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Modeling of Cr** doped VO, Single Crystal
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Abstract

Crystal field parameters (CFPs) and zero field splitting parameters (ZFSPs) of Cr** doped VO, single crystal
are obtained employing superposition model (SPM). The possible substitutional and interstitial sites for Cr**
ion in VO, together with distortion are considered for computation. The obtained ZFSPs are in reasonable
agreement with the experimental values when distortion is taken into consideration. The optical energy band
positions for Cr®* in VO, are calculated using CFPs determined from SPM and CFA package. The results
indicate that Cr* ions substitute VO, lattice at V** sites.
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I Introduction

Electron paramagnetic resonance (EPR) technique provides local site symmetry and zero field splitting
(ZFS) of transition ions incorporated in crystals [1, 2]. Since the crystal fields have important role in spin-orbit
mechanism, the superposition model (SPM) is employed to find the crystal field (CF) parameters (CFPs) and
zero field splitting parameters (ZFSPs) [3-5].

VO, crystal undergoes a single phase transition at 68°C between a high temperature metallic phase
having a rutile structure, and a low temperature insulating phase having a distorted rutile structure of monoclinic
symmetry (M1). In V1,Cr,O,(x>0.5%), however, three structurally distinct insulating phases, having different
distortions from the rutile structure, are observed as the temperature is reduced [6, 7]. To know the lattice
position and ionic state chromium is incorporated in VO, crystal, the Electron Paramagnetic Resonance (EPR)
study was done on crystals with chromium concentrations (x <0.3%) so that the crystal structure is that of
monoclinic VO, (M1) [8].

Two chromium spectra corresponding to two centers A and B were reported at high frequency and
helium temperatures [8]. The three Am = 1 transitions characteristic of a Cr®* ion (S = 3/2) are observed. The
relative intensity of the center B spectrum with respect to that of center A decreases with increasing Cr
concentration x, and is about 10% for x = 0.1%. For center A, the charge unbalance due to the substitution of a
Cr¥ ion in place of a V** ion is compensated by ionization of the nearest neighbour V** into VV**. This produces
an axial perturbation along the [001] axis, responsible for the z axis to be in this direction. Center B is observed
in crystals of lower concentrations and the degree of stoichiometry is of the order of the Cr concentration
(x<0.1%). This center corresponds to charge compensation by associated stoichiometry defects. Thus the
perturbation produced by the associated defect is axial along [110]. It is supported by the similarity of center B
to Cr** in TiO, and SnO, [9, 10]. The z axis of center A is close to [001], whereas that of center B is close to
[110]. Center A corresponds to the Cr** ions occupying vanadium positions at the centers of the unit cells, while
the other center B to the vanadium positions at the corners of the unit cells [11]. The spin-Hamiltonian
parameters (g, D, and E) were determined for both the centers A and B [8].

The present paper discusses the superposition model (SPM) investigation of the crystal field parameters
(CFPs) and the zero field splitting parameters (ZFSPs) for Cr** ions incorporated in VO,. The aim is to find the
ZFSPs for Cr® ions at all possible substitutional and interstitial sites, to find the CFPs for Cr® ions and to
understand the structural distortion about the Cr®* ions at different sites. The optical energy band positions for
Cr* in VO, are obtained using CFPs and CFA package. The determined CFPs and ZFSPs may be useful in
future investigations for technological applications of such crystals.

1. Crystal structure
The low-temperature phase of VO, is monoclinic structure with a = 0.5743 nm, b = 0.4517 nm, ¢ =
0.5375 nm, p =122.61°, Z = 4, space group C,,° [12]. The distinguished feature of the monoclinic (M1) phase is
the presence of V**-V** pairs, pointing in a direction close to the symmetry axis. The separation of adjacent
vanadium ions lies in the range 2.65 A-3.12 A. The insulating phase has a distorted rutile structure. Though
there are four vanadium ions per unit cell, because of a center of symmetry, there are only two magnetically
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inequivalent sites as in the rutile structure. The crystal structure of VO, with symmetry adopted axis system
(SAAS) is shown in Fig.1.

