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Figure S1. The Na-S binary phase diagram (data from J. Sangster and A. D. Pelton, J. Phase Equilib., 1997, 
18, 89.). Mixtures of Na2S and S have eutectics as low as 240°C. There is also a region of binary liquid 
immiscibility above 253°C near the sulfur-rich end of the system. 
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Single Crystal Structural Determination 
 

 

Figure S2. A view of the experimentally-determined pyrite unit cell with 95% thermal contours shown for 
all ions. Red ellipsoids are iron ions; yellow ellipsoids are sulfur ions. 

 

Table S1. Refined Atomic Coordinates, Bond Lengths, and Angles. 
_____________________________________________________  
Coordinates [in units of fractional lattice constant] 
Fe: (0,0,0); (0.5,0.5,0); (0,0.5,0.5); (0.5,0,0.5) 
S: (0.38490,0.38490,0.38490); (0.61510,0.61510,0.61510);  
    (0.88490,0.38490,0.11510); (0.11510,0.61510,0.88490); 
    (0.38490,0.11510,0.88490); (0.61510,0.88490,0.11510); 
    (0.11510,0.88490,0.38490); (0.88490,0.11510,0.61510). 
 
Lengths [Å] 
Fe–S  2.2627(2) 
S–S  2.1585(7) 
 
Angles [°] 
S–Fe–S 94.349(3), 85.651(3) 
S–S–Fe 102.345(8) 
Fe–S–Fe 115.559(6) 

_____________________________________________________  

 
Crystal data and structure refinement. 
 
Empirical formula  FeS2 
Formula weight  119.975 
Temperature  143(2) K 
Wavelength  0.71073 Å 
Crystal system  Cubic 
Space group  P a -3 
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Unit cell dimensions a = 5.4143(5) Å = 90° 
 b = 5.4143(5) Å = 90° 
 c = 5.4143(5) Å  = 90° 
Volume 158.72(3) Å3 
Z 4 
Atomic Coordinates Fe: (0,0,0); (0.5,0.5,0); (0,0.5,0.5); (0.5,0,0.5)     
 S: (0.38490,0.38490,0.38490); (0.61510,0.61510,0.61510);  
     (0.88490,0.38490,0.11510); (0.11510,0.61510,0.88490); 
     (0.38490,0.11510,0.88490); (0.61510,0.88490,0.11510); 
     (0.11510,0.88490,0.38490); (0.88490,0.11510,0.61510).  
Density (calculated) 5.021 Mg/m3 
Absorption coefficient 11.477 mm-1 
F(000) 232 
Crystal size 0.33 x 0.25 x 0.11 mm3 
Crystal color and habit gold cuboid 
Diffractometer Bruker Apex II 
Theta range for data collection 11.36 to 42.51°. 
Index ranges -10 ≤ h ≤ 8, -10 ≤ k ≤ 10, -10 ≤ l ≤ 10 
Reflections collected 4228 
Independent reflections 190 [R(int) = 0.0373] 
Observed reflections (I > 2σ(I)) 189 
Completeness to theta = 42.51° 96.9 %  
Max. and min. transmission 0.4443 and 0.2429 
Solution method SHELXS-97 (Sheldrick, 2008) 
Refinement method SHELXL-97 (Sheldrick, 2008) 
Data / restraints / parameters 190 / 0 / 9 
Goodness-of-fit on F2 1.218 
Final R indices [I>2σ(I)] R1 = 0.0159, wR2 = 0.0398 
R indices (all data) R1 = 0.0160, wR2 = 0.0399 
Extinction coefficient 1.02(10) 
Largest diff. peak and hole 0.655 and -0.667 e.Å-3 

 

Table S2. Site Occupancy Factors (SOFs) for Fe and S in Pyrite. 

 Fe SOF  ESD S SOF  ESD 

crystal 1 1.00 ± 0.07 1.00 ± 0.06 

crystal 2 0.99 ± 0.05 1.00 ± 0.05 

crystal 3 0.99 ± 0.05 0.98 ± 0.04 

crystal 4 1.01 ± 0.03 1.01 ± 0.03 

crystal 5 1.00 ± 0.04 1.00 ± 0.05 

 

---------------------------------------------------------------------------------------------- 
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Figure S3. X-ray tomography images of a flux-grown pyrite crystal. (top) Top view of a 3D reconstruction 
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of the crystal. (left column) Images of a yz cut through the crystal. The horizontal blue line denotes the 
position of the xy cut shown in the middle column. The vertical green lines denote the positions of the xz 
cuts shown in the right column. Voids are present in the bottom half of this crystal. (middle column) Images 
of an xy cut through the crystal. The vertical red line denotes the position of the yz cuts shown in the left 
column. The horizontal green lines denote the positions of the xz cuts shown in the right column. (right 
column) Images of a series of xz cuts through the crystal, showing voids only in the lower half of the 
specimen. The scale bar is 2 mm. See Movie S1 for a rotating 3D reconstruction of this crystal.  

