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Abstract
X-ray diffraction (XRD) patterns, electron probemicroanalysis (EPMA), electron paramagnetic
resonance (EPR) powder spectra (9 and 34 GHz) and themagnetic susceptibility of BaTiO3+0.04
BaO+0.01V2O5 ceramics were studied to investigate the valence states of V ions and their solubility
in the BaTiO3 lattice. In samples sintered at 1400 °C in air, only about 0.1mol%V is incorporated in
the BaTiO3 lattice being inV

4+ andV5+ valence state, respectively. 95%of the nominal V dopant
content occurs in the secondary phase Ba3(V/Ti)2O8. All BaTiO3 samples investigated are in
tetragonal phase at room temperature. In the as-sintered samples V4+ is detected at temperatures
T<20 Kby its hyperfine structure (HFS) octet due to the nuclear spin 7/2 of 51V. Samples post-
annealed inH2/Ar atmosphere at 1200 °Cexhibit a furtherHFS octet occurring at T>25 K and
vanishing at T>250 K,which is caused byV2+ ions. This spectrum is characterized by a simultaneous
HFS andfine structure splitting constituted by allowed and forbidden transitions. BothV4+ andV2+

ions are incorporated at Ti4+ sites of the BaTiO3 lattice.

1. Introduction

Barium titanate (BaTiO3) is amaterial of fundamental importance for awide range of technical applications
(multi-layer ceramic capacitors, ferroelectric randomaccessmemories, piezoelectric sensors, actuators, etc)
[1–3] and amodel systemof the theoretical description of ferroelectricity due to the variety of phase transitions.
Besides thewell-known, temperature-driven phase transitions
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of the 3 Cmodification BaTiO3 shows a further structural phase transition into the hexagonal high temperature
6 Hmodification. Thismodification is stable at temperatures>1430 °C in air as far as undopedmaterial is
concerned. Extrinsic defects, particularly the 3d-, 4d-, 4f- and 5d-ions as well as vacancies, can change the
physical properties of thismaterial in awide range. This distinct ability of tailoring of its physical properties is the
basis of the numerous technical applications of BaTiO3-basedmaterials. In the past, extensive investigations
(permittivity, electrical and thermal conductivity, electromechanical and optical properties, etc)were
undertaken to probe in particular the influence of the 3d-ions on themacroscopic properties of barium titanate
ceramics. On the other hand, optical and EPR investigations can provide complementarymicroscopic
information on the 3d-ions incorporated in the BaTiO3matrix, as e.g. their charge, crystallographic site, and
local symmetry of their surrounding.

In contrast to the dopants Cr,Mn, Fe, Co,Ni andCu (see e.g. [4–11]), sparse information on the physical
properties of V-doped BaTiO3 is available in the literature. In 1971 Feltz et al [12] investigatedV-doped BaTiO3

single crystals grownby the fluxmethod in reducing atmosphere. They reported a very low solubility of
vanadium in the BaTiO3 latticewithmaximum1.3 at%V4+measured potentiometrically. Later several authors
[13, 14] found nomeasureable paramagnetism in air-sinteredV-doped BaTiO3 ceramics. Schwartz et al [15]
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found no significant EPR spectrum in 0.04 mol%V-dopedBaTiO3 ceramics sintered in air. Liu et al [16]
investigatedV-doped ceramics withV contents up to 2 mol% sintered in air and reported a solubility of less than
1 mol%Vwith amaximum sample density at 0.1 mol%V. Their samples are tetragonal at room temperature
and exhibit distinct amounts of secondary phases, identified as Ba3V2O8 andBaVO2.8 by XRD. There are few
investigations on the influence of vanadiumon the dielectric properties and themicrostructure of barium
titanate and solid solutionswith strontium titanate, barium zirconate and bariumhafnate ceramics [16–21]. In
the case of barium titanate, partially inconsistent data are reported on the shift direction of theCurie
temperature and on the dielectric/ferroelectric data in general [17, 18]. Often it seems that the authors have not
noticed the low solubility of vanadium inBaTiO3 and additionally it ismostly assumed that vanadium is in the
V5+ state without experimental evidence.

