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Materials with non-saturating, extremely large magnetoresistance (XMR) attract continuous re-
search interest due to their great potentials in the fields of spintronics and magnetic sensors/switchs.
Here, we report the discovery of pressure-driven superconductivity (SC) in trigonal PtBiz, a
semimetal material with nontrivial triply degenerate point fermions exhibiting non-saturating XMR
effect, above a critical pressure of ~5-6 GPa. The superconducting transition onset temperature is
~2 K and displays a very weak pressure dependence across a broad pressure range of ~5-48 GPa.
The lattice structure of trigonal PtBiz is stable against pressure at least to 12.9 GPa. Around
the same critical pressure where the SC emerges, the Hall coefficient varies violently and shows
a sign crossover from low-pressure positive (hole-dominated) to high-pressure negative (electron-
dominated), probably indicating a close relationship between them.

I. INTRODUCTION

Pressure, as one of the fundamental thermodynamic
parameters, plays a significant and indispensible role on
the study of superconductivity (SC). It can drive a ma-
terial that is not superconductive at ambient pressure
into a superconductor and/or modify the superconduct-
ing phase transition temperature (T¢) effectively. Typ-
ical examples include inducing SCs in BCS-type non-
superconducting elements!-2 and poly-H systems like S-
H3 and La-H# (where to date a record high T of ~ 260
K has been achieved). Intuitively, SCs in these materials
under high pressure are made possible owing to enrich-
ment of the carriers concentration and/or enhancement
of the electron-phonon coupling. In addition, pressure
can optimize or introduce SCs in many unconventional
systems® like heavy-fermion materials, cuprates or iron-
based compounds, by suppressing some orders to zero
temperature and realizing a quantum critical point.

Over the past decade, materials with non-saturating,
extremely large magnetoresistance (XMR) attracted con-
tinuous research interest due to their great potentials in
the fields of spintronics and magnetic sensors/switchs.
Empirically, one may find that applying pressure to these
materials can suppress their XMR and induce SC. In-
deed, there have been many reports on pressure-induced
SC in the XMR materials, such as (W/Mo)Tey,” 2
(Zr/Hf)Tes 2212 Cd3Asy, 22 and so on. Usually, these
XMR materials, referred to as topological electronic ma-
terials (new quantum states of matter), have non-trivial
bulk or surface band structures featuring in linear dis-
persions in the momentum space. In addition to the
XMR, these materials manifest ultrahigh carriers mo-
bility and low carriers density.14!2 Since these XMR

semimetals generally have relatively low carrier density
(~ 1018720 /cm3)14:15 than that of conventional metals
(~ 1022 /em?), application of pressure may lead to a rapid
enhancement in carriers density due to shrinkage of the
lattice. This may be favorable for the emergence of SC in
terms of the wisdom of BCS theory. Moreover, compress-
ing a topological material into a superconductor may also
be beneficial to realize the so-called topological super-
conductivity where there exist so-called Majorana modes
relevant to fault-tolerant quantum computations.

Recently, transition-metal dipnictide PtBiy stood out
as a new system hosting extraordinary XMR effect 1623
Generally, the binary compound PtBiy has two struc-
tural polymorphs that are easily accessible in lab, i.e.,
three-dimensional cubic PtBi, with space group Pa3
(No. 205) and distorted layered quasi-two-dimensonal
trigonal PtBiy with space group P31m (No. 157). Inves-
tigations show that cubic PtBiy is a Dirac semimetalt®:24
and trigonal PtBis is a semimetal with unique triply de-
generate point fermions,? the former of which even ex-
hibits the highest MR observed among the known non-
magnetic metals so far.i6 Just as told by the above em-
pirical rule, compressing cubic PtBis can suppress its
XMR and turn it into a superconductor.22 The pressure-
induced SC in cubic PtBiy; above ~13 GPa has noth-
ing to do with any structural anomalies and is related
to pronounced enhancement in carriers density of both
electrons and holes.

Here, we show that trigonal PtBiy becomes a super-
conductor upon compression inside a diamond anvil cell
with pressures above ~5-6 GPa. While no evident trace
of structural transitions is observed, the emergence of SC
in trigonal PtBis may be related to a positive-to-negative
sign change of the Hall coefficient.
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FIG. 1. (a) Pressure dependence of dc electric resistance (R) of trigonal PtBis in the temperature range of 1.8-300 K (Runl).
Inset: Low temperature R at 5.0 GPa. TE"*° is defined as the onset temperature of resistance drop in R — 7. (b) and (c)
are enlarged views of low-temperature resistance in Runl. (d) High-pressure electrical transport measurements in a second run
(Run2). (e) and (f) are enlarged views of low-temperature resistance in Run2.

