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ABSTRACT

The spin Hamiltonian parameters gnd g for the interstitial V* in anatase are theoretically
studied from the complete diagonalization (of epematrix) method (CDM) and the
perturbation theory method (PTM) which are improuedhis paper. The two methods are based
on the two-spin—orbit-parameter model considering tontributions from the spin—orbit (SO)
coupling of central 3dion and ligand. The theoretical results from batlethods are not only
consistent with the experimental values, but alesecto each other. This means that both
methods can be effective in the investigationgiof damiltonian(SH ) parameters.

Key words: Electron paramagnetic resonance(EPR); Crystaldiahd Spin Hamiltonians:*
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INTRODUCTION

Over the last few decades, anatasef)lidoped withtransition-metal ions has been widely
investigated for its interesting optical, electm@nd magnetic properties [1-6]. Usually, these
properties may be related to the electronic andtakfield behaviors of the impurity ions in host.
Science electron paramagnetic resonance (EPR)@varful tool to study the electronic and
crystal-field properties for paramagnetic ions iystals, the EPR experiments fof\toped
anatase were carried out, and its spin Hamiltomarameters ,gand g and the hyperfine
structure constants;Aand A; were given [7]. Up to now, however, these expenitakresults
have not been satisfactorily interpreted, for exi@minese results were theoretically treated on
the basis of the simple second-order perturbatmilas of the g factors for a 3ébn in
tetragonally distorted octahedra based on the ctdioreal-field theory and various adjustable
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parameters (i.e.,the radial average functiorfe,<gr™>, spin-orbit coefficient) [7]. Only the
spin-orbit coupling interaction of the interstitMf* center was considerd for the covalent system
(the orbital reduction actdwas estimated to be about 0.76<1) in Ref.[7], #twedcontributions
from the ligand orbitals and spin-orbit couplingteractions were ignored. Actually, the
covalency effect and hence the admixtures betweemibitals of the metal and the ligand ions
may become significant due to the high valenceestdtthe impurity V. In addition, the
hyperfine structure constants were not interprdtedrder to investigate the EPR parameters for
the interstitial \/* center in anatase to a better extent, in this wovk methods are improved
based on the two-spin—orbit-parameter model: orteagerturbation theory method(PTM), the
other is the complete diagonalization (of energytrixip method(CDM). Both of them are
considering the contributions from the p- and $itafs as well as the spin-orbit coupling of the
ligands and the related energy separations arditpiasely determined from the local structure
of this center.

Calculations

2.1 calculation by PTM

Anatase is one of the three mineral forms of tuamidioxide, it crystallizes in the tetragonal
system with space group3°(14amd)[7,8]. When ¥" is doped into the lattice of anatase, it may
occupy the interstitial site. The oxygen octahedroomund this site is tetragonally distorted: two
oxygen ions along the Qixis are far from the impurity with the distarRe=2.804 A, the rest
four oxygen ions are at the apexes of a distogdhiiedron with the same metal-ligand distance

R, =1.937 A and the anglé ( between the metal-ligand distanBe and G axis) is about

77.7°[8]. For a 3{V*") ion in tetragonally distorted octahedra, its leigbrbital doublefE, of
the original cubic case would split into two orbiinglets®A; (6) and®B;(g), while the original
lower orbital triplet’T,4 would be separated into an orbital sing®(¢) and a doubleltE (n, €)

[9] , with the former lying lowest for present sst[7]. As mentioned before, the contributions
from the ligand orbitals and spin-orbit couplingeractions were ignored and the energy
separations were not correlated with the localcsiine around the impurity center in the
explanations of Spin Hamiltonian(SH) parametergri@vious work, by considering the above
contributions, the two-SO-parameter model is usedhe studies of Spin Hamiltonian(SH)
parameters for interstitial 4 in anatase.

