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EuCd2As2 is an antiferromagnetic semimetal that can host nontrivial topological properties, depending upon
its magnetic state and excitations. Here, we report the synthesis and characterization of Eu(Cd1−xAgx )2As2

and Eu1−yNayCd2As2, and we study the evolution and nature of magnetic order with doping. Temperature-
substitution phase diagrams are constructed from the electrical resistance and magnetic susceptibility data. We
observe a splitting of the magnetic transition into two different transitions, and the gradual increase in one of
the transition temperatures with Ag and Na substitution. The other transition remains more or less independent
of doping. We further show that a magnetic state with a net ferromagnetic moment is stabilized by both Ag and
Na doping and this can be explained by considering the changes in band filling due to substitution as suggested
by density functional theory (DFT) calculations. We thus show that chemical substitution and the subsequent
changes in band filling could be a pathway to tune the magnetic ground state and to stabilize a ferromagnetic
phase in EuCd2As2.

DOI: 10.1103/PhysRevMaterials.7.034402

I. INTRODUCTION

The search for new topological materials and the real-
ization of novel surface states and magnetotransport phe-
nomena has driven condensed matter research in the recent
years [1–8]. One such material class is Weyl semimetals,
which are expected to show a chiral anomaly, large anomalous
Hall effect, Fermi arc surface states, unconventional optical
response, etc. [9–14]. Weyl semimetals can be realized from
a Dirac semimetal, which hosts linear band dispersion at cer-
tain symmetry protected Dirac points. Breaking either time
reversal or inversion symmetry lifts the degeneracy of Dirac
points, giving rise to a Weyl semimetal. A minimum number
of Weyl points can be attained by breaking the time rever-
sal symmetry [7], which can be achieved through magnetic
ordering. Despite a large number of materials being identi-
fied as magnetic Weyl semimetal candidates, unambiguous
experimental signatures, especially in magnetotransport, have
remained difficult to attain and challenging to untangle from
other contributions. One among the major road blocks for
this is the presence of other topologically trivial bands close
to the Fermi level [15], combined with a large number of
Weyl points usually observed [16–19]. It is in this context
that EuCd2As2 garnered a lot of attention, as DFT calcula-
tions predicted it to host nontrivial topological phases [20],
and furthermore to host a single pair of Weyl points, when
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stabilized in a ferromagnetic state with moments along the
crystallographic c direction [21].

Subsequent experimental work showed direct and indi-
rect signatures of Weyl physics, as well as the possibility of
this system being tunable between various magnetic ground
states [22–30]. Early experiments on EuCd2As2 reported it to
crystallize in the hexagonal space group P3̄m1 with an anti-
ferromagnetic (AFM) transition around 10 K [31,32]. Later,
the magnetic ground state was reported to be AFM-A, where
moments are aligned ferromagnetically (FM) in-plane and
antiferromagnetically interplane [22]. Whereas a c-polarized
ferromagnetic state was predicted to be favorable for a sin-
gle pair of Weyl points, other magnetic ground states were
still expected to show topologically nontrivial states [21,25].
Observation of anomalous Hall effect in transport mea-
surements [33], soon followed by the direct observation of
Weyl points by angle resolved photo emission spectroscopy
(ARPES) in the paramagnetic state have confirmed this
prediction [23]. This was followed by reports of a modi-
fied synthesis procedure stabilizing a ferromagnetic ground
state [25], which was later reproduced and the FM ground
state confirmed by neutron diffraction [27]. Furthermore, Ba
substitution in EuCd2As2, has also shown an FM state with
spin canting [28]. Hydrostatic pressure has also been used
to tune the magnetic ground state revealing that pressures as
low as 2 GPa can change the ambient-pressure, AFM ordering
of pure EuCd2As2 into an ordered state with a net ferromag-
netic component with moments in-plane [29,34,35]. It is also
known to go through a metallic-insulating-metallic transition
below the magnetic transition with applied pressures [35]. A
recent study suggests that higher pressures (∼19 GPa) turn the
magnetic ordering in to ferromagnetic with moments out of
plane [34].
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In this paper, we further probe the effect of chemical
tunability on magnetism, by careful chemical substitution of
Ag and Na on Cd and Eu sites, respectively, of EuCd2As2.
Electrical resistivity and magnetic susceptibility measurement
results are presented, and the temperature-substitution phase
diagrams are constructed from them. Furthermore, we use
magneto-optical Kerr effect measurements to further support
the conclusion that whereas pure EuCd2As2 is in an AFM
state, Na- and Ag-substituted EuCd2As2 has a measurable
FM component, even for the smallest doping we have. Fi-
nally, we also discuss a possible mechanism that is leading to
stabilization of different magnetic states, supported by DFT
calculations.

