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Electronic and magnetic structure of a-FeSO4*
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The study of the electronic and magnetic structure of a-FeSO4 is based on a model which consists of iron
surrounded by six SO4 tetrahedra forming a [Fe(SO4)6] ' cluster; its three-dimensional structure is based on
x-ray diffraction data. For many-electron terms of ferrous high-spin compounds derived from semiempirical
cluster calculations, we investigate spin-orbit coupling, electric field gradient (EFG), and susceptibility. In
particular for the EFG we discuss valence, overlap, and lattice contributions. Within the paramagnetic region
of a-FeSO4 we investigate the orientation of the EFG with respect to the crystallographic frame, the
Mossbauer parameters b E& and g, and the susceptibility; we find our results in reasonable agreement with the
recent experimental data of Wehner. Within the antiferromagnetic region at 4.2 K we study the influence of
the molecular exchange field upon EFG, b, Z&, and q, and we further estimate the orientation of the internal

magnetic field (H;„t) at the iron nucleus with respect to the crystallographic frame. Finally we derive an angle
of 27.7' between H;„, and the main component of the EFG. Our low-temperature study of a-FeSO4 agrees
with the recent experimental findings of Wehner, but it disagrees with those of Ono and Ito.

I. INTRODUCTION

Iron sulfate has been the subject of Mossbauer, ' 3

susceptibility, ' x-ray-diffraction, ' and neutron-
diffraction measurements. For a careful investi-
gation of FeSO4 it is necessary to take into account
effects which depend on aging or temperature treat-
ment of the probe. The study of n-FeSO4 by
Wehner shows results which deviate from FeSO4
results found by Oka and Ono and Ito, ' indicating
that Ok might have been concerned with the addi-
tional high-temperature phase y-FeSO4, while
Ono and Ito's spectral parameters are limited by
the relatively large statistical error in their low-
temperature spectrum of FeSO4.

On the basis of Samaras and Coing-Boyat's
x-ray data on n-FeSO4, and a semiempirical mo-
lecular-orbital (MO) treatment of paramagnetic
systems, which was described previously, ' we de-
rive many-electron wave functions for the com-
plex under study. These many-electron terms are
then used to calculate their mutual spin-orbit inter-
action, the temperature-dependent electric field
gradient V&, (quadrupole splitting n.E, asymmetry
parameter q, and the orientation of V&, with re-
spect to the crystallographic framework), and the
susceptibility y~, . Finally, we derive the low-
temperature properties of n-FeSO4 and compare
our theoretical results with the experimental find-
ings of Wehner. 3

II. MOLECULAR MODEL FOR n-FeSO&

n-FeSO4 was represented in our calculations by
iron surrounded by six SO~ tetrahedra forming a

[Fe(SO4)~j ' complex. We used atomic coordinates
as found by Samaras and Coing-Boyat' from x-ray-
diffraction measurements of a-FeSO4. Within the
limit of the linear combination of atomic orbitals
(LCAO) MO calculations the atomic basis orbitals
for valence electrons were Slater-type orbitals
(STO) 3d, 4s, and 4p for iron, 2s and 2p for oxy-
gen, and 3s and 3p for sulfur. However, since
n-FeSO4 is paramagnetic (high-spin ferrous) we
are concerned with many-electron terms rather
than with single-electron molecular orbitals.
Therefore, after inclusion of spin, we use the
Huckel LCAO MO's to construct antisymmetrized
products (Slater determinants) for the various N
electron terms under study. Additionally we take
into account Coulomb interaction and spin-orbit
coupling. The corresponding theoretical treat-
ment for ferrous high-spin iron complexes is de-
scribed in Sec. III.

III. SPIN-ORBIT COUPLING, ELECTRIC FIELD
GRADIENT, AND SUSCEPTIBILITY FOR FERROUS

HIGH-SPIN IRON

A. General

In LCAO MO theory the molecular orbitals I A)

are linear combinations of atomic orbitals (AO's)
I I)

il& =g,„fa&, a, h=i, 2, 3, . . . .