The laboratory axes (x, y, z) are parallel to the modified crystallographic axes a, b, c*. The local site
symmetry axes, i. e. the symmetry adopted axes (SAA) are the mutually normal directions of metal-ligand
bonds. The Z-axis of SAAS is along the crystal c*-axis and the other two axes (X, Y) lie in the ab plane (Fig.1).
The Z axis of SAAS for center A is along the metal-ligand bond V-O (I11) and the two other axes (X, Y) are
normal to the Z axes for all the sites (Fig. 1). The Z axis of SAAS for center B is along the metal-ligand bond V-
O (corner) and the two other axes (X, Y) are perpendicular to the Z axis (Fig. 1). This shows that Cr**
substitutes for VV** in the crystal lattice of VO, with approximately orthorhombic symmetry. The ionic radius of
Cr¥ion 0.061 nm [13] is slightly larger than the ionic radius of V** (0.058 nm), this means that Cr** ion can go
at the place of V** with some distortion.

The crystal structure data in spherical polar coordinates for the Cr** ions in VO, on the basis of
fractional positions of ligands [12] are shown in Table 1A and 1B for centers A and B. These data are used for
SPM/ZFS and SPM/CF computations for VO,: Cr**,

1. SPM calculations of ZFSPs
The energy levels of transition ions incorporated in crystals are obtained by the spin Hamiltonian having
electronic Zeeman (Ze) and ZFS terms [14, 15, 16]:

I = Izt Haes= 115B.9.5+ D BIOY = 11,B.9.S + >, blOf, )
where g is the spectroscopic splitting factor, pg is the Bohr magneton, B is the applied magnetic field , S is the
effective spin operator and O,/( S, ,Sy ,S, ) represent the extended Stevens operators (ESO) [17, 18]. B and
b give the related ZFSPs, fi = 1/3 and 1/60 are the scaling factors for k = 2 and 4, respectively. The ZFS terms
in (1) for Cr** ion with S = 3/2 at orthorhombic symmetry sites can be found as [19, 20, 21]:

9,55 = BYO%+BZO? = %bgog +%b§0§ - D(S? _§5(s S)TEGSI-SY). @

The conventional orthorhomhir 7FSPs (D, E) and (B , bf) have relations as:
by =D=3B], b; =3B} ©)

Employing SPM [19-21], the ZFSPs for a ML, complex can be obtained (in ESO notation) for any symmetry as:

b = Zb ( ITK‘*(@,,(A) (4)

where (R;, 8, @) are the spherical polar coordinates of the i-th ligand. The intrinsic parameters Ek provide the
strength of the k-th rank ZFS contribution from a ligand positioned at the distance R;, whereas the coordination
factors Kf give the geometrical information. K,? with k = 1 to 6 in the ESO notation evaluated in [22] are

retabulated in Appendix Al of [23]. The distance dependence of the intrinsic parameters for a ML, complex is
shown in (5) [19-21, 23], where t, are the power-law exponents and Ry is the reference distance [23, 24-27].
Eq. (4) gives conventional ZFSPs, D and E as [23]:

bf:D_b(RO) ( J 2(300326? -1)
®)

b2 By(R)
b? =3E=—2% = sin’g cos 2
: 3 2 (R,) Z i’

Cr** ion inVO, may be supposed to enter the lattice substitutionally at the V** ion site, and the interstitial site
having similar ligand arrangement. The local symmetry at Cr** ion site is assumed to be approximately

orthorhombic. In octahedral coordination of Cr®* ion for LiNbO3 having Cr**-0* bond, b2 (R,) = 2.34 cm™ and

t, = -0.12 [28] have been used to find b20 and b22 . Since Cr*" ion in VO, has distorted octahedral coordination
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(Fig.1) with oxygens as ligands, the bﬂ in the present study are determined using the parameters Bz(RO) =

2.34 cm™ and t, = -1.95 for center Aand b2 (R,)=2.34 cm™ and t, = -1.5775 for center B, respectively.

