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The EPR parameters (g factors g‖, g⊥ and hyperfine structure constants A‖, A⊥) of V4+ ion in
the tetragonal phase of SrTiO3 crystal were studied by high-order perturbation formulas based on
a two-spin-orbit-parameter model, where the contributions from the spin-orbit-coupling-parameter
of central 3dn ion and that of ligands are considered. It is found that the oxygen octahedron sur-
rounding the impurity ion V4+ changes from elongation along the tetragonal axis in the pure crystal
to compression and the magnitude of tetragonal distortion of oxygen octahedron (characterized by
|∆R|= |R‖−R⊥|) in V4+ center is much greater than the corresponding value in the pure crystal. The
cause related to the strong Jahn-Teller effect is discussed.
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1. Introduction

SrTiO3 has been of considerable theoretical and
experimental interest because of its unusual proper-
ties [1]. The crystal has a perovskite structure which
undergoes a structural phase transition from cubic to
tetragonal at ≈ 105 K [1]. The tetragonal phase is
the result of the rotation of TiO6 octahedra around
the tetragonal c-axes. The rotation of TiO6 octahe-
dra leads to slight elongation of the Ti,O bond along
the c-axes due to acoustic-optic phonon coupling [2].
So, the TiO6 octahedron in the tetragonal phase of
SrTiO3 is slightly elongated (i. e., the bonding length
R‖ > R⊥). This was confirmed by X-ray diffrac-
tion [3], high-angle double-crystal X-ray diffractome-
try (HADOX) [4] and neutron diffraction [5] for the
pure SrTiO3 crystal, and by EPR and optical spec-
tra studies [6 – 8] for Cr3+-, Fe3+- and Mn4+-doped
SrTiO3 (where the impurity ions are used to be the
probes, they occupy the Ti4+ sites and the charge com-
pensators are not in the vicinity of impurity ions). It
should be pointed out that the ground states of these
impurity ions in octahedral sites are single orbit states,
so there is no Jahn-Teller effect in these systems. Thus,
only the small local tetragonal distortion may occur in
these impurity centers (e.g. Cr3+ centers) [6] because
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of the size and/or charge mismatch. However, if the im-
purity ion is a 3d1 ion, e. g. V4+, since the ground state
of 3d1 ion in an elongated octahedron is an orbit dou-
blet, the system is not stable. It can be expected that
the Jahn-Teller effect may result in a large change of
the (VO6)8− octahedron from elongation to compres-
sion, because in the case of a 3d1 ion in a compressed
octahedron the ground state is an orbit single state. The
EPR spectra of V4+ in the tetragonal phase of SrTiO3
(T = 4.2 K) were reported [9]. However, no theoreti-
cal calculations for these EPR parameters (g factors g‖,
g⊥ and hyperfine structure constants A‖, A⊥) have been
made, and the sign and magnitude of the local tetrago-
nal distortion of the oxygen octahedron (characterized
by the value ∆R = R‖ −R⊥) have not been given. In
order to confirm the above expectation, to explain the
EPR parameters and to obtain the local structural data
for SrTiO3:V4+ system, in this paper, we study the
EPR parameters by the high-order perturbation formu-
las based on the two-spin-orbit-parameter model. The
results are discussed.

2. Calculation

Since the spin-orbit-coupling-parameter (ζ 0
p ≈

150 cm−1 [10]) of the ligand O2− is close to that
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(ζ 0
p ≈ 248 cm−1 [11]) of the central 3d1 ion, we ap-

ply the high-order perturbation formulas of EPR pa-
rameters based on the two-spin-orbit-parameter model,
where both the contribution to the EPR parameters
from the spin-orbit-coupling-parameter of the central
3d1 ion and that of ligand ions are considered. Thus,
the one-electron basis functions can be expressed as
the linear combinations of the d orbitals |d r〉 of the cen-
tral 3dn ion and the p orbitals |pr〉 of the ligands, i. e.,

|ψγ 〉 = N1/2
γ (|dγ〉−λγ |pγ〉), (1)

where γ = eg or t2g denotes the irreducible represen-
tation of the Oh group. Nγ and λγ are, respectively,
the normalization factors and the orbital mixing coef-
ficients.

