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Topological materials have aroused great interest in recent years, especially when magnetism is involved. Pressure
can effectively tune the topological states and possibly induce superconductivity. Here we report the high-pressure study
of topological semimetals XCd,;Sb, (X = Eu and Yb), which have the same crystal structure. In antiferromagnetic (AFM)
Weyl semimetal EuCd,Sb,, the Néel temperature (7y) increases from 7.4 K at ambient pressure to 50.9 K at 14.9 GPa.
When pressure is above 14.9 GPa, the AFM peak of resistance disappears, indicating a non-magnetic state. In paramag-
netic Dirac semimetal candidate YbCd,Sb,, pressure-induced superconductivity appears at 1.94 GPa, then T; reaches to
a maximum of 1.67 K at 5.22 GPa and drops to zero at about 30 GPa, displaying a dome-shaped temperature—pressure
phase diagram. High-pressure x-ray diffraction measurement demonstrates that a crystalline-to-amorphous phase transition
occurs at about 16 GPa in YbCd,Sb,, revealing the robustness of pressure-induced superconductivity against structural
instability. Similar structural phase transition may also occur in EuCd,Sb,, causing the disappearance of magnetism. Our
results show that XCd;Sb; (X = Eu and Yb) is a novel platform for exploring the interplay among magnetism, topology,

and superconductivity.

Keywords: high pressure, topological semimetal, magnetism, superconductivity
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1. Introduction

Topological materials have been widely investigated in
recent years due to their novel physical properties and the po-
tential application in electronic devices.!!®! By introducing
magnetism into the topological materials, the initial electronic
structure is modified by the broken time-reversal symmetry. ]
The combination of intrinsic magnetic order and nontrivial
topology provides a platform for the investigations of exotic
quantum states, such as Weyl semimetals, (-!1]
Hall effect,[!213] and axion insulators.[!-14]

In this context, the topological semimetals EuCdyM,
(M = As and Sb) have recently attracted a lot of attention due
to its special A-type AFM configuration.!>~2! The Eu spins
order ferromagnetically in the ab plane and stack antiferro-
magnetically along c axis below Néel temperature 7Ty = 9.5 K
for M = As and 7.4 K for M = Sb.['5-17] First-principle the-
oretical calculations predicted that EuCd,M, (M = As and
Sb) is an AFM Dirac semimetal candidate with unbroken Cj
symmetry,[!8] and a single pair of Weyl nodes could be gener-
ated by splitting the Dirac cone close to Fermi surface in fer-
romagnetic (FM) state.!!”] Experimentally, in AFM phase, the

anomalous
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EuCd; M, was revealed to hold several nontrivial topological
states including axion insulator, AFM topological crystalline
insulator, and higher order topological insulator.!!>-16-201 Tn
spin-polarized FM phase induced by an external magnetic field
along ¢ axis, a single pair of Weyl nodes is generated near
Fermi level due to the break of nonsymmetric time-reversal

(17,20

symmetry. | In the paramagnetic phase above Ty, quasi-

static FM fluctuations lift the Kramers degeneracy, indicat-
ing a centrosymmetric Weyl semimetal state of EuCd,M,.!??!
Furthermore, the magnetic order in EuCd,M, can be sup-
pressed by substituting europium atoms with non-magnetic
atoms, for instance, ytterbium. The Yb-based compounds be-
have paramagnetically and the C3 symmetry is maintained, be-
coming ideal Dirac semimetal candidates. Therefore, X Cd, M,
(X =Eu and Yb, M = As and Sb) has provided an ideal plat-
form for exploring the intriguing interplay between topology
and magnetism.[23-23]

