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Topological semimetal, a novel state of quantum matter hosting exotic emergent quantum phenomena dictated by the nontrivial
band topology, has emerged as a new frontier in condensed-matter physics. Very recently, the coexistence of triply degenerate
points of band crossing and Weyl points near the Fermi level was theoretically predicted and experimentally identified in MoP. Via
high-pressure electrical transport measurements, we report here the emergence of pressure-induced superconductivity in MoP
with a critical transition temperature T, of ca. 2.5K at ca. 30 GPa. No structural phase transition is observed up to ca. 60 GPa via
synchrotron X-ray diffraction study. Accordingly, the topologically nontrivial band protected by the crystal structure symmetries
and superconductivity are expected to coexist at pressures above 30 GPa, consistent with density functional theory calculations.
Thus, the pressurized MoP represents a promising candidate of topological superconductor. Our finding is expected to stimulate
further exploitation of exotic emergent quantum phenomena in novel unconventional fermion system.
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INTRODUCTION

The low-energy, long-wavelength quasiparticle excitation near the
Fermi level as counterpart of high-energy relativistic Dirac, Weyl,
and Majorana fermion has been successfully demonstrated in
topological quantum matter with nontrivial band topology such as
topological insulator (Tl), topological Dirac semimetal (TDS),
topological Weyl semimetal (TWS), and topological superconduc-
tor (TSC) over the last decade.”'® In stark contrast with the
gapped bulk state of both Tl and TSC, the defining hallmark of TDS
and TWS is the presence of linear crossing points of conduction
band and valence band near the Fermi level, where two or four
bands are exactly degenerate at certain momentum-energy value
in the first Brillouin zone, giving rise to a gapless bulk state. Novel
macroscopic quantum phenomena they exhibit such as ultrahigh
mobility of charge carriers, extremely large linear magnetoresis-
tance, quantum anomalous Hall effect, and chiral anomaly are not
only of fundamental interest but also hold potential applications.
The recent breakthrough in predicting and identifying unconven-
tional “new fermion” beyond conventional Dirac and Weyl fermion
sparked new research interest in the field of topological
semimetal.’”>?° Among the symmetries of 230 crystal space
groups in condensed-matter physics, the threefold, sixfold, and
eightfold degenerate quasiparticle excitation emanating from the
multiply degenerate points of band crossing near the Fermi level
can be protected in a crystal lattice either by symmorphic rotation
combined with mirror symmetries or by non-symmorphic

symmetries. The novel three-component, six-component, and
eight-component fermion have distinct properties from conven-
tional Dirac and Weyl fermion, including unique surface states and
transport properties. One such material hosting triply degenerate
fermion, which has been experimentally identified via angle-
resolved photoemission spectroscopy (ARPES) is WC (tungsten
carbide) structured MoP."® The crystal structure of MoP belongs to
the symmorphic space group P-6m2 (number 187). Within the
crystal lattice, the P atom and Mo atoms are located at the 1d (1/3,
2/3,1/2) and 1a (0, 0, 0) Wyckoff positions, respectively. The crystal
structure includes the rotational symmetry Cs, and the mirror
symmetries M, and M, which are crucial to topologically
protecting the triply degenerate points (TPs).

Along with the quest of unconventional “new fermion,” the
materialization of topological superconductivity which is topolo-
gically distinct from conventional Bose-Einstein condensates of
Cooper pairs has constituted an active research theme in
condensed-matter physics over the last decade. As a manifesta-
tion of the topological character, TSC promises realization of
itinerant massless Majorana fermion, which may operate as
topological qubit for fault-tolerant quantum computation. How-
ever, the natural occurrence of TSC is extremely scarce with the
unique promising candidate being Sr,RuQO, for its spin-triplet
pairing,®’ despite that a wide range of candidate materials have
been proposed.?>™> To date, two viable avenues to access TSC
have been demonstrated, i.e., either doping or pressurizing TI,

"Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China; ?Anhui Province Key Laboratory of Condensed Matter
Physics at Extreme Conditions, High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei 230031, China; >University of Science and Technology of China, Hefei 230026,
China; *Center for High Pressure Science and Technology Advanced Research (HPSTAR), Beijing 100094, China; *High Pressure Synergetic Consortium, Geophysical Laboratory,
Carnegie Institution of Washington, Argonne, Illinois 60439, USA; ®Department of Physics, Harbin Institute of Technology, Harbin 150080, China; “Natural Science Research Center,
Academy of Fundamental and Interdisciplinary Sciences, Harbin Institute of Technology, Harbin 150080, China; ®Beijing National Laboratory for Condensed Matter Physics and
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China; °School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China;
°Department of Physics and Engineering, Zhengzhou University, Zhengzhou 450052, China; '"HPCAT, Geophysical Laboratory, Carnegie Institution of Washington, Argonne,
Illinois 60439, USA; Institute of High Performance Computing, 1 Fusionopolis Way, 16-16 Connexis, Singapore 138632, Singapore; '*National Laboratory of Solid State
Microstructures, College of Physics, Nanjing University, Nanjing 210093, China; '“Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing
210093, China and "Institute of Physical Science and Information Technology, Anhui University, Hefei 230601, China

