and an out-resonance in the scatteringhtive donors or native acceptors are known to oétum;
cross section. However, only one such resonance is observedgition, inadvertently introduced chemical impurities can
at t_he free exciton energy for the Sto_ke;, as well as for the|so pehave asesidual shallow donorgacceptors®’ Under
anti-Stokes, a consequence of the (;0|n(;|dence of the in- a ese circumstances2V can be compensated to yield either
out-resonance conditions; such a situation has been referr%dw or a \B* charge state. Indeed, the microwave EPR

to as adoubleresonance in the literatuf&2°In order for this eriments on CdTe.V reveafd® the sianature of ¥
double-resonance condition to be maintained independent 5P : 9

o . enters, which could be converted into that characteristic of
H, the Zeeman splitting of the conduction band and that.of/2+ with photon energies higher than 0.93 Evvhereas
the donor electron must equal. For a shallow donor with P 9 9 '

39 H
effective mass wave function such an equality is to be ex>chwartzetal™ and Slodowy and Baranowskimeasured

pected. absorption spectra of CdTe:V which they attributed to the
The Zeeman splitting scheme of the free exciton shown internal transitions of " o
Fig. 5(b) implies that in-resonance of the Stokes transition N order to interpret the magnetic fiel®) and tempera-
and that of the anti-Stokes should be separated\bys, ture (T) dependence of SFRS of an electron bound to a shal-
whereas the separation of the corresponding out-resonanclg donor in Cd_,V,Te, the charge state of V and its cor-
will be A— 6. While the relative spectral positions of the responding ground staténclusive of crystal field, spin-orbit
weaker resonance maxima in Fig. 3 agree with the splittingoupling and possible Jahn-Teller effgcre significant.
scheme, the separations of the in, as well as out, resonancegch of the charge states is expected to display a distinctive
equal A. As in the case of the bound-exciton resonancegnagnetization with a characteristic dependence8and T.
considered above, this can be explained by a simalthich  In the following we delineate the distinguishing features ex-
results in an overlap of the valence band Zeeman levels, ipected in the magnetic behavior of Y, V2*, and V*. The
turn producing the observed separations of the weaker SFR&xperimental results will allow us to identify the charge state
resonances in Fig. 3. which accounts for them.
The photoluminescence spectra from the CdTe samples_Villeret et al** have shown that théF ground state of
investigated displayed a strong peak at 1.5896 eV associatd( " free ion is split into three leveldl',, I's, and °T'4 by
with a recombination of an exciton bound to an anonymous tetrahedral crystal fielgsee Fig. 7 in Ref. 4lwith the
shallow neutral acceptor, while the series of peaks in therbital singlet®I', as the ground state; to first order in spin-
range from 1.5930 to 1.5959 eV, usually attributed to theorbit interaction, this level becomes the three-fold degenerate
recombination of an exciton bound to shallow neutral do-I';®I',=1I'g level. Zeeman splitting of 5 is isotropic with a
nors, is absent Hence, the electron SFRS observed in theg factor given by 2+ (32\/5A), where is a spin-orbit in-
samples studied could very well originate from a steady-statéeraction constant andl the crystal-field splitting parameter.
photoexcited population of neutral donors and/or conductiohus, the low temperature magnetization associated with
electrons, as in the case of the electron SFRS reported > ions in the tetrahedral crystal field is expected to display
p-type Cd_,Mn,Te 0 an isotropic paramagnetic behavior described byzh@ril-
louin function. Since the present study of CgdV,Te is lim-
B. Cd_V.Te ited to smallx, V ions are assumed to be well separated;
T X therefore, interactions between them can be neglected and
In this section we report and discuss spin-flip Raman scattheir magnetization well described by Brillouin functions,
tering from shallow donors in Gd,V,Te and its magnetic rather than by modified Brillouin functions.
field/temperature dependence analyzed in terms of magneti- In contrast, the ground state ofV ion in a tetrahedral
zation. In Fig. 4, the wavelength modulated reflectivity speccrystal field is an orbital triplefT", (see Fig. 6 in Ref. 41
trum of CdTe is compared to that of a £gV,Te specimen; Such a state is known to be split by a Jahn-Teller distortion
the 1=0.7-meV shift of the excitonic band gap of the latter which lifts (partially or totally the orbital degeneracy, result-
demonstrates that it is indeed a ternary alloy. ing in the ground state being an orbital singfdt, with a
Substitutional vanadium on a Cd site in CdTe is an isofour-fold spin degeneracy. In the absence of a magnetic
electronic impurity. When the two ¢4 electrons of field, the spin-orbit interaction further splits the ground state
[Ar]3d34s? electronic configuration complete the tetrahedralinto two Kramers doublets with spin projectionsl/2 and
bonds with the neighboring Te ions, the charge state of V is- 3/2, respectively. Christmanet al3® estimated the split-
V2*. It has been reported that substitutional V introducesing to be in excess of 1 cnt. If the separation between the
deep donor and acceptor electronic states in 1I-VI DM$'s, Kramers doublets is sufficiently large, so that only the
the former arising from an electron contributed by th# 3 doublet need be considered, then the magnetization will be-
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FIG. 6. Magnetization of Cd ,V,Te corrected for host diamag- 1,4 magnetization due to V ions.
netism as a function of magnetic field at several temperatures. Solid
circles are experimental data, and lines, the least squieBril-