Applying pressure is a clean and effective method of tun-
ing crystal structure and electronic state. Under pressure,
the magnetic ordering may be suppressed and novel ground

states such as superconductivity may emerge.[?’-3?! In this
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paper, we report the high-pressure electrical transport stud-
ies on EuCd,;Sb; and YbCd,Sb,. It is found that the AFM
transition temperature 7y of EuCd,Sb, increases from 7.4 K
at ambient pressure to 50.9 K at 14.9 GPa, then the mag-
netism disappears. No sign of superconductivity is observed
down to 300 mK. In contrast, superconductivity emerges in
YbCd,Sb; at 1.94 GPa, manifesting a superconducting dome
in the temperature-pressure phase diagram. High-pressure x-
ray diffraction (XRD) measurements on YbCd;Sb, show no
structural phase transition at low pressure, but a crystalline-to-
amorphous phase transition at about 16 GPa. Similar structural
phase transition may cause the disappearance of magnetism in
Equszz.

2. Materials and methods

The EuCd,Sb, single crystals were grown by using tin as
flux.1®! High-quality single crystals of YbCd,Sb, were grown
by self-flux method using a mixture of Yb (purity 99.9%), Cd
(purity 99.99%), and Sb (purity 99.999%) powders with a mo-
lar ratio of 1:20:2. The mixture was loaded into a corundum
crucible which was further sealed in a quartz ampoule under
vacuum. Subsequently, the ampoule was heated at 730 °C for
5000 minutes and then slowly cooled down to 430 °C at a rate
of 1 °C/h. Single crystals can be obtained by removing excess
flux in a centrifuge and cooling down to room temperature.

High pressure was generated by a diamond anvil cell
(DAC), in which diamond anvils with a culet size of diameter
300 um and a non-magnetic Be—Cu gasket were employed.
Cubic boron nitride (c-BN) and NaCl powders were used as
insulating material and pressure transmitting medium, respec-
tively. XCd,Sb, (X = Eu and YD) single crystals were crashed
into small pieces and loaded inside of a hole (120 um in di-
ameter) in the center of the gasket. Subsequently, four elec-
trodes of 4-pum-thick platinum thin foils were laid on the sam-
ple. With applying pressure, the small single crystals were
crashed into powder and compressed together solidly, allow-
ing a standard ohmic contact between sample and electrodes.
The solid pressure transmitting medium provides a quasi-
hydrostatic condition. The pressure inside the DAC was scaled

by monitoring the Ruby fluorescence at room temperature
each time before and after the measurement.*3! High pres-
sure resistance of EuCd,Sb, and YbCd,Sb, were measured
in a physical property measurement system (PPMS, Quantum
Design) and a He cryostat with Van der Pauw method.

The XRD measurement at ambient pressure was per-
formed by using an x-ray diffractometer (D8 Advance,
Bruker). The high-pressure synchrotron XRD experiments
were carried out using a symmetric DAC with a 260-pum culet
diamond. A rhenium gasket was pre-compressed to 30 pm in
thickness followed by drilling the central part by laser to form
a 90-pm diameter hole as the sample chamber. The sample
chamber was filled with a mixture of the sample, a ruby chip,
and silicone oil as the pressure transmitting medium. The ex-
perimental pressures were determined by the pressure-induced
fluorescence shift of ruby. Synchrotron XRD measurements
were carried out at beamline BL15U1 of the Shanghai Syn-
chrotron Radiation Facility (SSRF) using a monochromatic
beam of 0.6199 A.