II. METHODS

The single crystals of pure and Na- and Ag-substituted
EuCd2As2 were grown out of Sn flux with following pro-
cedures. For pure EuCd2As2 an initial stoichiometry of
Eu:Cd:As:Sn = 1:2:2:10 (Eu, Ames Laboratory, 99.99+%;
Cd, Alfa Aesar, 99.9997%; As, Alfa Aesar, 99.9999%; Sn,
Alfa Aesar, 99.99%) was put into a fritted alumina crucible
(CCS) [36] and sealed in fused silica tube under a partial
pressure of argon. The thus prepared ampoule was heated
up to 900◦C over 24 h, and held there for 20 h. This was
followed by a slow cooling to 550◦C over 200 h, and de-
canting of the excess flux using a centrifuge [37,38]. For
the synthesis of Ag- and Na-substituted samples, the ini-
tial composition was modified as; Eu1(Cd1−xAgx )2As2Sn10

for x = 0.05, 0.10, 0.20, 0.30 and Eu1−yNayCd2As2Sn10 for
y = 0.10, 0.20, respectively. Further increasing the Ag and
Na content in the initial melt resulted in secondary phase
inclusions appearing in the crystal.

Powder x-ray diffraction measurements were carried out to
determine the phase purity and track the changes in lattice pa-
rameters. Each powder x-ray diffraction pattern was collected
on ground crystals using a Rigaku Miniflex-II diffractometer,
with CuKα radiation. Lattice parameters were obtained from
a Rietveld refinement on it using GSAS-II software [39].

The actual concentrations of Na and Ag in the grown
crystals (as opposed to the compositions of the initial, high-
temperature melt), were determined using energy dispersive
x-ray spectroscopy (EDS) and wavelength dispersive x-ray
spectroscopy (WDS). The SEM was an FEI Quanta-FEG 250
outfitted with Oxford Instruments EDS and WDS. All was run
under Aztec software, version 5.0. Initial experiments with
EDS showed no discernible peaks for Ag or Na due to peak
overlap with Cd and Eu, respectively. Hence, WDS analysis
was used to quantify Na and Ag content, whereas other el-
ements were determined with EDS. Na- and Ag-substituted
EuCd2As2 samples were analyzed in the SEM at 20 kV, 8–16
nA, and 90–260 s of acquisition time. For Na-substituted
samples, measurements were done on 1–4 different points
each for two different crystals of each nominal substitution.
The WDS analyses ran about 90 s each, to achieve 0.01
weight% reproducibility. For crystals with various Ag substi-
tutions, the samples were embedded and polished along the
cross section for the best results. Samples were coated with
10 nm of carbon for conductivity. Wavelength scans over the
Ag-Lα peak showed a small, but discernible peak. Samples

were measured at a minimum of two points for each of the
embedded crystals. The WDS analyses ran about 260 s each
to attain 0.02% reproducibility.

The magnetic measurements were carried out in a Quan-
tum Design magnetic property measurement system with
applied fields up to 50 kOe. The samples were mounted
on a poly-chloro-tri-fluoro-ethylene disk, and the separately
measured background of the disk was subtracted. The AC
resistivity measurements were done in a Quantum Design
physical property measurement system in the standard four
point configuration. The current was passed in the ab plane
with I = 3 mA and f = 17 Hz. Contacts were made using
Epo-tek H20E silver epoxy. Pure EuCd2As2 crystals were
very difficult to make low resistance contacts on, as the con-
tact resistance remained several tens of Ohms despite best
efforts, which makes the measurements challenging. As will
be discussed below, pure EuCd2As2 has semiconducting-like
resistivity values as well as low-temperature behavior. Any
finite substitution/doping level we add results in much lower
contact resistances as well as lower resistivity values. A lot of
the resistance data shown later is represented as normalized
resistances for comparison between the samples and to get rid
of the errors in geometrical factors. As soon as we substitute
Ag or Na, the contact resistances values drops to 3–4 ohms.
Along with this, the absolute value of measured resistance
also drops by two orders of magnitude as we go from pure
EuCd2As2 to any of the substituted sample.

Magneto-optical Kerr effect measurements were carried
out to confirm the existence of ferromagnetic domains. The
off-diagonal components of anisotropic permittivity depend
on magnetization vector amplitude and orientation. This leads
to the anisotropy of the speed of light in different directions,
causing linearly polarized light to rotate and become ellipti-
cally polarized. Depending on the angle of incidence and the
direction of polarization, different components of the mag-
netization vector are engaged. We used the magneto-optical
polar Kerr effect for a real-space 2D imaging of the magneti-
zation component perpendicular to the reflection surface.

In the experiment, linearly polarized light is incident per-
pendicular to the sample face, thus, it is only sensitive to
the perpendicular component of the surface magnetization
vector. Unlike Kerr spectroscopies, we use a polarized-light
optical microscope where the transmitted through an analyzer
light intensity reveals a real-space 2D image of the Kerr rota-
tion angle, proportional to local magnetization amplitude. Up

TABLE I. The nominal and measured concentrations of Ag and
Na in various substituted EuCd2As2 crystals.

