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Weyl semimetal defines a material with three-dimensional Dirac cones, which appear in pair due to the breaking of spatial inversion
or time reversal symmetry. Superconductivity is the state of quantum condensation of paired electrons. Turning a Weyl semimetal
into superconducting state is very important in having some unprecedented discoveries. In this work, by doing resistive
measurements on a recently recognized Weyl semimetal TaP under pressures up to about 100 GPa, we show the concurrence of
superconductivity and a structure transition at about 70 GPa. It is found that the superconductivity becomes more pronounced
when decreasing pressure and retains when the pressure is completely released. High-pressure x-ray diffraction measurements also
confirm the structure phase transition from /4,md to P-6m2 at about 70 GPa. More importantly, ab-initial calculations reveal that the
P-6m2 phase is a new Weyl semimetal phase and has only one set of Weyl points at the same energy level. Our discovery of
superconductivity in TaP by high pressure will stimulate investigations on superconductivity and Majorana fermions in Weyl

semimetals.
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INTRODUCTION

Superconductivity and topological quantum state are two
important fields of frontier research in nowadays condensed
matter physics." Superconductivity is the state of quantum
condensation of paired electrons. A Weyl semimetal defines a kind
of materials with three-dimensional Dirac cones, which appear in
pair with opposite spin chirality due to the breaking of spatial
inversion or time reversal symmetry. The relevant electronic bands
of a Weyl semimetal may cross or pass through nearby the so-
called Weyl nodes with different chirality and the low-energy
excitations near these points disperse linearly in the momentum
space. It naturally contains the long sought novel quasiparticle
excitations, namely the Weyl fermions*> When the Weyl
semimetal falls into superconducting state, it is possible to
observe some exotic excitations, such as the Majorana fermions.%”
Therefore, turning a Weyl semimetal into superconducting state is
very important in having some unprecedented discoveries.
Recently, TaAs and TaP were predicted to be Weyl semime-
tals,®° which is followed immediately by experimental proofs.'®"
The Weyl semimetal normally exhibits a giant and sometime
negative magnetoresistance (MR) due to the semimetal behavior
and the opposite spin chirality of the paired Weyl nodes.> "8 It is
very interesting and highly desired to realize bulk superconduc-
tivity in such Weyl semimetals.'® Previously, Wang et al. observed
superconducting-like anomaly in the point contact tunneling
spectrum on TaAs® The recent measurements under high

pressure on Weyl semimetals NbAs and TaAs have revealed some
interesting physics,>'** but did not show the trace of super-
conductivity. While transition metal dichalcogenides materials,
MoTe, and WTe,, were found to show superconductivity under
high pressure and both of them were considered to be the type-II
Weyl semimetal.'®**73* In this paper, we report, for the first time,
the discovery of bulk superconductivity accompanied by a
structure phase transition in Weyl semimetal TaP by applying
high pressure. More importantly, first-principles calculations
confirm that the P-6m2 phase with superconductivity induced
by high pressure has the Weyl semimetal feature, but is distinct
from the ambient phase.

RESULTS

Resistivity and MR under different pressures

In Fig. 1, we show the temperature-dependent resistance R(T) of a
TaP single crystal under different pressures up to 92 GPa. The
pristine sample is a TaP single crystal with high quality, as
characterized by x-ray diffraction (XRD), residual resistivity ratio
(RRR=31), and giant MR (about 30,000% at 8 T) with clear quantum
oscillations. The large value of RRR implies low density of
impurities or disorders in the sample at ambient pressure. The
related data are presented in Supplementary Figs. 1 and 2, and
Supplementary Note 3. Figure 1a, b display the raw data of
resistance under pressures from 0.4 to 14.6 GPa (referred as
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Fig. 1
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Temperature-dependent resistance under pressures. a Temperature dependence of resistance for pressures from 0.4 to 14.6 GPa, and

those from 19.2 to 92.0 GPa are shown in b. The inset of b shows the magnetoresistance at 4.5 K up to 8 T under different pressures. ¢ The
three-dimensional contour plot of resistance vs. temperature under different pressures