The first EPRmeasurement onV-doped BaTiO3 ceramics annealed under strongly reducing conditions
wasmade by Schwartz et al [15]. A complex spectrumwith a hyperfine pattern spread over≈650 G and
centered around g≈2was observed in X-band. The authors did not analyse the powder spectrum in detail
but they suggest, based on the study ofMüller et al on SrTiO3:V [22] that the observed EPR specrum ismost
likely due to V2+. Later, to the best of our knowledge, only Shibahara et al [23] reported on EPR investigations
of V4+ in BaTiO3-based ceramicmultilayer capacitors without giving any details of themeasurement. Unlike
for BaTiO3, there are several studies of vanadium-doped SrTiO3 single crystals by Kool et al [24, 25] and
Müller et al [22]. After illumination (λ≈ 396 nm), an intensive EPR spectrumwas observed in thismaterial
and characterized as a S=1/2 centre with tetragonal symmetry. On the basis of the hyperfine splittings the
spectrumhas been attributed to V4+ substituting for Ti4+ [24]. The strain-induced effects (by applied uniaxial
stress)were interpreted assuming that the SrTiO3:V

4+ systemhas a threefold degenerated vibronic ground
state. This vibronic degeneracy is derived from a strong Jahn-Teller effect [25]. After reducing treatment
(heating in 6%H2/N2 atmosphere above 1200 °C and subsequent quenching) of SrTiO3 single crystals
containing 0.2 mol% vanadium, an EPR spectrum of V2+ (3d3)with the electronic spin S=3/2was
observed. The g-shift and the hyperfine splitting (HFS) of the central fine structure transition indicate a 40%
delocalisation of the spin-density onto Ti conduction band levels. Upon cooling below 130 K the V2+ intensity
decreases due to carrier freeze-out fromV2+ to V3+. An exponential line width narrowing is observedwith
activation energy of 200 meV, which can be accounted for by the thermally activated hopping betweenV2+

(double) andV3+ (single) acceptors [22].
In this paperwe presentfirst detailed EPR investigations and EPMAmeasurements of vanadiumdoped

barium titanate ceramics to gain a deeper insight into the nature of the vanadiumdefect (incorporation site,
valence state) and its solubility into the BaTiO3 lattice for air-sinteredmaterial.

2. Experimental procedure

Apre-ceramic powderwith the nominal composition BaTiO3+0.04 BaO+0.01V2O5was prepared by the
conventionalmixed-oxide powder technique. Aftermixing (agate balls, water) and calcining (1100 °C, 2 h) of
BaCO3 (Solvay, VL600,<0.1 mol% Sr), TiO2 (Merck, no. 808) andV2O3 (Merck, p.a.), the obtained BaTiO3

powderwasfine-milled (agate balls, 2-propanole) and densified to disks with a diameter of 6 mmand a height of
about 3 mm. These disks were sintered in air at a temperature of 1400 °C for one hour (heating rate 10 Kmin−1).
Afterwards, several of themwere annealed in a streamofH2/Ar (20/20 ml min−1) at 1200 °C for 120 min.

X-ray powder diffraction on crushed samples was performedwith a BrukerD8Advance Bragg-Brentano
diffractometer equippedwith a one-dimensional silicon strip detector (LynxEye™) using Cu-Kα radiation. The
angular range 5� 2θ�60°was recordedwith a step size of 0.0105° and a counting time of 1 s/step. The variable
divergence slit was set to illuminate a constant area of 10×6mm2.

Magneticmeasurements were carried out using the ACMSmagnetometer option of a PPMS 9 (Quantum
Design). The temperature-dependentmagneticmoments weremeasured at 9.0 T in the temperature range
5-300 K. The obtainedmagneticmoments were corrected for themagneticmoment of the sample holder and
with respect to themagnetic contribution of the BaTiO3matrix.

Themicrostructure of polished and chemically etched specimenswas examined by scanning electron
microscopy (SEM)using a FEI (Thermofisher)VERSA 3D (Dual BeamFIB). The vanadium concentration
within the BaTiO3 grains wasmeasured bywavelength-dispersive x-ray EPMA (WDX-EPMA,model
CAMEBAX,Cameca), whereas theV-rich secondary phases inside the ceramics were analysed bothwith EDX
systemby EDAXattached to theVERSA 3D andwith theCAMEBAXWDX system.

