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SPECTROSCOPIC PROPERTIES OF HIGH-SPIN FERROUS ION
IN COMPLEXES WITH RHOMBIC DISTORTIONS
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The spectroscopic properties of singlet ground state high-spin Fe?* ion in first-kind
rhombic symmetry crystalline environment are considered. Spin Hamiltonian parameters
of second order B{)(D), B (E) and gx, gy, g2 and, for the first time in the available literature,
of fourth order B(“) B(“) and B{", are derived from the microscopic theory. Numerical
estimations of these parameters are performed for Fe?+ jon in deoxyhemoglobin (deoxymyo-
globin) and Fe(NH,),(S0.),.6H,O with various values of the starting parameters A, 4,,
A3,44; 4 and ¢ close to the experimental data of others. The calculations yield the following
ranges for the parameters: D: 15— 5,E: 5—0,B{:0.5—0.05, B{»: 0.1 -0, B(:0.1-0.0lcm™,
The results of this paper are illustrative for the case of Fc2+ in Fes(PO4)2 8H,0, for which
the energies 4; are not known.

1. Introduction

In six-fold and five-fold coordinated complexes of transition-metal (TM) ions, the
distortions of the nearest neighbour ligands can lead to two different kinds of rhombic
symmetry [1-3], both formally described by one of the rhombic point groups D,,, D, or
Cs, [4]. We distinguish a first-kind rhombic symmetry — when the symmetry axes (x and y)
in the plane perpendicular to the C, axis (taken as the z axis) coincide with the “ideal”
TM ion site — ligand axes, and a second-kind rhombic symmetry — when the symmetry
axes x and y bisect the “ideal” TM ion site — ligand axes [1, 2]. For both kinds of rhombic
symmetry the crystal field (CF) hamiltonian [5] has the same form in the local coordina-
tion frame, whereas the basis of orbital wave functions for a TM ion in the second-kind
rhombic symmetry should be that of the first-kind, transformed by a rotation by 45°
through the C, (2) axis [1, 2].

Crystal field calculations for the iron-group ions, involving the states of the whole
3d" configuration, have been strongly advanced in the past several years, though only for
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the cubic and, in part, for the axial symmetries (for a review, see [6]). The rhombic CF for
the iron (II) ion has at yet been considered inside some subspaces of low-lying 3d® con-
figuration states (Refs [3, 7-11] and [1, 12, 13] for the first- and second-kind rhombic
symmetry, respectively). From Refs [1, 3, 7-13] it follows that in a variety of compounds
the ground state of the Fe®+ ion is an orbital singlet with a high-spin value S = 2 rather
well separated from the next energy level. Hence a spin hamiltonian [5] with S = 2 can be
used for the theoretical description of the spectroscopic and magnetic properties of these
ferrous compounds. Thus, the microscopic theory [14] of spin hamiltonian parameters
[5, 15] is of interest for several experimental methods, as e. g.: EPR, Mdssbauer spectro-
scopy, specific heat, paramagnetic anisotropy, magnetic susceptibility, direct magnetiza-
tion measurements [1-3, 7-13, 16].

Hitherto, the action of spin-orbit coupling on the high-spin singlet ground state of
ferrous ion has been considered, and the usual D, E and g,, g,, &, [15] have been derived
for both kinds of rhombic symmetry [1, 3, 7, 11, 13]. However, a complete spin hamiltonian
for S = 2 comprises some fourth-order terms as well [11, 14, 15]. Our theoretical predic-
tions for 3d%(3d*) ions in crystals with axial distortions and the available experimental
data (see Refs [17]) have shown the fourth-order parameters to be accessible to determina-
tion due to the present refined accuracy of the experimental techniques. Consequently,
it is of interest to give a theoretical account of the fourth-order parameters B, B$Y and
B [14] for rhombic symmetry.

To achieve this aim we consider in this paper, up to fourth-order perturbation theory
[14], the action of spin-orbit as well as spin-spin coupling inside the >D-term states [18]
of Fe?+ ion in first-kind rhombic symmetry. Applications of the expressions derived for
the B;")’s are quantitatively discussed for several relevant ferrous compounds. The case of
second-kind rhombic symmetry will be studied in a forthcoming paper [19].

On the basis of the B,(I") parameter values calculated here, the crossing of the lowest-
-lying energy levels of Fe?*ion in deoxyhemoglobin in a high magnetic field is studied by us
in a separate paper [20].

