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Zintl-phase EuCd2As2 attracts much research interest because it has a potential of manifesting various
ideal topological states under external parameters. Here, measurements of resistance, magnetization, Hall,
and synchrotron x-ray diffraction at high pressures up to 50.8 GPa in diamond anvil cells are performed
on high-quality EuCd2As2 single crystals that display a long-sought intrinsically insulating antiferromagnetic
(AFM) ground state. From ambient pressure to 21.0 GPa, the AFM state of EuCd2As2 is stable and the
AFM transition temperature of ∼9.5 K is raised linearly at a rate of ∼1.90 K/GPa. Meanwhile, the insulating
conduction behavior is maintained despite that the whole resistance decreases remarkably. Beyond ∼24.0 GPa, a
ferromagnetic-like metallic state shows up, due to a trigonal P3m1 to monoclinic C2/m structural transition, and
its transition temperature of ∼150 K increases linearly at a rate of ∼0.69 K/GPa. This high-pressure magnetic
metallic state dominates over the pristine AFM insulating one upon completion of the structural transition around
40 GPa. Based on the present data, we construct a temperature-pressure phase diagram for the intrinsically
insulating antiferromagnet EuCd2As2, which offers essential insights into the pressure-dependent evolutions of
magnetic and transport properties and will stimulate further exploration of the interplay among magnetism and
transport, as well as nontrivial topology rooted in their interactions.
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Magnetic topological materials attract wide and continu-
ous attention since the interplay of magnetism and nontrivial
band topology can generate exotic topological quantum states,
including the quantum anomalous Hall effect [1], axion insu-
lator states [2–4], as well as magnetic Weyl semimetals [5,6].
For magnetic topological materials, a variety of nontrivial
band topologies depend on different magnetic configurations
and thus enables their tunability by controlling their spin
texture, which is not only of significant interests in exploring
rich and unusual quantum phenomena but also promises great
application potentials in spintronic devices [7,8].

Recently, considerable attention was paid to a Zintl-phase
antiferromagnetic (AFM) EuCd2As2 since this material has
the potential of manifesting various ideal nontrivial topo-
logical states depending on its different magnetic structures
[9–16], thus allowing for the use of magnetism to tune the
topological properties just within the same host. EuCd2As2

belongs to a layered trigonal structure (space group P3m1,
No. 164) with Cd2As2 bilayers separated by triangle Eu-atom
layers. The magnetism of EuCd2As2 originates from the Eu2+

ions. An A-type AFM order below TN ∼ 9.5 K was identified
[15–17], with an intraplane ferromagnetic (FM) alignment of
the Eu2+ moments and an interplane AFM superexchange
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interaction. From the band-topology perspective, EuCd2As2

was proposed as an AFM topological semimetal with the
simplest double-cone structure near the Fermi level [14] and
an ideal FM Weyl semimetal featuring a single pair of Weyl
points [11,12,15] when the Eu2+ moments are forced to align
out of plane (parallel to the c axis) under modest applied
c-axis magnetic fields. In addition, alloying with Ba at the Eu
site [18,19] can generate an FM state in EuCd2As2, which
may make the ideal Weyl physics accessible even without
external magnetic fields. Overall, these results point to the
close proximity in energy between the readily transformable
AFM and FM states and magnetic exchange-induced ideal
topological states in EuCd2As2.

Considering that the strength of magnetic exchange cou-
pling in EuCd2As2 depends on the separation of the Eu2+

ions, thus it would be of interest to manipulate its magnetism
and thereby band topology by using external pressure as the
tuning knob. Indeed, there have been several reports on pres-
sure tuning of magnetic and transport properties of EuCd2As2

