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ABSTRACT: Using metal fluxes, crystals of the binary osmium dipnictides
OsPn, (Pn = P, As, Sb) have been grown for the first time. Single-crystal X-ray
diffraction confirms that these compounds crystallize in the marcasite structure
type with orthorhombic space group Pnnm. The structure is a three-
dimensional framework of corner- and edge-sharing OsPn4 octahedra, as well
as [Pn,*”] anions. Raman spectroscopy shows the presence of P—P single
bonds, consistent with the presence of [Pn,™*] anions and formally Os*
cations. Optical-band-gap and high-temperature electrical resistivity measure-
ments indicate that these materials are narrow-band-gap semiconductors. The
experimentally determined Seebeck coefficients reveal that nominally undoped
OsP, and OsSb, are n-type semiconductors, whereas OsAs, is p-type.
Electronic band structure using density functional theory calculations shows
that these compounds are indirect narrow-band-gap semiconductors. The

bonding p orbitals associated with the Pn, dimer are below the Fermi energy, and the corresponding antibonding states are
above, consistent with a Pn—Pn single bond. Thermopower calculations using Boltzmann transport theory and constant
relaxation time approximation show that these materials are potentially good thermoelectrics, in agreement with experiment.

B INTRODUCTION

Interest in transition-metal pnictides has revived with the
discovery of high-temperature superconductivity in iron
arsenides.' Although superconductivity has mostly been limited
to ternary and quaternary transition-metal pnictides, the binary
phases have been studied extensively as well, albeit for different
reasons. One particular class of binary transition-metal
pnictides that has drawn significant attention is the transition-
metal dipnictides, MPn, (M = transition metal; Pn = P, As, Sb),
many of which crystallize in the marcasite-type structure.

Named for the mineral marcasite (FeS,), this structure 'fype2
encompasses a wide array of transition-metal pnictides and
chalcogenides. The marcasite-type compound FeSb, has been
shown to be a rare example of a highly correlated diamagnetic
narrow-band-gap semiconductor and/or a Kondo insulator
(similar to FeSi).” Because of its colossal thermoelectric power
factor (~2300 yW K2 cm™ at 12 K and ~8000 W K™% cm™
at 28 K),* FeSb, has been investigated as a cryogenic
thermoelectric material. However, its thermoelectric figure of
merit (ZT) remains limited by the relatively high thermal
conductivity. Various strategies have been pursued to improve
the magnetotransport properties of FeSb,, including doping
with cobalt,” chromium,® arsenic,” tin,® and tellurium,” as well
as spark-plasma sintering of nanoparticles,'’ but none have yet
resulted in a significant improvement in ZT.
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In contrast to the considerable effort spent on studying
FeSb, and to a lesser extent its lighter group V analogues, FeP,
(a possible electrode for lithium batteries)'' and FeAs, (a
thermoelectric material),'> there has been minimal inves-
tigation of the isostructural ruthenium and osmium pnictide
marcasites. Although the syntheses of RuP,, OsP,, and RuAs,
were first reported in the 1930s,"® the unit cell lattice
parameters and marcasite crystal structure for these compounds
and the arsenide/antimonide variants were not determined by
powder X-ray diffraction until the 1960s'* and were confirmed
by powder neutron diffraction in the 1970s."> Measurements
revealed all six compounds to be diamagnetic, small-band-gap
semiconductors below room temperature.'®

Herein we report a more detailed investigation of the
marcasite-type OsPn, (Pn = P, As, Sb) binary compounds. To
the best of our knowledge, this is the first instance where these
materials have been grown as single crystals, which has been
accomplished via the use of metal fluxes. The marcasite-type
crystal structure previously determined by powder X-ray and
neutron diffraction has been confirmed via single-crystal X-ray
diffraction. The presence of a P—P single bond in OsP, is
observed with Raman spectroscopy. This is consistent with the
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Table 1. Structure Refinement Details from Single-Crystal X-ray Diffraction for OsPn, (Pn = P, As, Sb)*

OsP,
fw 252.14
temperature (K) 120(2)
a (A) 5.084(1)
b (A) 5.874(1)
¢ (A) 2.9041(6)
volume (A%) 86.73(3)
p. (g em™) 9.655
u (mm™) 74.763
F(000) 212
cryst size (mm®) 0.074 X 0.056 X 0.043
0 range for data collection (deg) 5.30—34.90
index ranges —-8<h<7,
—-9<k<y9
—4<i<4
reflns collected 1232
indep reflns 225 [Ry, = 0.0412]
completeness to 6 = 34.90° (%) 100
data/restraints/param 225/0/12
GOF 1.528

final R indices [I > 26(I)]?
R indices [all data]®

Ry, = 0.0187, wRyp, = 0.0424
Ry = 0.0193, wRy = 0.0427

OsAs, OsSb,
340.04 433.70
298(2) 298(2)
5.406(1) 5.938(1)
6.175(1) 6.696(1)
2.9941(6) 3.2044(6)
99.94(3) 127.41(4)
11.300 11.305
96.137 70.385
284 356
0.214 X 0.084 X 0.082 0.268 X 0.049 X 0.036
5.01-35.00 4.59-29.10
-7<h<s —-8<h<s
-9<k<y9, -9<k<s
—4<1<4 —4<1<4
1380 1069
251 [R,, = 0.0877] 193 [R,,, = 0.0814]
100 97
251/0/12 193/0/12
1272 1.190