2. Symmetry considerations

The following examples of high-spin singlet ground state ferrous compounds with
«“first-kind”’ rhombic distortions can at present be adduced: (i) the deoxy form of hemo-
globin (and myoglobin) [7, 8], (if) the Tutton salt Fe(NH,),(SO,), - 6H,0 [10, 11], and
(iii) vivianite Fe;(PO,), - 8H,O [21-23].

The local symmetry of the iron site in hemoglobin (Fig. 1) “undergoes” the following
consecutive changes: deoxygenation of hemoglobin, which is equivalent to a “ligand-
-type” distortion, lowers the symmetry from Dy, to C., resulting in five-fold coordination,
further due to delocalization of the Fe+ ion out of the heme plane (the plane XY in Fig. 1)
[8,9] a “coordinate” distortion [24] arises and the symmetry reduces to rhombic C,,.
For F2+ in the Tutton salt, the sequence O, D D., D D., seems to be the most appropriate
[10, 11). In vivianite, there are two inequivalent distorted octahedral Fe?* sites of Dy,
(site T) and C,, (site 1) symmetry [21]. Restricting the problem to the nearest neighbour
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ligands [9, 11, 21], the appropriate coordination frame for a TM site in these compounds
is that shown in Fig. 1. v_ ,
The splitting of the ground 3D term of Fe?+ ion and the orbital wave functions [18]
appropriate for the “first-kind” rhombic CF are shown in Fig. 2. There are some states
arising from the higher terms 2+'Z and lying in energy between °E and 54, states: however,
in the 3D approximation, we omit such states in our considerations. This approximation

Fig. 1. The iron coordination symmetry in hemoglobin

is fully justified in the present case because these states contribute insignificantly to the
spin Hamiltonian parameters [20]. The mixing coefficients « = cos # and B =sin 0 are
defined by tg 260 = 41‘/\/ 3(es — &), where I" is the second rank rhombic CF parameter [8, 9]

Vi = $ V3 T{0CUL)+0%y(D)}. )
The general spin Hamiltonian for any rhombic symietry is of the form [14]
ryispin a '}fZF'F';fZe (2)
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free ion tetragonal rhombic
Fig. 2. Splitting of the (3d%)°D term in first-kind rhombic crystal field
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where the zero field part is
# gy = BPOP + BP0, +03) + B + B0 + 09N+ BLO0:+0%),  (3)
and the Zeeman electronic part
r%.Z'Ze = ”B(ngx§x+ ngygy'*'ngzgz)' (4)

For the first-kind rhombic symmetry, the tensor operators [14] O0® (L) in Eq. (1) and
0% (8) in Eq. (3) are expressed in the local coordination frame {XYZ} (Fig. 1.

3. Spin Hamiltonian parameters

To derive explicit expressions for the spin Hamiltonian parameters from the general
formulas [14], the matrices of the orbital operators L and O®(L) within the states {y;}
defined in Fig. 2 have to be calculated. Once these matrices are known, we can construct
the relevant matrices as well for the other admissible cases of energy level structure for
a 3d* and 34 configuration having one of the other states y; as ground state [17]. Hence
it seems worth while to give these matrices explicitly in this paper (Appendix I).

By the general method [14, 17], we obtain the foollwing microscopic expressions for
the parameters B and g; (Eqs (3), (4) for first-kind rhombic symmetry
a. second-order parameters:

! 1 gz o 1 1 1
BP = —12? —+——8<-—+—)}+2, B‘”:—-:AZ(———), 5
0 T4, 4, 4, A4 : 2 J6  \4; 4, 2

_af1-2 (= A) (e (6)
i 4,)’ o = 4.)° B (Aa 4.)]°

b. fourth-order parameters, which we write explicitly as a sum of three contributions [14]:
B = B{Y(W%)+ B{P(42 0)+ B (0?), (7

where A is the spin-orbit and ¢ is spin-spin coupling constant
1 1 1 1 1
BP(AY = & 13 =5 + ~> +5—— -+
0 ( ) 35 2 Ai Ag 2 A1 5 Al A2
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the coefficients u, and v, are defined by Eq. (A5) in Appendix I.
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The expressions (5) and (6) are equivalent to the expressions derived by previous
authors [7, 11, 36], except that they include moreover the effects of the higher °E, states,
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and spin-spin couphng Comparison of the expressions (5) and (6) with those of Refs
[7, 3, 11] suggests that BZ, g, and g, of Ref. [11] are slightly incorrect; the sign of B
in Ref. [11] should be changed to the opposite, and g, and g, should be read as in Eq. 6)
above.

The expressions (8)—(10) are derived for the first time in the literature. If the rhombic
crystal field component reduces to zero, e.g. « = 1, f = 0 and 4, = 4,, the parameters
B® and B vanish and the above expressions for the other B tend to coincide with
those derived for the tetragonal case [17].

