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Supporting Information 

This section consists of a figure with results of magnetic measurements (curves M vs H) and 

also includes detailed information about the procedure of the calculation of a lattice contribution 

to the electric field gradient (EFG) tensor as well as crystal field calculations. 

 

 

Figure S1. The field dependencies of magnetization M in Fe7(PO4)6 measured at various 
temperatures. 
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1. Calculation of the “lattice” and the “overlap” contributions to the EFG. 

The lattice contribution to the EFG at the Fe3+ sites was calculated using a monopole-point-

dipole model.S1 The monopole contribution ( mon
ijV ) is given by 

                                                 ∑ −=
k

kkijjkikkij /rrδxxZV 52mon )(3 ,                                      (S1) 

where Zk is the charge and xik (xjk) are the Cartesian coordinates of the k-th ion with a distance rk 

from the origin located at a given site, δij is the Kronecher index. The dipole contribution dip
ijV  is 

                                   ∑ +−−−=
k

kjkjkikikkkijjkikikikij /rpxpx/rrδxxpxV ])())(53[( 572dip ,             (S2) 

where pik is the i-th component of the induced dipole moment on the k-th ion and the other 

symbols have the same meaning as in Eq. (S1). The components of the induced dipole moment 

are equal to 

                                                                     k k

ik ij j

i

p α E=∑ ,                                                        (S3) 

where αk is the polarizability tensor of the k-th ion and k

jE is the j-th component of the total 

electric field at the k-th ion. Since the induced dipole moments contribute to the electric field 

themselves, they have been calculated with a self-consistent iterative process. Due to the local 

symmetry at the sites of the Fe3+ and P+5 cations and its small ionic radii a significant electric 

field Ek exists only at the oxygen sites in the Fe7(PO4)6 lattice. Thus, only the oxygen ions (αO) 

contribute to dip
ijV . The αO value is not well known and was estimated from the best fit of the 

theoretical EFG’s to the measured data. In our calculations, we used values of αO in the range 0 -

 2 Å3. The lattice sums in Eq. (S1) and (S2) were calculated with the spherical boundary method 

in which the summation is carried out by considering the contributions from all lattice sites 

inside given radius (r) sphere of 50 Å.  

The discrepancy between the calculated and observed EFG values is usually attributed to 

effects of covalency on the EFG at the nucleus.S2 One of the main covalent contributions to the 

EFG tensor ( ov
iiV ) is caused by the overlap of 2s/2p orbitals of the O2- anions with the np orbitals 

of iron cations:S3,S4 
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where the summation over “k” extends over all the Fe-O bonds in the (FeO5)/(FeO6) polyhedra; 

2 2 2 2( ) { }k

np np,s np, np,S S S Sσ π= + −  are the overlap integrals of the np orbitals of the iron with the 2s/2p 

orbitals of the oxygen O2- ions; θk and ϕk are common angular coordinates of the oxygen anion at 

“k” site; 3-
nl

r  refers to the nl-wave function of the Fe3+ closed orbitals: 3
3
-

p
r = 55.93, and 

3
2
-

p
r = 461.8 in a.u.S5 The overlap integrals were calculated using 2s and 2p Watson’s O2- wave 

functions in a “+3” stabilizing potential and np Clementi’s wave functions for Fe3+.S6 

At the final stage, we corrected for shielding effects produced by the own electrons of the 

iron ions and external charges to obtain the total EFG at the 57Fe nucleus: 

                                                         tot lat ov(1 ) (1 )ij ij ijV - V R V∞= + −γ ,                                            (S5) 

where and γ∞ = -9.14 and R = 0.32 are Sternheimer factors for these two contributions.S2 The 

calculated total contributions to the EFG were diagonalized and the resulting principal values of 

{ tot
iiV }i = X,Y,Z were designated according to the usual convention |VZZ| ≥ |VYY|  ≥ |VXX|. 

