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1. Introduction
Rich nontrivial topological phases rooted in the interplay between magnetism

and topology in the layered antiferromagnet EuCd,As, have captured vast
attention, especially the ideal Weyl semimetal state realized in the

Magnetic topological phases have arrested
rapid growing research interest in re-
cent years, because the interplay between

spin-polarized ferromagnetic (FM) structure driven by a moderate external magnetism and nontrivial topological
magpnetic field. In this work, combining magnetization, magneto-transport, band structure can produce extraordinary
and structure measurements under high pressure and first principles topological states such as the quantum
calculations, this study finds that the pressure can drive the in-plane anomalous Hall (QAH) insulator,!?! axion

insulator,?*l and magnetic Weyl semimetal
(WSM).5=%] Generally, in a Dirac semimetal
(DSM), the gapless crossing of two doubly

antiferromagnetic structure of EuCd,As, across an intermediate in-plane FM
structure then into the out-of-plane FM structure. This study also finds

butterfly-shaped MR and anomalous Hall effect under large pressure, which degenerate bands forms the Dirac point
may support the pressure-driven FM state. High-pressure angle-dispersive (DP), which is protected by the combina-
X-ray diffraction and X-ray absorption near-edge spectroscopy measurements tion of both inversion (P) and time-reversal

(T) symmetries.'%!] Once P or/and T can

exclude structure transition and/or change of Eu?* valence state as sources
/ & be broken, the twofold band degeneracy

for the magnetic phase transitions. Alternatively, apparently reduced axial will be lified and the crossings of nonde-
ratio (c/a) and compressed Eu-layer space distance should play important generate bands then lead to Weyl points
roles. Interestingly, the calculations unveil that the out-of-plane FM structure (WPs) that always appear in pairs with
hosts only one pair of Weyl nodes around the Fermi level, suggesting that inverse spin chirality.">*] In a magnetic
pressure can be an alternative way to realize the ideal Weyl semimetal state in topological phase, the coupling between the
EuCd,As, and will be useful for exploring exotic topological properties in such spin and charge degrees of freedom offers

, . . . . opportunities to control different topolog-
layered magnetic topological phase with strongly competing magnetic ical phases by magnetism, which enables

exchanges. the creation of ideal Weyl state through
precisely manipulating the spin structure,
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resembling the cases in the van der Waals antiferromagnetic
(AFM) topological insulators (TIs) MnBi,Te,/(Bi,Te;),** and
MnSb,Te,/(Sb,Te;), (n = 1, 2).514 These materials share simi-
larities of strong spin—orbit coupling (SOC), low structural sym-
metry and long-range magnetic order, in which the spin rotation
or polarization by external magnetic field can significantly alter
the electronic band structure by the energy of even orders of mag-
nitude larger than the traditional Zeeman splitting.[*5]

The layered triangular lattice antiferromagnets EuCd,Pn, (Pn
= As, Sb) have captured considerable interest in recent years
due to the WSM state in the spin-polarized structure. [67:16-20]
EuCd,As, is an itinerant magnet with conduction electrons from
the Cd and As orbitals, and the magnetism originates from the
local Eu 4f moments which form a long-range AFM order at T
~ 9.5 K with an A-type structure, i.e., ferromagnetic (FM) ab
planes with in-plane lying spins stacking antiferromagnetically
along the c-axis.!'®] Such A-type AFM_in structure breaks the C,
symmetry and consequently gaps the DP.[®7] Compared with the
large gap of %200 meV in MnBi, Te,, the small gap of only about
tens meV in EuCd, As, requires smaller energy to be closed, thus
enabling the realization of FM WSM state with polarizing the
spins along a specific direction, for example, the c-axis, by a mod-
erate external magnetic field. Interestingly, an ideal WSM state in
the c-axis direction spin-polarized structure was suggested with
a single pair of WPs close to the G point along the G-A direction
of the Brillouin zone, in a small window of energy free of other
bands, thus providing a rare clean platform for the study of Weyl
physics.l”]

