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Abstract
An investigation into the high-pressure behavior of AX2-type iron pnictides was conducted
using first-principles calculations based on density functional theory within the generalized
gradient approximation. Our results demonstrate that a phase transition from the marcasite to
the CuAl2 occurs at 108 GPa for FeP2, at 92 GPa for FeAs2, and at 38 GPa for FeSb2,
accompanying a semiconductor-to-metal crossover. A linear relationship between bulk moduli
and the inverse specific volume is proposed to be B0 = 17 498/V0 − 45.9 GPa for the
marcasite-type phase and B0 = 31 798/V0 − 67.5 GPa for the CuAl2-type phase. According to
the observed structural evolutions, we claim that the regular marcasite transforms to the
CuAl2-type phase and the anomalous marcasite transforms to the pyrite-type phase at high
pressures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of high-temperature superconductivity in
the iron pnictides with the layered structure where layers of
FeAs are separated by spacer layers of LaO [1], the interest
in the iron-based superconductor has been growing quickly.
Recently the simplest iron pnictide (FeSe) with P4/nmm
space group has been reported to be a superconductor with
Tc of 8.0 K, which shifts to 27 K at 1.48 GPa [2, 3].
In contrast to metallic properties, AX2-type iron pnictides
(FeP2, FeAs2 and FeSb2) present a semiconductive property
with a narrow bandgap, which could be potentially applied
to model electronic systems in material physics. At
various temperatures and/or pressures a semiconductor-to-
metal crossover is reported along with a strong magnetic
fluctuation [4–6], which resembles that of FeSi, which is a
very important semiconductor. Therefore structural stabilities,
electronic and magnetic properties of AX2-type iron pnictides
at high pressures are also of great theoretical and experimental
interest.

4 Author to whom any correspondence should be addressed.

At ambient conditions AX2-type iron pnictides have a
marcasite structure (Pnnm, Z = 2) with cations at the 2a
(0, 0, 0) Wyckoff position and anions at the 4g (x , y, 0)
position. Each cation has a deformed octahedral environment,
and octahedra share edges along the c axis (figure 1(A)).
A structural study of FeP2 at high pressures shows that no
phase transitions happen up to 28 GPa at room temperature
by x-ray diffraction and Raman spectroscopy [7]. However,
a distinctive anisotropy of the unit-cell compressibilities was
observed in that the shortest c axis is the most compressible.
The similar high-pressure structural behavior is also reported
in FeSb2 up to 7 GPa at room temperature [8]. As far as we
know, no high-pressure structural data are available for FeAs2.
The AX2-type iron pnictides are isostructural with many metal
dioxides and dichlorides that undergo a rich series of phase
transitions at high pressures, such as from Pnnm to Pbcn,
or to Pbca, then to Pa3̄ [9–11]. But an ab initio calculation
based on the density functional theory (DFT) with local density
approximation (LDA) indicates that FeP2 is unlikely to form
those polymorphs at high pressures [7]. Almost ten years ago,
a high-pressure polymorph of CrSb2 was synthesized with the
CuAl2-type structure (I 4/mcm, Z = 4), in which cations
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Figure 1. The crystal structures of the AX2-type iron pnictides with the marcasite phase Pnnm (A) and the CuAl2 phase I4/mcm (B).

occupy the 4a (0, 0, 0.25) Wyckoff position and anions at the
(x , x+0.5, 0) position [12]. Each cation is coordinated by eight
anions forming a square antiprism (figure 1(B)), where the
bonding character is metallic. Also, the CuAl2-type structure
was reported in TiSb2 and VSb2 compounds [13]. We therefore
here expect that the AX2-type iron pnictides could crystallize
into the CuAl2-type polymorph at high pressures.

In the marcasite phase, the ionic configuration of iron is d4

and its ground state is the low spin state (Fe4+t4
2ge0

g). According
to ‘classical’ ligand field theory, the Fe t2g orbitals are further
split into two lower lying orbitals with dyz and dxz symmetries
and one higher lying orbital with dxy symmetry [14]. This dxy

state is proposed to play the key role in charge conduction.
At ambient conditions, the bandgap of the AX2-type iron
pnictides is 0.37 eV for FeP2, 0.22 eV for FeAs2 and 0.2 eV
for FeSb2 [15–17]. A theoretical computation indicates
that FeP2 is still a semiconductor at 35 GPa [7], while an
experiment on the resistivity in the FeSb2 compound shows
that electrical transport along the a axis and the c axis is
semiconducting, and the b axis exhibits a metal–semiconductor
crossover at low temperatures [4]. Usually the crossover from
a small gap semiconductor to a metallic state occurs at various
compositions, temperatures, pressures and magnetic field, such
as FeSi1−xGex at x = 0.25 [18], FeS2 at 94 GPa [19] and FeSi
at ∼100 T magnetic field [20]. Here we also expect that this
feature exists in the AX2-type iron pnictides at high pressures.