With electron-spin orbitals I n) = I+), I
—) the MO's

are extended to molecular spin orbitals (MSO),

[I'"'& = iu&/. & . (2)
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lf, ~&=gb„is=2;k, m), (4)

where the coefficients 5» are independent of m and
result from configuration-interaction (Cl) calcula-
tions as described previously. However, the in-

A

elusion of spin-orbit coupling H~o may lead to con-
siderable mixing of CI terms. The resulting eigen-
vectors I e„) of this problem are again linear com-
binations

1 e.) = g c.,„1
f, m& .

g, m

(5)

The coefficients C, and energies E are ob-
tained from diagonalization of the total Hamiltonian
including spin-orbit coupling; the matrix elements
(l', m'I H» I l, m) will be discussed below. Since
we are interested in susceptibilities y and electric
field gradients V we calculate for each I e ) its
relevant y&, and V&, tensor (p, q =x, y, z). The pro-
cedure for this calculation is based on the proper-
ties of one-electron operators

el ect ronsi

where q, acts only on the ith electron.
For operators q independent of spin the matrix

elements are diagonal within spin

(f', '
1 q 1

f, ) = «'
1 q 1

f) 5....

The quantities (f'l q I l) can be calculated for any
m value, in the easiest case for m = 2 [Eq. (3)].
Since q, is acting on the jth electron only, we ob-
tain

The various N-electron configurations I k&" ', ~ ~ ~,
k„'"~') are Slater determinants of MSO's. Each of
the 25 ferrous high-spin terms (S = 2) can be de-
scribed by the doubly occupied molecular orbital
of mainly 3d character, I k), and by the azimuthal
quantum number m of total spin S. For pn =2
these terms are simply expressed by

1S=2;k, =2&=1. . . , k", k'-', k", , k,",k,",k,"&,
(3)

where the molecular orbita, ls, I k;) (i = 1, 2, 3, 4) are
the remaining singly occupied MO's of mainly 3d
character. The ellipsis refers to closed shells.
The terms IS= 2, k, m) with m =1, 0, —1, —2 are
then obtained by the application of the step-down
operator S to Eq. (3).8 The eigenvectors of the
Hamiltonian including Coulomb interaction, l f, m),
are linear combinations of configurations with the
same quantum number m, since the spin-indepen-
dent Coulomb interaction can mix only terms with
equal spin S,

«
I «I » =(2 ~&& I ~ I ») ~„

+ Z bi'&' ~a'»' bi& ~&a (9a)

we obtain

&f'lqlt&= Q c&...&„.„)&k'lq k& .
h', h

(Qb)

The sum in Eq. (9b) consists of an iron part (k and
k' both iron AO' s), an overlap part (k an iron AO
and k' a ligand AO and vice versa), and a ligand
part (k and k' both ligand AO's). These parts are
handled differently as indicated by their signifi-
cance in the present study.

B. Approximations

The approximations used for calculating spin-
orbit coupling, susceptibility, and electric field
gradient from Eq. (9b) are the following.

Spin-orbit coupling: Assuming that the spin-
orbit functions $~(y,.„),"with r,„the distance be-
tween electron j and the nucleus of ionA, are ex-
tremely localized, we omit overlap parts and ob-
tain

«, m la,olf, ~&=,—', 1 g g
A h ', h+A

"&&'
I & „&,„&i„I ») .&I

I
s

I
I&

(10)
The symbol (k', k&=A) in Eq. (10) means that we
have to sum over all AO's h', Q of ionA. For the
3d shell of ferrous high-spin iron we take

—(1/2S)(k41((~,.) i,.I k3.& = ~F..I&k'
I fr. I

k& (11)

Rather than using the free-ion value of —103 cm
XF 3g was corr ected according to the actual elec-
tron density within the AO's.

Susceptibility: The X tensor is obtained from

x~, = p, sA Q (e 1L~+2S~ le .)
0.', 0.

5

+ g b, , „b„&k l, lk), (8)
h=l

where the sum over k includes all occupied MO's.
The factor atakes either the value two for all MO's
of non-3d-type or the value one for the five MO's
with mainly Fe 3d character. By application of
Eq. (1) the matrix elements (kl &fl k) and (k'I 4&l k)
in Eq. (8) can be expressed in terms of atomic-
orbital matrix elements. With

t'

otr &to' &. =& gag~ a&„)S, ,
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e-Eof I OT e-E~&I hT

&(e ~
~
L, + 28,

~

e),(12)
e' e

Tr(V„e-"'")
V&,

—— ', P, q=x, y, z .
Tr(e ~»r)

A,

The operator V~, is the sum of single-electron
operators 8&, , of the ith electron, which have the
form'

(13)

v~, = [1 —y(r)]Ze(3pq —r 6~,)/r', (14)

where Ze is the charge of an electron (Z = 1) or of
a ligand, and x follows from r =x~+y +z . The
function y(r) is the quadrupole polarizability of the
core electrons and is represented in terms of
Sternheimer factors, '4 "

y„=1im y(r) (15)

where A is the Avogadro number and ]U, ~ the Bohr
magneton. The orbital part' of this equation can
again be expressed by AO matrix elements ac-
cording to Eqs. (5) and (9b).

