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Preparation and Properties of a New Iron Phosphide FeP,
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The new iron phosphide with the highest phosphorus content of known ion phosphides, FeP,, was
synthesized by the reaction of elemental components at 60 kbar in a cubic anvil device. Its space group was
found to be C,,,,, with four formula units in the unit cell (@ = 0.5005(1), & = 1.0213(3), ¢ = 0.530(1) nm).
The structure of FeP, was analysed by standard Patterson and Fourier techniques and refined by a
block-diagonal least-squares method to a final conventional R value of 0.067 for 546 reflections. The
coordination around Fe and P in FeP, is very similar to that of Cr, Mn, and P in CrP, and MnP,.
The difference in structure between these compounds is discussed and correlated to the electronic

configuration.

Introduction

Studies on the synthesis of transition metal
phosphides under atmospheric conditions
have been reviewed by Rundqvist (/) and
Lundstrom (2). The metal:phosphorus ratios
of the compounds described in these papers
are <1:2. In recent years the phosphides with
higher proportions of phosphorus content such
as CrP, or MnP, have been introduced by
Jeitschko and Donohue (3, 4), but the synthe-
sis of FeP, has not been reported to date. This
paper reports on the high-pressure synthesis of
FeP, and its crystal structure.

Sample Preparation and Experimental

Starting material was prepared by mixing
Fe and red P powders in the ratio varying
between 1:3 and 1:8. The starting material
was charged into a cylindrical BN tube, 3 mm
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long and 2.8 mm in diameter and inserted into
a carbon tube for heating. This assemblage was
placed in a hole drilled in the center of a pyro-
phyliite cube 12.5 mm on an edge. Using a
cubic anvil device, the cube was subjected to
high temperature and pressure (1100°C and
60 kbar). The temperature of the sample was
evaluated from the electric current through the
carbon heater and calibrated by inserting a
Pt-Pt—13% Rh thermocouple in the assem-
blage. The emf was not corrected for pressure
effect. After 30 min under these conditions the
temperature and pressure were lowered and
the sample was taken out of the cell.

A more detailed description of the exper-
imental technique for such high-pressure syn-
thesis is given by Yanagisawa and Kume (5).

The product was a mixture of black crystals
with irregular shape and metallic luster and
black phosphorus which was dissolved from
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the product by HNO, solution. This purified
sample was calcined with NaHSO, in an
ALO,; crucible, dissolved in water, and
analyzed by the permanganate method for
iron. The iron content in this compound was
found to be 31.7 wt% as compared with the
calculated value of 31.1 wt%, which showed
this new compound had a composition of
FeP,.

Characterization

Electrical resistivity measurements were
carried out on a sintered specimen with a four-
probe technique from 77°K to room tempera-
ture. The specimen was prepared at 1100°C
and 60 kbar from purified FeP, powder, and
its dimension and density were 4mmg x 3mmh
and 4.2 g/cm?, respectively. From Fig. 1, it is
seen that FeP, is a semiconductor with a
room-temperature resistivity of 3 x 10* 2-cm
and an activation energy (from p = p, exp
E,/kT)of 0.052 eV.

The magnetization of FeP, from 77°K to
room temperature is weak.
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F1G. 1. Variation of the logarithm of resistivity vs the
reciprocal absolute temperature for FeP,.
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The Mossbauer effect was examined at
room temperature for the material under
investigation, and the velocity was calibrated
with stainless steel. An isomer shift and a
quadrupole splitting were found to be 0.09 and
0.64 mm/sec, respectively.

Structure Determination

The X-ray powder pattern of FeP, was
indexed as the orthorhombic cell. The lattice
constants were refined by a least-squares pro-
cedure, using Fe-filtered CoKa radiation and
silicon as a standard. Lattice constants and the
powder pattern are shown in Table I. With
four formula units in the unit cell assumed, the
density was calculated to be 4.22 g/cm?, in
good agreement with the observed density of
4.2 g/cm’.

As shown in Table II, the similarity of
lattice constants between the three transition

TABLE 1

X-RAY POWDER PATTERN AND LATTICE
CONSTANTS OF FeP ¢

hkl Iobs dobs dcnlc

020 vw 0.512 0.511

110 m 0.450 0.449

021 vwW 0.376 0.375

111 m 0.349 0.349

130 vs 0.2817 0.2816
002 5 0.2765  0.2765
131 0.2510
200 } 0-2506 0.2503
112 m 0.2356  0.2355
201 vw 0.2279  0.2280
220 VW 0.2248  0.2247
221 VW 0.2083  0.2082
132 w 0.1973  0.1973
151 w 0.1789  0.1789
222 w 0.1744 0.1744
113 0.1705
060 s 0.1702  0.1703
241 0.1701
311 vw 0.1578 0.1578
133 w 0.1542  0.1542

g = 0.5005(1) nm, b = 1.0212(3) nm,
and ¢ = 0.5530(1) nm.
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TABLE 11

LATTICE PARAMETERS AND DENSITIES OF MP, (M: Cr, Mn, Fe)

d (g/cm?)
a(nm) b(nm) ¢ (nm) B(® V (nm%) Obs Calc
CrP o 0.5191 1.0760 0.5771 110.65 0.3017 388 3.87
MnP? 0.5094 1.0513 2.1804 a =94.71 1.1638 4.05 4.08
FeP ¢ 0.5005  1.0212  0.5530 0.2826 4.2 4.22
9 Reference (3).

