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We investigate feasibility of comparison between the zero field splitting parameters obtained experimentally
based on the spin Hamiltonian with the fictitious spin S’ = 1 and those with the effective spin S = 2. The former
zero field splitting parameters have recently been measured for Fe?* ions in forsterite MgsSiOy4, whereas the latter
zero field splitting parameters are available in literature, e.g. for Fe>* and Cr2* (5' = 2) ions. It turns out that no
unique direct comparison is feasible and hence appropriate conversion relations need to be derived. Methodology
for such conversions is outlined. Various combinations of the possible energy level schemes for the spin S = 2 and
S’ = 1 are briefly described. Illustrative preliminary results concerning appropriate conversions of the second-rank
zero field splitting parameters measured by high-frequency EMR for Fe?" in natural and synthetic forsterite are
presented. Detailed results and full analysis will be given elsewhere.
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1. Introduction

Electron magnetic resonance (EMR) [1, 2| determina-
tion of the spin Hamiltonian (SH) parameters for Fe?*
ions in natural and synthetic forsterite (MgoSiOy4) by
Shakurov et al. [3] has been hindered by several fac-
tors. The wide-band EMR spectrometer covered a lim-
ited frequency region of v = 65 to 850 GHz, hence only
three transitions were detected in the temperature range
of 4.2-15 K in the magnetic field up to 9.5 kG. Impor-
tantly, these three transitions have been described sup-
posing that, quote [3]: “the system of energy levels has
an effective spin S’ = 1”7 instead of the effective spin
S = 2 [4-6] most likely expected for Fe?* ions in low
symmetry sites, see, e.g. [7, 8].

Our analysis [9] of the high-frequency EMR (HF-EMR)
data [3] reveals that the “spin” value S’ = 1 has been as-
signed for Fe?* ions in Mg,SiO4 only due to experimental
limitations, whereas the approach [3] represents, in fact
(see Sect. 2), the fictitious spin S’ = 1 arising from the
effective spin S = 2 states [4-6]. The second-rank zero
field splitting (ZFS) parameters [4-6] were obtained by
fitting the experimental HF-EMR data using SH with the
spin S’ = 1 [3]. So-obtained axial (D’) and rhombic (E’)
ZF'S parameters [3] cannot be directly compared with D
and F available in literature for Fe?T ions, which gen-
erally exhibit the effective spin S = 2 [7, 8]. To enable
direct comparison of (D', E') [3] and (D, E) [7, 8], appro-
priate conversion relations need to be derived for various
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combinations of the possible energy level schemes for the
two spin cases: S =2 and S’ = 1. Methodology for such
derivations is outlined. Various combinations of the pos-
sible energy level schemes for the spin S =2 and S’ =1
are briefly described.

Mlustrative preliminary results of appropriate conver-
sions of the second-rank ZFS parameters measured by
HF-EMR for Fe?* in natural and synthetic forsterite [3]
will be presented. Since the Fe?t ions in MgySiO, ex-
hibit large ZFS, this system may be potentially suitable
for application as high-pressure probes [10, 11] for high-
magnetic field and high-frequency EMR (HMF-EMR)
studies, see, e.g. [12, 13]. These aspects, detailed results
and full analysis will be discussed in [9]. Investigation
of the role of the fourth-rank ZFS terms, which must
be taken into account for spin S = 2 [4-6], is now in
progress. The results of the extended calculations will be
given elsewhere.

2. Theoretical background

2.1. Effective spin S = 2 Hamiltonian versus the
fictitious “spin” S" = 1 Hamiltonian

The distinction between the effective SH approach and
that of the fictitious SH approach has been clarified in the
reviews [4-6]. Basic definitions of (i) effective spin and ef-
fective SH, and (ii) fictitious spin, are also recapped in [9].
For the sake of clarity, distinction between effective spin
S and fictitious spin S’ is illustrated in Fig. 1. In general,
for any specific subset of the ground effective spin states
(25 +1) of a paramagnetic ion, a fictitious “spin” S’ may
be ascribed artificially to describe this particular subset
of distinct N (N < Ny) lowest-lying energy levels out
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of the total manifold of N, energy levels. The fictitious
“spin” S’ is ascribed so that the multiplicity (25" + 1)
equals the number N of the selected energy levels, thus

S' = (N —1)/2.

