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ABSTRACT: Topological metals are a new class of materials that
feature Fermionic quasiparticles with the presence of non-trivial
band crossings near the Fermi level. In this work, we focus on
establishing crystal structure ground states and the corresponding
topological properties of MnRhP. Under ambient pressure and low
temperatures, we find that an orthorhombic oP12 polymorph is
favored over the known hexagonal hP9 phase. Pressures above 15
GPa stabilize tetragonal (tP6’), hexagonal (hP9’), and ortho-
rhombic (oP12’) phases with inverted population of metal sites.
While oP12’ has the lowest enthalpy, we show that hP9’ is more
consistent with the previous X-ray diffraction data collected at 60
GPa. Our analysis of hP9 and oP12 topological properties reveals
the existence of nodal lines around the I'-point that are gapped out
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when spin—orbit coupling effects are included and transform into Weyl nodes with opposite chirality near the Fermi level. The
calculated large values of the anomalous Hall conductivity in hP9, oP12, and tP6’ and the Z, topological invariant in the non-
magnetic hP9" can be used to verify the predicted non-trivial robust topological features of MnRhP under ambient and high

pressures.

B INTRODUCTION

Developing experimental tools for synthesis and study of
material properties under extreme conditions has dramatically
expanded the range of attainable chemical compositions and
crystal structures in material research.'”* Diamond-anvil cells
and large-volume presses like multi-anvil or piston-cylinder
devices generate the static pressures, whereas large-scale shock-
wave facilities generate dynamic compression. In addition to
these experimental techniques, there has been notable progress
in developing theoretical methods that guide experimental-
ists.”~'" The combination of crystal structure prediction and
first-principles analysis can identify synthesizable materials with
appealing properties.”"' '

Topological metals (TMs)/semimetals have attracted
tremendous attention because they display a multitude of exotic
features.'“™>° TMs host the linearly dispersive electrons, which
can be described by Dirac/Weyl relativistic equation. The
classification of TMs includes nodal points*~>* and nodal lines
(NLs)/ rings,20’23’24 and they have a straightforward relevance
with the type of band crossing or band touching points in the
electronic band structure. These band crossings form a closed
loop inside the Brillouin zone (BZ) in NL semimetals protected
by certain symmetries, such as time-reversal, mirror reflection, or
spin-rotation symmetries. The NL could be either fully gapped
or gapped into several nodal points by including the spin—orbit

© 2022 American Chemical Society

7 ACS Publications

17328

coupling (SOC).**~*” For instance, Fe,P-type compounds, such
as ZrRuP,”® HfRuP,”’ CaAgP, and CaAgAs,"'0 are of interest for
their electronic properties with an NL.

Our present work focuses on the transition-metal ternary
pnictide MnRhP, which belongs to the family of Fe,P-type
MnMX intermetallic compounds, well known for their
interesting magnetic and structural properties at ambient and
elevated pressures. In general, the transition-metal ternary
pnictides, MM'X [M = 3d transition metal, M’ = 4d transition
metal, and X = metalloid atom (P, As or Sb)], crystallize in the
hexagonal Fe,P-type, orthorhombic Co,P-type, or tetragonal
Cu,Sb-type structure”' with different magnetic behaviors. In the
Ohta et al,*” and Harada et al.**
investigated the magnetic and electronic properties of several
MM'X compounds. The Mn-based compounds, MnMX (M =
Ru, Rh, Pd and X = P, As), crystallize in the hexagonal Fe,P-type,
each featuring tetragonal (with 4d atoms) and square-base
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pyramidal (with 3d atoms) metal sites with pseudo two-
dimensionality along the c-axis.>”

Many essential features of solid-state materials have been
discovered, including phase transitions, which are caused by
changes in either pressure or temperature or both. As an
example, the Fe,P comgound undergoes a magnetic phase
transition above S kbar.”™ According to Fujii et al, MnRhAs
undergo a magnetic phase transition from an antiferromagnetic
(AFM) state to a ferromagnetic (FM) state at 5 GPa.*® From the
X-ray diffraction (XRD) measurements of MnRhAs, a structural
phase transition from a hexagonal phase to an orthorhombic one
was found at 26 GPa.”” Similarly, the AFM hexagonal MnRuP
transforms into a hexagonal/orthorhombic multi-phase mixture
and is found to be FM in nature.” Pressure plays an important
role in modifying the Curie temperature (T) as well. In the case
of MnRuAs and MnPdAs, the Curie temperature was found to
decrease with applied pressure (up to 1.1 GPa), whereas MnRhP
exhibits a different behavior. The value of T increases linearly
with a pressure up to 1.1 GPa. MnRhAs show behavior similar to
that of MnRhP. The reported values of dT-/dP for MnRhP and
MnRhAs are +11.6 and +7.1 K/GPa, respectively.’”*

