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Role of the Jahn-Teller effect of the V21 center in the magnetic anisotropy
of Cd12xVxS and Cd12xVxSe
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~Received 29 June 1998!

The magnetization measurements of the wurtzite crystals Cd12xVxS and Cd12xVxSe for magnetic field~up
to 6 T! parallel and perpendicular to the crystal hexagonal axis are presented. Strong anisotropy of magneti-
zation is observed for Cd12xVxS at low temperatures~2, 10 K!, while for Cd12xVxSe the anisotropy is much
weaker. The magnetization data are well described by the crystal-field model of the V21 center, taking into
account strong static Jahn-Teller effect of the trigonal symmetry. The differences in the anisotropy of magne-
tization for Cd12xVxS and Cd12xVxSe are interpreted as due to the different distributions of different V21

centers for both systems.@S0163-1829~99!15103-8#
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I. INTRODUCTION

Diluted magnetic semiconductors1 ~DMS’s! with
transition-metal ions with less than half-filledd shell ~Cr, V,
Ti, Sc! are of particular interest due to the ferromagne
character of thep-d exchange interaction predicted by th
theory2,3 and confirmed experimentally for Cr-base
DMS’s.4,5 Moreover, in contrast with Mn-, Co-, and Fe
based DMS’s the proper description of the localized spin
the DMS’s based on Cr21 or V21 ions must take into ac
count a strong static Jahn-Teller effect of the magnetic
~tetragonal in the case of chromium,6–9 trigonal in the case of
vanadium11!. In the particular case of Cr-based DMS’s, the
are three types of Cr21 centers distorted along thê100&
axes. These Jahn-Teller distortion axes were found to be
axes for the Cr21 spin, so, recalling that, in the wurtzit
crystals, they are equivalent with respect to the hexagonc
axis, none of the Cr21 types of centers are privileged in th
magnetic field applied along thec axis.

In the case of vanadium-based DMS’s the situation is
ferent. V21 ion (L53,S5 3

2 ) suffers Jahn-Teller effect alon
with one of the four^111& axes in cubic coordinates. Th
hexagonalc axis of the wurtzite crystals is often regarded
one of the possiblê111& cubic directions. In such conside
ations, one of the V21 Jahn-Teller distortion axes coincide
with the c axis. The centers distorted along thec axis are,
therefore, distinguished from the others and therefore ca
populated differently than the others. Generally, the popu
tion may depend on the strength of the hexagonal cry
field and spin-orbit coupling. Therefore, we found it wort
while to study the problem of V21 in two wurtzite materials,
CdS and CdSe, in some detail.

In this paper we present magnetization study
Cd12xVxS and Cd12xVxSe. We develop the crystal-fiel
model of the V21 center in these materials, and we interp
the experimental data within this model.

II. EXPERIMENT

The Cd12xVxS(Cd12xVxSe) crystals were grown from
CdS~CdSe! and V powders by the modified Bridgman tec
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nique, at the Institute of Technical Physics, Military Aca
emy of Technology~Warsaw!. Single-phase crystals wer
obtained only for rather low vanadium concentrations (x be-
low 0.0005!. Since standard methods used to determine c
tal composition~atomic absorption or wet chemical analysi!
are rather inaccurate for such lowx values, the vanadium
content was estimated from the magnetization data~see be-
low!. The measurements were performed using a super
ducting quantum interference device.

Magnetization~per unit mass! was measured on oriente
samples, with magnetic field parallel or perpendicular to
crystal hexagonal axis (Bic or B'c). Figure 1 shows the
results obtained atT52.0 K for Cd12xVxS and Cd12xVxSe
samples. The low concentration of vanadium in these cr
tals results in paramagnetic contribution to the total mag
tization being comparable to the diamagnetic part. This a
means that, for these concentrations, more than 97% of21

ions have no nearest-magnetic neighbors, sod-d exchange, if
any, can be neglected. Therefore, the model that assum
system of noninteracting V21 ions should provide a reason
able description.8

The anisotropy of the magnetization forBic andB'c is
clearly visible. Since the diamagnetic contribution of the h
lattices is isotropic the entire anisotropy results from t
paramagnetic contribution for both Cd12xVxS and
Cd12xVxSe. The magnitude of the magnetization is larg
for Bic than for B'c, which is more pronounced fo
Cd12xVxS.

