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What we can do for studies of Pyrite

Structural properties
Elastic constants, formation energies for vacancies and other deficiencies , 
stability of nanostructures, surfaces and interfaces …

Electronic Properties 
Band structure, density of states, defect states, charge rearrangements, wave 
function of local or non-local states, transport …

Optical properties 
Dielectric function, x-ray adsorption, phonon …

Magnetic properties
Local magnetization, magnetic ordering, magneto-optical properties ...



What we have done for studies of Pyrite

Bulk FeS2 

Various vacancies (S monomer 

and dimer, Fe);

Different dopants (O, N, P, Se, F, 

Cl and Br);

Different metal substituents (Sc, 

V, Cr, Mn, Co, Ni, Cu and Zn) on 

the electronic, optical and magnetic 

properties of the bulk FeS2.

FeS2(001) surfaces
The influence of the surface 

stoichiometry and morphology on the 

band gap of FeS2(001) surfaces;

The segregation of S vacancy and 

atom between surface and interior sites 

under different surface conditions;

X-ray absorption spectroscopy (XAS);

The surface energies of Fe-S pair 

potentials of the bulk FeS2 and the FeS2

(001) surface.
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FIG. 1. (Color online) Unit cell of pyrite FeS2 (rendered by
VESTA17). The spheres at fcc sites are Fe atoms. Each Fe atom
sits in a slightly distorted octahedral environment of S atoms, which
are located at the octahedral vertices.

slight modification of the NaCl structure, such that each Cl
site is occupied by 〈111〉-oriented S2 dumbbells.

It is well-known from crystal-field theory that the energies
of transition-metal d orbitals are nondegenerate within an
octahedral environment.18 Specifically for FeS2, the triply
degenerate dxy , dyz, and dxz states, collectively known as
t2g , dominate the valence band (VB), whereas the doubly
degenerate dz2 and dx2−y2 states, collectively known as eg ,
dominate the conduction band (CB). Both pyrite and marcasite
are low-spin (LS) semiconductors because their t2g levels are
fully occupied by the six Fe d electrons.19 The ligand field
theory of various materials that have the pyrite or marcasite
crystal structure is discussed in Ref. 19.

B. Similarity of pyrite and marcasite crystal structures

Marcasite forms an orthorhombic Pnnm structure with unit
cell shown in Fig. 2. Note the octahedral environment around
the body-centered Fe atom. By repeating the unit cell, one can
see that the octahedra in marcasite are edge-shared, whereas
those in pyrite are corner-shared (Fig. 1). Experimentally,
the lattice constant of pyrite is a = 5.416 Å;1 the lattice
constants of marcasite are a = 4.443 Å, b = 5.425 Å, and
c = 3.387 Å.20 Note that the b constant and the [101] length
(
√

a2 + c2 = 5.587 Å) of marcasite are similar to the pyrite
lattice constant, with lattice mismatches of 0.2% and 3%,
respectively. The structural relationship between the different
octahedra linkages in pyrite and marcasite is discussed in
Ref. 21. The pyrite-marcasite structural transformation can be
described by a rotation of Fe-S chains in alternating layers of
the (101) marcasite plane, as discussed in Ref. 22. Indeed, due
to their structural similarities, intergrowth (epitaxial growth)
of marcasite in (on) pyrite has been widely observed.9,23–25

The thermodynamic conditions for such growth behavior will
be discussed in later sections.

FIG. 2. (Color online) Unit cell of marcasite FeS2 (rendered by
VESTA17). Black (white) spheres represent Fe (S) atoms. The (101)
plane is highlighted in gray. The octahedra is edge-shared by the S
atoms on the (001) faces.

C. Proposed causes for low OCV of pyrite

1. Intrinsic surface states

Figure 3 shows the (100) surface of pyrite. Of the three
possible terminations, only one is nonpolar. [S-Fe-S] patterns
repeat along the surface normal direction in Fig. 3a. Polar
surfaces are created from the terminations that yield [S-S-Fe]
or [Fe-S-S] as the three layers nearest to the surface. In the
nonpolar surface, ending as [S-Fe-S], the coordination number
of a surface Fe atom is 5, being 1 lower than that of a bulk Fe
atom. The local coordination of S around Fe is reduced from
octahedral to square pyramidal, as illustrated in Fig. 3b.