MnRhP has been investigated at ambient and high pressures
and shown to exhibit an FM behavior with a T of 400 K.** The
magnetic moment of MnRhP at 4.2 K was found to be 3.0 yi5 per
formula unit. The spontaneous magnetization of MnRhP at a
low temperature (4.2 K) was investigated up to 0.76 GPa, and it
was observed that the T of MnRhP increases linearly with
pressure, and the value of dTc/dP is +1.2—1.5 K/kbar.*"**
Diamond-anvil cell experiments and powder XRD measure-
ments have also revealed a pressure-induced phase transition
from the hexagonal to an orthorhombic crystal structure at 34
GPa, but the collected data was insufficient to determine the
space group of the new phase(s).37 Considering a common
emergence of topological states accompanying high-pressure
magneto-structural transitions in Fe,P-type compounds, one
can expect MnRhP to exhibit interesting physics under certain
(P, T) conditions as well.

In this study, we have performed a systematic characterization
of the MnRhP compound’s structural, electronic, magnetic, and
topological properties. We began by carrying out evolutionary
searches to establish ground state structures in a range of
pressures and temperatures. Our thermodynamic stability
analysis at ambient pressure indicates that an orthorhombic
oP12 phase has lower energy compared to the experimentally
observed hP9 polymorph and could be the low-temperature
ground state. At high pressures, we identified three competing
phases with an inverted population of metal sites, tP6’, hP9’, and
oP12’, that become more stable than the hP9/0P12 counter-
parts around 15 GPa. Our electronic band structure analysis
reveals non-trivial topological properties of these ambient and
high-pressure phases. When SOC is ignored, all phases possess
NLs near the Fermi energy. With the inclusion of SOC, the NLs
turn into the pairs of Weyl points in the hP9, oP12, tP6’ (due to
the lack of the time-reversal symmetry), and hP9’ (due to the
absence of the inversion symmetry) phases. In addition, the hP9’
phase shows a non-trivial topological nature with Z, indices. Our
results suggest that MnRhP does host a wealth of intriguing
properties and warrants further experimental study.

Theoretical Methods. We used the Vienna ab initio
simulation package (VASP)*™* to perform first-principles
calculations in the framework of density functional theory
(DFT). The Perdue—Burke—Ernzerhof (PBE) exchange—
correlation functional within the generalized gradient approx-

imation (PBE—GGA)*® was chosen as the default method, but
the stability of selected structures was also checked with the local
density approximation (LDA),*”** optB86b,* and strongly
constrained and appropriately normed (SCAN)*’ functionals.
The projector augmented wave (PAW) potentials with valence
configurations 3p®4s*3d°, 4p°5s’4d®, and 3s?3p® were adopted
for “Mn,” “Rh,” and “P,” respectively.”> We performed all final
static calculations with the energy cutoff and the energy
convergence criteria of 500 and 107° €V, respectively, to ensure
good numerical convergence of the relative energies and forces
with respect to the plane-wave basis. Dence Monkhorst-
Pack’'k-point meshes have been used to achieve numerical
convergence to within 1—2 meV/atom. Global searches for
high-pressure ground states were driven by an evolutionary
algorithm implemented in module for ab initio structure
evolution (MAISE)."” Populations of 16—20 structures with
2—4 MnRhP formula units were generated randomly and
evolved with standard mutation and crossover operations'® for
20—50 generations. The spin-polarized-relativistic Korringa—
Kohn—Rostoker method SPRKKR’* was used to determine the
magnetic interaction between “Mn” atoms, which provides the
Heisenberg exchange coupling constants (J;). The density
functional perturbation theory using VASP with the combina-
tion of PHONOPY has been used to determine the phonon
properties.”” As a next step, we have constructed a tight-binding
Hamiltonian H, using WANNIER90 and WANNIERTOOLS
packages, to determine the topological properties such as surface
states, Berry curvature, and anomalous Hall conductivity
( AHC )'54,55

B RESULTS AND DISCUSSION

Ground State Structure Search and Pressure-Induced
Phase Transitions. Identification of Ground State Candi-
dates. Intermetallic MM'X compounds have been observed in
hexagonal Fe,P (hP9), orthorhombic Co,P (oP12), or
tetragonal Cu,Sn (tP6) prototypes, each featuring tetragonal,
M, and square-base pyramidal, M®), metal sites (Figure la).
Our evolutionary search for 9-atom unit cells at 40 GPa
converged to a hP9’ phase (Figure 1b), a significantly more
stable variant of the ambient-pressure hP9-Mn®/Rh(*)p
prototype with the inverted population of the “Mn” and “Rh”
sites. The finding prompted us to examine tP6’ and oP12’
polymorphs with swapped metal sites as well. For the
orthorhombic prototype, the Mn*®Rh® configuration was
found to become more stable than Mn®’Rh* above 15 GPa,
while for the tetragonal prototype, Mn®Rh® proved to be
favored over Mn®)Rh® at all pressures. Further 6-, 9-, and 12-
atom evolutionary searches at 40 and 50 GPa produced no other
potential ground state candidates.