Correspondence: Youguo Shi (ygshi@iphy.ac.cn) or Xiaoping Yang (xpyang@hmfl.ac.cn) or Zhaorong Yang (zryang@issp.ac.cn)

Received: 25 December 2017 Revised: 26 April 2018 Accepted: 9 May 2018
Published online: 30 May 2018

NP| nature partner
pJ journals

Published in partnership with Nanjing University


http://orcid.org/0000-0001-9813-7299
http://orcid.org/0000-0001-9813-7299
http://orcid.org/0000-0001-9813-7299
http://orcid.org/0000-0001-9813-7299
http://orcid.org/0000-0001-9813-7299
http://orcid.org/0000-0001-7737-3073
http://orcid.org/0000-0001-7737-3073
http://orcid.org/0000-0001-7737-3073
http://orcid.org/0000-0001-7737-3073
http://orcid.org/0000-0001-7737-3073
https://doi.org/10.1038/s41535-018-0102-7
mailto:ygshi@iphy.ac.cn
mailto:xpyang@hmfl.ac.cn
mailto:zryang@issp.ac.cn
www.nature.com/npjquantmats
SH-USER1
Text Box
HPSTAR
570-2018


Pressure-induced superconductivity in MoP
Z Chi et al.

TDS, and TWS.26™* However, the topologically nontrivial nature of
the doping- and pressure-induced superconductivity is under
heavy debate yet. Pressure, modifying the crystal structure and
electronic band structure in a continuously controllable fashion, is
a clean and efficient thermodynamic parameter in tuning the
physical properties of topological quantum matter.>*™** Here, via
high-pressure electrical transport and synchrotron X-ray diffrac-
tion measurements with the aid of theoretical calculations, we
propose that the pressurized MoP is a promising candidate of TSC.

RESULTS
Pressure-induced superconductivity

The temperature-dependent resistance at various pressures in two
runs are shown in Fig. 1. As shown in Fig. 1a for run 1, at pressures
below 30 GPa, the conducting behavior is characteristic of a
normal metal without marked signature of superconductivity
down to the lowest temperature measured. At 30 GPa, a slight
upturn in the temperature-dependent resistance shows up at a
characteristic temperature T~ of ca. 2.5K and persists up to ca.
40 GPa, as shown in Fig. 1b. As shown in Fig. S3, an external
magnetic field of 0.2 T can almost smear out the resistance upturn,
indicating that the resistance upturn acts as a fragile precursor for
superconductivity. In the high-pressure electrical transport mea-
surement, the temperature-dependent resistance always displays
a slight upturn preceding the superconducting transition.”
39434546 Ypon further increasing the pressure to ca. 50 GPa,
superconductivity characterized by a slight drop in the
temperature-dependent resistance emerges with a critical transi-
tion temperature T, of ca. 25K, as shown in Fig. 1b. The
superconducting transition is broadened due to the pressure
gradient throughout the sample. The T, is defined at the point
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temperature-independent constant in the normal state. The
magnitude of drop in the temperature-dependent resistance is
progressively enhanced with pressure increasing up to ca. 60 GPa.
Simultaneously, the T is monotonically enhanced up to ca. 3K. As
shown in Fig. 1c for run 2, at pressures below ca. 30 GPa, the
conducting behavior is characteristic of a normal metal without
marked signature of superconductivity down to the lowest
temperature measured. Upon further increasing the pressure to
ca. 30 GPa, superconductivity characterized by a slight drop in the
temperature-dependent resistance sets in with a critical transition
temperature T, of ca. 25K, as shown in Fig. 1d. With pressure
increasing, the T, rises monotonically up to ca. 4K at 95 GPa. At
the highest pressure of 95GPa, zero resistance is explicitly
observed, substantiating the occurrence of superconductivity.

