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The pretransitional phenomena of superprotonic phase transition (Tsp =

471 K) were studied in detail by X-band continuous wave EPR spectra

of K3H(SO4)2 crystal doped with VO2+ ions. Three kinds of VO2+ com-

plexes (magnetically equivalent but structurally non-equivalent) denoted as

VO2+(I), VO2+(II), and VO2+(III) were found. “Smearing out” of the su-

perhyperfine structure was observed as a result of interbond proton motion.

VO2+ impurity replaces K+ ion and experiences the same average crystal

field gradient at Tsp = 471 K for I- and II-type complexes. The increase in

interbond proton frequency hopping above 360 K is a reason of significant

line broadening.

PACS numbers: 61.50.–f, 76.30.–v

1. Introduction

Crystals, which belong to family M3H(XO4)2, where M = NH4, Rb, Cs,
K; X = S, Se, exhibit a high proton conductivity [1–7]. The crystal structure
of K3H(SO4)2 (KHS) was determined by X-ray diffraction [8, 9]. The thermal
anomaly at about 478 K was found in differential scanning calorimetry (DSC)
measurements and attributed to the superprotonic phase transition [6]. Below this
temperature KHS belongs to the space group A2/a [8, 9] and exhibits ferroelastic
properties [6]. Until now the structure of KHS in the superprotonic phase is
unknown [7].

The aim of this work is EPR study of the lattice dynamic of K3H(SO4)2
crystal doped with VO2+ below the temperature of superprotonic phase transition
(Tsp = 471 K). In the previous paper we presented the EPR study of KHS crystal
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doped with Cu2+ ions [10]. It was found that the pretransitional phenomena were
manifested in the spin-Hamiltonian (SH) parameters and the line width ∆Hpp

depends on temperature. We supposed that doping with the other paramagnetic
impurity having different nuclear spin value and coordination in the crystal lattice,
would enable better understanding of charge transfer properties in KHS.

2. Experimental

Hexagonal plate-like K3H(SO4)2 crystals were grown isothermally at 300 K
from the saturated aqueous solution containing 19 wt% K2SO4, 12.7 wt% H2SO4,
and 0.3 wt% VOSO4 ·4H2O. Optical investigation of the single crystal in polarized
light reveals the ferroelastic n · 60◦ domain pattern. EPR studies were carried
out on a single-domain sample cut out under the polarization microscope. The
XY Z orthogonal laboratory frame chosen for the EPR anisotropy measurement
was related to the a, b, and c crystallographic axes as follows: X ‖ a, Y ‖ b, and
Z ‖ a×b. The EPR study was performed with a RADIOPAN X-band continuous
wave (CW) spectrometer and a BRUKER EMX Q-band spectrometer.

3. Spin-Hamiltonian parameters and coordination
of VO2+ ions in KHS

Figure 1 shows the EPR spectrum with an external magnetic field B parallel
to the Y -axis. Three types of VO2+ complexes (the same SH parameters but
different coordination planes) denoted as VO2+(I), VO2+(II), and VO2+(III) were
found at room temperature (RT). The spectral intensity of the signal ascribed
to VO2+(III) complex was about ten times smaller than that for VO2+(I) and
VO2+(II) complexes.

Fig. 1. The EPR spectra of the single-domain K3H(SO4)2:VO2+ crystal at room tem-

perature. The external magnetic field B is parallel to the Y -axis.
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Figure 2 presents the angular dependence of EPR line for I- and II-type com-
plexes in Y Z plane. Due to the point symmetry 2/m there are two magnetically
equivalent centres for each type of the complexes in the single-domain crystal (see
Table).

Fig. 2. The angular dependence of resonance fields for VO2+(I) and VO2+(II) com-

plexes in the Y Z plane. The symbols represent the experimental data for VO2+(I)

(squares) and VO2+(II) (circles) complexes.

TABLE

Spin-Hamiltonian parameters and direction cosines of the VO2+(I)1,2

and VO2+(II)1,2 complexes in K3H(SO4)2:VO2+ at room temperature.