The ligand field model developed by Bronold et al. to
describe the local electronic structure is shown schematically
in Fig. 4.5 Bronold et al. estimate the octahedral splitting
energy 10 Dq to be 2 eV based on the centers of mass of

FIG. 3. (Color online) (a) Side view of the unique nonpolar pyrite
(100) surface. Looking along the surface normal direction (upwards),
the atomic layers have the repetitive pattern [S-Fe-S]. Other possible
terminations result in repeating layers of [S-S-Fe] or [Fe-S-S]. In
both cases, polar surfaces result. Hence, this S-terminated surface is
the only possible nonpolar (100) surface. In (b), note the octahedral
environment around bulk Fe atoms, and the square pyramidal
environment around surface Fe atoms. Polyhedra are not shown in
the topmost layer. Black (white) spheres are Fe (S) atoms. (Rendered
by VESTA.17)
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Computational Details

• DFT calculations with the plane-wave-based Vienna Ab 
initio Simulation Package (VASP)

• Projector augmented wave (PAW) method

• Generalized-gradient approximation (GGA)

• The Hubbard U correlation (U = 2.0 eV)

• Energy cutoff (350 eV), cell-size dependent k-points 

• Atomic model: up to 3×3×3 supercell for bulk simulations; 
a seven-layer slab with a vacuum of ~15 Å thick for surface 
calculations.



Structure, band gap and dielectric functions 
of bulk FeS2
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Vacancies: S monomer (VS), S dimer (VS-S), and Fe 

E(V) -- the total energy of a FeS2 cell 
with sulfur vacancies. 
E(FeS2) -- the total energy of FeS2  
without sulfur vacancies.
µs -- the chemical potential of a S atom

✤VS and VS-S can form easily in the O-rich 
condition;

✤ It’s relatively easy to remove an additional 
S once VS is formed;

✤ In the S-rich environments, the removal 
of a S-Fe pair costs high energy and VFe-S 
is hence unlikely to develop in samples.

✤The presence of S interstitial is excluded, 
because of the high formation energy.
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The effect of vacancies on the electronic 
properties of bulk FeS2

✤VS induces defect states near VBM (S-pz 
and Fe-t2g ) and CBM (S-pz and Fe-eg );

✤VS-S produces a nonbonding state (Fe-
eg) right below the Fermi level;

✤Both VS and VS-S do not reduce the 
band gap;

✤VFe triggers spin polarization, with a 
magnetic moment 2.0 B/cell, suggesting 
possible long range magnetic ordering 
in Fe-deficient pyrite;

✤Several states appear in the band gap; 
they may trap electrons in the minority 
spin channel or holes in the majority 
spin channel. 
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 Oxygen substitution of S
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✤No gap state is induced;

✤S 3p states shift upwards due 
to the hybridization with O;

✤  Charge states: 

          O (-1.65); 
          S in O-S bond (0.62); 

          other S (-0.43)

✤Band gap: 0.89 eV

✤Effective masses: mh=2.05, 

mn=0.54



Chlorine substitution of S

✤ClS has a long-range effect, which 

makes the FeS2Cl (1.6%) a 

compound and results in a metallic 
feature due to the partially occupied 
new conduction band;

✤At concentration of 0.5%, Cl can be 
regarded as impurity, although the 
impurity band is dispersive.

✤The impurity bandwidth is linearly 
dependent on the Cl concentration.

✤The mn of spin majority channel is 

larger than that of spin minority 
channel: 0.79 vs 0.57; while the trend 
of mh are opposite: 1.70 vs 2.61. 



The defect levels alignment (Γ point)

 Vacancies can't produce carriers since both the donor level (VS or VS-S) and 

acceptor level (VFe) are deep. So VFe could not be the source of p-type semi-

conducting in pyrite sample.
 Doping Cl in FeS2 may produces resonant donor state. The same as Br, but 

Br induces larger structure distortion due to the large ionic size.
 Doping Group-V elements may not obtain shallow acceptors.
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The effect of different metal substituents on the 
electronic properties of bulk FeS2

Cu

Eg = 1.38 eV

Bulk ZnS2



x=0.031 x=0.25 x=0.5

0.123 eV
0.568 eV

 Fe1-xZnxS2 alloys



Summary

• We have studied various native defects

• We have doped various Group-V, -VI and -VII 
elements in principle.

• We'll pay our attention to cation doping with 3d 
transition metal elements in the future.

• We'll study the optical properties of Fe
1-x

Zn
x
S

2
 

to see if it deserves further studies.