Sample Nominal x, y Measured x, y

Eu(Cd1−xAgx )2As2 x = 0 x = 0
x = 0.05 x = 0.0008(1)
x = 0.10 x = 0.0019(3)
x = 0.20 x = 0.0040(3)
x = 0.30 x = 0.0055(3)

Eu1−yNayCd2As2 y = 0 y = 0
y = 0.10 y = 0.005(1)
y = 0.20 y = 0.008(1)
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FIG. 1. (a) Powder x-ray diffraction patterns of various Ag- and Na-substituted EuCd2As2 samples. The intensities have been normalized
such that the strongest peak [the (101) peak located at 2θ ∼ 26 degrees] has an intensity of 1. The impurity peaks marked by black and green
stars are from Sn and NaSn2As2, respectively. Each data set is offset by a constant to show the diffraction patterns clearly. (b) Lattice parameter
a and (c) c as a function of Ag substitution x and Na substitution y.

and down directions of surface magnetization cause rotation
clockwise and counterclockwise. With a slightly misaligned
analyzer (1–3 degrees away from 90 degrees) this results
in the optical contrast where “up” domains are lighter and
“down” domains are darker. The imaging was performed with
Olympus polarized microscope mounted above a closed cycle
4He cryostat (Montana Instruments) with the ability to apply
a magnetic field along and perpendicular to the sample. The
sample was mounted on a gold-plated copper cold finger with
a dash of Apiezon grease.

Total energy and density of states with spin-orbit cou-
pling (SOC) in density functional theory [40,41] (DFT) have
been calculated with PBE [42] exchange-correlation func-
tional, a plane-wave basis set and projected augmented wave
method [43] as implemented in VASP [44,45]. To account for
the half-filled strongly localized Eu 4f orbitals, a Hubbard-
like [46] U is used. For A-type anti-ferromagnetic (AFMA)
EuCd2As2, the hexagonal chemical unit cell is doubled along
the c axis, while the ferromagnetic (FM) unit cell has the same
size as the original chemical unit cell. To reduce DFT total

FIG. 2. Resistivity as a function of temperature, ρ(T ), plotted on a semilog scale for undoped EuCd2As2 and various (a) Ag-doped samples
and (b) Na-doped samples. The undoped sample has two orders of magnitude higher resistivity than the doped samples. It also has a significant
upturn above the magnetic transition, whereas this feature is less pronounced in all substituted samples. Inset shows the low-temperature
regime for the doped samples. Two features are observed for samples with higher doping, illustrated by two red arrows for x = 0.0055(3) and
y = 0.008(1) samples.
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FIG. 3. Temperature-dependent magnetization divided by applied field, M(T )/H , as a function of temperature for various Ag-substituted
samples with an applied field of H = 50 Oe (a) parallel to crystallographic c direction and (b) in the ab plane. The data shown is above T =
3.8 K, as there were slight features below that, due to presence of Sn (flux) in the sample which goes superconducting below this temperature.
Right y axis shows the scale in units of μB/f.u. Oe.

energy errors when comparing the two magnetic configura-
tions, both AFMA and FM are calculated in the doubled
unit cell on a �-centered Monkhorst-Pack [47] (11 × 11 × 3)
k-point mesh with a Gaussian smearing of 0.05 eV. A kinetic
energy cutoff of 254 eV and experimental lattice param-
eters [48] have been used with atoms fixed in their bulk
positions. To calculate the energy difference between AFMA
and FM with doping, the total energy of a charged cell with a
uniform neutralizing background [49] has been used.

III. RESULTS AND DISCUSSION

A. Structure and substitution

The concentration of Ag and Na determined from WDS for
various initial concentrations used for synthesis are given in
Table I. It is worth highlighting the extremely small amounts
of Ag and Na that can be incorporated in to the EuCd2As2

system. Although we started the synthesis with nominal con-
centration of 10%–20% for Na and 5–30% for Ag, the actual

concentration of dopants in the crystals, as determined from
WDS are orders of magnitude smaller. With very small con-
centrations of Ag and Na going in, and the changes in carrier
density (indicated by resistivity behavior as will be discussed
later), we are using the words substitution and doping inter-
changeably from here on. For Ag-substituted samples, there
is a very small but discernible decrease in the amount of Cd
obtained in EDS, which suggests that Ag is going into the
Cd sites. No such trends were seen in Na-doped samples,
we are assuming it is going into the Eu sites. These data
indicate that there is a rather narrow width of formation for
Na and Ag to go into the EuCd2As2 structure. For many
compounds such small doping levels would be irrelevant,
but given EuCd2As2’s extreme sensitivity to small deviations
from stoichiometry [25,27,28] probing even this narrow width
of formation is necessary and revealing.

