
PHYSICAL REVIEW MATERIALS 4, 055002 (2020)
Editors’ Suggestion

Monoclinic semimetal IrSi synthesized under high pressure above 25 GPa:
Crystal structure, electronic, and magnetic properties
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We have synthesized a monoclinic phase of IrSi by means of high-pressure and high-temperature treatment
above 25 GPa, whereas the theoretically predicted high-pressure phase (i.e., FeSi-type structure) was not
identified up to 48 GPa. Magnetotransport measurements clarify the semimetallic nature (carrier density of
∼6−9×1019/cm3) of monoclinic IrSi, in agreement with our band structure calculations. Furthermore, the
surface electronic bands are predicted to show the large Rashba spin splitting, offering potential spintronic
applications of this material.
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Transition metals and group-14 elements form a large
family of intermetallic compounds, which have been
intensively studied in terms of fundamental science and
technological applications. In particular, transition metal
monosilicides (MSi, M = transition metal) exhibit diverse
physical properties and functionalities varying with their
crystal structures [1–3], which can be either CrB-type
(M = Sc,Y,Zr), FeB-type (M = La, Ti, Zr, Hf), FeSi-type
(M = Cr, Mn,Te,Re,Fe,Ru,Os,Co,Rh), CsCl-type (M = Ru),
or MnP-type (M = Rh, Ir, Ni, Pd, Pt). For instance, FeSi-type
MSi have attracted much attention for topological magnetic
and electronic structures, such as magnetic skyrmions (e.g.,
MnSi, Fe1−xCoxSi, Mn1−xFexSi) [4–6] and unconventional
fermions with large Chern number (e.g., CoSi, RhSi) [7–11].
Meanwhile, MnP-type MSi [space group Pnma (No. 62)]
has been used in Si microelectronics, especially for ohmic
contacts and Shottky barrier devices (e.g., PtSi, NiSi, IrSi)
[12–14]. The electronic band structures seem to be directly
linked to the crystal structures in MSi [1], and therefore, it
would be of great importance to explore their various phases,
which may give rise to characteristic physical properties.

In this context, high-pressure synthesis is a powerful tech-
nique to explore various phases of matter by transforming
potential-energy landscapes. It generally enables the isolation
of densely packed structures that are not accessible at ambient
pressures [15–17]. Accordingly, the distinct changes in elec-
tronic and magnetic properties are expected, as induced by the
modification in the electron band structure around the Fermi
energy in MSi [1,15].

*Present address: Institute for Solid State Physics, The University
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IrSi adopts MnP-type structure at ambient pressure
[2,3,15], while its high-pressure stability remains largely elu-
sive. A theoretical study has predicted the phase transition
into FeSi-type structure at 25 GPa [15], which is typically a
denser structure than MnP-type structure [15–17]. The coor-
dination number of transition metals is also increased from
sixfold (MnP-type) to sevenfold (FeSi-type) [15]. In addition,
electronic properties are expected to change from metallic
(MnP-type) to semimetallic (FeSi-type) [15], suggesting the
emergence of unconventional topological fermions [7–11]
in FeSi-type IrSi associated with large relativistic spin-orbit
coupling.

Contrary to the initial expectation, however, we have dis-
covered that IrSi crystallizes into a monoclinic structure with
space group P21/c (No. 14) at high pressure. This unex-
plored monoclinic phase is stabilized by the high-pressure–
high temperature (HPHT) treatment, at least for a pressure
range of 25–48 GPa, and is recoverable after decompression
and thermal quenching. In this paper, we report the crystal
structure refinements as well as the electronic and magnetic
properties of monoclinic IrSi. The identified semimetallic
electronic properties of monoclinic IrSi is supported by the
band structure calculations.

The IrSi alloy ingot was first prepared by melting the
elements with the stoichiometry ratio in an arc furnace under
argon atmosphere. The HPHT treatment was performed by
using multianvil high-pressure apparatus named ORANGE-
3000 (for applying pressures up to 25 GPa) and MADONNA-
II (for applying 48 GPa) installed at Geodynamics Research
Center in Ehime University. After keeping HPHT conditions
(for detailed conditions, see Table I) for 1 h, the samples
were quenched to room temperature, followed by a release
of pressure. Powder x-ray diffraction (XRD) measurements
were performed with a Rigaku RINT TTR-III using Cu Kα
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TABLE I. Experimental conditions for high-pressure and high-temperature treatment, as well as the consequent phases obtained for IrSi.