Pressure is known to be a powerful and clean approach to
tune crystallographic symmetry as well as electronic states for
topological materials.[?122l The WSM TaAs shows a phase tran-
sition from ambient pressure [4,md structure to a high pressure
hexagonal P-6m2 structure at 14 GPa, with the number of WPs
changing from 24 to 12.12)) Pressure-induced concurrence of su-
perconductivity and topological phase transition was recently ob-
served in the topological nodal-line semimetal SrAs,.[>*] Besides
the nonmagnetic topological materials, high pressure was also
verified as a productive means to tune the physical properties
of magnetic topological materials.[?>%%] For example, the out-of-
plane FM order in the magnetic WSM Co,Sn, S, is suppressed
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Figure 1. a,b) Temperature-dependent resistance of EuCd,As, under var-
ious pressures. c) Temperature-dependent magnetizations under pres-
sures lower than 0.9 GPa. d) Isothermal magnetizations at 4 and 20 K
under pressures lower than 0.9 GPa. e) Temperature dependence of ac
susceptibility for EuCd,As, under selected pressures up to 9.8 GPa, where
a remarkable magnetic phase transition from paramagnetic to ferromag-
netic state is observed. The low temperature panel marked with rectangle
is the diamagnetism from pressure calibrator of superconducting Pb. f)
Pressure dependence of magnetic ordering temperature (Ty and T¢) of
EuCd,As,. The open and solid symbols are the data from ref. [28] and
present work, respectively.

by pressure, whereas in-plane AFM component is developed,?’!
indicating that the magnetic structure could be manipulated
by external pressure. Here, combining magnetization, magneto-
transport and structure measurements under high pressure and
first principles calculations, we find that application of pressure
is capable of driving the in-plane AFM state across an intermedi-
ate in-plane FM state then into the out-of-plane FM state without
structural phase transition and chemical valence change of Eu
ions. The theoretical calculations indicate an ideal Weyl state will
appear in the out-of-plane FM structure.

2. Results and Discussion

The basic characterization results of EuCd,As, crystals are pre-
sented in Figure Sla—f (Supporting Information). The temper-
ature dependent resistance R(T) of EuCd,As, crystal measured
at various pressures ranging from 0 to 24 GPa is presented in
Figure 1a,b. The R(T) at ambient pressure displays a sharp peak
at 9.5 K signifying the AFM order. The measurements at pres-
sure lower than 2.5 GPa was recently reported,[?®! which shows
that the AFM order could be slightly enhanced with increasing
the pressure to 1.3 GPa, while the continuous increase of pres-
sure larger than 1.3 GPa, on the contrary, can suppress the peak
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to low temperature until the pressure reaches ~2 GPa, which
then rapidly pushes the peak to high temperature again. The
behavior was ascribed to a spin transition from the AFM_in to
FM_in configuration at #2 GPa. Our magnetic susceptibility and
isothermal magnetizations measured below 0.9 GPa presented
in Figure 1c,d support that the AFM order could be initially en-
hanced by pressure. We mainly focused on the characterizations
on EuCd,As, under pressure larger than 2.5 GPa that had not
been measured yet. Seen in Figure 1a,b, with increasing pres-
sure larger than 2.5 GPa, the peak signifying the FM_in order
gradually shifts to high temperature, which becomes more and
more broad and is eventually smeared out at pressure larger than
19.7 GPa. The R(T) then displays a semimetallic conducting be-
havior over the measured temperature range.