The location of metal ion and spherical coordinates of ligands given in Table 1A and 1B are used for
calculation. The conventional ZFSPs, D and E of Cr** ion in VO, crystal are obtained using (5). The reference
distance of 0.176 nm was taken for the determination of ZFSPs [29], and the evaluated values of conventional
ZFSPs are: for center A, [D| = 0.4009 cm™and |E| = 0.0387 cm™ and for center B, |D| = 0.4709 cm™and |E| =

0.0904 cm™. The ratio b22 /b;J should be within the range (0, 1) for orthorhombic symmetry [30]. In the present
investigation, the ratio | b | /| by | =0.289 and |E| / |D| = 0.096 for center Aand | b7 |/ | by | =0.575 and |E|

/|D| = 0.191 for center B, which agrees with above for b22 /b§ . However, the value of |E| does not agree with

the experimental value. Therefore, with above values of t, and reference distance, the ZFSPs |D| and |E| are
obtained for Cr®* at the VV** site with distortion having position V** (0.242, 1.001, 0.112). for center A and V*
(0.7142, -0.31, -0.09) for center B. The conventional ZFSPs found now are |D| = 0.4009 cm™, |E| = 0.0416 cm™
for center A and |D| = 0.4710 cm™, |E| = 0.0167 cm™ for center B, being in reasonable agreement with the

experimental ones. The ratio | b2 | /|bS | =0.311 and |E| / |D| = 0.103 for center A and | b2 | /|bJ | = 0.106

and |E| / |D| = 0.035 for center B is consistent with [30]. Further, with above values of t, and reference distance,
the conventional ZFSPs |D| and |E| are evaluated for Cr** at the interstitial site but the values found are quite
inconsistent with the experimental values and hence these data have not been given here.

The calculated and experimental ZFSPs for Cr®* ion doped VO, are presented in Table 2. From Table 2, it is
seen that the ZFSPs |D| and |E| show reasonable agreement with the experimental ones [8] when the distortion is
taken into account.

V. SPM calculations of CFPs

The CF energy levels of transition ions doped crystals [31-34], in terms of CF Hamiltonian J€¢r [13, 35],
employing Wybourne operators [14, 35], are given by:

Her= ) B,CY ®)
kq

Using SPM [19-21], the CFPs in (6) for a ML, complex are found as:

qu :Z'&k[%] qu (HUQ) (7)

where Ry is the reference distance; R;, 0;, ¢; are the polar coordinates of the i ligand and Ky, are the

coordination factors [31]. To find By, (k =2, 4;q =0, 2, 4); A, =40, 400 cm™, t,= 1.3, A4=11, 700 cm™ and
t, = 3.4 are taken [31]. The calculated By, parameters are shown in Table 3. The ratio B,,/B,, = 0.200 for center
A and By,/By = -0.245 for center B, which indicates that By, parameters are standardized [30]. Using By,
parameters in Table 3 and CFA program [32, 33], the CF energy levels of Cr** ion in VO, single crystals are
computed by diagonalizing the complete Hamiltonian containing the Coulomb interaction (in terms of the Racah
parameters B and C), Trees correction, the spin-orbit interaction, the crystal field Hamiltonian, the spin-spin
interaction and the spin-other orbit interaction. The calculated energy values are given in Table 4. As optical
study data on Cr**: VO, could not be found in literature, the experimental energy values for Cr**: NiMTH
having similar ligands [36] are considered here for comparison. From Table 4, it is observed that the theoretical
and experimental band positions are in reasonable agreement. Thus the theoretical study of Cr** ions in VO,
lattice at \V** sites supports the experimental observation [8, 36].

V. Summary and Conclusions

The zero-field splitting (ZFS) parameters (ZFSPs) and crystal field (CF) parameters (CFPs) are found
employing superposition model (SPM) for Cr®" ions in VO, single crystals. Cr** ions inVO, lattice at V** ion
sites, interstitial site and distortion models are considered for calculation. The obtained conventional ZFSPs for
Cr¥ ion at V*" sites in VO, crystal show reasonable agreement with the experimental values when distortion is
taken into account. It is concluded that the Cr®* ions substitute the VO, lattice at V** ion sites. The CF energy
values for Cr*" ions at VV** sites determined using CFA package and CFPs are in reasonable agreement with the
experimental ones. Hence the theoretical results support the experimental observation. Modeling approaches
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employed in this study may be applicable in future to correlate EPR and optical data for different ion-host
systems.

Acknowledgement

The author is thankful to the Head, Department of Physics for providing the departmental facilities and to Prof.
C. Rudowicz, Faculty of Chemistry, A. Mickiewicz. University, Poznan, Poland for CFA program.