Determination of the upper critical field

To further corroborate that the precipitous drop in the
temperature-dependent resistance is of superconducting origin,
the effect of external magnetic field on this resistive transition was
investigated at 95 GPa under external magnetic fields of up to 1T.
The onset temperature of resistance drop is significantly
suppressed with increasing external magnetic field, indicative of
a superconducting transition, as shown in Fig.2a. As shown in Fig.
2b, the upper critical field H., defined at 90% of the resistive
transition as a function of temperature is well fitted by a modified
Ginzburg-Landau equation Hey(T) = Hep(0)*(1 — T/T)® with the
zero-temperature upper critical field H(0) of 3.75T, which is far
below the Bardeen-Cooper-Schrieffer weak-coupling Pauli para-
magnetic limit of H, (T)=1.84T. (K)=6.8T for T.=3.7K. The
upward curvature of Hc,(T) close to T. hints at a multiband
superconducting pairing state, reminiscent of 2H-NbSe, and MgB,.
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Temperature-dependent resistance of MoP at various pressures. R-T curves in the whole temperature region for run 1(a) and run 2(c).

Zoom-in of the low-temperature region for run 1(b) and run 2(d). In Fig. 1b, the characteristic temperature T~ of resistance upturn and
superconducting critical transition temperature T. are indicated, respectively. Inset of Fig. 1d displays the micrograph of the electrodes

connected with sample inside the diamond anvil cell
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Fig. 2 Determination of the upper critical field of MoP at 95 GPa. a
R-T curve under applied magnetic fields of up to 1T. b H.,-T phase
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Fig. 3 Pressure-temperature phase diagram and normal state
resistance —pressure curve of MoP. a P-T phase diagram. b R(5 K)-P
curve

Pressure-temperature phase diagram

The pressure-temperature (P-T) phase diagram of MoP s
summarized in Fig. 3a. At pressures below 30 GPa, the conducting
behavior is characteristic of a normal metal without marked
signature of superconductivity down to the lowest temperature
measured. In run 1, a slight upturn in the temperature-dependent
resistance shows up at a characteristic temperature T of ca. 25K
at ca. 30GPa and persists up to ca. 40GPa. Upon further
pressurization, superconductivity characterized by a slight drop
in the temperature-dependent resistance emerges with a critical
transition temperature T of ca. 2.5 K at ca. 50 GPa, which rises to
ca. 3K at ca. 60 GPa. In run 2, superconductivity indicated by a
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slight drop in the temperature-dependent resistance sets in at ca.
2.5K at ca. 30 GPa. Upon further compression, the T, increases
monotonically up to ca. 4K at 95 GPa. In the normal state at 5K,
no anomaly is observed in the pressure dependence of resistance,
indicating no structural phase transition, as shown in Fig. 3b. In
contrast, the emergence of pressure-induced superconductivity in
other topological quantum matters is usually accompanied by a
structural phase transition, which leads to an anomaly in the
pressure dependence of normal state resistance.?”3843

Structural stability at low temperature and high pressure

To track the structure evolution of MoP upon pressurization,
high-pressure synchrotron X-ray diffraction (HPXRD) measure-
ments were conducted at room temperature. The HPXRD
patterns and results of Rietveld refinement are shown in Fig. 4.
As shown in Fig. 4a, the WC-type crystal structure of MoP is
stable against pressure up to ca. 60 GPa, indicating that the
origin of pressure-induced superconductivity is irrelevant to a
structural phase transition. At pressures above 25 GPa, the new
peak at 20 ~ 10° arises from the pressure transmitting medium
neon, which crystallizes at ca. 25 GPa. At 260 ~ 11°, the Miller index
of (110) and (002) peak is labeled in Fig. S4. Fig. S5 shows the
pressure-dependent Bragg position of (110) and (002) peak and
axial compressibility (a/a and c/co). The compressibility of a axis
is much larger than that of c axis, as a result, the shift of (110)
peak to large angle is faster than that of (002) peak with
increasing pressure. Thus, the split of peak at 20 ~ 11° is due to
the different shift rate of (110) and (002) peak to large angle
upon compression, not to the structural phase transition. The
possibility of structural phase transition at low temperature could
be affirmatively excluded from the ARPES measurements.'® In
addition, there is no anomaly in the R-T curve at low
temperature, indicating that no structural phase transition
occurs. As seen in Fig. 4b, the lattice constants a and ¢, volume
of unit cell and Mo-P bond length shrinks monotonically without
anomaly upon pressurization. However, a kink in the pressure
dependence of both the axial ratio (¢/a) and the Mo-P-Mo bond
angle is evident at ca. 25 GPa. This anomaly is most probably due
to the strain produced by the solidification of pressure
transmitting medium neon, not to the structural phase transition.
Fitting the experimental V-P data by the Birch-Murnaghan
equation of state and assuming the first-order pressure
derivative By’ to be 4 for the two pressure regions below and
above 25.3 GPa, the bulk modulus at ambient pressure (Bo) is
determined to be 213(1) GPa and 238(2) GPa with the fitted
volume at ambient pressure (V) of 28.852(8) A% and 28.59(3) A3,
respectively. The refined lattice constants at various pressure are
shown in Table S1.