To experimentally check the possibility of pressure-induced
magnetic phase transition in EuCd,As, suggested from the den-
sity functional theory (DFT) calculations presented later, the ac
susceptibility measurement of EuCd,As, was performed up to
9.8 GPa. Figure le shows the temperature dependence of ac sus-
ceptibility of EuCd,As, under selected pressures up to 9.8 GPa,
where a sharp enhancement of susceptibility intensity is ob-
served, indicating a magnetic phase transition from PM to FM.
The low temperature panel marked with rectangle is the dia-
magnetism from pressure calibrator of superconducting Pb. The
magnetic ordering temperatures (Ty and T) as a function of
pressure are shown in Figure 1f. The open and solid symbols are
the data taken from ref. [28] and present work, respectively. It can
be seen from Figure 1f that the T}, is not sensitive to applied pres-
sure, while the T, shows rapid increase as the pressure increases
with a rate of ~2.5 K GPa~!. Moreover, the pressure induced T,
increase does not reach saturation up to 9.8 GPa. Here, the exper-
imental observation of pressure-induced magnetic phase tran-
sition (AFM_in — FM_in) in EuCd,As, is consistent with the
present theoretical simulation results. Due to the limitation of
high pressure magnetization measurements, the measurements
in the present technique could not directly be performed up to
the critical pressure (=20 GPa) to confirm the theoretically sug-
gested FM_in — FM_out transition as presented later. Further-
more, performing high pressure neutron diffraction experiment
at ~#20 GPa is challenging for samples containing Eu element.
Therefore, the magnetic state of FM_out of EuCd,As, was deter-
mined relying on the DFT simulations.

Now we turn to investigate the evolution of magnetotransport
of EuCd, As, under high pressure. We noticed that EuCd, As, ex-
hibits negative MR (n-MR) under the pressures range of 20.8—
31.1 GPa and at 2 K, seen in Figure 2a. In addition, a remark-
able butterfly-shaped MR is observed with increasing the pres-
sure. To achieve more insights into the extraordinary behavior of
MR under high pressure, the temperature dependence of MR at
31.1 GPa was measured and is shown in Figure 2b. It is appar-
ently that the butterfly-shaped hysteresis loop in the MR curve
is suppressed as the temperature increases. The butterfly-shaped
MR can persist even up to 50 K seen by the enlarged view as the
inset of Figure 2b. So far as we know, the observation of butterfly-
shaped MR in EuCd,As, has not been reported yet, which while
was ever reported in other ferromagnets such as Fe;0,/%! and
Fe;GeTe,,3% likely a further support of the FM state in EuCd, As, .
Furthermore, a quasi-linear MR versus magnetic field is observed
at 100 K. Unfortunately, since it is hard to perform crystallo-
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Figure 2. a) Pressure-dependent MR of EuCd,As, at 2 K. The arrows mark
the direction of magnetic field variation. b) MR under 31.1 GPa as a func-
tion of temperature. The inset shows the magnetic hysteresis within the
magnetic field range of £0.5 T at 50 K. c) Pressure-dependent Hall resis-
tance of EuCd,As, at 2 K. d) Temperature-dependent Hall resistance under
31.1GPa.

graphic direction dependent n-MR measurements under very
high pressure, we were unable to carry out further characteriza-
tions and hence the analysis to achieve in-depth insights into the
underlying physics of the MR.

The Hall resistance of EuCd, As, at 2 Kand under various pres-
sures is shown in Figure 2c. Anomalous Hall effect (AHE) is dis-
played in the measured pressure range. Interestingly, a remark-
able hysteresis loop in the Hall resistance under low magnetic
field in the range of +1.0 T is observed with increasing the pres-
sure. Furthermore, the area of the hysteresis loop is apparently
expanded with increasing the pressure. Figure 2d shows the tem-
perature dependence of Hall resistance under 31.1 GPa. The hys-
teresis loops are only observed in the temperature range of 2-10
K and then are suppressed as the temperature increases. Since it
is difficult to determine the magnetization of the sample under
high pressure, we can only show the overall variation of the Hall
resistance. We argue that the variation of the Hall resistance of
EuCd,As, under high pressure is correlated with the pressure-
induced magnetic phase transition.

