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Evolution of magnetism, valence, and crystal lattice in EuCd2As2 under pressure
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EuCd2As2 has been proposed to be one of the ideal platforms as an intrinsic topological magnetic system,
potentially hosting a single pair of Weyl points when it is tuned into the ferromagnetic state with spins aligned
out of plane by either external pressure or chemical doping. To investigate the possible realization of an ideal
topological state, we have systematically investigated pressure control of the magnetic state, valence, and crystal
structure using synchrotron-based time-domain Mössbauer spectroscopy, x-ray absorption spectroscopy, and
powder x-ray diffraction. Our experimental results show that the magnetic configuration remains mostly in
plane under pressure up to 42.8 GPa and pressure effectively enhances the magnetic ordering temperature.
Meanwhile, Eu ions remain divalent when subjected to pressure up to 35.9 GPa, and the trigonal crystal lattice
is maintained up to 34.6 GPa. Our work provides valuable experimental data to benchmark future theoretical
studies in magnetic topological materials.
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I. INTRODUCTION

Topological materials have attracted significant interest in
condensed matter research due to their macroscopic quan-
tum phenomena with the potential as excellent candidates for
technological applications in spintronics, magnetoelectronics,
and quantum computing [1–6]. In particular, Dirac and Weyl
semimetals are narrow gap materials where the conduction
band and valence bands touch linearly at discrete nodal points
in the momentum space. The low-energy excitation near the
nodal points disperses linearly and can be described by the
massless relativistic Dirac/Weyl equation [7,8]. When ei-
ther time-reversal symmetry or spatial inversion symmetry, or
both, is broken, the Dirac point splits into a pair of Weyl points
of opposite chirality. Magnetic Weyl semimetals with time-
reversal breaking are a recently discovered class of materials
that show novel transport properties such as negative magne-
toresistance, chiral magnetic effect, and anomalous Hall effect
[2,5,8–13].

In the search for magnetic Weyl semimetals, EuCd2As2

was proposed to be a suitable candidate as it can host
multiple topological phases in different magnetic config-
urations [14–17]. It has been shown that EuCd2As2 can
be a topological insulator in the antiferromagnetic (AFM)
phase with Eu moments lying in the ab plane [14,15,18–
20] and a potentially ideal Weyl semimetal when it is in the
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ferromagnetic (FM) phase with the moments aligned along the
c axis. EuCd2As2 crystallizes in a layered centrosymmetric
trigonal lattice structure with the P3̄m1 space group [21].
While the conduction electrons are contributed by tetrahedra
Cd-As layers, the long-range magnetic order is due to the
triangular Eu2+ (4 f 7) sublattices [21–23]. Previous reports
reveal that Eu 4 f moments order below 9.5 K with a type-A
AFM structure where FM ab planes stack antiferromagneti-
cally along the c axis [18,22–24]. Several methods have been
suggested and experimented with to introduce and stabilize
the Weyl semimetal phase in EuCd2As2, including applica-
tion of external magnetic field, pressure, and chemical doping
[15,16,19,25–27].

Earlier studies up to 2.5 GPa using high-pressure muon
spin spectroscopy have reported an in-plane antiferromagnetic
(AFMab) to in-plane ferromagnetic (FMab) transition at 2 GPa
and have predicted a further transition to an out-of-plane
ferromagnetic state (FMc) around 23 GPa, provided that Eu
remains in a divalent state [25]. For Eu ions, the divalent state
has total angular momentum J = 7/2, while the trivalent state
(4 f 6) is nonmagnetic (J = 0). Since the valence state of Eu is
closely related to the magnetic state, and the valence transition
in Eu-based systems is commonly discussed, a simultaneous
study of valency is needed to provide insights into a possible
change in magnetic order.

