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Table S1. Crystal data, data collection and structure refinement details for Cu4MnGe2S7. 
Formula weight 678.70  
Crystal system, space group Monoclinic, Cc (No.9) 
Temperature (K) 296 
a (Å) 16.7332(3) 
b (Å) 6.47600(10) 
c (Å) 9.8022(2) 
b (°) 93.1517(9) 
V (Å3) 1060.60(3) 
Z 4 
F(000) 1268 
Density g cm-3 4.250 
Radiation type Mo Ka 
µ (mm-1) 15.93 
Crystal size (mm) 0.18 x 0.14 x 0.10 
Crystal habit and color Irregular polyhedron, black 
Diffractometer Bruker SMART Apex II 
Radiation source Fine-focus sealed tube 
Absorption correction Multi-scan, SADABS (Sheldrick, 2002) 
No. of measured reflections 4396 
No. of independent reflections 2405 
No. of observed reflections [I>2s(I)] 2282 
qmin, qmax (°) 2.4, 27.5 
Completeness to q=27.5° 100% 

Limiting indices 
-21 ≤ h ≤ 21 
-8 ≤ k ≤ 8 
-12 ≤ l ≤	12 

Rint 0.015 
R[F2 > 2σ(F2)], wR(F2),* S  0.021, 0.055, 1.07 
(Δ/σ)max 0.001 
Extinction coefficient 0.00567 (18) 
No. of data/restraints/parameters 0.70 
Δρmax, Δρmin (e Å-3)  -0.89 
Absolute structure parameter (Flack parameter) 0.063 (12)  
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Table S2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) for 
Cu4MnGe2S7. 

 
 
 
 
Table S3. Atomic displacement parameters (Å2) for Cu4MnGe2S7. 
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Table S4. Bond distances (Å) for Cu4MnGe2S7.
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Table S5. Bond angles (°) for Cu4MnGe2S7. 
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Table S6. Average bond distances (Å) and angles (°) for Cu4MnGe2S7. 
 

Average bond distance (Å) Average bond angle (°) 
Cu1-S 2.326(3) S-Cu1-S 109.4(2) 
Cu2-S 2.328(3) S-Cu2-S 109.4(2) 
Cu3-S 2.317(4) S-Cu3-S 109.4(2) 
Cu4-S 2.316(4) S-Cu4-S 109.3(2) 
All Cu-S 2.322(7) S-Ge1-S 109.4(1) 
Ge1-S 2.235(3) S-Ge2-S 109.5(2) 
Ge2-S 2.236(3) S-Mn-S 109.5(2) 
All Ge-S 2.236(4) All S-Cu-S 109.4(3) 
Ge-S (short)* 2.213(4) All S-Ge-S 109.4(2) 
Mn-S 2.430(4) S-Cu1-S 109.4(2) 
S1-M 2.351(3)   
S2-M 2.326(4)   
S3-M 2.328(4)   
S4-M 2.313(3)   
S5-M 2.326(3)   
S6-M 2.277(3)   
S7-M 2.269(3)   
All S-M 2.313(9)   

*The short Ge-S bond average excludes the Ge1-S1 and Ge2-S1 bonds. 
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Table S7. Extended connectivity table for Cu4MnGe2S7 used to predict structural distortions according to Pauling’s 
second rule. When the charge on the sulfur is compensated (CMP) by the cations in its first coordination sphere 
the coordination polyhedron is regular. When the charge of the sulfur is over CMP or under CMP cation-anion 
bonds will lengthen and shorten, respectively. 
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Table S8. Bond valence sums, provided for each crystallographically unique ion, and global instability index (G) 
values for Cu2MnGeS4 and Cu4MnGe2S7. 

Compound Space 
Group 

Bond Valence Sums G 
values 

Structure 
Reference Cu+ Mn2+* Ge4+ S2- 

Cu2MnGeS4 Pmn21 (4b)  
1.26 

(2a) 
2.04 

(2a) 
3.89 

S1(2a) 2.04 
S2(2a) 2.07 
S3(4b) 2.22 

0.18 T. Bernert,  
A. Pfitzner,  

Z. Kristallogr., 
2005, 220, 968-

972. 
Cu4MnGe2S7 Cc (4a) 

Cu1 1.27 
Cu2 1.26 
Cu3 1.29 
Cu4 1.30 

(4a) 
2.15 

(4a) 
Ge1: 3.82 
Ge2: 3.82 

(4a) 
S1 2.10 
S2 2.16 
S3 2.14 
S4 2.20 
S5 2.15 
S6 2.05 
S7 2.10 

0.19 This work 

R0 and b values come from https://www.iucr.org/__data/assets/file/0011/150779/bvparm2020.cif 
*The R0 values were used for the specific oxidation states of the ions except for Mn2+, which has an 
“unchecked”/unreliable R0 value. In the case of Mn, we used the value for the unspecified oxidation state, 
R0=2.20	Å, which can also be found in the following reference: N. E. Brese, M. O’Keeffe, Acta Cryst. 1991, B47, 192-
197. 
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Table S9. The electronic bandgaps at different k-points using the PBE and HSE06 functional in Cu2MnGeS4. 
K-point Eg

PBE (eV) Eg
HSE06 (eV) ΔEg (eV) 

(0, 0, 0) 0.6 1.9 1.3 
(1/2, 0, 0) 1.3 3 1.7 
(1/2, 1/2, 0) 1.8 3.4 1.6 
(0, 1/2, 0) 0.8 2.2 1.4 
(0, 0, 1/2) 0.8 2.3 1.5 
(1/2, 0, 1/2) 1.4 3.1 1.7 
(1/2, 1/2, 1/2) 1.7 3.2 1.5 

 
Table S10: The electronic bandgaps at different k-points using the PBE and HSE06 functional in Cu4MnGe2S7. 

K-point Eg
PBE (eV) Eg

HSE06 (eV) ΔEg (eV) 
(0, 0, 0) 0.5 1.7 1.2 
(1/2, 0, 0) 0.8 2.1 1.3 
(0, 1/2, 0) 0.9 2.3 1.4 
(1/2, 1/2, 0) 0.9 2.3 1.4 
(1/2, 1/2, 1/3) 1 2.2 1.2 
(0, 1/2, 1/3) 1.1 2.4 1.3 
(1/2, 1/2, 1/3) 1 2.3 1.3 
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Figure S1. Simulated precession images for Cu4MnGe2S7 created using the single-crystal X-ray diffraction data. The 
(0kl), (h0l), and (hk0) planes in reciprocal space are shown from left to right, respectively. Sharp, bright spots are 
observed indicative of a single crystal. 
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Figure S2. Differential thermal analysis diagrams for Cu2MnGeS4 (top) and Cu4MnGe2S7 (bottom). Two cycles were 
conducted for each experiment.  
 

 
Figure S3. Attenuated total reflectance FT-IR data converted to transmittance for Cu2MnGeS4 and Cu4MnGe2S7. 
 