Effective Fictitious
spin levels, ‘spin’ levels,
eg 8§=2 eg S =1

+2
+1 +1
0 0
Effective Fictitious
Heff NHZFS(g) H(S’=1)

Fig. 1. Visualization of distinction between the effec-
tive and fictitious spin levels (adapted from [6]).

For Fe?t ions at octahedral and lower symmetry sites,
depending on the crystal-field (CF) strength [14-16],
three routes exists, which yield the possible energy level
schemes with the ground state corresponding to nomi-
nal “spin” S’ = 1 systems [9]. Note that properly ligand
field (LF) is not an alternative name of crystal field (CF),
since the latter is a purely ionic account, whereas in the
former case covalency effects are included. However, as
evidenced in the review [6], the names CF and LF are
very often used synonymously in literature.

Transitions between the “spin” S’ = 1 state may be ob-
served by EMR and related techniques. Our analysis [9]
of the HF-EMR data for Fe?t in MgsSiOy4 [3] convine-
ingly shows that the “spin” value S’ = 1 has been as-
signed only due to experimental limitations. In fact, the
approach [3] represents the fictitious spin S’ = 1 aris-
ing from the effective spin S = 2 states [4-6]. In both
spin cases for orthorhombic and lower symmetry, the SH
expressed in the conventional notation, besides the Zee-
man terms, includes the axial (D) and rhombic (E) ZFS
terms [4-6]:

Hzps =DI[S2 —S(S+1)/3|+ E(5;-53). (1)
The implicit adoption of the fictitious spin S’ = 1 [4-6],
which for Fe?* in MgySiOy4 [3] arises from the effective
spin S = 2 [9], necessitates consideration of several fea-
sible matches of the spin levels as well as the associated
wave functions for the two spin cases: S =2 and S’ = 1.

2.2. Energy levels and wave functions for the spin
S=2and S’ =1
Survey of the matrix elements for the S’ = 1 (spin
triplet) and S = 2 (spin quintet) systems with either
axial (D) or rhombic (D, E) symmetry available in lit-
erature, which uncovered some misprints in the earlier

sources, has been carried out in [9]. The second-rank
ZFS Hamiltonian matrices for S’ = 1 and S = 2 at zero
magnetic field were diagonalized by us yielding the energy
levels, expressed as functions of the ZFS parameters D
and F, and the corresponding wave functions. The possi-
ble energy levels schemes were identified [9] assuming the
convention |D| > 3E [4-6]. For illustration two selected
energy levels for positive ZFS parameter D are presented
in Fig. 2. These energies and the selection rules for the al-
lowed transitions between the respective spin states were
utilized for derivation of the conversion relations between
the ZFS parameter sets for the effective S = 2 and the
fictitious S’ = 1. Since the assignments of the measured
field-frequency dependences of the resonance transitions
to the actual energy levels of the spin S = 1 were not
explicitly provided in [3], we utilize the fitted values of
the S’ = 1 ZFS parameters, denoted below as Dg—; and
Eg_1, to infer indirectly the feasible assignments. To
correlate the assignments for S’ = 1 with those for S = 2
(described by the ZFS parameters Dg—o and Fg—2) sev-
eral combinations of the S’ = 1 and S = 2 energy levels
must be considered. We must also ensure that no other
combinations energy levels combinations, which would
lead to another possible conversion relations, are feasi-
ble. A dilemma arises since the HF-EMR data [3] in-
dicate three transitions but only two transitions may be
considered for the S’ = 1 case. It appears that within the
three observed transitions [3] only two are independent.
These aspects will be discussed in [9].
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Fig. 2. Selected energy level schemes for the spin S’ =

1 (left) and S = 2 (right) corresponding to the cases
D > 0.