louin function fits. The plot shows experimental temperatures and * _giMBXSNA (5)
V2* concentrations deduced from the fits. See text for details. SAT W '
have as the3,, Brillouin function. However, if the separa- It follows from Egs.(4) and(5):
tion is small, the magnetization will follovs,.

We note that V ion has the same electronic configuration C ua(S+1

+ gIILLB( )

as CF™", therefore one expects them to have the same elec- P 3K (6)
tronic energy structure in CdTe, hence the same type of mag- SAT B

netization. A theoretical modéf, with crystal-field effects
and Jahn-Teller distortion duly taken into account, predicts The value forM%,; estimated from Fig. 6 is 0.028 87
the ground state of the €F ion in the tetrahedral environ- +(.000 47 emu/g, yielding §+1)=2.45+0.08 from Eq.
ment to be an orbital singlet with spin 2. This is further split (6). This is in excellent agreement with the spin of th&"V
by spin-orbit and spin-spin interactions. Magnetic measurecharge state.
ments on Cg_,Cr,Te have showft? however, that the mag-  Furthermore, the magnetization data were fitted with the
netization of Cf* is isotropic with aB/T dependence char- B, Brillouin function (solid curves in Fig. Baccording to
acteristic of the B, Brillouin function. This behavior
indicates that the spin related splittings can be neglected. . -
Magnetization of the Cd ,V,Te sample, corrected for M* = 9imeNAxS 33,2(39"%38),
the host diamagnetism, i.e., associated with V ions only W(Cd, -,V Te) keT
(M?}), is displayed in Fig. 6 in solid circles as a function of ot P _
magnetic field at four different temperatur@peing along wherezg+i=g(v )~2, theg faCtOQOf_VZ ion in CdTe; S
[110]. The low-field (<10 kG) magnetic susceptibility =S(V#")=3/2, the spin of V" ion; W(Cd,—,VxTe)
=(M}/B) deduced from the data displays the characteristic”W(CdTe): 240 g{mole, theV2+moIar weight O.f the
(C/T) Curie dependence(Fig. 7), with C=(3.1686 dl‘XVXT.e .sample, here, the .moler concentration, IS
+0.0492)< 10~ cn? K/g. Note C the Curie constant, is the only fitting parameter. These fits yielded the same va_lue
given by fo_r X (=0.0004) for all the feur temperatures. In c.ont.ras_t,' fits
with By, By, andB, Brillouin functions resulted in signifi-
cantly differing values ofx at different temperatures, with
(9ip)°XS(S+1)N, discrepancies as large as 10%, 20%, and 40%, respectively,
C= 3kgW . (4) and were qualitatively unsatisfactory. On this basis we con-
clude that the significant majority of the vanadium ions in
the Cq_,V,Te investigated are in the®V charge state. The
At high magnetic fields and low temperatures, one exVV2" concentration determined from the fits is 5.9
pects all magnetic moments of magnetic ions to be orienteck 10 cm™3, several orders higher than typical concentra-
along the external magnetic field, resulting in the saturatiortions of the native defects and shallow chemical impurities
of the magnetization at the theoretical value given by incorporated in the crystal during the growthUnder these

)
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FIG. 9. s-d exchange energy, deduced from electron SFRS for
three different crystallographic directions of the magnetic field as a
= , | | | | | function of (B/T).
1.2 0.8 04 04 -0.8 -1.2 . ) )
Raman Shift (meV) Thes-d interaction described by E¢Q) produces an elec-
tronic Zeeman splitting:
FIG. 8. Electron SFRS spectra of CdTe and, C/,Te. <d
A= —xaNo((S,)), (10

circumstances, one indeed expects most of the V ions to be d ab hat d he intrinsic el "
in the V" charge state, in agreement with the magnetizatior?yer anc above that due to t.e Intrinsic electy actor
' iven in Eqg.(2). In Eq. (10), Ng is the number of unit cells

g
measurements. . . .
In Fig. 8 electron SFRS transitions in CdTe and per unit volume andx_:<s|J5d|s> Is thes-d exchange inte-
Cd .V Té recorded at 1.8 K and 60 kG. are compared Thégral for the conduction electron. Hence, the net Zeeman
L=x¥x 1= . : e P: ' seplitting of the conduction band minimum in €d\V,Te is
apparent decrease in the Raman shift in the latter is due to len b
strongs-d exchange interaction between thdike conduc- g y
'g:%n e\l/e(_:lf(raonbsmarr:cc)Jt itS%C(IjSTséhell of V7 ions, present in Acs=0" ugB—xaNy((S)). (12)
1—xVx1©s .