[20–22]. Nevertheless, clear discrepancies especially in trans-
port measurements under pressure were observed. This may
be related to quality of the starting samples used because
the intrinsic transport behavior of topological insulators is
highly susceptible to the chemical potential or band filling, an
issue that is commonly encountered in topological insulators
like Bi2Se(Te)3 [23]. As a well-known Zintl-phase material
that will be valence precise if charges transfer completely
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from cations to anionic slabs, EuCd2As2 is expected to be
a insulator/semiconductor or an AFM topological insulator
(axion insulator) by taking magnetism into account [11,14].
However, almost all previously reported transport experiments
found that at ambient pressure EuCd2As2 manifests a metal-
lic conduction behavior at high temperature, followed by a
sharp peak feature centered at the AFM transition temperature
TN [12,18,24]. Namely, EuCd2As2 was widely viewed as an
AFM topological semimetal. Very recently, EuCd2As2 was
confirmed as a magnetic semiconductor at ambient pressure
[25]. Under such circumstance, it is highly desirable to first
obtain intrinsically insulating AFM EuCd2As2 single crys-
tals and then systematically investigate their high-pressure
properties.

In this Letter, we present a systematic high-pressure study
of intrinsically insulating antiferromagnet EuCd2As2 by a
combination of electrical resistance, Hall effect, and syn-
chrotron x-ray diffraction (XRD) measurements in diamond
anvil cells (DACs) with pressures up to 49.5 GPa. We found
that the AFM state and the insulating conduction are stable
against pressure to around 21.0 GPa, above which a FM-like
metallic state shows up as signified by the occurrence of
anomalous Hall effect. Both the AFM- and FM-like-transition
temperatures TN and TC increases linearly with pressure. The
transition from the AFM insulating state to FM-like metallic
state is due to a trigonal P3m1 to monoclinic C2/m structural
transition. As such, an intrinsic temperature-pressure phase
diagram for this material is constructed.

High-quality single crystals of EuCd2As2 with an insulat-
ing AFM ground state were grown by melting method using
Bi as the flux. High-pressure resistance and Hall effect mea-
surements were performed in a Be-Cu alloy DAC by using
an in-house multifunctional physical properties measurement
system. The details of sample loading in DAC and data pro-
cessing procedures for transport experiments are similar to
those reported previously [26]. The DC magnetization (M)
measurement at high pressures was performed on the SQUID-
VSM-7T (Quantum Design, MPMS3) equipped with Be-Cu
alloy DAC (the culet size is 500 µm). The room-temperature
angle-dispersive synchrotron XRD experiments were carried
out on fine powders of well-ground EuCd2As2 single crystals
by using a Mao-type DAC, at beamline BL15U1 of SSRF
(λ = 0.6199 Å). Daphne 7373 was used as the pressure-
transmitting medium. The DIOPTAS program [27] was used
for image integrations. The lattice parameters were extracted
by using the RIETICA program with Le Bail method [28].
Pressure for all the experiments was calibrated by using the
ruby fluorescence method at room temperature [29].

Figure 1 displays the temperature dependence of in-plane
resistance (R) for single-crystalline EuCd2As2 under various
pressures up to 49.5 GPa. Starting at 3.4 GPa, the resistance
increases monotonically upon cooling from 300 K and shows
a peak at TN ∼ 11 K, with a change in magnitude of 3–4 orders
[Fig. 1(c)]. It drops steeply with further lowering temperature,
followed by another slight increase below ∼5 K. The whole
R-T shape at 3.4 GPa is in line with that of our samples
measured at ambient pressure [Fig. 1(b)] and TN corresponds
to an AFM phase transition. The steep resistance drop below
TN is due to reduction of the spin scattering as the AFM
state sets in [16,24]. The anomaly below around 5 K is also

FIG. 1. (a) Temperature dependence of in-plane electric resis-
tance (R) of single-crystal EuCd2As2 at various pressures up to
49.5 GPa. The sharp peak in resistance as indicated by arrow cor-
responds to the AFM transition temperature TN . TC stands for a
magnetic phase transition of FM type as discussed in main text. Inset:
Low-temperature R at 3.4–21.0 GPa. (b) Ambient-pressure resistivity
(ρX X ) as a function of temperature. (c)–(e) Plots of R-T at 3.4, 24.0,
and 49.5 GPa

seen in previous resistivity measurements at ambient pressure
[16,25]. This is probably related to redistribution of domain
populations as an anomaly in susceptibility is simultaneously
observed, which scatters off the charge carriers and enhances
the resistance. These results demonstrate a strong coupling
between the electrical transport and magnetic properties of
EuCd2As2.

