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TABLE 1. Refl ectance measurements in air for mutnovskite 
λ (nm) Rmin (%) Rmax (%) λ (nm) Rmin (%) Rmax (%)
400 39.2 44.1 560 32.9 33.1
420 38.6 39.4 580 32.7 32.8
440 36.5 37.6 589 32.5 32.7
460 35.3 36.2 600 32.2 32.5
470 34.2 34.6 620 31.9 32.1
480 33.9 34.2 640 31.7 31.9
500 33.7 34.0 650 31.4 31.7
520 33.6 33.8 660 31.2 31.4
540 33.4 33.6 680 30.9 31.0
546 33.2 33.5 700 30.7 30.8
Note: The four COM wavelengths at 470, 546, 589, and 650 are indicated in 
bold.
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TABLE 2. Chemical composition of mutnovskite (microprobe data, wt%) and empirical chemical formulas
No. Pb Fe Cu Bi As S Se Cl I Br Total  Val. %*
1 61.40 0.02 – 0.51 10.54 14.22 - 2.62 9.06 1.61 99.98  2.83
2 61.02 – 0.02 0.53 11.28 14.49 0.70 2.41 9.04 1.37 100.86 2.73
3 61.65 0.03 0.01 0.58 10.81 14.31 0.55 2.45 8.86 0.06 99.31 0.84
4 62.40 – 0.01 0.45 10.63 14.24 0.38 2.44 8.90 2.06 101.51 2.65
5 62.07 – 0.07 0.47 11.03 14.31 1.33 2.63 8.32 0.93 101.16 2.70
6 61.84 0.01 0.04 0.70 11.59 14.59 – 2.53 8.72 1.86 101.88 0.14
7 61.94 - 0.02 0.55 11.04 14.31 – 2.48 8.69 1.21 100.28† 0.24
8 62.37 0.01 0.04 0.47 10.80 14.18 0.33 2.31 9.39 1.05 100.95 0.29
            
Average‡ 61.95 0.01 0.03 0.58 11.06 14.35 0.22 2.44 8.92 1.05 100.61 1.50
            
Theoretical§ 62.15 – – – 11.24 14.43 – 2.66 9.52 – 100.00
* Valence in % was calculated with formula : | [(val+ ) – (val– )  100/(val– ) |.
† Includes 0.04 wt% Tl.
‡ Calculated from four selected analyses (No. 3, 6, 7, 8) with a good balance of valence (deviations less than 1.5%).
§ Calculated from the ideal formula : Pb2AsS3(I,Cl).

Empirical chemical formulas of selected analyses (based on 7 apfu):
3. Pb2.00(As0.97Bi0.020.99(S3.01Se0.05)3.06(I0.47Cl0.47Br0.01)0.95

6.  Pb1.96(As1.01Bi0.021.03S2.99(I0.45Cl0.47Br0.15)1.07

7. Pb2.00(As0.98Bi0.021.00S2.98(I0.46Cl0.47Br0.10)1.03

8. Pb2.01(As0.96Bi0.021.00(S2.96Se0.03)2.99(I0.50Cl0.44Br0.09)1.03

Average empirical formula 
Pb1.99(As0.98Bi0.021.00(S2.98Se0.02)3.00(I0.47Cl0.46Br0.09)1.02