III. THEORY

The magnetization per unit mass is, for the system
noninteracting magnetic ions, the product of the mean m
netic moment of an ion and the number of the ions in
crystal

M52
mB

mmolec
x^L̂12Ŝ&, ~1!
2726 ©1999 The American Physical Society
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FIG. 1. Magnetization of two samples~circles and squares! of Cd12xVxS ~left-hand side! and two samples of Cd12xVxSe ~right-hand
side! at T52.0 K. The magnetic field was applied parallel~full points! or perpendicular~open points! to the crystallographicc axis. The
dotted lines are guides to the eye only. The data arenot corrected for the diamagnetism of the lattice.
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wheremB is the Bohr magneton,mmolec5(12x)mCd1xmV
1mS is the mass of the Cd12xVxS (Cd12xVxSe) ‘‘mol-
ecule,’’ x is the molar fraction of magnetic ions, and2^L̂
12Ŝ& is the mean magnetic moment of the V21 ion. As
already mentioned, the V21 ion suffers strong static Jahn
Teller distortion along one of four̂111& axes. Therefore
four types of vanadium centers can be distinguished w
respect to the hexagonal axis and given magnetic fieldB: A,
B, C, andD ~let A be the type of center for which the Jah
Teller distortion coincides with thec axis!. In effect the
mean magnetic moment^M &52^L12S& results from the
averaging over these centers, which in total thermal equ
rium may be expressed as~compare Ref. 8!

^M &5
1

Z
~aZA^M &A1ZB^M &B1ZC^M &C1ZD^M &D!,

~2!

whereZn(n5A,B,C,D) are the partition functions for eac
of the A, B, C, D centers at the given magnetic field:Zn

5( i exp(2Ei
n/kBT) (Ei

n are the eigenenergies of thenth cen-
ter!, Z5aZA1ZB1ZC1ZD , wherea represents the differ
ence in distribution of centersA with respect toB, C, andD
due to hexagonal distortion~there isa times moreA centers
than any other!. For Bic we can reduce the problem of fou
types of centers to two types, since centerA coincides with
the hexagonal stress and three others,B, C, and D, are
equivalent with respect to thec axis. ForB'c the problem,
in principle, involves all four different types of centers~dis-
cussed below!.

Let ^Mn& be the thermodynamic average of the opera
M̂52(L̂12Ŝ) for the centern:

^Mn&5

(
i 51

N

2^w i
nuL̂12Ŝuw i

n&expS 2Ei
n

kBT D
(
i 51

N

expS 2Ei
n

kBT D , ~3!
h

-

r

wherekB is the Boltzmann constant and the indexi refers to
the i th eigenstatew i of the energyEi of the V21 ion. Evalu-
ation of ^M & can be done after the eigenproblem of a cert
V21 center is solved. To do this we started from the Ham
tonian describing the effect of the crystal field,

H5Hcf1HJT1HSO1HB , ~4!

