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Full angular variations of Cu?* EPR spectra in 8-Mga V207 (MgVO) and a-ZnyVoO7 (ZnVO)
were recorded for orientations of external magnetic field in three mutually perpendicular planes
at 120 K and 295 K, as well as in temperature range from 110 to 295 K at some chosen orientations
of magnetic field. The principal values of the g2- and AZ-tensors, as well as the orientations
of their principal axes were determined from angular variations of EPR line positions in three
mutually perpendicular planes, using a rigorous least square fitting procedure, especially adapted
to the case of non-coincident principal axes of the A2-tensors for the monoclinic and triclinic
point-group symmetries in MgVO and ZnVO crystals, respectively. This procedure uses the
eigenvalues and eigenvectors of the spin-Hamiltonian matrix, which allows to determine the
orientations of the principal axes of the g2 (Zeeman) and A? (hyperfine-interaction)-tensors. It
is found, that the principal values of g2- and A2 tensors of the Cu?t ions are similar in the
two crystals; however, the orientations of the principal axes of these tensors are significantly
different from each other. This is because the Cu?* ion in MgVO is 6-fold coordinated, whereas
it is 5-fold coordinated in trigonal bipyramidal coordination in ZnVO. The principal values of
the g2-tensor, so obtained, are exploited to determine the electronic ground state of the Cu?*
ion in these two crystals.

PACS: 75.10.Dg, 76.30.-v, 75.20

Keywords: pyrovanadates, EPR, Cu?", spin-Hamiltonian parameters

1. Introduction

Mixed vanadium oxides, such as V-Mg-O, V-Zn-O are important in catalytic processes such
as oxidative dehydrogenation and hydrocarbons [1] and selective catalytic reduction of NO by
ammonia [2,3]. The vanadates are of great interest at present, because they have a variety
of applications, e.g., use in the synthesis of the supported VoO7 catalyst [4], insulin-mimetic
agents [5] and rechargeable Li batteries [6-8]. The vanadates are prospective materials for
supercapacitors [9], photocatalysts [10], and gas sensors [11]. Furthermore, the thermochromic
nature of a-ZnaVoO7 (ZnVO hereafter) is of interest. This crystal is light yellow in the o phase
and changes to red in the § phase [12]. Ioffe et al. [13] found that the electric conductivity
of B-MgaV207 (MgVO hereafter) and ZnVO pyrovanadates depends strongly on the impurity
ions and thermal treatment, which dictates the formation of defects. Crystallography of these
compounds was studied experimentally by solid-state NMR [14-16], and theoretically, by using
the point-monopole approximation and ab-initio calculations [16,17]. For relevance, it is noted,
that the Mn?t EPR in single crystals of Cds V2O was investigated by Stager [18], whereas those
in single crystals of CagVoO7 and MgaV2O7 by Ioffe et al. [19]. Later, the Mn?t EPR spectra
in a-Zna V207 single crystals were investigated by multifrequency EPR by Misra et al. [20]. The
V4t EPR study in single crystals of MgVO and ZnVO were reported recently by Misra et al. [21].
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The use of nanoparticles of vanadium oxides as supported monolayer vanadia catalysts [22] has
attracted great interest recently because of its enhanced effectiveness in nano-state as compared
to that in bulk-state materials. The doping of, e.g. MgVO, by transition-metal ions (Mn,
Co, Ni, Fe) also increases its catalytic effectiveness [23]. As a consequence, study of different
impurity ions in these compounds is very important to understand the effectiveness of catalytic
properties of these oxides. In this paper, Cu?* EPR spectra in MgVO and ZnVO are presented
at various selected temperature in the range 110 - 295 K, along with full angular variations of
EPR line positions in three mutually perpendicular planes at 120 and 295 K. From these latter,
the principal values and the orientations of their principal axes of the g2- and A2-tensors of the
Cu?* ion in MgVO and ZnVO single crystals are estimated using a rigorous least-squares fitting
(LSF) procedure, employing the eigenvalues and eigenvectors as obtained by the diagonalization
of the spin-Hamiltonian matrix. The principal g values, so obtained, are exploited to determine
the electronic ground state of the Cu?* ion in these two crystals.