Following Kossut}* the exchange interaction Hamiltonian Expressing the average spi(S,)) in terms of the mag-
can be written in the Heisenberg form, i.e., netizationM* (Ref. 45:

N sdy_pic. . giugNa
Hsd ZI J (r Rl)s S, (8) Mm——mx<<sz>>, (12)

whereJ? is thes-d exchange integral, ands are the elec- Eg. (11) transforms into

tron position and spin operatordRy; and S are the

3d-transition metal ion position and spin operators, and the . W(Cd;_,V,Te)

summation is over all lattice sites occupied by the TMI's. Acg=0" nsB+aNo igNa

A treatment of the band structure problem with the Hamil-

tonian given by Eq(8) represents a theoretical challenge, The second term in Eq13), referred to as-d exchange

because the Hamiltonian does not posses the translationahergy, can be determined experimentally by measuking

symmetry of a perfect crystal. However, two approximationsas a SFRS shift and assumigg in Cd,_,V,Te to be the

considerably simplify the situatiorii) Due to the extended same as that in CdTe. The negatig& together with the

nature of its wave function, the electron interacts with a largesmaller Raman shift for the 3/ concentration in the speci-

number of TMI's. Hence thenolecular field approximation men studied show that thed interaction in Cd_,V,Te is

can be invoked to replace the TMI spin operator with itsferromagnetic, i.e.¢ is positive.

thermal and spatial averag¢S)) taken over all the iondii) The s-d exchange energy determined from the electron

The summation of the exchange couplidif(r—R;) over  SFRS shifts is displayed as a function®fT in Fig. 9 with

the TMI sitesR; is replaced by a summation over all cation B at 0°, 45°, or 90° with respect {d10). Scatter in the data

sites multiplied by the TMI mole fractiom. Considering @ could be due to a marginal anisotropy in thel exchange

magnetically isotropic crystal in a magnetic field along, sayenergy and/or the inhomogeneous distribution of vanadium

the z axis, one get$(S,))=((S;))=0 and((S))=((S,)).  ions; although further controlled experiments are needed to

M*. (13

Therefore, Eq(8) transforms into differentiate the two, we note that the anisotropy in magne-
tization, and hence that of thed exchange interaction, for
. 2+ 5 i
Hsd:SzX<<Sz>>2 3%r—R). (9) Vv is not gxpectea. The d.ata exh|b|tB/T dgpendence
R consistent with the3;, Brillouin function behavior charac-
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investigations have to contend with the severe limitation in
the solubility of the TMI's in the lI-VI DMS's, with the
exception of MR*. It is in this context that the competing
“intrinsic,” band structure related, spin splittings of bands
and that produced by thep-d exchange have to be delin-
eated with precision. Resonance enhancement of the Raman
signals, when the incident or scattered photons approach ex-
citonic transitions, provide an opportunity to extract the ex-
change contribution by comparing spin-flip Raman shifts in
the DMS and those in the host. In the present study this

0

approach has been successful for, C¥/, Te with x as low

as 410 *. Thes-d exchange constant ford deduced in

this manner is (285 8) meV. This value is comparable with

FIG. 10. Thes-d exchange energy vs magnetization. Dots arethose reported for the 11-VI telluride, selenide, and sulfide

experimental data and the solid line is the least squares linear fit tg55ed DMS'¢6

them. The nature of the resonance enhancement, which emerged
in the course of the investigation, exposed the role of the

teristic of M7, in Cd; _V,Te. Figure 10 shows a plot of the electronic levels of free and donor-bound excitons as inter-

s-d exchange energy W . A linear least squares fit to the mediate levels in the spin-flip Raman process. In the specific

data according to Eq(13) yields aN,=(285+8) meV in  case of free exciton mediated SFRS, the condition for in- and

CdTe:\* assuming g(V?")=2 and W(Cd,_,V,Te) out-resonance is simultaneously fulfilled, with a resultant im-

~W(CdTe)=240 g/mole. pressive enhancement, often referred to as double resonance.

T T
0 0.01 0.02 0.03
M, (emulg)
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