whereHcf is the cubic crystal field of (Td symmetry!, HJT is
the Jahn-Teller distortion of trigonal symmetry along one
four ^111& axes,HSO is the spin-orbit coupling, andHB rep-
resents the direct Zeeman interaction of the V21 ion with
magnetic field. Equation~4! should formally include the hex
agonal crystal field; however, this correction is about tw
orders of magnitude smaller thanHJT. We recall that the
only change yielded by the hexagonal crystal field to
energy structure of the Jahn-Teller distorted center of
Cr21 ion in CdS was that the first excited doublet becam
semidoublet split by about 1% of the splitting between t
ground and the first excited state.10 For the V21 ion we have
no information about the strength of the hexagonal crys
field affecting the V21 ion. However, if it is of the same
order of magnitude as the Cr21 ion, it can be neglected fo
the discussion below. This is due to the fact that the Ja
Teller effect is predominantly stronger than the hexago
crystal field, and therefore it forces its distortion axis. On t
other hand, if the Jahn-Teller distortion axis coincides w
the c axis ~centerA), then Hamiltonian~4! becomes strict
~both HJT and hexagonal crystal field have trigon
symmetry!.12,13

The expressions for the crystal field Hamiltonians
terms of Stevens equivalent operators are14

Hcf52
2

3
B4~Ô4

0220A2Ô4
3!, ~5a!

HJT5B2
0Ô2

01B4
0Ô4

0, ~5b!

whereÔ are the Stevens operators andBl
k are parameters.
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FIG. 2. Calculated energy diagram of the V21 center:~a! the orbital terms,~b! and~c! the spin levels in the magnetic field (Buuc on the
left-hand side,B'c on the right-hand side! for two different spin-orbit parameters—~b! l540 cm21 and ~c! l5220 cm21. The Jahn-
Teller distortion axis was assumed collinear with thec axis ~type A).
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The first term of Hamiltonian~4!, Hcf , splits the free ion
ground term (4F,L53,S5 3

2 ) into another orbital triplet
4T1 , which becomes the ground state, an orbital triplet4T2
~the first excited state!, and an orbital singlet4A2 ~see Fig.
2!. The splitting between the4T2 level and 4A2 ,600B4
510Dq(10Dq denotes the cubic field splitting for a singled
electron!, is of the order of 4000 cm21 for both V21 in CdS
and CdSe~Refs. 15 and 16!. We note that the exact value
not crucial here, since our interest will be focused on
lowest-spin sublevels that determine the magnetization
low temperatures. The triplet4T2 is located 480B458Dq
higher than4T1 , making the overall4F splitting equal to
18Dq. The trigonal field splits the4T1 term into an orbital
singlet 4G2 ~ground! and an orbital doublet4G3 located
4.5B2

01600B4
0 higher. The spin-orbit coupling,HSO5l•L̂

•Ŝ, splits the ground state4G2 into two spin doublets@Figs.
2~b! and 2~c!#. Finally, the magnetic field, described by th
Zeeman termHB5mB(L̂12Ŝ)•B, lifts all of the remaining
degeneracies. We note that different centersA, B, C, or D
differ by orientation of magnetic fieldB relative to the Jahn-
Teller distortion.

As a basis for this eigenproblem we used the set of
wave functions described byL andSquantum numbers. The
eigenenergies, as well as eigenstates, were then obta
strictly by the full diagonalization of a 28328 Hamiltonian
matrix. The cubic crystal-field parameterDq used for the
calculations was assumed the same for both CdS and C
Dq5420 cm21, which corresponds toB457 cm21. In or-
der to describe the observed anisotropy of magnetizatio
Cd12xVxS crystals~see Sec. III A! the following values of
the Jahn-Teller parameters were used:B2

052112 cm21 and
B4

0521.87 cm21. In fact, only a slight variation around
e
at

8

ed

Se:

in

both of these values allows us to obtain the proper curva
and the anisotropy of the experimental data~however, there
is some correlation between these parameters—a quite
sonable description may be obtained usingB4

0 between
21.6 cm21 and 22.1 cm21, while, simultaneously, the
value of B2

0 has to vary from 2115 cm21 to
2110 cm21). The strength of the Jahn-Teller distortion w
assumed the same in CdS and CdSe. The spin-orbit coup
parameterl540 cm21 was estimated from the EPR studie
of ZnS:V,11 assuming that V21 in CdS does not differ dra-
matically from that of ZnS~similarly to the situation for the
Cr21 ion5,12!. In effect the spin-orbit splitting of the groun
level G2 is equal to 4.04 cm21.