To examine the possibility of pressure-induced structural tran-
sition that is responsible for the variations of MR, Hall resis-
tance and the magnetic phase transition, the structure evolution
of EuCd,As, under pressure were measured, with more details
shown in the Supporting Information. Under ambient pressure,
the Eu, Cd, and As atoms in EuCd,As, are located at 1a (0, 0,
0), 2d (1/3, 2/3, 0.633), and 2d (1/3, 2/3, 0.247) Wyckoff posi-
tions, respectively. The CdAs, tetrahedra are slightly elongated
with Cd-As distances ranging from 2.72 to 2.84 A. The XRD pat-
terns below 27.1 GPa could be well indexed on the basis of the
CaAl, Si,-type structure (P-3ml), seen in Figure S2a (Supporting
Information). The typical Rietveld refinement results of the AD-
XRD patterns of EuCd,As, collected at 0.7 and 23.8 GP (Run #1),

© 2023 Wiley-VCH GmbH
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Figure 3. a) Pressure dependence of the relative compressibility a/ag and c/cy of EuCd,As,. The solid and open symbols correspond to experimental
and calculated values, respectively. The inset shows the stacking of EuAsg octahedra and CdAs, tetrahedra in EuCd,As,. b) Pressure dependence of
lattice parameter a and c. The inset shows the axial ratio c/a as a function of pressure. A remarkable inflection point is observed at 2.1 GPa. c) The
pressure dependence of Eu—As bond length and ZAs—Eu—As bond angle, from which the pressure-induced EuAsg octahedron distortion is observed.
d) The crystal structure of EuCd,As, could be viewed as stacking of the Eu and CdAs layers along the ¢ axis. The distance between two Eu interlayers is
shrunk as the pressure increases, which gives rise to the variation of magnetic interaction. e) The present simulated magnetic phase transition in the
sequential order of AFM_in — FM_in — FM_out under high pressure, in which the magnetic moment of Eu?* is denoted by black arrows.

and 30.6 GPa (Run #2) are presented in Figure S3a—c (Support-
ing Information). When the pressure is larger than 35.5 GPa, new
diffraction peaks signifying the emergence of new phases appear
and the intensity of these peaks increase with further increasing
the pressure, seen in Figure S2b (Supporting Information). How-
ever, the major phase of the sample is still the parent P-3m1 even
up to 50.0 GPa. Unfortunately, it suffers a big difficulty for refin-
ing the new peaks due to the mixture with the P-3m1 phase and
the peaks are too broad. The XRD patterns for the high-pressure
phase of EuCd,As, were shown in Figure S4 (Supporting Infor-
mation). Interestingly, the parent phase could be recovered when
the pressure was released to ambient pressure, seen in Figure
S2b (Supporting Information).

According to the molecular field theory,*!] the magnetic order-
ing temperature (Tj) of a magnet is closely related with the effec-
tive exchange integral () between the magnetic ions. Provided
that only the spin moment contributes to the magnetism within
the nearest-neighbor interaction approximation, the T; could be
expressed as kg Ty = 2zS(S+1)]/3, where k; is Boltzmann con-
stant, z is nearest atoms number, and S is spin quantum num-
ber, which shows that T; is proportional to J. When the atomic
distance is changed under certain conditions such as the applica-
tion of external high pressure, J and hence the T; will accord-
ingly be varied. To trace the pressure-induced magnetic phase
transitions in EuCd,As,, relative compressibility (a/a, and c/c,)
and the lattice parameters (4, ¢ and axial ratio c/a) are plotted in
Figure 3a,b, respectively. The P-3m1 phase is a layered structure
with weak chemical bonding along the c-axis, and the c-axis is
therefore more compressible than the a-axis, as shown in Fig-
ure 3a. The calculated lattice parameters summarized in Fig-
ure 3a agree well with the experimental ones. The pressure de-
pendence of axial ratio ¢/a is shown by the inset of Figure 3b. The
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general tendency of c/a versus pressure exhibits a decrease with
increasing pressure, which favors the competition between the
AFM_in and FM_in magnetic phases. However, it is clearly visi-
Dble that there is an inflection point around 2.1 GPa, which appar-
ently signifies the magnetic phase transition from the AFM_in
into the FM_in structure since the magnetic state is closely re-
lated with the evolution of crystal structure.

