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Structural study of FeP2 at high pressure
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The structural stability of marcasite-type FeP2 at high pressure has been studied by X-ray diffraction,
Raman spectroscopy, and theoretical calculations. Experimental results show that no phase transitions
happen up to 28 GPa at room temperature. The shortest axis of the marcasite-type FeP2 cell, the c-axis, is
the most compressible, due to the softening of edge-shared octahedra along the c-axis. The linear pressure
coefficients and Grüneisen parameters of four Raman modes are determined. Theoretical calculations
further support the experimental results and indicate that FeP2 is still a semiconductor up to 35 GPa.
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1.

Introduction

Among MX2 -type compounds (M: transition metal; X: S, Se, Te, N, P, As, Sb), the marcasite-type
structure (Pnnm) is very common [1–11]. In the marcasite structure, cations occupy Wyckoff
position 2a (0, 0, 0) and anions are located at Wyckoff position 4g (x, y, 0). Each cation has
a deformed octahedral environment, and octahedra share edges along the c-axis. The c/a ratio
and cation d-electron configuration are used to classify marcasites as “anomalous marcasite” and
“regular marcasite” [1,2]. The regular marcasite has a small c/a ratio of 0.53–0.57 and a d n
configuration with n ≤ 4 for cations, whereas the anomalous marcasite has a large c/a ratio of
0.73–0.75 and a d n configuration with n ≥ 6 for cations.
Iron phosphide FeP2 crystallizes in the regular marcasite structure at ambient conditions with
c/a = 0.55 and a d 4 configuration with no unpaired spins in a low-spin configuration, as indicated
by its diamagnetic nature [3,4]. FeP2 is a semiconductor with a small band gap of 0.37 eV [3], which
could potentially be used in photoelectrochemical cells and solar chargeable batteries [12,13]. A
semiconductor-to-metal crossover is reported in an analogue material FeSb2 with strong magnetic
fluctuation at low temperature [14,15].
At various temperature and (or) pressure conditions, the marcasite-type compounds have a
number of different polymorphs. Pyrite and the marcasite phases are observed in FeS2 [5].
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Marcasite-type NiAs2 transforms into a pararammelsbergite-type phase at 853 K [6], and a
high-pressure pyrite-type phase of NiP2 has been synthesized [7]. At high temperature and
pressure, CrSb2 transforms into the tetragonal CuAl2 -type structure, where each Cr atom
is coordinated by eight Sb atoms and two Cr atoms [8,9]. Goodenough [10] has described
energy bands of MX2 compounds with pyrite, marcasite, and arsenopyrite structures in detail.
The various structures lead to diverse physical properties. For example, CuSe2 has a higher
superconducting critical temperature in the pyrite structure than the marcasite structure [11],
and the bulk modulus of the pyrite-type superhard material PtN2 is higher than that of the
marcasite-type [16].
In contrast to these compounds, there is no information about the behavior of FeP2 at high pressure that would explore this potentially rich physical behavior. Here, we combine experimental
and computational work to explore structural stability, physical properties, and their underlying
causes in FeP2 under pressure. We perform in situ X-ray diffraction (XRD) and Raman spectroscopy (RS) measurements up to 28 GPa and underpin the data by density functional theory
(DFT)-based electronic structure calculations. In the following section, we introduce the methods used in the current study, and then present experimental and computational results and their
relation. A discussion of the results in terms of crystallographic and electronic structure follows
before conclusions are given.

2.