The paramagnetic contribution to the magnetization w
then calculated using the expressions~2! and~3!. The experi-
mental magnetization data were corrected for the diam
netic susceptibility of the host lattice:17 xCdS

d 523.70
31027 emu/g, andxCdSe

d 523.3431027 emu/g, in order
to be compared with the model. In Secs. III A and III B w
separately discuss the situation for vanadium in CdS lat
and CdSe lattices. The vanadium concentrations were
tained from the fit of the model calculations to the expe
mental data using Eq.~1! for which x is the only free param-
eter. For Cd12xVxS samples, the molar fractionx does not
vary being around 0.044%; for Cd12xVxSe,x'0.016% for
one sample andx'0.017% for the other.

A. Magnetization of Cd12xVxS

Magnetization of Cd12xVxS atT52.0 K, shown in Fig.
3, is strongly anisotropic—its magnitude forBic is about
two times larger than forB'c at low fields (B,3 T). As-
suming equal number of centersA, B, C, andD, we would
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FIG. 3. Crystal-field model calculations of the magnetization curves~solid lines! for Cd12xVxS for two temperaturesT52.0 K ~left-hand
side! andT510 K ~right-hand side!, according to the model assuming the Jahn-Teller distortion axis collinear withc axis for all V21 ions.
Points represent the experimental data, which were corrected for the diamagnetism of the CdS latticexCdS

d 523.7031027 emu/g ~Ref. 17!
(Bic, full points; B'c, empty points!.
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expect no anisotropy as the result of averaging over diffe
centers. Thus the experimental observation suggests tha
centers’ distribution is not uniform. We recall that centerA
coincides with thec axis while for all the other centers (B,C,
andD), distortion axes are tilted about 70.5° to thec axis. In
effect centersB, C, andD are equivalent forBic and should
be equally occupied. The difference between the occupa
number for A center and the others results, obviously,
stronger anisotropy of the magnetization—Jahn-Teller d
tortion axis ‘‘pins’’ the spin as was already mentioned. A
tually the best description of the experimental data is
tained if one assumes that onlyA centers are occupied. I
other words, all the V21 ions are distorted along thec axis
~i.e., a→`). Magnetization calculated under this assum
tion is shown in Fig. 3. The mechanism, which may sta
behind such behavior, is the hexagonal crystal field, wh
although it does not play much of a role for the spin aligni
itself, is high enough to enforce the distribution ofA, B, C,
and D centers at low temperatures. Even atT510 K @see
Fig. 3 ~right-hand side!# the experimental data are well de
scribed by the model assuming only anA center present in
the crystal.

B. Magnetization of Cd12xVxSe

In the case of Cd12xVxSe crystals, anisotropy of magne
tization also exists~see Figs.1 and 4! but is much weaker
than the anisotropy of Cd12xVxS. One of the possible expla
nations is that the population of centersA, though dominat-
ing over the populations ofB, C, andD, does not monopolize
all the centers. The reason for this may be that the hexag
crystal field of CdSe is weaker than it was for CdS, thoug
still favors the direction of thec axis. In effect all types of
centers contribute to the magnetization. For magnetic fi
parallel to thec axis the centersB, C, and D are equally
populated~direction ofB coincides with thec axis is then a
nt
the

n
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-
d
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threefold axis for these centers!. For B'c the population of
centersB, C, andD should differ, since magnetic field lower
the symmetry of the problem. At least one of these th
centers is then privileged. Nevertheless, the magnetiza
calculated as a function of the angle around thec axis ~for