Sample Pressure (GPa) Temperature (◦C) Crystal structure

#1 0 Arc melted Orthorohmbic (MnP-type)
#2 17 800

#3 25 800
#4 25 1300 Monoclinic
#5 48 800

radiation, except for the sample synthesized at 25 GPa and
800 °C where the XRD pattern was measured by a capillary
method by a Rigaku SmartLab diffractometer using Cu Kα1

radiation (λ = 1.54054 Å). Crystal structure refinements were
performed with the software RIETAN-FP [18].

Figure 1(a) shows the powder XRD pattern of the arc-
melted sample of IrSi, which is consistent with the previously
reported orthorhombic MnP-type structure [Fig. 1(b)] with
space group Pnma (No. 62) [2,3,15]. The same powder XRD
pattern was observed for the HPHT treatment at 17 GPa and
800 °C (Table I), confirming the structural stability of the
orthorhombic MnP-type structure up to 17 GPa.

Meanwhile, the structural phase transition is clearly ob-
served for the HPHT treatment above 25 GPa (Table I).
Figure 1(c) shows the powder XRD pattern of the sample
synthesized at 25 GPa and 800 °C, which was collected
by the capillary method. Importantly, the observed XRD
pattern [Fig. 1(c)] cannot be explained by any reported Ir-
Si alloys, nor by the FeSi-type structure, which has been
predicted theoretically as the possible high-pressure phase
of IrSi [15]. Instead, we have found that the XRD pattern
can be fully indexed by a monoclinic structure without any
impurity phase by using the autoindex software CONOGRAPH

[19]. The structural refinements were then performed with a
monoclinic space group P21/c (No. 14) [Fig. 1(d)], which
was reported for RhSi under pressure [20]. The final R factors
and the goodness-of-fit were Rwp = 1.419%, Re = 1.147%,
S = 1.2366, and RB = 2.617%. We note that the intensity

FIG. 1. Powder x-ray diffraction pattern for the arc-melted sam-
ple (a) and the sample synthesized at 25 GPa and 800 °C (c).
The result of Reitveld refinement is also shown for (c), with the
background intensity subtracted from the data. The refined crystal
structures are shown in (b) and (d), respectively.

data for 2θ ranges of 104.6°–107.0°, 109.5°–112.20°, 122.0°–
124.6° are excluded for the Rietveld analysis, which contain
the intensity peaks arising from the measurement setups.
The refined unit-cell parameters are summarized in Table II.
The transition from the orthorhombic to monoclinic struc-
ture was indeed accompanied by a decrease in the unit-cell
volume (i.e., increase in the density) by 2.4% [Vorthorhombic =
111.58(9) Å3 [2] to Vmonoclinic = 108.87(2) Å3], and the mon-
oclinic phase was stable up to 48 GPa (Table II).

To confirm the relative stability of the orthorhombic (MnP-
type), monoclinic, and the theoretically predicted [15] cubic
(FeSi-type) phases of IrSi, we systematically studied their
volumetric properties within density functional theory using
Perdew-Burke-Ernzerhof exchange-correlation functional as
implemented in the VASP program [21,22]. The sampling
of the Brillouin zone was done by 1000 homogeneously
spaced k points. For a given unit cell volume (V ), the lattice
parameters and atomic positions were optimized until the
magnitude of the force on each ion became less than 0.001
eV/Å. We note that the optimized lattice parameters (not
shown) for monoclinic IrSi are nearly identical to the result
of the Rietveld analysis. The resulting total energies E (V ) is
shown in Fig. 2(a), revealing that the theoretically predicted
FeSi-type cubic phase [15] is energetically less stable than the
monoclinic phase for volume compressions down to nearly
15%. This implies that under the application of hydrostatic
pressure, the monoclinic phase transition precedes that of the
FeSi-type cubic phase. To confirm this, we fitted the calcu-
lated E (V ) with the third-order Birch-Murnaghan equation
[23–25] to estimate the transition pressure PT , defined as the
common tangent between the fitted E (V ) curves. As shown
in Fig. 2(b), the transition pressure for the FeSi-type cubic
structure (POC = 19.5 GPa) is reassuringly higher than that
of the experimentally realized monoclinic structure (POM =
14.8 GPa). The common tangents of E (V ) curves provide
intuitive insight into the enthalpy of these three phases as
well. Having the enthalpy defined as H = E + PV , a common
tangent corresponds to a line that connects two points in the
E − V space with the same H , i.e., �H = �E + P�V = 0.
Hence, the enthalpies of the orthorhombic and monoclinic
phases must cross each other (�H = Ho − HM = 0) at POM,
while such a crossover between orthorhombic and cubic
phases (�H = Ho − Hc = 0) must occur at POC. Indeed, a
direct calculation of the enthalpy proves this as shown in
Fig. 2(c). The fact that POM < POC guarantees HM < HC. This
accordingly means that the system needs less thermodynamic
work P�V to transform into the monoclinic phase than it does
for transition to the FeSi-type cubic structure.