EPRmeasurements of pulverized ceramics were carried out inX- (9.4 GHz) andQ-band (34 GHz)with
Bruker EMXdevices. Temperatures between 5 and 240 Kwere achievedwithOxford flowingHe gas cryostats in
connectionwith anOxford ITC controller (temperature stability about 0.2 K).
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For the determination of the spin-Hamiltonian parameters and the evaluation of the powder EPR spectra the
MATLAB5 toolbox for electron paramagnetic resonance ‘Easy Spin 5.2.11’was used [26]. Simulating powder
spectra of the standard spinHamiltonians

m= +
= =

   ˆ ˆ ˆ ˆ ( )H B g S SAI 1B

for electron spin S=1/2 systems (V4+ ions) and

m= + + + +
= =

   
⎜ ⎟⎛
⎝

⎞
⎠ˆ ˆ ˆ ( ) ˆ ˆ ( )H BgS D S

1

3
S S 1 SAI 2B z

2

for electron spin S=3/2 systems (V2+ ions) a satisfactory accuracy in the determination of the respective
parameters was achieved. The parameters are the components of the

=
g tensor and of the hyperfine structure

(HFS) tensor
=
A of the nucleus of 51V (abundance 100%)with I=7/2 and the axialfine structure parameterD.


B is themagnetic field,

̂
S and

̂
I are the electron and nuclear spin operators, respectively, andμB is the Bohr

magneton. The spectrumof one defect species cannot bemodelled by the same parameters
=
g ,

=
A andD for each

grain of the ceramic powder samples since the local symmetry in the surrounding of the paramagnetic defect is
weakly distorted by varying strain effects. Therefore, we used distributions of the principal values of the g tensor
for the 1/2-spin system (V4+ ions). In the case of the 3/2-spin systemonly the distribution of thefine structure
parameterDwas considered. Assuming random fluctuations in the local lattice parameters in the vicinity of the
paramagnetic impurity these distributions can be approximated by aGaussian functionwith full widths at half-
height (FWHH)Δg||,Δg⟘ andΔD.

3. Results

3.1. XRD,microstructure and solubility of vanadium
Figure 1 shows the room temperature (RT)XRDpattern of an as-sintered sample with 2.0 mol% vanadium.

It consists of tetragonal BaTiO3 and small traces of aV-containing secondary phase, whichwas identified as
Ba3V2O8. For a quantitative phase analysis a Rietveld refinement was carried out using the Fullprof program
suite. The amount of Ba3V2O8 accounted to 3mass% corresponding to 1.1 mol%. The samples annealed in
different atmospheres at different temperatures remain tetragonal at RTwith one exception, namely the highly
reducing treatment inH2/Ar at 1400 °C for 10 hours. In these samples BaTiO3 is completely in the hexagonal
modification at RT and therefore they are not considered in this work.

An example of themicrostructure of a polished and chemically etched as-sintered samplewith 2.0 mol%
vanadium is shown infigure 2.

Comparedwith undoped BaTiO3 ceramics prepared under the same conditions and exhibiting amean grain
size of about 50 μm, the vanadiumdopant reduces the grain size to values below 20 μmand increases the

Figure 1.Room-temperature XRDpattern of crushed 2 mol%Vdoped as-sintered BaTiO3 ceramics. Peaks withMiller-indices
belong to tetragonal BaTiO3while the peaksmarked by an asterisk correspond to Ba3V2O8.

5
MATLAB is a registered trademark of theMathWorks, Inc., Natick,MA,USA.
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porosity distinctly, as visible by the black areas corresponding to holes. On the other hand, we cannot exclude
that a part of the holes visible infigure 2may be caused by grains pulled out during the grinding/polishing
process. Figure 2was taken in back scattered electron (BSE)mode, thus the brightness reflects themean atomic
number of the grains. Therefore, the Ba-rich secondary phase Ba3V2O8 can bewell recognized by its white color
in contrast to the grey BaTiO3 grains. Because of the rather low solubility of vanadium in the BaTiO3 lattice [12],
WDX-EPMA investigations were performed to determine theV concentration inside the BaTiO3 particles.
Quantitative analysis of the vanadium concentration resulted in a value of 0.10±0.01 mol%,which is themean
value of numerousmeasurements taken at different points in each of a large number of grains. Hence, 95%of
the dopant in a sample dopedwith nominally 2.0 mol%V is actually incorporated in the secondary phase. A
second sample with nominally 10 mol%Vwas also investigated. Themean value of the vanadium concentration
in the grains amounted to 0.15±0.01 mol%, i.e. a similar content as in the samplewith a nominal
concentration of 2 mol%. These results show that the solubility limit of vanadium inBaTiO3 prepared in air can
be estimated to�0.2 mol%. Furthermore, we tried to quantify theV content of theV-rich phase byWDX.
Unfortunately, the analysis of several grains gave no clear picture,most likely due to the large excitation volume
of the x-ray, which is about 1.5 μmfor 20 keV electrons and a sample density of 6 g cm−3 [27]. As a consequence,
neighboring BaTiO3 also contributes to theWDX signal. For this reason, EDXmeasurements with a lower
electron acceleration voltage of 12 keVwere performedwith the EDAX system attached to theVERSA 3DFIB.
They resulted in an atomic ratio Ba:(V+Ti) of nearly 3:2 in themajority of theV-rich grains investigated,
confirming that the secondary phase is Ba3(V/Ti)2O8.Obviously, the incorporated Ti atoms (V:Ti≈3:2)
change the position of the XRDpeaks only slightly compared to pure Ba3V2O8 (see figure 1).