References

[1]. J. A. Weil, J. R. Bolton, Electron Paramagnetic Resonance: Elementary Theory and Practical Applications, 2nd ed., Wiley, New
York, 2007.

[2]. F. E. Mabbs, D. Collison, D. Gatteschi Electron Paramagnetic Resonance of d Transition Metal Compounds, Elsevier, Amsterdam,
1992.

[3]. M. 1. Bradbury, D. J. Newman, “Ratios of crystal field parameters in rare earth salts”, Chem. Phys. Lett., VVol. 1, pp. 44-45, 1967,
doi.org/10.1016/0009-2614(67)80063-0.

[4]. D. J. Newman, “On the g-shift of S-state ions”, J. Phys. C: Solid State Phys., VVol. 10, pp. L315-L318, 1977.

[5] M. G. Brik, C. N. Avram, N. M Avram, “Calculations of spin Hamiltonian parameters and analysis of trigonal distortions in
LiSr(Al,Ga)Fs:Cr®* crystals”, Physica B, Vol.384, pp. 78-81, 2006, doi.org/10.1016/j.physb.2006.05.155.

[6]. M. Marezio, D. B. McWhan, J. P. Remeika, P. D. Dernier,”Structural Aspects of the metal-insulator Transitions in Cr-doped VO,”
Phys. Rev. B, Vol.5, Issue 7, pp.2541-2551, 1972.

[7]. J. B. Goodenough, H. Y. P. Hong, “Structures and a Two-Band model for the system V1..Cr02”, Phys. Rev. B, Vol. 8, Issue 4,
pp.1323-1331, 1973.

[8]. J. P. D’Haenens, D. Kaplan, J. Tuchendler, Electron Spin Resonance in chromium doped VO, Solid State Commun., Vol. 15, pp.
635-638, 1974.

[9]. H. J. Gerritsen, S. E. Harrison, H. R. Lewis, J. P. Witike, “Fine Structure, Hyperfine Structure and Relaxation Times of Cr** in TiO,
(Rutile)”, Phys. Rev. Lett., VVol. 2, Issue 4, pp. 153-154, 1959.

[10].  W. H. From, “Electron Paramagnetic Resonance of Cr** in SnO,”, Phys. Rev., Vol. 131, Issue 3, pp.961-963, 1963.

[11]. S. K. Misra, S. I. Andronenko, R. R. Andronenko, ”Variable-temperature EPR study of Fe** in VO, single crystals”, Phys. Rev. B,
Vol. 57, pp. 8203-8210, 1998.

[12].  G. Andersson, “Studies on Vanadium Oxides Il. The Crystal Structure of Vanadium Dioxide”, Acta Chem. Scand., Vol. 10, pp.
623-626, 1956.

[13].  B. N.Figgis, M. A. Hitchman, Ligand Field Theory and its Applications, Wiley, New York, 2000.

[14]. C. Rudowicz, M. Karbowiak, ,,Disentangling intricate web of interrelated notions at the interface between the physical (crystal
field) Hamiltonians and the effective (spin) Hamiltonians™, Coord. Chem. Rev., VVol. 287, pp.28-63,2015.

[15]. C. Rudowicz, “CONCEPT OF SPIN HAMILTONIAN, FORMS OF ZERO FIELD SPLITTING AND ELECTRONIC ZEEMAN
HAMILTONIANS AND RELATIONS BETWEEN PARAMETERS USED IN EPR. A CRITICAL REVIEW”, Magn. Reson. Rev.,
Vol. 13, pp.1-89, 1987; Erratum, C. Rudowicz, Magn. Reson. Rev., Vol. 13, pp.335, 1988.

[16]. C. Rudowicz, S.K. Misra, ,,SPIN-HAMILTONIAN FORMALISMS IN ELECTRON MAGNETIC RESONANCE (EMR) AND
RELATED SPECTROSCOPIES”, Appl. Spectrosc. Rev., Vol. 36,Issue 1,pp. 11-63, 2001.

[17].  C. Rudowicz, “Transformation relations for the conventional Oy® and normalised O',* Stevens operator equivalents with k=1 to 6
and -k < q <k”, J. Phys. C Solid State Phys.,Vol. 18, Number 7, pp.1415-1430, 1985; Erratum: C. Rudowicz, J. Phys. C Solid State
Phys., Vol.18,Number 19, pp.3837, 1985.