Figures 3(b) and 3(c) show the electronic band structure
and the density of states (DOS) for the monoclinic IrSi, with
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TABLE II. Space groups, unit-cell parameters, atomic positions, and isotropic B factors of orthorhombic IrSi (cited from Ref. [2]) and
monoclinic IrSi refined by Rietveld analysis. The number of Ir or Si atoms in the unit cell is four for both phases.

Space α, β, γ Biso

Phase group a (Å) b (Å) c (Å) (◦) Atom Position x y z (Å2)

Ir 4c −0.0047(7) 0.25000 0.2029(3) 0.96(4)
Orthorhmbic Pnma 5.5460(3) 3.21505(14) 6.2576(3) α=β=γ=90

Si 4c 0.174(2) 0.25000 0.577(2) 0.4(2)

α = γ = 90 Ir 4e 0.2963(2) 0.8603(1) 0.1297(1) 0.33(2)
Monoclinic P21/c 4.6115(5) 4.5385(4) 5.6962(6)

β=114.051(5) Si 4e 0.791(1) 0.8603(8) 0.5489(5) 0.66(7)

its Brilluoin zone and corresponding high symmetry k-points
being illustrated in Fig. 3(a). As shown in Fig. 3(b), there is
a small overlap between conduction and valence bands at the
Fermi energy forming hole and electron pockets, suggesting
a compensated semimetallic behavior for the monoclinic IrSi.
The pseudogap formation is also observed around the Fermi
energy, where the main contribution to DOS is dominated by
the Ir atom [Fig. 3(c)].

The magnetic and electrical transport properties of mon-
oclinic IrSi are summarized in Fig. 4. Diamagnetism with
a magnetic susceptibility −8.79×10−4 emu/mol (300 K) is
observed with almost no temperature dependence [Fig. 4(a)].
By subtracting the diamagnetic contribution from the ele-
ments [26], the valence-electron driven diamagnetism of IrSi
is obtained as −5.79×10−4 emu/mol. This value is relatively
large, being about one-third of the diamagnetic susceptibility
of Bi, which is the representative semimetal exhibiting large
diamagnetism [27,28]. This may indicate the importance of
the interband contribution [28] to the diamagnetism via large
spin-orbit coupling being typical of heavy-element (e.g., Ir)
based semimetals.

The resistivity ρxx shows a metallic behavior with little
temperature dependence as shown in Fig. 4(b). Also, a pos-
itive magnetoresistivity (10% at 10 T) is observed with an
applied magnetic field perpendicular to the current (data not
shown). The carrier density n (∼6−9×1019/cm3) is obtained
from the Hall resistivity ρyx [Fig. 4(c)] in the isotropic single-
carrier model ρyx = B/ne, where B and e are the magnetic
field and elementary charge, respectively, being consistent
with the semimetallic band structure of IrSi. The temperature
dependence of the carrier density n as well as the mobility
μ (∼53 cm2/Vs at 2 K) estimated from the resistivity at 0 T
[μ = 1/(ρxxne)], are summarized in Fig. 4(d). We note that
the presence of the minor carrier (electron) may result in the
overestimation of the carrier density, leading to the underes-
timation of the mobility. Also, the mobility (or resistivity) in
this polycrystalline form may be affected by the presence of
grain boundaries and is likely underestimated.