low-pressure region) and from 19.2 to 92 GPa (high-pressure
region), respectively. The resistivity measurements under high
pressure are given in section “Methods” and Supplementary
Note 4. The resistance globally gets enhanced with applied
pressure starting from ambient pressure, and reaches a maximum
value at about 19.2 GPa. Then the resistance decreases mono-
tonically as the pressure continues to increase. Three-dimensional
contour plot of resistance with temperature and pressure is shown
in Fig. 1c. The ridge like surface graphically shows the variation of
resistance with temperature and pressure. Six typical R(T) curves
with pressures of 0.4, 5.0, 85, 19.2, 463 and 80.0GPa are
representatively highlighted in the contour plot. We will see later
that this complex evolution of resistivity is closely related to the
crossing of Fermi energy through the paired Weyl points.

Figure 2a shows the change of resistance at 5 and 300 K under
different pressures. Figure 2b presents the MR at different
pressures. One can see that now the MR at 0.4GPa and 8T is
about 275%, which is much smaller than that measured on the
pristine sample at ambient pressure. This may be induced by two
reasons: (1) the direction of applied magnetic field is different
from the one in the case of measurement at ambient pressure; (2)
the non-uniform stress under a pressure. We calculated electronic
resistance of the /4;md structure and the DOS near Fermi level
using DFT and the semi-classic Boltzmann transport theory, as
shown in Fig. 2d. In TaP or TaAs families, the Weyl points can be
divided into two types according to their positions in reciprocal
space: W1 (k,=0) and W2 (k, # 0), these two types of Weyl points
locate at different energies.®® At ambient pressure, the energy of
W1 is 50 meV under the Fermi level and that of W2 is about 15
meV above Fermi level, as shown in Fig. 2e. We focus on the
energy of W2 at different pressures, which may have more
significant influence on the density of states near the Fermi level
and thus the electrical conductivity than W1. The energy of W2
relative to Fermi level changes significantly with pressure by our
calculations. The detailed calculation results are given in
Supplementary Note 1 and Supplementary Table 1. W2 is above
the Fermi level at low pressures, and becomes below the Fermi
level when a pressure at around 20 GPa is applied. Thus, when the
pressure is increased to about 20 GPa, the finite DOS correspond-
ing to this Weyl point is getting smaller, leading to the increase of
the global resistivity. When the pressure is larger than about 20
GPa, the reversal process dominates. The W2 point becomes
below the Fermi energy and the DOS becomes larger leading to
the dropping down of the global resistance. This picture also gets
support from the behavior of MR measurement. A giant MR shows
up at a low pressure, which was considered as a result of the
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contribution of the electron and hole pockets in the material.
More in detail, from the semi-classical two-band model, the MR
can be calculated as follows:

iR 80 _P(B) —py _ 0cOh (Hh — He)*B?
Po Po (On + Oe)*+(UnOe + He0n) B2

where p, is the resistivity at zero field, o; = n;e*t;/m;(i=h, e) is the
conductivity (being always positive) at the hole and electron
derived band, respectively. And y; = e;1;/m;(i = h,e) is the mobility
of each band with a negative (positive) sign for the electron (hole)
band. At ambient pressure, the Fermi energy is in between W1
and W2 (close to W2), we have an electron and hole contribution
for conductivity from the Weyl nodes of W1 and W2, respectively,
therefore we have a sizable MR. With compression, the chemical
potential gets higher and becomes closer to W2. The electron-
pocket Fermi surfaces around W1 become larger while the hole-
pocket Fermi surfaces around W2 become smaller. Therefore, it is
natural that the MR decreases when increasing pressure. Super-
conductivity has been induced in some materials with giant
MR#32436738 \yhen pressure is applied. In the following, we will
show that superconducting behavior has also been detected in
TaP with further increasing pressure.

