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LOW-SYMMETRY ASPECTS IN EPR SPECTRA OF
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Zero-field splitting parameters oblained from EPR X-band experiments
of Baran et al. (1985) and Yeom et al. (1992) are reanalyzed. Transformation
relations are derived to express the two sets of data in the same axis system.
Problems arising from using a truncated zero-field splitting Iamiltonian in
fitting the experimental data are elucidated. Low-symmetry aspects in EPR
spectra of Mn?t at Bi®t sites in BiVOj single crystal are considered. Good
agreement for orthorhombic parameters b3 and b3 is obtained indicating that
the centres observed in the two cases are the same Mn centres. The remaining
b1 parameters accounting for the actual site symmetry around Mn?t impu-
rity which seems to be lower than orthorhombic in the ferroelastic phase
cannot be unambiguously determined from the existing EPR data.

PACS numbers: 75.10.Dg, 76.30.Da, 61.16.1In, 78.20.Hp

1. Introduction

Terroelzstics received considerable attention in the recent years. Synthetic
bismuth vanadate (BiVO4) may prove to be a promising material for acoustoop-
tics {1, 2]. BiVO4 was first synthesized in 1963 by Roth and Waring [3] and was
found to be ferroclastic [4]. Recently, a number of experiments, e.g. X-ray and neu-
tron diffraction [5], Raman scattering [6-8]), NMR [9-12], and EPR [13-16] have
been carried out to investigate structural changes, phase transitions, and optical
properties of BiVO4. EPR is a powerful technique in studies of local site symme-
try around paramagnetic impurities in crystals. EPR studies of Gd3+, Er3*, and
Mn2* in BiVOy single crystals were reported [13-16]. The site symmetry of Gd3+
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centre in BiVO, single crystal was determined [13]. However, the site symmetry
of Mn?t centres in BiVO, has not been unambiguously determined as yet.

In the present paper, we reanalyse the zero-field splitting (ZFS) parameters
obtained from EPR X-band experiments of Baran’s et al. [13] and Yeom’s et al.
[16]. It appears that the two data sets cannot be directly compared. Transforma-
tion relations are derived to express the two data sets in the same axis system.
Thus, some problems arising from using a truncated ZFS Hamiltonian in fitting
the experimental data [16] can be elucidated. Low-symmetry [17] aspects in EPR
spectra of Mn2* at Bi3+ sites in BiVOy single crystal are considered. Good agree-
ment between Baran’s et al. [13] and Yeom’s et al. [16] data for orthorhombic
parameters b3 and b3 is now obtained. This indicates that the centres observed in
the two cases are the same Mn centres. The remaining b} parameters accounting
for the actual site symmetry around Mn?t impurity which seems to be lower than
orthorhombic in the ferroelastic phase cannot be unambiguously determined from
the existing EPR data. The present results may lead to a more reliable determi-
nation of the site symmetry for other Mn2+ impurity centres in BiVOy as well as
for monoclinic and triclinic EPR, centres in other crystals.

2. Crystal structure

BiVO4 undergoes a reversible second-order phase transition at T, &~ 528 K
from the monoclinic fergusonite to tetragonal schellite structure [18]. The structure
- is reported [19-21] as given by the point group 2/m (Ca;) in the ferroelastic phase
and 4/m (Cjs) in the paraelastic phase, respectively. However, no indication was
provided on the site (Bi or Mn) to which this determination is referred to.

The structural parameters for BiVO, are a = ¢ = 5.1507 A, b = 11.730 A,
and B = 90.0° in the paraelastic tetragonal phase at 573 K, whereas @ = 5.1966 A,
b= 11704 A, ¢ = 5.0921 A, and 8 = 90.38° in the ferroelastic phase at room
temperature [5]. In the ferroelastic phase the vanadium ions with different bond
lengths are located in a distorted oxygen tetrahedron, and the bismuth ions are
coordinated by eight” distorted VO, tetrahedra. The displacements of Bi3+ and
V5t are along the b-axis and both cations move in the same direction [22]. The
displacements of the Bit ions play a major role in the ferro- to paraelastic phase
transition [23].