 

 

 

Figure S4. Certificate of analysis for a batch of the iron powder used for pyrite flux synthesis. 
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Figure S5. Certificate of analysis for a batch of the sulfur powder used for pyrite flux synthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



7 
 

 
 
Figure S6. Certificate of analysis for a batch of the Na2S powder used for pyrite flux synthesis. 
 
 

 

 
Figure S7. Typical trace element composition of the type 214 quartz ampoules used in this study.  
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Figure S8. (a) Comparison of fits to the Hall data of Figure 3 assuming zero compensation (yellow traces) 
and finite compensation (red traces). For the latter, the compensation ratio NA/ND was allowed to float freely 
to achieve a best fit. We found a best fit at 56% compensation with the following bulk parameters: ND = 
1.0 × 1018 cm-3, EC – ED = 185 meV, NA,bulk = 5.6 × 1017 cm-3, EA - EV = 50 meV. (b) Comparison of ED and 
the Fermi level EF as a function of inverse temperature for the uncompensated case (yellow) and 56% 
compensated case (red). 
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Figure S9. (a) Mobility and (b) concentration of free electrons (red markers) and holes (green markers) as 
calculated from the Hall data in Figure 3 of the text assuming validity of the unipolar approximation at all 
temperatures [i.e., n,p = 1/|RHe|]. Note that this approximation is violated in regions of mixed electron and 
hole conduction (i.e., the intrinsic region and the temperature range of 80-150 K). Solid and dashed curves 
denote the values used to parameterize the model. These values match the data in the unipolar regions (> 
150 K for electrons and < 80 K for holes). Electron mobility in the bulk, µe,bulk, follows a T-2.5 dependence 
at high T, as is common for phonon scattering [C. Jacoboni, C. Canali, G. Ottaviani and A. A. Quaranta, 
Sold State Electron., 1977, 20, 77]. Hole mobility in the bulk, µh,bulk, is assumed to be 1/3 of µe,bulk at all T. 
Note that the value of µe,bulk is irrelevant at low T and µh,bulk is irrelevant at all T due to the low carrier 
concentrations. Thus, no assumptions about bulk mobility at low T were necessary to model the data. For 
example, including ionized impurity scattering at low T had no effect on the fits (as expected). Hole mobility 
in the surface layer, µh,surface, was estimated from low T data using the unipolar approximation. We found 
values ranging from 0.1 to 10 cm2 V-1 s-1 and used the best fit result of ~2 cm2 V-1 s-1 in the model. Electron 
surface mobility is irrelevant due to negligible carrier concentration and was set to µe,surface = µh,surface for 
simplicity. Note that the concentration of holes used to model the surface layer (dotted green line in (b)) is 
five orders of magnitude higher than the data points because pbulk is calculated from the data is with respect 
to the bulk while psurface is calculated with respect to just the surface layer, which is about 105 times thinner 
than the bulk. 
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Figure S10. Hall data modeled using the DFT DOS(E) values and the Fermi-Dirac distribution function. 
Zero compensation is assumed. Parameters used are ND,bulk = 5.6 × 1019 cm-3; EC - ED = 380 meV; NA,surface 
= 4.5 × 1019 cm-3; EA - EV = 50 meV; ds = 4.4 nm; µh = 2.5 cm2 V-1 s-1. 
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Figure S11. Comparison of DOS(E) functions calculated using the normal parabolic band approximation 
(red) versus density functional theory (GGA+U, blue), on both (a) logarithmic and (b) linear scales. These 
DOS(E) functions were used in the text to model the Hall data and electronic band gap of pyrite. DFT 
results are taken from J. Hu, Y. Zhang, M. Law and R. Wu, Phys. Rev. B, 2012, 85, 085203. 
 
 
 
 

 
Figure S12. Comparison of the calculated Fermi level as a function of inverse temperature using the 
parabolic DOS(E) versus DFT DOS(E) functions. Results are shown for both intrinsic pyrite and pyrite 
with a deep donor (gray line). Zero compensation is assumed. 