Analysis of Structure Stability. The following tests help
illustrate the importance of metal coordination in the
thermodynamic stability of MnMP compounds. Figure 2a
shows the significance of the magnetic ordering in the stability of
phases with the MnRh*) and Mn“Rh®®) populations of metal
sites as a function of pressure. Under ambient conditions, the
magnetic energy is a substantial stabilizing factor for the phases
with the “Mn” atoms on the pyramidal sites, while it is either
small (oP12’ and tP6’) or non-existent (hP9’) when the “Mn”
atoms are on the tetragonal sites. Unsurprisingly, compression
reduces the magnetic contribution in all cases, completely
suppressing it in oP12 and oP12’ by 40 GPa (the resulting
reduction of the effective “Mn” size in the low-spin state causes a
change in relative enthalpy slope in Figure 1b). Figure 2b
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Figure 1. (a) Competing structures for MnRhP. “Mn,” “Rh,” and “P”
atoms are shown in orange, green, and blue, respectively. The
superscript shows the coordination of the metal site. The observed
ambient-pressure phase is hP9-Mn®RhP, while hP9’-Mn¥Rh®)P,
oP12’-Mn“Rh®)P, and tP6’-MnPRh)P become more stable under
compression. (b) Relative Gibbs free energy of the MnRhP phases with
respect to hP9 as a function of temperature (left) and pressure (right)
obtained with spin-polarized calculations. The Pearson symbols with
primes denote phases with Mn®Rh® rather than the traditional
Mn®Rh™® metal site occupation. Note that tP6 is unstable at all
pressures by at least 0.13 eV/atom compared to hP9, while tP6" may be
thermodynamically stable in a narrow pressure range around 15 GPa.
The inset shows phonon density of states (DOS) for the two competing
phases at ambient pressure.
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Figure 2. (a) Enthalpy difference between FM and non-magnetic
(NM) configurations in MnRhP phases as a function of pressure. The
primed labels denote phases with the inverted population of metal sites
(Mn®Rh®P). (b) Energy difference in hexagonal and orthorhombic
structures with a direct and inverted population of metal sites for
different transition metals “M”. The solid and hollow points show FM
and NM values.

illustrates the interplay between the magnetic stabilization and
the chemical pressure for a series of MnMP compounds with 4d
transition metals. That is, the Mn®M® arrangement causes a
considerable energy penalty, at least 0.1 eV/atom, because the
transition metal ions are noticeably larger than the “Mn” ions
and prefer to be on the larger pyramidal sites. However, this
metal decoration allows for substantial magnetic energy gains,
up to 0.25 eV/atom, due to the FM ordering arising on Mn'®)
sites. As a result, Mn®YM®P proves favorable over Mn¥M®p
for the “Ru” and “Rh” transition metals that have the smallest
effective sizes in the series.

Calculation of Thermodynamic Corrections. Our calcu-
lations at ambient pressure and zero temperature indicate that

oP12 is lower in energy than the hP9 phase observed
experimentally. A similar outcome was reported for the binary
Fe,P compound by Bhat et al,’® who demonstrated that the
inclusion of vibrational entropy corrections makes hP9 the
ground state above 300 K. They estimated that the zero-point
spin fluctuation term further stabilizes hP9-Fe,P by 23.6 meV/
atom and suggested that the hexagonal phase could be stable at
all temperatures. We reproduced the phonon results for Fe,P,
obtaining similar energy differences and transition temperature
values for the oP12 and hP9 polymorphs (Figure Sla). In
MnRhP, the vibrational entropy is found to stabilize hP9 as well,
albeit at higher temperatures above ~650 K (Figure 1b). The
free energy contributions arising from spin fluctuations are
difficult to evaluate accurately due to the number of
approximations involved.”® However, one can expect their
effect on the MnRhP polymorphs’ relative stability to be small
due to the closeness of the calculated magnetic moments of 3.12
ug/fu. in hP9 and 3.15 pg/fu. in oP12, in contrast to the
markedly different calculated values of 2.96 pp/f.u. in hP9 and
1.77 pg/fu. in oP12 for Fe,P. Moreover, the importance of spin
fluctuations in a particular material can be deduced from an
appreciable suppression of the total magnetic moment by
comparing values measured experimentally and calculated
within the mean-field framework of DFT.>” Considering that
the experimental magnetic moments of 3.0 up/fu. in hP9-
MnRhP*"* and 3.0 pp/fu. in hP9-Fe,P°® agree well with the
corresponding DFT values, spin fluctuations in this hexagonal
structure appear to be insignificant. We conclude that oP12-
MnRhP could be a true ambient-pressure ground state at low
temperatures.