3. Spin Hamiltonian for low-symmetry EPR centres

EPR determination [15] indicates that Gd3+ and Mn?+ ions enter Bi®* site
and the site symmetry for Gd3+ centres is given by point group Sy at T > 7. and
C» at T < Te. Two types of Mn?+ centres, namely Mny ~— remotely compensated
and Mny; — locally compensated centres, were detected at T' < T and interpreted
using a monoclinic spin Hamiltonian [15]. The zero-field splitting Hamiltonian [24]
in terms of the extended Stevens [25, 26] operators for spin S = 5/2 has the
following form for these cases:

— tetragonal symmetry type II (groups: Cs, Sy, Cup):

Hzrs = B0+ BIOY + Bi0% + By407 4, (1)
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— orthorhombic symmetry (groups: D,, Cy,, Day):

Mars = B303 + B0} + B0} + B30} + B1Oj, (2)
— mqnqclinic symmetry (groups: Ca, C14(C,), Cay) — assuming the monoclinic
C axis is parallel to the z-axis:

Hzrs = Hzrs(ortho) + B;205% + B;207% + BjYo7%. (3)
Two other equivalent forms of monoclinic ZFS Hamiltonian should be considered
if the magnetic axis  or y is chosen as parallel to the monoclinic C, axis [27, 28].
Standardization of orthorhombic [29, 30] and monoclinic ZFS (as well as crystal
field) Hamiltonian [27] should be considered if the experimental value of the ratio
B3/Bj is outside the “standard” range (0, 1). The “scaling” factors [26] defined
by B{ = fyb], fr = 1/3, 1/60, and 1/1260 for k = 2, 4, and 6, respectively, were
used in Refs. [13-15].

4. Analysis and discussion

4.1. Ferroelastic phase of BiV(Q,

The ZFS parameters of Mn?t ions in BiVOy4 [16] were obtained from least
squares fitting of the experimental EPR data at room temperature using only three
conventional ZFS parameters, namely D = 3B}, E = B3, and F = 180BY. The
truncated ZFS Hamiltonian used in Ref. [16] provided a satisfactory description
of the experimental rotation patterns and an evidence that Mn?+ enters Bi sites.
However, it does not allow for a detailed investigation of the site symmetry of Mn%+
centres. The values of the corresponding ZFS parameters b} [16] are different from
those of Mnj centre reported by Baran et al. [13]. The designation of the principal
axes in Ref. [13] was considered in Ref. [16] as improper because it yielded b5 2 as
the largest second-order ZFS parameter. This problem can be resolved considering
the standardization of the monoclinic ZFS Hamiltonian [27] as shown below.

On the other hand, the full monoclinic ZFS Hamiltonian (3) was used in [13],
however, without specifying the orientation of the monoclinic C; axis with respect
to the magnetic axes (x, y, z). The parameters b2 and by * which indicate low -
symmetry are almost zero within the limits of the experimental error, whereas b5 2
(c2 in the notation of Ref. [13]) is much larger than b3 and b3 for the Mnj centre.
This means that in Ref. [13] a “nonstandard” principal axis system was chosen
[27, 29] (see below).

The axis systems used in Refs. [13] and [16] are defined in Fig. 1. Note
that the designation of the crystallographic system of coordinates (a/, b, ¢) in
Ref. [13] corresponds to (¢, a, b) adopted in Ref. [16] after Refs. [3, 4, 21]. Thus,
the following transformations must be performed in order to obtain the proper
conversion of the ZFS parameters. The equivalent ZFS parameters of Yeom et
al. [16] expressed in the axis system of Baran at el. [13] are obtained by the
transformation S4 [27, 29] followed by the rotation by +45° around the z-axis.
The opposite conversion is achieved by the rotation by —45° around the z-axis
followed by the transformation S5 [27, 29]. The S4 and S5 transformation relations
for the orthorhombic and monoclinic ZFS terms can be found in Refs. [29] and
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Fig. 1. Definition of the axis system used by (a) Baran et al. [13] and (b) Yeom et al.
[16]; (a, b, c) denote the crystallographic axes as defined in [16].

