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ABSTRACT

The electron paramagnetic resonance (EPR) paramadactors g, g and the hyperfine structure constants A
A, for VO* in anatase are calculated from the high order pesation formulas of these parameters for & Buoh in
tetragonal symmetry (compressed octahedron). Isethf®rmulas, the contributions to the spin Hamiton
parameters from the s-and p-orbitals as well as gpa-orbit coupling coefficient of the ligands aaken into
account. On the basis of the studies, the angledmt the metal-ligand bond and &xis is found to be about 3.1°
bigger than the host value in the oxygen octahedmmund V' site. The calculated EPR results are in good
agreement with observed values.
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INTRODUCTION

The vanadyl has advantages as probe in studyiraj &icuctures and properties in doped crystals[1-Bually,
these properties may be related to the electramic caystal-field behaviors of the impurity ions hest. Science
electron paramagnetic resonance (EPR) is a useflltd study the electronic and crystal-field pndgs for
paramagnetic ions in crystals, the EPR experimémtsVO?*-doped anatase were carried out, and its spin
Hamiltonian parameters,@nd @ and the hyperfine structure constanjsafdd A; were determined in Ref[8]. Up to
now, however, these experimental results were mtetpreted. In order to investigated the EPR paramsef the
VO?* center in anatase to a good extent, in this wibEPR parameters are quantitatively analyzed frarhigh
order perturbation formulas of these parametersafdrion in tetragonal symmetry (compressed octahedrdmy)
considering reason- nable local lattice (anglefodion around the impurity ion. In these formultse contributions
from the spin-orbit coupling and the orbitals of flgands are also taken into account based odister approach.

MATERIALSAND METHODS

Anatase has a defective rock salt structure in lwioige in six of Ti lattice sites is vacant. Thusteaxygen has
three Ti neighbours and belongs to three diffeoetdhedra while Ti is in a distorted octahedralgety coordination
in which there are two long ( along thg &is) and four short bonds [8]. The cell structareund the interstitial site
is the same, except for the distances of the oxy/@dong G axis, it can be described in detail as follows th
oxygen octahedron around this site is tetragondijorted; two oxygen ions along the &xis are far from the
impurity with the distanc&®=2.804 A, the rest four oxygen ions are at the apefea distorted tetrahedron with the
same metal-ligand distan&=1.937 A and the angléy (between the metal-ligand boiRd and G axis) is about
77.7°[9]. When V@' is doped into the lattice of anatase, we thinkiaty occupy the interstitial site and the V=0
bond takes up the direction of the longest distaf@eng the @ axis). This situation is also found in other
VO*-doped crystals (e.g., VVOin Tutton salt)[1,10]and then the cluster (¥ is forming. For a 3(VO?") ion in
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tetragonally distorted octahedra, its higher othiitwbletzEg of the original cubic case would split into twdoital
singlets?A; (8) and?B,(g), while the original lower orbital tripléfl,, would be separated into an orbital singit
(0) and a doubl€tE (n, &) , with the?B, () lying lowest. [11]

From the cluster approach, the one-electron basictibns for a 3tion in octahedra can be expressedlds13]

W= Ntl/2(¢t = A Xot ) 1/2
We=Ng" (g — /]e)(pe_ As Xs ) 1)

Where ¢, (the subscripty=e or t represents the irreducible representation pf@up) is the d-orbital of the 3d
ion . xp, and xs is the p- orbital and s- orbital of ligard, and A, (or Ay are, respectively, the normalization factors
and the orbital mixing coefficients. Thus, we hdélve normalization relationship[13]:

N (1- 24 S + /]tz) =1 ) \
N(l_ ZAeSipe_ ZAsSis'F/‘e +/]s): 1 (2)

and the approximate relationships[14]

NZZNtZ[l"')\tZSdptZ_Z)\tSdpt] ) ) , , s
N“=Ng [1+)\e Sdpe +As” Sys _ZAeSdpe_Z)\sSds] (3)

Here N is the average covalency factogy,Sand g are the group overlap integrals. In general, rfiging
coefficients increase with increasing the groupriayeintegrals, and one can approximately adopiptioportional
relationship between the mixing coefficients anel tblated group overlap integrals, i£&e/ Sipe= A /S ithin the
same irreducible representatiqp e

From Eq(1), the spin-orbit coupling coefficiedts' and the orbital reduction factdksk' may be written as:
=N+ M0, 12) = (NN (%= ML 12)

k=N, (1 +A\Z2) K = (NeNo)*2[1- A (AetAA)/2] (4)
wherel®% andZOp are the spin-orbit coupling coefficients for aefred' and ligand ions, respectivelx. denotes the

integral R<ns|% | npy> , WhereR is the impurity-ligand distance in the studiedteys

From the perturbation theory, the two SO-couplingfticient formulas of the g factors and the hyperfstructure
constants for a 3dion in tetragonal octahedra symmetry with the gobstate’B, ({) can be obtained from the
cluster approach[14]:

/=958 K'CI £~ 2k IE+2 K ¢ B
07052k E+2 K'¢ JUE; Ex-V/E/]
AP k-4 NIT+(g 0 +6(0.-0/14]
A = Po[- k+2 N7 +11(@g,-99)/14] (5)
where g (=2.0023) is the spin-only valué, is the dipolar hyperfine structure parameter & free 3d ion
( P172x10%m* for free V** ion[15]). k is the isotropic core polarization constant. Thergy denominators;E
and B stand for the energy separations between theeeid®, and’E and the groundB, states. They can be

expressed in terms of the tetragonal field pararaégand Q and the cubic field parametey:D

E.= 10D,
E, = -3 D+5D; (6)

From the superposition model [16] and the geomnegtrielationship of the studied impurity center, te&agonal
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field parameters can be determined as follows:
D=2 A, (R)[2(R/R)*+2(Ro/Ruo) >+ 2(2c086-sinf&)( RyRy) ]
D= 8 A, (Ro)? (~1/42)[(35c046-30c086+3)( RyRy)*

+2(Ry/Ry)“+2(Ro/Rv.0) “I+(Ro/R) sir" 61 7

HereR,.o is the V=0 bong length=(.97 A[17]), @ represents the angle between the metal-ligand Bpadd G
axis, A, (R)) and A,(R,)) are the intrinsic parameters (with the referenseding lengthR,), while ¢ (=3)and

t,(=5) are the power-law exponefits The relationshipsA, (R,) = :—j D, and A(R)=9012A(R) have

been proved to be reasonable for manfyiBds in octahedral environments[18-20], we take(R)) =12 A (R)

here. The average metal-ligand distanlBe= (R,.o +R; + 4R,)/6 =2.087 A is taken as the reference bonding length
Ro. From the distancB, and the Slater-type SCF functions[21,22] , thegrdls can be calculated and collected in
Table 1.For VO** in anatase, to our knowledge, no optical spectt dvere reported. However, the value
D¢~1800cnt of the central ¥ ion located at the interstitial site in rutile wabtained from the crystal-field

analysis[23]. Considering that the average megglrd distanceR (=2.087 A) for the studied system is slightly
larger than that (about 2.043 A[23]) for the intitidl \V** in rutile and the crystal-field strength around tmpurity
may be mainly dependent upon its average distarama the six nearest oxygen ions abDd decreases with

increasing distanceR [24,25],the valueDor1750cnt can be approximately estimated for present syiene.

Thus, substituting above parameters into E.q.(§)fitting the calculated g factors and the hypexfistructure
constants to the experimental data, we have:

N=0.838, 4=0.599, 0~=80.8°

The normalization factor@N, ) and the orbital mixing coefficient, (or A are calculated from equations (2) and
(3). Then the parametets ', k, k' can be determined from equation (4) and the ifreeralues % = 248 cm® for
V** [26] andZ%, = 151 cm' for O* [27], they are also collected in Table 1.The cgpanding EPR parameters are
shown in Table 2.

Table 1.The group overlap integrals, molecular orbital coefficients Ny and A(and Aj), spin-or bit coupling coefficients (in cm™) and the
orbital reduction factorsfor VO* in anatase

Sﬁpt Sjpe Sjs A Nt Ne Ax
0.0329 0.0941 0.0743 1.3587 0.8507 0.8904 0.4531
Ae Ae Z z K K

0.3852 0.3041 224.2 2044 0.9381 0.7129

Table 2. The EPR parametersfor VO in anatase

g g AJ10*-ct A./10*-cm

Ce 19 1.9 -186.3 -73
Ce 19 19 -187.6 -72.1
Ce 19 1.9 -186.1 -72.7
Ex| 1.9 1.9 188.8 69.2

& Calculations by using equation (5) but neglectimg ligand orbital contributions and local angudatortion (i.e.,

takingl='=N % andk=k'=N, 00=77.7°) in this work..

® Calculations by using equation (5) neglecting ligand orbital contributions but considering thedb angular

distortion in this work.

¢ Calculations by using equation (5) including tigahd orbital contributions and the local angulatattion in this

work.

4 n Ref.[8], the hyperfine structure constants wgiken in unit G. and the signs of them were neegi Based on
the theoretical calculations in this work and vasiexperimental results for*/(or VO?) in oxides [15], these
signs are suggested to be negative.
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RESULTSAND DISCUSSION

From table 2, one can find that the calculatedltesi VO?* in anatase by using high order perturbation foasul
including the ligand orbital contributions and thecal angular distortion are in good agreement wite
experimental values, This suggests that the forsnaufel the related parametadopted in this work can be regarded
as suitable.