 



12 
 

 
Figure S13. Self-consistent calculations of |RH(T)| for a homogeneous semiconductor at different 
combinations of doping and µ(T). (a) Plots of the mobility functions used to calculate the various scenarios. 
(b) |RH(T)| for Scenario #1: intrinsic pyrite with ideal µ(T) behavior for both electrons and holes and µe/µh 
= 25 at all temperatures. RH is negative at all temperatures because n = p but µe > µh. |RH| increases 
monotonically as the carriers freeze out. (c) Corresponding band diagram showing EF (dotted line), n (red 
line), p (green line), EV, and EC versus inverse temperature. (d) |RH(T)| for Scenario #2: intrinsic pyrite with 
µh > µe below ~90 K. Since n = p, RH takes the sign of whichever carrier has the higher mobility. Therefore, 
RH changes sign at ~90 K. Since the flux crystals are far from intrinsic, this scenario is not relevant to the 
case at hand. (e) Corresponding band diagram. (f) |RH(T)| for Scenario #3: ND = 0, NA = 1018 cm-3 (EA - EV 

= 50 meV) with ideal µ(T) behavior for both electrons and holes and µe/µh = 25 at all temperatures. RH is 
negative in the intrinsic region because n ≈ p but µe > µh. RH changes sign when p > n outside of the intrinsic 
region due to the acceptor doping. This RH behavior is typical for doped semiconductors. (g) Corresponding 
band diagram. (h) |RH(T)| for Scenario #4: ND = 1019 cm-3 (EC - ED = 390 meV), NA = 0 with µh >> µe below 
~90 K due to an exponentially increasing µh(T) with decreasing temperature. This type of non-physical 
µh(T) function is required in order to overcome the large difference between n and p and force RH to change 
sign at low temperatures. The physical irrelevance of this scenario illustrates the practical impossibility of 
an RH sign change occurring in a homogeneous doped semiconductor outside of the intrinsic region. (i) 
Corresponding band diagram. All calculations employed parabolic DOS(E) functions. 
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Figure S14. Low-temperature resistivity data and fits. (a) Logarithmic derivative plots to linearize ߩሺܶሻ ൌ

ሾሺ	expߩ ܶ ܶ⁄ ሻሿ in order to determine the value of p. Here, ln(W) = ln ቀെ ௗሺ୪୬ఘሻ

ௗሺ୪୬்ሻ
ቁ. Data are shown 

for four pyrite single crystals (including the crystal used in Figure 3 of the text), plus a mixed-
phase thin film annealed at 400°C from Reference 30 (Zhang 2013). The value of p ranges from 
0.53 to 0.58. (b) The data plotted versus T-1/2, along with fits to the linear regions at low 
temperature. The value of T0 ranges from 3550 to 6350 K. (c) Plots versus T-1 and (d) T-1/4. 
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Figure S15. Band transport and ES VRH fits of the MR(H) data for the sample in Figure 4. (a) 70 K data 
and (b) 300 K data. Qualitatively, the fits are equally good at both temperatures. However, the fits at 70 K 
result in unphysically large values of μ and T0, suggesting that the MR is neither simple band nor ES VRH 
transport. At 300 K, the value of μ is quite reasonable, but that of T0 is again unphysically large. The ES 
VRH fits shown here assume a = 6.6 Å. 
 
 

 
Figure S16. Temperature dependence of the magnetoresistance (MR). (a) Data for a representative sample 
from 30-300 K at three different values of the magnetic field. (b) Detail view of the low-temperature region, 
including fits to Eq. 2. While the data at 30 and 60 kOe are too scattered to determine the temperature 
dependence of the MR, the MR at 90 kOe clearly increases with decreasing temperature in qualitative 
agreement with Eq. 2. However, an unphysically large value of T0 is required to fit the data. 
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Figure S17. Typical examples of calculated EF and carrier concentrations as a function of inverse 
temperature for the (a) bulk and (b) surface layers. Zero compensation is assumed. 
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Figure S18. (a) Temperature dependence of the Hall coefficient and conductivity of a boron-doped silicon 
single crystal as a function of crystal thickness. The data (80-350 K) are independent of thickness and 
surface polishing, showing that silicon lacks the type of conductive surface layer found on pyrite. The 
dotted/dashed curves are fits from the model (giving an acceptor concentration of 1.8 × 1016 cm-3 and an 
ionization energy of 52 meV, close to the accepted value of 45 meV for boron in silicon). DSP = double 
side polished. (b) Magnified view of the temperature range from 80-350 K. (c) Carrier concentration and 
(d) mobility for the as-received 500 μm thick wafer. These control experiments provide additional 
confirmation that our model and interpretation of the pyrite data are correct. 
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Figure S19. (111) rocking curves for a pyrite slab as a function of surface modification. FWHM values are 
given in the legend in units of arcseconds. 
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Figure S20. SEM and AFM images of the surface of a pyrite crystal (top) as cut with a diamond saw, 
(middle) after fine polishing, and (bottom) after etching the surface with piranha solution. 
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Figure S21. Cross-sectional SEM images of a pyrite crystal before and after a 5 min piranha etch. The etch 
rate is approximately 8 nm/s, assuming a constant activity of the piranha solution over 5 min. 
 