Following these findings, there is a need to extend the study
in EuCd2As2 to higher pressures in order to provide infor-
mation on the proposed pressure-induced Weyl state. In this
work, we report a systematic investigation of the magnetism,
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Eu valence state, and crystal structure using time-domain
synchrotron Mössbauer spectroscopy (SMS), x-ray absorption
spectroscopy (XAS), and powder x-ray diffraction (XRD) up
to 42.8, 35.9, and 34.6 GPa, respectively. Our high-pressure
study establishes that the magnetic moments in EuCd2As2

remain mostly in plane, while the magnetic ordering temper-
ature (To) is enhanced monotonically with pressure. The Eu
divalent state as well as trigonal crystal lattice are stable in the
measured pressure range.

II. EXPERIMENTAL METHODS

Starting elements (Eu pieces, 99%; Cd drops, 99.99%; As
lumps, 99.9%; Sn drops, 99.999%, all from Alfa Aesar) were
mixed with an atomic ratio of Eu:Cd:As:Sn = 1:2:2:20 inside
the Al2O3 crucible, which was then sealed inside a quartz tube
along with quartz wool and glass pieces used to filter the flux.
The tubes were heated to 900 ◦C at 30 ◦C/h and held for 24
hours. Then the tubes were slowly cooled to 750 ◦C at a rate
of 3 ◦C/h and held for 50 hours. The product was centrifuged
to remove the Sn flux. The silver color crystals are stable in
the air.

Mössbauer spectroscopy is a well-established technique
to study magnetic and valence transitions in materials with
suitable isotopes such as 151Eu (natural abundance 47.8%,
half life 9.7 ns). The magnetic state of EuCd2As2 was investi-
gated using time-domain SMS. Benefiting from the focused
beam and brilliant x rays, SMS has been widely applied
in high-pressure magnetic studies [28–32]. The experiments
were conducted at the Beam line 3ID of the Advanced Photon
Source (APS), Argonne National Laboratory (ANL), at the
nuclear resonant energy of 151Eu (21.54 keV). The measure-
ments were performed during a 24-bunch timing mode with
153 ns between consecutive electron bunches for Mössbauer
data collection in time domain. To reach high pressure and
low temperature, a miniature diamond anvil cell (DAC) and a
compatible helium flow cryostat were used [33]. High pres-
sure up to 42.8 GPa was achieved using a pair of diamond
anvils with 300-µm-diameter culet size. A rhenium (Re) gas-
ket was preindented to 50 µm thickness and a hole of 150 µm
diameter was electrosparked to serve as the sample chamber.
A single-crystal sample was loaded in the sample chamber
with the crystallographic c axis along the direction of the
incident x rays. The sample orientation was closely monitored
during the pressure application and cooling/warming cycle
using an online microscope and no visible change was ob-
served. Ruby balls were loaded in the sample chamber as an
in situ pressure marker. Pressures were determined from the
shift of the R1 line of ruby fluorescence [34]. Neon gas was
used as the quasihydrostatic pressure-transmitting medium at
high-pressure and low-temperature conditions. Other than the
initial pressure which was applied at room temperature after
neon gas loading, all subsequent pressures were applied at
100 K through a helium gas membrane. The CONUSS program
[35] was used to evaluate the SMS data and extract hyperfine
parameters such as the magnetic hyperfine field (Bh f ) and
electric quadrupole interaction (�). To obtain information on
the valence state of Eu ions, the isomer shift (δ) of 151Eu was
measured using a trivalent Eu2O3 (δ: 1.024 mm/s relative to
EuF3) as a reference sample [36,37].

FIG. 1. SMS spectra of 151Eu in EuCd2As2. The black dots rep-
resent the experimental data and the red lines correspond to fits from
the CONUSS program.