In this paper, two polymorphs (the marcasite type and
the CuAl2 type, figure 1) for the AX2-type iron pnictides
were considered. We investigated their structural stabilities at
high pressures by means of the ab initio calculation method
based on DFT. We computed the equation of state for each
phase, as well as the transition pressures between them,
provided insights into the atomistic controls on the structural
evolutions, and further discussed and summarized the high-
pressure behaviors of the AX2-type iron pnictides. The rest of
this paper is organized as follows: the calculation methods are
described in section 2; results and discussion of the structural
stabilities under high pressures are presented in section 3;
finally a brief conclusion is given in section 4.

2. Calculation method

The first-principles calculations performed in this paper are
based on the DFT. The total energies have been calculated

within the full potential augmented plane wave (FPAPW) plus
the local orbitals (lo) method, implemented in the WIEN2K
code [21]. The effects of the approximation to the exchange–
correlation energy were treated by the generalized gradient
approximation (GGA) [22]. In order to increase the reliability
and to obtain a reasonable comparison, we used the same
radius of the muffin-tin sphere for the same kind of atoms
in all calculations. The muffin-tin radii of Fe, P, As and Sb
were chosen as 1.9, 1.7, 1.9 and 2.0 Bohr, respectively. In
the LAPW calculations, we set the energy threshold between
core and valence states at −7.0 Ryd for the FeP2 and FeAs2

and −8.0 Ryd for the FeSb2. The muffin-tin radius multiplied
by Kmax was chosen as 7.0, where Kmax is the plane wave
cutoff. 1000 k-points were specified in the whole Brillouin
zone (BZ). We optimized the b/a ratio and/or the c/a ratio for
each volume and relaxed all the independent internal atomic
coordinates until the forces on every atom were below the value
of 1 mRyd/Bohr. For each crystalline phase, we calculated the
minimum total energy of the unit cell for a number of different
volumes. Finally these energy–volume data were fitted to the
third-order Birch–Murnaghan equation of state.

3. Results and discussion

The ground-state total energy as a function of the volume for
AX2-type iron pnictides is given in figure 2. The solid lines
are the fits of the calculation data using the Birch–Murnaghan
equation of state. Figure 2 clearly shows that a phase transition
of the AX2-type iron pnictides occurs from Pnnm to I 4/mcm.
According to the different Gibbs free energy as a function of
pressure (the inset of figure 2), the transition pressures are
108 GPa, 92 GPa and 38 GPa for FeP2, FeAs2, and FeSb2,
respectively. The corresponding volume collapses at the phase-
transition boundaries were also calculated as 4.3%, 3.6% and
4.7%, respectively. The theoretical ground-state parameters
(V0, B0 and B ′

0) are listed in table 1 and compared with the
available data. The calculated V0 values are consistent with
those of the experiments. The relative error is about 1%, that
is the typical precision of GGA-DFT calculations. The bulk
modulus of the marcasite-type FeP2 has been measured to be
about 235(3) GPa [7], which is larger than our theoretical result
(178 GPa). The higher B0 in that experiment are possibly
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Figure 2. Calculation of the total energy versus volume for the
AX2-type iron pnictides with the marcasite phase and the CuAl2

phase. (A): FeP2; (B): FeAs2; (C): FeSb2. The inset: calculated
different Gibbs free energy versus pressure for all compounds. The
corresponding phase-transition pressure is marked.

attributed to a large pressure gradient using an LiF pressure-
transmitting medium and conventional x-ray source, while the
bulk modulus of the marcasite-type FeSb2 is in good agreement
with the experimental result using monochromatic synchrotron
x-rays and liquid pressure-transmitting medium [8]. For AX2-
type iron pnictides, the B0 of the marcasite phase is larger than
that of the CuAl2 phase and their B0 decreases with the larger

Figure 3. Bulk moduli (B0) of the AX2-type compounds plotted as a
function of inverse volume (1/V0). The solid symbols are our present
data, the open symbols are from x-ray diffraction experimental
results [7, 8, 26] and the star symbol is from the LDA-DFT
calculation [7].