3.2.Magnetic susceptibility
Figure 3 shows themolarmagnetic susceptibility of an as-sintered sample dopedwith nominally 2.0 mol%
vanadiummeasured in amagnetic field of 9.0 T.

At temperatures above ca. 220 K, themeasured paramagneticmoment reaches the detection limit of the
instrument. Therefore, we restricted the data evaluation to the low temperature region. Themolar susceptibility
was calculated based on the assumption that the paramagnetic behavior of the sample is caused by 0.1 mol%V.
This is a rather rough estimation because of two reasons. First, a part of the vanadium incorporated in the
BaTiO3 grains could be in the diamagnetic V5+ valence state. Second, since the vanadium in the detected
Ba3V2O8 phase exhibits amixed valence of+5 (majority) and+4 [28], the amount of paramagnetic V ions in the
secondary phase cannot be neglected. Since the calculated value of neff close to 2.7 (figure 3) significantly depends
on the uncertainmolar paramagnetic susceptibility, it unfortunately cannot be used for a rough estimation of
the electron configuration of theV ions by the spin-only approximation6. The interpretation of the susceptibility
data is described in section 4 following the discussion of the EPR data.

Figure 2.BSE image of themicrostructure of 2 mol%Vdoped as-sintered BaTiO3 ceramics. V dopedBaTiO3 grains appear grey
coloredwhile themuch brighter grains correspond to the secondary phase identified as Ba3(V/Ti)2O8. The nearly black regions are
pores or holes.

6
In the spin-only approximation, neff=2.8 corresponds to S= 1 pointing toV3+ ionswith two unpaired d electrons.
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3.3. EPRmeasurements
3.3.1. As-sintered samples
In room-temperature spectra of ourV-doped BaTiO3 samples only theweak signals of Fe3+, Cr3+ andMn2+

ions are observed (see theQ-band spectrum infigure 4).
These impurity ionswith concentrations less than 0.02 mol% stem from the sourcematerial TiO2 [8, 10].

After cooling down the as-sintered samples (in air) to 6 K, additionally to the impurity lines a very broad line
(g≈1.96,ΔB=1600G) and peaks with low intensitity are observed in the X-band (figure 5), which can be
clearly identified as the 51V hyperfine splitting (HFS) octet of a vanadium spectrum.One of theHFS peaks is
overlappingwith a strong Fe3+ line (marked by an asterisk infigure 5).

Both, from the characteristic shape of theHFS peaks and from the different distances between two
neighbouring peaks in the X-band spectrum (158 G in the low and 162 G in the high field, respectively), this
spectrum can be identified as the parallel component of an axial spectrum.Due to the additional Fe3+ andMn2+

lines in the centre of the spectrum the spectral resolution is rather low and the peaks of its perpendicular part are
barely identifiable. This 51V spectrum can be explained by the spin-Hamiltonian (1)with S=1/2 and I=7/2.

Figure 3.Molarmagnetic susceptibility, reciprocal susceptibility and effective Bohrmagneton number of 2 mol%Vdoped as-sintered
BaTiO3 ceramicsmeasured in amagneticfield of 9.0 T between 5 K and 212 K. The quantities were calculated under the assumption
that the concentration of the paramagnetic V ion equals 0.1 mol%.

Figure 4.Room-temperature Q-band spectrumof the as-sintered 2 mol%Vdoped BaTiO3 ceramics showing only theCr3+,Mn2+

and Fe3+ impurities of the samples without any signals corresponding to vanadium.