 

 
Figure S22. Calculated equilibrium band diagram of the pyrite surface at 300 K assuming the presence of 
a narrow-gap surface layer (Eg = 0.4 eV, 0.7 nm thick). In the bulk, EF is located ~190 meV below the 
conduction band edge (consistent with ND = 6 × 1019 cm-3 and EC - ED = 390 meV from Hall data). At the 
surface, EF is ~100 meV above the valence band edge (consistent with UPS data). Equilibration of bulk 
with surface results in relatively weak band bending of ~250 meV, which represents the upper limit for the 
pyrite VOC. Thus, tunneling is unnecessary to explain the low VOC if a narrow-gap surface layer is present. 
An inversion layer (p > n) approximately 3.0 nm thick is also created (denoted by the vertical dotted line). 
The inversion layer is separated from bulk by a depletion layer approximately 140 nm thick (defined here 
as n = 0.95nbulk). The bulk pyrite band gap is assumed to be 0.76 eV. 
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Figure S23. XRD patterns of a pyrite (111) single crystal before and after heating to progressively higher 
temperatures in ultrapure nitrogen. (a) 2θ-ω scans. (b) Omega scans with a grazing incidence angle of 1.0 
degree. The sample was heated within 60 minutes to the temperature indicated, held at that temperature for 
1 minute, and then cooled to room temperature within 60 minutes prior to data acquisition. The data labeled 
“550ºC dwell” were acquired after holding the sample at 550ºC for 1 hour. 
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Figure S24. (a) The valence and conduction band density of states calculated by DFT using the GGA (red) 
and GGA+U (blue) levels of theory. (b) The integrated density of states for the conduction band at the two 
levels of theory. DFT results are taken from J. Hu, Y. Zhang, M. Law and R. Wu, Phys. Rev. B, 2012, 85, 
085203. 
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Figure S25. Compilation of literature values for the pyrite band gap. Dashed curves are 
extrapolations/interpolations from the variable-temperature experimental data (solid curves or points). The 
light blue crosses (optical data), light blue stars (electrical data modeled with the parabolic DOS(E)), and 
red stars (electrical data fit with simple Arrhenius lines) are the results of the present study. 
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Figure S26. Optical extinction spectra of (a) a 65 µm thick pyrite crystal and (b) a 250 µm thick 
silicon crystal as a function of temperature. The crystals are polished on both sides. Data were 
acquired in 20 K increments. Inset are plots of band gap extracted from the raw extinction data 
after correcting for sample thickness and the dispersion of the refractive index. The inset in (b) 
compares the temperature dependence of the band gap for both materials. The room-temperature 
band gap of pyrite and silicon is 0.94 eV and 1.11 eV, respectively. 
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Figure S27. Representative plots of Hall coefficient versus magnetic field for a pyrite crystal as a 
function of temperature (65-300 K). In the unipolar region (T > 150 K), RH is constant with field 
(in other words, the Hall voltage is linear with magnetic field). In the mixed-carrier region 
(intermediate temperatures), RH decreases with increasing field. Finally, for T < 90 K, RH becomes 
noisy but appears to flatten out with increasing field at higher values of applied field. 
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Derivation of logarithmic derivative expression used to linearize the equation 
ሻࢀሺ࣋ ൌ ࢀሾሺ	ܘܠ܍࣋ ⁄ࢀ ሻሿ: 
 

 
 

      Multiply by -1 and take log again: ln ቀെ ௗሺ୪୬ఘሻ

ௗሺ୪୬்ሻ
ቁ ൌ lnሺሻ  ln	ሺ ܶ/Tሻ 

 
 

ln ቆെ
݀ሺln ሻߩ
݀ሺln ܶሻ

ቇ ൌ lnሺሻ   lnሺ ܶሻ െ  lnሺܶሻ ൌ constant െ  ሺܶሻ	ln	