Principal Principal Direction cosines of the principal

Complex g-values A-values of the direction g and A

in [Gs] X Y Z

1.973(3) 73.3(5) 0.596 ±0.047 0.802

VO2+(I) 1.972(3) 75.7(5) ±0.638 −0.634 ∓0.437

1.918(3) 202.5(5) 0.487 ±0.772 0.408

1.973(3) 73.3(5) 0.571 ±0.084 0.817

VO2+(II) 1.972(3) 75.7(5) ±0.681 −0.604 ∓0.414

1.918(3) 202.5(5) 0.458 ±0.792 −0.402

The EPR spectrum of VO2+ centre is described by the spin Hamiltonian

H = βBgŜ + ŜAÎ , (1)

where g is the spectroscopic tensor, A is the hyperfine tensor, Ŝ and Î are the
VO2+ electronic and nuclear spin operators, respectively.
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From the angular dependence of the line positions and hyperfine splitting in
three mutually perpendicular planes XY , ZY , ZX, direction cosines of the main
directions were determined for both complexes.

To obtain the principal values of g and A tensors we have measured the
positions of hyperfine structure resonance lines along the principal directions x, y,
z, and applied modified equations [11] described in our previous papers [10, 12].
Table includes the g and A tensors values and their direction cosines for I- and
II-type complexes. There is a slight difference (2◦) between orientation of principal
axis system for VO2+(I) and VO2+(II) complexes.

In order to find the coordination plane of the VO2+ ion we applied the same
procedure as for Cu2+ centre [10]. The analysis of the crystal lattice shows two
possible sites of VO2+ ions:

a) K+ ion vacancy,
b) the interstitial position between two vacancies of nearest-neighbour-

ing K+.
In the both cases the nearest oxygen atoms of neighbouring SO4 groups form

the quadrangles, which coordinate VO2+ ion.
The angle between the normal to the assumed coordination plane and the

main z-axis direction was calculated for both complexes and for all possible con-
figurations. In each case the angle about 3◦ showed that the choice of the VO2+

position was still ambiguous. However, the superhyperfine structure (SHFS) at
RT was observed. The analysis of the line position and the line width of transition
(Ms = 1/2, m = 7/2) ↔ (Ms = −1/2, m = 7/2) demonstrated that VO2+ ion in-
teracts with two equivalent protons (I = 1/2). Figure 3 presents the experimental
and simulated spectra. Finally we found that VO2+ ion occupies K+ ion vacancy.
The extra charge is compensated by a proton vacancy, because only at this po-

Fig. 3. The experimental (circles) and simulated (lines) spectrum with superhyperfine

structure for VO2+ ion in the K3H(SO4)2 at RT.



EPR Study of VO2+ Center . . . 131

Fig. 4. The position of VO2+ ion in the monoclinic phase in KHS crystal. VO2+ ion

replaces K+(I) ion. The assumed coordination planes are marked as dotted and dashed

quadrangle for I- and II-type and grey quadrangle for III-type complexes, respectively.

sition the interaction of VO2+ with two protons of SO2−
4 −H . . . SO2−

4 dimers is
possible. Figure 4 shows coordination planes as dotted and dashed quadrangle for
I- and II-type and grey quadrangle for III-type complexes, respectively. The tem-
perature studies confirmed the above statement, since the intensity of VO2+(III)
signal increases above 435 K contrary to I- and II-type lines, for which the spec-
tral intensity decreases. Relative change of intensities unambiguously indicates
the same position for all types of complexes with different coordination planes.

A slight difference of principal axis system for VO2+(I) and VO2+(II) com-
plexes is related to VO2+ off-centre position and/or different proton vacancy charge
compensation. Similar coordination of VO2+ ion in (NH4)3H(SO4)2 crystal was
determined by Minge and Waplak [13].

4. Temperature dependence of the VO2+ spectra
below superprotonic phase transition

As has been mentioned above, the SHFS was observed for VO2+ centres.
Figure 5 shows the temperature evolution of SHFS spectra. A “smearing out” of
SHFS with increasing temperature is clearly visible. This behaviour results from
the increase in frequency of interbond proton/vacancy motion as the temperature
increases. Such effect was previously observed for Cu2+ centre [10] in this crystal.
This phenomenon appears when proton jump frequency τ−1

c becomes faster than
the SHFS splitting AH (in frequency units) [14]:

τ−1
c ≥ AH/2πh. (2)

For AH = 2.3 Gs the following value was obtained: τ−1
c ≈ 3.8 × 107 Hz. The

“smearing out” of SHFS is observed above about 400 K.
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Fig. 5. Evolution of the superhyperfine (SHF) component of (Ms = 1/2, m = 7/2) ↔
(Ms = −1/2, m = 7/2) transition versus temperature for VO2+(I) and VO2+(II) com-

plexes.

