
Orthorhombic standardization of spin-Hamiltonian parameters for transition-metal centres in

various crystals

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1999 J. Phys.: Condens. Matter 11 273

(http://iopscience.iop.org/0953-8984/11/1/022)

Download details:

IP Address: 171.66.16.210

The article was downloaded on 14/05/2010 at 18:21

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/11/1
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter11 (1999) 273–287. Printed in the UK PII: S0953-8984(99)94823-3

Orthorhombic standardization of spin-Hamiltonian
parameters for transition-metal centres in various crystals

C Rudowicz and S B Madhu
Department of Physics and Materials Science, City University of Hong Kong,
83 Tat Chee Avenue, Kowloon Tong, Hong Kong SAR, People’s Republic of China

Received 3 June 1998, in final form 29 September 1998

Abstract. Several sets of non-standard zero-field splitting (ZFS) parameters in the spin
Hamiltonian (SH) for transition-metal ions at orthorhombic or lower symmetry sites in various
crystals have been revealed by a recent literature survey. The standardization limits the ratio of the
orthorhombic ZFS parameters: 06 E/D 6 1/3 (conventional) and 06 B2

2/B
0
2 = b2

2/b
0
2 =6 1

(the extended Stevens (ES) notation). Based on the superposition model it is shown that
the ‘maximum rhombicity’ limit is valid not only in theeffectiveSH sense but also in the
crystallographic sense. Using the computer package CST the non-standard orthorhombic ZFS
parameter sets given originally in various parameter and operator notations, units and conventions
for the axis systems are standardized and presented in a unified way in the ES notationb

q

k and
units of 10−4 cm−1. This enables a direct comparison with the available data for similar ion/host
systems. The standardization reveals several inconsistencies in interpretation of earlier EPR results.

1. Introduction

A recent literature survey indicates a number of non-standard SH parameter sets expressed
in different notations and formats. This hinders direct comparison of data and may lead
to misinterpretation of results. The recently developed [1] computer package CST, for
conversions, standardizationand transformationsof the spin Hamiltonian (SH) and crystal
field (CF) Hamiltonian as well as for transformations of the electronic Zeeman terms [2], is
employed to standardize and present in a unified way thenon-standardzero-field splitting
(ZFS) parameters from different sources. The standardization of an orthorhombic SH [3, 4]
consists in confining, by a proper choice of the axis system, the ratio of the orthorhombic
ZFS parameters in theconventionalnotation [2],E/D ≡ λ, to the range (0,±1/3) [5–7], or
equivalently in the extended Stevens (ES) notation [2, 8],B2

2/B
0
2 = b2

2/b
0
2 = λ′, to the range

06 λ′ 6 1 [5, 9–11].
In this paper the standardization and notations used are outlined in section 2. Structural

implications of standardization are discussed using superposition model in section 3. In
section 4 applications of standardization to various transition-metal centres described by the
orthorhombic SH are considered. Applications to transition-metal as well as rare-earth ion
centres exhibiting monoclinic or triclinic symmetry will be dealt with in forthcoming papers.

2. Standardization of orthorhombic ZFS Hamiltonian

In the extended Stevens (ES) operators [8] theeffectiveZFS Hamiltonian for orthorhombic
symmetry is given as (for references, see, e.g. [2]):

0953-8984/99/010273+15$19.50 © 1999 IOP Publishing Ltd 273
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HZFS = B0
2O

0
2 +B2

2O
2
2 +B0

4O
0
4 +B2

4O
2
4 +B4

4O
4
4 +B0

6O
0
6 +B2

6O
2
6 +B4

6O
4
6 +B6

6O
6
6

=
∑
kq

B
q

k O
q

k (Sx, Sy, Sz) =
∑
kq

fkb
q

kO
q

k (Sx, Sy, Sz) (1)

wherefk = 1/3, 1/60 and 1/1260 fork = 2, 4 and 6 respectively. TheconventionalD and
E parameters [3, 4, 7, 8] are related to those in the ES notation [8] as [2, 5]:

D = 3B0
2 = b0

2 E = B2
2 = 1/3b2

2. (2)

Similarly the fourth-order conventional orthorhombic ZFS parametersa, F andK are related
to those in the ES notation as:B0

