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Role of the Jahn-Teller effect of the \f* center in the magnetic anisotropy
of Cd,_,V,S and Cd,_,V,Se
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The magnetization measurements of the wurtzite crystals (4S and Cd_,V,Se for magnetic fieldup
to 6 T) parallel and perpendicular to the crystal hexagonal axis are presented. Strong anisotropy of magneti-
zation is observed for Gd,V,S at low temperature, 10 K), while for Cd, _,V,Se the anisotropy is much
weaker. The magnetization data are well described by the crystal-field model of theeviter, taking into
account strong static Jahn-Teller effect of the trigonal symmetry. The differences in the anisotropy of magne-
tization for Cq_,V,S and Cd_,V,Se are interpreted as due to the different distributions of differérit V
centers for both systempgS0163-18299)15103-§

I. INTRODUCTION nigue, at the Institute of Technical Physics, Military Acad-
] ) ] ’ . emy of Technology(Warsaw. Single-phase crystals were
Diluted magnetic ~semiconductdrs (DMS's) with  gptained only for rather low vanadium concentratiorge-
transition-metal ions with less than half-filletshell (Cr, V, 4y, 0,0005. Since standard methods used to determine crys-
Ti, So are of particular Interest due o the fgrromagnet|cta| composition(atomic absorption or wet chemical analysis
character of thep-d exchange interaction predicted by the 50 \aiher inaccurate for such lowvalues, the vanadium
tlgl(\a/losri""f’ ?/rllcc:jreoc\?enrﬂrmegon?r);g(tarm;m&w I%_ g:gaégfi content was estimated from the magnetization dste be-
based DMS’s the proper description of the localized spins ‘Aﬂ)ﬁnghgugrﬁ?rii?;?fgtrsexvcegzg\iggrmed using a supercon-

the DMS'’s based on &f or V2* ijons must take into ac- v tization( it mass q iented
count a strong static Jahn-Teller effect of the magnetic ion agnetization(per unit masswas measured on oriente

(tetragonal in the case of chromitfit® trigonal in the case of samples, with magne.tic field parallel or perpendicular to the
vanadiurtd). In the particular case of Cr-based DMS’s, thereCrystal hexagonal axisB{|c or BLc). Figure 1 shows the
are three types of &t centers distorted along thgl0gy ~ results obtained af=2.0 K for Cd, ,V,S and Cd_,V,Se
axes. These Jahn-Teller distortion axes were found to be ea§gmples. The low concentration of vanadium in these crys-
axes for the C¥" spin, so, recalling that, in the wurtzite tals results in paramagnetic contribution to the total magne-
crystals, they are equivalent with respect to the hexagonal tization being comparable to the diamagnetic part. This also
axis, none of the Gf types of centers are privileged in the means that, for these concentrations, more than 97% 6f V
magnetic field applied along theaxis. ions have no nearest-magnetic neighborsj-sbexchange, if

In the case of vanadium-based DMS'’s the situation is dif-any, can be neglected. Therefore, the model that assumes a
ferent. V2" ion (L=3,S= %) suffers Jahn-Teller effect along system of noninteracting®/ ions should provide a reason-
with one of the four(111) axes in cubic coordinates. The able descriptiof.
hexagonat axis of the wurtzite crystals is often regarded as  The anisotropy of the magnetization Bfc andB.L ¢ is
one of the possiblg111) cubic directions. In such consider- clearly visible. Since the diamagnetic contribution of the host
ations, one of the ¥ Jahn-Teller distortion axes coincides |attices is isotropic the entire anisotropy results from the
with the ¢ axis. The centers distorted along theaxis are, paramagnetic contribution for both ¢dV,S and
therefore, distinguished from the others and therefore can b@dl_XVXSe. The magnitude of the magnetization is larger

populated differently than the others. Generally, the populag, B|c than for BLc, which is more pronounced for
tion may depend on the strength of the hexagonal cryst & VS
_WV,S.

field and spin-orbit coupling. Therefore, we found it worth-
while to study the problem of & in two wurtzite materials,
CdS and CdSe, in some detail. Il. THEORY

In this paper we present magnetization study of
Cd,_,V,S and Cd_,V,Se. We develop the crystal-field
model of the \#* center in these materials, and we interpret
the experimental data within this model.