II. EXPERIMENTAL DETAILS

The grown method of single crystals can be found
elsewhere.l” High-pressure resistance and Hall effect
measurements were performed by using an in-house
multifunctional physical properties measurement system
(temperature: 1.8-300 K; magnetic field: 0-+£9 T). The
preparation details of samples inside the diamond anvil
cells (DACs) and data processing procedures for the
above transport experiments are almost the same as
those in a previous report.23

The room-temperature angle-dispersive synchrotron x-
ray diffraction (XRD) experiments were carried out on a
piece of single crystal (~50 x 50 x 5 um?), at the beam-
line 16 BM-D of HPCAT,26 Advanced Photon Source,
Argonne National Laboratory. The x-ray wavelength is
0.3100 A. Daphne 7373 was employed as the pressure-
transmitting medium. The DIOPTAS program?’ was
used for image integrations. Pressure was determined

by the ruby fluorescence method at room temperature.2®

III. RESULTS AND DISCUSSION

Figure[llshows the in-plane resistance (R) as a function
of temperature at different applied pressures for two runs.
In Fig. M{a) (Runl), at 0.5 GPa trigonal PtBiy shows a
metallic behavior in the temperature range of 1.8-300 K ,
similar to previous reports at ambient pressure 7 19:21:23
Upon further compression, the R — T curves shift up-
wards progressively. In addition, a tiny resistance drop
begins to be observed at Po=5.0 GPa, with an onset
temperature of TG"*¢* ~ 2.0 K, see the inset of Fig. [[a).

Afterwards, the drop in resistance gets more and more
evident with increasing pressure and zero resistance is
observed above 22.6 GPa [see Figs. [{b) and [c)], in-
dicating that the resistance drop should be a supercon-
ducting phase transition. The Tg"set has a very weak
pressure dependence, varying slightly within a tempera-
ture window of +0.3 K. These observations in transport
properties are well reproducible in another run [Run2,
Figs. Ml(d-f)]. Note that trigonal PtBiy does not show
any sign of SC at ambient pressure with temperatures
down to as low as 50 mK (not shown).

The resistive superconducting transition is further evi-
denced by measuring the magnetic field dependence of re-
sistance at a fixed pressure of 22.6 GPa. As expected, one
can see that the resistance drop shifts to lower temper-
atures gradually with increasing field and almost smears
out above 3.0 kOe, as shown in Fig. 2(a). To estimate
the upper critical field (uoHc2), we choose a resistance
criterion of per; = 90%p, (pn is the normal state re-
sistance just above Tg"se’f) and then plot the data in
Fig. B(b). The WHH model?? was used to fit the data,
which yields an estimated zero-temperature upper criti-
cal field poHe2(0) of ~7.7 kOe. This value is far below
the BCS weak-coupling Pauli limit of ~1.84xT¢ (36.8
kOe). We would like to mention that as ac susceptibility
measurements under such high pressure and low temper-
ature is very challenging, the susceptibility data is lacking
at present. Therefore, we cannot rule out the possibility
of filamentary superconductivity, leaving the question of
bulk superconductivity in trigonal PtBis under pressure
open.

Trigonal PtBis was reported to be a XMR material
at ambient pressure.l’” Now we investigate the pres-
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FIG. 2. (a) The resistive superconducting phase transition of
trigonal PtBis at 22.6 GPa in magnetic fields to 3.0 kOe. (b)
Temperature dependence of the upper critical field poHco.
The red solid line is a fit to the data as described in the main
text.

sure effect on its MR. With the application of ex-
ternal pressure, the transverse MR of trigonal PtBis
[MR=100%x (R(H) — R(0))/R(0)] gets suppressed re-
markably as seen from Fig. Bla). For example, at 0.5
GPa the MR is about 135% compared to an ambient-
pressure value of about 10000% at the same temper-
ature and field conditionsX? A previous study on the
XMR effect in semimetals reveals that at a given con-
dition the higher the residual resistivity ratio RRR value
(= Rsoor/Rsk) is and thereby the better the sample
quality is, the higher the XMR value is.2? This is ap-
plicable for the present case as the RRR value changes
from ~800 at ambient pressurel? to ~29, say at 0.5 GPa.
In addition, such great suppression of MR has also been
observed in other XMR semimetals with extremely high
carriers mobility and may be likely due to rapid decrease
in carriers mobility (1).722 In the present case, the rapid
decrease in MR may be related to a change of carriers
density itself as indicated by the Hall measurements be-
low. From Fig. Blb), we find that the transverse MR (at
5 K and 8 T) scales well with the residual resistance ra-
tio RRR, suggesting a close relationship between the MR
and the RRR as also reported before.22 The shape of the
transverse MR versus H can be divided by a crossover
field H* into two regions: the MR below H* shows a
quadratic field dependence, whereas it increases linearly
above H*. One can see that dM R/dH changes almost
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FIG. 3. (a) The transverse MR of trigonal PtBiy at 5 K under
different pressures. Inset is a schematic of direction relation-
ships of the applied current, the sample natural cleavage facet
and the applied magnetic field. At low fields MR o< H? while
beyond H* a linear field dependence is observed. (b) Plots
of MR and RRR = Rsoox/Rskx versus pressure. (c) The
crossover field H* and the slope of the high-field linear MR
as a function of pressure.

inversely with H* [Fig.[3lc)], which may imply a classical
disorder mechanism for the linear MR.18