Figure 1(a) shows the powder x-ray diffraction data for
various samples. This confirms the P3̄m1 structure for all the
substituted crystals with minimal change in peak position. The

FIG. 4. Temperature-dependent magnetization divided by applied field, M(T )/H , as a function of temperature for various Na-substituted
samples with an applied field of H = 50 Oe (a) parallel to crystallographic c direction and (b) in the ab plane. The data shown is above T =
3.8 K, as there were slight features below that, due to presence of Sn (flux) in the sample which goes superconducting below this temperature.
Right y axis shows the scale in units of μB/f.u. Oe.
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FIG. 5. Low-temperature dependencies of normalized resistance R/R300K, the temperature derivative of the normalized resistance
d[R(T )/R300K]/dT , temperature-dependent magnetization divided by field M(T )/H , and the derivative dM/dT plotted together for T � 30 K
for x = 0.0008(1) and x = 0.0040(3) Ag-substituted samples. (a) M(T )/H plotted along with the temperature derivative dM/dT for
H = 50 Oe field cooled in H ‖ c direction and (b) H ⊥ c direction for x = 0.0008(1) substitution. (c) R/R300K and d[R(T )/R300K]/dT for
x = 0.0008(1) substitution. The peak positions in d[R(T )/R300K]/dT more or less coincide with the feature in M(T )/H . Panels (d), (e), and
(f) show similar data for x = 0.0040(3) sample. The low-field M(T ) and zero-field R(T ) have small Sn features, therefore we truncate data
below Tc of Sn. Dotted lines show the transition temperatures determined from d[R(T )/R300K]/dT .

small impurity peaks, denoted by black and red stars in Fig. 1,
identified in some of the patterns are from Sn and NaSn2As2

impurity phases, respectively. The lattice parameters a and
c, as determined by fitting the powder x-ray diffraction data,
are shown in Figs. 1(b) and 1(c), respectively. This shows the
changes in lattice parameters with Ag and Na substitution are
minimal and within error bars, which would be consistent with
very small amounts of Ag and Na content in the crystals.

B. Temperature-dependent magnetization and resistivity data
and constructing the phase diagrams

We will first present the temperature-dependent electrical
resistance and magnetization data, examine the effects of
Na and Ag substitutions on the ground state as well as the
higher-temperature properties and construct a temperature-
substitution phase diagram. Figures 2(a) and 2(b) shows
the resistivity ρ as a function of temperature for Ag and

Na-substituted samples on a semilog scale, with the inset
showing low-temperature behavior for the substituted samples
more clearly. Figure 12 in the Appendix shows the data for the
undoped EuCd2As2 in an Arrhenius plot, showing that below
roughly 50 K the temperature dependence of the resistivity
data can be fit well with an ∼5-6 meV gap. Although the abso-
lute value of resistivity for the undoped sample might be prone
to error because of the relatively high contact resistances, the
orders of magnitude difference is probably inherent to the
sample itself. It is also worth noting that this value differs from
that reported in the literature [23,35], but given that EuCd2As2

appears to be close to the realm of semiconducting physics,
where small doping changes the resistivity immensely, widely
varying resistivity depending on the differing sample qual-
ity are not surprising. High purity Ames Laboratory Eu,
along with other elements used in the synthesis of samples
for this study may lead to lower accidental doping levels,
thereby changing the resistivity drastically. As soon as we start
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FIG. 6. Low-temperature dependencies of normalized resistance R/R300K , the temperature derivative of the normalized resistance
d[R(T )/R300K ]/dT , temperature-dependent magnetization divided by field M(T )/H , and the derivative dM/dT plotted together for T � 30 K
for y = 0.005(1) and x = 0.008(1) Na-substituted samples. (a) M(T )/H plotted along with the temperature derivative dM/dT for H = 50 Oe
field cooled in H ‖ c direction and (b) H ⊥ c direction for y = 0.005(1) substitution. (c) R/R300K and d[R(T )/R300K ]/dT for x = 0.005(1)
substitution. The peak positions in d[R(T )/R300K ]/dT more or less coincide with the feature in M(T )/H . Panels (d), (e), and (f) show similar
data for x = 0.008(1) sample. The peak positions in d[R(T )/R300K ]/dT more or less coincide with the feature in M(T )/H . The low-field
M(T ) and zero-field R(T ) have small Sn features, therefore we truncate data below Tc of Sn. Dotted lines show the transition temperatures
determined from d[R(T )/R300K ]/dT .

FIG. 7. (a) Temperature-doping (T -x) phase diagram for Ag-substituted EuCd2As2. Closed symbols show the transition temperatures
obtained from d[R(T )/R300K]/dT . Open-crossed and star shaped symbols show the transitions obtained from derivative of magnetization,
dM/dT , for H ‖ c and H ⊥ c direction of applied fields, respectively. Since the two transition temperatures obtained from dM/dT with H ‖ c
and H ⊥ c agree well with those from dR/dT , they have been assigned as the two magnetic transitions, Tmag1 and Tmag2. (b) Temperature-doping
(T -y) phase diagram for Na-substituted EuCd2As2.
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FIG. 8. Magneto-optical images of EuCd2As2, Ag-doped sample with x = 0.0055, and Na-doped sample with y = 0.008. (a) Undoped
EuCd2As2 at T = 5.2 K, which is below TN , not showing magnetic domains. (b) Na-doped EuCd2As2 sample with y = 0.008 at T = 20 K,
above Tmag2, not showing any contrast due to domain formation. Same sample at T = 5.2 K, below both magnetic transitions (c) after cooling
in zero field and H = 0 and (d) with an applied field of H = 880 Oe in the direction H ‖ c. Panels (c) and (d) show ferromagnetic domain
formation seen as green and purple colored regions in the images. Similar images for Ag-doped EuCd2As2 sample with x = 0.0055 shown in
(e) at T = 50 K above Tmag2 and (f) at T = 4 K, with no applied field. Same sample at T = 4 K (g) with an in-plane magnetic field H = 250 Oe
applied and (h) with H = 880 Oe in the direction H ‖ c. The three images in panels (f), (g), and (h) show formation of domains.