# Reference (4). A modified unit cell is chosen here in order to make comparison

with other compounds.
* This work.

metal polyphosphides (CrP,, MnP, and
FeP,). implies that the structure of FeP,
should be closely related to that of other
transition metal polyphosphides.

The systematic lack of reflections observed
by Weissenberg and Buerger precession tech-
niques were hkl with h + k # 2n and 00/ with
[ # 2n. Space group C,,,, is indicated by those
diffraction extinctions.

The three-dimensional intensity data for the
analysis of the crystal structure were collected
using a 20 x 30 x 50-um single crystal. Zr-
filtered MoK« radiation was used with a four-
circle automated diffractometer. The scan
speed was 2° (26) min~', and the background
was counted for 20 sec at both ends of each
scan.

All reflections within the hemisphere 28 <
110° were collected. The Lorentz-polarization
correction was made. The absorption correc-
tion was not applied because of the small size
of the crystal.

After the interpretation of a three-
dimensional Patterson function computed with
a program given by Sakurai (6), the structure
was refined using Ashida's block-diagonal
least-squares program (7). Atomic scattering
factors for neutral atoms and dispersion
correction were taken from the “International
Tables for X-Ray Crystallography™ (8, 9).

The sum Zw(|Fy| — k| F.]) where w is the
weight based on counting statistics and k& is the

scale factor, was minimized. Observed struc-
ture factors which were smaller than twice the
standard deviation were excluded from the
calculation.

The refinement with anisotropic tempera-
ture factors resulted in a final R value of 0.067
for 546 reflections and an Rw of 0.087 (Table
I1I).

The atomic parameters and anisotropic tem-
perature factors are listed in Table 1V. Since
space group C,,, is noncentrosymmetric, the
refinement for another configuration was
carried out. Final R value was calculated to be
0.084 and Rw, 0.111.

Discussion

As shown in Fig. 2, the density value of
FeP, lies on the smooth curve obtained from
the relation between densities and atomic
contents for iron phosphides which were
prepared previously. Similar phenomena were
found in the Cr—P and Mo-P systems (3).

The structure of FeP, is shown in Figs. 3
and 4. Each Fe atom is surrounded octa-
hedrally by six P atoms. These octahedra
share corners with each other, forming a plane
parallel to (010). P atoms are located at the
center of two types of tetrahedron. One tetra-
hedron has two P atoms and two Fe atoms at
its apices, and the other is composed of three P
atoms and one Fe atom located at its vertices.
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TABLE 1V
FINAL POSITIONAL AND THERMAL PARAMETERS OF THE FeP, STRUCTURE®?
Atom x y z B, By By, By, By, By,
Fe 0.0 0.1741(1) 0.25 5(3) 4(4) 1(3) 0 o(1) 0
P, 0.1804(4) 0.1824(2) 0.6338(3) 38(5) 54(4) 32(4) —1(4) -3(4) 3(4)
P, 0.2104(4)  0.5180(2)  0.3020(3) 32(4) 46(4) 34(4) —2(4) —4(4) 2(3)

¢ Errors in the last place are given in parentheses.
® The thermal parameters are defined through T =exp 107% x } (B, hA2a*? + B,,k*b*? + By, 2c*? + 2B, hka*b* +

2B, hla*c* + 2B, kib*c*).

P atoms are bound to each other by covalent
bonds with an average bond distance of
0.2234 nm and construct the three-
dimensional network. Interatomic distances
are given in Table V. The P —P, distance of
0.2315 nm is a little longer than the P-P
distances observed in elemental phosphorus
(0.223 nm for black phosphorus and 0.222 for
Hittsorfs phosphorus) (/0, 11) and phos-
phides with a P—P bond such as FeP, (0.2237
nm) (/2). However, the P,—P, bond may still
be considered as weakly covalent. The bond
angles around the P atoms vary from 87.68 to
127.45°, which is within the allowable range

d(g/em’)
BA Fe
Fe P
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F1G. 2. Relation between density and atomic percent-

age of phosphorus in various kinds of iron phosphides.

for sp? hybridized bond angles consistent with
a covalent character. The Fe-P distances
range from 0.2308 to 0.2175 nm with an
average distance of 0.2249 nm. This value is
smaller than the sum of Pauling’s covalent
radii and the mean Fe-P bond distance
observed for FeP,.