[18]. C. Rudowicz, C. Y. Chung, ,, The generalization of the extended Stevens operators to higher ranks and spins, and a systematic
review of the tables of the tensor operators and their matrix elements”, J. Phys. Condens. Matter., VVol.16,Number 32, pp.5825-
5847, 2004.

[19]. D.J. Newman, B. Ng, “Superposition model”, Ch. 5 in: D.J. Newman, B. Ng (Eds.), “Crystal Field Handbook”, Cambridge
University Press, UK, pp. 83-119, 2000.

[20]. D.J. Newman, B. Ng, “The Superposition model of crystal fields*, Rep. Prog. Phys., Vol.52, pp. 699-763, 1989.

[21]. D.J. Newman, W. Urban, “Interpretation of S-state ion E.P.R. spectra”, Adv. Phys.,Vol. 24,Issue 6, pp. 793-844, 1975.

[22]. C. Rudowicz, “On the derivation of the superposition-model formulae using the transformation relations for the Stevens operators”,
J. Phys. C: Solid State Phys., Vol.20,Number 35, pp. 6033-6037,1987.

[23]. C. Rudowicz, P. Gnutek, M. Ac¢ikgoz, “Superposition model in electron magnetic resonance spectroscopy — a primer for
experimentalists with illustrative applications and literature database™, Appl. Spectroscopy Rev.Vol. 54, pp.673-718, 2019.

[24]. M. Acikgéz, LA study of the impurity structure for 3d® (Cr** and Mn*") ions doped into rutile TiO, crystal®, Spectrochim. Acta A,
Vol.86, Issue 2, pp.417-422, 2012

[25]. K.A. Miller, W. Berlinger, J. Albers, ,,Paramagnetic resonance and local position of Cr* in ferroelectric BaTiOs“, Phys. Rev. B,
Vol. 32, Issue 9, pp.5837-5850, 1985.

[26]. K.A. Miller, W. Berlinger, “Superposition model for sixfold-coordinated Cr** in oxide crystals (EPR study)”, J. Phys. C: Solid
State Phys.,Vol. 16, Number 35, pp. 6861-6874, 1983.

[27]. M. Heming, G. Lehmann, “Correlation of zero-field splittings and site distortions: Variation of b, FOR Mn?" with ligand and
coordination number”, Chem. Phys. Lett., \Vol.80,Issue 2, pp. 235-237, 1981.

[28]. T.H.Yeom, Y. M. Chang, C. Rudowicz, “Cr® centres in LiNbOs: Experimental and theoretical investigation of spin hamiltonian
parameters”, Solid State Commun., Vol.87, Issue 3, pp. 245-249, 1993.

[29]. E. Siegel, K. A. Muller, ,.Structure of transition-metal—oxygen-vacancy pair centers”, Phys. Rev. B, Vol. 19, Issue 1, pp. 109-120,
1979.

[30]. C. Rudowicz, R. Bramley, ,,On standardization of the spin Hamiltonian and the ligand field Hamiltonian for orthorhombic
symmetry”, J. Chem. Phys., Vol.83, Issue 10, pp. 5192-5197, 1985.

[31]. Y. Y. Yeung, D. J. Newman, “Superposition-model analyses for the Cr3+ 4A2 ground state”, Phys. Rev. B, Vol.34, Issue 4, pp.
2258-2265, 1986.

[32]. Y.Y.Yeung, C. Rudowicz, “Ligand field analysis of the 3d" ions at orthorhombic or higher symmetry sites”, Comp. Chem., Vol.16,
Issue 3, pp. 207-216, 1992.

[33]. Y.Y. Yeung, C.Rudowicz, “Crystal Field Energy Levels and State Vectors for the 3d" lons at Orthorhombic or Higher Symmetry
Sites”, J. Comput. Phys., Vol.109, Issue 1, pp. 150-152, 1993.

WWW.ijres.org 1866 | Page


https://doi.org/10.1016/0009-2614%2867%2980063-0
https://doi.org/10.1016/j.physb.2006.05.155

Modeling of Cr*" doped VO, Single Crystal

[34]. Y. M. Chang, C. Rudowicz, Y.Y. Yeung, “Crystal field analysis of the 3d" ions at low symmetry sites including the ‘imaginary’
terms”, Computers in Physics, Vol.8, Issue 5, pp. 583-588, 1994.