Methods

The FeP2 sample was synthesized by the standard solid-state reaction. Stoichiometric amounts
of Fe (99.99%) and red P (99.99%) were mixed and ground in an agate mortar. The mixture was
loaded in a sealed and evacuated silicon tube, which was heated at 900 ◦ C for 48 h. Then it was
cooled to room temperature for several hours. The product was examined by XRD, with results
showing a single marcasite-structured phase, without any impurity.
The high-pressure device in our work is a four-pin modified Merrill–Basset design diamond
anvil cell (DAC) with 450 μm culets. A 250 μm-diameter hole was drilled in the pre-indented
55 μm rhenium gasket. LiF was used as pressure-transmitting medium. A small ruby chip was
loaded for pressure calibration [17]. The XRD patterns were recorded by a system consisting of
a high-brilliance FRD rotating anode generator (Mo Kαλ radiation, λ = 0.7108 Å) and Bruker
APEX charge-coupled device (CCD) area detector. Collecting time of each pattern was 30 min.
All collected patterns were integrated using the Fit2D program [18] in order to obtain conventional
one-dimensional diffraction spectra.
Micro-Raman spectra were recorded in back-scattering geometry using Dilor X–Y spectrometer
with a liquid nitrogen cooled CCD detector, 50× objective, and confocal mode. Excitation was
performed using the 514.5 nm line of Ar+ ion laser. The incident laser power was 35 mW. The
acquisition time of each spectrum was 15 min.
The DFT-based computations were performed within the full potential linearized augmented
plane wave (FP-LAPW)+local orbitals (lo) method, implemented in the WIEN2K code [19,20].
The exchange-correlation potential was treated by the local spin density approximation (LSDA)
[21]. The muffin-tin radii of Fe and P were chosen as 1.9 and 1.7 bohr, and kept constant for all
compressions studied. We set the energy threshold between core and valence states at −7.0 Ry.
The muffin-tin radius multiplied by Kmax was chosen as 7.0, where Kmax is the plane wave
cut-off. In the whole Brillouin zone (BZ), 1000 k-points were specified. In our calculations,
all unit-cell parameters were optimized at constant volume. Computations were performed on a
dense volume set for both marcasite-structured FeP2 and other MX2 structure types: Pyrite (Pa-3),
CuAl2 (I 4/mcm), and α-PbO2 (Pbcn).
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Results and discussions

3.1. X-ray powder diffraction
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XRD data were collected up to 28 GPa at room temperature. Figure 1 shows several selected
patterns.All peaks can be indexed as marcasite-type FeP2 and LiF (pressure-transmitting medium).
No phase transition was observed. The unit-cell parameters were refined by a full-profile model
refinement (Le Bail method) using the GSAS software [22]. We also tried to refine the atomic
coordinates, but the R factor is too big, possibly due to the pressure gradient arising from the
solid pressure-transmitting medium and the larger size of the X-ray beam. At ambient conditions,
lattice parameters (a = 4.980(3) Å, b = 5.665(3) Å, c = 2.723(1) Å, and V = 76.86(5) Å3 ) are
consistent with previous results [4]. Unit-cell parameters of FeP2 at various pressures are listed

Figure 1. Some selected X-ray diffraction patterns of FeP2 at high pressure. Their backgrounds were subtracted. Vertical
bars represent the positions of diffraction peaks, which are assigned to FeP2 (marcasite-type phase) and LiF (B1 phase).

Table 1.
P /GPa
0.001
1
2
4
8
10
12
15
17
18
20
22
24
26
28

Unit-cell parameters of marcasite-type FeP2 at various pressures.
a(Å)

b(Å)

c(Å)

V (Å3 )

4.980 (3)
4.978 (2)
4.972 (4)
4.960 (4)
4.944 (3)
4.933 (2)
4.926 (3)
4.918 (2)
4.911 (2)
4.906 (5)
4.901 (3)
4.900 (2)
4.890 (2)
4.881 (2)
4.874 (2)

5.665 (3)
5.657 (2)
5.647 (3)
5.628 (4)
5.611 (3)
5.598 (2)
5.586 (3)
5.573 (2)
5.565 (2)
5.555 (6)
5.544 (3)
5.529 (3)
5.518 (2)
5.509 (3)
5.498 (3)

2.723 (1)
2.719 (1)
2.713 (1)
2.701 (1)
2.690 (1)
2.6763 (9)
2.671 (1)
2.6539 (9)
2.6433 (9)
2.639 (2)
2.627 (1)
2.6211 (9)
2.6120 (9)
2.6056 (9)
2.5991 (9)

76.85 (5)
76.57 (4)
76.18 (5)
75.40 (5)
74.61 (4)
73.91 (3)
73.49 (5)
72.75 (3)
72.24 (3)
71.98 (8)
71.38 (5)
71.02 (3)
70.47 (3)
70.06 (3)
69.66 (3)

Note: The numbers in parentheses are the estimated standard deviations in units of the last digit.
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in Table 1. Both the individual unit-cell parameter and the volumes show a smooth decrease with
increasing pressure. Axial compressibilities were fitted linearly by d = d0 + Kd × P , where d0
is the lattice constant at 0 GPa, Kd is the axial compressibility coefficient, and P is the pressure.
Here we obtained Ka = −7.46 × 10−4 GPa−1 , Kb = −1.02 × 10−3 GPa−1 , and Kc = −1.67 ×
10−3 GPa−1 (Figure 2(a)). The Kc /Ka ratio is 2.2, and that of Kc /Kb is 1.6. Although the caxis length is the shortest, it is the most compressible. The distinctive anisotropy of the unit-cell
compressibilities is similar to that in FeSb2 in the marcasite structure [15].
The variation of the unit-cell volume with pressure was analyzed by the second-order and the
third-order Birch–Murnaghan equations of state [23] using the Eosfit52 software [24]. Results
of the second-order equation of state yield a unit-cell volume (V0 ) of 76.88(6) Å3 at 0 GPa, an
isothermal bulk modulus (B0 ) of 235(3) GPa, and its pressure derivative (B0 ) of 4. Results of