J. Hu, Y.N. Zhang, M. Law and R.Q. Wu, “First-principles study on electronic 
properties of anion defects in iron pyrite”, Phys. Rev. B, to be submitted.
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FIG. 1. (Color online) Unit cell of pyrite FeS2 (rendered by
VESTA17). The spheres at fcc sites are Fe atoms. Each Fe atom
sits in a slightly distorted octahedral environment of S atoms, which
are located at the octahedral vertices.

slight modification of the NaCl structure, such that each Cl
site is occupied by 〈111〉-oriented S2 dumbbells.

It is well-known from crystal-field theory that the energies
of transition-metal d orbitals are nondegenerate within an
octahedral environment.18 Specifically for FeS2, the triply
degenerate dxy , dyz, and dxz states, collectively known as
t2g , dominate the valence band (VB), whereas the doubly
degenerate dz2 and dx2−y2 states, collectively known as eg ,
dominate the conduction band (CB). Both pyrite and marcasite
are low-spin (LS) semiconductors because their t2g levels are
fully occupied by the six Fe d electrons.19 The ligand field
theory of various materials that have the pyrite or marcasite
crystal structure is discussed in Ref. 19.

B. Similarity of pyrite and marcasite crystal structures

Marcasite forms an orthorhombic Pnnm structure with unit
cell shown in Fig. 2. Note the octahedral environment around
the body-centered Fe atom. By repeating the unit cell, one can
see that the octahedra in marcasite are edge-shared, whereas
those in pyrite are corner-shared (Fig. 1). Experimentally,
the lattice constant of pyrite is a = 5.416 Å;1 the lattice
constants of marcasite are a = 4.443 Å, b = 5.425 Å, and
c = 3.387 Å.20 Note that the b constant and the [101] length
(
√

a2 + c2 = 5.587 Å) of marcasite are similar to the pyrite
lattice constant, with lattice mismatches of 0.2% and 3%,
respectively. The structural relationship between the different
octahedra linkages in pyrite and marcasite is discussed in
Ref. 21. The pyrite-marcasite structural transformation can be
described by a rotation of Fe-S chains in alternating layers of
the (101) marcasite plane, as discussed in Ref. 22. Indeed, due
to their structural similarities, intergrowth (epitaxial growth)
of marcasite in (on) pyrite has been widely observed.9,23–25

The thermodynamic conditions for such growth behavior will
be discussed in later sections.

FIG. 2. (Color online) Unit cell of marcasite FeS2 (rendered by
VESTA17). Black (white) spheres represent Fe (S) atoms. The (101)
plane is highlighted in gray. The octahedra is edge-shared by the S
atoms on the (001) faces.

C. Proposed causes for low OCV of pyrite

1. Intrinsic surface states

Figure 3 shows the (100) surface of pyrite. Of the three
possible terminations, only one is nonpolar. [S-Fe-S] patterns
repeat along the surface normal direction in Fig. 3a. Polar
surfaces are created from the terminations that yield [S-S-Fe]
or [Fe-S-S] as the three layers nearest to the surface. In the
nonpolar surface, ending as [S-Fe-S], the coordination number
of a surface Fe atom is 5, being 1 lower than that of a bulk Fe
atom. The local coordination of S around Fe is reduced from
octahedral to square pyramidal, as illustrated in Fig. 3b.

The ligand field model developed by Bronold et al. to
describe the local electronic structure is shown schematically
in Fig. 4.5 Bronold et al. estimate the octahedral splitting
energy 10 Dq to be 2 eV based on the centers of mass of

FIG. 3. (Color online) (a) Side view of the unique nonpolar pyrite
(100) surface. Looking along the surface normal direction (upwards),
the atomic layers have the repetitive pattern [S-Fe-S]. Other possible
terminations result in repeating layers of [S-S-Fe] or [Fe-S-S]. In
both cases, polar surfaces result. Hence, this S-terminated surface is
the only possible nonpolar (100) surface. In (b), note the octahedral
environment around bulk Fe atoms, and the square pyramidal
environment around surface Fe atoms. Polyhedra are not shown in
the topmost layer. Black (white) spheres are Fe (S) atoms. (Rendered
by VESTA.17)
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trum of the pristine pyrite surface. The multiplet structure of
Fe2+ in C4v symmetry followed from the argument of Schau-
fuss et al.,16 that the d2 multiplet structure of Cr5+ was the
best analog. The Cr5+ free ion multiplet structure calculated
by Gupta and Sen was therefore used,43 consisting of four
peaks, each separated by about 1 eV. We have also adopted
the free ion d1 multiplet structure, consisting of three multi-
plet peaks as the best analog for surface Fe3+ ions.42,43

The interpretation of the XPS results proposes the pres-
ence of monomeric !S2−" and dimeric !S2

2−" sulfur species,
Fe2+-S !intermediate spin", and Fe3+-S !high spin" species at
the surface of fractured pyrite. The following sections de-
scribe and discuss ab initio calculations that have been per-
formed in order to corroborate the spectroscopy examination.