From the g factor of SrTiO3:V4+, it can be ex-
pected that the ground state is 2B2 (|dxy〉). Thus, from
the above one-electron basis function and the pertur-
bation methods, the high-order perturbation formulas
of 3d1 ion in the tetragonal symmetry can be derived
as

g‖ = gs −8k′ζ ′/E1 − kζ 2/(E2)2 −4k′ζζ ′/(E1E2)−gsζ 2/(E2)2,

g⊥ = gs −2kζ/E2 + kζ 2/(E2)2 −2kζ ′2/(E1E2)+ 2k′ζζ ′/(E1E2)−2gsζ ′2/(E1)2 −gsζ 2/2(E2)2,

A‖ = P(−k−4/7)+ P′
[
−8k′ζ ′/E1 −6kζ/(7E2)−4kζ 2/(7E2)2

−6kζ ′2/(7E1E2)−22k′ζζ ′/(7E1E2)−6gsζ ′2/7(E1)2 −17gsζ 2/14(E2)2
]
,

A⊥ = P(2/7− k)+ P′
[
−11kζ/(7E2)+ 11/14kζ 2/(E2)2 −11kζ ′2/(7E1E2)

+ 11k′ζζ ′/(7E1E2)−11/7gsζ ′2/(E1)2 −11/28gsζ 2/(E2)2
]
,

(2)

in which gs (≈ 2.0023) is the spin-only value. κ is the
core polarization constant. The energy separations E i

can be written as

E1 = E(2B1)−E(2B2) ≈ 10Dq,

E2 = E(2E)−E(2B2) = 5Dt −3Ds,
(3)

where Dq is the cubic field parameter, and Ds and Dt
are the tetragonal field parameters.

The spin-orbit-parameters ζ , ζ ′, the orbital reduc-
tion factors k, k′ and the dipolar hyperfine structure pa-
rameters P, P′ in (2) can be expressed as

ζ = Nt(ζ 0
d + λ 2

t ζ 0
p /2),

ζ ′ = (NtNe)1/2(ζ 0
d −λtλeζ 0

p /2),

k = Nt[1−2λtSdp(t2g)+ λ 2
t /2],

k′ = (NtNe)[1−λtSdp(t2g)−λeSdp(eg)−λeλt/2],

P = NtP0, P′ = (NtNe)1/2P0,

(4)

where ζ 0
d and ζ 0

p are the spin-orbit-parameter of the
d electrons of a free 3d1 ion and that of p elec-
trons of a free ligand ion. P0 is the dipolar hyperfine
structure constant of the free 3d1 ion. For the studied
SrTiO3:V4+ system, ζ 0

d and ζ 0
p are given above and

P0 ≈ 136 · 10−4 cm−1 [12, 13]. Sdp(r) are the group
overlap integrals. For SrTiO3:V4+, from the Slater-

type SCF functions [14, 15] and the metal-ligand dis-
tance R0 ≈ 1.95 Å [3 – 5] we obtain Sdp(eg) ≈ 0.1297
and Sdp(t2g) ≈ 0.0508. In (2) we assume that the mix-
ing coefficients λγ = λe ≈ λt and the coefficient λγ is
taken as an adjustable parameter. Thus, the normaliza-
tion factors Nr can be calculated from the normaliza-
tion relation

Nγ [1−2λγSdp(γ)+ λ 2
γ ] = 1. (5)

The tetragonal field parameters Ds and Dt can be
calculated from the superposition model [16]. From the
model, we have

Ds = (4/7)Ā2(R0)[(R0/R⊥)t2 − (R0/R‖)t2 ],

Dt = (16/21)Ā4(R0)[(R0/R⊥)t4 − (R0/R‖)t4 ],
(6)

where the power-law exponents are t2 ≈ 3 and
t4 ≈ 5 [17 – 19]. Ā2(R0) and Ā4(R0) are in-
trinsic parameters. For a 3dn MX6 octahe-
dral cluster, Ā4(R0) = 3/4Dq [16, 18, 19] and
Ā2(R0) ≈ (9 ∼ 12)Ā4(R0) [18 – 21]. We take
Ā2(R0) = 12Ā4(R0) here. To our best knowledge,
the value of Dq for the (VO6)8− cluster is not
reported, so we estimate it as follows: Accord-
ing to the spectrochemical series [22], for a 3dn

ion, Dq(F−) < Dq(O2−), for example, Dq(F−) in
KMgF3:Cr3+ is about 1,560 cm−1 [23] and Dq(O2−)