5
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Its parameters were determined by simulationwith the ‘pepper’ function of the Easy Spin packet [26] for
MATLAB1 and are given in table 1. Because of the electron spin S=1/2 corresponding to a d1 system,we assign
this spectrum toV4+ ions, which is additionally supported by the values of spin-Hamiltonian parameters.
Investigations in theQ-band showno improvement in resolution, since theV4+ signals are broadened by
g-strain effects (Δg||,⟘≈ 0.0005). Both theV4+ spectrum and the broad line are temperature-dependent. Their
intensities decreasewith temperature and above T=20 K, they are no longer detectable.

3.3.2. Post-annealed samples
In the low-temperature X-band spectrum (T=6 K) of theH2/Ar-annealed samples the intensities of theV4+

spectrum and the broad line (see section 3.2.1) are increased in comparisionwith the air-sintered samples (see
figure 6).

At temperatures higher than 20 K, theV4+ spectrum and the broad line vanish and a new powder pattern
(centre of gravity g=1.97,marked by asterisks) is well visible in theX-band spectrum at T=35 K. To get a
better disentanglement of the new pattern from the fine structure transitions ofMn2+, Fe3+ andCr3+ ions and
to reduce second order effects, all further investigationswere performed in themuch highermagnetic field of a
Q-band spectrometer at temperatures above T=20 K. Figure 7 shows theQ-band spectrum at 35 Kwith the

Figure 5.X-band spectrumof as-sintered 2 mol%Vdoped barium titanate ceramics, taken at 6 K. The broad line is superimposed by
the strong signal (g=2.0027) of Fe3+ ions and by aweakMn2+ sextet. TheHFS peaks of the parallel part of the V4+ powder spectrum
aremarked.

Table 1. Spin-Hamiltonian parameters of V2+ (S=3/2) andV4+ (S=1/2) in
different oxide compounds.

g D (10−4 cm−1) A (10−4 cm−1)

BaTiO3:V
2+ 1.9705(5) 280(20) 61(3)

cubic SrTiO3:V
2+ [22] 1.966 — 48.5

cubicMgO:V2+ [29] 1.991 — 79.4(3)
BaTiO3:V

4+ 1.930(1)a — 150(5)a

SrTiO3:V
4+ [25] 1.9420(50) — 146.78(5)

a = parallel component of the axial tensor

6
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characteristic 51VHFS octet expected for the nuclear spin of 7/2. Each of the eight peaks is split into twomain
components. The distanceΔ between them (marked in the figure at the right-mostHFS peak) is dependent on
themicrowave frequency of the experiment. In theQ-band spectrum, the average distanceΔ is about 21.2 G.
Furthermore, another feature is observed in this vanadium spectrum. At higher amplification, signals with very
low intensity are visible between the pairs ofHFS peaks, which aremarked infigure 7 by asterisks. These two
peculiarities are attributed to the fine structure splitting of the spectrum as described in the following.

V4+ (d1, S=1/2) can be easily excluded from the possible paramagnetic vanadium valence states 4+, 3+,
2+corresponding to d1 (S=1/2), d2 (S=1) and d3 (S=3/2), respectively, because of the observedfine
structure splitting. TheV3+ ionwith integral spin S=1 can also be ruled out for the following reasons. First, the
observed good resolution of theHFS octet in a powder spectrum is only possible in the case of a small fine
structure parameterD,whereas for V3+ largeD values of about 5 cm−1 have been reported [30, p. 427]. This
largeDwould cause a strong angular dependence in the single-crystal rotation pattern and consequently their
powder pattern has a completely other shape as observed in our experiment. Second, an integral spinwould yield
a considerably larger linewidth due to the increased spin-lattice coupling [31]. Hence, the observed spectrum is
caused byV2+with S=3/2 andmay be described by the spin-Hamiltonianwith afine structure term according
to equation (2). In the spectrum (figure 7 a) only theHFS lines of the central transition are seen.