V. THEORETICAL RESULTS AND DISCUSSION

A. The valence band of the pyrite (100) surface

The pyrite surface has poor !100" cleavage,46 producing a
rough surface in which either Fe-S or S-S bonds, or both,
may be broken. These three cases are represented in Fig. 6.
Breaking the S-S bond between the S dimers results in two
different asymmetric surfaces, A and B. In surface A, the Fe
atoms on the surface are three-coordinated, with the S mono-
mers resulting from the S-S bond breakage in the surface
below being three-coordinated. The opposite face from this
type of cleavage is represented in surface B, where the S
monomers on the surface are now singly coordinated while
the Fe atoms in the layer below are octahedrally coordinated
as in the bulk. Finally, in the bulk terminated surface C, the
S atoms closest to the surface are three-coordinated S dimers
resulting from the Fe-S bond breakage.

The experimental evidence suggests that all observed sur-
faces exhibit the same electronic structure, from which we
have to conclude that the pure surfaces shown in Fig. 6 de-
part from reality, and that the actual fracture surface is a
mixture between these. Modeling surfaces A to C by arbi-
trarily assigning a charge of −1 to the S atoms and a charge
of +2 to the Fe atoms, and performing a spin polarized cal-
culation, shows that surface C !the bulk terminated surface"
is absolutely stable with no appreciable surface reconstruc-
tion. Surface B is stable except for the surface S monomers,
which undergo some lateral movement, while surface A un-
dergoes significant reconstruction. Therefore, to simulate a
“ruptured” surface, which is a combination of these three
surfaces, we use surface B as the starting point for our cal-
culations, from which half of the S monomers are then re-
moved. This results in a ratio of exposed surface monomers
to surface dimers of 1:2, which is as observed by experiment.
The resulting surface is shown in Fig. 7, where the removal
of surface monomers results in under-coordination of the Fe
atoms, whose Fe-S bonds have been broken.

It has been suggested by Nesbitt et al. that the surface S
monomers acquire a charge of −2 through charge transfer
from a surface Fe2+ ion,18 transforming this ion into an Fe3+

ion. For our model, we have therefore assumed a charge of
−2 for the surface monomers, a charge of −1 for all dimers,
both on the surface and in the bulk, and a charge of +2 for all
Fe ions, except those bound to a surface monomer, which are

assigned a charge of +3. While this charge distribution may
be arbitrary, it must be understood that it constitutes only a
starting value and does not influence the final charge distri-
bution. The overall charge on the modeled slab remains zero
throughout.

The resulting DOS contributed by S is shown in Fig. 8. As
expected, the surface monomer SA, having lost its bond to
another S atom, no longer displays the S 3s! bonding and !*

antibonding pair of bands which appear in the bulk at bind-
ing energies of 12.0 and 14.7 eV, respectively. Instead, it

FIG. 6. Side-on view of the pyrite !100" surface, with different
bonds broken. S atoms are light gray, Fe atoms are dark gray, and
the surface under investigation is to be found at the top of the figure
in each case, perpendicular to the plane of the paper. The top sur-
face of !a" represents a cut through S-S bonds of the S dimers, such
that the atoms closest to the surface are three-coordinated Fe atoms,
and the layer below this is made up of three-coordinated S mono-
mers which result from the breakage of the S-S bond. The “other
half” resulting from such a cleavage is represented in !b", with the
top layer of atoms made up of singly coordinated S monomers. !c"
is the bulk-terminated surface resulting from the breakage of the
Fe-S bond, with the top layer consisting of three-coordinated S
dimers. The next layer down contains five-coordinated Fe atoms. In
each case, the bulk below the surface, consisting of all but the top
two !a", four !b" or three !c" atomic layers, will be constrained in
the calculations, with only the surface layers allowed to relax.