3. Results and discussion

Figure 1(a) shows the crystal structure of XCd,Sb; (X =
Eu and Yb) at ambient pressure. XCd,Sb, crystallizes in trig-
onal structure with a space group of P3ml (No. 164).343%]
The ionic [Cd;Sb,] slab is sandwiched between layers of yt-
terbium/europium cations along ¢ axis. From the XRD pat-
terns in Fig. 1(b), only (00/) Bragg peaks are detected, demon-
strating that the largest natural surface of as-grown XCd;Sb,
single crystals is ab plane. Typical resistivity p(7) curves
of XCd,Sb, single crystals at ambient pressure are plotted in
Fig. 1(c). At high temperature, the resistivity of EuCd;Sb,
exhibits a metallic behavior. Below 100 K, with decreasing
temperature the resistivity increases rapidly to a maximum at
Tn = 7.4 K and then drops sharply. The low-temperature resis-
tivity behavior of EuCd;Sb; resembles previous report on its
sister compound EuCd;As,, which attributed the sharp drop
below Ty to the reduced scattering from the ordered state of
the Eu moments./?3! For paramagnetic YbCd,Sb,, its resistiv-
ity exhibits a weakly metallic behavior.
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Fig. 1. (a) Schematic crystal structure of XCd,Sb, (X = Eu and Yb). Green, purple, and orange balls represent Sb, Cd, and Eu/Yb atoms, respectively. (b)
Room-temperature x-ray diffraction pattern of XCd,Sb; (X = Eu and Yb) single crystals, showing that the largest natural surface is ab plane. (c) Typical
resistivity curves of XCd,Sb, (X = Eu and Yb) single crystals at ambient pressure. The peak at 7.4 K denotes the antiferromagnetic transition of EuCd,Sb;.
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Fig. 2. Temperature dependence of the normalized resistance under different
pressures for EuCd;Sb, (a) below 14.9 GPa and (b) above 14.9 GPa in a tem-
perature range of 2 K-300 K, respectively. The arrows denote the Néel tem-
perature Ty. The inset of (b) depicts the pressure dependence of Rat 7 =2 K
(red squares) and 300 K (blue circles). (c) The temperature—pressure phase
diagram of EuCd,Sb,. The values of 7y are obtained from panel (a).

Figures 2(a) and 2(b) present the temperature-dependence
normalized resistance R/R3po k of EuCd,Sb; up to 43.7 GPa.
The data are obtained from two samples with two experimen-
tal runs, which have consistent results. The application of
2.61 GPa and 5.12 GPa shift Ty (the peak position) towards

higher values. For 9.56 GPa and above, the AFM peak be-
comes broader and lower, therefore we redefine the value of
Tx as the point of intersection of two lines extrapolated from
the R(T) curve below and above the temperatures of the broad
peak. The value of Ty increases substantially to a maximum
of 50.9 K at 14.9 GPa, about 6.8 times of that at ambient
pressure. When the pressure is above 14.9 GPa, the AFM
peak completely vanishes, indicating the absence of magnetic
phase transition. The absolute resistances Rk and R3ggk
also decrease to very small values, as shown in the inset of
Fig. 2(b). From these results, we construct the temperature-
There

are two main features in the phase diagram: (i) 7Ty increases

pressure phase diagram of EuCd;Sb, in Fig. 2(c).

monotonously with the applied pressure up to 14.9 GPa, then
drops to zero. A similar phase diagram has recently been
reported in EulnpAs,, in which the increase of Ty is mainly
attributed to the enhancement of intralayer ferromagnetic ex-
change coupling by pressure. 3% (ii) A non-magnetic state ap-
pears after the collapse of AFM phase above 14.9 GPa. Sim-
ilarly, for Euln,As;, with increasing pressure up to 17 GPa,
a crystalline-to-amorphous phase transition occurs, which im-
pedes further enhancement of Ti.!*®! This will be discussed
later. In order to further check whether there is pressure-
induced superconductivity in EuCd;Sb,, we also measure an-
other sample down to 300 mK and no sign of superconductiv-
ity is observed (data not shown here).

The resistance R(T') from 0.3 K to 300 K for YbCd,Sb,
sample A under pressures up to 29.2 GPa is plotted in Fig. 3(a).
At low temperature, a resistance drop is clearly observed un-
der 1.94 GPa, and becomes more pronounced with increasing
pressure, as shown in Fig. 3(b). The value of T; (defined at
the 10% drop of normal-state resistance, TClO%), first increases
to a maximum of 1.67 K at 5.22 GPa then decreases, eventu-
ally drops to below 0.3 K at 29.2 GPa. Noting that no zero
resistance is observed for YbCd,;Sby sample A in the whole
pressure range. To confirm that the R drop is due to super-
conducting transition, we measure the resistance of sample A
at different magnetic fields under 10.0 GPa. The R drop is
gradually suppressed upon increasing magnetic field and com-
pletely disappears at 0.6 T. The upper critical field uoHe (T)
as a function of temperature is extracted and plotted in the inset
of Fig. 3(c). It can be well fitted by the empirical Ginzburg—
Landau (GL) formulal?7!