Superconductivity induced by high pressure

When the applied pressure reaches 71.0 GPa, the resistance shows
a small drop at about 2.3 K, this is shown in Fig. 3a and amplified
in the lower-right inset in the low-temperature region. This drop
becomes more pronounced with pressure up to 100 GPa. In order
to check whether this drop corresponds to a superconducting
transition, we measure the temperature dependence of resistance
under different magnetic fields. The upper-left inset reveals the
resistive transitions at different external magnetic fields up to 1T
at 92 GPa. It is clear that the transition is gradually suppressed by
external magnetic field, which is a typical behavior of a
superconductor. Unfortunately, our high-pressure resistive mea-
surement setup cannot be cooled below 1.7K, therefore we
cannot reach the state with zero resistance. Meanwhile, the
maximum pressure of the experimental setup is about 100 GPa, so
we cannot further increase the pressure on the sample. We
emphasize that the control experiment has been done on another
sample and the occurrence of superconductivity at about 70 GPa
and above is proved. Interestingly, when we decrease the pressure
this resistance transition becomes much more pronounced. The
data measured in the pressure decreasing procedure is shown in
Fig. 3b. The resistance drop has a magnitude of about 75% of the
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Fig. 2 Resistance and MR under pressure. a Resistance at 5 and 300 K vs. pressure. Both of them show a maximum value at about 19.2 GPa.
Four insets in a indicate the change of Fermi level relative to W2 from 0 to 30 GPa through band structure calculations. The Fermi level crosses
the Weyl points between 10 and 20 GPa, which corresponds to the maximum value of resistance at pressures around 20 GPa. b, ¢ show the MR

vs. magnetic field and pressure, respectively. d, The calculated semi-classic transport resistance (black squares) and the DOS near Fermi level

(red circles) of the 14,md phase vs. pressure. e Energies of W2 relative to the Fermi level under different pressures and local band structures of
two kinds of Weyl points in the /4;md phase. The Dirac cones are schematically shown together with the Fermi level (grey disc) under different
pressures. The red line shows the energy of W2 evolution along with pressure. Weyl points are denoted by red and green dots to represent
opposite chirality
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Fig.3 Temperature-dependent resistance with increasing and decreasing pressures. a Temperature-dependent resistance from 92 to 100 GPa
with increasing pressure. The R(T) curves under different pressures with decreasing pressure are shown in b. The upper-left inset in a shows
the resistance vs. temperature under different fields at 92 GPa, and the lower-right inset shows the enlarged view of the data measured near
71 GPa in low-temperature region. The superconductivity is further evident by a sharp 75% drop of the normal state resistance under 30 GPa,
as shown in the left inset in b. The inset on the right-hand side in b shows the pressure dependence of T in decreasing pressure
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Fig. 4 HP-XRD results and the high-pressure structure of TaP. a The high-pressure x-ray diffraction of TaP up to 101.66 GPa. The red dashed
lines highlight the evolution of some selected peaks. b Relative diffraction intensity of four selected peaks normalized by that of the (112)
peak vs. applied pressures. ¢ The emergence of (021) peak belonging to the P-6m2 structure when the pressure exceeds 71.08 GPa (green Ilne)
which clearly indicates the structure phase transition. d Crystal structures of /4;md and P-6m2 phases (elaborated using the VESTA software>®).
TaP adopts /14,md space group at ambient pressure and transforms to P-6m2 at about 70 GPa. This high-pressure phase can be reserved after
external pressure released. e XRD data after decompressing (symbols) and the fitting result using the P-6m2 structure (black solid line)