Ab initio AND X-RAY PHOTOEMISSION… PHYSICAL REVIEW B 72, 235427 !2005"
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trum of the pristine pyrite surface. The multiplet structure of
Fe2+ in C4v symmetry followed from the argument of Schau-
fuss et al.,16 that the d2 multiplet structure of Cr5+ was the
best analog. The Cr5+ free ion multiplet structure calculated
by Gupta and Sen was therefore used,43 consisting of four
peaks, each separated by about 1 eV. We have also adopted
the free ion d1 multiplet structure, consisting of three multi-
plet peaks as the best analog for surface Fe3+ ions.42,43

The interpretation of the XPS results proposes the pres-
ence of monomeric !S2−" and dimeric !S2

2−" sulfur species,
Fe2+-S !intermediate spin", and Fe3+-S !high spin" species at
the surface of fractured pyrite. The following sections de-
scribe and discuss ab initio calculations that have been per-
formed in order to corroborate the spectroscopy examination.

V. THEORETICAL RESULTS AND DISCUSSION

A. The valence band of the pyrite (100) surface

The pyrite surface has poor !100" cleavage,46 producing a
rough surface in which either Fe-S or S-S bonds, or both,
may be broken. These three cases are represented in Fig. 6.
Breaking the S-S bond between the S dimers results in two
different asymmetric surfaces, A and B. In surface A, the Fe
atoms on the surface are three-coordinated, with the S mono-
mers resulting from the S-S bond breakage in the surface
below being three-coordinated. The opposite face from this
type of cleavage is represented in surface B, where the S
monomers on the surface are now singly coordinated while
the Fe atoms in the layer below are octahedrally coordinated
as in the bulk. Finally, in the bulk terminated surface C, the
S atoms closest to the surface are three-coordinated S dimers
resulting from the Fe-S bond breakage.

The experimental evidence suggests that all observed sur-
faces exhibit the same electronic structure, from which we
have to conclude that the pure surfaces shown in Fig. 6 de-
part from reality, and that the actual fracture surface is a
mixture between these. Modeling surfaces A to C by arbi-
trarily assigning a charge of −1 to the S atoms and a charge
of +2 to the Fe atoms, and performing a spin polarized cal-
culation, shows that surface C !the bulk terminated surface"
is absolutely stable with no appreciable surface reconstruc-
tion. Surface B is stable except for the surface S monomers,
which undergo some lateral movement, while surface A un-
dergoes significant reconstruction. Therefore, to simulate a
“ruptured” surface, which is a combination of these three
surfaces, we use surface B as the starting point for our cal-
culations, from which half of the S monomers are then re-
moved. This results in a ratio of exposed surface monomers
to surface dimers of 1:2, which is as observed by experiment.
The resulting surface is shown in Fig. 7, where the removal
of surface monomers results in under-coordination of the Fe
atoms, whose Fe-S bonds have been broken.

It has been suggested by Nesbitt et al. that the surface S
monomers acquire a charge of −2 through charge transfer
from a surface Fe2+ ion,18 transforming this ion into an Fe3+

ion. For our model, we have therefore assumed a charge of
−2 for the surface monomers, a charge of −1 for all dimers,
both on the surface and in the bulk, and a charge of +2 for all
Fe ions, except those bound to a surface monomer, which are

assigned a charge of +3. While this charge distribution may
be arbitrary, it must be understood that it constitutes only a
starting value and does not influence the final charge distri-
bution. The overall charge on the modeled slab remains zero
throughout.

The resulting DOS contributed by S is shown in Fig. 8. As
expected, the surface monomer SA, having lost its bond to
another S atom, no longer displays the S 3s! bonding and !*

antibonding pair of bands which appear in the bulk at bind-
ing energies of 12.0 and 14.7 eV, respectively. Instead, it

FIG. 6. Side-on view of the pyrite !100" surface, with different
bonds broken. S atoms are light gray, Fe atoms are dark gray, and
the surface under investigation is to be found at the top of the figure
in each case, perpendicular to the plane of the paper. The top sur-
face of !a" represents a cut through S-S bonds of the S dimers, such
that the atoms closest to the surface are three-coordinated Fe atoms,
and the layer below this is made up of three-coordinated S mono-
mers which result from the breakage of the S-S bond. The “other
half” resulting from such a cleavage is represented in !b", with the
top layer of atoms made up of singly coordinated S monomers. !c"
is the bulk-terminated surface resulting from the breakage of the
Fe-S bond, with the top layer consisting of three-coordinated S
dimers. The next layer down contains five-coordinated Fe atoms. In
each case, the bulk below the surface, consisting of all but the top
two !a", four !b" or three !c" atomic layers, will be constrained in
the calculations, with only the surface layers allowed to relax.
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trum of the pristine pyrite surface. The multiplet structure of
Fe2+ in C4v symmetry followed from the argument of Schau-
fuss et al.,16 that the d2 multiplet structure of Cr5+ was the
best analog. The Cr5+ free ion multiplet structure calculated
by Gupta and Sen was therefore used,43 consisting of four
peaks, each separated by about 1 eV. We have also adopted
the free ion d1 multiplet structure, consisting of three multi-
plet peaks as the best analog for surface Fe3+ ions.42,43