[35]. B. G. Wybourne, “Spectroscopic Properties of Rare Earth”, Wiley, New York, USA, 1965.

[36]. N.O. Gopal, K. V. Narsimhulu, C. S. Sunandan, J. L. Rao, “EPR and optical absorption spectral studies of Cr** ions doped in nickel
maleate tetrahydrate single crystals”, Physica B, Vol. 348, pp. 335-340, 2004.

Table and figure captions:

Table 1A. Fractional coordinates of Cr®* ion (center A) and spherical co-ordinates (R, ,
¢) of ligands in VO, crystal.

Table 1B. Fractional coordinates of Cr** ion (center B) and spherical co-ordinates (R, 6,
¢) of ligands in VO, crystal.

Table 2. Calculated and experimental ZFSPs of Cr®* doped VO, single crystal for centers
A and B together with reference distance.
Table 3. Byq parameters of Cr¥ doped VO, single crystal for centers A and B with
distortion.
Table 4. Experimental and calculated (CFA package) energy band positions (centers A
and B) of Cr** doped VO, single crystal.
Figl. Crystal structure of VO, with symmetry adopted axis system (SAAS).

Table 1A
Posmon of Or'™ Ligande Sphencal co.ordmates of hgands
M £ é
ND: Substununcnal (e ) 3785 20 [
).242,0975,0.025) ofl 56045 1024 &%
¥} 12364 3 1
X 1761 1o 56
X £12 102 o
X $1584 63 i
WD sabstrutional ™) 3 7510
{0242, 10010112 1Y 3T7a82 1069
ol L )
X 18653 <8 £s
o 5.229% 104
o2 402190 B24 13

ND = No distortion, WD = With distortion.

Table 1B
Fostion of C' Ligands Sphencal co-crdmates of kgands
M 'y 'S
ND: Substnubonal 1 S A045 774 Y
0242, Q975 D028 o1 37837 1043 67
X i1 6 B3R
L+ | B2 9 o4
o 17617 143.9 <5
X 99 : 5
WD subsrutional oy 2119¢ 23 350
07142, £31,.009) o1 4 408% 077 S5
> 6151 4 L
o £602 633 é
o2 50801 1
o2™) 99871 807 468

ND = No distortion, WD = With distortion.
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Table 2

Calculated ZFS paraneters (em'')

Convennonal ZFS

parameters (» 104 o)

A 8 X 3l D E  |E)\D
CemterA
ND 176 04009 01162 0289 4006 387 0096
4009 17Tt 0.104
WD 176 04008 01248 031 4009 416 0103
4009* 217 0.104
Cever B
ND 176 04709 02712 0575 4709 903 0191
4709% 167 0035
WD 176 04710 003501 0.106 4710 167 0035
4709% 167 0035
ND = No distortion, WD = With distortion
¢ = experimental.
Table 3
Calculated B, “®! Parametersused for CFApackage
R By B By By By BI1B6
Center A
WD 1.76 -25700.8 -51e0.02 -5118.41 -146963 663303 0.200
CenterB
WD 176 -200487 4926782 234 8519 -142055 15773 0.245
WD = With distortion.
Table 4
Tr from Exp ally observed  Calculated energy band from CFA {am'')
‘ab) band (em)
36) Canter A Center B
SE4G) 10309,10439 1020210492
TidG) 12048 12106, 12430 11368, 11790, 12440
‘Tud® 17715 12539, 15144, 15851, 15434, 1576116019,
17294,23972, 24714 16796, 17238, 18697
T8 243505 23071, 37339, 27927 24037, 73583, 25683,
28020, 34421, 36223 28507, 22712, 30832
‘TiglaD) 38460, 39472, 31540 36013, 36334, 39600
‘EgibD) 42458 43437 43660, 46308

(Racah parameters A, B and C, spin-orbit coupling constant and Trees correction are 0, 668, 2672 (= 4B), 276

and 70 cm™, respectively)
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Large cirches-O atoms, small cirches-V atoms

Fig. 1.
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