The structure of FeP, is delineated as a
layered structure like the descriptions for the
crystal structures of CrP, and MnP, (3, 4).
These three structures are composed of almost
the same layer, with the composition of M,P,
(M = Mn, Cr, and Fe). The stacking of this
layer is a little different in each compound.

F16. 3. Structure of FeP,. The structure is formed by
the stacking of two layers at Z} and Z3. They are cor-
related by rotation of 180°.
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F1G. 4. A perspective view of the linkage between Fe
and P atoms and between P atoms. Large spheres
indicate Fe atoms. and small spheres indicate P atoms.
P, is surrounded by two Fe and two P atoms. P, is

surrounded by one Fe atom and three P atoms. A’

decimal fraction means the bond distance in nano-
meters. and an integer means the bond angle in degrees.

The crystal structure of CrP, is formed by a
parallel stacking of layers which are slightly
shifted relative to adjacent layers. The octa-
hedra are connected only by edge sharing and
form zigzag chains along the z axis in CrP,.

In addition to parallel transfer, rotational
operation around an axis perpendicular to the
layer is needed to compose the structure of

SUGITANI ET AL.

F1G. 5. Crystal structures of FeP,, CrP,, and MnP,.

MnP,. As a result of the rotation, octahedra
share edges and corners in MnP,.

In the case of FeP,, each layer is rotated by
180° relative to the adjacent layers above and
below around an axis whose position differs
from that of MnP,. So, the octahedra share

TABLE V

INTERATOMIC DISTANCES (nm) AND ANGLES (°) IN THE FeP, STRUCTURE®

Fe:4Fe 0.4039(2)
2P, 0.2308(2)
2P, 0.2263(2)
2P, 0.2175(2)

P,~Fe-P, 89.52(8) (2x)
P Fe—P, 175.79 (9)
P-Fe—P, 87.76(8) (2x)
P,—Fe—P, 83.56(8) (2x)
P —Fe~P, 88.10(8) (2x)
P Fe—P, 99.22(8)
PFe—P, 169.74(9) (2x)
P ~Fe—P, 99.56(8) (2x)
P,~Fe-P, 85.62(8)

P,: Fe 0.2308(2)
Fe 0.2263(2)
P, 0.2216(3)
P, 0.2315(2)

P,:Fe 0.2175(2)
P, 0.2305(2)
P, 0.2221(2)
P, 0.2183(2)

Fe-P ~Fe 124.15(9)
Fe~P P, 114.28(10)
Fe-P~P, 107.00(9)
Fe~P ~P, 102.38(9)
Fe-P,-P, 105.42(9)
P,-P P, 87.68(9)
Fe-P,—P, 116.01(9)
Fe-P,-P, 104.59(9)
Fe—P,—P, 127.45(10)
PP, P, 104.45(9)
P,-P,P, 97.00(9)
P,~P,-P, 101.06(8)

a Standard deviations in the last place are given in parentheses.
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only corners in FeP, and form the corrugated
plane parallel to (010) (Fig. 5).

The stacking sequence in these three com-
pounds is as follows, 44’44' ... for CrP,,
AA'A"4"'BB'B"B"" ... for MnP,, and ABAB

for FeP,. From the viewpoint of the
connection of octahedra, FeP, seems to be a
companion of CdP, (13). But, the linkage of P
in FeP, has very little resemblance to that in
CdP,. FeP, should be considered to be a
companion of CrP, and MnP,. Jeitschko and
Donohue (3) gave a formal valence of zero to
the P atoms surrounded by three P atoms and
one Cr atom, and a formal valence of —1 to
the P atoms bonded to two P and two Cr
atoms. From this consideration, the formal
valence of Fe is deduced to be +2 in FeP, as
well as Cr in CrP, and Mn in MnP,.

A d° configuration of Fe with a low spin
state fits well to the very weak magnetization
observed for FeP,. The isomer shift of FeP,
fell into the range of isomer shifts reported for
the compounds with low-spin-state Fe?*.

Here, we can see a clear example of the
effect of the electronic configuration on the
crystal structure. In a series of MP, com-
pounds, Cr, Mn, and Fe have d*, d°, and d°®
configurations, respectively. The d* configur-
ation makes it possible to form two metal—
metal bondings through shared edges as seen
in the CrP, with zigzag chains. In the case of
the d* configuration, only one metal-metal
bonding is acceptable. MnP, has the alternate
metal-metal bonding in the straight link of four
edge-shared MnP octahedra. In FeP,, no half-
filled orbital which is available for metal-metal
bonding is conceivable because of a d° con-
figuration with a low spin state. Then, the FeP,
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octahedra share only corners, as seen in CdP,
with a d |, configuration.

This fact is comparable to the structural
change of MX, (M: Fe, Co, and Ni; X: P, As,
and Sb) due to an electronic configuration as
reported by Hulliger and Mooser (14).
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