Ryps = 0.0285, wRy, = 0.0671
Ry = 0.0288, wR,; = 0.0673

Ry, = 0.0371, wRy,, = 0.0895
Ry = 0.0371, wRy = 0.0895

“For all structures, A = 0.71073 A, the space group is Panm, and Z = 2. °R = YIIF,| — IF I/ Y IF,), wR = {3 [w(IF,> = IF.?)?]/ ¥ [w(IF,1*)]}/* and
caled w = 1/[6*(F,?) + (AP)* + (BP)] where P = (F,> + 2F.%)/3. For OsP,, A = 0.0124 and B = 0.2663. For OsAs,, A = 0.0204 and B = 1.7820. For

OsSb,, A = 0.0672 and B = 0.1111.

formal oxidation assignments of Os*" and [P,*] (or generally
[Pn,*7]). From IR and UV—vis—near-IR (NIR) spectroscopy,
the optical band gaps are determined to be 0.21(1), 0.92(1),
and 1.13(2) eV for OsSb,, OsAs,, and OsP,, respectively. High-
temperature electrical resistivity and Seebeck measurements in
nominally undoped compounds characterize all three as
narrow-band-gap semiconductors, with electrons being the
dominant charge carriers in OsP, and OsSb,, whereas holes are
the dominant charge carrier in OsAs,. Electronic band structure
calculations support the results from the band-gap, Raman, and
charge-transport measurements.

B EXPERIMENTAL METHODS

General Details. The following reagents were used as received:
osmium powder (J&] Materials Inc, 99.98%), red phosphorus
(Aldrich, >99.99%), tin shot (Cerac, 99.9%), and iodine (Aldrich).
Arsenic lumps (Alfa Aesar, 99.99999+%) and antimony pieces (Cerac,
99.999%) were ground to a coarse powder prior to use. Initial
manipulations were carried out in an M-Braun glovebox under an inert
argon atmosphere (<0.1 ppm of H,O and O,).

Synthesis of OsP,. The reaction mixture consisted of osmium
(0.190 g, 1 mmol), phosphorus (0.077 g, 2.5 mmol), and tin (6 g, SO
mmol). The reagents were loaded into a thin niobium tube that had
been sealed at both ends with a Centor arc welder. Next, the niobium
tube was placed in a 15 mm o.d. X 13 mm i.d. fused-silica tube, which
was flame-sealed under a vacuum of <10™* mbar. In a programmable
furnace, the tube was heated to 1050 °C in 12 h, held at 1050 °C for
24 h, and then slowly cooled to room temperature over 72 h. The
fused-silica tube was opened, and the niobium tube was removed. One
end of the niobium tube was cut off before it was loaded into a new
fused-silica tube. A stainless steel frit was placed on top of the niobium
tube, and the fused-silica tube was sealed under a vacuum of <10~*
mbar. The fused-silica tube was placed in a furnace that had been
preheated to 520 °C and was allowed to soak for 15 min in order to
fully melt the tin flux. The fused-silica tube was then removed from the
furnace and centrifuged. Small black prismatic crystals of OsP,, as well
as black polycrystalline OsP,, were mechanically removed from the
interior of the niobium tube. Residual tin flux could be removed by
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soaking the product in dilute HCI (1:3 H,0), followed by isolation of
OsP, by gravity filtration and rinsing with H,O and acetone. The yield
was 100% based on osmium according to powder X-ray diffraction.

Pure polycrystalline OsP, could be prepared by two different
methods. In the first, a 1:3 mixture of osmium and phosphorus with a
total mass of approximately 0.36 g was loaded directly into a 9 mm o.d.
X 7 mm i.d. fused-silica tube with 3 g of tin. After the tube was sealed
under vacuum, it was heated in a furnace to 1050 °C in 12 h and held
at 1050 °C for 48 h, and then the furnace was turned off. After the
fused-silica tube was opened at room temperature, the solidified tin
ingot was placed directly in dilute HCI (1:3 H,0). Once the tin was
dissolved, OsP, could be recovered by gravity filtration. For the second
method, a 1:3 mixture of osmium and phosphorus with a total mass of
approximately 0.25 g was loaded directly into a 12 mm o.d. X 10 mm
i.d. fused-silica tube with 0.2 g of I,, which acts as a mineralizer. After
the tube was sealed under vacuum, it was then heated in a furnace to
1000 °C in 12 h, held at 1000 °C for 192 h, and then cooled to room
temperature in 12 h. After the fused-silica tube was opened, pure
polycrystalline OsP, was found at one end, and crystallized I, (or P1;)
was found at the opposite end.

Synthesis of OsAs,. The reaction mixture consisted of osmium
(0.190 g, 1 mmol), arsenic (0.187 g, 2.5 mmol), and tin (6 g SO
mmol). The procedure is analogous to that of OsP,, except that the
reaction was cooled to room temperature over 96 h instead of 72 h.
Following centrifugation, small black prismatic crystals of OsAs,, in
addition to black polycrystalline material, were found inside the
niobium tube. Residual tin flux could be removed by soaking the
product in dilute HCI (1:3 H,0), followed by isolation of the product
by gravity filtration and rinsing with H,O and acetone. According to
powder X-ray diffraction, the product contained approximately 95%
OsAs, and 5% unreacted osmium.

In order to obtain a pure polycrystalline sample of OsAs,, the
original product from the tin flux reaction that contains unreacted
osmium can be reacted with excess arsenic. The mixture containing
95% OsAs, and 5% osmium was ground together with arsenic (10% by
weight) using a mortar and pestle and loaded into a 9 mm o.d. X 7
mm i.d. fused-silica tube. After the tube was sealed under vacuum, it
was heated in a furnace to 1050 °C in 6 h and held at 1050 °C for 48
h, and then the furnace was turned off. A solidified mass of phase-pure
OsAs, (according to powder X-ray diffraction) was found at the
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bottom of the tube, and the excess arsenic collected on the other end
of the tube. Conversely, pure polycrystalline OsAs, can also be
prepared by the I, mineralizer route described above for OsP,.