Reliability of the DFT-Based Ground State Determination.
In order to check the sensitivity of these results to the DFT
systematic errors, we calculated the relative energy with different
functionals and found oP12 to be consistently favored over hP9:
by —12.2 meV/atom (GGA-PBE), —12.0 meV/atom (optB86-
b), —21.3 meV/atom (LDA), and —13.4 meV/atom (SCAN).
Inclusion of SOC changed the PBE-GGE value by an
insigniﬁcant 0.5 meV/atom. Disagreements between DFT
ground state predictions and experimental observations are
not uncommon and can also arise from the reaction kinetics. For
example, our recent DFT analysis of Cu;Sn showed that the
most commonly observed 10-fold superstructure is metastable
relative to a much simpler prototype that had been reported only
once,” while new high-pressure or high-temperature phases of
LiB, FeB,, and NaSn, predicted with similar methods in our
previous studies have been later synthesized and successfully
annealed down to ambient conditions.'’

Interpretation of the Reported High-Pressure Experimental
Phase. Figure 1b demonstrates that the orthorhombic phase
(oP12’) is favored over the hexagonal analog (hP9’) at high
pressures as well. However, the simulated XRD pattern for the
oP12’ phase with 4 formula units does not match the previously
reported experimental XRD data’” that was interpreted as an
orthorhombic cell with 6 formula units (Figure 3). In fact, the
reported lattice parameters a = 5.945 A, b = 10.453 A, and ¢ =
3.185 A at 60 GPa correspond closely to those in the
orthorhombic representation of the hexagonal hP9 structure
(a = 5889 A, b=+/3a = 10200 A, and ¢ = 3268 A).
Nevertheless, neither the fully optimized hP9 nor its
orthorhombic representation constrained to the experimental
lattice constants has XRD reflections matching well the collected
data at 60 GPa (Figure S2a). On the other hand, Figure 3 reveals
a similar level of agreement between the experiment and our
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Figure 3. Comparison of experimental XRD patterns reported in ref 37
and our simulated XRD patterns (orange and gray) for MnRhP under
high pressures. At 20 GPa, the experimental observation agrees well
with the known ambient-pressure hP9 phase. At 60 GPa, the
experimental pattern is consistent with the hP9’ phase as explained in
the text. The simulated patterns for hP9 and hP9’ are shown at each
pressure to illustrate that the two closely related phases have
considerably different XRD features.

simulations if we use hP9 at 20 GPa and hP9’ at 60 GPa, as the
main peaks are shifted by 1—2% typical for the DFT systematic
errors. The only notable discrepancy in the latter case is the
presence of two prominent peaks around 11.0 and 18.5° in the
experimental data. Dynamic instability of the hP9’ phase at 60
GPa could explain the orthorhombic distortion, but our phonon
calculations revealed no imaginary modes (Figure S1c) and the

lattice constants a = 5.559 A, b = \/3a=9.629 A, and c = 3.473
A and the atomic volume at 60 GPa (Figure S1d) are not close to
those extracted from the experimental data. Moreover,
simulated 2% orthorhombic distortions of hP9’ in Figure S2b
split the XRD peaks defined by the h and k indices by about 1°
but do not generate new visible reflections around 11.0 and
18.5°. Another possibility is the presence of multiple phases in
the sample, a common occurrence in high-pressure exlperiments
that complicates the interpretation of XRD data.”"” Finally,
non-hydrostatic compression or kinetics-driven transformation
may leave the material trapped in a metastable state.'>*~%
These factors are particularly relevant in the present case
because the standard 4:1 methanol—ethanol mixture used as
pressure medium by Eto et al.>’ ensures hydrostatic conditions
only up to about 10 GPa.°*® Room-temperature non-
hydrostatic compression not only makes it difficult to obtain
well-resolved XRD reflections but also renders the lowest Gibbs
free energy to not be a definitive criterion for selecting candidate
structures. According to our simulations, neither the previously
proposed nor the presently considered orthorhombic derivatives
of the hexagonal structures appear to explain the observed XRD
patterns. The identified metastable hP9’ polymorph that offers a
better match of major peak positions and intensities may be
helpful for establishing MnRhP high-pressure phase(s) in future
studies.