4 = a/120+F/180, B4
4 = a/24 andB2

4 = K [2]. Conversions
between various other notations are dealt with in [1, 2].
HZFS in equation (1) has an intrinsic property [5], namely, that by a proper choice of

the axis system (x, y, z) the ratioE/D ≡ λ andB2
2/B

0
2 = b2

2/b
0
2 = λ′ can be confined to

the range (0,±1/3) and 06 λ′ 6 ±1, respectively. Two conventions on the choice of theD
tensor components exist in the literature: (i)Dxx | 6 |Dyy | 6 |Dzz|, i.e. 06 | 6 1/3 [3, 6, 7]
and (ii) |Dyy | 6 |Dxx | 6 |Dzz| [4], i.e.−1/3 6 λ 6 0. The convention (i) is most used in
EPR studies of transition-metal ions. The works on the transformation properties of the ES
operators [8] have enabled standardization of the fourth- and sixth-order ZFS (and CF) terms
[5] as well as of the monoclinic CF [9] and ZFS Hamiltonian [10].

Authors unaware of the standardization properties of the SH, when extracting the ZFS
parameter values from experimental EPR data, use an unrestricted approach resulting in values
of λ (λ′) outside the standard range. A recent literature survey indicates a number of non-
standard SH parameter sets expressed in various formats. This hinders direct comparison of
data and may lead to misinterpretation of results. Hence, a computer package CST [1] has been
developed to enable efficient standardization of the ZFS parameters expressed in any notation
as well as of the electronic Zeeman terms for orthorhombic and monoclinic symmetry. The
standardization formulas [5] for the ZFS (or CF) parametersB

q

k (ES) orbqk (ES), in equation (1),
were derived for the transformations from the original axis systemS1(x y z) to Si , i = 2 to
6, defined as follows:S2[x z − y], S3[y x − z], S4[z x y], S5[y z x] and S6[z y − x]. For
other notations reviewed in [2] appropriate conversion options are built into the CST package
[1], whereas conversions to thereferenceES notation [8] are carried out automatically. The
orthorhombictype standardization includes three sub-options: (i) automatic standardization
if the ratio λ′ (λ or equivalent) is outside the range (0, 1), (ii) application of a specified
standardization transformationSi (i = 2 to 6) [5] and (iii) calculation of the standardization
errors [11].

For the electronic Zeeman term in the SH [1, 2, 5, 8] the standardization transformationsSi ,
i = 2–6, result only in re-labelling of thegij components (i, j = x, y, z). The explicit results
for the transformed [gij ] are given in [1, 8]. One must be careful not to confuse the original
{gij } and the transformed [gij ] components. For example, the standardization transformation
S4 yields: [gx ] = {gy}, [gy ] = {gz}, [gz] = {gx}. The same result can be obtained using the
GTRANS module [1] with the values of the angles (φ1, θ1) and (φ2, θ2) corresponding to the
transformationS4 [8].

3. Structural implications of orthorhombic standardization

The major physical implication of standardization concerns the structural aspects. The ratio
E/D ≡ λ defines the ‘rhombicity’ parameter, which measures the deviation from axial
symmetry, and its value may be restricted to the range 06 λ 6 1/3 [3–7]. A number of
authors noted thatλ = 0 represents axial symmetry, whereas the maximum possible rhombicity
is characterized byλ = 1/3. However, since we deal with theeffectiveHamiltonianHZFS
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[2], equation (1), it may appear that the ZFS parameter ratio describes the ‘rhombicity’ in the
effectiveand not crystallographic sense. Below we use the superposition model [12], which
provides direct relationships between the ZFS parameters and the structural ones, to show that
the ‘maximum rhombicity’ limit:E/D = 1/3 orB2

2/B
0
2 = b2

2/b
0
2 = 1, is valid not only in the

effectiveSH sense but also in the crystallographic sense.
For illustration we consider a 3d4 or 3d6 ion at an octahedral site having the first kind of

rhombic symmetry [12] with the three mutually perpendicular axesx, y andz directed towards
the ligands. With the ligands located in pairs along the axes +x, +y and +z at a distance
from the central ion denotedR2, R3 andR1, respectively, we obtain the superposition model
formulas as follows [12]:

B0
2 = ±Ā2

2

21

[(
R0

R2

)t2
+

(
R0

R3

)t2
− 2

(
R0

R1

)t2]
(3a)

B2
2 = ±Ā2

2

7

[(
R0

R3

)t2
−
(
R0

R2

)t2]
. (3b)