To directly probe the valence state of Eu, partial fluo-
rescence yield–x-ray absorption spectroscopy (PFY-XAS) at
Eu’s L3 edge (6.977 keV) was conducted at the 16ID-D beam
line of the APS, ANL [38]. The x-ray beam was focused to
4.6 × 6 µm (FWHM). The measurements were carried out at
room temperature using a pair of diamond anvils with 300 µm
culet size to generate pressure up to 37 GPa. X-ray energy
was scanned from 6.957 to 7.027 keV with a 0.5 eV step.
Due to strong absorption by diamond anvil in this energy
range, the experiment was performed with incident x rays
perpendicular to the loading axis in the diamond anvil cell
and traveling through the beryllium (Be) gasket. In order
to preserve the sample thickness under compression, cubic
boron nitride and an epoxy mixture were used as an insert.
A 110 µm hole was manually created at the center of the
gasket insert as the sample chamber. Pressures were deter-
mined from ruby fluorescence [34]. To avoid self-absorption,
the sample position was optimized by carefully scanning the
sample. The Lα1 emission line (5.845 keV) was selected with
the silicon analyzer located perpendicular to the incident x-
ray beam. The signal was then collected by a Pilatus 100 K
detector. The data were normalized by the difference of pre-
edge and post-edge absorption using ATHENA software [39] to
account for any variation of sample thickness throughout the
experiment.

To inspect the crystal structure at high pressures, a room-
temperature angle-dispersive XRD experiment was conducted

245121-2



EVOLUTION OF MAGNETISM, VALENCE, AND CRYSTAL … PHYSICAL REVIEW B 107, 245121 (2023)

TABLE I. List of Bh f , angle (θ ) between Bh f and x-ray propa-
gation direction, quadrupole interaction (�), and isomer shift (δ) of
151Eu in EuCd2As2 at high pressures (P) and various temperatures
(T). Uncertainties generated from data fitting in CONUSS are shown
in parentheses.

P (GPa) T (K) Bh f (T) θ (deg) � (mm/s) δ (mm/s)

0.3 20 0

2.2 20 0

20 20.24(4) 74(1) 3.7(2)
21 18.59(7) 57.4(8) 3.7(1)

9.8 22 17.1(1) 55(2) 3.7(2)
23 16.5(1) 61(3) 3.7(1)
32 0
100 0 2.47(3) −10.16(2)

20 25.49(2) 82.2(6) 4.1(1)
25 21.54(1) 104(1) 4.1(1)

15.3 30 19.30(3) 136.9(8) 4.01(7)
32 17.98(4) 126.3(7) 3.9(2)
34 10.85(3) 91(1) 3.9(5)
36 3.19(5) 122.0(5) 3.73(4)
40 0
100 0 2.74(4) −9.68(3)

20 29.12(3) 77(2) 5.1(1)
25 27.16(3) 88(2) 4.7(1)
30 25.93(3) 87.1(9) 4.4(1)

22.8 35 24.52(3) 84(1) 3.9(1)
45 19.15(2) 59(3) 2.1(2)
50 9.60(5) 120(1) 0.8(1)
55 0
100 0 2.55(3) −8.82(2)

20 31.16(3) 81.7(7) 5.2(1)
30 29.20(3) 89(1) 4.8(1)
40 27.49(3) 85(3) 4.6(1)

29.6 50 23.48(4) 91(3) 4.7(1)
55 20.90(2) 119(2) 4.7(1)
65 15.35(3) 145(3) 4.9(1)
70 0
100 0 2.80(3) −8.28(2)

40 29.80(2) 76.6(7) 4.6(1)
50 27.18(2) 90(1) 4.7(1)

38.0 60 23.62(3) 90(1) 4.4(1)
70 18.51(2) 114.4(9) 4.41(5)
76 0
100 0 2.60(3) −7.92(2)

60 26.28(2) 77(1) 5.0(1)
70 21.47(3) 128(3) 5.01(7)

42.8 76 12.5(2) 103(3) 4.6(3)
100 0 2.5(3)
110 0 2.5(4) −7.72(2)

at the 13BM-C beam line (PX2) of the APS, ANL [40] using x
rays with a wavelength of 0.434 Å. To acquire pressures up to
35 GPa, a BX-90 DAC with Boehler-Almax anvils of 500 µm
culet was used. A Re gasket which was intended to 82 µm and
drilled with a 250 µm hole was placed between the anvil to
create the sample chamber. A single-crystalline sample was
ground into powder and loaded in the chamber along with
ruby balls as an in situ pressure marker [34]. Neon was used

FIG. 2. Extracted magnetic hyperfine field of 151Eu in EuCd2As2

as a function of temperature at various pressures. The dashed lines
serve as a guide to the eye.

as a pressure-transmitting medium. The two-dimensional (2D)
diffraction images were integrated using the DIOPTASsoftware
[41]. LeBail refinements on the high-pressure XRD data were
performed in GSAS-II [42].