Electric field gradient: In the limit of fast re-
laxation the electric-field-gradient (EFG) tensor
V~, is the thermal average of the EFG tensor oper-
ator V~, .

3

( )
3R~R, —R 5~, (18)

For (1 —y„) we take 10.6. &5 The charge q„, is ob-
tained from MO calculations, and R„, R„and R,
are the Cartesian coordinates of the ligands.

(d) The overlap part between iron and ligand AO's
is estimated assuming that the overlap of the iron
AO's and the ligand AO's at ion A is limited to a
small region in which z may be taken as constant
(r =R),

The reduced matrix element (hIIV III&) takes the val-
ue ~ for d electrons, ~ for P electrons, and 0 for
s electrons. The quantity e represents the (posi-
tive) elementary charge. (r s)3„ is the radial factor
with values 4. 49 a. u. for Fe 3d, 5.09 a. u. for Fe 3d,
and 5. V3a. u. for Fe3d'." The Sternheimer shield-
ing correction" is taken as (1 R-)~~=0. 68. For
Fe 4p electrons the quantity (1 —R),~(r )4~ is taken
to be 3 of the corresponding quantity for the 3d
electrons. '

(b) Nondiagonal elements between different shells
of iron, for example, between 3d and 4s AO's are
neglected.

(c) Matrix elements of ligand AO's are approxi-
mated by

and

(16)
3RR -R4V"= e[1 —y(R)]Pa

R5

Applying Eqs. (1)-(9) we have four types of AO

matrix elements (l)' I B~, I I&).

(a) Matrix elements within an atomic shell of
ferrous high-spin iron can be obtained by the oper-
ator equivalence'

f'~, =(hll'V Ilh) e(1 -R)(r )

x I-,'(i,f, + l,l,) ——,
t, l(l+ 1)]5„)

h+Fe, h'gA
[C& l &)(h'h) + C() && &))hr&] Shrh ~19

The Sternheimer factor 1 —y(r=R) is smaller
than 1 —y(r =R) because of decreasing antishield-
ing with decreasing distance y. The y dependence
of 1/rs goes in the opposite direction. Since we
do not know the correct radial dependence of y(r)
we are within the approximation of (c) if we esti-

'Ag

C3
li

'Ag 'A

)101& = 0.9162 I 3 z & 7 9

+ 0.0116 I 3dxy & + ~ ~ ~ ~

r

)100& = 0.9718 ) 3dx&-y& &

+ 0.2207 I 3dyz & +

3d)cz

( 99 & = 0,973e
- 0.2212

) 3dyz &

) 3dx& y» + ".
98 & = Q.9Q13 ) 3dxz & "Q 3726 I 3dz

0,2163 I 3d&fy & +

97& = 09757 ) 34&fy & t 0, 20&8 J 3dxz
+ 0.0709 ) 3dz& & + . . . .

FIG. 1. Many-elec-
tron terms tk) which are
used to calculate V&~(T)
and X& (T). The twofold
axis of the C2h point sym-
metry of the ferrous high-
spin iron is parallel to our
y axis. The &; are LCAO
MO energies.

doubly occupied MO states )k&, k=1-96
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FIG. 2. Pairs of energies Ei and E2 for which we were
able to fit AE+~ (300 K); see text. Curves a, b, and c
correspond to values of the spin-orbit coupling constant
X of —100, —90, and —80 cm", respectively.
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FIG. 4. Calculated quadrupole splittings, hE@, at
4.2 K depending on the magnitude of the exchange field,
H~. Curves a, b, and c correspond to E; and A. as given
in Fig. 3.

mate the overlap contribution by

(1 )
3R R&, Rt'&P,-

~,- e —y„ R5

( «c»& . &&+&c&»&&»i&) S„i„. (20)
hQ Fe, h'Q A

IV. RESULTS AND DISCUSSION

A. Paramagnetic region

For Czh point symmetry of the central ferrous
high-spin iron with the twofold axis along the
crystallographic a axis of a-FeSO4 we are con-
concerned with five energetically low-lying terms,