4. Application

From Mobssbauer spectroscopy studies [8, 9], the following energy values appear
to be the most appropriate for Fe*+ ion in deoxyhemoglobin (deoxymyoglobin): ¢; ranging
from 300 to 900, &, from 6,000 to 8,000, &; from 16,000 to 17,000, 4, from 300 to 600,
4, from 500 to 900 and I' from 0 to 300 cm~*. Hence the mixing coefficient o equals 1 almost
exactly for these ranges of I and (g5 —¢,) values. To take into account the covalent reduction
[25] of the free-ion spin-orbit coupling constant A, [17], the calculations are performed
for A = —100, —90, — 80, —60 cm~* [8, 9]. Table I gives the spin Hamiltonian parameters
thus calculated for some sets of the starting parameter values, as indicated (all values,
besides the dimensionless g;, in Tables I and IL, are given in cm™). The other values
involved in the calculations are taken to as: ¢ = 1.0; o = 0.18 [17], 4; = 8,000 and
A, = 17,000 eyt

The only existing experimental data of Nakano et al. [7] yield D = Sem™, E <D
from magnetic susceptibility and D = 5.3, E = 0.9 cm™" from paramagnetic anisotropy.
Hence, to obtain agreement with those data [7], we had to allow for a wider range of
A,, 4, values than that predicted from Mdssbauer spectroscopy [8, 9] The theoretical
values of the fourth-order parameters BS", BS", B{" (Table I) suggest that the determination
of the B{*’s from electron paramagnetic resonance should be feasible, though liquid
nitrogen temperature and high magnetic field would be necessary. Experimental methods
for the determination of the spin Hamiltonian parameters have been discussed by us in
detail elsewhere [20].

From M@éssbauer spectroscopy [10], specific heat, and susceptibility data [11] on the
Fe2+ion in Fe(NH,),(SO,), - 6H,0, it follows that the energy 4, lies between 200 and 400,
A, between 500 and 700, and 4 = —90 cm~'. However, no data are known on 4; and 4,4,
so we assume tentatively (z)A3 = 5,000,4, = 8,000 and (ii)4; = 7,000, 4, = 13,000cm™,
which are reasonable values for other Fe?+ compounds [17]. Hence, a tentative value
of the coefficient is about 1 to 0.99. To consider the dependence of the B;k)’s on a(ff), we
performed the same calculations as in Table II for « = 0.99 and 0.97. However, it appears
that the B, BSYY, B are very slightly and B%" but slightly modified in comparison with
the values calculated with o = 1.0 in Table II.

Gill and Ivey [11] have considered the fourth-order spin Hamiltonian parameters
restricting themselves to the parameter BS = 1B{Y in our notation. The value BE"
= —0.296 cm! deduced from experiment by them is in good agreement with our theoretical
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TABLE I
A. Fe** in deoxyhemoglobin: 4 = —90
600 800 900
400 400 600 500 800
~9.6 —8.5 —6.2 —6.8 —47
—2.8 —4.1 —14 —2.9 —0.5
14.4 12.7 9.4 10.2 7.1
3.4 5.1 1.7 3.6 0.6
2.300 2.226 2.226 | 2.200 2.200
2.450 2.450 ‘ 2.300 2.360 2.226
2.042 2.042 ‘ 2.042 2.042 2.042
0.279 0.208 \ 0.093 0.117 0.048
0.080 0.097 0.019 0.047 0.004
0.102 0.112 0.039 0.063 0.022
B. Fe*+ in deoxyhemoglobin: 1 = —80
500 600 ‘ 800 900
|
300 400 ‘ 400 600 800
0 — e o
—10.0 ‘ —7.5 | —6.6 —-4.9 —-3.7
—35 —22 | -33 —1.1 —0.4
15.0 11.3 10.0 7.3 55
43 2.7 4.0 1.3 0.4
2,320 ‘ 2.266 2.200 2.200 2.178
2.534 2.400 2.400 2.266 2.200
2.038 2.038 2.038 2.038 2.038
0.373 0.174 0.130 0.058 0.030
0.133 0.050 0.060 0.012 0.003
0.138 | 0.066 , 0.071 0.026 0.014
C. Fe*t in deoxyhemoglobin: 4 = —60
550 600 700 800
300 400 500 450 500
-53 —4.1 —35 —~35 | ~3.0
—22 -12 —0.5 —1.2 ~1.1
| 7.9 ‘ 6.1 5.2 5.2 4.5
2.7 1.5 0.6 1.4 1.4
2.218 2.200 2.200 2.172 2.150
| 2.400 2.300 2.240 2.266 2.240
; 2.028 ‘ 2.028 2.028 2.028 2.028
0.108 0.056 0.037 | 0.038 0.027
0.044 0.016 0.005 0.011 0.008
0.049 , 0.023 0.013 ; 0.017 | 0.014