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

crystal
Il. EXPERIMENT
The Cd_,V,S(Cd_,V,Se) crystals were grown from M= — i X<[+2g>, )
CdS(CdSse and V powders by the modified Bridgman tech- Mmolec
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FIG. 1. Magnetization of two samplésircles and squar¢®f Cd;, ,V,S (left-hand sid¢ and two samples of Gd,V,Se (right-hand
side at T=2.0 K. The magnetic field was applied paral{&ill points) or perpendiculaopen pointsto the crystallographic axis. The
dotted lines are guides to the eye only. The datanateorrected for the diamagnetism of the lattice.

where ug is the Bohr magnetomge= (1 —X)Mcgt+Xmy  wherekg is the Boltzmann constant and the inderefers to
+mg is the mass of the Gd,V,S (Cd_,V,Se) “mol- theith eigenstatep; of the energyE; of the V2 ion. Evalu-

ecule,” x is the molar fraction of magnetic ions, ang(L  ation of(M) can be done after the eigenproblem of a certain
+2§> is the mean magnetic moment of thé*Vion. As V2" center is solved. To do this we started from the Hamil-

already mentioned, the &/ ion suffers strong static Jahn- tonian describing the effect of the crystal field,

Teller distortion along one of fou(111) axes. Therefore, —

four types of vanadium centers c(an ]i)e distinguished with H=Hert Hort Hsot Ha, @

respect to the hexagonal axis and given magnetic Beld, whereH; is the cubic crystal field of Ty symmetry, H;ris

B, C, andD (let A be the type of center for which the Jahn- the Jahn-Teller distortion of trigonal symmetry along one of

Teller distortion coincides with the axig). In effect the four (111) axes,Hggis the spin-orbit coupling, an#(g rep-

mean magnetic momerM )= —(L+2S) results from the resents the direct Zeeman interaction of th& \ion with

averaging over these centers, which in total thermal equilibmagnetic field. Equatiof4) should formally include the hex-

rium may be expressed &ompare Ref. B agonal crystal field; however, this correction is about two
orders of magnitude smaller thar;;. We recall that the
only change yielded by the hexagonal crystal field to the
energy structure of the Jahn-Teller distorted center of the

(2)  Cr" ion in CdS was that the first excited doublet became a

semidoublet split by about 1% of the splitting between the

ground and the first excited stdfeFor the V" ion we have

(M)= 5 (aZa(M)a+ Za(M)s + Zc(M)c-+ Zo(M)o),

whereZ,(n=A,B,C,D) are the partition functions for each

of the A, B, nC, D centers at the given magnetic field,  , information about the strength of the hexagonal crystal
=2 exp(—Ei/ksT) (Ej are the eigenenergies of thén cen-  fie 1y affecting the ¥+ ion. However, if it is of the same
ten, Z=aZx+Zg+Zc+Zp, wherea represents the differ- g qer of magnitude as the &r ion, it can be neglected for
ence in distribution of center with respect tdB, C, andD  he giscussion below. This is due to the fact that the Jahn-
due to hexagonal distortiofthere isa times moreA centers  Tgjier effect is predominantly stronger than the hexagonal
than any other For B|c we can reduce the problem of four crysta field, and therefore it forces its distortion axis. On the
types of centers to two types, since cemecoincides with  other hand, if the Jahn-Teller distortion axis coincides with
the hexagonal stress and three othdds,C, and D, aré  he ¢ axis (centerA), then Hamiltonian(4) becomes strict
equivalent with respect to theaxis. ForBL ¢ the problem, (both HJT and hexagonal crystal field have trigonal
in principle, involves all four different types of centeidis-  gymmetry.22
cussed belo The expressions for the crystal field Hamiltonians in

Let (Mn) be the thermodynamic average of the operatokerms of Stevens equivalent operatorsare

=— (L +29) for the centem:

2 . .
N g He=— 3B4(04-20y20)), (53
2 _<(P| |L+ZS|‘P| >eX[{ K T)

) : () Hyr=B30%+BJ0), (5b)

<Mn>_ En

Z ex .
kgT whereO are the Stevens operators aBfiare parameters.
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FIG. 2. Calculated energy diagram of thé"Vcenter:(a) the orbital terms(b) and(c) the spin levels in the magnetic fiel®|(c on the

left-hand sideB.L ¢ on the right-hand sidefor two different spin-orbit parametersds) A=40 cni ! and(c) A=—20 cmi !. The Jahn-
Teller distortion axis was assumed collinear with thaxis (type A).