—3.4 —

I

E 3.3-
E

3.1-

100 200 300

Temperature [K j

FIG. 3. Temperature-dependent quadrupole splitting,
AEq(T ). Experimental points for cv-Fe804 are taken
from Ref. 3. Solid curves are calculated as described
in the text. Energies Ei, E2, Es, E4, and E& in cm and
spin-orbit coupling constants X in cm ~ corresponding to
0 E(T) curves are: (a) 0, 850, 1050, 5000, 13000,
—100, (b) 0, 750, 1150, 5000, 3.3 000, —90, and (c) 0,
750, 1000, 5000, 13 000, —80.

three of symmetry 'A. and two of symmetry B .
In Fig. 1 they are given in terms of LCAO AO's

I k) and spin populations In). From CI calculations
we find that configuration interaction between these
five terms is negligible, i.e. , the coefficient ma-
trix f&» of E&l. (4) is characterized approximately
by b,„=5,h

Calculating the EFG tensor for the ground state
'B, along the lines described above we find a posi-
tive principal EFG component V;;, and an asym-
metry parameter &) = (V~„- —V;;)/V;; = 0. 2, with
I V„-„-I t V;;i - l V;;1. The main component V;; is
characterized by polar angles 8 = —16' and y =0'
within the frame x=c, y=a, and z=b; one of the
principal axis (y) is parallel to one of the crystal-
lographic axis (a). From V~; and &) of the
ground state 'B we derive a quadrupole splitting
nEo('B~) =3.6 mm/sec. Comparing this value
with the experimental results in the temperature
range between 4. 2 and 300 K we obviously have to
take into account spin-orbit coupling between the
five configurations of Fig. 1.

Since the LCAO treatment takes into account the
electronic repulsion in an implicit way, the single-
electron and Coulomb-repulsion energies may be
taken as a first approximation for the energy sep-
arations E,. between configurations I 1, m) and

I l, m). With X = —100 cm ', —90 cm &, and —80
cm ' we find fits of the experimental quadrupole
splitting ~E+(300 K) = 3.12+ 0. 025 mm/sec (Ref.
3) for various pairs of Ez and E3 (Fig. 2). The
energies E4 and E, were 5000 cm ' and 13000 cm ',
respectively, but can only be determined to within
about 1000 cm ' owing to the uncertainty in &E.
With the energies E& of Fig. 2 we also calculate
the temperature dependence of the quadrupole
splitting &E(T), and we find approximate fits in
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the range between 77 and 300 K (Fig. 3). This re-
sult includes the assumptions: (a) that slight vari-
ations of E~ and E3 do not influence the CI terms,
and (b) that the energies E; are temperature inde-
pendent.

The susceptibility g of n-FeSO4 follows at high
temperatures a Curie-Weiss law

q =c/(r+e),
with C = 3.98 emu/mol K the Curie constant and
0=30.5 K the paramagnetic Curie temperature.
The temperature 8, which is different from the
Noel temperature, depends on the difference of
the exchange coupling constants within and between
the two magnetic sublattices. The Curie constant
C, however, reflects the magnetic properties of
each ion alone, i. e. , if the exchange interaction
could be switched off, the susceptibility would be
given by

x=C/T .
Thus we can obtain the Curie constant from our
MO calculation in the paramagnetic region. It re-
sults in 3.75 emu/mol K, which agrees within 6%
with the experimental value.

The disagreement of our calculated &Eo(4. 2 K)
value of 3. 15 mm/sec with the measured quadru-
pole splitting at liquid-He temperature of 3.37
mm/sec finds a plausible explanation from inspec-
tion of the low-temperature properties of a-FeSO4.

B. Antiferromagnetic region

At temperatures T &23. 5 K a-FeSO4 is antiferro-
magnetic. 4 From Mossbauer powder spectra at
4. 2 K, ' information was obtained about the quadru-
pole splitting &Eo(4 2K), the. asymmetry param-
eter q, the magnitude of the internal magnetic field
H„, at the nuclear site of iron, and the orientation
of H„, relative to the main axis system of the EFG
(polar angles 8" and Q"). Taking the neutron-dif-
fraction result that the spin direction is.parallel
to the b axis and assuming in addition that one of
the main axes of the EPG tensor is parallel to the
twofold axis a (—= y), Wehners was able to derive
two possible sets of hyperfine parameters: (a)
6"=25.4+0. 5', Q =0', @=0.29+0.08; (b)
8"=18.7+0.5', P =90', ii=0. 77+0, 08; and
&Eo(4. 2 K) =3.37+0.024 mm/sec, H,„,(4. 2 K)
=212+ 3 ko.