TABLE 3. X-ray powder-diff raction data for mutnovskite
I/Io d(obs) d(calc) h k l
5 5.770 5.772 2 0 0
7 5.440 5.433 0 1 1
7 4.930 4.914 2 0 1
32 4.690 4.682 0 0 2
67 4.370 4.365 2 1 0
12 3.970 3.956 2 1 1
12 3.620 3.636 2 0 2
73 3.340 3.335 0 2 0
100 3.190 3.193 2 1 2
10 2.890 2.886 4 0 0
19 2.763 2.746 2 0 3
61 2.715 2.716 0 2 2
66 2.648 2.649 4 1 0
31 2.539 2.539 2 1 3
29 2.455 2.457 4 0 2
26 2.294 2.294 1 0 4
5 2.234 2.236 1 2 3
22 2.180 2.182 4 2 0
22 2.123 2.125 4 2 1
16 1.976 1.978 4 2 2
19 1.914 1.916 3 1 4
30 1.894 1.897 2 3 2
11 1.849 1.849 6 1 0
15 1.814 1.814 6 1 1
15 1.780 1.780 3 3 2
13 1.760 1.761 4 3 0
10 1.730 1.728 2 3 3
8 1.715 1.715 3 2 4
11 1.666 1.667 0 4 0
18 1.634 1.633 3 1 5
13 1.621 1.622 5 2 3
9 1.589 1.591 6 1 3
15 1.572 1.571 0 4 2
5 1.505 1.507 1 1 6
6 1.474 1.474 5 2 4
7 1.455 1.454 3 4 2
17 1.425 1.425 7 1 3
15 1.395 1.395 8 1 1
6 1.380 1.380 4 4 2
10 1.335 1.333 5 2 5
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TABLE 4.  Crystal data and summary of parameters describing data 
collection and refi nement for mutnovskite

Crystal data
Empirical chemical  Pb1.99(As0.98Bi0.02)1.00(S2.98Se0.02)3.00(I0.47Cl0.46Br0.09)1.02

formula 
Crystal size (mm) 0.034  0.054  0.072
Cell setting, space  Orthorhombic, Pnma
group
a, b, c (Å) 11.543(1), 6.6764(7), 9.359(1)
V (Å3) 721.3(1)
Z 4
Dx (g/cm3) 6.177
 

Data collection
Radiation MoK (graphite monochromator)
Temperature 293 K
Detector to sample  4 cm
distance
Active detection-area 6.25  6.25 cm2

Resolution  512  512 pixels
Number of frames 2800
Rotation width per frame 0.2°
Measuring time  60 s
Maximum covered 2 56.58° (d = 0.75 Å)
Unique refl ections 976
Refl ections I > 2I 753
Rint before absorption  0.1247
correction
Rint after absorption  0.0692 
correction
R  0.042
Range of h, k, l –15  h  15, –8  k  8, –12  l  11
 

Refi nement
 
R [Fo > 4(Fo)] 0.0414
R (all data) 0.0563
wR (on Fo

2) 0.0891
wR (all data) 0.0922
Goof 1.25
Number of least  
squares parameters 41

TABLE 5. Fractional atomic coordinates and anisotropic displacement parameters (Å) for the crystal structure of mutnovskite
Site x y z U11 U22 U33 U23 U13 U12 Ueq

Pb1 0.37509(6) 1/4 0.19184(8) 0.0342(4) 0.0539(5) 0.0347(4) 0 –0.0073(3) 0 0.0409(2)
Pb2 0.17188(7) 3/4 0.21713(9) 0.0363(4) 0.0817(6) 0.0355(5) 0 –0.0052(3) 0 0.0512(3)
As 0.9213(1) 3/4 0.0355(2) 0.0199(7) 0.0358(9) 0.0246(9) 0 –0.0013(6) 0 0.0268(4)
X 0.9544(1) 3/4 0.4017(2) 0.0283(9) 0.046(1) 0.028(1) 0 –0.0017(7) 0 0.0342(6)
S1 0.2969(3) 0.9998(4) 0.4194(4) 0.037(2) 0.026(1) 0.030(2) 0.001(1) –0.001(1) 0.002(1) 0.0310(6)
S2 0.5985(4) 1/4 0.2968(5) 0.024(2) 0.066(3) 0.022(2) 0 –0.004(2) 0 0.038(1)











 















   
      





       

      


      










   
   






  



 