2.8. Conwversion relations

Relations between the ZI'S parameter sets for the ef-
fective S = 2 and the fictitious S’ = 1 were derived for
each combinations of the possible energy level schemes
by matching the respective S’ = 1 and S = 2 transitions.
The conversion relations for the case where Dg—q, Fg—1,
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Dg—s, and Eg—s > 0 are obtained as

1
Dg—s = 3 (DS—l + 2m> .

1
Es=2 = gEs=1. (2)

The alternative conversion relations have also been ob-
tained [9]. Importantly, the other solution yields the
Es_5 value differing significantly from Fg_1, while Dg_o
approaches Dg—; for small values of Fg_;. Similar find-
ings applicable for the cases with Dg_o < 0 will be dis-
cussed in [9]. In short, the ZFS parameters obtained
assuming the fictitious S = 1 are not directly compara-
ble with those determined based on the effective S = 2
approach.

3. Results

Application of the conversion relations for reinterpre-
tation of the ZFS parameters (S’ = 1: D’, E’) deter-
mined for Fe?* in natural and synthetic forsterite [3] in
terms of the ZFS parameters (S = 2: D, E) has been
carried out assuming different ordering of the energy lev-
els. Both Fe?* metal sites (M1 (inversion symmetry) and
M2 (mirror plane symmetry)) [3] have been considered
yielding different results for specific combinations of the
S’ =1 and S = 2 energy levels. The selected original
and converted ZFS parameters for Fe?t ions at M1 sites
in MgySiO,4 are presented in Table I. This conversion as-
sumes correspondence of the lowest two transitions for
the respective schemes in Fig. 2. Deeper analysis [9] of
the EMR data [3] reveals that another assumption may
also be valid, i.e. the lowest two transitions for S’ = 1
matched with the upper two transitions for S = 2.

TABLE I
The ZFS parameters for Fe?T ions located at the M1 sites in
Mg2SiOy4: original (Ds=1, Es=1) in GHz and converted into
ecm ™' together with the recalculated (Ds—2, Fs—2) cm™!
for the selected combination of the S’ = 1 and S = 2 energy
levels (see text).

ZF'S |Original|Converted| ZFS |Dg—s, Eg—2 > 0|Dg—2, Fg—2 < 0

Dg—1|-627.39| —20.9275 |Dg—2 20.8864 —6.9347
FEs—1| 48.14 1.6058 |Eg=2 0.5353 -0.5353

4. Discussion and conclusions

To ensure reliability of the ZFS parameters obtained
by us for Fe?* ions in Mg,SiOy, it is worth to compare
them with the experimental or theoretical ZF'S parame-
ters available in literature for Fe?* (S = 2) ions in sev-
eral orthorhombic systems. This comparison indicates [9]
that, depending on the case Dg—s > 0 or Dg—s < 0,
the ranges of the ZFS parameters D and E are in good
mutual agreement either with the ZFS parameters ob-
tained, e.g. for (NHy)2[Fe(H20)6](SO4)2 or FeCly-4Hy0O
and FeFy-4H,0 [8], respectively.

Analysis of the ZFS parameter data available for,
e.g. (NHy)z[Fe(H20)6](SO4)2 [17, 18] indicates that the
fourth-rank ZFS parameters for Fe?* ions are of signifi-
cant magnitude. Hence, omission of these parameters in
fitting experimental data may substantially change the
values of the fitted second-rank ZFS parameters. For
this reason, as an extension of the present calculations we
shall investigate the role of the fourth-rank ZFS terms,
which must be taken into account for the S = 2 ions [4—
6]. It would be worthwhile to study also the mineral
fayalite, i.e. FeySiOy4, which exhibits magnetic proper-
ties. The present results shall enable consideration of
suitability of the Fe?T:Mg,SiO,4 and related systems for
application as high-pressure probes [10] for HMF-EMR
studies [12, 13].

In conclusion, the methodology for derivation of ap-
propriate conversion relations between the axial D’ and
rhombic E’ ZFS parameters obtained based on the ficti-
tious spin S’ = 1 approach [3] has enabled direct com-
parison with the ZFS parameters D and E available in
literature for Fe?*t ions, which are generally described
within effective spin S = 2 approach.
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