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The EPR and optical spectra for VO2+ in C3H7NO2 powders are calculated from complete diagonalization
method and perturbation theory method, respectively. The calculated results are in good agreement with observed
values. The negative signs of hyperfine structure constants A‖ and A⊥ for VO2+ in C3H7NO2 powders are also
suggested from the calculations.
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1. Introduction

The VO2+ (or V4+) ions were used extensively as a
dopant material in various systems [1–9]. Recently, VO2+

doped C3H7NO2 powders have been examined by elec-
tron paramagnetic resonance (EPR) and optical absorp-
tion spectroscopy [5]. The experimental values of g fac-
tors are g‖ = 1.932 and g⊥ = 1.999. As known, an
octahedral site with a tetragonal compression would give
the value of g‖ < g⊥ < ge, where ge is the free-spin g
value of 2.0023. The observed values of the spin Hamil-
tonian parameters agree with the relation. That is to say,
VO2+ complexes in C3H7NO2 powders are tetragonally
distorted octahedral symmetry. Until now, no satisfac-
tory theoretical explanations for the optical and EPR pa-
rameters have been made. In this paper, the optical and
EPR spectra have been theoretical explained by using
perturbation theory method (PTM) and complete diago-
nalization method (CDM), respectively. And the crystal
field (CF) parameters Dq, Ds and Dt are obtained.

2. Calculations

2.1. Perturbation theory method

V4+ is of the 3d1 type. There is only one term for free
3d1 ions, i.e. 2D term. 2D term is split by an octahedron
CF (Oh) into 2Eg and 2T2g terms. If the octahedron is
distorted along the tetragonal axis, the symmetry is low-
ered. Then the 2Eg term splits to 2A1 and 2B1, the 2T2g

splits to 2B2 and 2E. In compressed tetragonal octahe-
dral symmetry, the ground state is 2B2. Thus, the energy
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intervals can be expressed as:
E1 = E(2E)− E(2B2) = −3Ds + 5Dt , (1)

E2 = E(2B1)− E(2B2) = 10Dq , (2)

E3 = E(2A1)− E(2B2) = 10Dq − 4Ds− 5Dt , (3)
where Dq is the cubic crystal field parameter, Ds and Dt
are the tetragonal crystal field parameters.

For 3d1 ions in tetragonal CF the effective spin-
-Hamiltonian (SH) is given as [3]:

HS = g‖µBBzSz + g⊥µB(BxSx + BySy) + A‖IzSz

+A⊥(IxSx + IySy) . (4)
The symbols appearing in Eq. (4) have their usual mean-
ings. g‖ and g⊥ are the parallel and perpendicular com-
ponents of the g-tensor. A‖ and A⊥ are the parallel and
perpendicular components of the hyperfine tensor. The
third-order perturbation formulas of spin-Hamiltonian
parameters for 3d1 ions in tetragonal symmetry with the
ground state 2B2 can be derived from the perturbation
theory as [9]:
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where k is the orbital-reduction factor, we take it as 0.7
here. E1 and E2 are the energy intervals given in Eqs. (1)
and (2). κ is the core polarization constant which indi-
cates the contribution to the A‖ and A⊥ by the unpaired
s-electron. P is the dipolar hyperfine structure constant
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for VO2+ in crystals. Considering the covalence reduc-
tion effect, ζ and P can be calculated from the relations
[9–11]:

ζ ≈ kζ0, P ≈ kP0 , (9)
here ζ0 = 248 cm−1 [12] and P0 = 172 × 10−4 cm−1

[13] are the values of ζ and P of V4+ in free state. By
fitting the observed EPR and optical spectra, we ob-
tained the value of CF parameters are: Dq = 1466 cm−1,
Ds = −2804 cm−1, Dt = 637 cm−1. Substituting these
CF parameters into above formulas, the energy levels and
EPR parameters can be calculated. The calculated re-
sults are listed in the Table.

TABLE
The EPR and optical spectra for VO2+ in C3H7NO2

powders. (The units of optical spectra are in cm−1, the
units of A‖ and A⊥ are in 10−4 cm−1.)