With increasing pressure to 21.0 GPa, TN shifts to higher
temperatures gradually [inset of Fig. 1(a)] and roughly the
whole resistance decreases by orders of magnitude. Never-
theless, the shapes of the R-T curves qualitatively resemble
each other and keep an insulating conduction behavior with
pressure. These observations suggest a stable insulating AFM
ground state in the pressure range of 0–21.0 GPa. At 24.0 GPa,
a high-temperature kink at TC ∼ 150 K in the R-T curve shows
up and coexists with the low-temperature AFM-related resis-
tance anomaly at TN ∼ 55 K [Fig. 1(d)]. This kink anomaly
at TC can be ascribed to an FM-like transition as discussed
below. Upon further compression, the resistance anomaly at
TN gradually fades away and the kink anomaly gets more and
more evident with TC increased slightly. Finally, a dominant
FM-like metallic phase is established at 49.5 GPa [Fig. 1(e)],
the highest pressure achieved in this experiment.

The temperature dependence of magnetization (M) at
pressures to 14.0 GPa is displayed in Fig. 2. At ambient pres-
sure, EuCd2As2 is an AFM material with TN ∼ 9.5 K (inset
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FIG. 2. Magnetization (M) of EuCd2As2 under high pressure.
The AFM transition temperature TN is determined as the point of
intersection of two lines extrapolated from the M(T ) curve below
and above the temperatures of the broad peak. The applied field is
B = 1000 Oe. The signals are translated vertically for clarity. Inset
shows the M-T curve in a field of B = 100 Oe at ambient pressure.

of Fig. 2). The measured high-pressure magnetization is a
superposition of the weak AFM signal from the tiny mount of
samples (∼480 × 480 × 80 µm3) and the strong paramagnetic
background from the BeCu DAC. At 0.9 GPa, a kink anomaly
at TN ∼ 9.6 K is clearly observed, signifying the AFM phase
transition. With increasing pressure, the kink anomaly shifts to
higher temperatures monotonically, with the transition broad-
ening slightly due to the pressure gradient across the sample
inside the DAC as no pressure medium was used. This indi-
cates pressure-driven enhancement of the antiferromagnetism
in the insulating antiferromagnet EuCd2As2, in agreement
with the above transport measurement.

It is instructive to investigate the Hall effect of EuCd2As2

under pressure. At pressures smaller than 15 GPa, the mag-
nitude of resistance is too large to get a reliable Hall signal.
As shown in Fig. 3(a), in the pressure range of 15.0–21.0 GPa
we find an ordinary, positive-slope, and roughly linear Hall
resistance (Ryx) signal in the field range of 0–5 T at 5 K and
no evident anomalous Hall effect (AHE), indicating hole-type
charge carriers dominating the transport with no polarized
FM order even under 5 T. At the same pressure window
(18.0–21.0 GPa), the AHE above TN can be observed, say
at 80 K and 21.0 GPa [Fig. 3(b)]. This observation implies
the presence of strong FM spin fluctuations or short-range
order as seen previously in EuCd2As2 and its sister compound
EuZn2As2 [13,17,30,31].

With further increasing pressure to 24.0 and 26.8 GPa,
clear AHE signals are always observed below TC ∼ 150 K
[Fig. 3(c)], suggesting the formation of an FM-like state.
In addition, a mere ordinary Hall effect (OHE) appears at
250 K since the system enters into a paramagnetic state.
The OHE slope at 250 K changes from positive to negative

FIG. 3. (a) Hall resistance (Ryx) as a function of field (B) at dif-
ferent pressures and a fixed temperature of 5 K. The anomalous Hall
resistance (RA

yx) is obtained by linearly extrapolating the high-field
part of Ryx-B. Inset shows the estimated carrier density n in unit of
cm−3 versus pressure at 5 K. (b)–(d) Ryx-B at different temperatures
and pressures. Note that the zero-field Ryx at 80 K and 24.0 GPa does
not go through the origin due to measurement uncertainty.

when going from 24.0 to 26.8 GPa, indicating a hole- to
electron-type crossover of the dominant carriers [Figs. 3(c)
and 3(d)]. This suggests a pressure-induced change of the
band structure along with the AFM to FM transition.