Synthesis of OsSb,. The reaction mixture consisted of osmium
(0.150 g, 0.789 mmol) and antimony (3.553 g 29 mmol). The
reagents were loaded into a 12 mm o.d. X 10 mm i.d. fused-silica tube,
which was flame-sealed under a vacuum of <10™* mbar. This fused-
silica tube was then flame-sealed under vacuum in a secondary 15 mm
o.d. X 13 mm id. fused-silica tube. In a programmable furnace, the
tube was heated at 100 °C h™! to 1150 °C, held at 1150 °C for 48 h,
and cooled at § °C h™" to 600 °C, and finally the furnace was turned
off to allow the reaction to rapidly cool to room temperature. The
outer fused-silica tube was opened, and the smaller fused-silica tube
was removed. One end of the smaller fused-silica tube was scored and
carefully opened. This smaller fused-silica tube was loaded into a new
15 mm o.d. X 13 mm i.d. fused-silica tube, a steel frit was placed on
top, and the outer tube was sealed under a vacuum of <10™* mbar. The
fused-silica tube was placed in a furnace that had been preheated to
700 °C and was allowed to soak for 20 min in order to fully melt the
excess antimony flux. The fused-silica tube was then removed from the
furnace and centrifuged. Following centrifugation, there were black
columnar crystals of OsSb,, as well as silver polyhedral crystals of
antimony and polycrystalline antimony. The yield of OsSb, was 100%
based on osmium according to powder X-ray diffraction. Residual
antimony can be removed from the sample by dissolution in a 1:1:1
mixture of HCl, HNOj;, and H,0, followed by gravity filtration and
rinsing with H,O and acetone to isolate the crystals of OsSb,.

Scanning Electron Microscopy (SEM). The microprobe analyses
of several crystals of each compound were performed with a Hitachi S-
4700-II scanning electron microscope using an EDAX Phoenix X-ray
energy-dispersive spectrometer. The spectrometer utilizes a lithium-
drifted silicon detector with an ultrathin window, and data were
acquired with a beam current of 10 #A at 20 kV accelerating potential.
Semiquantitative analysis by energy-dispersive spectrometry (EDS) on
several crystals of each composition using the Os Ma, P Ka, As La,
and Sb La lines confirmed the 1:2 ratio of osmium and pnicogen
elements.

Single-Crystal X-ray Diffraction. Single crystals were selected
and mounted on the tips of glass fibers for X-ray diffraction. For OsP,,
intensity data were collected at 120 K using @ scans on a STOE IPDS-
II imaging plate diffraction system using graphite-monochromatized
Mo Ka radiation (4 = 0.71073 A) operating at 50 kV and 40 mA with
a 34-cm-diameter imaging plate. Individual frames were collected with
a 6 min exposure time and a 0.5° @ rotation. For OsAs, and OsSb,,
intensity data were collected at 298 K using @ scans on a STOE 2T
imaging-plate diffraction system using graphite-monochromatized Mo
Ka radiation (4 = 0.71073 A) operating at 50 kV and 40 mA with a 34-
cm-diameter imaging plate. Individual frames were collected with
either a 7 min (OsAs,) or a 4 min (OsSb,) exposure time and either a
1.0° (OsAs,) or a 0.3° (OsSb,) @ rotation. X-AREA, X-RED, and X-
SHAPE software packages were used for data collection, integration,
and analytical absorption corrections, respectively.'” Structures were
solved with the direct methods program SHELXS and refined with the
full-matrix least-squares program SHELXL.'® Each final refinement
included a secondary extinction correction.

The lattice constants for the OsPn, compounds determined in the
present study (Table 1) by single-crystal X-ray diffraction agree well
with those previously reported from refinements of powder X-ray and
neutron diffraction data.'**"> The unit cell parameters from Rietveld
refinements of powder neutron diffraction data are the following: for
OsP,, a = 5.1012(14) A, b = 5.9022(13) A, and ¢ = 2.9183(8) A; for
OsAsy, a = 5.4115(15) A, b = 6.1900(16) A, and ¢ = 3.0127(7) A; for
OsSb,, a = 5.9411(10) A, b = 6.6873(12) A, and ¢ = 3.2109(7) A. The
only discrepancy is found in the OsP, lattice constants, which are
slightly smaller in the current study because of the fact that the single-
crystal X-ray diffraction data were collected at 120 K, in contrast to the
powder neutron diffraction data, which were collected at room
temperature.

The parameters for data collection and details of the structure
refinements are given in Table 1. Atomic coordinates and thermal
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displacement parameters (U,,) are given in Table 2, anisotropic
thermal displacement parameters are given in Table 3, and selected
interatomic distances and angles are given in Table 4.

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (A* X 10%) for OsPn, (Pn = P, As,
Sb)

Wyckoff x y z Ueq“
Os 2a 0 0 0 3(1)
P 4g 0.1614(3) 0.3725(2) 0 3(1)
Os 2a 0 0 0 4(1)
As 4g 0.1702(2) 0.3661(1) 0 5(1)
Os 2a 0 0 0 4(1)
Sb 4g 0.1804(2) 0.3589(1) 0 5(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj

tensor.

Table 3. Anisotropic Displacement Parameters (A> X 10%)
for OsPn, (Pn = P, As, Sb)“

Ull UZZ U33 U12 U13 U23
Os 3(1) 3(1) 3(1) 0(1) 0 0
P 3(1) 3(1) 4(1) (1) 0 0
Os 3(1) 4(1) 6(1) (1) 0 0
As 3(1) 4(1) 7(1) ~1(1) 0 0
Os 2(1) 4(1) 4(1) 0(1) 0 0
Sb 3(1) 5(1) 5(1) ~1(1) 0 0

“The anisotropic displacement factor exponent takes the form
=22 [W?a**Uy; + ... + 2hka*b*U,].