chemical substitution the resistivity values drop two orders of
magnitude at 300 K, and the significant upturn in resistance
of undoped EuCd2As2 became less pronounced, but remains
clearly resolvable (Fig. 2 inset). The upturn in the undoped
sample has been attributed to strong magnetic fluctuations ex-
isting in this low-carrier-density system [22,23], or formation
of ferromagnetic clusters in similar systems [50]. Hence, a
reduced up turn might be denoting reduced magnetic fluctu-
ations, possibly along with a higher carrier density leading
to more metallic-like behavior. Two clear features (denoted
by red arrows for x = 0.0055(3) sample as an example) are
seen in the low-temperature resistance data for both Ag- and
Na-doped samples, shown in the inset of Figs. 2(a) and 2(b),
corresponding to the two transitions which will be discussed
in detail later in the text.

Temperature-dependent magnetization, M(T ), divided by
applied field, H , for 3.8 K � T � 35 K, for various Ag-
substituted samples are shown in Fig. 3(a) for applied
magnetic field parallel to the crystallographic c axis and
Fig. 3(b) for field in the ab plane. The data were taken while
cooling down with the applied field of 50 Oe (zero-field-
cooled data shown in Appendix Fig. 15). There is roughly
an order of magnitude difference between the M(T )/H for
the H ‖ c and H ⊥ c directions with the c axis being the
harder direction and the basal plane being the easier direc-
tion. Additionally, whereas the in-plane magnetization shows
a rapid increase and lower temperature plateau like a transition
with a ferromagnetic component, in the T range 12–18 K
for various samples, field parallel to c axis data shows more
complicated behavior. There is a clear transition around
10 K, below which M/H is decreasing for samples with
low substitution, and increasing for samples with high Ag

substitution. At the same time, there also exists a less notice-
able feature at a higher temperature (e.g., T ∼ 18 K for x =
0.004 sample), which shifts further upward with increased
doping.

Figure 4 shows the temperature-dependent magnetization
(field-cooled) data for the Na-doped samples. The behavior
of M(T )/H for the Na-substituted samples is very similar
to that of Ag-substituted samples. Crystallographic c axis re-
mains the harder direction with M(T )/H values with applied
field along the c axis being almost 10 times smaller than
the in-plane magnetization. The in-plane M(T )/H shows a
sudden jump around 15–17 K for both the Na-doped sam-
ples, whereas magnetization with applied field parallel to c
axis shows a clear feature around 10 K with a subtle higher-
temperature (∼17 K) feature for the y = 0.008 sample, similar
to the Ag-doped samples.

To follow the features in R/R300K(T ) and M(T )/H
more clearly and to understand their behavior, we have
plotted the magnetization divided by field M(T )/H mea-
sured at H = 50 Oe in both directions with its temperature
derivatives dM/dT along with the normalized resistance
R(T )/R300 K measured at zero field, and derivative of resis-
tance d[R(T )/R300 K]/dT , for two samples with Ag substitu-
tion in Fig. 5 and Na-substituted samples in Fig. 6. Similar
plots for the rest of the Ag-doped samples are shown in Ap-
pendix Fig. 16.

Figures 5(a) and 5(b) show the anisotropic M(T )/H
and dM/dT for the x = 0.0008 Ag-substituted sample. Fig-
ure 5(c) shows the normalized resistance and temperature
derivative of the normalized resistance for the same sam-
ple. Similar plots for Ag doping x = 0.0040 are shown in
Figs. 5(d), 5(e), and 5(f). Whereas the R(T )/R300 K data,
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FIG. 9. (a) Magnetization M as a function of H , with applied field H ‖ c, for Eu(Cd1−xAgx )2As2 samples. (b) M(H ) with field H ⊥ c for
Ag-doped EuCd2AS2 samples. Inset: M(H ) at the low-field region H < 1.2 kOe for H ⊥ c direction, showing the sharp rise. (c) Magnetization
M as a function of H , with applied field H ‖ c, for Eu1−yNayCd2As2 samples. (d) M(H ) with field H ⊥ c for Na-doped EuCd2AS2 samples.
Inset: M(H ) at the low-field region H < 1.2 kOe. All M(H ) data were normalized to give the saturated moment of 7 µB, which is the value
expected for Eu2+.

and its temperature derivative show two clear features, the
anisotropic M(T )/H sets each show only one conspicuous
feature. For H ⊥ c, the rapid increase in magnetization that
suggests a ferromagnetic component to the ordering agrees
well with the higher-temperature feature in the resistance data.
For H ‖ c, the clearer feature in the M(T )/H data agrees with
the lower temperature feature seen in the R(T )/R300 K data,
and its temperature derivative. For higher Ag-substitution
levels there may be a small higher-temperature shoulder as-
sociated with the higher transition temperature for H ‖ c,
but this is subtle. Nevertheless, the good agreement between
the two features in the zero-field resistivity, R(T )/R300 K,
and the magnetization M(T )/H , for various dopings, has
prompted us to assign two magnetic transitions Tmag1 and
Tmag2 corresponding to these features as denoted by the dotted
lines and the labels in Fig. 5. The evolution of these two
transitions with doping is plotted in the phase diagram in
Fig. 7(a).