W.-C. Zheng et al. · EPR Parameters and the Local Tetragonal Distortion of V4+-doped SrTiO3 Crystal 435

in Al2O3:Cr3+ is above 1,800 cm−1 [24, 25]. Thus,
from Dq ≈ 2,012 cm−1 for the (VF6)2− octahe-
dral cluster [26], we estimate Dq ≈ 2,400 cm−1

for the studied (VO4)8− cluster. In the tetragonal
phase of SrTiO3:V4+ we have the bonding length
R⊥ ≈ R0 ≈ 1.95 Å [3 – 5], and the bonding length
R‖ is taken as an adjustable parameter. The core
polarization constant κ is related only to the hyperfine
structure constants A‖ and A⊥, it is also taken as the
adjustable parameter. Thus, by fitting the calculated
EPR parameters g‖, g⊥, A‖ and A⊥ to the observed
values, we obtain for the tetragonal SrTiO3:V4+

system

λγ ≈ 0.4646, R‖ ≈ 1.859 Å, κ ≈ 0.58. (7)

Comparisons between the calculated EPR parameters
and the experimental values are shown in Table 1.

Table 1. g Factors and hyperfine structure constants for V4+

in the tetragonal phase of SrTiO3.

g‖ g⊥ A‖ A⊥
(10−4 cm−1) (10−4 cm−1)

Calculation 1.9421 1.8951 −146.76 −44.37
Experiment [9] 1.9420(50) 1.8945(50) −146.78(5)a −44.04(5)a

a The sign is not given in [9].

3. Discussion

The above calculations suggest that the bonding
length R‖ < R⊥, that is to say, the oxygen octahe-
dron in the V4+ center in the tetragonal SrTiO3 crys-
tal is compressed. This point is, as expected above,

opposite to that in the pure SrTiO3 [3 – 5] and the
Cr3+-, Fe3+- and Mn4+-doped SrTiO3 crystals [6 – 8].
The magnitude of the tetragonal distortion |∆R| =
|R‖ −R⊥| is 0.091 Å for the V4+ center in the tetrag-
onal SrTiO3. This value is much greater than the
value (≈ 5 · 10−4 Å [3 – 5, 7, 8]) in pure SrTiO3 and
Fe3+- and Mn4+-doped SrTiO3 at 4.2 K and that
(≈ 16 ·10−4 Å [6]) in Cr3+-doped SrTiO3. Consider-
ing that the impurity V4+ has the same charge as the
replaced Ti4+ ion in SrTiO3, tetragonal distortion due
to charge compensation can be excluded. In addition,
since the ionic radius (≈ 0.63 Å [27]) of V4+ is close
to that (≈ 0.68 Å [27]) of the replaced Ti4+, one has
to visualize that off-center displacement of the impu-
rity is the cause of the large tetragonal distortion. So,
the large tetragonal distortion of the V4+ center in the
tetragonal phase of SrTiO3 is attributed to the Jahn-
Teller effect, because V4+ in SrTiO3 is a Jahn-Teller
system. It can be expected that even for V4+ in cubic
SrTiO3, the Jahn-Teller effect may result in a tetrago-
nal elongation of the oxygen octahedron. Noteworthy,
for the 3d1 ions Ti3+ and Cr5+ in the tetragonal phase
of SrTiO3 [28, 29], since R̄‖ > R⊥, the ground state is
an orbital doublet, an additional distortion due to the
Jahn-Teller effect and/or the off-center displacement of
an impurity ion (only for Cr5+) can occur, which leads
the symmetry of the octahedron being orthorhombic
and the orbital degeneracy of the doublet is removed.
So, if a 3d1 ion is in an octahedral site with tetrago-
nal distortion, the tetragonal distortion should be com-
pressed and even the corresponding octahedron in the
host crystal is elongated.
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