[27], respectively, whereas the relations for the +45° rotation around the z-axis
follow from the general relation, i.e. Eq. (11) in Ref. [31]. The resulting relations
in the explicit form may be useful for other low-symmetry cases and are given in
Appendix. Using these relations the values in Tables I and II are obtained. It is

TABLE I
The ZFS parameters (in 10~% cm~!) for Mn?* in ferroelastic
BiVO4: (a) the equivalent of ZFS b of Yeom et al. [16] after
transformation into the axis system defined by Baran et al. [13];
(b) the original data [13] for comparison.

b3 b2 [ b3 | b | b3 | b3 by? | bt
(a) | —161.7| - |1468.1| 3.9 | - |[-457|-26.1| -
+0.97 +1.1 | 0.1 +0.9 | £0.5
(b)| 164 |[-—13| 1460 | 2 | 60 1 -8 2
+2 |45 | £5 | £3 [£15] £10 | £10 | £15

important to consider the “two-way” conversion in the analysis of data [13, 16],
since the number of “input” parameters is diflerent in the two cases. Therefore,
each conversion leads to a different set of parameters, as it can be seen in Tables I
and II. The errors for the transformed [bf] parameters in Tables I and II were
- calculated using the formula [30] following from the standard error analysis:

1/2
(A = (z k?{Abz}?) , Q)

where k; are the coefficients in the linear combinations [b] = ¥, k; {b1} given in
Appendix. No transformations are considered for the g-factor, since in both cases
(13, 16] only isotropic g-value was determined.

The conversion of Yeom’s et al. data [16] into the Baran’s et al. [13] axis
system (TableT) yields instead of the original “standardized” values ({63} = 814.9,
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: TABLE II
The ZFS parameters (in 10~ cm=1) for Mn2*t in ferroelastic
BiVOy: (a) the equivalent of ZFS b] of Baran et al. [13] after
transformation into the axis system defined by Yeom et al. [16];
(b) the values (a) after the standardization transformation S2
(27, 29]; (c) the original data [16] for comparison.

b9 b3 1 bt | bg b | b3 | o7t | b
(a) | 648 | 976 |—-26| 1.6 |—9.5( 1.6 [—14 212
+3 +4 |£10| +2 | £10 | +16 | +8 +55
(b) | —812 | —484 | 26 | —0.39 | —1.6 | 15.5|42.5 | —183.5
+3 £5 |10 | £3 | £11 [ £13 | X15 | +44
(c) |814.9|4915] - [ 105 [ - | = | - -

£0.7 | £0.9 +0.2

{43} = 491.5, {b3} = 10.5, in 10~* cm~! — see Table II (c)) the nonstandard set
with [b5?] as the largest parameter and the values of both [bY] and [652] very
close to those obtained by Baran et al. [13]. On the other hand, the original
parameter {b5%} [13] transforms into [b5'] in the axis system of Ref. [16]. The
transformed data (a) in Table II turn out to be “nonstandard” and thus require
the S2 transformation [27, 29] to bring them to the standard format (b). This
results in the change from the axis system (z, y, 2) into (z, 2, —y) [29]. Again
the set (b) in Table II indicates very good agreement with the original values (c)
with respect to b3 and b2, apart from signs. However, the signs were not determined
in Ref. [16]. The agreement obtained in the two-way conversion procedure indicates
that the Mn centres independently observed by Yeom et al. [16] and Baran et al.
[13] are the same Mn2* centres.

The negative ¢ ZFS parameters in Tables I and II should account for the
low-symmetry effects manifested in the non-coincidence of extrema for resonance
between different Zeeman levels [17]. However, practically no low-symmetry effects
in the spectra of Mn centres were observed [13]. This was attributed [13] to the
smallness of the b] and b3 ?(c*). The ZFS data (b) in Table II support this conclu-
sion. Since the parameter b;3 appears to be the strongest, it may be expected that
the low-symmetry effects will be most pronounced in the |+ 1/2) to | F£5/2) and
|+ 3/2) to | F 3/2) transitions. The errors of most of the fourth-order ZFS param-
eters (set (b) in Table II) are greater than or comparable with the magnitude of
the parameters, which makes the b} data [13] unreliable. Nevertheless, the overall
behaviour of the low-symmetry ZFS parameters in Table I and II strongly suggcests
that the site symmetry of Mn2t centres in BiVOy is lower than orthorhombic.