The feature of the powder pattern for a S=3/2 spin-system (discussed in [7]) corresponds to the splitting
Δ of theHFS lines (see figure 7) of the central fine structure transition = - « = +M MS

1

2 S
1

2
(Ms - electronic

magnetic quantumnumber). The EPR line of this transition becomesweakly angular-dependent by effects of the
off-diagonal elements in the spin-Hamiltonianmatrix (2) giving small angular-dependent shift of its resonance
field the order m( )/D g B .2

B This effect results in aweak peak splitting of the central transition in the powder
spectrum. Itsmagnitude is determined by themicrowave frequency and thefine-structure parameterD. In
addition to the peaks of the central transition lines according to the selection rules =  « = M MS

1

2 S
3

2
are

expected in the low- and high-field part of the powder spectrum.However, in our case these peaks could not be
detected.We explain this effect by line broadenings arising byD-strain (characterized by the parameterΔD) in
the ceramic samples. Since the resonance fields of the transitions =  « = M MS

1

2 S
3

2
are linearly

dependent onD, the transitions broaden so strongly that their peaks are not observable in the spectra. Only the
peaks of the central transition oft theV2+ spectrum can be detected because their line broadening are

Figure 6.X-band spectrumofH2/Ar-annealed 2 mol%Vdoped BaTiO3 ceramics taken at 6 K and 35 K. In the 6 K spectrum, theV4+

lines aremarked by plus signs (+). TheV2+ pattern at T=35 K ismarked by asterisks (*). Both patterns are overlaid by Fe3+ and
Mn2+ signals.
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proportional to < D
m

DD

g B

2

B

. This is a specific characteristic of EPR spectra ofMn2+-, Fe3+- andCr3+- doped

BaTiO3-samples [8].
In the case of divalent vanadium ionswith 3d3 configuration, the hyperfine interaction of the 51V isotope

yields a splitting of the central fine structure peak = - « = +M MS
1

2 S
1

2
in eight allowed peaks (ΔMS=±1,

ΔMI=0,MI - nuclearmagnetic quantumnumber) and induces furthermore forbidden transitions with the
selection rulesΔMS=±1,ΔMI=±1, lying between the allowed peaks of the central transition [30]. Such
kind of transitions become detectable by second-order admixtures arising from the cross products offine and

hyperfine terms in equation (2). The intensity of these doublets « - +, M , M 11

2 I
1

2 I and

+ « -, M 1 , M1

2 I
1

2 I relative to the allowed ones « -, M , M1

2 I
1

2 I (Dirac ket notation ñ∣M , MS I )
wasfirst given byBleaney andRubins [32] and can bewritten as

q m + - -( ) [ ( ) ( )] ( )/16 3Dsin2 4g B I I 1 M M 1 . 3B
2

I I

Therefore, their intensities allow the determination of the axialfine-structure parameterD if thefine-
structure peakswith the selection rules =  « = M MS

1

2 S
3

2
cannot be detected in the powder spectrum.

The occurrence of forbidden peaks in the central fine-structure transition is an unequivocal proof of the
existence of paramagnetic V2+ ionswith a half-integral electron spin S=3/2. Assuming the spin-Hamiltonian
(2)with S=3/2 for the explanation of theV2+-powder-pattern, its parameters were evaluated by simulation
and are given in table 1.

The simulated spectrum is shown infigure 7. At T=35 K, thewidth of the individual lines is about
(2.1±0.2)GandΔDof thefine-structure parameter distribution is estimated to be (50±8)·10−4 cm−1. Due
to this high value ofΔD, the peaks belonging to the transitions =  « = M MS

1

2 S
3

2
are broadened and

cannot be detected in the experiment (figure 7).
Infigure 8, the temperature dependence of theV2+ spectrumof theH2/Ar-annealed sample is presented.

Above T=20 K, the peaks of V2+ centers are observed in the powder spectrumbesides the lines ofMn2+, Fe3+

andCr3+ ions. Up to T=170 K, the linewidths and distances of V2+ peaks are nearly temperature independent.

Figure 7.Q-band spectrum (T=35 K) ofH2/Ar- annealed 2 mol%VdopedBaTiO3 ceramics (a) and the corresponding simulated
spectrumwith the allowed and forbidden 51VHFS peaks of the central transition of theV2+ ions (b). For the simulation the spin-
Hamiltonian parameters of theV2+ ion given in table 1were used. The peaks of the forbiddenHFS-transitions aremarked by
asterisks (*).

8

Mater. Res. Express 6 (2019) 115210 RBöttcher et al



Only at higher temperatures the peaks broaden and their amplitudes decrease. By further increase of
temperature the peak splittings are no longer resolved and nearly symmetric lines with small intensities are
observed. Above 250 K theV2+ spectrum is nomore detectable. The hyperfine constant A of theV2+ ion is
nearly temperature-independent. The absence of the peaks belonging to thefine structure transitions

=  « = M MS
1

2 S
3

2
prevents the accuratemeasurement of the temperature dependence of the axial and

rhombicfine structure parameters.