At each pressure and 5 K, we fit data of the high-field part
from ∼1 to 5 T to ρyx = Ryxt = RH B, where t is a fixed sample
thickness of 10 µm (before compression) and RH is a Hall
coefficient. By using the Drude relationship for a single-band
case with RH = −1/ne, the carrier density n at 5 K can be
estimated. As shown in the inset of Fig. 3(a), at 15.0 GPa the
carrier density n ∼ 1.7 × 1017 cm−3 is very low, in line with
the insulating nature of EuCd2As2. Upon further compression,
n keeps increasing, consistent with the rapid reduction in
magnitude of resistance [Fig. 1(a)].

In order to explore the structural symmetry of EuCd2As2

under high pressure, we performed synchrotron XRD ex-
periments at room temperature. As shown in Fig. 4(a), the
XRD pattern at 0.5 GPa can be well indexed by the ambient-
pressure trigonal structure with space group P3m1 (No. 164).
Further compression shifts all peaks to higher angles, in ac-
cordance with shrinkage of the lattice. Starting at 28.2 GPa, a
tiny peak appears at 2θ ∼ 14◦ (marked by arrow), indicating
occurrence of a structural transition. This new structural phase
coexists with the pristine one in the pressure range of 28.2–
39.9 GPa. As the pressure further goes beyond 39.9 GPa, the
XRD patterns are distinctly from those from the low-pressure
patterns yet they basically resemble each other, implying com-
pletion of the structural transition. The critical pressure of
25.9–28.2 GPa and the observation of a phase coexistence
coincide with those observed in the resistance measurement
(Fig. 1).
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FIG. 4. (a) XRD patterns at selected pressures. The synchrotron
radiation x-ray wavelength is λ = 0.6199 Å. Peaks marked with
arrow are from high-pressure phase of EuCd2As2. (b) Low- and high-
pressure lattice structures of EuCd2As2. (c) Lattice parameters as a
function of pressure. The lattice parameters were extracted by using
the RIETICA program [28] with Le Bail method. (d) Volume per
unit cell V/Z as a function of pressure, i.e., equation of state (EOS).
The EOS data were fitted by using the third-order Birch-Murnaghan
(BM) model (solid lines). Across the structural transition, the change
in volume is about 3.1%, indicating a first-order structural transition.

By referencing previous literature [32–35], we found that
only the C2/m structure can fit our high-pressure data well
[see the upper of Fig. 4(a)]. The lattice structures for these
two phases and the extracted lattice parameters are displayed
in Figs. 4(b) and 4(c), respectively. The equation of state
is fitted by the third-order Birch-Murnaghan equation [36],
which gives the bulk modulus B0 = 61.0 GPa and its first-
order derivative B′

0 = 5.8 for the low-pressure P3m1 phase,
and B0 = 82.8 GPa and B′

0 = 4.0 for the high-pressure C2/m
phase [Fig. 4(d)].

We outline the above results into a phase diagram for in-
trinsically insulating antiferromagnet EuCd2As2. As shown in
Fig. 5, both TN and TC increase linearly with pressure at a rate
of ∼1.90 K/GPa and ∼0.69 K/GPa, respectively. The lattice
of EuCd2As2 with a P3m1 structure is made up of Cd2As2

bilayers separated by the triangular Eu layers [Fig. 4(b)].
EuCd2As2 has an A-type AFM order; i.e., the local Eu − 4 f
moments align ferromagnetically in plane but antiferromag-
netically out of plane (along the c axis). While the c axis is
compressed easier than the a axis [Fig. 4(c)], the increment
of TN may be dominantly contributed by strengthening of the
in-plane FM exchange since the ratio between the nearest-
neighbor in-plane FM and out-of-plane AFM exchanges is of
order three in magnitude [13]. This is similar to the case ob-
served previously in pressurized EuIn2As2 [37] and EuSn2As2