4.2. Paraelaslic phase of BiV0,

The ZFS parameters of Mn®¥ practically vanish above T [16]. The five fine
structure lines which consisted of six lines each, recorded at room temperature,
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degenerated into only one with the six-line hyperfine structure in the paraelastic
phase. This shows that the effects of spin-orbit coupling interaction of Mn?* in
BiVOy crystal are so small that the spacing of energy splitting by the Zeeman term
is the same above T... Baran et al. [13] obtained only one ZFS parameter, namely
b3 = 5b5 = (15 £ 5) x 10~* cm™?, expressed in their crystallographic axis system.
Therefore, the tetragonal S; distortion around Mn?* sites seems to be negligible
in the paraelastic phase of BiVQy.

8. Conclusions

The considerations of the low-symmetry aspects in EPR spectra of Mn2t
centres in BiVOy reveal that comparison of data from different authors requires
careful transformations in the case when the form of spin Hamiltonian and/or
the axis systems used are not identical. A two-way transformation procedure for
low-symmetry cases is proposed. Using this approach an apparent disagreement
between the data of Yeom et al. [16] and Baran et al. [13] was clarified. The
transformed values of the second-order zero-field splitting parameters show very
good agreement. Therefore, the Mn centres observed in Refs. [13] and [16] are the
same centres. The role of the standardization of the spin HHamiltonian parameters,
i.e. confining the ratio b3/ to the “standard” range (0, 1), is specially evident
from our consideration.

Further experimental studies of low-symmetry eflects in EPR spectra of
Mn2t+ and Gd3t ions in BiVOy as well as their temperature dependence are now in
progress. More accurate determination of the site symmetry for Mn?t and Gd3+
centres in the ferroelastic and paraelastic phase of BiVQy single crystal may thus
be achieved.
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Appendix

Two-way conversion relations are given here. The curly brackets denote the
original ZFS parameters {B]} in a given axis system, whereas the square brackets
denote the equivalent ZFS parameters [B{] in the transformed axis system. All the
relations apply also for the 4] parameters consistently scaled [26] (see also Sec. 3).

The parameters {B]} of Yeom et al. [16] transformed into the axis system
defined by Baran et al. [13]:

(331 = 185, (8= L2005 + (B3, (B = 283} — (B,

(551) = ~2(B;%) - (B3)),  (B;°] = S(B3) + 3(59)),
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(B4 = —5({B1} + 7{B3) +35(BY)),

(53] = ? BT+ 2057 - L6(8 + 78]

(B3] = 2B - (87,
(5] = -“2—5 3BT~ 2057 + (B2 - 3(81)].
(B3] = 5({B3) - (B} +3(B3)),

571 = Y2 [Lmrty -2ty + L AR ]

(577 = %({B::} + (B3} - 5{BY)),
-3 \/§ -2 -4
157 = 37 |30+ 2057) + 6B + 78

[By1] = 3(7{34 1} 4+ {B%)).

The parameters {B]} of Baran et al. [13] transformed into the axis system
defined by Yeom et al. [16]:

(8] = £ ({85} +3(B3)), B;’]=—1-({B-2}—{Bg}) (B;") = 2(B3),
[B;1=—({Bl}+{321}) (377 = 575 (B3} - B7")),

(Bi] = ¢ ( {BI}+7{B{"}+35(B}),

(53] =—£[( 781} + (B - (~{B3) + (B},

(B2) = l( (B2} +{By?) - 5{BY)),

(53] = Y2 [-3((B1) + (B7) + (B3} + (B7*))]

(B3] = ¢ (B4} - (B} +3(B9),

(B = -3 ((B3} - 2(B; ")),

[B42]—£[({BE}+{B;3}) (B} - (B

[B:%] =5 (7{54} +2{B;"}),

(57 = Y2 [({B3) + (B°)) + 70481} - (B7))].
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