Structural Properties. The hP9 phase of intermetallic
compound MnRhP is a symmorphic phase with space group
P62m (189) that does not possess inversion symmetry. The
space group has a threefold rotational axis (Cs,) and a horizontal
mirror plane (). The lattice constants (a = 6.244 A and ¢ =
3.575 A) and the atomic volume (V = 120.71 A3) of the unit cell
optimized in our DFT calculations are in good agreement with
the corresponding experimental values at ambient pressure (a =
6223 A, c=3.585 A, and V = 120.23 A®).*” “Mn” and “Rh” are

positioned at the pyramidal (3g) and tetrahedral (3f) sites,
respectively. From Figure 4a, it can be seen that Mn + P and Rh
+ P atoms form layers that are separated along the c-axis. The
bulk and (001) projected surface BZs are shown in Figure 4b.
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Figure 4. (a) Crystal structure of MnRhP with hexagonal (hP9)
symmetry. (b) Irreducible BZ of the bulk along with the (001)
projected surface. (c) Electronic band structure of MnRhP along with
high symmetry path. (d) Electronic band structure with SOC along the
[100] direction.

We have also analyzed the identified orthorhombic phase
(oP12) with the space group Pnma (62). There are four formula
units in the primitive unit cell of oP12, where all atoms are
positioned at 4¢ as shown in Figure Sa. Similar to hP9, “Mn” and
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Figure S. (a) Crystal structure of MnRhP with orthorhombic (oP12)
symmetry. (b) Irreducible BZ of the bulk along with the (100)
projected surface. (c) Electronic band structure of MnRhP along with
high symmetry path. (d) Electronic band structure with SOC along the
[100] direction.

“Rh” atoms are located at the pyramidal and tetrahedral sites,
respectively, in the oP12 structure. The nonsymmorphic space
group Pnma contains three screw-axis symmetries (S,,, Sap and
S,.) and three glide-plane symmetries (G, G,, and G,). In
contrast to hP9, oP12 possesses the inversion symmetry. Apart
from that, to check the dynamic stability of all phases, we have
calculated the dynamic properties, which have been given in the
Supporting Information.
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Magnetic and Electronic Properties. To get more
insights into the magnetic ground state of the system, we have
computed different magnetic orderings (FM and AFM) in both
the ambient phases, that is, hP9 and oP12 phases (see
Supporting Information for more information). FM turns out
to be the energetically most stable in both phases. Our results
report the total magnetic moment to be 3.12 yy (3.15 yg) per fu.
for the hP9 (oP12) phase, which agrees well with the
experimental observations.""**

Figure 4c highlights the band structure of hP9—MnRhP with
the spin-up channel in orange and a spin-down channel in blue
color along with the high-symmetry points I'-M-K-I"-A-L-H-A.
We plotted the partial DOS (PDOS) as shown in Figure SSc to
examine the atomic orbital contributions near the Fermi level. It
can be seen in the PDOS (Figure SSc) that the MnRhP has a
metallic appearance and that the Mn-d and Rh-d states
contribute at the Fermi level. A large energy gap of about 3.5
eV separated the DOS into two manifolds with the core valence
states of predominantly P-3s character ranging from —14 to —11
eV.

We discovered several band-touching points near the Fermi
level along the I'-M-K-I" path (i.e,, in the k, = 0 plane) from the
spin-down channel, as shown in Figure 4c. These crossing points
suggest that the system contains a topological NL protected by a
mirror symmetry in the xy-plane. As the system lacks space
inversion symmetry, switching on the SOC lifts the band
degeneracy and exhibits band inversion in the spin-down
channel around the I'-M and K-I" paths between d,>_ + d,, and
d,, + d, of the “Mn” atom (Figure 4d). This leads to a gapless
NL centered at the I'-point in the horizontal k, = 0 plane, which
is similar to the corresponding features in TaS.*®

In order to confirm the topological features, we have done the
surface state calculations for the (001) plane using the
WANNIER package. Figure 6a gives details of the (001)
projected surface state, which highlights the NL dispersion from
the bulk bands and the emergent drumhead surface states
(DSS), along with the gap plane at the chemical potential
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Figure 6. (a) Calculated (001) surface projected band structure of
MnRhP in its hP9 phase, highlighting the NL and the existence of
drumhead-like surface states. (b) Corresponding gap plane showcases
the system’s NL. (c) (100) projected surface states of the oP12 phase
with (d) energy gap plane, which show the NL in this phase.

corresponding to the NL (Figure 6b). The above-mentioned
results confirm that MnRhP in its observed ambient-pressure
hP9 phase hosts the NL.