III. RESULTS AND DISCUSSION

Earlier study showed that the magnetic ground state of
EuCd2As2 can be controlled from AFM to FM by chang-
ing the growth methods [19]. It is reported that EuCd2As2

manifest AFM order below 9.5 K [25] using Sn flux. And
EuCd2As2 can be tuned from AFM with TN of 9.2 K to FM
with TC of 26.4 K using salt solution growth. Magnetization
data taken on our sample confirm the AFM ground state (see
the Appendix).

FIG. 3. The temperature-pressure phase diagram summarizes the
SMS results combined with previous studies up to 2.5 GPa from
Ref. [25]. Pressure drives EuCd2As2 from a type-A AFM state to
an in-plane FM (FMab) state around 2 GPa. At higher pressure, the
SMS data suggest that the magnetic moments remain in the ab plane
(FMab) up to 42.8 GPa.
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FIG. 4. 151Eu SMS spectra for various pressures at 100 K in
EuCd2As2 with Eu2O3 as reference which is located at ambient
conditions. The simulated energy-domain spectra corresponding to
each pressure are plotted in the right column, with shaded blue lines
representing resonant absorption from EuCd2As2 and shaded orange
lines representing absorption from the reference sample Eu2O3.

The representative SMS spectra for EuCd2As2 at different
temperatures and pressures are shown in Fig. 1. The exper-
imental data were fitted using CONUSS software [35], which
uses the time spectra of forward nuclear resonant scattering to
derive hyperfine parameters. The two hyperfine parameters,
i.e., magnetic hyperfine field and electric quadrupole inter-
action, along with the sample effective thickness were used
as variables for fitting the data. For 4 f 7 ions, a magnetic
hyperfine field arises due to contributions from core electron
polarization, the polarization of conduction electrons by ion,
and by neighboring atoms [28,43]. In the presence of magnetic
order, due to the Zeeman splitting of nuclear levels, quantum
oscillations emerge in the SMS spectrum [28]. Quadrupole
interaction contributes to additional beating frequency. At
constant pressure, the oscillation frequency decreases as the
temperature is raised due to a decrease in Bh f . The oscillations
disappear as the system enters the paramagnetic phase. It is
evident from Fig. 1 that at 20 K, as pressure increases from
9.8 to 22.8 GPa, higher-frequency quantum beats evolve in the

FIG. 5. PFY-XAS plot for the Eu L3 edge in EuCd2As2 for dif-
ferent pressures, ranging from ambient pressure (AP) to 35.9 GPa,
taken at room temperature.

spectra, indicating increasing of Bh f . This can be attributed to
the larger energy splitting in nuclear levels due to the Bh f of
magnetically ordered states. As pressure is raised, To increases
drastically, reaching a temperature above 76 K at 42.8 GPa.

Table I contains a list of parameters extracted from the
fitting of curves using CONUSS. The Bh f values vs temper-
ature are plotted in Fig. 2 for various pressures showing a
monotonic increase of To. This increase is likely due to en-
hanced exchange interaction with reduced atomic distance
[44]. Furthermore, the angle (θ in Table I) between the mag-
netic hyperfine field (Bh f ) and the propagation direction of
the linearly polarized x rays can be obtained from fitting the
SMS data. This angle reflects the magnetic configuration. The
analysis shows that Bh f remains mostly perpendicular to the x
rays, indicating that magnetic moments lie in plane through-
out this pressure range, contrary to the earlier prediction that a
pressure of 23 GPa will stabilize the FM state along the c axis
[25,44].