To check whether the pressure-induced superconduc-
tivity links to a structural transition or not, we per-
formed high-pressure synchrotron XRD experiments at
room temperature. We found that trigonal PtBis is un-
stable if being ground in the air. As such, we collected
the XRD data directly by using a Mao-Bell type diamond
anvil cell with a piece of freshly cleaved single crystal in-
side. Representative raw diffraction images at 2.1, 6.9
and 12.9 GPa are displayed in the left column of Fig. [l
Clearly, spots with six-fold rotational symmetry can be
observed. The integrated intensity versus 2theta patterns
are shown in the middle column of Fig. [l Starting at 2.1
GPa, all the peaks except for two minor ones marked by
star (from cubic phase) can be indexed by the trigonal
structure with space group P31m (No. 157). With in-
creasing pressure, the XRD peaks shift to higher angles
due to shrinkage of the lattice. No evident changes or new
peaks can be discerned to 12.9 GPa, suggesting a stable
lattice structure of trigonal PtBis in this pressure range.
The extracted lattice parameters by using the RIETICA
program3! with the Le Bail method and the equation of
state (EOS) are displayed in the right column of Fig. [
The EOS is fitted by the third-order Birch-Murnaghan
equation,22 which gives the unit-cell volume V5 = 230.2
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A. Peaks marked with star are from the cubic phase of PtBis.
Right column: lattice parameters and the volume as a func-
tion of pressure (equation of state, EOS). The EOS data is
fitted by the third-order Birch-Murnaghan formula.
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FIG. 5. Hall resistivity as a function of field (p.y(H)) at
different pressures and a fixed temperature of 5 K. Inset of
(b) shows a schematic setup of the Hall effect measurement.

A3, the bulk modulus By = 105.1 GPa and its first-order
derivative B(/) = T7.5.

Next we checked the carriers information of trigonal
PtBiy under high pressure via Hall effect measurements.
In Fig. Bl we show the field dependence of Hall resistivity
[pzy (H)] at various pressures and a fixed temperature of
5 K. Starting at 0.7 GPa, the positive pg,(H) first in-
creases at low fields and then turns to decrease at higher
fields, followed by a trend to change its sign to nega-
tive. This observation is similar to the previous reports
at ambient pressure 71923 which is a characteristic of
multiple bands crossing the Fermi level. With increas-
ing pressure, the high-field down turn becomes less and
less evident and almost a linear behavior of py,(H) is
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FIG. 6. (a) Temperature-pressure phase diagram of trigonal
PtBi2. Pc indicates the critical pressure where superconduc-
tivity is initially observed. (b) Hall coefficient (Ry) deter-
mined from the low-field or high-field limits of pa,(H).

observed. From 4.8 to 6.2 GPa, the slope of the linear
pay(H) changes its sign from positive to negative, indi-
cating a crossover of the dominant carriers type. We note
that this pressure coincides with the critical one where
SC is initially observed [Run2, Fig.[I{d)], implying an in-
timate relationship between them. When the pressure is
further increased, the magnitude of the negative slope of
Pzy(H) increases gradually and then decreases again af-
ter reaching a maximum at 23-25 GPa. Such magnitude
fluctuations may indicate that the multiband character
of trigonal PtBis remains under high pressure.

We plot the Hall coefficient Ry at the field limits and
the superconducting phase diagram of trigonal PtBis to-
gether in Fig. It can be readily seen that above the
critical pressure Po ~5-6 GPa, SC emerges and the low-
field limit of Ry changes its sign from positive to negative
simultaneously. At the same time, the negative high-field
limit of Ry crosses the zero horizon line and reach a lo-
cal positive maximum. These results imply that while
the concentration of the hole-type carrier increases upon
initial compression, the emergence of SC should be trig-
gered by rapidly enhancement in concentration of the
electron-type carrier.

Finally, we would like to compare the high-pressure re-
sults obtained for PtBis between the cubic and the trig-
onal phases. In cubic PtBiy, SC occurs above Po ~13
GPa with no structural transition.22 In addition, the su-
perconducting transition temperature is ~2.2 K and is
pressure insensitive. These observations are similar to
those of trigonal PtBiy except for the Po (~5-6 GPa).
The most significant difference between the two cases is
from the Hall response when SC occurs. For cubic PtBis,



it is always of carriers compensation at high pressures.22

The occurrence of SC is related to simultaneous enhance-
ments of both the electrons and holes concentrations. In
contrast, trigonal PtBis is not carriers compensated.1?:23
The emergence of SC may be related to a sign crossover
of the Hall coefficient from positive to negative, i.e., dom-
inantly owing to enrichment in concentration of the elec-
trons. Such differences may reflect their differences in
lattice structure and electronic band topology.

IV. CONCLUSIONS

In summary, we have studied the high-pressure
properties of trigonal PtBis through a combination
of electrical resistance, synchrotron XRD and Hall
effect measurements. Our data evidences a pressure-
induced SC in trigonal PtBis, which does not link
to a structural transition but may be related to a
positive-to-negative sign change of the Hall coefficient.
The present study demonstrates again that it may
be a good route to explore SC by compressing the
XMR materials. In addition, since SC in PtBiy under
pressure is related to a change in carriers density, doping
are expected to be effective in inducing SC in the system.
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