TABLE 7. Selected interatomic distances (Å) and angles (°) for mutnovskite
PB1 CN: 9
 S2 S1 S1 S2 X X X S1 S1
S2 2.760( 5) 91.7( 1) 91.7( 1) 157.2( 1) 74.9( 1) 81.2( 1) 81.2( 1) 139.4( 1) 139.4( 1)
S1 4.028( 5) 2.853( 3) 71.7( 1) 70.1( 1) 142.2( 1) 73.5( 1) 144.2( 1) 128.3( 1) 94.7( 1)
S1 4.028( 5) 3.341( 4) 2.853( 3) 70.1( 1) 142.2( 1) 144.2( 1) 73.5( 1) 94.7( 1) 128.3( 1)
S2 5.838( 7) 3.483( 5) 3.483( 5) 3.194( 5) 127.8( 1) 105.3( 1) 105.3( 1) 58.5( 1) 58.5( 1)
X 3.749( 5) 5.875( 4) 5.875( 4) 5.882( 5) 3.354( 2) 69.6( 0) 69.6( 0) 75.7( 1) 75.7( 1)
X 4.166( 3) 3.887( 4) 6.117( 3) 5.383( 4) 3.955( 1) 3.570( 1) 138.5( 1) 113.4( 1) 62.6( 1)
X 4.166( 3) 6.117( 3) 3.887( 4) 5.383( 4) 3.955( 1) 6.676( 1) 3.570( 1) 62.6( 1) 113.4( 1)
S1 6.007( 6) 5.849( 5) 4.803( 5) 3.361( 5) 4.294( 4) 6.023( 3) 3.743( 4) 3.636( 4) 54.6( 1)
S1 6.007( 6) 4.803( 5) 5.849( 5) 3.361( 5) 4.294( 4) 3.743( 4) 6.023( 3) 3.336( 4)        3.636( 4)
       
PB2 CN: 8
 S1 S1 X S1 S1 X S2 S2 
S1 2.906( 3) 70.0( 1) 92.3( 1) 142.5( 1) 102.0( 1) 74.9( 1) 134.6( 1) 65.9( 1) 
S1 3.336( 4) 2.906( 3) 92.3( 1) 102.0( 1) 142.5( 1) 74.9( 1) 65.9( 1) 134.6( 1) 
X 4.294( 4) 4.294( 4) 3.047( 2) 125.0( 1) 125.0( 1) 164.3( 1) 79.6( 1) 79.6( 1) 
S1 5.849( 5) 4.803( 5) 5.603( 4) 3.269( 4) 61.5( 1) 67.7( 1) 60.0( 1) 119.3( 1) 
S1 4.803( 5) 5.849( 5) 5.603( 4) 3.341( 4) 3.269( 4) 67.7( 1) 119.3( 1) 60.0( 1) 
X 3.887( 4) 3.887( 4) 6.431( 2) 3.743( 4) 3.743( 4) 3.445( 2) 102.7( 1) 102.7( 1) 
S2 5.865( 4) 3.483( 5) 4.166( 3) 3.361( 5) 5.796( 4) 5.383( 4) 3.446( 1) 151.2( 1) 
S2 3.483( 5) 5.865( 4) 4.166( 3) 5.796( 4) 3.361( 5) 5.383( 4) 6.676( 1) 3.446( 1) 
         
AS CN: 3
 S1 S1 S2 
S1 2.241( 3) 96.2( 2) 97.0( 1) 
S1 3.336( 4) 2.241( 3) 97.0( 1) 
S2 3.361( 5) 3.361( 5) 2.245( 5) 
Note: The values in diagonals (bold) are the central atom-ligand distances; the bond angles are given in the upper-right triangle and the ligand-ligand distances 
are given in the lower left.

TABLE 8. Coordination parameters* for the cation sites of mutnovskite
Site Coordination <d> d min d max Vs ECCL SPHL Vp  valence
Pb1 6S+3X 3.3(4) 2.760(5) 3.336(4) 142.935 0.1645 0.9479 67.1(1) 0.0381 2.07
Pb2 6S+2X 3.2(2) 2.906(3) 3.446(1) 140.064 0.0790 0.9458 50.2(1) 0.1731 1.73
As 3S 2.243(3) 2.241(3) 2.245(5) 30.37 0.5852 1 – – 3.15
Notes: <d> = average bond distance, Vs = volume of the circumscribed sphere, ECCL = linear eccentricity of the coordination, SPHL = linear sphericity of the coor-
dination, Vp = volume of the coordination polyhedron,   = volume distortion.
* The polyhedron parameters for atomic coordinations are defi ned by Balić-Žunić and Makovicky (1996) and Makovicky and Balić-Žunić (1998). All calculations 
were done using IVTON  (Balić-Žunić and Vicković 1996).
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