2. Crystal structure

The growth habits of MgVO and ZnVO single crystals are shown in Fig. 1. The crystals are found
to be twinned, as determined by X-ray diffraction. The synthesis of 5-MgsV207 and a-ZnsVoOr
single crystals was described in [21]. The Cu impurity was added in the form of 0.1 mol % CuO
to initial chemical reagents. The ionic radii of several ions in 6-fold and 5-fold co-ordinations
were listed and analyzed by Shannon [24]. In the Pauling model, where the ionic radius of O~
was taken as 1.40 A, the ionic radii of the MgZt and Cu?* ions are 0.72A and 0.73 A in the
octahedral coordination, respectively. The ionic radii of Zn?* and Cu?* are 0.68 A and 0.65 A in
the 5-fold coordination, respectively. Therefore, the Cu?* ion substitutes for the Mg?t and Zn?*
ions in the corresponding coordination practically without any distortions of the polyhedron.

/

X A

Figure 1. The growth habits of 8-Mgo V207 and a-Zns V4,07 single crystals

ZnVO. As the temperature lowered, ZnsVoO7 undergoes a fast reversible structural phase
transformation at 615° C from the high-temperature thortveitite 5 phase (HT phase)with the
space group C2/m to the low-temperature o phase (LT phase)of ZnaVoO7, characterized by the
space group C2/c with the unit-cell parameters: a = 7.429 A, b=8340A, ¢=10.098 A and
B = 114.4°, Z = 4 [25]. The structure of a-ZnyVoO7 was shown in Fig. 2. The difference
between the high (HT) and low (LT) temperature phase structures of ZnaVoOy7 crystal is that
in the former the coordination of Zn ions is six-fold, whereas in the latter the cations reduce their
coordination to five oxygen atoms, as seen from Fig. 2. In the LT-phase, the ZnOjs group is a
distorted trigonal bipyramid, with the longer Zn-O bonds oriented in the axial direction. In the
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Figure 2. The structure of the a-ZnsVoOy.

LT-structure of a-ZnoVoOr crystal, the vanadium and oxygen ions form VO pyrogroups; layers
of oxygen atoms are stacked perpendicular to the [001] axis, and Zn ions and V-O-V groups lie
in octahedrally coordinated sites in alternate layers of oxygen ions. The point symmetry of the
Zn?* ion is C; and there is only one physically inequivalent site for Zn?* ions, which is 5-fold
coordinated to oxygen ions. The bond lengths to these oxygen ions are from 1.973 A to 2.087 A.
The sixth bonded oxygen ion lies 3.35 A away from the Zn ion.

MgVO. The high-temperature 8-phase of MgaV2Or was synthesized at higher temperatures,
T > 800° C, which is above the phase transition between a- and S-phases, at T'= 760° C [26].
This phase is stable at room temperature and possesses triclinic space symmetry P1, with the

Figure 3. The structure of the 8-MgoV20O7.

unit-cell parameters: a = 13.767A, b = 5.414 A, ¢ = 14.912A and o = 81.42°, 8 = 106.82°,
v = 130.33%, Z = 2 [27]. The structure of of 5-MgaV207 in the HT-phase, shown in Fig. 3,
consists of chains of VoO7 groups formed from two VO, tetrahedra, which share one common
oxygen ion. The adjacent VoOr chains form sheets lying in the (001) plane. They are separated
by Mg cations which share oxygen atoms with these sheets. The point symmetry of the Mg ion
in HT-phase 3-MgyV207 is C; and there exist two physically inequivalent sites for Mg?T ions,
both are 6-fold coordinated with similar Mg-O bonding lengths, which range from 1.992 A to
2.083 A with only one at 2.246 A. All of these are terminal oxygen atoms in the case of Mg(1),
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as shown in Fig. 3 whereas one of the oxygen atoms bonded to Mg(2)ion is a bridging oxygen
atom. The bond lengths for the Mg(2) ion varies from 2.049 A to 2.221 A. Each MgOg groups
shares two edges.

3. Cu®’" EPR spectra and estimation of values of the matrix elements of g>-
and A2-tensors

Experimental arrangements. A Bruker ER-200D SRC EPR X-band (9.6 GHz) spectrom-
eter equipped with a nitrogen-flow Bruker variable temperature accessory was used to record
the EPR spectra in single crystals of MgVO and ZnVO. The usual settings of the EPR spec-
trometer are as follows: modulation field 1-5G/100kHz, microwave power 20dB (max output
power -200mW). The EPR spectra were recorded in temperature range 120-300 K.