From the cluster approach for a"'3dn in octahedra, the LCAO molecular-orbitals tantaken
as the one-electron basic functions0, 11]

=N (B = A xm )
e = el/2(¢e —Ae Xpe= As Xs ) (1)

Where ¢, (the subscripty=e or t stands for the irreducible representation afgoup) is the
d-orbital of the 38ion . x,, and xs are the p- orbital and s- orbital of ligamt,.andA, (or As) are,
respectively, the normalization factors and theitarbmixing coefficients. Thus, we have the
normalization relationship[11, 12]:
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Nt ( 1- ZAI Sjpt + Atz) =1
N(1- ZAeSjpe_ 2sSis+ /1e2 + /]sz) =1 (2)
and the approximate relationships[12]
N?=NZ[1+A? Sypt = 2 A¢ Supt]
N 2= Ne2 [ 1+ )\ez Sdpe2 + }\sz Sd52 -2 Sdpe_ 2 s Sds] (3)

HereN is the average covalency factor, characteristithefcovalency effect of ( or reduction of
the spin-orbit coupling coefficient and the dipoteperfine structure parameter) for the central
ion in crystals. &, (and Q) are the group overlap integrals. In general,nineng coefficients
increase with increasing the group overlap integrand one can approximately adopt
proportionality between the mixing coefficients aheé related group overlap integrals, ife/
Sipe = A s/Ss within the same irreducible representatigrf1€]. Thus, the spin-orbit coupling
coefficients and the orbital reduction factors banwritten as[12]:

{=Ne(Ga+ AT p/2) {'= (N:Ne)"*(€a= ANy /2)
k=N (1 +A\%2) K = (N No)Y2[1- A AetAA)/2] (4)
wherelq and{,, are the spin-orbit coupling coefficients of the' add ligand ions in free states,

respectivelyA denotes the integraR<ns|%|npy>, whereR is the impurity-ligand distance in

the studied system.

By using the perturbation procedure similar to tb&tPilborow and Gourier[13,14], the two
SO-coupling-coefficient formulas of the g factorslghe hyperfine structure constants for & 3d
ion under octahedral tetragonal symmetry can baioéd from the cluster approach:

9 =058 K/ E1-2k{IEL+2 K O B2
9 =0s-2k{IE+2 KT UE: B VES]

A =P[-k=-4 N°/7+(g -g5) +6(g -0s)/14]
A = P[- k+2 N?/7+11(g —gs)/14] (5)

where g (=2.0023) is the spin-only valu®. is the dipolar hyperfine structure parameter &f th
free 3d ion. k is the isotropic core polarization constant. Thergy denominators&nd B
stand for the energy separations between the eXte °E and the grounéB, states. They can
be expressed in terms of the tetragonal field patare Q and [Q and the cubic field parameter
Dq
E]_: 10 Dq
E, = -3 Dst5D (6)

From the superposition model [15] and the geonsdtnielationship of the studied impurity
center, the tetragonal field parameters can berdeted as follows:

Ds=(4/7 ) Ay (Ro)[(Ro/Ry)*+(2c088sirf )( Ry/Ry) ] (7)
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D=1 (-1/42)[ 4Ro/Ry)“*+(35c088-30c0$8+3)( Ry/Ry)"“]+(Ry/Ry)“sin*@6 ¢+ A, (Ro)

Here A(R) and A,(R) are the intrinsic parameters (with the referenceding length B),

while t, (=3)and §(=5) are the power-law exponents[16]. For" 3uttahedral clusters, the

relationships A,(R)) :qu and A,(R)=9012A (R) have been proved to be reasonable in

many crystals[16,17,18], we také,(R)) =11.3A (R) here. The average metal-ligand distance

R= (R, + 2R)/3=2.226 A is taken as the reference bonding lengtiFRm the distancegRind

the Slater-type SCF functions[19,20] , the integB}:= 0.0209,Sipe= 0.0664,Ss= 0.0585, and
A =1.4496 are obtained.

Substituting above parameters into E.q.(5) anth@jtthe calculated g factors and the hyperfine
structure constants to the experimental data, we:ha

Dg=1600cn’, N=0.831, x=0.44

The valuesN; =0.839, N. =0.868, A; =0.459, A. =0.366 andAs =0.322 are calculated from
equations (2) and (3). Then the paramefer@21cm®, ' =201cm?, k =0.928 andk' =0.690 can
be determined from equation (4) and the free-idne&t ¢ = 248 cm* for V**[21] and(p = 151
cm* for O° [22].The corresponding EPR parameters are showabte 1.