Density functional theory calculation of electronic band structure
at high pressure

To gain a comprehensive understanding of the pressure-induced
superconductivity in MoP, we performed density functional theory
calculations of the electronic band structures at high pressure. The
results for band structure at ambient pressure shown in Fig. S6 agree
well with the previous study,'? indicating that MoP is a topological
semimetal with coexistence of Weyl fermion and triply degenerate
fermion. We applied the crystal structure prediction techniques
using USPEX to search for the possible high-pressure equilibrium
configurations. Our simulations confirm that no structural phase
transition occurs around the critical pressure where superconducting
transition is observed experimentally, consistent with the HPXRD
results. Pressure-dependent lattice constants (a and c), volume (V),
and axial ratio (c/a) from numerical simulations is plotted in Fig. S7.
The lattice constants at various pressures from numerical simulations
are shown in Table S2. We can find that the simulated lattice
constants at high pressure are qualitatively consistent with the
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Fig. 4 High-pressure synchrotron X-ray diffraction analysis of MoP. a X-ray diffraction patterns of MoP up to 60.6 GPa at room temperature (A
=0.31 A). Experimental (open circle) and fitted (line) XRD patterns at 0.8 GPa and 60.6 GPa are shown, with the Rwp factor of 0.62% and 0.86%,
respectively, in which the vertical lines denote the theoretical positions of the Bragg peaks. b Pressure dependence of lattice constant (a and
¢), volume (V), axial ratio (c/a), Mo-P bond length, and Mo-P-Mo bond angle of MoP. The cryn and green bold lines in the V-P curve represent
the fitting to experimental data by the Birch—-Murnaghan equation of state

experimental results shown in Fig. 4b and Table S1. Compared with
the experimental counterpart, the simulated axial ratio (c/a) figures
out a smooth curve without any kink around 25 GPa. Therefore, the
experimentally observed kink in the axial ratio (c/a) at ca. 25 GPa is
an artefact and irrelevant to the emergence of superconductivity.

Our band structure calculations with spin-orbit coupling (SOC)
in Fig. 5b-d reveal that the coexisting Weyl points (WPs) and TPs
survive at high pressure and all four bands crossing the Fermi level
are topologically nontrivial ones contributing to the formation of
Weyl fermions and/or triply degenerate fermions. The WPs and
TPs are topologically protected by the crystal symmetry, which is
determined to be robust at high pressure via the HPXRD study.
The Fermi surfaces (FSs) of the four topological bands are plotted
in Fig. 5e. Except for the two hole-type pockets around I and K-
points, MoP has the three-dimensional electron-type FSs. It is
noteworthy that the pressure qualitatively changes the band 6 in
energy at K point from valence band to conduction band in the
band structures without SOC, as shown in Fig. 5a. Here, the hybrid
functional calculation is used to eliminate the possible over-
estimation of band inversion in generalized gradient approxima-
tion (GGA) and the comparison indicates that band inversions
around K point and the pressure-dependent qualitative change of
the band 6 in energy at K point occur in both cases. Furthermore,
the pressure-dependent evolutions of the band 6 without SOC
and of the bands 11 and 12 with SOC in energy at K point undergo
a discontinuity between 25 and 30 GPa (Fig. S8), where the onset
of superconductivity is observed experimentally.

DISCUSSION

The emergence of pressure-induced superconductivity in TI
Bi,Ses,** Dirac semimetal Cd;As,,*” and Weyl semimetal TaP*® is
usually accompanied by a structural phase transition, which
inevitably breaks the crystal symmetry protecting the topological
state. However, the pressure-induced superconductivity in MoP
emerges without concomitant structural phase transition, imply-
ing the coexistence of superconductivity with nontrivial band
topology at high pressure.