HoHe(T) = toHea (0)(1 = (T /T)*) (1 +(T/T.)%). (1)

The zero-temperature upper critical field poHe»(0) is deter-
mined to be 0.41 T, which is much lower than the Pauli para-
magnetic limit field H,(0) = 1.84T; ~ 1.86 T,1’%*! indicating

the absence of Pauli pair breaking.
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Fig. 3. High-pressure resistance curves of YbCd,Sb, sample A. (a) Tem-
perature dependence of resistance under different pressures up to 300 K. (b)
Low-temperature resistance shows the superconducting transition. The inset
in panel (b) demonstrates that pressure-induced superconductivity emerges
at 1.94 GPa. (c) Temperature dependence of resistance at different magnetic
fields under 10.0 GPa. The superconducting transition temperature 7; is de-
fined at the 10% drop of normal-state resistance (TCIO%). The inset in panel (c)
depicts the upper critical field tpH, as a function of Ti, which can be well
fitted by Ginzburg—Landau formula.

In order to reproduce the pressure-induced superconduc-
tivity in YbCd,Sby, a new sample B obtained from a dif-
ferent batch was measured under pressures from 3.85 GPa

to 28.8 GPa, as shown in Fig. 4(a). For sample B, zero

(a) 12
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—6.96 GPa
——9.32 GPa
o ——13.3 GPa
——15.7 GPa
——20.6 GPa
c ——25.2 GPa
g 6 ——28.8 GPa
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%
~ 1.0fF p P
EO
Qo
(]
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"]
Superconductivity
0 1 1 1 1 1
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P (GPa)

Fig. 4. (a) Low-temperature resistance under different pressures for
YbCd,Sb, sample B. (b) Temperature dependence of resistance under O T
and 1 T at 6.96 GPa. (c) Temperature—pressure phase diagram of YbCd,Sb,,
showing a dome-shaped pressure-induced superconductivity.

resistance is observed and the highest 7; is 1.65 K un-
der 6.96 GPa, consistent with sample A. When an exter-
nal field 1 T is applied, the R drop of sample B under
6.96 GPa is completely suppressed, as shown in Fig. 4(b).
These results confirm the pressure-induced superconductivity
in YbCd;Sb;. Combining the results of sample A with sample
B, the temperature—pressure phase diagram of YbCd,Sb; is
mapped out in Fig. 4(c), which shows a clear superconducting
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dome. Note that the data points of 24.9 GPa for sample A and
25.2 GPa for sample B are not shown, since the 7¢s are below
our lowest temperature 0.3 K. For the data points of 29.2 GPa
for sample A and 28.8 GPa for sample B, we estimate that the
T:s are very close to zero. These do not affect the overall shape
of the superconducting dome in Fig. 4(c).

To check whether the pressure-induced superconductiv-
ity arises from a structural phase transition, we performed
high-pressure synchrotron XRD measurements on YbCd;Sb;
sample, shown in Fig. 5(a) for different pressures. The
ambient—pressure phase persists up to 12.3 GPa, since no new
diffraction peaks appear. Therefore, the superconductivity in
YbCd, Sb; is not related to a pressure-induced structural phase
transition. The pressure dependence of lattice parameters a, b,
and unit-cell volume V /Z are plotted in Figs. 5(b) and 5(c),
obtained by fitting the XRD data with GSAS software. There
is no anomaly in a, b, and V /Z except that the volume is com-
pressed by 15.3%. Below 12.3 GPa, the evolution of V /Z can

be well fitted by Birch-Murnaghan equation[4°]

)
‘ {1+j(36—4) l(mw— I] } @)

where By, B{), and Vj are the bulk modulus, first-order deriva-

3
P="1B
20

tive of the bulk modulus, and the derived zero-pressure vol-
ume, respectively. The fitting gives Vp = 145.2 A3, By =
34.6 GPa, and B, =9.1.