2.2 calculation by CDM
The Hamiltonian for the'don in crystal-field can be written as: [10]

H=Hf+Hso(Z|ZI)+HCF(Dq,Ds, Dy)

WhereH; is the free-ion HamiltoniarHs«({,{") is the spin-orbit coupling interactions inclugin
two SO coupling parametedand {'. Hce is the crystal-field Hamiltonian for 3dion in
tetragonal symmetry. By using the strong field danctions[10] in tetragonal symmetry, we
obtain the 10x10 complete Hamiltonian matrix eletseof the crystal field and spin-orbit
coupling based on the two-SO-parameter model. k@ispin doublet ground state, we have the
wave function:

|07 >=calf >+Colyf (> +Cal g >+Caly">+05| 47>
D™ >=Ca|¢f >+l >+ ol >—Cal s >—0s| 44> (8)

Where ¢ is the LCAO molecular-orbitals for a Bdon in octahedra based on the cluster
approach(see E.g.(1)). Considering the equivalbeteeen the SH and Zeeman interaction, the
g factors are:

01=2<®" |L40sS,| O >=4(2ccsk'—CoC1K) +0s(1-26°-2¢1%)
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0. =2<D" |Lt+0sS| @ >=2(-2+/3 c1¢4 K'+2030k—20165 k) + g(205°+26,°—1) (9)
herek' andk are the orbital reduction factors as mentionelddr(4). The calculated

gy andg. are also shown in Table 1 for comparison.

Tablel. TheEPR parametersfor theinterstitial V** center in anatase

al o, A/10* -cm? A./10% -cm*
CaP 1.916 1.967 -161 -47
Caf 1.932 1.960 -159 -48
Caf 1.932 1.958 --
Expt’ 1.932 1.960 -158 -48

& Calculations by using equation (5) but neglecting ligand orbital contributions (i.e., takingF ¢ =N {yand k =

k ' = N) in this work..;> Calculations by using equation (5) and includihg figand orbital contributions in this
work.; ¢ Calculations by the complete diagonalization (eérgy matrix) method (CDM) in this work.

4 The signs of the experimental hyperfine structoestants were not given in Ref. [7]. Based onthie®retical
calculations in this work and various observed testor V* (or VO?*) in oxides [26], these signs should be
negative.

DISCUSSION

From Table 1, one can find that the calculated ltesaf interstitial \V/* in anatase from both
PTM and CDM approaches based on the two-SO-parammetdel are not only consistent with
the observed values, but also close to each offies. suggests that both microscopic SH
approaches based on the two-SO-parameters modeffactive in the theoretical investigations
of SH parameters for 3donin crystals.

(1) the cubic field parameter Og1600cn) obtained in this work is close to that of"\ion in

various oxides. For example, the valug~D800cn of the central ¥ ion located at the

interstitial site in rutile was obtained from crgistield analysis[23]. Considering that the average

metal-ligand distanceR (=2.226 A) for the studied system is larger than(dimiut 2.043 A) for

the interstitial VV* in rutile and the crystal-field strength aroune timpurity may be mainly
dependent upon its average distance from the sixeseoxygen ions and Dq decreases with
increasing distanceR [24,25], the value Dg1600cn obtained in this work may be regarded as
reasonable. The energy separations between thee@XEi and the groundB, state(calculated
from equations (6) ) is about 9600¢mwhich is consistent with the calculated resultsokyer
models[7], this means that the related parametiptad in this work can be regarded suitable.
(2) The calculated results based on the pertunbdtionulas in equation (5) and the complete
diagonalization (of energy matrix) method (CDM)(€e€(9)) of this work are better than those
(Cal®in table 1) based on the simple formulas by neigigdhe contributions from the ligand
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orbitals. In view of the high valence state df Mhe covalency and hence significant admixture
of the metal and ligand orbitals can be expectdds point may be illustrated by the small
covalency factoN (=0.831< 1) in equation (3) and the obvious mixingftioients ¢;; =0.459,/
=0.366 andAs =0.322) obtained in this work. Therefore, the forasubf the EPR parameters
containing the ligand orbital and spin-orbit coanglicontributions seem to be more applicable
than the simple ones in the absence of these batioms for the investigations on the EPR
parameters of impurity ions in covalent systems.