A similar analysis has been carried out on the data for
the Na-substituted compound. Figures 6(a) and 6(b) show
the anisotropic M(T )/H and dM/dT for the y = 0.005
Na-substituted sample. Figure 6(c) shows the normalized
resistance and temperature derivative of the normalized resis-
tance for the same sample. Similar plots for Na doping y =
0.008 are shown in Figs. 6(d), 6(e), and 6(f). The two features

are clearly seen in the resistance data and its derivatives shown
in blue. Anisotropic M(T )/H shows features similar to Ag-
substituted samples. Whereas for H ⊥ c, M(T )/H shows a
sudden increase, with the transition temperature agreeing with
the higher-temperature feature in R(T )/R300 K, H ‖ c data has
a prominent feature corresponding to the lower temperature
transition and a subtle feature for the higher-temperature one.
The transition temperatures Tmag1 and Tmag2 determined form
d[R(T )/R300 K]/dT and dM/dT are used to plot the phase
diagram in Fig. 7(b).

The transition temperatures obtained from R(T ) and M(T )
curves can now be used to construct T -x phase diagrams
as shown in Fig. 7 for Ag- and Na-substituted EuCd2As2.
The transition temperatures were determined by taking the
extrema in d[R/R300 K]/dT [51] and dM/dT . For Ag and Na
substitution [Figs. 7(a) and 7(b), respectively], one can clearly
see Tmag1 remaining more or less constant with substitution,
and with finite, and increasing substitution a new transition,
at Tmag2, appears and increases with substitution level. We
can try to understand this along with the insights from the
magnetization and resistance data as follows: With Ag and
Na substitution in EuCd2As2, we are splitting the magnetic
transition that was initially at TN = 9.2 K in to two, one that
is denoted by Tmag1 that is remaining unchanged, and one
denoted by Tmag2 that shows a gradual increase with increased
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FIG. 10. Normalized resistance R/R0 (where R0 is the resistance at zero field) as a function of H for Ag-substituted samples with (a) H ‖ c
and (b) H ⊥ c. Panels (c) and (d) show the measurement results for Na-substituted samples.

chemical substitution. One can further speculate, the transi-
tion corresponding to Tmag2 is associated with a ferromagnetic
alignment of moments in the ab plane, as would be supported
by the prominent feature in the in-plane M/H measurement.
In this case, the chemical substitution seems to play a key role
in splitting a transition into two separate transitions, which is
similar to what was observed in La-doped EuPd3S4 [52].

C. Magneto-optical Kerr effect

Before studying the field-dependent magnetization and
magnetoresistance of these samples, it is useful to further
confirm that the low-temperature state of these substituted
samples indeed have a zero-field, ferromagnetic component.
As was the case for the EuCd2As2 samples grown from
NaCl/KCl salt mixtures [25] magneto-optical measurements,

FIG. 11. (a) Energy difference �E(AFM-FM) in meV per formula unit (meV/f.u.) as a function of doping (�Q) for various values of U .
Positive values in �E show the doping region for which FM state is stable. (b) The density of states (DOS) projected on Eu 4f, showing the
change of the distance between Eu 4f band and EF upon doping.
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TABLE II. The average lattice parameters obtained from Rietveld refinements of Ag-substituted EuCd2As2. The goodness of fit wR values
given are the worst among the various fits on each sample.

Eu(Cd1−xAgx )2As2 x = 0.0008(1) x = 0.0019(3) x = 0.0040(3) x = 0.0055(3)

a(Å) 4.4410(4) 4.4407(5) 4.440(1) 4.4404(4)
c(Å) 7.3292(3) 7.3296(2) 7.327(1) 7.328(3)
wR(%) 17.62 19.19 17.72 17.01

shown in Fig. 8, show the formation of clear magnetic do-
mains below the transition temperatures for x = 0.0055 and
y = 0.008 Ag and Na substitution. Figure 8(a) shows the pure
EuCd2As2 sample, where no domains are visible even below
the magnetic transition temperature. Figures 8(b) and 8(e)
show the Na- and Ag-doped samples y = 0.008 and x =
0.0055, at 20 K and 50 K, respectively, above both magnetic
transitions. Once again, these show no domain formation. At
lower temperatures, both these samples show clear domain
formation when cooled in zero field as shown in Figs. 8(c)
and 8(f). Furthermore, the effect of applied magnetic field
on the domains is shown in Figs. 8(d), 8(g), and 8(h). Fig-
ure 8(g) demonstrates that the application of 250 Oe along the
ab plane changes the observed pattern of domains, both shape
and size, which indicates that the domains are indeed mag-
netic in origin. Similar images with application of a magnetic
field of H = 880 Oe along the c axis are shown in Figs. 8(d)
and 8(h). Samples are warmed up and cooled down in zero
field between each of the measurements. Even though this is
the harder magnetic axis, domains showed a change in size
and shape. These data demonstrate that at low temperatures,
the zero-field magnetic state in the doped samples has an
unambiguous ferromagnetic component in the ab plane.