The positive sign in equations (3) applies to 3d6 ions, whereas the negative sign to 3d4 ions
[12]. The intrinsic parameters̄A2 and the power law exponentt2 depend on the properties of
the central ion and ligands. Note that the caseR1 = R2 = R3 corresponds to cubic symmetry
and thenB0

2 = B2
2 = 0, whereas the caseR1 6= R2 = R3 corresponds to tetragonal symmetry

and thenB2
2 = 0. For orthorhombic symmetry two cases are crucial: (i)B0

2 ≡ B2
2, i.e.λ′ ≡ 1,

and (ii) 3B0
2 ≡ B2

2, i.e.λ′ ≡ 3. Using the relations for the transformationsS2 andS5 [5], which
yield λ′ in the standard range for the case (i) and (ii), respectively, one obtains the formulas
for the transformed parameters [B0

2] and [B2
2] which are identical with those in equations (3)

after replacement of (R1, R2, R3) by (R3, R2, R1) and (R3, R1, R2), respectively. Thus based
on the structural data and the superposition model [12] one can limit the values ofB0

2 andB2
2

to the standard range by an appropriate re-labelling of the ligand–central-ion distances and,
correspondingly, of the axes. This conclusion is also true for any ion and kind of rhombic
symmetry within the framework of the superposition model. Hence the ‘maximum rhombicity’
limit is valid not only in theeffectiveSH sense but also in the crystallographic sense.

4. Results and discussion

The non-standard SH parameter sets identified in our recent literature survey are standardized
using the CST package [1]. In tables 1 to 6 for each ZFS parameter set we list: the
original notation and units (denoted OU), the standardized parametersb

q

k (ES) [2, 8] in units
of 10−4 cm−1 (with errors [11], if available), the ratioλ′ (λ) and the required standardization
transformationSi (denoted TR). Wherever available, the definition of the original axis system
and conventions used are given in the text.

4.1. Tutton salts

Table 1 contains ZFS parameters for Mn2+ in Tutton salts: Zn(NH4)2(SO4)2 · 6H2O (ZASH),
Fe(NH4)2(SO4)2 ·6H2O (FASH), Mn(NH4)2(SO4)2 ·6H2O (MASH) [13], Ni(NH4)2(SO4)2 ·
6H2O (NiASH) and Cd(NH4)2(SO4)2 · 6H2O (CdASH) [14], having monoclinic structure
and triclinic Ci site symmetry of M2+ [15]. An orthorhombic SH has been used in least-
squares fitting [13–15]. The orthorhombic axes (x y z) have been defined with respect to
the maximum spread of the extrema in EPR spectra at room temperatures (RT) with the
convention|Dz| > |Dx | > |Dy | [13, 14]. The determination of the ‘magnetic’ axes from EPR
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spectra [13–15] is doubtful for monoclinic or triclinic sites as discussed in [10] due to the non-
coincidence of extrema [16]. Moreover, since at low temperatures the overall line separation
changes [13, 14], using the RT axis system [13, 14] results in non-standardb

q

k at lowT . The
variation of the ‘magnetic’ axes and SH parameters withT may indicate the occurrence of a
structural phase transition. The discrepancies between data [13–15, 17] may originate from the
orthorhombic approximation or different axis systems and conventions used. Had a monoclinic
SH and crystallographic axis system been used in fitting, a meaningful inter-comparison of
data [13–15, 17] (see also more recent data on Mn2+ in Tutton salts [18, 19]) would be possible.
Instead, implications of standardization are considered.

Table 1 reveals thatb0
2 changes sign from negative [13, 14] to positive after standardization.

For Mn2+ in ZASH, FASH and MASH as the temperature decreases|b2
2| increases and becomes

slightly greater than|b0
2| at lowT [13], which yields|λ′ = b2

2/b
0
2| ≈ 1. For Mn2+ in NiASH

and CdASH at lowT [14] λ′ ∝ (−3,−1) and requires the transformationS4, except for
Mn2+:NiASH at 5 K, whereλ′ ∝ (−∞,−3) and requiresS6. Importantly, for Mn2+:NiASH
at 5 K and 85 K the error is larger than the standardized parameterb0

4 and the standardizedλ′

(85 K) is 10 times larger thanλ′ (5 K).
The dependence of the signs and magnitudes of SH parameters on the choice of the axis

system and one transformation (S5 in our notation [5]) has been considered in [15]. A related
aspect is the selection of the initial values of the dominant SH parameters used in fitting
procedures [15]. Usingbqk obtained from highT data for Mn2+ in Tutton salts [13, 14] as the
initial bqk for low T fitting yields fittedbqk overall close to those at highT but with |b2

2| > |b0
2|.