EPR spectra. Cu?t EPR lines were observable at room temperature, however, they were
strongly overlapped by the V4T EPR lines, and it was not possible to identify them unam-
biguously. The large Cu?t EPR linewidth is due to the overlapping Cu?" lines, belonging to
the %3Cu and %Cu ions, and broadening due to the superhyperfine (SHF) interaction with the
neighbouring 5!V nuclei (I = 7/2). Only one set of Cu?* EPR lines was observed in ZnVO
single crystal, as expected from its crystal structure, i.e. the Cu®t ion occupies one physically
inequivalent Zn?* site, as seen from Fig. 2. To contrary, the Cu?T ion occupies two physically
inequivalent Mg?* sites, Mg(1) and Mg(2), in MgVO, according to its structure, as seen from
Fig. 3. However, only one set of angular variation of Cu?* EPR line was observed. On other
hand, some isotropic EPR lines were indeed observed in MgVO in temperature range from 120 K
to 295 K, which can be assigned to the Cu?* ion in second, probably Mg(2), crystallographical
position. Detailed angular variations of the Cu®* line positions were recorded at 120 K for vari-
ation of the magnetic field in 5° intervals in three mutually perpendicular planes (ZX, ZY, XY);
Fig. 1, as these lines are clearly resolved at most orientations of magnetic field. They are shown
in Fig. 4 and in Fig. 5 for MgVO and ZnVO, respectively. In both MgVO and ZnVO crystals,
it was not possible to observe all four resolved hyperfine (HF) lines for several orientations of
magnetic field, especially in ZX plane for MgVO. This is due to relatively small HF splitting,
masked by the Cu?>* EPR linewidth.

Temperature variation of the EPR spectra. The EPR spectra for some chosen orien-
tation of magnetic field in MgVO and ZnVO were recorded in the temperature range from 120
to 295 K as shown in Fig. 6a and Fig. 6b, respectively. As seen from these figures, there is no
significant temperature dependence of the EPR linewidth of the Cu?* ion in the temperature
range 120 - 295 K. The average Cu?* linewidth is about 30 G. The temperature dependence of
integrated EPR lineshape of Cu?t EPR lines follows the Curie law (Iip; = C/T) in temperature
range 120 - 295 K. The isotropic EPR line with g; = 2.38 0.01 and g3 = 2.21 £ 0.01 were and,
observed in the MgVO, are due to the Cu?* ion at Mg(2) site undergoing Jahn-Teller effect.

Estimation of matrix elements of g2- and A2-tensors. The observed EPR line posi-
tions were simultaneously fitted to the spin-Hamiltonian appropriate to the site symmetry Cj,
applicable to MgVO and ZnVO, expressed as follows [28]:

H=/sB-g-S+S-A-L (1)

In Eq. (1), pup is Bohr magneton, B is external magnetic field, S = 1/2 are the electronic spin and
I = 3/2 nuclear spin of the Cu?* ion, g is Zeeman matrix and A is the hyperfine (HF) interaction
matrix. There are two isotope of Cu, each with I = 3/2: %3Cu (natural abundance 69.09 %) and

65Cu (natural abundance 30.91 %) nuclei [28]. Thus, each Cu?* line splits into four hyperfine
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Figure 4. The angular variations of Cu?* EPR resonance line positions in 3-Mgs V207 in three mutually
perpendicular planes defined by the axes (X,Y, Z). Only outer HF lines were observed in X Z
plane, other HF lines were not resolved.

(HF) lines at X-band, with the hyperfine lines of the two Cu isotopes overlapping each other
within the linewidth. The quadrupolar-interaction terms are neglected in our consideration. In
Eq. (1), the principal axes of the g- and A-matrices are here not coincident with each other,
because of the low, monoclinic and triclinic, symmetries for ZnVO and MgVO, respectively, in
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Figure 5. The angular variations of Cu?" EPR resonance line positions in a-Zny Vo0~ in three mutually
perpendicular planes defined by the axes (X,Y, 7).

the present case, in agreement with the observed angular variations of EPR line positions. This
complicates estimation of the g2- and A2 tensors accurately, unless a rigorous fitting procedure
is used, as described below.

A rigorous least-squares fitting of all EPR line positions as observed in three mutually per-
pendicular planes was employed estimate g2- and AQ—tensors, as described in [29-32]. It is first
noted [32], that whereas g and A are matrices, g2 = glg, A? = ATA, are tensors, whose
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chosen orientations in ZY and ZX planes, respectively. The “iso” in Fig. 6a refers to the
isotropic Cu?* line. The Cu?* EPR lines are shown.

matrix elements are always symmetric, unlike those of the g- and A—matrices; which are not
necessarily symmetric, here T denotes transpose of a matrix.