Calculated
by PTM

Calculated
by CDM

Observed
value [5]

2B2→ 2E 11597 11510 11595
11684

2B2→ 2B1 14660 14670 14658
2B2→ 2A1 22691 22698 22696

g‖ 1.9349 1.9349 1.932
g⊥ 1.9805 1.9807 1.999
A‖ −182.8 −182.8 187.0
A⊥ −72.4 −72.4 72.1

2.2. Complete diagonalization method

The energy matrices for the d1 configuration ion with
tetragonal symmetry have been established based on the
following Hamiltonian:

H = Hf + HCF(Dq, Ds, Dt) + HSO(ζ) (10)
where Hf and HSO are the free-ion term and spin-orbit
coupling interaction, respectively. ζ is the spin-orbit cou-
pling constant. The crystal field interaction term can be
written as:

HCF = B20C
(2)
0 + B40C

(4)
0 + B44C

(4)
4 + B4–4C

(4)
−4 (11)

where C
(k)
q =

√
4π

2k+1Ykq are normalized spherical har-
monics, and Bkq are CF parameters with B44 = B4−4.
The CF parameter Bkq measure the strength of the inter-
action between the open-shell electrons of the paramag-
netic ions and their surrounding crystalline environment.
they can be expressed as:

B20 = −7Ds , (12)

B40 = 21Dq − 21Dt , (13)

B44 = 21

√
5
14

Dq . (14)

Our calculations for the Hamiltonian matrices are carried
out in the intermediate crystal field coupling scheme [14].
In the intermediate crystal field coupling scheme, the

eigenfunctions have the form |SLMSML〉. According to
the group theory, one can obtain all the 10 eigenfunctions
of d1 ions in tetragonal symmetry. The matrix element
of the crystal field HCF and the spin-orbit coupling HSO

can be expressed as:
〈d1SLMSML|HCF|d1S′L′M ′

SM ′
L〉 = δMSM′

S
δSS′

×
∑

k,q

Bkq〈d||C(k)||d〉
[

L k L′

−ML q M ′
L

]

×〈d1SL||U (k)||d1S′L′〉 , (15)

〈d1SLMSML|HSO|d1S′L′M ′
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1∑

q=−1
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×
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S 1 S′

−MS −q M ′
S

][
L 1 L′

−ML q M ′
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]

×〈d1SL||V (11)||d1S′L′〉 , (16)
where the [ ] indicates 3j-symbols. The reduced matrix
elements and the electrostatic matrix elements can be
found in [15].

By means of the equivalence between the spin Hamil-
tonian and the Zeeman interaction, the g factors can be
expressed as [9]:

g‖ = 2〈ψ+|kLz + geSz|ψ+〉 , (17)

g⊥ = 2〈ψ+|kLx + geSx|ψ−〉 , (18)
where |ψ+〉 and |ψ−〉 express the two full configuration
eigenfunctions of eigenstates 2B2, and the detailed ex-
pressions used in the present paper are listed in the ap-
pendix. The expressions of A‖ and A⊥ are the same as
those in Eqs. (7) and (8).

Substituting the CF parameters into Eqs. (10)–(16),
one can obtain the 10 × 10 complete energy matrix, Af-
ter diagonalizing the matrix, the energy levels and the
eigenfunctions of ground state can be obtained. The
eigenfunctions can be used to calculate the g factors. The
calculated results are also listed in the Table.

3. Discussion and conclusion

(1) One can see from the Table, that results obtained
by CDM and PTM are not only very close to each
other, but also in good agreement with observed val-
ues. Thus, the EPR and optical spectra of VO2+ in
C3H7NO2 powders are explained theoretically. In CDM,
all the microscopic states are considered, and the results
calculated from CDM can be regarded as accurate re-
sults. On this basis, some PTM formulas are checked
[16–18]. The validity of PTM formulas of g-factors for
3d1 ions at tetragonal symmetry have been investigated
in [16]. It is shown, that the PTM formulas are rea-
sonable and reliable in a wide range of CF parameters.
From Eqs. (1)–(3), (5) and (6), one can see, that only the
highest energy level 2A1 is omitted in these third-order
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perturbation formulas. So the results calculated by PTM
can agree well with those by CDM.

(2) It should be noted, that the signs of A‖ and A⊥
for 3dn or 4fn ions in crystals can not be determined
from EPR spectra directly. So, the experimental values
of A‖ and A⊥ are actually the absolute values. Muncaster
and Parke [19] have proved that the signs of A‖ and A⊥
should be negative for VO2+ ions in hydrated salts and
glasses. In this paper, we found, that the signs of A‖
and A⊥ for VO2+ in C3H7NO2 powders also should be
negative. This is coincident with the VO2+ in other crys-
tals [9].

(3) The optical absorption spectrum shows three bands
characteristic of VO2+ ions in tetragonal symmetry. The
cubic crystal field parameter Dq and the tetragonal field
parameters Ds and Dt were obtained. The values of CF
parameters we obtained are: Dq = 1466 cm−1, Ds =
−2804 cm−1, Dt = 637 cm−1. These values are similar
as VO2+ in other crystals [20, 21]. So, the CF parameters
we obtained in this paper are reliable.
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Appendix

The two full configuration eigenfunctions of eigen-
states 2B2, |ψ+〉 and |ψ−〉, are as follows:
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