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Table S1. Atomic parameters in the crystal structures of Cu26−xFexV2Sn6S32. 

Cu25Fe1V2Sn6S32 

Atom Site x y z Occ. Uiso 

Cu1/Fe1 6d 0.25 0 0.5 0.8333/0.1667 a) 0.0075(7) 

Cu2 8e 0.2471(1) 0.2471(1) 0.2471(1) 1 0.0084(6) 

Cu3 12f 0.2533(1) 0 0 1 0.0066(4) 

V1/Sn2 2a 0 0 0 0.80(1)/0.20 0.002(1) 

Sn1 6c 0.25 0.5 0 0.71(6) b) 0.0021(1) 

Sn11 24i 0.243(1) 0.505(1) 0.006(1) 0.073(16) 0.005(1) 

S1 8e 0.1255(3) 0.1255(3) 0.1255(3) 1 0.002(4) 

S2 24i 0.3761(1) 0.3665(1) 0.1257(1) 1 0.0006(1) 

Cu22Fe2V2Sn6S32 

Atom Site x y z Occ. Uiso 

Cu1/Fe1 6d 0.25 0 0.5 0.667/0.333 a) 0.0138(10) 

Cu2 8e 0.2507(7) 0.2507(7) 0.2507(7) 1 0.0219(9) 

Cu3/V2 12f 0.2516(3) 0 0 0.94(1)/0.06 0.0146(7) 

V1 2a 0 0 0 1 0.008(3) 

Sn1 6c 0.25 0.5 0 1 0.0110(5) 

S1 8e 0.1205(6) 0.1205(6) 0.1205(6) 1 0.006(4) 

S2 24i 0.3773(4) 0.3679(4) 0.1277(6) 1 0.0120(18) 

Cu23Fe3V2Sn6S32 

Atom Site x y z Occ. Uiso 
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Cu1/Fe1 6d 0.25 0 0.5 0.42(3)/0.58 0.0143(8) 

Cu2 8e 0.2482(4) 0.2482(4) 0.2482(4) 1 0.0205(6) 

Cu3/V2 12f 0.2519(2) 0 0 0.95(1)/0.05 0.0127(4) 

V1/Cu4 2a 0 0 0 0.92(1)/0.08 0.0141(6) 

Sn1 6c 0.25 0.5 0 1 0.0141(2) 

S1 8e 0.1243(6) 0.1243(6) 0.1243(6) 1 0.040(3) 

S2 24i 0.3778(3) 0.3686(3) 0.1251(4) 1 0.0033(5) 

Cu22Fe4V2Sn6S32 

Atom Site x y z Occ. Uiso 

Cu1/Fe1 6d 0.25 0 0.5 0.34(3)/0.66 0.0144(3) 

Cu2 8e 0.2527(3) 0.2527(3) 0.2527(3) 1 0.0144(3) 

Cu3/V2 12f 0.2515(3) 0 0 0.95(2)/0.05 0.0144(3) 

V1/Cu4 2a 0 0 0 0.73(5)/0.27 0.008(2) 

Sn1 6c 0.25 0.5 0 1 0.0077(4) 

S1 8e 0.1238(8) 0.1238(8) 0.1238(8) 1 0.021(6) 

S2 24i 0.3758(3) 0.3690(3) 0.1270(6) 1 0.006(2) 

a) Fixed according to the nominal composition (see text for details). 

b) Refined assuming that the total number of Sn1 and Sn11 atoms in the crystal structure is fixed as 6. 
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Table S2. Interatomic distances in the crystal structures of Cu26−xFexV2Sn6S32. 