The P-3m1 crystal structure of EuCd,As, could be visualized
as a stacking of EuAs, octahedra and CdAs, tetrahedra along the
¢ axis, as illustrated in inset of Figure 3a. The EuAs, octahedra
are connected with each other through edge-sharing rather than
apex-sharing. Figure 3c shows the pressure dependence of both
Eu-As bond length and ZAs—Eu—As bond angle, which are
labeled by their values. The pressure-induced EuAs, octahedron
distortion between 0 and 27.1 GPa is observed, manifested by the
change of ZAs—Eu—As from 90.07° to 92.49° and from 89.93°
to 87.51°, respectively, as marked in Figure 3c. The Eu—As bond
length is compressed about 8.58% as the pressure increases
from 0 to 27.1 GPa. The distance between two Eu interlayers is
shrunk from 7.333 to 6.527 A, which is shortened by ~11.0% and
consequently gives rise to the variation of magnetic interaction,
as illustrated in Figure 3d. As shown in Figure 3a, the relative
compressibility of ¢/c, is larger than a/a, and their difference
becomes more remarkable with increasing pressure. Such crys-
tallographic environment favors the formation of FM_out state
rather than FM_in state in EuCd,As, when the pressure is larger
than 20 GPa. The intra- and inter-layer Eu-Eu ions distances were
ever found to have close correlations with the magnetic ordering
temperature for a set of isostructural EuM,X, (M = metal, X =
pnictide) magnets.3?] Moreover, we investigated the magnetic
phase transition of EuCd,As, under high pressure by employing
the first principles calculations. The simulated magnetic phase

© 2023 Wiley-VCH GmbH
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Figure 4. Band structures of the AFM_in magnetic state at a) ambient pressure and b) 1.06 GPa, respectively. The electronic band structures of the
FM_in magnetic state at c) 2.78 GPa and d) 10.02 GPa. The band structures for those at low pressure are enlarged in (e)—(h) to show the variation of

the bandgap.

transition in the sequential order of AFM_in —» FM_in —
FM_out under high pressure is shown in Figure 3e, in which
the magnetic moment of Eu?* is denoted with black arrows.
The possible variation of Eu?* (S =7/2, ~7.0 ug) in EuCd, As,
under pressure was also examined by measuring the high pres-
sure XANES spectra, seen by more details in the SI. The mea-
sured Eu L,-edge XANES spectra of EuCd,As, under various
pressures are presented in Figure S5 (Supporting Information).
It was shown that the absorption energy of the Eu L,-edge shifts
towards higher energy as the pressure increases. For a convenient
comparison, the Eu L;-edge XANES data of EuS with Eu?* and
Eu, 0, with Eu** are also plotted together. As shown in Figure S5
(Supporting Information), the linewidth of Eu L;-edge becomes
broader upon the increase of pressure, which might be resulted
from the enhanced Eu(4f)-As(4p) hybridization or/and the inter-
mediate valence states of Eu ions under pressure.33l The XANES
spectra for EuCd,As,, EuS, and Eu,O; clearly demonstrate that
the L,-edge energy shifts depending on the oxidation state of Eu
ions.3* It is notable that the pre-edge peak labeled as PE remains
nearly unchanged while the WL peak slightly shifts to higher pho-
ton energy with the increase of pressure. A quantitative analysis
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of the oxidation state of Eu in EuCd,As, under high pressure (see
Table S1, Supporting Information) Was performed by using the
same method reported in reference.[** The valence of Eu ions in
EuCd,As, at #20.0 GPa exhibits intermediate state of ~ +2.07.
The peak positions of EuCd,As, during compression and de-
compression to ambient pressure (marked as “D” in Figure S5,
Supporting Information) are almost the same, indicating that the
pressure-induced transition of +2 to intermediate valence at high
pressure is reversible.