Had another initialbqk set been used for fitting, abqk set close to the standardized one in table 1
would be obtained. For illustration, for Mn2+ in ZASH [13] we select a non-standardbqk set
at 85 K and a standard one at 295 K and list in table 2 allequivalentdata sets transformed
using eachSi . Table 2 shows how the signs of ZFS parameters change with the axis system
and hence puts in a different perspective the controversy [13–15, 17–19] on the absolute sign
of b0

2.
Each transformed data set in table 2 lies in a different region of the parameter space,

yet all these sets areequally valid. Using each of the parameter sets lying in a different
region of the parameter space as an initial set for fitting would yield several independently
fitted, yet mutually correlated, data sets. Transformations to the same (e.g., standard) range
should yield very close parameter values for allcorrelatedsets, provided that each fitted set
corresponds to an equivalent global minimum in the parameter space. Thus having two or more
independently fitted sets may improve the reliability of the final ZFS parameters and help to
discriminate between local and global minima in the parameter space used for fitting. These
features have been utilized in themultiple correlated fitting techniqueproposed in [9, 10].

4.2. AB2 compounds

4.2.1. Mn2+ in MgF2. Although no explicit form of orthorhombic SH was given in [20]
the parameters were denotedb0

2 = D andb2
2 = 3E as in the usual convention [2]. Three

non-standard (D, E) sets were given [20]: (I) recalculated from the experimental standard
values [21], (II) calculated using the superposition model and (III) calculated using the spin–
orbit mechanism. The fourth-order ZFS parameters have not been considered in [20], unlike
in [21] wherebq4 are listed. The standardizedb0

2 andb2
2 are given in table 3. The set (I)

after standardization corresponds to that for Mn2+:MgF2 at 290 K [21] apart from the sign
of b2

2. The non-standardD andE [20] are due to the choice of the co-ordinate system B,
whereas the standard set is given in the system A (defined in figure 1 of [20]). The positive
sign ofb2

2 after the transformationS5 is due to the choice of the convention of positiveλ [5].
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Table 2. Values of the ZFS parametersbqk in the ES notation for the Mn2+ ZASH under different
Si transformations in [10−4 cm−1]. S1 denotes the original values [13] converted from GHz to
10−4 cm−1.

Nonstandard at 75 K Standard at 295 K

Si b0
2 b2

2 b0
4 b2

4 b4
4 b2

2/b
0
2 b0

2 b2
2 b0

4 b2
4 b4

4 b2
2/b

0
2

S1 −242.2 287.9 1.7 13.3 34.0 −1.2 −236.8 197.5 1.3 −16.7 4.0 −0.83
S2 −22.9 507.2 6.5 −6.2 −0.1 −22.3 19.7 454.9 −1.1 −7.0 20.9 23.0
S3 −242.2 287.9 1.7 −13.3 34.0 1.2 −236.8 −197.5 1.3 16.7 4.0 0.83
S4 265.0 219.3 3.2 −19.5 23.2 0.83 217.1 256.5 3.1 9.7−8.3 1.2
S5 −22.9 −507.2 6.5 6.2 −0.1 22.3 19.7 −454.9 −1.1 7.0 20.9 −23.0
S6 265.0 −219.3 3.2 19.5 23.2 −0.83 217.2 −256.5 3.1 −9.7 −8.3 −1.2

According to [21] the data [22, 23] were ‘falsely analysed’. We note, however, that the axis
system A [20, 21] can be converted into the system B [20, 21] byS5 followed byS3. Hence,
for a meaningful comparison of data from different sources [21–23], instead of presenting data
in several axis systems as in [21], proper transformations should be carried out adhering to the
standard convention 06 λ′ 6 1.

4.2.2. Mn2+ in MnF2 and ZnF2. The site symmetry for Mn2+ in MnF2 and ZnF2 is D2h;
however the crystal field parameters were calculated using D2 symmetry [24]. Four non-
standardD andE sets were reported [24]: (I) theoretically calculated using spin–spin and
(II) spin–orbit mechanisms, (III) total values and (IV) the experimental values of [25]. The
standardb0

2 andb2
2 sets are provided in table 3.