The oxygen dipole polarizability αO has been estimated with a self-consistent iterative 

method from the fit of the calculated EFG components to the experimental value of quadrupole 

splitting. Calculated values for Vmon, Vdip and Vel contributions and its dependences as a function 

of the polarizability of oxygen ions (αО) in Fe7(PO4)6 structure are shown in Fig. S2. The best 

agreement between the theoretical and experimental values of quadrupole splitting at 300 K was 

found for the polarizability αО ≈ 1.7 Å3 (for nominal charges ZO = -2, ZFe = +2/+3, and ZP = +5). 
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Figure S2. Theoretical dependences of the quadrupole splittings (∆Fei) as a result of theoretical 

calculations of total ( tot
V% ) EFG for two ferrous Fe3 and Fe4 sites (lattice latV% = ( monV% + dipV% ) and 

electronic ( el ovV V≡% % ) contributions versus oxygen polarizability (αО). The dashed horizontal 

lines denote the experimental values of the quadrupole splittings ∆Fe3 and ∆Fe3. The doted vertical 
arrow corresponds to the polarizability values <αО> ≈ 1.7 Å3 (see text) that allow the best 
description of the experimental data. 
 

 

2. Crystal field calculations. 

The energies (εk) of the 3d orbitals (φp,q) for the system are obtained by diagonalizing the 

real symmetrical matrices: 

                                                     0
pq pq k

det H S ε =− ,                                                    (S6) 

where Ĉpq p q
H V= φ φ  and 

pq p q
S = φ φ . We have chosen the real d orbitals as a basic set: 

                2 2

*1
1 3 22 222dx y

d R Y Y
−

 ψ = = +  , 

                *1
2 3 21 212xz d

d R Y Y ψ = = +  , 

                23 3 20dz
d R Yψ = = ,             (S7) 

                *
4 3 21 212

i
yz d

d R Y Y−  ψ = = −  , 

                *
5 3 22 222

i
xy d

d R Y Y−  ψ = = −  , 

The formal expansion of the crystal potential (Vc) has the form:S7 
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where Ylm(θ, ϕ) are spherical harmonics describing all angular positions of the d electrons, r<
 ≡ r 

and r> ≡ R are the shorter (electron) and longer (ligands) of the radial vectors connecting the 

origin to the electron and to ligands (Fig. S3). The Hpq integrals are presented in terms of the 

ligand position functions, i

lmD  and i

lmG , listed in Table S1. Each i

lmD  and i

lmG is characteristic of 

one ligand and its coordinates, and the sums yielding, i

lm lm

i

D D=∑  and i

lm lm

i

G G=∑ , are taken 

over all ligands in the (FeOn) polyhedra. The radial integrals i

lα  in i

lmD  and i

lmG are given by 

                                        2 2 2
3 1

0

( )
l

i

l i d

i

r
=Z e R r dr

r l
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<
+

>

 
α  

 
∫ ,                                                     (9S) 

In practices the i

lα  integrals and also its ratios ξ = (α2/α4)
i frequently are determined 

experimentally through study of optical absorption spectra in terms of an empirically evaluated 

parameter such as Dq.S7 In our case, we employ the approximation α2 = 4α4. The problem 

reduces thus to evaluation of the Hpq integrals and the solution of equations for the five roots εk. 

For the Fe1 and Fe2 sites the five and six ligands, respectively, affecting the crystal field 

are assumed identical and of charge Ze, with the coordinates enumerated below. The resulting 

||Hpq|| matrixes and the numerical evaluation of its Hpq elements for Fe1 and Fe2 sites in the local 

coordinate systems ô(xi,yi,zi) in  Fe7(PO4)6 are presented in the Table S3. 

 

 

Figure S3. Coordinate system for iron ion and point-charge ligands (oxygen ions). 
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Table S1. The ligand position functions i

lmD  and i

lmG  (left column), and the integrals 
pqH  in 

terms of lmD  and lmG (right column). 