 
Cu25Fe1V2Sn6S32 Cu24Fe2V2Sn6S32 Cu23Fe3V2Sn6S32 Cu22Fe4V2Sn6S32 

bond dist., Å bond dist., Å bond dist., Å bond dist., Å 

Cu1/Fe1-S2 2.2755(1) Cu1/Fe1-S2 2.296(5) Cu1/Fe1-S2 2.282(4) Cu1/Fe1-S2 2.311(5) 

Cu1/Fe1-S2 2.2755(1) Cu1/Fe1-S2 2.296(5) Cu1/Fe1-S2 2.282(4) Cu1/Fe1-S2 2.311(5) 

Cu1/Fe1-S2 2.2755(1) Cu1/Fe1-S2 2.296(5) Cu1/Fe1-S2 2.282(4) Cu1/Fe1-S2 2.311(5) 

Cu1/Fe1-S2 2.2755(1) Cu1/Fe1-S2 2.296(5) Cu1/Fe1-S2 2.282(4) Cu1/Fe1-S2 2.311(5) 

Cu2-S1 2.2697(1) Cu2-S1 2.433(10) Cu2-S1 2.318(8) Cu2-S1 2.414(9) 

Cu2-S2 2.3072(1) Cu2-S2 2.286(9) Cu2-S2 2.327(6) Cu2-S2 2.279(6) 

Cu2-S2 2.3072(1) Cu2-S2 2.286(9) Cu2-S2 2.327(6) Cu2-S2 2.279(6) 

Cu2-S2 2.3072(1) Cu2-S2 2.286(9) Cu2-S2 2.327(6) Cu2-S2 2.279(6) 

Cu3-S1 2.3577(1) Cu3/V2-S1 2.320(7) Cu3/V2-S1 2.346(6) Cu3/V2-S1 2.342(8) 

Cu3-S1 2.3577(1) Cu3/V2-S1 2.320(7) Cu3/V2-S1 2.346(6) Cu3/V2-S1 2.342(8) 

Cu3-S2 2.3539(1) Cu3/V2-S2 2.340(5) Cu3/V2-S2 2.349(4) Cu3/V2-S2 2.352(5) 

Cu3-S2 2.3539(1) Cu3/V2-S2 2.340(5) Cu3/V2-S2 2.349(4) Cu3/V2-S2 2.352(5) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-Cu3 2.7307(1) V1-Cu3/V2 2.715(3) V1/Cu4-Cu3/V2 2.720(2) V1/Cu4-Cu3/V2 2.718(3) 

V1/Sn2-S1 2.3432(1) V1-S1 2.251(6) V1/Cu4-S1 2.325(6) V1/Cu4-S1 2.317(8) 

V1/Sn2-S1 2.3432(1) V1-S1 2.251(6) V1/Cu4-S1 2.325(6) V1/Cu4-S1 2.317(8) 

V1/Sn2-S1 2.3432(1) V1-S1 2.251(6) V1/Cu4-S1 2.325(6) V1/Cu4-S1 2.317(8) 

V1/Sn2-S1 2.3432(1) V1-S1 2.251(6) V1/Cu4-S1 2.325(6) V1/Cu4-S1 2.317(8) 

Sn1-S2 2.4029(1) Sn1-S2 2.412(5) Sn1-S2 2.397(4) Sn1-S2 2.394(5) 

Sn1-S2 2.4029(1) Sn1-S2 2.412(5) Sn1-S2 2.397(4) Sn1-S2 2.394(5) 

Sn1-S2 2.4029(1) Sn1-S2 2.412(5) Sn1-S2 2.397(4) Sn1-S2 2.394(5) 

Sn1-S2 2.4029(1) Sn1-S2 2.412(5) Sn1-S2 2.397(4) Sn1-S2 2.394(5) 

Sn11-S2 2.5161(1)       

Sn11-S2 2.3794(1)       

Sn11-S2 2.3708(1)       

Sn11-S2 2.3525(1)       

Sn11-Sn1 0.1147(1)       

Sn11-Sn1 0.1147(1)       

Sn11-Sn1 0.1147(1)       

Sn11-Sn1 0.1147(1)       

 

 

Table S3. Composition of the Cu26−xFexV2Sn6S32 samples from crystal data and EDX spectroscopy. 