Temperature dependence of the resonance lines separation δH of the I- and
II-type VO2+ complexes is shown in Fig. 6. VO2+(I) and VO2+(II) spectra be-
come identical with increasing temperature. Finally, they have the same direction
cosines at temperature Tsp ≈ 471 K.

Fig. 6. The temperature dependence of the separation of resonance lines δH for VO2+

complexes in the K3H(SO4)2. B ⊥ Z and 6 (B, Y ) = 5◦.

The temperature dependence of the line width ∆Hpp for VO2+(I) and
VO2+(II) complexes is shown in Fig. 7. Above 360 K the line is significantly
broadened. Additionally, there are minima at 235 K in the ∆Hpp(T ) dependences.

Q-band EPR data of the temperature dependences of superhyperfine con-
stant AH and the line width ∆H

(SHFS)
pp are presented in Figs. 8 and 9. Both
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Fig. 7. The line width ∆Hpp of the hyperfine component of (Ms = 1/2, m = 7/2) ↔
(Ms = −1/2, m = 7/2) transition versus temperature in K3H(SO4)2:VO2+. B ⊥ Z

and 6 (B, Y ) = 5◦.

parameters were obtained by computer simulations. The superhyperfine constant
AH linearly decreases with increasing temperature. The line width ∆H

(SHFS)
pp

minima at 108 K and 142 K for VO2+(I) and VO2+(II) were observed.

Fig. 8. The temperature dependence of the superhyperfine constant AH of VO2+(I)

and VO2+(II) complexes. Q-band measurement.

Above 435 K we observe gradual changes of spectral intensities: the intensity
decreases for I- and II-type and increases for III-type complexes. This behaviour
indicates that the position for III-type complex becomes more energetically prefer-
able.
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Fig. 9. The temperature dependence of the line width ∆H
(SHFS)
pp of SHFS components

of VO2+(I) and VO2+(II) complexes. Q-band measurement.

5. Discussion and conclusions

The averaging of VO2+(I) and VO2+(II) direction cosines indicates that
VO2+ ions experience the same crystal field gradient at 471 K. This process starts
rapidly already above 435 K as for III-type complex spectral intensity increases.
The averaging of direction cosines is in agreement with Rb87 NMR data in iso-
morphous Rb3H(SO4)2 crystal [15], where only one Rb+ ion position about 50 K
below Tsp was observed, whereas three positions at RT. This is a result of the
averaging of electric field gradient (EFG) tensor experienced by Rb+/K+ ions.

Significant increase in ∆Hpp line width above 360 K corresponds to the
presence of temperature anomaly of crystal field parameter D previously observed
in KHS doped with Mn2+ [16]. Mn2+ and VO2+ ions occupy the same position
in the crystal lattice. The extra charge is compensated by the proton vacancy.
Because D and ∆Hpp parameters are sensitive to any change of electric crystal
field gradient, the increase in frequency of proton/vacancy motion is reflected as
anomalies observed.

The ∆Hpp line width differences versus temperature (Fig. 7) for I- and
II-type complexes result from the anisotropy of AH tensor as well as from the
anisotropy of spin–lattice relaxation time (∆Hpp ∝ 1/T1). The anisotropy of
spin–lattice relaxation rate has already been reported for γ-irradiated Gly·H3PO3

crystal and its deuterated equivalent [16]. This effect was ascribed to hydrogen
anisotropy bond dynamics. We recorded minima of the line widths similar as for
KHS:Mn2+ [17]. These minima may be attributed to two temperature dependent
processes of proton/vacancy motion: intrabond and interbond.

The X-ray data of electron density of hydrogen bond performed by Noda et
al. reveals that the double well potential of hydrogen bond changes into the single
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one below 100 K [9]. The ∆H
(SHFS)
pp broadening at low temperatures is due to

the freezing of protons in slightly different single potential wells (most probably
unequal distribution of VO2+ impurities in the crystal lattice).
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