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ABSTRACT

In this work, the electronic paramagnetic resonafE®R) parameters ,gand ¢ and the hyperfine structure
constants Aand A; of vanadyl (V&) center in di-ammonium D-tartrate [(Nl3C.H.Oq¢ single crystal are
theoretically studied from the high order perturioat formulas of these parameters for a’ 3oh in tetragonally
compressed octahedron. In these formulas, the gri'gominators are correlated with the local struetaround
the impurity center and the contributions to thinggamiltonian parameters from the s- and p-ortstaks well as
the spin-orbit coupling coefficient of the ligaral® taken into account. The calculated EPR pararsetee in good
agreement with the experimental data.
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INTRODUCTION

The vanadyl ion is probably the most stable biatoron which is frequently used as an impurity prabestudy
local structures and properties in doped crydtglmeans of electronic paramagnetic resonanceigoé® Due
to the short V-O bond, the unpaired electron isaglyvn a nondegenerate state, leading to resolP&idpectra over
a wide range of temperatures. The hyperfine intemaés highly anisotropic and is therefore sensitio orientation,
conformation, and rotational relaxation. These ezt are responsible for extensive EPR studiesanédyl in a
variety of environment8. For example, R.Tapramaz etal had studied the &RRtra of V&' in di-ammonium
D-tatrate [(NH),C4H4O6](DADT) single crystal and got the spin Hamiltoniparameters (ggn , Ay, An)P . Based
on the EPR spectral analyses, they found that whefi doped into DADT crystal, the distorted [VO®)s]**
octahedron was formed and had nearly axial symnfetrthe distortion along the V=0 directfon But until now,
the above experimental results have not been aetiisfly interpreted. In this work, the anisotrogjdactors and
hyperfine structure constants-A of the ¥@n [VO(H,0)s]** were investigated by the perturbation formulaa 8t
ion in tetragonally compressed octahedra. In tHesmulas,the energy separations are correlated with thel loca
structure and the contributions from the s- andrpitals and the spin-orbit coupling coefficienfstlte ligands are
taken into account based on the cluster approach.

CALCULATIONS

For a 3d ion in tetrognally compressed octahedra, its highbital doublelZEg of the original cubic case would split
into two orbital singletSA4 (|Z >),and *Byq (|X°-y* >) wherea the original lower orbital tripléT,, would be
separated into a singI%Bzg(lxy>) and a doubletEg (|xz and |yz), with the former lying loweSt. From crystal-
and ligand-field theory, the LCAO molecular-orbitaan be taken as the one-electron basic fun€fitiis

b= Nt1/2(¢t = A Xot )
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(//e: Nel/2(¢e - /]e)(pe_ AsXs ) (D

Where ¢, (the subscripty=e or t represents the irreducible representation pf@up) is the d-orbital of the 3d
ion . x,, -and s are the p- orbital and s- orbital of ligarid,(the normalization coefficient)amj, (or A)( the orbital
mixing coefficients.) are the molecular orbital ffiiméents. The normalization relation can be givai?:

Ny (1- 24 S+ A) =1
Ne (1~ 24eSype— 2A:Sis + Ae” +AD) = 1 (2)
And the approximate relation can be expresséd:as
NZ2=NZ[ 1 +A° Sipd = 2 A Sipt]
NZ=NZ[ 1+ A2 Spd + A S = 2 e Spe— 24 Sud (&)

Here N is the average covalency factor, characteristithef covalency effect of ( or reduction of the spibit
coupling coefficient and the dipolar hyperfine sture parameter) for the central ion in crystés, (and Sy
denote the group overlap integrals. In general,niitdéng coefficients increase with increasing threup overlap
integrals, and one can approximately adopt propaatirelationship between the mixing coefficients ¢he related
group overlap integrals, i.6ls/ Sipe= As/S; within the same irreducible representatign e

By using the similar perturbation procedure in r¢18,14], the high-order perturbation formulastioé g-factors
and the hyperfine structure constants for th&igd in tetragonally compressed octahedra can bigedeon the
basis of the cluster approa¢h:

0/=05-8 K/ -2k TEX2 KO
0:=09s~2KJE+2 k' JUE; E-1E/]
Ay=P[~Kk=4 NIT+(g~0s) +6(g.1~0s)/14]

A= PT-k+2 N¥7+11(g,—g)/14] (4)
where g (=2.0023) is the spin-only valur.is the isotropic core polarization constant. Basedhe cluster approach,

the spin-orbit coupling coefficients {' and the orbital reduction factoks K, and the dipolar hyperfine structure
parameter® andP' in equation (4) may be expressed as:

1= N(%+ A0, 12) ' = (NeN)™* (%= AAL%12)
k=N (1 +A72) K = (NeNo™2[1- A AtAA)/2]
P= NPy P'=N,No)** Py (5)

where’% andZOp are the spin-orbit coupling coefficients of the' add ligand ions in free states, respectivelyis
the dipolar hyperfine structure parameter of thee f8d ion. A denotes the integra ns|< | npy>' whereR is the
impurity-ligand distance of the present system. €hergy denominatots; and E, stahd for the energy separations
between the excite®,, ’E and the groundB, states. They can be obtained from the strong digdit approach as
follows:

E,=E(*B,) —E(*B,)=10D,
E~E(°B;) —E(°E,)=-3Ds+5D; (6)

Here D, is the cubic field parameter amd, D; tetragonal ones. From the superposition model hadyeometrical
relationship of the studied [VO@)s]** cluster, they can be determined as follow:

_ DA Ay (RI(RI/R)Z(RYR) 9] (7)
D= (16/21)A, (Ro) [ (R/R.)“( Ry/R/)"]
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Where the # (<3)and §(=5) are the power-law exponentg,(r) and A (r) are the intrinsic parameters with the
reference bonding lengf, hereR=0.197nm were taken for the \70in cubic field*®. From the reference bonding
lengthR, and slater-type SCF functidH&'®!, the integrals§;,=0.0477,S;,e=0.1239,5;5=0.0986, andA =1.0206 are
obtained. For 3toctahedral clusters, the ratig, (R ) ~10.8A (R) and A(R) ~3p have been proved to be valid
in many crystaf$®*®! and can be reasonably adopted here. for [\40@1 " 1o éuqunowledge, no optical spectra
data were reported. However, the valg=2012cm*was obtained for the (\F %, according to the chemical
series Dq(F)<Dq(0%*)<Dq(H,0), one can approximately estimate tbe=2040 cm for present octahedral
[VO(H,0):]* cluster here. The crystal structure d&aandR, denote the metal-ligand distances parallel and
perpendicular to the tetragonal axis, respectividgre we take th&® = Ry=0.197nnf® andR, as the adjustable
parameter. Thus, by fitting the calculated resultdhe experimental data, one can have

N=0.95, #,=0.158nm, #=0.735.
The values\; =0.9625,N, =0.9999 4, =0.2547 .4, =0.2502 andls=0.2019 are calculated from equations (2) and (3).
The parameterd =243.4 cm*, {' =239.0 cm’, k=0.993,k' =0.926,P=130.1x10' cm * andP'= 133.6x10" cm *can
be determined from equation (4) and the free-idnest % =248 cm" andP=136x10" cmi* for V** 1 andz’, =
151 cm* for 07?2,

The corresponding calculated values are shownlifeTh

Tablel. TheEPR parametersfor paramagnetic vanadyl in DADT single crystal

g, g, AJ10%.cr A, /10* -cm

Ce 191 199 -181.96 -58.87

Ce 191 1.8  -183.07 -61.42

Ex 191 1.98 -183.08 -61.05
2 calculations by using the high-order perturbatifammulas in equation(4) but ignoring the ligand it contributions(i.e., taking™= {=N %
and k= k'=N).
P Calculations by using equation(4) and consideting ligand orbital contributions in this work.
¢ The signs of the experimental hyperfine structumestants were not given in Ref[5]. Based on te®tetical calculations in this work and
various observed results fof\Mor V&) in oxides®, these signs should be negative.

DISCUSSION

From Table 1, one can find that the calculated ltesaf VO?* in DADT crystal by using higher perturbation
formulas are in good agreement with the observéuega This suggests that the formulas and theectlpdrameters
adopted in this work can be regarded as suitalbenFable 1, one can also find that the calcula¢sdilts including
the contributions from the SO coupling coefficiemd the orbitals of the ligands are slightly bettean those
neglecting above contributions. In view of the higalence state of ¥, the covalency and henamoderate
admixture of the metal and ligand orbitals can fgeeted. This point may be illustrated by smallalency factor
N (=0.95<1) in equation (3) and the mixing coefficie(s=0.2547,4, =0.2502 andls =0.2019) obtained in present
work. Therefore, the formulas of the EPR paramemataining the ligand orbital and spin-orbit caogl
contributions seem to be more applicable than ih#le ones in the absence of these contributiomstte
investigations on the EPR parameters of impuribgim covalent systems.

By fiting the calculated values to the experimenggults, one can have th&=0.158nm, this means that the
[VO(H,0)s]** octahedron around 4/ ion is significantily compressedA\R= R,~#,~0.039nm) along the (axis.
Similar local distortions were also found in oth&D?" ions doped crystals. For examplR=0.047nm was found
for VO** in KZnCISQ, « 3H,0P®)). Therefore, the local distortion obtained in tisimdy can be regard as
reasonable.

Many studies show that the core polarizatiorin various VV*(or VO®") clusters in crystals is in the range
0.6-1.073%%. The valuex=0.735 obtained in this work is within the range @ad be regarded as rational.
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CONCLUSION

In this paper, the EPR parameters for [V@Dh4]** cluster in DADT crystal are theoretically studiiedm the high
order perturbation formulas of these parametensidirng the ligand contributions. Based on the EPRIyses, the
octahedron around 4 ion is significantily compressed(about 0.039nnnal the G axis. The calculated EPR
parameters are in good agreement with the obsenleds.
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