4.Discussion

Dependent on the position of the Fermi level in the band gap of barium titanate the 3d-element vanadiumhas
different oxidation states and can be incorporated as diamagnetic ionV5+ (electron configuration 3d0, free ion
ground state 1S) aswell as paramagnetic ionsV4+ (3d1, 2D), V3+ (3d2, 3F) andV2+ (3d3, 4F). By incorporation of
the impurity ion on the Ti4+ site vanadium is surrounded by six oxygen ions forming a distorted octahedron in
the ferroelectric phases of the 3 Cmodification of BaTiO3.However, in the paraelectric high-temperature phase
the octahedron is regular. Owing to the strong local electrical fieldwith octahedral symmetry the orbital
degeneracy of the free-ion states is partially lifted [30]
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Only in the case of V2+ ion, the ground state is a non-degenerate orbital state (4A2g)whose spin degeneracy can
only be removed by the spin–orbit interaction in combinationwith the crystalline electricalfield of lower
symmetry. In contrast toV2+, the tetra- and trivalent vanadium ions have triply orbital-degenerate ground states
with the symmetries T2 andT1, respectively. According to the Jahn-Teller (JT) theorem such ground states are
unstable and their degeneracy is lifted e.g. by small displacements of the neighbouring ions, which lower the
symmetry of the crystal field. Since ionswith the electronic ground state 3A2g have a long spin-lattice relaxation
time [30]V2+ ions should be detected by EPRup to room temperature in contrast to ionswith T ground states,
which are principally not observable at RT by EPR.

Figure 8.Temperature dependence of theV2+ spectrumofH2/Ar-annealed 2 mol%Vdoped BaTiO3 ceramicsmeasured in the
Q-band.
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On the basis of the observedhyperfine splitting, the resolved vanadiumspectrumdetected in the as-sintered
BaTiO3 powder sampleswas attributed toV4+ ionswith S=1/2 substituting forTi4+. The orbital degeneracy of
its ground state is lifted by a Jahn-Teller effect between the electronic stateT2g of theV

4+ and a localized vibronic
e.g.mode in the linear coupling case. This static Jahn-Teller effect produces an axial distortionof theoxygen
octahedron inwhich theparamagneticV4+ is incorporated. This symmetry reduction is reflected in the axially
symmetric spin-Hamiltonian forV4+. The same situation has been observed for other impuritieswith 3d1 electron
configuration inBaTiO3 and SrTiO3 [24, 33, 34]. TheEPMAmeasurement revealed that only about 0.1mol%V is
incorporated in the grains.Hence, the concentration ofV4+ is probably even lower, since the presence of V5+ is
very likely (see below). In the as-sintered samples EPR spectra of divalent vanadiumwere not obseserved.

After post-annealing inH2/Ar atmosphere the charge state of the vanadium ions is partially changed and a new
EPR spectrum is observed.Based on thedistinctive feature of this spectrum it has to be assigned toV2+ ionswith
the electron spin S=3/2 located at Ti4+ sites. In the rhombohedral and orthorhombicmodifications ofBaTiO3

the symmetry of theTi4+ lattice site is lower than the tetragonal one and a spectrumwith orthorhombic symmetry

is expected.Due to the lackof outer peaks of the transitionswith selection rules =  « = M MS
3

2 S
1

2
the local

symmetry of theV2+ site cannot bedeterminedunambiguously. The simulationof theV2+ spectra using the spin-
Hamiltonian (2) augmented by the orthorhombic term -( )E S Sx

2
y
2 illustrates additional splittings in the central

peaks if E>25·10−4 cm−1. Therefore, a small orthorhombic distortion ofV2+ spectrumcannot be excluded.At
35 K, the axial zerofield splitting parameterDofV2+ is in very good accordancewith the value of theCr3+ ion
having the same ground state asV2+ [35]. The 51VHFS constantAof 61·10−4 cm−1 is smaller than the value ofV2+

ions in the ionic crystalMgO (see table 1). This reduction canbe attributed to thedelocalisationof theunpaired
V2+ electrons onto orbitals of theTi-O states.