4.2.3. Mn0: BaF2. One Mn+ centre and two different Mn0 (6S5/2) centres were observed in
Mn:BaF2 [26] after x-irradiation at RT. A non-standardD andE set (table 3) was obtained
for Mn0

I in the axis system withz: [100], x: ϑ = 90◦, ϕ = 24.6◦, y: ϑ = 90◦, ϕ = 114.6◦,
whereas a standard set for Mn0

II : D = 599.3, E = 76.3 with z: ϑ = 35.5◦, ϕ = 0◦, x:
ϑ = 125.5◦, ϕ = 0◦, y: ϑ = 125.5◦, ϕ = 90◦ [26]. The site symmetry was given only for
the Mn+ centre as C4 [26]. After standardization the sign of bothD andE for the Mn0

I centre
changes to negative. Since for Mn0 the principal axes do not coincide with the symmetry
axes, the actual site symmetry is lower than orthorhombic. In the case of several distinct low
symmetry centres in a given host it is more meaningful to provide two SH parameter sets
for each centre: (i) one expressed in a common symmetry-based axis system, and (ii) one
expressed in a local principal axis system with the orientation of the principal axes referred to
the common axis system.

4.2.4. Ni2+ and V2+ in ZnF2. The site symmetry is not defined in [27], whereas thez (x) axis
is taken along the [001] ([110]) axis of ZnF2. The experimental non-standardD andE [27]
and the standardized ones are given in table 3.

4.2.5. Mn2+ in CaF2, BaF2 and SrF2. The SH used for Mn2+ centres in Ca1−xBaxF2 and
Ca1−xSrxF2 [28–30] involves orthorhombic ZFS parametersBml associated with conventional
combinations of the spin operators:Sz, Sx , Sy and S±, which on inspection turn out to
correspond directly to the ES operatorsOq

k [2, 8]. HenceBml in [28–30] are equivalent to
B
q

k (ES) [2, 8]. Such mixed notations may be easily misinterpreted by others and should
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be replaced by a well defined tensor-operator notation [2, 8]. In table 4, RT denotes the
experimental room temperature values and PPI denotes the theoretical values calculated using
the polarizable point ion (PPI) model [28, 29]. The maximum splitting of the spectrum was
observed [28, 29] along the [110]-direction taken as thez-axis and withx‖[110] andy‖[11̄0].
No explicit definition of the axis system was provided in [30]. An alternative assignment of
the EPR transitions was also used in [28–30], resulting in standard sets given in table 4 for
comparison.

Note that theZFS parametersBqk were referred to as the ‘crystal field’ ones [30]. Closer
examination of the PPI model [28–30] reveals that it originates from papers [31–33] and
confuses theCF Hamiltonian andZFS Hamiltonian. Various degrees of this confusion
have been identified in [2]. Point charge (or equivalent) models are applicable only to CF
parameters (so with very poor results), since they are directly related to the electric field of
ligands, and should not be used for ZFS parameters [2]. Since the PPI model [28, 29, 31–33]
uses ‘adjustable’ parameters, in spite of its inapplicability, ZFS parameters can be fitted in a
semi-empirical way. The superposition model [34, 35] also used in [28, 29] can be applied
both to ZFS parameters and CF ones. For each HamiltonianHCF andHZFS a differentset
of the adjustable superposition model parameters, i.e. the intrinsic parametersB̄k(R0) and the
power law exponentstk, is derived in a semi-empirical way from the optical and EPR spectra
forHCF andHZFS , respectively. Therefore, not much physical significance can be attached to
the valuesBqk (PPI) [28, 29] (table 4). The statement [29] that ‘the SH parameters in table 1 are
a good choice rather than those in table 2’ is not conclusive since it is based on the experimental
non-standardB2

2/B
0
2 [29], which can always be limited to the standard range. Note that the

SH parameter sets transformed by anySi , so numerically different (as e.g. in table 2), are
physically equivalent.

4.3. ABO4 compounds

4.3.1. VO3−
4 in YVO4 and YP0.96V0.04O4. The non-standard|D| and|E| sets (table I of [36])

for VO3−
4 in YVO4 (I–IV) and YP0.96V0.04O4 (V–VIII) from experiments in magnetic field

(I–III and V–VII) and in zero field (IV and VIII) are standardized (table 5). The axes were
defined [36]: thez-axis‖ V–O bond andy⊥ac or bc crystallographic plane. The VO3−4 site
symmetry, assumed in [36] as tetragonal D2d, must be actually lower than orthorhombic since
the principal axes of theD tensor are different from those of theg matrix. The set IV [36]:
|D| = 0.58 and|E| = 13.72 (GHz), is obtained from the earlier zero-field EPR data [37]:
|D| = 20.25 and|E| = 7.15 (GHz), by the interchange (x, y, z) [37] to (y, z, x) [36]. This
is actually the transformationS5, which yieldsD = −20.85 andE = 6.55 (GHz). It appears
that the set IV [36] was obtained from the data [37] by the transformation S6, which yields:
D = 0.60 andE = 13.7 (GHz), differing slightly from the set IV [36]; this may be due to
rounding of the values.