(1) The calculated results including the contribog from ligand orbitals and the local angular defation are
better than those neglecting above contributioaeds). In fact, neglection of the ligand orbital cobtitions may
lead to larger produdt’d (see EQ.5), and hence to smalierMoreover, The above discrepancygfbetween the
calculated results (¢alcal) and the observed values can not be removed bgtadtig the average covalency factor
N and the local anglé . In view of the high valence state of'Vthe strong covalency and hence, significant
admixture of the metal and ligand orbitals can keeeted. This point may be illustrated by the sroaltalency
factor N (=0.838< 1) in equation (3) and the obvious mixingftioients (see table 1) obtained in this work.
Therefore, the formulas of the EPR parameters guntathe ligand orbital and spin-orbit couplingntébutions
seem to be more applicable than the simple on#fseimbsence of these contributions for the invattigs on the
EPR parameters of impurity ions with high valenizges

(2) Based on the local angular distortiah6=0-0,~3.1°), Ds~-3187.9 crit andDt ~812.4 cn are calculated in this
work. These values are close to other’V/@oped crystals[4,28]. For instands=-3381cm' andDt~852 cm'" were
determined from the optical spectra of ¥@ KZnCISQ, +3H,0[28]. Then the related parameters and local angula
distortion adopted in the calculation can be regasdsuitable. Interestingly, similar local lattideformation is
also found in other'dions doped crystals. For example, substitutional"\or interstitial \** in rutile[23,29]. This
also supports the validity of the calculation irstivork.

CONCLUSION

In this paper, the contributions from the liganditals and spin-orbit coupling interactions andaloengular
distortion are considered in the theoretical ingest ions of the EPR parameters for ¥0Gn anatase and the
theoretical EPR parameters based on the aboveilmgiuns in this work are in good agreement witle th
experimental data.

REFERENCES

[1] Kipal R, Shukla SPhys. Scr2012, 85, 015706.

[2] Bozkurt E, Karabulut B, Kartal L, Soydas €hem. Phys. Letts2009, 477, 65.

[3] Bryik R, Physica B2009, 404, 3483

[4] Sreeramachandra L, Prasad S, Subramadig@hem. Phy4987, 86(2), 629.

[5] Biyik R, Tapramaz R, Karabulut B, Maturforsch58a,2003, 499.

[6] Padiyan D P, Muthukrishnan C, MurugesanJRylol. Struct2003, 648, 1.

[7] Karabulut B, llkin I, Tapramaz R, Katurforsch60a,2005, 95.

[8] Luca V, Thomson S, Howe B, Chem. Soc., Faraday Trari®97, 93, 2195.

[9] Gallay R, Klink J, Moser Rhys. Rev. B1986, 34 (5), 3060

[10] Borcherts R H, Kikuchi CJ. Chem. Phys1964, 41, 1896.

[11] Abragam A, Bleanely B, Electron Paramagnetic Resomaof Transition lons, Oxford University Press
London,1970, pp381.

[12] Sugano S, Tanabe Y, Kamimura H, MultipletsTadinsition-Metal lons in Crystals. Academic Préésw York,
1970, pp249-279.

[13] Gao X Y, Wu S Y, Wei W H, Yan W Z, Raturforsch60a,2005, 145.

[14]LinJ Z,Wu S, Fu Q, Lu G D, Raturforsch61a,2006, 583.

[15] McGarvey B RJ .Phys. Chenl967, 71, 51.

[16] Newman D J, Ng BRep. Prog. Phyd4989, 52, 699.

[17] Vainshtein B K, Fridkin V M, Indenbom V L. Mauin crystallography ll-structure of crystals, Sgen-\erlag
Berlin Heidelberg, New York1982.

[18] Yu W L, Zhang X M, Yang L XPhys. RevB, 1994, 50, 6756.

[19] Edgar A, J. Phys. GSolid State Physi¢c4977, 10, 2019.

[20] Newman D J, Pryce D C, Runciman WAm. Minera) 1978, 63, 1278.

[21] Clementi E D, Raimondi D L]. Chem. Physl963, 38(11), 2686

[22] Clementi E, Raimondi D L, Reinhardt WPR,Chem. Physl967, 47(4),1300.

10
Pelagia Research Library



LinJ. Z. Der Chemica Sinica, 2014, 5(5):7-11

[23] Lin J Z, Wu S Y, Fu QRadiat. Eff. Defects. Solid2006, 161(10), 571.

[24] Moreno M, Barriuso M T, Aramburu J Agt. J.Quantum Cheml1994, 52, 829.

[25] Moreno M, JPhys. Chem. Solid§990, 51, 835.

[26] Chakravarty A S, Introduction to the Magne®imoperties of solids. A Wiley Interscience Publizat Canada,
1980, 655

[27] Hodgson E K, Fridovich Biochem. Biophys. Res. Commu#73, 54, 270.

[28] Deva B, Raju P, Narasimhulu K V, Rao J LP3ys. Chem. Solid2003, 64, 1339.

[29] Shao Y W, Hu Y X, Wang X F, Fu C Badiat Eff. Defects. Solid2010, 165, 298.

11
Pelagia Research Library