Table 4. Selected Interatomic Distances (A) and Angles
(deg) for OsPn, (Pn = P, As, Sb)

Pn =P Pn = As Pn = Sb
Os—Pn (X2) 2.337(1) 2.4414(9) 2.6312(7)
Os—Pn (x4) 2.374(1) 2.4687(7) 2.6572(6)
0s—0s 2.9041(6) 2.9941(6) 3.2044(6)
Pn—Pn 2.221(3) 2.478(2) 2.857(1)
Pn—0Os 2.337(1) 2.4414(9) 2.6312(7)
Pn—0Os (X2) 2.374(1) 2.4687(7) 2.6572(6)
Pn-Pn 2.9041(6) 2.9941(6) 3.2044(6)
Pn—Os—Pn 75.44(4) 74.66(3) 74.17(2)
Pn—Os—Pn 87.67(3) 87.84(2) 88.05(1)
Pn—Os—Pn 180.0 180.0 180.0
Os—Pn—0s 75.44(4) 74.66(3) 74.17(2)
Pn—Pn—Os 108.86(7) 108.27(4) 107.37(4)
Pn—Pn—Os 111.83(9) 109.67(5) 107.48(3)
Os—Pn—0s 123.37(4) 125.64(2) 128.00(2)

Powder X-ray Diffraction. The phase purity of the products was
confirmed by powder X-ray diffraction. The samples were finely
ground and mounted on a flat-plate sample holder. Data were
collected on a Panalytical X'pert Pro diffractometer with an iron-
filtered Cu Ka source, operating at 45 kV and 40 mA under a
continuous scanning method in the angular range 26 = 15—85° in
steps of 0.0167°.

Raman Spectroscopy. Raman spectroscopy was performed using
a Renishaw inVia Raman microscope with a CCD detector. A
polycrystalline sample of OsP, (from tin flux) was irradiated by a 532
nm laser at room temperature, and data were collected as an average of
five scans.

IR and UV-vis—NIR Diffuse-Reflectance Spectroscopy. The
IR spectrum of polycrystalline OsSb, was measured by using a Thermo
Scientific Nicolet 6700 Fourier transform infrared spectrometer in the
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Figure 1. SEM micrographs of typical crystals of (a) OsP,, (b) OsAs,, (c) OsSb,, and (d) antimony.

range 400—4000 cm™ at room temperature. The UV—vis—NIR
spectra of polycrystalline OsP, and OsAs, (both from synthesis with I,
mineralizer) were recorded with a Shimadzu UV3600 spectrometer in
the range 200—2500 nm at room temperature. Reflectance versus
wavelength data were used to estimate the band gaps of the materials
by converting reflectance to absorption data according to the
Kubelka—Munk equation, a/S = (1 — R)?/2R, where R is the
reflectance and & and S are the absorption and scattering coefficients,
respectively.'

Charge-Transport Measurements. Two-probe high-temperature
electrical resistivity measurements were performed under vacuum from
300 to 700 K. The two-probe geometry was accomplished with 14 ym
(OsP, and OsAs,) or S0 ym (OsSb,) gold wires attached to the single
crystals via silver paste (DuPont 4929N). A homemade resistivity
apparatus equipped with a nanovoltmeter (Keithley 2182A), an
electrometer (Keithley 6514), and a high-temperature vacuum
chamber governed by a temperature controller (MMR Technologies
K-20) was utilized. Thermopower measurements were performed
using a commercial MMR Technologies SB-100 Seebeck measurement
system under vacuum from 300 to S00 K. A single crystal of OsSb, was
used for the measurement, but no crystals of OsP, or OsAs, with
sufficient size were available. Therefore, pure polycrystalline samples of
OsP, and OsAs, obtained from tin flux were pressed into pellets and
annealed at 1050 °C for 24 h to obtain dense samples for the
measurement. The samples were mounted on the stage and attached
to the thermocouples with colloidal silver liquid (Ted Pella, Inc.,
16031). The Seebeck voltage V(T) was measured by the integral
method, in which one end of the sample is held at fixed temperature
T, and the other end is varied through the temperature T range of
interest. The Seebeck coeflicient S was obtained from the slope of the
V(T) versus T curve, ie, S = dV(T)/dT.>°

Band Structure Calculations. The band structures of OsPn, (Pn
= P, As, Sb) were studied using density functional theory (DFT)
calculations, as implemented in the Vienna Ab initio Simulation
Package.”* We used the projector-augmented-wave method>* and the
Perdew—Burke—Ernzerhof>® and Heyd—Scuseria—Ernzerhof
(HSE06)** exchange-correlation functionals. The plane-wave energy
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cutoff and total energy accuracy were set at 400 and 107> eV,
respectively. The Brillouin zone was sampled with Monkhorst—Pack
schemes having a k-mesh of 10 X 10 X 20 for self-consistent
calculations and 20 X 20 X 40 to obtain the densities of states.
Preliminary studies indicate that spin—orbit interactions have very
small effects on the electronic structure and have therefore been
neglected in this work.