4.3.2. MoO2−
4 in CaMoO4. Similarly to [36], for MoO2−

4 :CaMoO4 [38] fourD andE sets
were obtained from experiments in magnetic field (I–III) and in zero field (IV) (table 5). The
D-tensor principal axes determined from EPR spectra are referred to the crystallographica, b,
c directions in the unit cell of CaMoO4. The conclusion [38]: ‘The directions of the principal
axes of the ZFS tensor indicate that the MoO2−

4 ion, having D2d ground state symmetry, is
distorted to an approximate C3v symmetry on excitation’, should be revised since the spectra
[38] indicate a site symmetry lower than orthorhombic.
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4.4. Miscellaneous compounds

4.4.1. Fe3+: tremolite. The non-standardD andE for Fe3+ in tremolite [39] are standardized
(table 6). No site symmetry or definition of the axis system is given [39]. The original fourth-
order ZFS parameters:a = 0.0026 andF = 0.040 (cm−1) yield the standardized onesbq4
(ES):b0

4 = 6.3, b2
4 = 33.3 andb2

4 = 64.9 (10−4 cm−1). The sign ofD andE has changed
from positive to negative after the transformationS2.

4.4.2. Mn2+:NaNO2. Theoretically calculated [40]D andE for Mn2+ at the N site are
unusually high as compared with those at the Na site (table 6). The point charge model yields
the set I (N = 0.942) and II (N = 0.956), whereas the superposition model yields the set III
(N = 0.942) and IV (N = 0.956), whereN is the average covalency parameter. Only the sign
of E/D is considered [40]. Note that in [40] both the point charge model and superposition
model are applied first to deduce CF parameters, which are then used in the microscopic SH
expressions forD andE due to the spin–orbit mechanism [40]. Hence it is a correct procedure
unlike the application of the PPI model [28, 29, 31–33] discussed in section 4.2.5.

4.4.3. Mn2+:C4H6MgO4·2H2O (MMDH) and C4H4MgO5·5H2O (MMPH). A truncated
orthorhombic SH withD, E (table 6) anda only was used for Mn2+ in magnesium maleate
dihydrate (MMDH) [41] and pentahydrate (MMPH) [42]. No site symmetry or definition of
the axis system is given [41, 42]. The values ofa [41, 42] are not reliable since the parameters
F andK [2] were neglected. For Mn2+:MMDH, a = 1.5 Gauss [41] yields the standardized:
b0

4 = 0.71,b2
4 ≡ 0 andb4

4 = 3.55 (10−4 cm−1). Similarly for Mn2+:MMPH,a = 16 Gauss [42]
yields: b0

4 = 7.59,b2
4 ≡ 0 andb4

4 = 38.0 (10−4 cm−1). The non-standard SH parameters for
Mn2+ in MMDH [41] and MMPH [42] were directly compared with those for Mn2+ ions doped
in different carboxylic salts in spite of different conventions being used [41, 42]. For Mn2+:
MMPH another set at 120 K:D = 240.0,E = 78.0 (E/D = 0.32), anda = 19 (Gauss) was
obtained [42]. This temperature dependence of SH parameters suggests a possible structural
phase transition between 300 K and 120 K.

4.4.4. Mn2+ and Fe3+ in XS2Se2. Orthorhombic defect centres: Mn2+ in an MnS2Se2 cluster
and Fe3+ in an FeS2Se2 cluster in ZnS/ZnSe mixed crystals [43] yieldD andE, which after
standardization are not comparable with|D| and|E| for Mn2+ ions in other hosts [44]. Hence
D andE [43] were either given in inappropriate units or inaccurately extracted from EPR
spectra. The conclusion [43] from ‘the FeS2Se2 cluster has C2v symmetry’ that ‘this can
account for the large E. A small D arises from the fact that the Fe3+ ion can be displaced from
the centre position of the ideal tetrahedron towards the pair ofS2− or Se2− ions’ is inaccurate,
since the relationE � D cannot imply a very large rhombic distortion (see section 3).