Next, we have analyzed the ambient oP12 phase of MnRhP
and provided the details in Figure S. In order to examine the
atomic orbital contributions close to the Fermi level, we have
plotted PDOS (Figure SSd), which reflects the metallic behavior
of our compound in both spin channels contributed by d states
of “Mn” and “Rh” atoms.

Remarkably, we spotted some interesting crossing points
around the I'-point close to the Fermi level along the high-
symmetry Y-I"and I'-Z paths (i.e., in k, = 0 plane) from the spin-
up channel (Figure Sc). The existence of band inversion along
the Y-I" path with d,>_ — d,, and along the I'-Z path with d,>_
— d,, of the “Mn” atoms is responsible for the I"-centered NL as
shown in Figure Sd. This NL is protected by symmetry
operation G,.

The band dispersions projected onto the (100) surface are
shown in Figure 6¢. Topological surface states are clearly evident
on the projected (100) surface, linking the two gapless points
within [-Y and I'-Z and generating a two-dimensional DSS, a
signature of a topological NL semimetal. The gap plane
calculation further confirms the presence of an NL in our
system, as shown in Figure 6d.

We have also included the SOC in the system to estimate the
magnetocrystalline anisotropic energy (MAE) and found that
the [100] magnetization direction (i.e., spins aligning in the x-
direction) is the easy axis and MAE is about 0.1 and 0.7 meV/
atom in the hP9 and oP12 phase, respectively. The details of
total and on-site magnetic moments of MnRhP and constituent
atoms in both phases are given in Table 1, which confirms that
the total magnetic moment is mainly because of the transition
element, “Mn”.

However, the crystal symmetries depend upon the magnet-
ization direction. In the case of the hP9 phase, the inclusion of
SOC along the [100] direction breaks the horizontal mirror
plane mg,; and splits out the I'-centered NL. With SOC, the
system preserves rotational symmetry C,,, and it may possess
Weyl points, which can be determined by searching the whole
BZ. We found that the hP9 phase exhibits six pairs of Weyl nodes
with opposite chirality as shown in Table 2. Similarly,
magnetization along the [100] direction in the oP12 phase
breaks the screw-axis rotation (S,, and S,,) and glide mirror
symmetries (G, and G,) while preserving the inversion, glide
mirror G,, and screw-axis rotation symmetry S,,. The symmetry
breaking allows the gapped NL and transition into hidden Weyl
points. In this case, we obtained two pairs of Weyl nodes, which
are given in Table 3. Weyl points for both phases are marked in
the BZ, and the band dispersions near these Weyl nodes are
shown in Figure 7.

Finally, we have examined the electronic properties of MnRhP
at 15 GPa in tP6’ (P4/nmm) and at 30 GPa in hP9’ (P62m)
phase. According to the space group of both phases, tP6’ is
nonsymmorphic and possesses inversion symmetry, and hP9’ is
symmorphic and breaks inversion symmetry. The details of the
electronic band structures for both phases are given in Figure S6.
In the case of the tP6’ phase, the band-crossing points protected
by the glide mirror symmetry (G,) are found to be close to the
Fermi level along the I'-X-M-I" path in both spin-up and spin-
down channels as shown in Figure S6a. To analyze these
crossing points, we have plotted the orbital projected bands with
the inclusion of SOC (Figure S6b) and found that there is a band
inversion in the spin-up channel around the I'-X and M-I" points
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Table 1. Total and Atomic Magnetic Moments (in ¢5) in the Ambient-Pressure hP9 and oP12 Phases of MnRhP with and without

orthorhombic phase (oP12)

SOC
hexagonal phase (hP9)
Mn Rh P
orbital ~ spin  orbital spin orbital spin
GGA 3.21 —0.03 —0.09
GGA + SO 0.01 3.20 0.00 —0.03 —0.00 —0.09

Mn Rh P
total  orbital  spin orbital spin orbital spin total
3.12 3.15 —0.01 —0.08 3.08
3.12 0.02 3.15 —0.00 —0.01 —0.00 —0.08 3.08

Table 2. Coordinates of Weyl Points for hP9 Phase in the BZ
along with Their Respective Chiralities”

Weyl points (ky Ky k) chirality
wi (0.279, —0.121, —0.213) 1
Wy (—0.281,0.116, —0.214) -1
w3 (0.280, 0.116, 0.213) 1
w5 (—0.280, —0.123, 0.219) -1

: (—0.137, —0.226, 0.339) 1
w;y (0.137, 0.226, 0.336) -1
w; (—0.136, 0.226, —0.342) 1
w; (0.136, —0.226, —0.335) -1
Wi (0.316, —0.018, 0.249) 1
A (-0.316, 0.013, 0.249) -1
Wi (0.315, 0.031, —0.259) 1
A (-0.313, —0.020, —0.251) -1

“W7 represents the ith Weyl point with chirality +1.