Table 1. Equation-of-state parameters of the AX2-type iron
pnictides obtained from experiments and computations. V0 is the
value of the unit-cell volume at 0 GPa, B0 is the bulk modulus and B ′

0
is its pressure derivative.

AX2 Phase Method V0 (Å
3
) B0 (GPa) B ′

0

FeP2 Pnnm GGA 76.6 178 4.3
LDA [7] 68.4 199 4.4
Exp [7] 76.88(6) 235(3) 4

I4/mcm GGA 145.2 153 5.0
FeAs2 Pnnm GGA 91.2 154 4.1

Exp [16] 91.38
I4/mcm GGA 177.4 109 5.5

FeSb2 Pnnm GGA 122.1 94 4.9
Exp [8] 121.7 84(3) 5(1)

I4/mcm GGA 237.0 68 5.9

anionic radius. Generally the relationship between bulk moduli
and specific volume is linear, i.e. B ×V = constant, for simple
oxide structures in the absence of phase transitions [23, 24].
Here we also figured out the bulk modulus of the AX2-type iron
pnictides as a function of inverse spatial volume (figure 3). A
linear trend of B0 = 17 498/V0 − 45.9 GPa was obtained for
the marcasite-type phase, and B0 = 31 798/V0 − 67.5 GPa
for the CuAl2-type phase. According to the trend, the bulk
modulus of the CuAl2 (V0 = 179.09 Å

3
[25]) is predicted

to be 110 GPa, in excellent agreement with B0 = 117 GPa
determined by Grin et al [26] from in situ x-ray diffraction
measurements. Thus the bulk moduli of the analogs can be
roughly predicted if we know their volumes in the marcasite-
type and/or the CuAl2-type phases, such as NiAs2 and CrSb2.

In order to better understand the high-pressure structural
behavior, axial compressibilities of the marcasite-type and the
CuAl2-type phases were described by a linear version of the
Murnaghan EoS, where d0 is the value of the unit-cell axis at
room pressure, Bd is the compressional modulus of the axis
and B ′

d is its pressure derivative. Table 2 lists all parameters
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Table 2. The parameters of the axial compressibilities.

AX2 Phase Axis d0 (Å) Bd (GPa) B ′
d

FeP2 Pnnm a 4.940 242 4.7
b 5.647 194 5.1
c 2.755 128 3.6

I4/mcm a 5.351 191 3.8
c 5.003 208 4.0

FeAs2 Pnnm a 5.287 209 4.0
b 5.986 162 4.8
c 2.884 110 3.7

I4/mcm a 5.695 186 4.0
c 5.387 129 4.0

FeSb2 Pnnm a 5.841 133 4.0
b 6.528 124 4.1
c 3.191 76 3.6

I4/mcm a 6.344 108 4.0
c 5.720 109 4.0

of axial compressibilities. For the marcasite-type phase, the
compressibility of the a axis is the least compressible and the
c axis is the most compressible. The Ba/Bc ratio is close
to 1.9, which is consistent with the experimental result of
2.2 [7]. In the CuAl2-type phase, the compressibilities of the
a axis and the c axis are similar, which agrees with those of
the isostructural TiSb2 [13] and CuAl2 [26]. As we know,
iron atoms lie in the deformed octahedral environment in the
marcasite phase and are surrounded by eight pnicogen atoms,
forming a square antiprism in the CuAl2 phase. In both phases,
the internal coordinates of cations are fixed by symmetry, and
only those of anions can shift at high pressure. This degree of
freedom results in a significant change of the iron–pnicogen
ligands. Figure 4 displays the iron–pnicogen and the iron–
iron bond lengths at various pressures. In the marcasite phase,
the divergent trend of the iron–pnicogen bond lengths in the
octahedral environments (figure 4(A)) indicates that pressure
enhances the structural distortion. At the boundary of the phase
transition (the Pnnm to I 4/mcm), the increase of the iron–
pnicogen distance is about 0.12 Å, in good agreement with the
increase (0.14 Å) obtained from the ionic radii of Fe2+ between
sixfold and eightfold [27]. However there is a collapse of the
iron–iron bond length at the boundary of the phase transition
(figure 4(B)). The change of the above bond lengths indicates
a transition of the bonding character from mixed ionic and
covalent to metallic.