4.4.5. Cr3+ in (DMA)2SnCl6. EPR spectra of thermally produced Cr(III) species in
[(CH3)2NH2]2SnCl6 [45] were fitted with non-standardD andE, and isotropicg = 1.986
(table 6). The local site symmetry at the Sn position is monoclinic (m/C1h) [45]. From EPR
spectra, thea-axis was ‘observed as a principal axis for the ligand field actually ZFS term in SH,
and the other two principal axes were found to lie on thebc plane’. Hence, the orthorhombic
SH [45] is only an approximation and the low symmetry effects may be significant. The
closeness (table 6) of the non-standard [45] and standardized ratio|E/D| to 0.333, or|b0

2/b
2
2|

to 1, indicates that the distortion of the Cr(III) complex is close to the maximum limit.
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4.4.6. Phenanthrene. For the triplet (S = 1) state in phenanthreneb0
2 and b2

2 [46, 47]
obtained in the biphenyl molecular axis system (table 1 of [46]) after standardization (table 6)
are comparable, apart from the sign ofb0

2, with b0
2 = 1020 andb2

2 = −450 (10−4 cm−1) for
naphthalene [47].

4.4.7. Mn2+ in Sn2P2S6. Two differentBqk (ES) sets were reported for Mn2+ in Sn2P2S6 [48]:
a standard set at 300 K, i.e.bqk (ES):b0

2 = 489 andb2
2 = 477 (10−4 cm−1), and a non-standard

set at 330 K (table 6).

5. Conclusions

A literature survey has revealed a great deal of diversity of notations, units and conventions for
the axis systems used in EPR studies of transition ions at orthorhombic sites in various crystals.
Hence a direct comparison of spin-Hamiltonian parameters can only be achieved after proper
conversions and/or transformations. The CST package [1] has been developed and used for this
purpose. The results of the analysis and standardization of orthorhombic ZFS parameters for
transition-metal centres carried out in this paper highlight three points. First, they exemplify the
difficulties faced during development of a computerized database of ZFS parameters. Second,
they indicate the urgent need for internationally accepted guidelines for unified presentation
of ZFS parameters. Third, they show the benefits of unified data presentation, which enables
not only direct comparison of data but also an identification of inconsistencies in various data
sets. Importantly, we have also clarified the question concerning structural implications of the
large ratio ofE/D orB2

2/B
0
2 = b2

2/b
0
2.

In view of these results we suggest adopting the following guidelines for presentation
of ZFS parameters: (i) the extended Stevens operators and the parametersb

q

k as the standard
notation, (ii) units of 10−4 cm−1 and (iii) the axis system conforming to the standard range
of the ratio 06 λ′ ≡ b2

2/b
0
2 6 1 for orthorhombic symmetry. It is worth noting that the

guidelines (i) and partially (ii) have been adopted, e.g. in the reviews dealing with EPR
data for Mn2+ [44, 49, 50], and Fe3+ and Cr3+ in minerals [51]. The conventionalD and
E (in cm−1) were reported for Cr3+ in single crystals [52]. On the other hand the reviews
published in theSpecialist Periodical Reports on ESR(see, e.g. [53–55]) provide only a
general description of EPR related literature without reporting the SH parameter values. In the
Magnetic Resonance Reviewsseries, see e.g. [56–58], reporting of the original parameters and
units has been adopted. In view of the variety of notations, when quoting the reported values
from [56–58] care must be taken to verify whether there is no misinterpretation of the original
meaning of ZFS parameter symbols. The guideline (iii), which is specific for orthorhombic
EPR centres, has been mentioned in several reviews, e.g. dealing with EPR of co-ordination
and organometallic transition metal compounds [59], iron containing proteins [60, 61], ESR
in glasses [62] and EPR in mineralogy [63]. Implementation of the above guidelines requires
conversion and standardization of the original data, which can efficiently be carried out using
the CST package [1].

Finally, support for the guidelines, especially the first one, from a pioneer in the EPR
area is noted [64]: ‘The reader is therefore advised to consult the papers by C Rudowicz,
particularly, [references [8], [9] and [2] in the present article] for a critical account of the
current literature and for proposals for future standardization in the definitions and notations.
A step forward would seem to be to adopt his suggestions’.
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