D. Magnetization and magnetoresistance

To gain further insight into how Ag and Na substitutions
affect the magnetic ground state of EuCd2As2 we have per-
formed anisotropic M(H ) and R(H ) measurements on our
samples. The base temperature anisotropic M(H ) for Ag-
substituted EuCd2As2 data is shown in Figs. 9(a) and 9(b),
whereas the anisotropic M(H ) for Na-substituted EuCd2As2

data is shown in Figs. 9(c) and 9(d). All M(H ) data were
normalized to give the saturated moment of 7 µB, which is the
value expected for Eu2+. This is to avoid sample dependence
and errors due to different mounting. Figure 10 shows the base
temperature anisotropic R(H ) data for Ag- and Na-substituted
EuCd2As2. In the Appendix (Figs. 20–25) we plot the M(H )
(without normalization) and R(H ) data for each sample and
direction of field separately for more direct comparison of
field induced features.

TABLE III. The lattice parameters obtained from Rietveld refine-
ment of pure and Na-substituted EuCd2As2.

Eu1−yNayCd2As2 y = 0 y = 0.005(1) y = 0.008(1)

a(Å) 4.4408(5) 4.4412(3) 4.4415(3)
c(Å) 7.3289(4) 7.3291(3) 7.3284(3)
wR(%) 14.49 12.27 13.98

From the M(H ) data we can see that as Ag and Na are
substituted, a ferromagnetic component develops in the basal
plane, whereas the changes in the M(H ) behavior for H ‖ c
are far more subtle. For H ⊥ c, as x or y increases there
is a dramatic increase in the low-field slope and, as shown
in the previous section, the establishment of a ferromagnetic
component along with ferromagnetic domains. There is a
steplike change in the magnetization between pure EuCd2As2

and the lowest x or y values with the pure sample being in
a clear antiferromagnetic state and the samples with finite
Ag or Na substitution exhibiting M(H ) data consistent with
a degree of ferromagnetic ordering. The rapid rise in M(H )
persists to roughly 0.5 kOe, after which the M(H ) enters an
intermediate state, finally saturating by ∼8 kOe. As x or y
increases the size of the moment associated with the low-field
roll over increases, reaching roughly 4 µB per Eu2+ (out of
the 7 µB associated with fully saturated Eu2+). The tem-
perature evolution of the various features in M(H ) for the
Ag-doped sample with x = 0.0019, with applied field H ⊥ c
was studied systematically, and plotted in the H-T phase
diagram shown in Fig. 19 in the Appendix.

For H ‖ c the effect of substitution is relatively small.
Whereas for pure EuCd2As2 it takes ∼17 kOe to complete a
spin flip process, Ag and Na substitution lower this field to
∼12 or ∼15 kOe, respectively. As will be discussed below,
there are subtle changes in the slope of M(H ) below this

FIG. 12. Arrhenius plot showing logarithm of electrical conduc-
tivity, ln σ as a function of 1/T for the undoped EuCd2As2. Inset
shows the region where a linear fit has been done for temperatures
between 14 K and 29 K. An energy gap of � = 5.5 meV is obtained
from the slope, using σ ∝ exp(−Eg/2kBT ).
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FIG. 13. Polycrystalline average of magnetization divided by
field M/H , as a function of temperature for undoped EuCd2As2,
and Ag doping x = 0.0019, with an applied field of H = 1 kOe.
Inverse susceptibility, H/M, plotted on the right axis for the two
samples, along with Curie-Weiss fit for each. The effective moment
and Weiss temperature obtained from the fitting parameters are given
in Table IV.

saturation field, but these changes are more clearly inferred
from the R(H ) data.

The anisotropic R(H ) data is shown in Fig. 10. Fig-
ures 10(a) and 10(b) show the anisotropic R(H ) data for the
Ag-substituted samples and Figs. 10(c) and 10(d) show the
data for Na-substituted samples. The primary point that can
be extracted from Fig. 10 is that, for each direction of applied
field, the R(H ) saturates once the M(H ) saturates. Given that
magnetic anisotropy seen in Fig. 9, the saturation in R(H )
occurs around 5–8 kOe for H ⊥ c and around 15–18 kOe for
H ‖ c. It is worth emphasizing that the M(H ) and R(H ) data
demonstrate that for pure and doped EuCd2As2, the base
temperature R(H ) is dominated by scattering off of the Eu2+

moment and its excitations.
More detailed insight can be drawn from individual com-

parison of the anisotropic M(H ) and R(H ) data shown for
each sample in Figs. 20–25 in the Appendix. For H ⊥ c,
the majority of the change in resistance occurs between the

TABLE IV. The effective moment and Weiss temperature for
various Ag- and Na-substituted EuCd2As2 samples, obtained from
Curie-Weiss fits to the inverse magnetic susceptibility data above
the transition temperature. The error bars are calculated considering
error in mass of the crystals and fitting errors.