normal state value p, at 30 GPa, while it reduces with further
lowering pressure, as shown in the left inset of Fig. 3b. In the
decompression process of control experiment, a sharp super-
conducting transition was observed at about 80.1 GPa. And the
superconducting transition remains until releasing pressure to
23.7 GPa, then the experiment was interrupted. These experiments
rule out any possibility that the superconductivity arises from the
possible impurity phase of Ta, since Ta is superconductive at about
448K at ambient pressure. In addition, because there are no
magnetic atoms in TaP, this transition with a drop of about 75% p,,
cannot be ascribed to any magnetic transitions. The sharp drop of
resistance and the magnetic field dependence demonstrate that
this transition is a superconducting transition. Judged from the
sharpness of the transition, we conclude that bulk superconduc-
tivity has already been induced, although it is still not completely
uniform owing to the non-uniformity of high pressure. As
mentioned above, due to the lower limit temperature of our
instrument, we could not detect the zero resistance state. But one
can see that the zero resistance temperature is certainly
expectable, which is suggested by the 75% dropping of resistivity
within a temperature window of only 1.37 K (from about 1.7 to
3.07 K) and the resistivity does not exhibit a flattening in the low-
temperature region. This excludes the possibility that the super-
conductivity is filamentary like. The inset on the right-hand side of
Fig. 3b shows the correlation of T, vs. pressure. The onset T, (98%
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of p,) decreases from about 3.07 K at 30 GPa to about 1.84K at 2
GPa when we reduce the pressure. The fact that superconductivity
retains after pressure released may suggest that TaP transforms to
a metastable phase, which shows superconductivity under a high
pressure and it keeps to ambient pressure.

Since superconductivity survives when the pressure is released,
we thus did a new round of pressurizing experiment and then
measure resistivity at ambient pressure. We chose a new TaP
sample and ramp the pressure up to 100 GPa, keep it for 24 h (in
order to have a uniform phase under high pressure) at room
temperature and then release the pressure to ambient. After-
wards, we measure the resistivity down to 03K, and we
successfully confirm the superconducting transition. Since the
sample is too small with an irregular shape after exfoliated from
the high-pressure cell, we can only make two electric contacts on
the sample. The residual resistance here is due to the contacting
resistance. Moreover, since the sample is too small, with a full
volume of superconductivity and under an external magnetic field
of 10 Oe, the total magnetization is only about 10~” emu, which is
just at the marginal of measurement sensitivity. The readers are
referred to Supplementary Note 2 and Supplementary Fig. 3 for
details. In addition, the transitions under different magnetic fields
are also determined yielding the upper critical field uoHc,(T) at the
pressure released state.
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Fig. 5 Electronic structures and surface states of the TaP P-6m2 phase at 70 GPa. a The band structures around the Weyl point along the path
parallel with I'-K high-symmetry line. b The bulk Brillouin zone and its projection on (100) direction. The Weyl points with opposite chirality
are marked by red and yellow, respectively. c-e The Fermi surface of TaP (100)-surface states of P atom termination. And the chemical
potential is set at energy of Weyl point. Ws and Wp mark the projection points of single Weyl point and two Weyl points of same chirality,

respectively

XRD under high pressure

In order to understand the pressure-induced superconductivity in
TaP single crystals, we further perform High-pressure-XRD (HP-
XRD) experiments up to 101.66 GPa, as detailed in Supplementary
Note 5. The HP-XRD results are shown in Fig. 4a. The diffraction
peaks gradually move to higher angles indicating that the lattice
parameters become smaller. The data are also collected when the
sample is decompressed to ambient pressure, as shown in the top
of Fig. 4a. It seems that the data at 101.66 GPa have almost the
same diffraction pattern with that after the pressure is released to
ambient one, the only difference is that the peaks globally shift
due to the external pressure. Upon increasing pressure, some
peaks, for example those indexed by (103) and (105) become
weakened and gradually vanish above about 53.94 and 71.08 GPa,
respectively. However, some other peaks show a systematic shift
and weaken, but which do not disappear, for example (004) and
(020). These evolutions are indicated by red dashed lines in Fig. 4a.
Figure 4b shows the intensity evolution of these four peaks
mentioned above. Shown in Fig. 4c is the emergence of the peak
(021) at 71.08 GPa and beyond, which is indexed to the P-
6m?2 structure. These results give the evidence that there is indeed
a structure phase transition around 70GPa. This pressure is
consistent with the one for the emergence of superconductivity,
so we believe that the superconductivity is closely related to the
structure P-6m2 of TaP. By using the high-pressure structure P-
6m2, which is illustrated on the right-hand side of Fig. 4d, the XRD
data with pressure released can be fitted very well, as shown in
Fig. 4e. Interestingly, in ref. 22 the authors also find that TaAs
transforms to P-6m2 structure at 14 GPa and the structure can be