As we know, the AX2-type iron pnictides with the
marcasite-type phase are semiconductors with quite a low
bandgap. At 0 GPa the direct energy bandgaps in our
calculations are 0.40 eV for FeP2, 0.25 eV for FeAs2 and
0.20 eV for FeSb2, which are consistent with previous
results [15–17] (0.37, 0.22 and 0.2 eV, correspondingly).
Figure 5 displays the energy bandgaps of the marcasite-type
phases at various pressures. At the beginning, the bandgaps
of all iron pnictides present a positive pressure shift, then
at higher pressures the pressure shifts of the gaps become
negative (figure 5). Especially in the FeSb2 case, a small
density of states crosses the Fermi level at P > 10 GPa,
indicating that it presents a weak metallic property. An obvious
semiconductor-to-metal crossover occurs when the marcasite
phase transforms to the CuAl2 phase (figure 6).

Figure 4. The iron–pnicogen bond lengths (A) and the iron–iron
bond lengths (B) of the AX2-type iron pnictides at various pressures.
The solid and the half-open symbols are for the marcasite-type
phase, and the open symbols are for the CuAl2-type phase.
Fragments of both the marcasite-type structure and the CuAl2-type
structure are displayed in the inset of (A). Iron or pnicogen atoms
have crystallographically equivalent positions, but they are labeled
by individual names for the sake of description. In the octahedral
environment, there are four long iron–pnicogen bond distances
(A–X1) and two short bond distances (A–X2), while the eight
iron–pnicogen bond lengths (A–X) are the same in the
square-antiprism environment.

At various temperatures and/or pressure conditions
the marcasite-type compounds have a number of different
polymorphs. Like our above results, the iron pnictides can
form the CuAl2-type phase at high pressures. Both the
pyrite and the marcasite phases were observed in FeS2 [28].
Marcasite-type NiAs2 transforms into the pararammelsbergite-
type phase at 853 K [29], and a high-pressure pyrite-type phase
of NiP2 has been synthesized [30]. The present literature shows
that the marcasite-type compounds have two kinds of phase-
transition paths at high pressures: the marcasite-to-pyrite
(pararammelsbergite-type and arsenopyrite-type as possible
intermediate structures) and the marcasite-to-CuAl2. In order
to better reveal the reason for different structural behaviors,
we here review the marcasite structure in detail. Usually the
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Figure 5. The energy bandgap of the marcasite-type phase versus
pressure.
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Figure 6. Total density of states of the AX2-type iron pnictides with
the marcasite and the CuAl2 structures. (A) FeP2, (B) FeAs2 and
(C) FeSb2.

marcasite structures are classified into ‘anomalous marcasite’
and ‘regular marcasite’ according to the c/a ratio, cation d-
electron configuration and the A–X1–A bond angle α (the inset
of figure 4) between the neighboring cations in edge-sharing

octahedra along the c axis [31]. The regular marcasite has a
small c/a ratio of 0.53–0.57, a dn configuration with n � 4
for cations and α < 90◦, while the anomalous marcasite has
a large c/a ratio of 0.73–0.75, a dn configuration with n � 6
for cations and α > 90◦. Thus FeP2, FeAs2, FeSb2, CrSb2,
etc, are classified as the regular marcasite. FeS2, FeSe2, FeTe2,
NiP2, etc, belong to the anomalous marcasite. For the regular
marcasite, the shortest c axis with the most compressibility and
the α deviation from 90◦ at high pressures [7, 8] lead to more
deformed AX6 octahedra and a shorter distance of A–A bond
length, which results in a transition to the CuAl2-type structure
with metallic property. However, for the anomalous marcasite,
the shortest c axis becomes the least compressible, and the
α decreases towards 90◦ [9], which results in a transition to
the pyrite-type structure with an effective packing of AX6

octahedra.

4. Conclusion

In conclusion, ab initio calculations based on DFT within
the GGA present a phase transition of the AX2-type iron
pnictides from the marcasite to the CuAl2, accompanying
a semiconductor-to-metal crossover. The phase-transition
pressure decreases with the increase of the pnicogen ionic
radius. A linear relationship between bulk moduli and inverse
specific volume is proposed to be B0 = 17 498/V0 − 45.9 GPa
for the marcasite-type phase and B0 = 31 798/V0 − 67.5 GPa
for the CuAl2-type phase. The marcasite-type structure
presents a distinctive anisotropy in that the shortest c axis is
the most compressible. However, an almost isotropy of the
axial compressibility appears in the CuAl2-type phase. Finally,
from the observed structural evolutions we may claim that the
regular marcasite transforms to the AuAl2-type phase and the
anomalous marcasite transforms to the pyrite-type phase at
high pressures.
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