All the observed EPR line positions for the orientations of the magnetic field in the three
mutually perpendicular planes ZX, ZY, XY, where the axes Z, X, Y are identified with respect
to the crystal grown habits as shown in Fig. 1, were fitted simultaneously in a least-squares
(LSF) manner as described in detail in [32]. In general, there were observed four hyperfine (HF)
lines at each orientation of the magnetic field corresponding to the electronic spin S = 1/2 and
the nuclear spin I = 3/2. The fitting was done in two successive procedures. First, the centres
of each set of four HF lines were fitted to the six elements of the symmetric tensor g2. The
3 x 3 matrix for the g2-tensor was then diagonalized to obtain its principal values and directions
cosines of the principal axes with respect to Z, X, Y-axes were determined. In the subsequent
LSF procedure, all HF line positions as observed in the three mutually perpendicular planes
were simultaneously fitted to the 12 parameters: the three principal values of g>-tensor, the
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three Euler angles (¢, ¢, 1) and the six elements of the symmetric tensor A% = ATA using the
eigenvalue expressions calculated to second-order in perturbation [30]. As for the initial values,
the values already calculated for the principal values of the g2-tensor, and the Euler angles
(9, ¢,1) as determined in the first procedure. As for the initial values for the six elements of the
A2 tensor, they were chosen by trial-and-error until good fits were obtained as indicated by a
minimum chi-squared value (SMD), defined in next paragraph. The minimum value of the SMD
is calculated by successive iterations by varying the 12 parameters in the LSF manner. The 12
parameters, corresponding to the minimum of SMD, so obtained, enable one to calculate the
principal values of the g-matrix (square roots of principal values of the g2- tensor), the direction
cosines of the g-matrix with respect to the laboratory axes (the same as those of the g2-tensor),
the three principal values of the A-matrix, which are the square roots of the principal values
of the A2-tensor as found by diagonalizing the matrix for the A2-tensor, which also yields the
direction cosines of the AQ—tensor, which are the same as those of the g-matrix, with respect to
the principal-axes of the g-matrix. The listed values of the AZ-tensor should be considered as
averages of those estimated for the isotopes ®3Cu and %°Cu, since the corresponding HF lines
are not resolved from each other, due to larger linewidth.

The results of fitting for the principal values of g-matrices for the MgVO and ZnVO are listed
in the Table 1 and Table 2. In these Tables SMD = > .(AE;/h—v;)? is Square Mean Deviation,
where AFE;/h is the calculated energy difference in GHz between the levels participating in
resonance for the i-th line position, v; is the corresponding klystron frequency, h is Planck’s
constant. SMD is expressed in (GHz)2. RSML = (SMD/n)'/2 is Root Mean Square deviation per
Line and it is the average mean-square deviation of the calculated energy level difference in GHz
from the energy of the microwave photon. The principal values of g-matrix are dimensionless.
The indicated errors are those estimated by the use of a statistical method as proposed [31]. The
number of calculated EPR lines fitted to experimental EPR line positions under consideration
is n. The direction cosines of g2- and A2 tensors with respect to the laboratory axes and with
respect to the principal axes of the g>-tensor, respectively, for the two crystals are listed in
Table 3 and Table 4. The principal axes of the g2-tensor are denoted as Z’'X'Y”, whereas those
of the A2-tensor with respect to Z’X'Y" axes, are denoted as Z”X"Y". The direction cosines of
the principal axes of the g2-tensor X', Y’, Z' are given with respect to the X, Y, Z-axes defined in
section 2, while those of the A2-tensor, X”,Y", Z", are expressed relative to the principal axes
of g2-tensor X', Y, Z'. The orientations of the principal magnetic axes Z’X'Y” (i.e., those of the
g2-tensor) of the Cu?* impurity ions are found to be coincident with those of the Mn?* ions in
ZnVO [20]. In particular, the principal magnetic axes Z’ and X' lie in the plane perpendicular
to the [110] cleavage plane of the crystal, and Y’ axis is parallel to the [001] crystallographic
axis. The orientation of principal magnetic axes Z’X'Y”, i.e. those of the g?-tensor of the Cu?*
impurity ions, relative to the laboratory coordinate system ZXY in MgVO are not coincident
with these.
are almost the same for these two pyrovanadates, whereas the principal values of A2 tensors are

It is noted from Table 1 and Table 2 that the principal values of the g?-tensors

very close to each other. However, the orientations of the principal axes of the g-tensors for
these crystals are oriented quite different relative to the laboratory axes XY Z. The same is a

Table 1. The principal values of g-matrices of the Cu?* ion in MgVO and ZnVO single crystals at 120 K.

gz Jz Gy n | SMD | RSML
B-MgaV207 | 2.015£0.001 | 2.2834+0.001 | 2.358+0.001 | 93 | 0.16 | 0.04
a-ZnyVoOr | 1.99940.001 | 2.283£0.001 | 2.3584+0.001 | 96 | 0.09 | 0.03
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Table 2. The principal values of A-matrices, expressed in GHz, of the Cu* ion in MgVO and ZnVO
single crystals at 120 K.