The recent theoretical studies indicated gate/strain tunable
topological phase transition of EuCd,As,.?>3¢ Here, the first
principles calculations were performed to investigate the mag-
netic phase transitions and the possible associated evolution of
electronic band structure topology in EuCd, As, under high pres-
sure. The calculations were carried out with considering several
possible magnetic structure models and variable Hubbard U en-
ergy values. The theoretical calculation results suggest that the
ferromagnetic state of EuCd,As, with Eu spins along the c-axis is
the most stable one under ~20 GPa. Figure 4a,b shows the band
structures of EuCd,As, at ambient pressure and 1.06 GPa with
the AFM_in structure. At ambient pressure, a small gap about
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Figure 5. a) The electronic band structure of the FM_in magnetic state at 18.01 GPa and that for the FM_out magnetic state at b) 20.57 GPa. ¢,d) The
band structure and Fermi surface of EuCd,As, at 20.57 GPa, respectively. Two pairs of WPS could be recognized along the G-A high symmetry line of

the Brillouin zone.

0.025 eV at the G point of the Brillouin zone could be recognized,
seen by the enlarged view in Figure 4e, which slightly decreases
to 0.022 eV at 1.06 GPa, seen by the enlarged view in Figure 4f.
The gap is still visible even in the FM_in structure, seen by the
enlarged views in Figure 4g,h taken from the band structures in
Figure 4c,d calculated at 2.78 and 10.02 GPa, respectively. How-
ever, with further increase of pressure, the gap is gradually closed
with both electron- and hole-type bands crossing the Ej, seen in
Figure 5a,b with the pressure of 18.01 and 20.57 GPa, respec-
tively. The electron and hole pockets of the Fermi surface un-
der 20.57 GPa are illustrated in Figure 5d. When the pressure is
lower than 18.01 GPa, the total energy calculations suggest that
the FM_in state is the most stable one as compared with the other
two magnetic configurations. It is clear that the band structures
of the FM_in state show clear band inversion at the G point, seen
in both Figure 4c,d.

Figure S6 (Supporting Information) shows the calculated mag-
netic ground states of EuCd,As, at different Hubbard U values
and external pressures. The magnetic ground state of EuCd,As,
is closely related with the U values as well as the external pres-
sure. When the Hubbard U values are larger than 3 eV, the
AFM_in structure is the most stable at ambient pressure. If Uis
smaller than 3 eV, the magnetic ground state is always with the
FM_out structure regardless of the external pressure, thus expos-
ing the crucial role of the on-site Coulomb interaction. In order to
match the normalized lattice constants variation, here Uis set as
4 eV. With gradual increase of pressure from 2.1 to 19 GPa, the
magnetic ground state experiences the AFM_in, FM_in and fi-
nally enters into the FM_out structure. This phase presents mag-

Adv. Quantum Technol. 2023, 6, 2200128
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netic space group P-3m’1 (164.89 BNS setting) with breaking T
and retaining P. The high pressure apparently favors the FM_out
structure that can realize the Weyl state, which is tested by Weyl
chirality calculation and magnetic topological quantum chem-
istry (MTQC). As is illustrated in Figure 5c, linear band crossing
points could be well recognized along the G-A high symmetry
line, with only two crossing points at the position (0.000, 0.000,
+0.0383 A1) and (0.000, 0.000, +0.0581 A~!) which are rather
close to E;. The chirality analysis suggests the crossing points
are WPs, thus the Weyl state could be regarded as an ideal Weyl
state protected by P. At the same time, these results are also ver-
ified by calculations based on MTQC, which support enforced
semimetal along G-A high symmetry line. As shown in Figure 5c,
the compatibility relations at the three highest valance bands sup-
port these two symmetry-protected linear crossing points due to
the exchange order of irreducible co-representation at high sym-
metry points G and A. Apart from these points, there might be a
symmetry protected or accidental crossing point with energy po-
sition away from Ep, which is less concerned. Furthermore, the
modified Becke—Johnson method was performed to calculate the
Weyl chirality, which gives the same result as that derived from
the DFT+ U method. The magnetic ground states and band struc-
tures of EuCd,As, (Table S2 and Figure S7, Supporting Informa-
tion) were also performed by using the HSE method, with the
results being fully consistent with the present results.