The first term of Hamiltoniari4), H;, splits the free ion both of these values allows us to obtain the proper curvature
ground term fF,L=3,S=3) into another orbital triplet and the anisotropy of the experimental détawever, there
4T,, which becomes the ground state, an orbital trifie§ ~ is some correlation between these parameters—a quite rea-
(the first excited stajeand an orbital singlefA, (see Fig. sonable description may be obtained usiB@ between
2). The splitting between thé'T, level and “A,,60(B, —1.6 cmi! and —2.1 cm'!, while, simultaneously, the
=10Dq(10Dq denotes the cubic field splitting for a single  value of BY has to vary from —115 cm! to
electron, is of the order of 4000 cm' for both V2" in CdS ~ —110 cnit). The strength of the Jahn-Teller distortion was
and CdSgRefs. 15 and 16 We note that the exact value is assumed the same in CdS and CdSe. The spin-orbit coupling
not crucial here, since our interest will be focused on theparameteih =40 cm ! was estimated from the EPR studies
lowest-spin sublevels that determine the magnetization ajf znS:v ! assuming that ¥" in CdS does not differ dra-
low temperatures. The tripletT, is located 48B,=8Dq  matically from that of ZnSsimilarly to the situation for the
higher than“T;, making the overall*F splitting equal to  Cr2* jon>'?. In effect the spin-orbit splitting of the ground
18Dg. The trigonal field splits thé'T, term into an orbital |evel I', is equal to 4.04 cm'.
singlet *I', (ground and an orbital doublet'T'; located The paramagnetic contribution to the magnetization was
4.SBg+ 60032 higher. The spin-orbit couplingl{sg=\ - C then calculated using the expressi¢2sand(3). The experi-

5, splits the ground statél’, into two spin doublet§Figs. ~ Mental magnetization data were corrected for the diamag-
2(b) and 20)]. Finally, the magnetic field, described by the N€tic _susceptibility of the host latticé: xggs= —3.70

Zeeman termHg= ug(L +29)-B, lifts all of the remaining <10 " emulg, and xgyse= —3.34X10°7 emulg, in order

degeneracies. We note that different cent&r®3, C, or D to be compqred with the_ model. In Secs. !”A gnd B we

differ by orientation of magnetic fiel& relative to the Jahn- separately d|sc_uss the situation for vanadium n CdS lattice

Teller distortion. and CdSe lattices. The vanadium concentrations were ob-
As a basis for this eigenproblem we used the set of 2éained from thg fit of the mod_el ce}lculations to the experi-

wave functions described HyandS quantum numbers. The Mental data using Eq1) for whichx s the only free param-

eigenenergies, as well as eigenstates, were then obtainElf"- For Cd_VyS samples, the molar fractiondoes not

strictly by the full diagonalization of a 2828 Hamiltonian ~ V&ry Peing around 0.044%; for ¢d,V,Sex~0.016% for

matrix. The cubic crystal-field parameterq used for the ~©ON€ Sample ane~0.017% for the other.

calculations was assumed the same for both CdS and CdSe: o

Dg=420 cnT!, which corresponds tB,=7 cm L. In or- A. Magnetization of Cd; VS

der to describe the observed anisotropy of magnetization in  Magnetization of C¢,V,S atT=2.0 K, shown in Fig.

Cd, ,V,S crystals(see Sec. lll A the following values of 3 is strongly anisotropic—its magnitude f&|c is about

the Jahn-Teller parameters were usBgk=—112 cniand  two times larger than foBL c at low fields B<3 T). As-

BY=-1.87 cm’. In fact, only a slight variation around suming equal number of centefs B, C, andD, we would
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FIG. 3. Crystal-field model calculations of the magnetization cu(sekd lineg for Cd, _,V,S for two temperature=2.0 K (left-hand
sid® andT=10 K (right-hand sidg according to the model assuming the Jahn-Teller distortion axis collineacwitts for all V" ions.
Points represent the experimental data, which were corrected for the diamagnetism of the Cd}é‘é@ﬁce&mx 1077 emuly (Ref. 17
(BJ|c, full points; BLc, empty points.

expect no anisotropy as the result of averaging over differenthreefold axis for these centergor BL ¢ the population of
centers. Thus the experimental observation suggests that teentersB, C, andD should differ, since magnetic field lowers
centers’ distribution is not uniform. We recall that cerer the symmetry of the problem. At least one of these three
coincides with thee axis while for all the other center8(C,  centers is then privileged. Nevertheless, the magnetization
andD), distortion axes are tilted about 70.5° to thaxis. In calculated as a function of the angle around ¢haxis (for
effect center®, C, andD are equivalent foB||c and should

be equally occupied. The difference between the occupation 25 —r—
number for A center and the others results, obviously, in Iﬁ%ﬁe
stronger anisotropy of the magnetization—Jahn-Teller dis- I
tortion axis “pins” the spin as was already mentioned. Ac- 20+ P e
tually the best description of the experimental data is ob- L "Blie

tained if one assumes that only centers are occupied. In 4
other words, all the ¥' ions are distorted along theaxis 1.6
(i.e., a—). Magnetization calculated under this assump-
tion is shown in Fig. 3. The mechanism, which may stand
behind such behavior, is the hexagonal crystal field, which, 1.0
although it does not play much of a role for the spin aligning

itself, is high enough to enforce the distribution &fB, C, i
and D centers at low temperatures. EvenTat 10 K [see 0S| ik
Fig. 3 (right-hand sidg| the experimental data are well de- ri
scribed by the model assuming only Ancenter present in L 1
the crystal. 00 1 5 3 4 5 0

Blc

M ()
M ()

| LIRS et RO S S B B B B B

Magnetic field (T)
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FIG. 4. Calculated magnetization curvés Bohr magnetons
for Cd,_,V,Se together with the experimental data fjfc and
Blc at T=2.0 K. The data were corrected for the diamagnetic
contribution of the CdSe latticgl ;o= —3.34x 107 emu/g (Ref.