B RESULTS AND DISCUSSION

Synthesis. Metallic fluxes have historically been applied
with great success in the crystal growth of pnictide
compounds.”® Because of the volatility of the lighter pnicogens,
phosphorus and arsenic, it is difficult to grow single crystals of
materials containing these elements without a low-melting
metallic flux to properly dissolve the elemental reagents and
encourage crystal growth. Phosphides and arsenides have been
grown primarily with the use of excess tin or lead; crystals of
antimonides have been isolated from reactions with antimony
(self-flux) or tin. The main issue to be aware of when using tin
flux to grow antimonide single crystals is that tin is oftentimes
incorporated into the final product, where it can easily
substitute on the antimony atomic sites because of their similar
atomic radii.*®

Single crystals of OsP, were initially obtained in low yield
from a tin flux reaction with strontium, osmium, and
phosphorus with the intent of producing a ternary phase. A
rational synthesis omitting strontium was then developed,
whereby a 1:2.5 ratio of osmium to phosphorus was reacted in a
large excess of tin flux at 1050 °C for 24 h, followed by slow
cooling to room temperature. The tin flux could then be
removed by briefly heating at 520 °C to liquefy the tin,
followed by centrifugation. The product consisted of OsP, in
the form of both small black prismatic crystals (Figure 1a) and
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black polycrystalline material. A similar reaction procedure
instead using a 1:12 ratio of osmium to phosphorus, again with
a tin flux, was also attempted. The purpose of this reaction was
to grow single crystals of the previously reported phases a-OsP,
or f}-OsP,, whose structures had only been determined via
indexing of powder X-ray diffraction data.”” Some silver
platelike crystals were obtained, but the majority of the product
was black polycrystalline material. According to powder X-ray
diffraction, this sample contained Sn,P;, OsP,, and residual tin.
Substituting arsenic in place of phosphorus and reacting with
osmium in an excess of tin using a comparable heating profile
yielded black prismatic crystals of OsAs, (Figure 1b).

An initial attempt to grow crystals of OsSb, with tin flux via
the same protocol as that used for OsP, and OsAs, instead
resulted in the formation of Os;Sn; as the major phase. To
avoid this phase, excess antimony was utilized as a self-flux.
Heating osmium with a large excess of antimony in a niobium
tube did produce OsSb,, albeit as a polycrystalline material,
along with black columnar crystals of NbSb,. It appears that the
antimony flux readily reacts with the niobium tube to instead
form crystals of NbSb, (incidentally, the first report of the
growth of NbSb, single crystals was from the reaction of
potassium, manganese, and antimony in a niobium tube).”® By
instead performing the reaction of osmium with antimony flux
directly in a quartz tube, no impurities (tin and niobium) were
present, and large black rodlike crystals (Figure 1c) of OsSb,,
which were easily distinguishable from the silvery prisms of
antimony (Figure 1d), could be obtained in high yield.

Crystal Structure. The OsPn, (Pn = P, As, Sb) compounds
crystallize in space group Pnnm of the orthorhombic crystal
system, with the marcasite-type structure. The marcasite crystal
structure is closely related to those of rutile and CdL,.
Beginning with a hexagonal close-packed array of anions, half
of the octahedral sites should be filled with cations. In the Cdl,
structure type, completely filled cationic layers alternate with
completely empty “cationic” layers, so that 50% of the total
octahedral sites are filled by cations. In the rutile and marcasite
structure types, the octahedral sites in each of the cationic
layers are 50% filled. The coordination octahedra surrounding
the cations are slightly tilted in rutile and marcasite but in
opposite directions such that there is bonding between anions
in marcasite but no bonding between anions in rutile.

The crystal structure of the OsPn, compounds (Figure 2) is a
three-dimensional framework of severely distorted OsPng
octahedra, each of which features two short axial and four
long equatorial Os—Pn bonds (Table 4). Within the frame-
work, each octahedron shares two edges (in the ¢ direction)
and six corners with neighboring octahedra. Each pnicogen
atom is four-coordinate, making one bond to a neighboring
pnicogen atom and three bonds to osmium atoms, in order to
complete a distorted tetrahedral geometry.

The marcasite-type crystal structure can be further
subdivided into two classes (Table 5).*® First, there are the
“regular” marcasites, where the cation has an electronic
configuration d” such that n < 4, and the c/a ratio for the
unit cell parameters is within the range 0.53—0.57. Conversely,
there are the “anomalous” marcasites, which contain a d" cation
where n > 6, and the c¢/a ratio is between 0.73 and 0.75. The
difference between the regular and anomalous marcasites is due
to the occupation (or lack thereof) of the d,, orbitals in the
octahedral environment of the transition-metal cation. In the
regular marcasites, the d,, orbital, which points along the c axis,
is empty, so there is less repulsion between neighboring d
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Figure 2. Crystal structure of the marcasite-type OsPn, (Pn = P, As,
Sb) compounds as viewed along the ¢ axis. Osmium atoms are
represented by black spheres and dark-gray octahedra, and pnicogen
atoms are shown as red spheres. Os—Pn bonds are represented by thin
gray lines, and Pn—Pn bonds are shown as thick gray lines.

Table 5. Representative Listing of “Regular” and
“Anomalous” Marcasites

electronic M—-Pn—M type of
compound  configuration c/a angle (deg) marcasite ref
CrSb, & 0.543 74.66(6) regular 28
FeP, d 0.548 72.9(7) regular 14c
FeAs, d* 0.544 74.3(1) regular 29
FeSb, dt 0.548 75.97(4) regular 30
RuP, d 0.561 74.53(7) regular 31
RuAs, d* 0.547 73.94(10) regular 31
RuSb, d 0.534 73.78(7) regular 31
OsP, dt 0.571 75.44(4) regular this
work
OsAs, dt 0.554 74.66(3) regular this
work
OsSb, dt 0.540 74.17(2) regular this
work
FeS, d¢ 0.762 97.5(2) anomalous 32
FeSe, d¢ 0.747 97.53(7) anomalous 29
FeTe, d¢ 0.736 97.7(2) anomalous 32
RuTe, d¢ 0.759 99.031(9) anomalous 33
B-NiAs, d¢ 0.745 95.5(1) anomalous 29
NiSb, d¢ 0.741 96.7(1) anomalous 29
CoSe, & 0.744 97.147 anomalous 34
CoTe, & 0.733 97.2(3) anomalous 32
CuS, & 0.759 96.94(1) anomalous 35
CuSe, & 0.750 94.15(6) anomalous 29

transition-metal cations and the M—Pn—M angle is less than
90°. For the anomalous marcasites, a pair of electrons fills the
d,, orbital, increasing the repulsion between the transition-
metal cations and the M—Pn—M angle is greater than 90°.
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According to the observed c/a ratios and the M—Pn—M
angles, the current OsPn, compounds should be properly
characterized as regular marcasites. Each pnicogen atom in the
current compounds forms a single bond to a neighboring
pnicogen atom, so they can be formally viewed as [Pn,*"]
anions. In order to achieve charge electroneutrality, the osmium
atom would have to have a +4 oxidation state, which results in a
d* electronic configuration. The d* electronic configuration is
self-consistent with the classification of these materials as
regular marcasites.