FIG. 4. Calculated magnetization curves~in Bohr magnetons!
for Cd12xVxSe together with the experimental data forBic and
B'c at T52.0 K. The data were corrected for the diamagne
contribution of the CdSe latticexCdSe

d 523.3431027 emu/g ~Ref.
17! and then divided by the molar fraction of vanadiumx to obtain
the Bohr magneton units. Solid lines represent the calculation
all four types of V21 centers present in the crystal~center with the
distortion axis parallel to thec axis appear twice more often tha
any of the other centers in the crystal!. Dashed lines show the
magnetization calculated assuming only one center~as for
Cd12xVxS) but with the spin-orbit parameter of V21 ion: l5
220 cm21 ~the right-hand scale!.
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B'c) showed that it depends on this angle very weakly
the equilibrium model defined by Eq.~2! ~differences do not
exceed 3% of the magnitude of magnetization!. A very good
description of the experimental magnetization is obtained
a52, which means that population of V21 centers distorted
along thec axis is doubled with respect to the other cente
This may result from the fact that in Cd12xVxSe the hexago-
nal crystal field is weaker than in CdS, leading to a mo
uniform distribution of the different Jahn-Teller centers th
for CdS (a→`). Adopting a52 and using all the othe
parameters~including l) the same as for CdS one obtai
results shown in Fig. 4.

The second possible explanation of the weaker anisotr
of Cd12xVxSe is that the V21 ion is surrounded by Se an
ions, for which the sign of the spin-orbit coupling is oppos
to the sign of the free V21 ion. The selenium ligands hav
stronger spin-orbit coupling than sulfur ligands affecti
V21 in Cd12xVxS crystals. Therefore if the admixture of th
ligands’ wave functions to the V21 states is considerable,
may even reverse the sign of the spin-orbit constantl of the
V21 ion @we recall that a similar situation occurs for th
Cr21 ion in ZnTe, where a low-energy diagram is invert
with respect to the Cr21 ion in ZnSe~Refs. 8 and 9!. There-
fore to decrease the magnetic anisotropy one should decr
the magnitude of the spin-orbit coupling of V21. This would
result in a decrease of the splitting of the lowest energy l
els of V21 @see Figs. 2~b! and 2~c!#. However, although low-
ering the spin-orbit parameter weakens the anisotropy, it
results in the crossing of the magnetization forBic andB'c
at about 5 T, which is not observed in the experiment. O
if one changes the sign of the spin-orbit constantl ~and, in
effect, admixture of the orbital momentum to the magneti
tion! the magnetization does not cross and have the pro
anisotropy. This may be achieved forl'220 cm21. How-
.
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ever, the calculated magnetization for bothBic and B'c
saturates faster with the magnetic field than the experime
data~compare the dotted curve with the experimental poi
in Fig. 4!.

These facts led us to the conclusion that the driv
mechanism of the weaker magnetic anisotropy
Cd12xVxSe than for Cd12xVxS is the contribution of the
Jahn-Teller centers with the distortion axes not parallel to
hexagonal axis. The spin-orbit coupling of V21 ion, in this
case, can be assumed to be of similar magnitude for b
Cd12xVxSe and Cd12xVxS ~we recall that the spin-orbit pa
rameters for the Cr21 ion were similar for Cd12xCrxS and
Cd12xCrxSe crystals8!.

IV. CONCLUSIONS

The anisotropy of magnetization in the wurtzite crysta
Cd12xVxS and Cd12xVxSe was studied for the magnet
field applied parallel or perpendicular to the hexagonal a
c, which is an easy axis of the macroscopic magnetizat
Within the crystal-field model, strong anisotropy observ
for Cd12xVxS and Cd12xVxSe results from hexagona
crystal-field-induced redistribution of the different V21 cen-
ters. In the case of CdS, hexagonal crystal field is so str
that practically all the centers orient their Jahn-Teller dist
tion along the crystal hexagonal axis. On the other hand,
CdSe hexagonal crystal field is weaker, so all the types
centers exist, but the population of the centers distor
along thec axis is doubled with respect to any others.
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