In the case of Cd ,V,Se crystals, anisotropy of magne-
tization also existgsee Figs.1 and)4but is much weaker
than the anisotropy of Gd,V,S. One of the possible expla-
hations is that the population of centeksthough dominat- 17) and then divided by the molar fraction of vanadiurto obtain

ing over the populations @, C, andD, does not monopolize  the Bohr magneton units. Solid lines represent the calculations or
all the centers. The reason for this may be that the hexagong, tour types of \?* centers present in the crysi@enter with the

crystal field of CdSe is weaker than it was for CdS, though itgistortion axis parallel to the axis appear twice more often than
still favors the direction of the axis. In effect all types of any of the other centers in the crystaDashed lines show the
centers contribute to the magnetization. For magnetic ﬁemlnagnetization calculated assuming only one centas for
parallel to thec axis the center®, C, andD are equally Cd,_,V,S) but with the spin-orbit parameter of?V ion: A=
populated(direction of B coincides with thec axis is thena —20 cmi'? (the right-hand scaje
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B.Lc) showed that it depends on this angle very weakly inever, the calculated magnetization for bdfc and BLc

the equilibrium model defined by E) (differences do not saturates faster with the magnetic field than the experimental

exceed 3% of the magnitude of magnetizatighvery good data(compare the dotted curve with the experimental points

description of the experimental magnetization is obtained foin Fig. 4).

=2, which means that population ofV centers distorted These facts led us to the conclusion that the driving

along thec axis is doubled with respect to the other centersmechanism of the weaker magnetic anisotropy of

This may result from the fact that in ¢d,V,Se the hexago- Cd;_,V,Se than for Cd ,V,S is the contribution of the

nal crystal field is weaker than in CdS, leading to a moreJahn-Teller centers with the distortion axes not parallel to the

uniform distribution of the different Jahn-Teller centers thanhexagonal axis. The spin-orbit coupling of Vion, in this

for CdS (@—). Adopting «=2 and using all the other case, can be assumed to be of similar magnitude for both

parametergincluding \) the same as for CdS one obtains Cd, _,V,Se and C¢d_,V,S (we recall that the spin-orbit pa-

results shown in Fig. 4. rameters for the G ion were similar for C¢_,Cr,S and
The second possible explanation of the weaker anisotropg€d,; _,Cr,Se crystal.

of Cd;_,V,Se is that the ¥' ion is surrounded by Se an-

ions, for which the sign of the spin-orbit coupling is opposite IV. CONCLUSIONS

to the sign of the free ¥ ion. The selenium ligands have

stronger spin-orbit coupling than sulfur ligands affecting

V2" in Cd;_,V,S crystals. Therefore if the admixture of the

ligands’ wave functions to thed/ states is considerable, it

may even reverse the sign of the spin-orbit constaof the

The anisotropy of magnetization in the wurtzite crystals
Cd, _,V,S and Cd_,V,Se was studied for the magnetic
field applied parallel or perpendicular to the hexagonal axis
¢, which is an easy axis of the macroscopic magnetization.
V2* ion [we recall that a similar situation occurs for the Within the crystal-field model, strong anisotropy observed
Cr** ion in ZnTe, where a low-energy diagram is inverted]cor Cd, VS and Cd-V,Se results from hexagonal

' crystal-field-induced redistribution of the differentV cen-

with respect to the Cr” ion in ZnSe(Refs. 8 and 8 There- ters. In the case of CdS, hexagonal crystal field is so stron
fore to decrease the magnetic anisotropy one should decrease’’ . ’ 9c y . 9

; ; . . : at practically all the centers orient their Jahn-Teller distor-
the magnitude of the spin-orbit coupling of V. This would

i o tion along the crystal hexagonal axis. On the other hand, for

result in a decrease of the splitting of the lowest energy lev- dse h I | field | K Il th f

els of V2" [see Figs. &) and 2c)]. However, although low- CdSe exagonal crystal field Is weaker, so all the types o

ering the spin-orbit .arameter wéakens thé anisotroby. it aIScenters exist, but the population of the centers distorted
g the sp P . Py, glong thec axis is doubled with respect to any others.

results in the crossing of the magnetization Bjjc andB.L ¢

at about 5 T, which is not observgd in t_he experiment. Only ACKNOWLEDGMENT
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