We have also calculated the surface band structure of mon-
oclinic IrSi, as shown in Fig. 5. For this calculation, we have
constructed a large tight-binding supercell containing 60 units
of IrSi stacked along the b axis. The hopping matrix elements

FIG. 2. (a) Volume dependence of the internal energy calculated for the orthorhombic (Pnma) phase (blue circles), monoclinic (P21/c)
phase (red squares), and the previously predicted cubic (ε-FeSi-type) phase [15] (green diamonds). The solid lines are the corresponding
equations of state E(V) for these phases obtained by fitting the calculated results to the third-order Birch-Murnaghan equation. V0 is the volume
of the orthorhombic unit cell at the ambient pressure. (b) A magnified view of the equation of states. The resulting common tangent between
the orthorhombic and monoclinic (cubic ε-FeSi-type) phases is shown by the black dashed line (grey dash-dotted line). Here, POM (POC) is
the negative slope of the common tangent and corresponds to the pressure needed for the transition from orthorhombic to monoclinic (cubic)
phase. (c) The pressure dependence of the enthalpy difference between the orthorhombic and monoclinic phase (black dashed line), compared
against that between the orthorhombic and cubic phase (grey dash-dotted line).
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FIG. 3. Brillouin Zone (a), band structure (b), and density of states (DOS) (c) for the monoclinic IrSi. The surface projection of k points is
denoted by the green dots in (a).

are extracted from our first-principle calculations using maxi-
mally localized Wannier functions [29]. The resulting spectral
weight function is then projected onto the topmost IrSi layer.
The surface band structure has finite density of states at the
Fermi energy, showing a large Rashba spin splitting [30] on
the order of 0.1 eV. To discuss the magnitude of the Rashba
splitting in the monoclinic IrSi, we estimated the Rashba
parameter α by fitting the surface band structure around
the Ȳ point by E = h̄2

2m k2 + αk [30]. The obtained value
α = 0.9×10−11 [eVm] is relatively large, being comparable
to that of the interface of InGaAs/InAlAs (α = 0.7×10−11

[eVm]) [31] but smaller than those of the surface states
of Au(111) (α = 3.3×10−11 [eVm]) [32] and Bi(111) (α =

FIG. 4. Magnetic and electronic properties of monoclinic IrSi.
(a). Temperature dependence of magnetic susceptibility measured
at a magnetic field of B = 7 T. (b) Temperature dependence of
resistivity measured at B = 0 T. (c) Hall resistivity measured at
various temperatures. (d) Temperature dependence of carrier density
n and mobility μ.

5.5×10−11 [eVm]) [33]. The broken inversion symmetry at
the surface, as well as the large spin-orbit coupling from
Ir, may give rise to such a large spin splitting. Given the
fact that high-pressure phases can sometimes be stabilized in
epitaxial films due to the strain from substrates, it would be of
great interest to tailor the thin film of monoclinic IrSi, where
the large Rashba spin splitting may provide versatile spin-
tronic functionalities, such as the effective generation of spin
current [34].

In conclusion, we have synthesized a high-pressure phase
of IrSi, which crystallizes into the monoclinic space group
P21/c (No. 14), with no trace of theoretically predicted FeSi-
type structure [15] up to 48 GPa. We speculate that this is
partly due to the structural rigidity of the FeSi-type structure
where the displacement of atoms is allowed only along the
body diagonals of the cubic unit cell [17]. Indeed, the ap-
pearance of the FeSi-type structure as an intermediate phase
in the high-pressure structural sequence can be sometimes

FIG. 5. Surface band structure of monoclinic IrSi showing large
Rashba spin splitting. The definition of k points is shown in
Fig. 3(a).

055002-4



MONOCLINIC SEMIMETAL IRSI SYNTHESIZED UNDER … PHYSICAL REVIEW MATERIALS 4, 055002 (2020)

limited, as exemplified in the high-pressure experiments of
CoSn-type materials [17]. The more flexible structures, such
as the monoclinic structure we have identified, may be more
favorable. Also, there remains a possibility that the FeSi-type
phase is realized under HPHT conditions but transforms into
the monoclinic phase at ambient atmosphere. The in situ x-ray
diffraction measurement at HPHT conditions would be neces-
sary to investigate such a possibility. However, we speculate
that this is an unlikely scenario, since our calculation on
the structural stability (Fig. 2) reveals that the monoclinic
structure is more stable than the FeSi-type structure under
the present compression range. The monoclinic IrSi shows
semimetallic electronic properties with a relatively low car-

rier density (∼1019/cm3), in accord with the band structure
calculations. Fabrication of thin film or heterostructure based
on the monoclinic IrSi would be of particular interest, where
the surface electronic bands with large Rashba splitting may
offer versatile spintronic functionalities [34].
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