Raman Spectroscopy. According to group theory, there
are six Raman-active modes for the marcasite-type crystal
structure in space group Pnnm of the orthorhombic crystal
system.*® Of these six modes, two are X—X stretching
vibrations [A (v) and Blg(l/)], while the other four are X,
librations [Ag R), Blg(R), Bzg(R), and B3g(R)], where X is the
chalcogen or pnicogen. For example, the Raman bands
observed in the spectrum of FeP, at 482, 459, 435, 404, 403,
and 403 cm™' have been assigned as B (1), Bi,(R), A (v),
B3, (R), Ay(R), and B, (R) modes, respectively. However, the
bands at 404 and 403 cm™" overlap, so there may only appear
to be four total bands in the spectrum.

The Raman spectrum obtained from a polycrystalline sample
of OsP, at room temperature is shown in Figure 3. There are

457 cm
2 OsP,
%]
c
2 452 cm™
£
= 500 cm™!

\ l 528 cm-!

200 400 600 800

Raman shift (cm-)

Figure 3. Raman spectrum of OsP, at room temperature.

visible Raman bands at 452, 457, 500, and 528 cm™ (with a
small shoulder at ~527 cm™). This is consistent with the
reported Raman spectrum for FeP,, although the values have
shifted to higher wavenumbers in OsP,, which is to be expected
for the heavier osmium. Moreover, these values are within the
range (350—580 cm™) typically found for P—P single bonds®”
and less than the values observed for double bonds (~610
cm™) or triple bonds (~775 ecm™).*® Along with the P—P
bond distance of 2.9041(6) A from the single-crystal X-ray
structure refinement, this confirms that the P—P bond in
marcasite-type OsP, is indeed a single bond, which further
validates the formal assignment of oxidation states in the
compound as [P,*"] and Os*.

IR and UV—vis—NIR Diffuse-Reflectance Spectroscopy.
The binary marcasite-type osmium pnictides are expected to be
valence precise compounds with charge-balanced formulas
(Os*)(Pn,*"). Bond-length arguments from the single-crystal
X-ray structure determination and the Raman spectrum for
OsP, support the formation of single bonds between the
pnicogen atoms to form a dipnictide anion with a formal charge
of —4. In order to achieve charge balance, osmium must have a
formal oxidation state of +4, which is consistent with the
diamagnetism exhibited by these materials.

As valence-precise compounds, these phases are expected to
be semiconductors, and, in fact, optical band gaps are observed
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for all three compounds. From IR diffuse-reflectance spectros-
copy, the band gap of OsSb, is determined to be 0.21(1) eV at
room temperature (Figure 4a). The band gaps of OsAs, and

(a)
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o
0
2
<
M\ Ey=0.21(1) eV
0 0.1 0.2 0.3 0.4 05
Energy (eV)
(b)
c
.2
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i Ey=0.92(1) eV
0 1 2 3 4
Energy (eV)
(©)
c
K]
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o
3
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<
i Eg=1.13(2) eV
0 1 2 3 .

Energy (eV)

Figure 4. IR spectrum of OsSb, (a) and UV—vis—NIR spectra for
OsAs, (b) and OsP, (c), measured at room temperature, showing the
experimentally determined optical band gaps.

OsP, are assigned values of 0.92(1) and 1.13(2) eV,
respectively, as shown in the UV—vis—NIR diffuse-reflectance
spectra (Figure 4b,c). The decreasing band-gap trend in going
from the phosphorus to antimony analogue is reasonable and
consistent with the band broadening occurring as the pnicogen
size increases. The presence of a band gap in these materials,
and the trend in size is also predicted by the electronic structure
calculations, and the semiconductor behavior is observed in the
electrical resistivity data (see below).

Charge-Transport Properties. The electrical resistivity, as
measured on single crystals of OsP,, OsAs,, and OsSb, in the
temperature range 300—700 K, is shown in Figure S. As
expected from previous room temperature measurements on
sintered powder samples,'® as well as our own electronic band
structure calculations (see below), all three compounds are
semiconductors. The room temperature electrical resistivity
values are 6.408(3), 0.6(2), and 0.90(1)  cm for OsP,, OsAs,,
and OsSb,, respectively. These values compare well with those
reported for other marcasite-type pnictides, including 0.26 Q
cm for RuP, and 0.23—0.63 Q cm for RuSb,.*

The electrical resistivity of OsP, decreases from 300 to 400
K, before nearly leveling out in the range 400—550 K, followed
by once again decreasing from 550 to 700 K. These three
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Figure S. Electrical resistivity as a function of the temperature as
measured on single crystals of (a) OsP, and (b) OsAs, and OsSb,.

temperature regimes would seem to correspond to the change
in the semiconducting behavior from extrinsic to exhaustion to
intrinsic. The thermal activation energy for a semiconductor
can be obtained from the Arrhenius equation p = p, exp(E,/
kgT), where p is the resistivity, E, is the thermal activation
energy, kg is the Boltzmann constant, and T is the temperature.
Linear fits to the data (In p vs 1/T) for OsP, (Figure 6a) yield
thermal activation energies E, = 0.062(1) and 0.327(3) eV over
the temperature ranges 300—400 and 625—700 K, respectively.
It should be noted that, even at the highest temperature of the
measurement, the resistivity of OsP, is still decreasing.