" (b){7.6
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% ~ \.\-\ 74 ~
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Fig. 5. (a) High-pressure x-ray diffraction (A = 0.6199 A) patterns of

YbCd,Sb; under pressures ranging from 0.1 GPa to 22.7 GPa. (b) and (c)
Pressure dependence of the lattice parameters a, ¢, and V /Z for YbCd,Sb,,
respectively. The black dashed line is the fitting of third-order Birch—
Murnaghan equation, which derives zero-pressure volume Vp = 145.2 A3,
bulk modulus By = 34.6 GPa, and the first-order derivative of the bulk mod-
ulus By =9.1.

Above 12.3 GPa, the pristine trigonal phase still exists,
but the peak intensity decreases and some small diffraction

peaks appear around major splitting peaks, which is resem-
bling of EuCd,As;,*! suggesting the instability of crystal
structure and the emergence of new phase. However, it is hard
to determine the space group of the high-pressure phase due to
the complex diffraction spectra. When the pressure is higher
than 16.3 GPa, the original diffraction peaks gradually van-
ish and only two humps are detected at 22.7 GPa. This is
reminiscent of the crystalline-to-amorphous phase transition
in EulnyAs; at ~ 17 GPa.l3%! For YbCd,Sb,, the supercon-
ductivity persists into the amorphous phase. Considering the
structure similarity of EuCd,;Sby, YbCd;Sb;, and Euln, As,,
such crystalline-to-amorphous phase transition should also oc-
cur in EuCd;Sb,.
tice period thus absence of magnetic order, this may explain

Since the amorphous phase has no lat-

the sudden disappearance of AFM order around 14.9 GPa in
EuCd;Sb;. On the other hand, considering the energy dif-
ference between divalent and trivalent Eu ionic state is not
extremely large and the ion radius of Eu’t is smaller than
Eu’*, Eu”" state could thus be easily destabilized and pushed
towards Eu®" state with external energy like pressurization

(421 leading to the collapse of

in some Eu-based compounds,
antiferromagnetism. Whereas we did not detected the ther-
mal hysteresis on cooling and warming resistance curves (as
a hallmark of valence transition),[*>*3 more high-pressure x-
ray photoemission spectroscopy (XPS), x-ray absorption near-
edge spectroscopy (XANES), and XRD measurements that
could directly monitor valence and structure transition are fur-
ther needed.

The superconducting dome found in YbCd,Sb, is quite
interesting. Usually, such a superconducting dome is asso-
ciated with the suppression of magnetic order!*®! or charge-
density wave.[*’l However, no magnetic order and charge-
density wave have been observed in YbCd;Sb,. In this sense,
its superconducting dome may be due to a Lifshitz transition
(related to electrical topological transition and Fermi surface
reconstruction), as observed in WTe,.[?81 More Hall coeffi-
cient measurement on single crystal and electronic band struc-
ture calculation under pressure are needed to further clarify
this issue.

4. Conclusion

We have systematically measured the resistance of topo-
logical semimetals XCd,Sb, (X = Eu and Yb) under high
pressures. For EuCd,Sb,, it is found that pressure strongly en-
hances the AFM transition up to ~ 15 GPa, then the magnetic
order suddenly disappears. The increase of Ty is attributed
to pressure-enhanced intralayer FM exchange coupling and a
crystalline-to-amorphous phase transition may cause the dis-
appearance of magnetic order. For paramagnetic YbCd,Sb,, a
clear superconducting dome is observed in the temperature—
pressure phase diagram, which may relate to some kind of
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Lifshitz transition.
X =

Our results demonstrate that XCd,;Sb,
Eu and Yb) is a novel platform for exploring the interplay

among magnetism, topology and superconductivity.
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