The values of quadruple interaction are also tabulated in
Table I. The � mainly depends on the electric field gradient
(EFG) at the nucleus caused by the charge distribution in
the lattice and incompletely filled electronic shells. For Eu2+,
the 4 f shell is half filled, making the electronic ground state
isotropic (8S7/2) according to Hund’s rule [45] and the zero
total angular momentum gives no electronic contribution to �.
Hence, the � values largely reflect the EFG from lattice con-
tribution. The extracted electric quadruple interaction of 3.7
to 5.25 mm/s are typical values for Eu-based compounds.

Combining the results up to 2.5 GPa from Ref. [25], a
temperature-pressure magnetic phase diagram of EuCd2As2
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FIG. 6. XRD spectra of EuCd2As2 under pressure up to 34.6 GPa. In this pressure range, the Bragg peaks can be indexed with the P3̄m1
space group. Black and red tick marks represent the peak positions for EuCd2As2 and a minor Sn impurity phase, respectively. The solid square
and triangle symbols indicate β-Sn and γ -Sn phases below and above 11 GPa.

is constructed in Fig. 3. The value of To is estimated by
taking the average of two temperature points between which
the SMS spectra showed the transition from a magnetic to
paramagnetic state. At each pressure, the error bars for To are
estimated from the difference between the highest temperature
measured at which EuCd2As2 displays nonzero Bh f and the
lowest temperature where EuCd2As2 enters a paramagnetic
state, shown in Fig. 2.

The large difference in the isomer shift values for the Eu2+

and Eu3+ valence states makes it useful to study a possible
valence transition induced by pressure. To determine the δ

values, SMS data were taken with Eu2O3 as a reference in
the paramagnetic state at 100 K (Fig. 4). At 77 K and ambient
pressure, δ of EuCd2As2 was reported to be −11.67 mm/s
from conventional transmission Mössbauer spectroscopy [21].
Under pressure, δ increases to −10.16 mm/s at 9.8 GPa and
then to −7.72 mm/s at 42.8 GPa (Table I). However, precau-
tions should be taken to interpret the change in isomer shift.
This change cannot be solely attributed to a valence change.
Other mechanisms such as compression of 6s electrons and
increase of exchange interactions involving the f , d , p, and s
electrons can also lead to a significant change in the δ value
[36]. The general tendency of the isomer shift value versus

pressure shows a continuous increase with the increase in
pressure. To provide further information on the valence state
of Eu ions, a PFY-XAS experiment was conducted.

The absorption edge energy of a specific element is sensi-
tive to the oxidation state of the absorbing atom. In the case
of the L3 edge of Eu (2p3/2 → 5d), the absorption peak shifts
by 8 eV toward higher energy when the transition occurs from
Eu2+ to Eu3+. This large energy shift makes it convenient to
detect a valence transition. It can be seen from the normalized
XAS spectra (Fig. 5) that Eu remains divalent under pressure
up to 35.9 GPa.

The absorption peak intensity, which heavily depends
on the number of unoccupied states in the final d orbital,
decreases under pressure. Interestingly, above 15.3 GPa, a
double-peak structure in the absorption peak develops. It is
noted that the new peak appears at an energy of 4 eV higher
than the original one, which is a much lower energy than
the absorption peak from the Eu3+ state, ruling out the pos-
sibility of a transition from divalent to trivalent state. The
double-peak feature is likely caused by the splitting of d
bands by the crystal field and population change of eg and t2g

subsets of the d orbitals [46]. Based on the current informa-
tion, it can be safely concluded that the increase of δ does
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FIG. 7. Lattice parameters and volume in EuCd2As2 under pres-
sure. The inset shows the crystal structure of EuCd2As2 in one unit
cell. The Eu, Cd, and As atoms are represented by orange, green, and
yellow solid circles, respectively.