Table 3. Coordinates of Weyl Points for the oP12 Phase in
the BZ along with Their Respective Chiralities”

Weyl points (ky Ky k) chirality
wt (=0.202, 0.000, 0.000) 1
Wy (0.202, 0.000, 0.000) —1
Wi (0.000, 0.035, —0.121) 1
Wy (0.000, —0.040, 0.122) ~1

“W7 represents the ith Weyl point with chirality +1.
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Figure 7. (a,b) Band dispersions around six positive chiral Weyl nodes
along with the locus of 12 Weyl nodes in the bulk BZ of the hP9 phase.
(c,d) 2D electronic band structures corresponding to Weyl nodes
together with bulk BZ of the oP12 phase (orange: +ve and blue: —ve).
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between d,>_, and d,, of “Mn” atoms. By introducing the SOC,
these crossings are found to be gapped out. All these points lead

17333

toward the topological NL in the system in the k, = 0 plane. A
similar type of band crossing protected by mirror symmetry and
band inversion along the I'-M-K-I" path in the k, = 0 plane is also
found in the hP9’ phase of MnRhP as shown in Figure S6c¢,d.
In order to confirm the presence of NLs in both high-pressure
phases, we have continued with the (001) surface state
calculations. Figure 8 gives the details of the (001) projected

(a) 08 : 0.40
' 0.35
0.30
025
0.20
0.15
0.10
0.05

Energy (eV)

Energy (eV)

-04 02 00 02
k. (1/A)

Figure 8. (a) Calculated (001) surface projected band structure of
MnRhP in its tP6’ phase (at 15 GPa) highlighting the NL alongside
with DSSs. (b) Corresponding energy gap plane. (c) (001) projected
surface states of hP9’ phase (at 30 GPa) together with (d) energy gap
plane, which show the NL in this phase.

surface state, which highlights the NL dispersion from the bulk
bands and the emergent DSSs, along with the energy gap plane
corresponding to the NL for both phases.

Being FM in nature, the tP6’ phase lacks the time-reversal
symmetry and is expected to contain Weyl points in the presence
of SOC. Similarly, due to the absence of the inversion symmetry,
the hP9’ phase hosts the Weyl points with the inclusion of SOC.
The magnetization along the [100] direction breaks the rotation
C,, screw-axis rotation (S,, and S,,), and glide mirror
symmetries (Gy and G,) while preserving the inversion, glide
mirror plane G,, and screw-axis rotation S,, symmetries in the
tP6’ phase. In the case of hP9’, the inclusion of SOC splits the
bands due to the lack of the inversion symmetry and generates
Weyl points. With SOC, it preserves the horizontal mirror plane
mgo; and Cs,. For both phases, Weyl points with opposite
chiralities are tabulated in Tables 4 and S and also marked in the
BZ with the band dispersions near these Weyl nodes as shown in
Figure 9. The presence of time-reversal symmetry in the hP9’
phase motivated us to determine the Z, invariants to check the
weak or strong topology. The calculated values of Z, invariants
are (1;001), making it a strong non-trivial topological material.
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Table 4. Coordinates of Weyl Points for the tP6’ Phase at 15
GPa in the BZ along with Their Respective Chiralities”

Weyl points (ky Ky k) chirality
Wi (—0.229, —0.323, 0.160) 1
Wy (0.229, —0.323, —0.159) -1
w3 (0.244, 0.583, 0.000) 1
W3 (—0.243, 0.584, 0.000) -1
Wi (0.232, —0.592, 0.000) 1
W3 (—0.232, —0.592, 0.000) -1
Wi (—0.226, 0.324, —0.159) 1
W, (0.226, 0.325, 0.159) -1

“WF represents the ith Weyl point with chirality +1.

Table S. Coordinates of Weyl Points for the hP9’ Phase at 30
GPa in the BZ along with Their Respective Chiralities”

Weyl points (ky kyy k) chirality
Wi (=0.114, 0.312, —0.245) 1
A (0.114, —0.312, —0.243) -1

s (-0213, 0252, 0.251) 1
w; (0.213, —0.252, 0.253) -1
Wi (0.325, —0.058, —0.252) 1
w; (0325, 0.058, —0.252) -1
Wi (0216, —0.249, —0.260) 1
w; (—0.217, —0.249, 0.256) -1
wi (0.104, 0.312, —0.265) 1
w; (0.105, 0.312, 0.265) -1
wi (=0.220, —0.239, 0.343) 1
Wy (0.220, 0.239, 0.343) -1

“WF represents the ith Weyl point with chirality +1.
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Figure 9. (a,b) Band dispersions around four positive chiral Weyl nodes
in the tP6’ phase (at 15 GPa) along with the locus of Weyl nodes in the
BZ of tP6’ phase. (c,d) 2D band dispersions corresponding to the Weyl
points along with the positions of Weyl nodes in the BZ of the hP9’
phase (at 30 GPa) (orange: +ve and blue: —ve).