The interpretation of the XPS results proposes the pres-
ence of monomeric !S2−" and dimeric !S2

2−" sulfur species,
Fe2+-S !intermediate spin", and Fe3+-S !high spin" species at
the surface of fractured pyrite. The following sections de-
scribe and discuss ab initio calculations that have been per-
formed in order to corroborate the spectroscopy examination.

V. THEORETICAL RESULTS AND DISCUSSION

A. The valence band of the pyrite (100) surface

The pyrite surface has poor !100" cleavage,46 producing a
rough surface in which either Fe-S or S-S bonds, or both,
may be broken. These three cases are represented in Fig. 6.
Breaking the S-S bond between the S dimers results in two
different asymmetric surfaces, A and B. In surface A, the Fe
atoms on the surface are three-coordinated, with the S mono-
mers resulting from the S-S bond breakage in the surface
below being three-coordinated. The opposite face from this
type of cleavage is represented in surface B, where the S
monomers on the surface are now singly coordinated while
the Fe atoms in the layer below are octahedrally coordinated
as in the bulk. Finally, in the bulk terminated surface C, the
S atoms closest to the surface are three-coordinated S dimers
resulting from the Fe-S bond breakage.

The experimental evidence suggests that all observed sur-
faces exhibit the same electronic structure, from which we
have to conclude that the pure surfaces shown in Fig. 6 de-
part from reality, and that the actual fracture surface is a
mixture between these. Modeling surfaces A to C by arbi-
trarily assigning a charge of −1 to the S atoms and a charge
of +2 to the Fe atoms, and performing a spin polarized cal-
culation, shows that surface C !the bulk terminated surface"
is absolutely stable with no appreciable surface reconstruc-
tion. Surface B is stable except for the surface S monomers,
which undergo some lateral movement, while surface A un-
dergoes significant reconstruction. Therefore, to simulate a
“ruptured” surface, which is a combination of these three
surfaces, we use surface B as the starting point for our cal-
culations, from which half of the S monomers are then re-
moved. This results in a ratio of exposed surface monomers
to surface dimers of 1:2, which is as observed by experiment.
The resulting surface is shown in Fig. 7, where the removal
of surface monomers results in under-coordination of the Fe
atoms, whose Fe-S bonds have been broken.

It has been suggested by Nesbitt et al. that the surface S
monomers acquire a charge of −2 through charge transfer
from a surface Fe2+ ion,18 transforming this ion into an Fe3+

ion. For our model, we have therefore assumed a charge of
−2 for the surface monomers, a charge of −1 for all dimers,
both on the surface and in the bulk, and a charge of +2 for all
Fe ions, except those bound to a surface monomer, which are

assigned a charge of +3. While this charge distribution may
be arbitrary, it must be understood that it constitutes only a
starting value and does not influence the final charge distri-
bution. The overall charge on the modeled slab remains zero
throughout.

The resulting DOS contributed by S is shown in Fig. 8. As
expected, the surface monomer SA, having lost its bond to
another S atom, no longer displays the S 3s! bonding and !*

antibonding pair of bands which appear in the bulk at bind-
ing energies of 12.0 and 14.7 eV, respectively. Instead, it

FIG. 6. Side-on view of the pyrite !100" surface, with different
bonds broken. S atoms are light gray, Fe atoms are dark gray, and
the surface under investigation is to be found at the top of the figure
in each case, perpendicular to the plane of the paper. The top sur-
face of !a" represents a cut through S-S bonds of the S dimers, such
that the atoms closest to the surface are three-coordinated Fe atoms,
and the layer below this is made up of three-coordinated S mono-
mers which result from the breakage of the S-S bond. The “other
half” resulting from such a cleavage is represented in !b", with the
top layer of atoms made up of singly coordinated S monomers. !c"
is the bulk-terminated surface resulting from the breakage of the
Fe-S bond, with the top layer consisting of three-coordinated S
dimers. The next layer down contains five-coordinated Fe atoms. In
each case, the bulk below the surface, consisting of all but the top
two !a", four !b" or three !c" atomic layers, will be constrained in
the calculations, with only the surface layers allowed to relax.