Figure 2. Compressibility of FeP2 in the marcasite structure. (a) Pressure dependence of normalized unit-cell parameters
and (b) variation of V /V0 of FeP2 as a function of pressure. Solid symbols show experimental data, open symbols represent
computational results.
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the third-order fit are V0 = 76.77(5) Å3 , B0 = 257(9) GPa, and the pressure derivative of B0 at
zero pressure (B0 ) of 2.3. The second-order Birch–Murnaghan equation of state makes a more
favorable comparison with the experimental data (Figure 2(b)). The bulk modulus is three times
higher than that of FeSb2 (84 GPa) [15], due to the different anion size.
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3.2.

Raman spectroscopy

All Raman spectra were recorded after XRD measurements at the same pressures (except two
data-points at 24 and 26 GPa). Figure 3 shows several selected spectra. At ambient condition the
Raman spectrum of FeP2 exhibits four peaks located at 403.2, 433.0, 458.6, and 480.6 cm−1 ,
which agrees well with the results obtained for single crystal FeP2 (403, 435, 459, and 482 cm−1 )
[25]. Group theoretical calculation yields six Raman active phonon modes of irreducible representations, viz.  = 2Ag + 2B1g + B2g + B3g [26]. The modes are divided into stretching modes
(Ag + B1g ) and librations modes (Ag + B1g + B2g + B3g ) of the dumbbell-like P–P units. The
libration modes (Ag + B2g + B3g ) are mixed, thus only four clear peaks are observed. The peaks
(a, b, c, and d) are assigned to different Raman active modes (Table 2). Around 550 cm−1 there
is a broad feature, probably due to the effect of the second-order Raman scattering. Upon compression, all peaks shift toward high frequency, indicating a decrease of P–P bond length. Up to
28 GPa, we did not observe any splitting or merging peaks, which suggests that no phase transition
occurs. Figure 4 shows the pressure dependence of phonon frequencies of Raman active modes.
They were fitted linearly by ω = ω0 + α × P , where ω0 is the frequency at 0 GPa, α is the linear
pressure coefficient, and P is the pressure. Thus, the Grüneisen parameter (γ ) is obtained by
γ = −∂ ln ω/∂ ln V = B0 × α/ω0 [27] (Table 2).
3.3. Ab initio calculations
To test the structural stability of marcasite-type FeP2 , we designed several possible polymorphs,
marcasite-type (Pnnm), α-PbO2 -type (Pbcn), pyrite-type (Pa-3), and CuAl2 -type (I 4/mcm)
respectively, according to the high-pressure structural behavior of the analogue compounds, e.g.

Figure 3.

Selected Raman spectra of FeP2 at high pressure.
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Table 2. Results of linear regressions (ω and α) and calculated mode Grüneisen
parameter γ using the experimental B0 (235 GPa). Fitted values (Fit.) refer to linear
regression of ω as a function of pressure (see text).
ω (cm−1 ) at 0 GPa

a

b
c
d

Ag (R)
B2g (R)
B3g (R)
Ag (v)
B1g (R)
B1g (v)

Ref. [23]

Observed

Fit.

α (cm−1 ) GPa−1

γ

403

403.2

402.8

2.49

1.45

435
459
482

433.0
458.6
480.6

431.3
458.5
480.6

3.15
3.15
3.23

1.72
1.61
1.58

Downloaded By: [Wu, X.] At: 16:25 26 May 2009

Note: R: libration mode; v: stretching vibration mode.

Figure 4. Variation of Raman frequency as a function of pressure. The lines are obtained by a linear fit.

GeO2 , NiP2 , and CrSb2 [7–9,28]. All structural parameters of these phases were optimized at every
computational volume. The ground-state total energy as a function of volume for the candidate
phases (Figure 5) were fitted with a third-order Birch–Murnaghan equation of state. We did not find
any phase transition up to 35 GPa. The equation of state parameters of marcasite-structured FeP2
are V0 = 68.4 Å3 , B0 = 199 GPa, and B0 = 4.4. The V0 in LSDA-based computations is smaller
than that of experimental results, following the general local density approximation (LDA) trend
to underestimate the equilibrium lattice constants [29]. The theoretical axial compressibilities and
V /V0 as a function of pressure are consistent with those of experiment (Figure 2).