In addition, we have also applied the magnetization along the
[001] direction. The calculated electronic properties are given in
Figure S7. From Figure S7a, we observe in the case of the hP9
phase that the NL remains to be protected due to the presence of
the myy, symmetry. Next to that, in the case of oP12 and tP6’
phases, the magnetization along the [001] direction preserves
the inversion, screw-axis rotation S,,, and glide mirror G,

symmetries but breaks the glide mirror symmetry (G, and G,)
and screw-axis rotation symmetry (S,, and Szy) , which might be
the reason for opening the gaps in NL (see Figure S7b,c) and the
generation of Weyl points.

TMs have been found to exhibit some unique properties like
large anomalous Hall effect, anomalous Nernst effect, and so
forth.””%® In Figure 10, we have provided the details of the
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Figure 10. (a,c,e) Band structure of MnRhP with the inclusion of SOC
(the band structures using VASP and WANNIER9O0 are shown in solid
red and dashed blue lines, respectively). (b,d,f) Berry curvature along
the high-symmetry path. (g) Anomalous Hall conductivity (AHC) for
hP9, oP12, and tP6’ phases of MnRhP.

electronic band structure with SOC along with the WANNIER
interpolated band structure, the Berry curvature (€,.(k)) along
the high-symmetry band path, and the anomalous Hall
conductivity (AHC) of hP9, oP12, and tP6’ phases of
MnRhP. The AHC has been calculated from Berry curvature

as follows®””°
) 3
o, = _ef d—k39yz(k)
n Jez (2r) (1)

The inclusion of SOC opens up a gap at the crossing points,
which is responsible for a non-vanishing Berry curvature. Hence,
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we observe sharp peaks and valleys in the corresponding band
path where the crossing points exist, as shown in Figure 10. We
predict the magnitude of the AHC to be =257 Q™' cm™" at the
Fermi level, where we obtain the NL for the hP9 phase. The
magnitude of the AHC increases to —630 Q™' cm™ at the
energy range of —0.29 eV and reaches a maximum value of 1282
Q'em™!atan energy value of —0.77 eV. On the other hand, the
obtained value of AHC for the oP12 phase is —106 Q' cm ™" at
the Fermi level and reaches the maximum (—944 Q™! cm™) at
around —0.9 eV. The obtained value of the AHC for tP6’ is
—165 Q7! cm™! at the Fermi level, which reaches the maximum
(=665 Q7' cm™") at —0.33 eV. Such large values of AHC are
observed in other magnetic compounds like MnPO, (1265 Q™"
ecm™)”" and MnAlGe (700 Q7! cm™).”

B CONCLUSIONS

In summary, we have performed a detailed ab initio study of the
structural, electronic, magnetic, and topological properties of the
intermetallic MnRhP compound. Our evolutionary structure
searches and thermodynamic stability analysis provide insights
into possible MnRhP polymorphs under different conditions. In
particular, our proposed oP12 phase is a possible low-
temperature ground state at ambient pressure. We identify
three competing phases at high pressures, tP6’, hP9’, and oP12,
and illustrate that a powder XRD pattern simulated for hP9’ is in
a reasonable agreement with the previously reported exper-
imental data but explains only a subset of the observed peaks. An
examination of the MnRhP phases for pressures up to 60 GPa
and select MnMP phases across the 4d transition metal series
helps establish the importance of the magnetic energy for the
stability of Fe,P-type materials. Our analysis of the intermetallic
compound’s electronic properties in the known (hP9) and
proposed (oP12) ambient pressure structures uncovers the
existence of an NL around the I'-point with drumhead-like
surface states. Evaluation of the magnetocrystalline anisotropy
energy in the presence of SOC indicates that MnRhP prefers to
stabilize in FM order with the [100] magnetization direction and
that the NLs are gapped out to form six and two pairs of Weyl
nodes for hP9 and oP12 phase, respectively. The non-triviality of
this compound can be indirectly verified from the simulated
large value of the anomalous Hall conductivity (1282 Q™' cm™
for the hP9 phase and —944 Q™' cm™ for the oP12 phase). The
high-pressure tP6’ and hP9’ phases are also found to have
interesting crossing points in the electronic structure along with
the band inversion of Mn-d orbitals. The existence of signature
topological features in the ambient- and high-pressure phases
call for further investigation of this material.
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