Theoretically, a time-reversal invariant TSC requires odd-parity
symmetry and the FS enclosing an odd number of time-reversal
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invariant momenta (TRIM).?® The states at FS of MoP are
constituted by the hybridization of 4d orbital of Mo and 3p
orbital of P. We note that all the four bands crossing the Fermi
level are topologically nontrivial ones contributing to the
formation of Weyl fermions and/or triply degenerate fermions.
As these bands are spatially extended, the electron correlation is
quite weak due to the strong screening effect. As we can see in
Fig. 5a, the hybrid functional calculation with correlation correct
does not induce significant change of the FSs compared with GGA
calculations. Consequently, one can expect that the super-
conductivity discovered in MoP is mainly dictated by the
electron-phonon interaction, which can affect the superconduct-
ing gap. As a result, the symmetry of the topologically nontrivial
bands determines the symmetries of electron and phonon modes
involved in the formation of Cooper pairs. However, the phonon-
mediated pairing can possess odd-parity symmetry, if the
electron-phonon interaction has singular behavior at long
wavelengths.*® MoP has four TRIM at I, A, M, L points in the first
Brillouin zone. As shown in Fig. 5e, both FSs of band 11 and 12
enclose one TRIM at I point. As a result, the existence of
topological superconductivity in MoP at pressures above 50 GPa is
highly favored.

To summarize, our combined experimental and theoretical
high-pressure studies on the three-component fermion material
MoP have offered a promising candidate of TSC. Our finding is
expected to inspire further exploitation of pressure-induced
superconductivity in novel unconventional fermion system.

METHODS
Crystal structure characterization at ambient pressure

The single crystal sample was synthesized by Ge-flux method and has been
studied by ARPES.'® Single crystal X-ray diffraction at ambient pressure was
measured on Bruker D8 Venture by using Mo Ka, radiation (A = 0.71073A)
at 300 K and the data was refined using the SHELXL-97 program. The space
group is P-6m2 (No. 187) and the lattice constants are a = b = 3.2259(3) A,
¢=3.2050(3) A, a =8 =90° and y = 120°. Fig. S1 shows the XRD pattern of
(00 /) plane. The characterization was performed on a Rigaku Smartlab High
Resolution Diffractometer at room temperature using Cu Ka, radiation (A =
1.5406A). The full width at half maximum of the (001) peak indicates high
quality of our single crystal sample, as shown in Fig. S2.

Published in partnership with Nanjing University
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High-pressure electrical transport measurements

The measurements were carried out in a screw-pressure-type diamond
anvil cell made of non-magnetic Cu-Be alloy. The tungsten gasket with
initial thickness of 250 um was preindented by a pair of diamond anvil with
culet size of 200 uym to a pressure of 20 GPa. The mixture of epoxy and
cubic-BN powder was loaded and compressed to a pressure of 35 GPa for
insulation. A flake sample was forced to contact with the four Pt probes in
a van der Pauw configuration (inset of Fig.1d). Low-temperature
measurements were carried out in a cryostat with a base temperature of
1.7 K (JANIS Research Company, Inc.). The pressure was determined by
ruby fluorescence below 80 GPa and by diamond Raman above 80 GPa at
room temperature, before and after each cooling.

HPXRD measurement

The measurement was performed at Sector 16 BMD, HPCAT at Advanced
Photon Source. Pressure was generated by a pair of diamond anvils with
culet size of 300 um. Rhenium gasket was indented and a hole with a

Published in partnership with Nanjing University

diameter of 100 um was drilled to serve as sample chamber. Ruby ball as
pressure marker were loaded together with MoP powder ground from as-
grown single crystal into the sample chamber. Neon was used as pressure-
transmitting medium. A monochromatic X-ray beam with incident
wavelength of 0.3100 A was used. The diffraction patterns were collected
with a MAR 345 image plate detector. The two-dimensional image plate
patterns were integrated into one-dimensional intensity versus 26 data
using the Fit2D software package. Refinement of the X-ray diffraction
patterns was performed using the GSAS + EXPGUI software packages.

Density functional calculations

The high-pressure behavior were explored by merging the evolutionary
algorithm and ab initio total energy calculations, as implemented in the
USPEX code. Enthalpy and electronic structure calculation were carried out
by using the Vienna ab initio Simulation Package within the framework of
GGA (Perdew-Burke-Ernzerhof exchange correlation functional). The
ion—electron interaction was modeled by the projector augmented wave

npj Quantum Materials (2018) 28
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method with a uniform energy cutoff of 330eV. The possible under-
estimation of band gap within GGA is checked by a nonlocal
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional calculation. Spacing
between k-points was 0.02 A~". The geometry structures were optimized
by employing the conjugate gradient technique, and in the final geometry,
no force on the atoms exceeded 0.001eV/A. SOC for all elements was
taken into account by a second variation method. The projected Wannier
functions for the Mo-4d and P-3p are generated by using Wannier90. A
tight-binding model based on these has been established to calculate the
FSs and the position of Weyl nodal points in the Brillouin zone.

Data availability
All relevant data are available from the corresponding author.
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