Fe?+ in Fe(NH,)»(SOy); ' 6H,0: 4 = —90*

TABLE 11

A, 600 700

Ay 300 400 300 400 500
B{» ~10.4 —82 -9.8 -7.6 —6.2
B —5.5 —2.8 —6.3 —-35 —1.9
D 157 123 L 147 113 9.3
E | 68 3.4 7.7 4.3 2.3
£ 2.300 2,300 2.258 2.258 2.258
g 2.600 2450 | 2600 2.450 2.360
B® 0485 0211 | o042 0.229 0.148
B® 0.220 0074 | 0226 0.084 0.033
B® 0.281 0.134 0.290 0.136 0.081
B® ‘ —115 —92 ~1038 —8.6 )
D 17.2 13.8 16.3 12.9 10.9
B{" 0.496 0.277 0.433 0.235 0.152
B 0.230 0.079 0.238 0.089 0.036
B®» | o6 | om0 | 0258 0.114 0.065

! The upper part of Table I refers to 45 = 5,000 and A4 = 8,000 (then g, = 2.090), and the lower
part to 45 = 7,000 and 4, = 13,000 (then g = 2.055). B(*NE), gx and g, do not depend on Az, Ay.

predictions except for the sign. As mentioned in Section 3, the sign of B = E in Ref. [11]
is incorrect and this may have led to the erroneous sign of Bj as well. Hence, the analysis
of Gill and Ivey [11] should be reconsidered, and moreover it follows from Table II ‘that
in detailed analysis the parameters BSY and B$ should be taken into account as well.
It would be highly stimulating to compare our theoretical B,g") values with other experimen-

tal data, but no such data are at present available.

The electronic structure of Fe?+ in Fey(PO,), - 8H,O (vivianite) is less studied and
the energies 4; (Fig 2) are not known [21-23]. Hence, no detailed calculations of the spin
Hamiltonian parameters can be performed for Fe®* in this compound. However, the
values calculated in Tables I and II can serve for tentative predictions of the sign and

order of magnitude of the Bfl")’s in this case as well.

The author is strongly indebted to Docent Dr. T. Lulek and Dr. R. Micnas for their
valuable discussions and comments on the manuscript. Thanks are also due to Mrs B.

Szczepaniak, M.Sci., for performing the computer calculations.

APPENDIX I
Tables of matrix elements
I% = (pl0N(D) iy,

of orbital operator [14] for

(A1)
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k = 1 (Table AD), e.g.:

Oy = L =3 IVelt), (A2)
q
k = 2 (Table AIl), e.g.:
OP(L) = ¥ 0Pl (A3)
q

within the states {y;} of 3d® configuration (cf. Fig. 2) in the first-kind rhombic symmetry.
The following abbreviations are used below

3
a=el; ey =eflte™ o (44)
2 /3
up = (@/3£f); vy =(ax /3P (A5)
TABLE Al
55 ‘ = — —= — = —_—
States Yo Y1 U Y3 Ya
T — — ] e — —_— - — — ——
i |
Y { 0 | - ~L e L e 2ifa 2ice
° vz | re | -
1 | U v
Yy ‘ = W [ %) ‘ 0 ! a "/2 g \/E €1
i i i
P2 75 e_; —a 0 ’\_/i U eyq - V3 Vi€yq
|
| Uy | i |
2ifa (L - — U 0 i
Y3 B | V32 1 i V3 a2 A% i 0
|
2a, = d | 0 |
i - —e. ——
Ya | a ‘ 73 e ‘ 3 —v.84 ‘ l 0
] ]
TABLE Al
— ' — — —e — =
States Yo ‘ P1 ‘ P | 3 | Ya
_ i | '
Yo —3a | —iry/3e_, | —r+/3e,q1 | —2rae_, | 2rfe..,
Py ‘ ira/3e.. | 3a—-ry/3e;, | ~irv/3e_, | ir_es1 | — i ey
Y, i rv/3e.q —iry/3e_, | 2 a+1 «/3e+2 ! —rvie_; | —rl_e-
¥s { 2rete_, | ire. | —roe. 3(0t2 ~fNa—3+/2afe,, | —2r(02— e, , —62Pa
]
e | —=2rBe., | — irie, ——— a —2r(@®— pPes —6wfa | —3(0% - fa+3/ 20tfe..,
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