OsAs, exhibits ideal semiconductor behavior where the
resistivity decreases over the entire temperature range under
investigation. The calculated thermal activation energies are E,
= 0.045(2) and 0.010(3) eV within the temperature ranges
300—450 and 540—700 K, respectively (Figure 6b). The
extremely low value of the thermal activation energy for OsAs,,
compared with the optical band gap, may indicate that it
remains in the exhaustion regime and has not yet achieved
intrinsic behavior. The electrical resistivity of OsSb, is similar to
that of OsP,, in that it displays clear transitions from the
extrinsic to exhaustion to intrinsic semiconducting regimes.
Initially, the resistivity decreases from 300 to 370 K, followed
by a very slight increase (almost negligible) with temperature
up to 475 K, before again decreasing through the maximum
temperature of 700 K. Linear Arrhenius fits to the data (Figure
6¢c) result in thermal activation energies E, = 0.012(7) and
0.272(3) eV over the temperature ranges 300—350 and 600—
700 K, respectively. Although the electrical resistivity of OsSb,
is higher than that of OsAs, at room temperature, their
resistivities are nearly equal at the highest temperature (700 K)
of the measurement. Furthermore, whereas the resistivity of
OsAs, has nearly leveled oft at 700 K, the resistivity of OsSb,
still appears to be decreasing rather substantially at that
temperature.

The Seebeck coeflicient, as determined for pressed pellets of
OsP, and OsAs, and a single crystal of OsSb,, is shown in
Figure 7 as a function of the temperature in the range 300—500
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Figure 6. Plots of In p versus 1/T and the least-squares fit to the data
for (a) OsP,, (b) OsAs,, and (c) OsSb,.
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Figure 7. Variable-temperature thermopower data for OsP,, OsAs,,
and OsSb,.

K. The room temperature Seebeck coefficients are approx-
imately —315, 325, and —365 uV K™! for OsP,, OsAs,, and
OsSb,, respectively. Whereas the Seebeck coeflicient remains
approximately constant for OsAs, and OsSb, over the entire
temperature range, the Seebeck coeflicient of OsP, decreases to
a value of ~—460 4V K™ at a temperature of 450 K. From the
sign of the Seebeck coefficients, it can be concluded that the
dominant charge carriers are electrons (n-type) for OsP, and
OsSb,, whereas OsAs, has holes (p-type) as charge carriers. For
comparison, the room temperature Seebeck coeflicients for
some other marcasite-type pnictides include —250 uV K for
FeAs,,'” 40 iV K! for FeSb,,* —170 uV K~! for RuP,,*** and
—274 iV K! for RuSb,.>*"

Band Structure. The electronic band structures of OsPn,
compounds calculated within the generalized gradient approx-
imation (GGA) are given in Figure 8. All three compounds are
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Figure 8. Electronic band structures of (a) OsP,, (b) OsAs,, and (c)
OsSb,, calculated using GGA.

indirect band-gap semiconductors with the valence band
maxima at the I" point for OsP,, along the YT direction for
OsAs,, and at the R point for OsSb,. The conduction band
minima (CBM) are along the I'Z direction for all three
compounds. The valence bands (and higher conduction bands)
form out of strong hybridization of Os d and Pn p orbitals,
whereas the lowest conduction band (LCB) is basically a
weakly bonded Os d orbital. This is why the CBM is very
similar for all three compounds. The indirect band gaps in
GGA (for the relaxed structure) are 0.78, 0.71, and 0.33 eV for
OsP,, OsAs,, and OsSb,, respectively. The corresponding direct
band gaps are 1.03, 0.90, and 0.75 eV. Interestingly, the GGA
values of the direct band gaps agree very well with experiment
for the phosphide and arsenide, whereas the agreement for the
antimonide is quite poor. Further theoretical work is necessary
to understand the difference between experiment and GGA
calculations. When a partial nonlocal exchange (HSEO06
functional) is used, the corresponding indirect band gaps
increase to 1.52, 1.30, and 0.74 eV. Nonlocal exchange increases
the indirect band gap by approximately 0.6—0.7 eV, while the
direct band gaps are larger by ~0.2—0.4 eV. Experimental band
gaps associated with charge transport have been estimated from
the resistivity measurements in the ranges 300—400 and 600—
700 K. The gaps estimated from the resistivity measurements
(Eg ~ 2E,) near room temperature are 0.124, 0.09, and 0.024
eV for OsP,, OsAs,, and OsSb,, respectively, which display the
correct trend but are much smaller than the theoretical values
(especially those calculated with HSE06, which are reported to
give good values of band gaps for many known semi-
conductors*). Band gaps estimated from the resistivity
measurements at higher temperatures (600—700 K) are
0.654, 0.02, and 0.544 eV for the three compounds. The result
for OsAs, is anomalous, but the gap values for the other two
compounds are consistent with the GGA results. A comparison
between the theoretical and experimental transport band-gap
values clearly shows the dominance of defects. This large
discrepancy may imply that the energy gaps estimated from the
resistivity measurements at lower temperatures are most likely
from extrinsic defects.