Ab initio AND X-RAY PHOTOEMISSION… PHYSICAL REVIEW B 72, 235427 !2005"
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FIG. 8. (Color online) Wulff shape of pyrite within the GGA-
PBE. Surface energies are taken from Table I. The dominant surface
is {100}. {111} facets are also observed. The equilibrium shape is
cubo-octahedral.

state predicted by Bronold et al.5 is not seen. We have also
performed the same calculation within the LDA and AM05.
However, gap states are not found.

1. Hubbard U correction

One may question whether the intrinsic surface states would
become gap states if the band gap were more accurately
calculated, since the Kohn-Sham (KS) gap obtained with
local and semilocal functionals severely underestimates the
band gap. Hence, it may be desirable to apply a Hubbard
U correction, which has been shown to be successful in
transition-metal electronic structure calculations. (See, e.g.,
Refs. 52 and 53.) However, as the surface states and CB states
are of d character, we expect that the same qualitative results
should be obtained within GGA+U . To verify, we perform
PBE +U calculations, following Persson et al. for the choice
of U and J . The effective U = 2 eV is chosen to correctly
predict a pressure-induced spin transition.45 Fe2+ in pyrite
has a d6 electronic configuration; pyrite is both expected and
observed to be low spin.19 We verify that the LS configuration
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FIG. 9. (Color online) GGA-PBE DOS of pyrite (a) bulk, (b)
(100) surface. In (a), both the total DOS and s-p-d decomposed
DOS are shown. The CB and VB are dominated by Fe d states. We
have verified that these d states within the CB and VB are eg and
t2g , respectively. Due to the presence of an S p state, the CB tail
extends to 0.4 eV above the VB edge. In (b), the DOS of d orbitals
are shown to identify the character of intrinsic surface states. The
intrinsic surface state appears at the CB edge, not within the band
gap, and is of dz2 character. However, ligand field splitting in the VB
is not observed and dxy surface states are not found, contrary to the
prediction of Bronold and co-workers.5

−3 −2 −1 0 1 2 3
E −EV

s
p
d

−1 0 1
E −EV

xy
yz
z2

xz
x2 − y2

(a) (b)

FIG. 10. (Color online) PBE+U DOS of pyrite (a) bulk, (b) (100)
surface. In (a), both the total DOS and the s-p-d decomposed DOS
are shown. The PBE+U gap of bulk pyrite is 1.03 eV. In (b), the DOS
of d orbitals are shown to identify the character of intrinsic surface
states. Similar to Fig. 9(b), a dz2 surface state is found at the CB edge.
Gap states are not observed.

is the ground state within both PBE and PBE +U . By applying
the Hubbard U correction to pyrite in the LS configuration,
the KS gap is increased to 1 eV, which coincides with the
experimental band gap. We emphasize that the U value is not
fitted to the band gap.

Since the conduction band is dominated by d states, we
expect it to shift upward with respect to the VB edge.
Moreover, as the intrinsic surface states at the conduction band
minimum (CBM) are also d states, they should move along
with the CB. We verify that these intrinsic surface states are
not gap states within PBE +U . As shown in Fig. 10, intrinsic
surface states and the CB are shifted by the same amount, as
compared to PBE. The dz2 surface states are still located at the
CB edge, and no gap states are found.

From the above discussion, we observe several discrep-
ancies between first-principles calculations and the Bronold
model.5 First, the Bronold model predicts two types of intrinsic
surface states; however, only the dz2 surface state is observed
within DFT. Within the VB, the predicted dxy state is not
observed to move toward the band edge. The fact that the t2g

states remain fairly degenerate at the symmetry-broken surface
suggests that applying the parameters from the simplified
model of Krishnamurthy and Schaap18 is inadequate to capture
the physics of the electronic structural properties of the pyrite
(100) surface. Second, the Bronold model predicts that these
surface states are gap states, leading to Fermi level pinning and
undermining the photovoltaic performance of pyrite; however,
the surface states are not found within the band gap, regardless
of the exchange functional used and whether or not we
apply the Hubbard U correction. Therefore, we conclude that
intrinsic surface states are unlikely to be the cause of the low
OCV in pyrite.