00 0
i iD = α  

( )2
20 2 3cos 1i i

i
D = α θ −  

( )4 235
40 4 3 cos 10cos 1i i

i i
D = α θ − θ +  

21 2 sin cos cosi i

i i iD = α θ θ ϕ  
2

22 2 sin cos(2 )i i

i iD = α θ ϕ  

( )27
41 4 3sin cos cos 1 cosi i

i i i i
D = α θ θ θ − ϕ  

( )2 2
42 4 sin 7cos 1 cos(2 )i i

i i i
D = α θ θ − ϕ  

3
43 4 sin cos cos(3 )i i

i i iD = α θ θ ϕ  
4

44 4 sin cos(4 )i i

i iD = α θ ϕ  

21 2 sin cos sin(2 )i i

i i iG = α θ θ ϕ  
2

22 2 sin sin(2 )i i

i iG = α θ ϕ  

( )27
41 4 3sin cos cos 1 sini i

i i i i
G = α θ θ θ − ϕ  

( )2 2
42 4 sin 7cos 1 sin(2 )i i

i i i
G = α θ θ − ϕ  

3
43 4 sin cos sin(3 )i i

i i iG = α θ θ ϕ  
4

44 4 sin sin(4 )i i

i iG = α θ ϕ  

51 1
11 00 20 40 447 56 24H D D D D= − + +  

3 51 1
22 00 20 40 22 4214 14 14 42H D D D D D= + − + +  

31
33 00 20 407 28H D D D= + +  

3 51 1
44 00 20 40 22 4214 14 14 42H D D D D D= + − − −  

51 1
55 00 20 40 447 56 24H D D D D= − + −  

3 5 5
12 21 41 437 28 12H D D D= − +  

3 5 3
13 22 427 84H D D= − +  

3 5 5
14 21 41 437 28 12H G G G= − + +  

5
15 4424H G=  

3 5 3
23 21 417 14H D D= +  

3 5
24 22 4214 42H G G= +  

3 5 5
25 21 41 437 28 12H G G G= − +  

3 5 3
34 21 417 14H G G= +  

3 5 3
35 22 427 84H G G= − +  

3 5 5
45 21 41 437 28 12H D D D= − −  

 
 

Table S2. Angular coordinates of Fe1 and Fe2 oxygen ligands (Oi). 
 

Fe1 

Ligand 
Coordinates 

θi,° φi,° Ri, Å 

O2 90 90 2.016 
O8 90 0 2.199 
O4 0 0 2.053 

O10 90 233.8 1.942 
O9 180 0 2.053 

 
Fe2 

Ligand 
Coordinates 

θi,° φi,° Ri, Å 

O1 90 90 2.231 
O6 90 0 2.029 

O10 0 0 2.311 
O1 90 270 2.231 
O6 90 180 2.029 

O10 180 0 2.311 
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Table S3. The integrals ||Hpq|| matrixes and the numerical evaluation of its Hpq elements for Fe1 
and Fe2 sites in the local coordinate systems ô(xi,yi,zi) (see text). 

 
 
 

Fe1 (Cs) 

11 13 15

31 33 35

51 53 55

22 24

42 44

0 0

0 0

0 0

0 0 0

0 0 0

H H H

H H H

H H H

H H

H H

 
 
 
 
 
 
 
 

 

[ ]0 4pqH l m n= ⋅ α + α ⋅ ⋅ξ +  

Hpq l m n 

H11 5.00814 -0.13545 0.30190 

H22 5.00814 -0.06068 -0.51019 

H33 5.00814 0.13545 0.90535 

H44 5.00814 0.19613 -0.69695 

H55 5.00814 -0.13545 -0.00011 

H13 0 0.14827 0.08087 

H15 0 0 -0.15841 

H24 0 0.24118 -0.14968 

H35 0 -0.27849 -0.12963 

Fe2 (D2h) 

11 13

31 33

22

44

55

0 0 0

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

H H

H H

H

H

H

 
 
 
 
 
 
 
 

 

[ ]0 4pqH l m n= ⋅ α + α ⋅ ⋅ξ +  

Hpq l m n 

H11 6.01811 0.14337 1.14861 

H22 6.01811 0.06159 -0.76258 

H33 6.01811 -0.14337 0.94652 

H44 6.01811 -0.20495 -0.49944 

H55 6.01811 0.14337 -0.83311 

H13 0 -0.15389 -0.11394 