[38].
For metallic EuCd2As2 samples used in previous literature,

pressure-induced A-type AFM to in-plane FM at ∼2 GPa and

FIG. 5. Temperature-pressure phase diagram for intrinsically in-
sulating antiferromagnet EuCd2As2. PM, A-AFM, and FM-like
are short for the paramagnetic, A-type antiferromagnetic, and
ferromagnetic-like states, respectively.

further to possible out-of-plane FM states at ∼19–23 GPa was
proposed [20–22]. It thus is surprising that for an insulating
EuCd2As2 sample used here, its AFM state is stable against
pressure up to 21.0 GPa. This can be indicated by the fol-
lowing arguments: (i) the preservation of the R-T shape with a
sharp peak feature and the M-T shape, which means the scatter
mechanism keeping unchanged, at least to 14.0 GPa; (ii) the
well-matched TN from different techniques (Fig. 5); (iii) the
absence of AHE at 5 K even under 5 T in the pressure range
of 15.0–21.0 GPa. Such a sample-dependent evolution of the
AFM ground state in EuCd2As2 may imply that there exist
some other mechanisms in affecting its AFM state that have
not yet been unveiled.

As discussed above, in the pressure range of 18–21.0 GPa
the AHE can be observed above TN , indicating occurrence
of quasi-long-range FM fluctuations [13,31]. Moreover, the
anomalous Hall resistivity (ρA

yx = RA
yxt) at 80 K (above TN ) and

21.0 GPa is estimated to ∼5 m� cm [Fig. 3(b)], which is com-
parable to those observed in EuCd2As2 [39] and Co3Sn2S2

[40] where the AHE is dictated by the Berry curvature due
to nontrivial band topology. This may indicate persistence of
nontrivial topological states of EuCd2As2 up to 21.0 GPa.

When the pressure is increased to 24.0 GPa and above, in
addition to the R-T anomaly at TN ∼ 50 K relating to the AFM
transition, a R-T anomaly at TC ∼ 150 K is observed (Fig. 1).
Concurrently, the AHE is observed below TC (including below
TN ). Generally, an AHE is typically related to either FM corre-
lations or purely a Berry curvature and spin-orbit coupling in
nonmagnetic materials such as in ZrTe5 [41]. For nonmagnetic
system, however, the AHE appears below some certain tem-
perature where a magnetic transition is unexpected as there
is no magnetic ion and no R-T anomaly is observed. Here,
we observed AHE only when EuCd2As2 is cooled below TC ,
indicating a strong correlation between them. The anomaly at
TC cannot be related to a pressure-induced change of Eu2+

valence state [21]. These suggest a magnetic origin of the R-T
anomaly at TC , most likely due to a FM-like transition.
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In addition, the anomalous Hall resistivity ρA
yx decreases

significantly. For example, it decreases from ∼5 m� cm at
80 K and 21.0 GPa to ∼0.03 m� cm at 80 K and 24.0 GPa.
This suggests an abrupt change in band structure of EuCd2As2

across the magnetic transition. Interestingly, ρA
yx changes non-

monotonically with temperature; meanwhile, the OHE also
exhibits a nonmonotonic evolution behavior with temperature
and even displays a sign change [Figs. 3(c) and 3(d)]. Ori-
gins for these observations are unclear at present. Obviously,
further investigations especially from theoretical calculations
will be helpful in clarifying these issues.

In summary, we have studied the pressure effect on
transport, magnetic, and structural properties of intrinsi-
cally insulating antiferromagnet EuCd2As2. Our data show
that the AFM insulating ground state is stable with pres-
sure up to 21.0–24.0 GPa before a FM-like metallic state
shows up, owing to a P3m1 → C2/m structural tran-
sition. A temperature-pressure phase diagram for this in-

trinsic sample is constructed. Our results indicate that the
insulating antiferromagnet EuCd2As2 has nontrivial band
topology even above TN , which may stimulate further re-
search interests on its nature and interplay to transports and
magnetism.
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