Published in partnership with Nanjing University

reserved to ambient pressure. This stabilization of high-pressure
phase in TaP is exactly the same as TaAs, but in TaAs no
superconductivity was discovered above 1.8 K with the structure
of P-6m2. We must mention that the data at 101.66 GPa can still
be fitted with this structure, with some peaks broadened and
deviated a little bit. This deviation may be due to the pressure
inhomogeneity within the sample as the applied pressure is rather
high. Due to the almost coincident pressure for both the
emergence of superconductivity and the new structure P-6m2 at
about 70 GPa, we thus can naturally conclude that superconduc-
tivity arises from TaP with the P-6m2 structure.

DISCUSSION

Next we study the electronic structures and surface states of this
new P-6m2 TaP. The ab initial calculations are detailed in section
“Method” and Supplementary Note 6. Our calculations show that
TaP P-6m2 phase is a new topological Weyl semimetal, similar to
TaAs high-pressure phase®? P-6m2. The band structures around
the Weyl point of the P-6m2 phase at 70 GPa are shown in Fig. 5a,
which exhibits linear energy dispersion near the Weyl point.
According to our calculation, there are six pairs of Weyl points
near the K point, as shown in Fig. 5b. All the Weyl points can be
related to each other by mirror and C; rotation symmetry, so that
there is only one set of Weyl points in this system and they are at
the same energy. The surface state of P termination (100) surface
are calculated based on the Wannier orbitals and surface Green’s
functions.*® There are two kinds of projected Weyl points in
Fig. 5¢c, Wp (two Weyl points of same chirality projected to the
same position) and Ws (single Weyl point projected). Figure 5d, e

npj Quantum Materials (2017) 66
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show that detail surface states near Ws and Wp. As for Wp, there
are two Fermi arcs connected to this projected point. For Ws, there
is only one Fermi arc connected Ws and another Ws across the first
Brillouin zone boundary. These interesting theoretical results
indicate clearly that the TaP P-6m2 phase has still the Weyl
semimetal feature, which is quite different to the ambient /4,md
phase.

Superconductivity is discovered by resistivity measurement in
TaP when the pressure exceeds about 70 GPa. HP-XRD also reveals
a structure phase transition from /4,md to P-6m2 at a similar
pressure, which is related to the emergence of superconductivity.
This high-pressure phase and superconductivity can be retained
when the pressure is released. It would be interesting to know
what leads to the superconductivity and which band plays the
dominant role of Cooper pairing. Ab initial calculations on TaP
with the high pressure converted P-6m2 structure indicate that it
is a new Weyl semimetal with the typical surface Fermi arc state.
Unfortunately, angle resolved photo-emission spectroscopy
(ARPES) cannot be done under pressure for this state in order to
check the surface Fermi arc. It is widely expected that the order
parameter of superconductivity by electrons with the spin chirality
due to the Weyl semimetal feature should have complex
compositions, for example, some component with triplet pairing
is inevitable. Thus, it is highly desired to investigate the super-
conducting gap structure of this novel superconducting phase.
Superconductivity discovered directly from pressurized Weyl
semimetal TaP will stimulate further efforts in investigating
superconductivity in topological materials and paving a possible
path to the ultimate discovery of topological superconductors.

METHODS

TaP single crystals were synthesized by chemical vapor transport
method.'® The sample at ambient pressure has high quality with a nice
fitting to the x-ray XRD pattern and clear exhibition of large MR. High-
pressure resistance measurements with repeating cycles were conducted
via the four-probe method in a screw pressure-type diamond anvil cell. HP-
XRD measurements were carried out with angle-dispersive diffraction
mode at the beamline 16BM-D, High-Pressure Collaborative Access Team
(HPCAT), Advanced Photon Source, Argonne National Laboratory.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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