CONCLUSIONS

In this paper, the contributions from the ligantitals and spin-orbit coupling interactions are
considered in the theoretical investigations of ERR parameters for the interstitiaf"Vin
anatase and the theoretical EPR parameters basbe albove contributions in this work are in
good agreement with the experimental data.

REFERENCES

[1] V. Marina, Koudriachova, W. de Leeuw, M. H NichalBéys. Rev. B2004, 69,054106-1.

[2] AR Kumarasinghe, W R Flavell, A G Thomads chem.. phy2007, 127(11): 114703.

[3] J. H. Jho, D. H. Kim, S. J. Kim, K. S. Lek.Alloys. Compd2008, 459(1), 386.

[4] P. Meriaudeau , M. Che, C. K. Jorgensgghem. Phys. Lett4970, 5, 131.

[5] Y. Furubayashi, T. Hitosugi, Y. Yamamoto, K. Inaléa,Kinoda, Y. Hirose, T. Shimada, T.
HasegawaAppl. Phys. Letts2005, 86, 252101-3.

[6] C.Ye, Z. Jinlong, C. Fend. Phys. Chent, 2009, 111(28), 10618.

[7] R. Gallay, J. J. van, K. der, J. Mosehys. Rev. B1986, 34 (5) , 3060.

[8] R. W. Wyckoff. Crystal Strcutrues. New York: Intelence Press, 1951, 255-256.

[9] A. Abragam, B .Bleanely. Electron Paramagnetic Rasoe of Transition lons. London:
Oxford University Presg,970, 381-385.

[10] S. Sugano, Y. Tanabe, H .Kamimura. Multiplets o&niition-Metal lons in Crystals.
Academic Press, New York970, 249-279.

[11] X.Y. Gao, S. Y. Wu, W. H. Wei, W. Z Ya.Naturforsch60a,2005, 145

[12] J. Z. Lin.Brazilian Jouranl of Physi¢010, 40(3), 344

[13] J.R.Pilbrow. Transition lon Electron Paramagnegsé&hance. Clarendon, Oxfod®90.

[14] D.Gourier, L.Colle, A.M.Lejus, D. Vivien, R. Monoge.J. Appl. Phys1988, 63, 1144.

[15] D. J. Newman, B. NdRep. Prog. Phy<€989, 52, 699.

[16] W. L. Yu, X. M. Zhang, L. X. YangPhys. RewB, 1994, 50, 6756.

[17] A. Edgar.Journal of Physics C: Solid State Physit®77, 10, 2019.

[18] D. J. Newman, D. C. Pryce, W. A. Runcim&m. Mineral 1978, 63, 1278.

[19] E. Clementi, D. L. Raimondi. J. Chem. Phy<963, 38(11), 2686.

[20] E. Clementi, D. L. Raimondi, W. P. Reinhardt.J)Chem. Phy<967, 47(4) 1300.

[21] A. S. Chakravarty. Introduction to the Magnetic padies of solids. A Wiley-Interscience
Publication, Canadd980, 655.

[22] E. K. Hodgson, I. FridoviciBiochem. Biophys. Res. Commi®r/3, 54, 270.

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

102
Scholar Research Library



Ji-Zi Linetal Arch. Phy. Res,, 2010, 1 (4):97-103

[24] M. Moreno, M. T. Barriuso, J. A. Aramburint. J.Quantum Cheml1994, 52, 829.
[25] M. Moreno.J. Phys. Chem. Solid$990, 51, 835.
[26] B. R. McGarveylJ. Phys. Chenil967, 71, 51.

103
Scholar Research Library