To summarize, the application of pressure is capable of driv-
ing the layered topological semimetal EuCd,As, into sequen-
tial magnetic states with increasing the pressure, including the
AFM_in, FM_in and FM_out structures, with changing neither

© 2023 Wiley-VCH GmbH
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the CaAl, Si,-type crystal structure nor the Eu?* valence state. The
analysis of the crystal structure under pressure indicates that the
evolutions of the axial ratio (c¢/a) and Eu-layer distance play im-
portant roles in driving the magnetic phase transition. The mag-
netic phase transitions are supported by the high pressure mag-
netism measurement and first principles calculations. Coupled
with the pressure-induced magnetic phase transition, butterfly-
shaped MR and anomalous Hall effect are observed. Interest-
ingly, in the FM_out structure, the calculations unveil only one
pair of Weyl points near the Fermi level, which could be regarded
as an ideal Weyl state. This work indicates that external pressure
can also realize the ideal Weyl state that ever produced by the ap-
plication of external magnetic field on EuCd,As,, which however
still need to be verified by straightforward detection techniques.
The result would be instructive for the discovery of more novel
exotic topological properties in magnetic topological phases by
using high pressure.

3. Experimental and Calculation Details

3.1. Single Crystal Growth and Basic Characterizations

The EuCd,As, single crystals were grown by using a Sn
flux method with the procedure similar as that in a reported
reference.l’” The picture for plate-like black crystal with shining
surface and a typical size of 1 X 1 x 0.2 mm?® is shown in Fig-
ure Sla (Supporting Information). The crystal quality was exam-
ined on a Bruker D8 single crystal X-ray diffractometer with A
= 0.71073 A at room temperature. The obtained lattice parame-
ters are a = 4.4423 A and ¢ = 7.333 A, which are consistent with
those reported reference.”] The clean reciprocal diffraction pat-
terns shown in Figure S1b—d (Supporting Information) without
other impurity spots indicate the high quality of our single crys-
tals. The schematic crystal and magnetic structures of EuCd,As,
was shown in Figure Sle (Supporting Information). Tempera-
ture dependence of the magnetic susceptibility of EuCd,As, mea-
sured in an external field of 1000 Oe was shown in Figure S1f
(Supporting Information).

3.2. Magnetic Properties Measurement under Ambient and High
Pressure

The direct current magnetization (M) for EuCd,As, was mea-
sured in a Quantum Design magnetic property measurement
system (MPMS). The Néel temperature T of x9.5 K derived
from the M-T data, as shown in Figure S1f (Supporting Infor-
mation), was consistent with the previously reported value.”l The
magnetizations measurements under high pressure were per-
formed using a miniature BeCu piston-cylinder cell measured
on a commercial magnetic property measurement system from
Quantum Design. The EuCd,As, single crystals together with a
piece of Sn were loaded into a Teflon capsule filled with Daphne
7373 as the pressure transmitting medium (PTM). Pressure at
low temperatures was determined from the shift of the supercon-
ducting transition temperature of elemental Sn. All of the mag-
netization curves are measured in the zero-field-cooling mode.
The ac susceptibility for EuCd,As, single crystals was mea-
sured by using a palm-type cubic anvil cell (CAC) under various
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hydrostatic pressures up to 9.8 GPa.l’’] Here, we used glycerol
as the liquid PTM in CAC. The ac susceptibility of EuCd,As, to-
gether with a piece of Pb placed in the same coil was measured
with the mutual induction method. An excitation current of ~
1 mA with a frequency of 1117 Hz was applied to the primary
coil and the output signal was picked up with a Stanford Research
SR830 lock-in amplifier. The measured superconducting transi-
tion of Pb was used to determine the pressure value in CAC.