The presence of a magnetic field H reorientates
the spin states I e ) according to the interaction of
the electron spin S with H. Depending on the mag-
nitude of H we therefore may get appreciable mix-
ing between the zero-field states I e ), and thus
the quadrupole splitting might be different from
that in zero field. Figure 4 shows the field depen-
dence of &Eo(4.2 K) from our calculations in which
the electronic Hamiltonian contains also the inter-

2.0

1.5-

0.5-

50 100 150 200 250

H,„[kG 1

FIG. G. Graphical solution for the spontaneous spin
(S~)r in molecular-field approximation. The picture
corresponds to case b of Fig. 2. (We get nearly exactly
the same graphs for cases a and c.

action pe(L+ 2S)H. In the molecular-field approxi-
mation for ferromagnetic or antiferromagnetic
substances the exchange interaction is represented
by an exchange field H,„. This field is propor-
tional to the mean value of the spin, (S,)r, 'c ~2

H,„=l (S,), ,

where h is a constant. The particular value of the
spin (S,)r is obtained by the self-consistency con-
dition of molecular-field theory~ 2~: the spin (S,)r
produced by the exchange field has to be equal to
H,„/h. The solution can be found graphically (Fig.
5). The intersections of the straight line and the
(S,(H,„))r curves yield the self-consistent values
of (S,)r for different temperatures T. The straight
line is determined by the slope of (S,(H,„))r at
T = T~ and H,„=O,

d(s,),
da,. "

From Fig. 5 we find for T = 4. 2 K,

(Sg)4 2 x
——1.95; H,„=230 kG.

Using this value of H,„ in Fig. 4, the magnetically
induced quadrupole splitting &E at 4. 2 K takes
the values 3.34, 3.38, and 3. 39 mm/sec for the
cases a, b, and c, respectively. This result is
in reasonable agreement with the experimental
low-temperature value 4E~~'(4. 2 K) = 3.37+ 0.025
mm/sec. Moreover, we conclude from the cal-
culated asymmetry parameter, g =0.2a 0.05, that
we are concerned with Wehner's case (a).

We continue our investigation to derive from our
calculations the orientation of H„, relative to the
main axis system of the EFG (e", Q"). The con-
tribution of the spin dipolar term to the internal
magnetic field, H,-„, should not be neglected,
since this term may appreciably rotate the inter-
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nal field off the spin direction. Since the energy
splitting of the orbital states is fairly large com-
pared to the nondiagonal elements of the spin-orbit
coupling, the rotation of 8„,can be obtained by
perturbation theory. Within this approximation,
which is of the spin-Hamiltonian type, 33'3 each
component of the internal field is proportional to
the spin average (S,). Since the spin is parallel
to the 5 (=s) axis we obtain, an

H„, ,= Ih" —(g, —2)2p, s(r~')

—;&.&.;&«:-2&]&S.&,

H„,, „=—,'i .(~.'& &-'. (f.f..f. f.)& &S.),
+int, y

where h"(S,) represents the Fermi-contact hyper-
fine field and the supertransferred hyperfine field,
g, is the z component of the g tensor, and p, ~ the
Bohr magneton. For (S,) =+ 2 (corresponding to
our spin ground state for H,„=230 kG) the rotation
of the internal field results in

tat v OB(&D )'(a (fx fg + fg fr))~ ' = arcsin

and
pint 0

where the total internal field has been taken as
212 ko, and the Fermi-contact part of the internal
magnetic field is assumed larger than the part
arising from the orbital angular momentum and the

spin dipolar term. With the free-ion value~'

7 P s6's ) = 40 kG,

which may be corrected by a reduction factor 0.9
to get the effective value of v p, s(roa)= 36 kG, and
with —,(f„l,+ l, $„)= -0.6 from our MO calculations,
we find

pint 11 70

Since the main axis V;; is rotated by an angle
~ = —16', the polar angles of H„, relative to the
main axis system of the EFG lead to

&" = 27. 7' and P"= 0,
which again supports case (a).

We finally conclude that our theoretical study of
the electronic and magnetic structure of a-FeSO4
is in agreement with the recent experimental find-
ings of Wehner. 3 Summarizing our results we
find ~go~'(T) and y'~'(T) in agreement with ex-
periment in the paramagnetic region; and for
T =4. 2 K the EFQ component V;; and H„, relative
to the crystallographic frame (x = c, y = a, s =5)
are specified by &Eo(4. 2 K) = 3.37+ 0. 05 mm/sec,
q=0. 20+0. 05, 8= —16', /=0', and H„,(4. 2 K)
=212 kG, & =11.7, Q =0 ~
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