4.

Discussion

In order to understand the structural evolution of marcasite-type FeP2 , we further analyzed the
atomic coordinates and lattice constants at various pressures. In the marcasite-type phase there
are two internal structural parameters (x and y coordinates of phosphorous atom). Theoretical
calculations show a decrease of x and y values at high pressure. Thus the angle from Fe to P to Fe
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Calculated total energy vs. volume for candidate phases of FeP2 : marcasite, α-PbO2 , pyrite, and CuAl2 .

Figure 6. Bond length and bond angle vs. pressure. A fragment of marcasite-type structure showing the corresponding
bond length, and bond angle is shown in the inset. Each Fe and P atoms has crystallographically equivalent positions, but
they are labeled in the individual edge-sharing octahedra for discussion. The bond length corresponds to the left coordinate
axes and the bond angle values are responding to the right coordinate axes.

between the edge-sharing octahedra (∠Fe1-P1-Fe2, Figure 6) decreases from 74.5◦ at 2 GPa to
72.8◦ at 35 GPa (Figure 6). On the other hand, the Fe–P bond lengths in the FeP6 octahedra show
a divergent tendency with increasing pressure (Figure 6). As a consequence, the adjacent edgesharing octahedra become more distorted and unstable. The unit-cell compressibilities have shown
that the c-axis is the most compressible. Along the c-axis, the atomic configuration is a linear
chain of Fe. The electronic densities between Fe cations along the c-axis are displayed in Figure 7.
Comparing them at 2 and 35 GPa, the outermost green contours of Fe cations are elongated along
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Figure 7. The valence charge density in the plane, cutting through the structural segment as shown in this figure (the
P2-Fe2-P2-P2-Fe1-P2 plane). The central atom is Fe, and on both sides P atoms are located. (a) 2 GPa; (b) 35 GPa.

the c-axis with increasing pressure (color online), which indicates that the interaction between Fe
atoms is enhanced. At the same time the interaction between Fe and P also increases. The electron
density distribution around the Fe cation is not spherical, but elongated in the ab-plane.
In the electronic density of states (DOS) of FeP2 , the hybridization between Fe 3d and P 3p
is observed in a wide energy range, which indicates significant covalent bond components in the
FeP6 octahedra. These factors result in the edge-sharing octahedra along the c-axis becoming
soft under compression. This kind of high-pressure structural behavior is different from that of
anomalous marcasite with a large c/a ratio, such as GeO2 and ZnF2 [28,30]. In the anomalous
marcasite-type MX2 compounds the corresponding angle (∠M-X-M) is greater than 90◦ and
decreases toward 90◦ at high pressures, which reduces the degree of MX6 octahedra distortion,
and evolves into the structures with more effective packing of MX6 octahedra.
FeP2 is a semiconductor with quite a low band gap. At ambient pressure, the band gap in
our calculation is 0.39 eV, very close to the 0.37 eV obtained in the single-crystal measurement
[3]. At 35 GPa, the band gap is still 0.39 eV (Figure 8(a)). For a marcasite-type phase with a d 4

Figure 8. Total DOS of marcasite-type FeP2 at 2 and 35 GPa (a) and the partial t2g DOS of Fe 3d electron at 2 GPa
(b) and 35 GPa (c) (color online).
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configuration, Goodenough pointed out that t2g orbitals are split into two lower orbitals associated
with dxz and dyz, and a higher orbital associated with dxy (Figure 8(d)) [10]. The dxy states play
the key role in charge conduction, because they lead to a band of itinerant electron states. In our
calculations, the partial t2g DOS illustrates clearly that the dxy orbital far away the Fermi level
has a larger change compared with dxz and dyz with increasing pressure (Figure 8(b) and (c)),
which agrees well with the description by Goodenough [10].
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5.

Conclusions

The structural stability of FeP2 at high pressure has been investigated by XRD, RS, and theoretical
calculations. We did not observe any phase transition up to 28 GPa in the XRD and RS experiments. The unit-cell compressibilities of marcasite-type FeP2 represent an evident anisotropy,
with the shortest axis, the c-axis, being the most compressible. The adjacent edge-sharing FeP6
octahedra become more distorted and unstable under pressure. The Raman scattering behavior
of marcasite-type FeP2 at high pressure was analyzed by four peaks originating from six Raman
phonon active modes. We determined their linear pressure coefficients and Grüneisen parameters.
Band structure calculations within DFT show that FeP2 remains a semiconductor at pressures
beyond 35 GPa.
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