V. PYRITE AND MARCASITE

A. Model for epitaxial growth of marcasite on pyrite

Epitaxial growth of marcasite (101) on pyrite (100) is shown
schematically in Fig. 11. The condition for marcasite growth
on pyrite to be energetically favorable is

A(γpm + γmv − γpv) + N"g < 0, (1)

235311-5

๏ low-spin ground state

๏ The dz2 surface states are 
located at the CB edge 

๏ no gap state



DFT tests on the spin configuration of 
stoichiometric FeS2(100) surface
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๏ The high-spin state of stoichiometric FeS2(001) 
surface is stable in a wide range of U values.

๏ The Hubbard U correlation greatly changes the 
electronic properties of surface.
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Electronic structure of stoichiometric surface 

✓ The gap is determined by the energy separation between two surface states in the 
majority spin channel: one with the Fe-dz2 feature atop the valance band (VB) 
and one has the Fe-dx2+y2 feature at the bottom of the conduction band (CB);

✓ The magnetization mainly occurs in the outermost layer, whereas the interior 
layers remain in the low-spin status;

✓ Each surface Fe atom losses 0.1 more electrons, mainly from the dangled Fe-S 
bond to their sulfur neighbors.
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Structure and surface 
energy with a varying 

stoichiometry

γ =
1
2A
[Eslab − NFeµFe − NSµS ]

µFe = µFeS2
− 2µS

Eslab -- the total energy of FeS2 surface;
NFe / NS -- the numbers of Fe / S atoms; 
µFe / µs -- the chemical potential of Fe / S atom;
A -- the surface area.

✓Addition of sulfur atoms to Surf(0) 
forms dimers on the Surf(n) surfaces;

✓The Surf(0) is stable only in a narrow 
window, -3.92 eV < µS < -3.36 eV;

✓ In a typical annealing environment, 
Surf(+1) is more preferential except 
at the end of H2S.
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Band gap as a dependence of surface 
sulfur stoichiometry

❖ ε2(ω) curves keep the main features 
of bulk pyrite for ω > 1 eV;

❖ For n < 0.25, ε2(ω) curves drops 
quickly for  ω < 1 eV;

❖ For n > 0.25, side peaks appear at ω 
< 0.5 eV, demonstrating a decrease 
in band gap;

❖ The “band gap” shrinks with 
increasing surface sulfur: from 
~0.75 eV to metallic feature.  
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The effect of surface sulfur 
morphology on the band gap

Surf(+0.5)’

Surf(+0.5)

✤ S0.5’ is unstable with an energy lose of 
2.62 eV/surface against the S0.5;

✤ The band gap for S0.5’ is 0.65 eV, with 
large S-px,py peaks located at the edge 
of VB and CB. 

✤ For S0.5 surface, several sharp peaks 
appear within the gap region, mainly 
with Fe-dxz,yz and S-px,py features.
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The segregation of S vacancy and atom

?
✤ The segregation of S vacancy from the interior layer 

to the outermost layer is energetically preferred;

✤ The surface conditions may affect the segregation of 
S vacancy. 
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X-ray absorption spectroscopy (XAS)
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✤XAS spectrum of pyrite is very useful 
for studies of the surface structure and 
valance states.
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Summary

Systematic spin-polarized DFT calculations were performed for 
studies of pyrite FeS2(100) surfaces of different stoichiometry. 

The stoichiometric S0 surface is magnetic, semiconducting, and 
shows high stability in the annealing conditions typically used in 
experiments. 

While S-deficient surfaces still remain semiconductive feature, 
Excess sulfur dimers may easily form on the stoichiometric 
surface under S-rich conditions, leading to metallic behavior.  

Y.N. Zhang, J. Hu, M. Law and R.Q. Wu, “The influence of surface sulfur 
stoichiometry and morphology on the band gap of pyrite FeS2(100) surfaces”, 

Phys. Rev. Lett, to be submitted.



What we will do soon

Segregation of S vacancy under different surface conditions: 
S, H2S, and/or Oxygen; 

Studies of related clean sulfide surfaces: Marcasite, Pyrrhotite 
and troilite;

Interface and interfacial states;

Optical properties of more complex surfaces/interfaces;

......



Density functional calculations can provide various 
useful information for studies of Pyrite bulk, surface, 
and nanostructures.

It is essential that our calculations are conducted 
through collaborations with experimental and other 
theoretical efforts.