A,,GHz | A;, GHz | A,, GHz n | SMD | RSML

B-MgaVo07 | 0.2440.01 | 0.13+0.01 | 0.00£0.01 | 210 39 0.41
a-ZnaVoOr | 0.26+0.01 | 0.17£0.01 | 0.00+0.01 | 235 16 0.26

Table 3. The direction cosines of g2- and A2-tensors of the Cu2t ion in MgVO at 120 K. The principal
axes of the g?-tensor are denoted as Z’X'Y”’, whereas those of the A2-tensor with respect to
Z'X'Y" axes are denoted as Z" X"Y".

g2-tensor A2 tensor
Z/ Y/ Xl Z// Yl/ X/l
Z | —0.2137 | 0.9481 | —0.2355 | Z' | 0.5309 | —0.7042 | —0.4713
Y | 0.5291 | 0.3150 0.787 Y’ | 0.6624 | 0.6918 | —0.2874
X | 0.8212 | 0.4376 | —0.5689 | X' | 0.5285 | —0.1596 | 0.8338

Table 4. The direction cosines of g2- and A2-tensors of the Cu?*t ion in ZnVO at 120 K. The principal
axes of the g2-tensor are denoted as Z’X'Y”’, whereas those of the A2-tensor with respect to
Z'X'Y' axes are denoted as Z"X"Y".

g%-tensor A2 tensor
Z/ Yl X/ Z// Y// X//
Z | 0.2030 0.6585 | 0.7247 | Z' | 0.8865 | —0.2269 | 0.4033
Y | —0.4907 | —0.5720 | 0.6572 | Y’ | 0.4425 | 0.1610 | —0.8822
X | 0.8473 | —0.4890 | 0.2070 | X’ | 0.1353 | 0.9605 0.2432

true for the orientations of the principal axes of the A2-tensors. This result is in deviance from
that for the V4t ions in these two pyrovanadate [21], where the principal values of the g2- and
A2 tensors, as well as the orientation of the principal axes of g2- and A2-tensors are similar to
each other in these two crystals.

The ground state of the Cu®*. For the ground state |0), gy = 2.0, g1 =2 — 6A/Ay [28],
where ) is spin orbital coupling constant, and A, is the splitting of d” configuration of the Cu®*
ion between |0) and |£1) levels in an octahedral field, with tetragonal or trigonal distortion. Now,
the typical value of A\/A ~ —0.05, where A is splitting between e, and t, levels in octahedral
field; A ~ Ay ~ 10 Dg, therefore, one has g = 2.0 and g ~ 2.3; g1 = (g + gy)/2 [28]. Similar
values were obtained from the experimental data for the Cu?* ion in both MgVO and ZnVO
crystals. Zaripov and Chirkin [33] analyzed electronic structure of different transition metal ions,
including Cu?* in low symmetry environment. However, such analysis requires the knowledge
of the signs of A- parameters, which is not possible with the present EPR data, because of lack
of liquid-helium temperature measurements.

4. Conclusions

The salient features of the Cu?* EPR investigations of MgVO and ZnVO single crystals as
follows:

1. The principal values of the g2- and A2-tensors of the Cu?* ions and the orientations of
the principal axes of the g?-tensors, have been determined in MgVO and ZnVO crystals
at 120 K using a rigorous least-squares fitting (LSF) procedure.
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2. The principal values of the g2- and A2-tensors of the Cu®™ ion in MgVO and ZnVO single
crystals are found to have similar values, implying that the Cu?* ions have the same
ground state, |0), in the two crystals.

3. The Mg?* and Zn?* ions are differently coordinated in these host crystals. The Cu?t
ion is 6-fold coordinated in MgVO, whereas it is 5-fold coordinated in ZnVO in trigonalal
bipyramidal coordination. As a consequence, the Cu?* ions that substitute for these
cations have non-coincident orientations of the principal axes of their g2- and A2-tensors
in these two crystals. The LSF procedure used here is capable of determining the non-
coincident orientations of the principal axes of the g?- and A2 tensors in the two crystals.
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