Nominal composition Composition from crystal data Composition form EDXS data 

Cu25FeV2Sn6S32 Cu25Fe1V1,6(1)Sn6,4(7)S32 Cu24,1(3)Fe1,18(7)V2,11(7)Sn6,51(7)S32,1(3) 

Cu24Fe2V2Sn6S32 Cu23,3(1)Fe2V2,7(1)Sn6S32 Cu23,5(3)Fe2,2(1)V2,1(1)Sn6,4(1)S31,8(3) 

Cu23Fe3V2Sn6S32 Cu22,0(3)Fe3,5(3)V2,5(1)Sn6S32 Cu22,3(4)Fe3,3(1)V2,0(1)Sn6,4(2)S32,0(1) 

Cu22Fe4V2Sn6S32 Cu22,0(5)Fe4,0(2)V2,0(3)Sn6S32 Cu21,5(3)Fe4,3(3)V1,9(2)Sn6,3(2)S32,0(2) 
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Figure S1. Rietveld refinement of the crystal structure of Cu26-xFexV2Sn6S32 against synchrotron X-ray diffraction data 

for x = 1 (a); 2 (b); 3 (c); 4 (d). Shown are experimental and difference profiles and calculated peak positions. 
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Figure S2. Local environment of Sn1 and Sn11 atoms in the crystal structure of Cu25Fe1V2Sn6S32. Disposition of 

Sn1 and Sn11 atoms inside a tetrahedron (a) and Sn-S distances for Sn1 (b) and Sn11 (c) atoms. Only 1 of 4 

possible Sn11 positions is shown for clarity. 
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Figure S3. Reciprocal magnetic susceptibility as a function of temperature for Cu26−xFexV2Sn6S32 in magnetic 

field of 5 T. 
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Figure S4. Relaxation frequencies distribution (left panel) of the “relax” component at 300 K; 

quadrupole splitting distribution (right panel) at 15 K. 

Annex S1. Calculation of the lattice contribution to the EFG in Cu25FeV2Sn6S32. 

The lattice contribution to the EFG at the Sn4+ 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, and ij 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) 
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where k 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 Cu2+/1+, Fe3+/2+, Sn4+, and V5+ cations and small 

ionic radii, a significant electric field Ek exists only at the sulfur sites in the Cu25FeV2Sn6S32 

lattice. Thus, only the sulfur ions (S) contribute to 
dip

ijV . The S value is not well known 

and was estimated from the best fit of the theoretical EFGs to the measured data. In our 

calculations, we used values of S in the range of 0 – 5.6 Å 3 [S2]. The lattice sums in Eq. 

(S1) and (S2) were calculated with the spherical boundary method in which the summa-

tion is carried out by considering the contributions from all lattice sites inside a given 

sphere radius (r) of 50 Å . The crystal pseudo cell was constructed from the crystal data 

reported in this paper and consists of 222 original unit cells where the tin atoms from 

the Sn11 site were randomly redistributed in accordance with its occupations. The quad-

rupole moment of the 119Sn nucleus in the excited state, Q = −0.109 b [S3], and the Stern-

heimer antishielding factor for Sn4+ were not ever mentioned in the literature. Thus, we 

compare not the absolute values of the quadrupole splittings  for Sn1/2 and Sn11 but the 
tot mon dip

ZZ ZZ ZZV V V= + values while ( )1 2tot

ZZΔ eQV −  ( is the Sternheimer factor for 

lattice contribution), with the exception of asymmetry parameter  for cubic crystals. 

Now, we can express the relation as 

1/ 2 1/ 2

11 11

ZZ

ZZ

V (Sn ) Δ(Sn )
=

V (Sn ) Δ(Sn )
            (S4) 

The sulfur dipole polarizability S has been estimated with a self-consistent iterative 

method from the fit of the calculated EFG components to the experimental values relation 

(S4) of quadrupole splitting. The best theoretical value at S = 2.8 Å 3 of the relation (S4) is 

1/ 2
0.62

11

ZZ

ZZ

V (Sn )
 = 

V (Sn )
and the experimental value

1/ 2
0.68

11

Δ(Sn )

Δ(Sn )
 . 
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