3.3. High-Pressure and Low-Temperature Electrical/Magnetic
Transport Measurement

A symmetric diamond anvil cell (DAC) with an anvil culet of
400 um in diameter was utilized to generate high pressure. A
four-probe method by using Pt as the electrodes was used for
in situ electrical resistance measurements under pressure. The
magnetoresistance (MR) and Hall effect measurement under
pressure was performed between 2 and 100 K. The manufactur-
ing process of the microcircuit was similar to that described in
our previous work.*8] The PTM was not used for the resistance
measurement. A ruby ball was used as the pressure calibrator.*]

3.4. High-Pressure Angle Dispersive X-Ray Diffraction (AD-XRD)
and X-Ray Absorption Spectroscopy (XAS)

The EuCd,As, crystals were ground in a mortar in order to ob-
tain fine powder sample that is used for high pressure AD-XRD
and X-ray absorption near-edge spectroscopy (XANES) measure-
ments. The high pressure AD-XRD measurement was carried
out using a symmetric DAC. The AD-XRD patterns were taken
with a MarCCD detector using synchrotron radiation beams
monochromatized to a wavelength of 0.6199 A at the beamline
BL15U1 of Shanghai Synchrotron Radiation Facility (SSRF). Run
#1 was performed at BL15U1 with silicone oil as PTM up to
27.1 GPa. Another independent Run #2 AD-XRD measurement
up to 50.0 GPa was carried out at the beamline of 16-ID-B (4 =
0.4066 A) at the Advanced Photon Source (APS) of Argonne Na-
tional Laboratory. The 2D image plate patterns were converted
into the one-dimension intensity versus degree data by using the
Fit2D software package.*"] The experimental pressures were de-
termined by the pressure-induced fluorescence shift of ruby.3%!
The XRD patterns were analyzed with Rietveld refinement using
the GSAS program package(*!l with a user interface EXPGUL[*!

High-pressure XANES experiments at Eu L,-edge were per-
formed at beamline 20-BM-B at APS of ANL. The XAS measure-
ments were performed in the transmission mode. The incident
beam was monochromatized with two Si (111) single crystals.
Silicone oil was used as the PTM. The sample pressure was de-
termined using the standard ruby fluorescence technique.*?! To
reduce the absorption from the diamond anvils, nanopolycrystal
diamond was used. The chemical valence of Eu in EuS (+2) and
Eu,0; (+3)1**) was selected as the reference for detecting the va-
lence variation of Eu in EuCd,As, under high pressure.

3.5. The Ab Initio Calculations

Pressured-induced structural and electronic properties of
EuCd,As, were simulated with the projector augmented wave

© 2023 Wiley-VCH GmbH
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method™* and Perdew-Burke-Ernzerhof revised for solids
(PBEsol)[*’] scheme based on Vienna Ab initio simulation pack-
age (VASP).[*] The Brillouin zone was sampled with 12 x 12 X 4
(AFM) and 12 x 12 x 8 (FM) Monkhorst-Pack k-mesh and kinetic
energy cutoff was set to 500 eV. Experimental lattice parameters
were used for calculating the magnetic ground states at the
different pressures with setting the on-site Coulomb interactions
of Eu 4f electrons from 0 to 6 eV. The spin—orbit coupling was
included for a self-consistence. Eu 4f5d, Cd 5s, and As 4p orbitals
were projected onto maximally localized Wannier functions
based on VASP2WANNIER interface.l*’] This projected process
was also performed with modified Becke-Johnson method.[*!
Corresponding topological properties were calculated with
WANNIERTOOLS!*! and the Fermi surface was plotted by
FermiSurfer.’® MTQC method was also used to calculate the
compatibility relations by using MagVasp2trace package.[>'=>!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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