V2+ ionswith the electronic ground state 4A2g have a long spin-lattice relaxation time. Their spectra should
be easily detected at and above room temperature as observed for other d3 ions, see e.g. [7, 35–37]. However,
with increasing temperature, in our samples a linewidth broadening of theV2+ spectrum appears above 210 K
andfinally the spectrumvanishes at T>240 K.Due to the complexity of the observed peak structure it is not
possible to determine the individual linewidth as a function of temperature. It can be assumed that the
temperature-dependent linewidth broadening and finally the complete disappearance of the spectrum is caused
by a thermally activated charge carrier transfer process betweenV2+ andV3+ states (see below).

The presence of the other possible valence statesV5+ andV3+ in theBaTiO3 grains canbe concluded by
following consideration. The samples annealed in reducing atmosphere showan increased intensity of theV4+

spectrum i.e. an increased concentration ofV4+ ions. This indicates that a part of theV5+ in the as-sinteredBaTiO3

grains is reduced toV4+during annealing.Moreover, since the reduced samples include bothV4+ andV2+ ions, it
is possible that alsoV3+ ions (d2, S=1)occur in those samples,which arenot detected byour EPR experiments.

In the spectra of all V-dopedBaTiO3 samples a broad line was observed up to 20 K. Because of the sparse
spectral information its interpretation is difficult.We suppose that this line is caused byV4+ ions in the
vanadium-rich secondary phase containing practically thewholeV dopant (see section 3.3.1). Due to the higher
concentration of theV4+ ions (see discussion of themagnetic susceptibility below) they are coupled by dipole-
dipole-interaction and only a single broad line is observed.

The very small paramagnetic susceptibility of the as-sintered samples (figure 3) proves that themajority of
vanadium in the secondary phases (95%of the dopant amount) is in the valence state 5+. Themeasured
magneticmoment is a superposition of the contribution of theV4+ ions both in the BaTiO3 grains and in the
vanadium-rich Ba3V2O8 phase, proven byXPS [28]. Since the experimental determined value of the effective
Bohrmagneton number is very uncertain because of the unknown concentration of V4+ and since the spin-only
formula is not suitable for ionswith T2g ground state as V

4+, the computer programCONCORD [38]was used
for the analysis of the susceptibility data. Simulations of the temperature dependence of themolarmagnetic
susceptibility showed that themeasured data can only be reasonably reproduced if either a lower-symmetric
than octahedral or a tetrahedral crystalfield is assumed. Both variants occur in the samples, first as tetragonally
JT-distorted oxygen octahedra in the BaTiO3 grains and second as VO4-tetrahedra around the vanadium ions in
the crystal structure of Ba3V2O8 (space group R m3 ) [39]. Since less than 0.1 mol%ofV4+ is incorporated in the
BaTiO3 grains, we assume that themajority of V4+ is located in the Ba3V2O8 phase and in turn the tetrahedrally
oxygen coordinatedV4+ ions dominate the paramagnetic susceptibility. Thus, the susceptibility data werefitted
byCONCORD (for details see appendix A of [9]) assuming a crystal fieldwith symmetry Td and including the
concentration of the paramagnetic ions as a furtherfitting parameter. The total concentration of theV4+ ions
was found to be 0.6 mol% confirming our assumption a posteriori. The crystalfieldfitting parameter7 B0

4

amounts to≈−1000 cm−1.

7
Wybourne notation [40].
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5. Conclusions

Vanadium exhibits a very low solubility of about 0.1 mol% in the BaTiO3 grains of nominally 2.0 mol%Vdoped
ceramics sintered in air at 1400 °C.Themajority of vanadium (95%) forms the secondary phase Ba3(V/Ti)2O8.
Up to a nominal doping concentration of 10 mol%V the solubility in BaTiO3 remains below 0.2 mol%. This low
V content is probably the reason that all samples investigated (both as-sintered and post-annealed in reducing
atmosphere) are completely in tetragonal phase at RTwhereas the other 3d ionsCr–Zn cause at least the partial
formation of the hexagonal phase already at nominal doping concentrations of 0.5 mol%.

In the as-sintered samples, V occurs inV4+ andV5+ valence state. The formerwas detectedwith EPRby its
HFS octet due to the nuclear spin of 7/2 of 51V andwas identified asV4+ ions incorporated at the Ti4+ site of
BaTiO3. As a second species V

4+was found in theV-rich secondary phase Ba3(V/Ti)2O8 as a single broad line. In
the samples post-annealed in reducing atmosphere, an additionalHFS octet occurs, which can be assigned
unambiguously toV2+ ionswith a half-integer electron spin of 3/2 by the occurrence of both allowed and
forbidden fine structure transitions.
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