not signal a 4 f 7 to 4 f 6 transition. The crystal structure of
EuCd2As2 was investigated under pressures up to 34.6 GPa
using synchrotron powder XRD. As shown in Fig. 6, the
Bragg peaks shift toward the higher angles as pressure is
increased. The XRD data can be indexed with the trigonal
structure (P3̄m1), indicating that the ambient centrosymmetric
trigonal structure is stable up to 34.6 GPa. A minor β-Sn
impurity phase was observed in the XRD data at 0.4 GPa and
included in the analysis. Since β-Sn (I41amd) undergoes a
phase transition to γ -Sn (I4/mmm) around 10 GPa [47,48],
the γ -Sn phase was included for the analysis above 10 GPa.
Figure 7 summarizes the dependence of lattice parameters on
pressure extracted from the LeBail refinements. The evolution
of the axial ratio c/a shows an anomaly around 15 GPa.
Using the third-order Birch-Murnaghan equation of state
(EOS), the pressure-volume curve was analyzed. The EOS
parameters were extracted: the bulk modulus is found to be
B0 = 60(1) GPa, the pressure derivative B′

0 = 4.51(9) GPa,
and the zero-pressure volume V0 = 124.6(1) Å3. The mea-
sured B0 is much higher than the calculated value of 46.7 GPa
from density function theory [25].

Combining the appearance of a double-peak feature in the
PFY-XAS data as well as anomalous slope change in the
axial ratio c/a above 15 GPa, an electronic structural tran-
sition associated with the d orbitals can be safely concluded.
These rich results call for further theoretical calculations to
provide insight into the detailed electronic changes under
pressure.

IV. CONCLUSION

In this work, we have systematically investigated the
magnetic ordering temperature, valence state, and structural
evolution of EuCd2As2 under high pressure. External pressure
drastically enhances the magnetic ordering temperature of the
compound. The structural refinements show that the ambient
trigonal structure of EuCd2As2 is maintained up to 34.6 GPa.
Eu ions remain divalent up to 35.9 GPa. XRD and XAS
data indicate an electronic transition around 15 GPa linked to

FIG. 8. Magnetic susceptibility data with zero-field cooling and
Curie-Weiss fitting for the data in the 25–300 K region. The plot of
1/χ is shown in the inset.

changes in detailed d-orbital populations. However, the pre-
viously predicted pressure-induced magnetic phase transition
from AFM to FM with magnetic moments along the c axis
is not evident in the present studies. Instead, the magnetic
moments are found to orient primarily in the ab plane up to
42.8 GPa. The magnetic ordering temperature is significantly
elevated under compression. These comprehensive experi-
mental results will help improve future theoretical models in
search of the desired Weyl state in this compound.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation (NSF) CAREER Award No. DMR-2045760. W.X. is
supported by the Beckman Young Investigator Award. This re-
search used resources of the Advanced Photon Source (APS),
a U.S. Department of Energy (DOE) Office of Science User
Facility operated for the U.S. DOE Office of Science by
Argonne National Laboratory (ANL) under Contract No. DE-
AC02-06CH11357. Portions of this work were performed
at HPCAT (Sector 16), APS, ANL. HPCAT operations are
supported by DOE-NNSA’s Office of Experimental Sciences.
Support from COMPRES under NSF Cooperative Agreement
No. EAR-1606856 is acknowledged for the COMPRES-
GSECARS gas loading system and the PX2 program. We
thank W. Sturhahn for the helpful discussion on estimation
of uncertainties in the CONUSS program.

APPENDIX

To verify the magnetic ground state of the EuCd2As2 sam-
ple used in this study, the magnetization measurement was
taken in the Quantum Design Physical Property Measurement
System. Figure 8 shows that our EuCd2As2 sample grown
from the Sn flux orders antiferromagnetically below 9.0 K.
Fitting the data in the high-temperature region with Curie-
Weiss law yields a magnetic moment of ∼7.79(3) µB and
Curie-Weiss temperature (θ ) 8.82(2) K, in good agreement
with the values reported in Ref. [19].
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