The total and projected DOS for the OsPn, compounds are
shown in Figure 9. These DOSs are very similar to those of the
isostructural marcasites FePn, and RuPn,. In these systems, the
valence orbitals/occupancies are d’? for the metal (M) atoms
and s*p? for the Pn atoms. The orthorhombic unit cell is highly
compressed along the ¢ axis, resulting in a ¢/a ratio of less than
0.6 and an M—Pn—M angle considerably less than 90° (Table
5). The distortion of the MPng octahedra and the c-axis
compression are intimately related to and controlled by the d
occupation (nearly d*). There is strong hybridization between
the M d and Pn p orbitals. Considering the total manifold of
valence states, there are S + 2 X (3 + 1) = 13 states/formula

9966

DOs

Energy (eV)

Figure 9. Total and projected DOSs for OsP,, OsAs,, and OsSb,.

unit. The total number of valence electrons is 18 valence
electrons/formula unit, which occupy only 9 of the 13 total
bands, indicating that these are, in fact, semiconductors.
However, it is not clear whether the 18-electron rule is
operative in the formation of band gaps in these systems as in
the half-Heusler compounds such as ZrNiSn or ZrCoSb.*’

Choosing the energy of the highest occupied state as the zero
of energy, some general characteristics can be gleaned from an
examination of the DOSs over a broad energy range. Pn s bands
lie at ~—10 eV (not shown here) with a width of ~5 eV, which
is rather large and indicates substantial hybridization and
overlap (Pn—Pn bonding). The Os d and Pn p bands span an
energy range from —6.0 to +7.5 eV. Ignoring the narrow energy
band (width ~1.0 eV) centered about 0.5 eV, which constitutes
the LCB, there is a hybridization gap around 1—1.5 eV for
OsSb,. The LCB (bottom 2 eV) is a weakly bonding Os d
orbital, which essentially has a quasi-one-dimensional character
with stronger dispersion along the ¢ axis. This part of the DOS
is common to all three compounds. As seen in Figure 9, the
bandwidth of Os e, bands decreases on moving from
phosphorus to arsenic to antimony, implying smaller overlap
between Os e, orbitals. This is consistent with an increase in
the lattice parameters from OsP, to OsAs, to OsSb,. Although
the upper part of the valence band (highest valence band,
HVB) is also similar for all three compounds, the position of
the maxima differ from one to the others because of subtle
differences in d—p hybridization effects. These characteristics of
the LCB and HVB are reflected in their thermoelectric
properties, as discussed next.

The thermopowers (Seebeck coefficients, S) calculated from
GGA electronic band structures are plotted as a function of the
temperature in Figure 10. The OsPn, phases are predicted to
have large Seebeck coefficient values (larger than that of the
state-of-the-art thermoelectric material PbTe) because of
multiple carrier pockets in the first Brillouin zone. The S
curves have turnovers at ~500 K due to bipolar effects. The
turnover points shift to lower temperatures on moving from
phosphorus to arsenic to antimony because of a decrease in the
band gap. It is noteworthy that GGA usually underestimates the
band gaps (as mentioned above, HSE06 provides larger band
gaps); thus, the experimental turnover points should be
expected to occur at even higher temperatures. While the S
curves are quite symmetrical for OsSb, (n- and p-type S curves
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Figure 10. Thermopower as a function of the temperature at different
carrier concentrations for (a) OsP,, (b) OsAs, and (c) OsSb,,
calculated using Boltzmann’s transport equation. The carrier

concentrations (bottom) are given in units of cm™,

are similar), the S curves are larger for p-type OsP, and OsAs,.
This difference can be understood by examining the band
structures in Figure 8. While OsSb, has only 2-fold degenerate
hole pockets at R and along the YT direction, OsP, and OsAs,
have additional hole pockets at I" points and along the I'T
directions, thereby increasing the degeneracy and hence
yielding larger Seebeck coeflicient values for the same carrier
concentration. The large theoretical values of the magnitude of
S at room temperature for accessible carrier concentration
ranges are consistent with our experimental values. The fact
that at room temperature OsP, and OsSb, are n-type, whereas
OsAs, is p-type, has to do with extrinsic defects as observed in
the resistivity measurements.

B CONCLUSION

The binary osmium pnictides, OsPn,, can be grown from tin
flux for the phosphorus and arsenic analogues, and antimony
self-flux for the antimony compound. These materials crystallize
in the well-known marcasite-type structure, with a three-
dimensional framework of corner- and edge-sharing OsPng
octahedra, interconnected by Pn—Pn dimers. Raman spectros-
copy and electronic structure calculations confirm that there is
a single bond between the phosphorus atoms in the dipnictide
anions of OsP,. Optical absorption spectroscopy (IR and UV—
vis—NIR) and electrical resistivity data identify these materials
as narrow-band-gap semiconductors with band gaps of 1.13(2),
0.92(1), and 0.21(1) eV for OsP, OsAs,, and OsSb,,
respectively. Nominally undoped OsP, and OsSb, are n-type
semiconductors, but OsAs, is a p-type semiconductor, as
determined from thermopower measurements. Electronic
structure calculations confirm that these compounds are
narrow-band-gap semiconductors with indirect band gaps.
The GGA band gaps agree reasonably well with the values
estimated from the resistivity measurements at high temper-
atures for OsP, and OsSb, but not for OsAs,. This may be
related to the p-type transport observed in OsAs,, while the
other two exhibit n-type transport. The direct GGA band gaps
in OsP, and OsAs, agree very well with those obtained from
optical absorption measurements but are approximately a factor
of 3.5 larger in OsSb,. To understand these differences, one
needs to analyze the type of native defects in these compounds
and what roles they play in optical absorption and charge
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transport. The high thermopower values for these indirect
narrow-band-gap semiconductors suggest a possible application
as thermoelectric materials. In order to determine the
thermoelectric figure of merit (ZT), the thermal conductivities
of these compounds must be measured. Furthermore, doping
studies to optimize the electrical and thermal transport
properties of the OsPn, phases should be performed if they
are indeed to find use as thermoelectric materials.
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