Sample μeff(μB) θ (K)

x = 0, y = 0 7.82 ± 0.02 10.30 ± 0.04
x = 0.0008(1) 7.83 ± 0.02 15.34 ± 0.04
x = 0.0019(3) 7.85 ± 0.03 15.12 ± 0.06
x = 0.0040(3) 7.62 ± 0.04 17.6 ± 0.1
x = 0.0055(3) 7.68 ± 0.03 17.55 ± 0.06
y = 0.005(1) 7.7 ± 0.2 14.2 ± 0.4
y = 0.008(1) 7.78 ± 0.09 14.5 ± 0.2

FIG. 14. Curie-Weiss fitting parameter θ as a function of Ag and
Na substitution, x and y. Top axis has been scaled by two, as Na
substitution nominally changes 1 electron per formula unit, where as
Ag substitution changes two electrons per formula unit, as there are
two Cd atoms.

∼0.5 kOe saturation of the FM component and the ∼5–8 kOe
saturation. This suggests that whereas aligning the FM do-
mains does not significantly change scattering, aligning the
Eu moments through what is most likely some form of spin
rotation leads to a significant reduction of scattering. Once
the Eu moments are fully aligned with the applied field the
R(H ) saturates and becomes essentially field independent. For
H ‖ c, R(H ) data show clear signs of an intermediate field
transition. This is particularly clear for the Na-doped samples
(Figs. 24 and 25). For example, for y = 0.005, although the
M(H ) and R(H ) data saturate around 17 kOe, there is a broad
feature in R(H ) around 6 kOe. At the same field the M(H )
has a subtle, but discernible, change to a slightly shallower,
higher field, slope. Similar features in both H ‖ c, R(H ) and
M(H ) can be seen for other Na-substituted sample as well as
some of the Ag-substituted ones. These features suggest that
for H ‖ c there may be an intermediate field change in ordered
state. Ultimately this will need to be examined by diffraction
measurements.

Given the ability to compare R(H ) and M(H ) for the Ag-
and Na-substituted samples it is worthwhile to compare these
data with R(H ) data taken under pressure [29]. In Ref. [29]
the saturation field for the H ⊥ c, R(H ) data was tracked as
a function of pressure and when it was suppressed to zero a
transition to a pressure induced FM state was inferred. As we
can now see for Ag- and Na-substituted samples, we can have
a FM component to our zero-field ground state without having
reached a saturation point in the R(H ) data. Indeed, what we
do see is that for the Ag- and Na-substituted samples we have
studied the R(H ) is decreasing with field rather than increas-
ing (as it does for pure EuCd2As2 at ambient pressure as well
as for p � 1.67 GPa) when the sample is in a state with an
FM component. Based on the Ag- and Na-substituted data we
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FIG. 15. M/H as a function of temperature for selected samples with an applied field of H = 50 Oe. Measurements done with increasing
temperature after zero-field cooling (ZFC), and with decreasing temperature with field cooling (FC), denoted by open and closed symbols,
respectively. The data shown is above T = 3.8 K, as there were slight features below that, due to presence of Sn (flux) in the sample which
goes superconducting below this temperature. (a) Applied field parallel to crystallographic c direction and (b) field in the ab plane.

may now speculate that for 1.67 GPa < p < 2.05 GPa, pure
EuCd2As2 may be in a magnetic state with a ferromagnetic
component similar to what we find for Ag- and Na-substituted
compounds. This range of pressure is also where an insulator
to metal transition at low temperatures is reported for the
undoped compound [35]. For p > 2.05 GPa pure EuCd2As2

would then be in a FM state with full Eu moments all co-
aligned (i.e., fully saturated). This possibility was already
allowed for in Ref. [29], specifically in the shading/color
coding of the temperature-pressure phase diagram shown in
Fig. 3 and associated text.

E. DFT calculations

Since chemical substitution both at the magnetic Eu site
(by Na), and at the non magnetic Cd site (by Ag), lead to
similar magnetic behavior and T -x phase diagrams, one likely
mechanism behind it can be a change in band filling/density
of states near the Fermi energy (EF ) and its effect on magnetic
coupling. This is further supported by the DFT calculation
shown in Fig. 11. In the case of EuCd2As2, Eu 4 f magnetic
exchange interaction between layers is mediated by the free
electron like hole pockets from As p derived bands around
EF . The preference of AFM or FM ground state is affected
by the energy separation (∼1.0 eV) between Eu 4 f and As
p bands at EF , which can be tuned by exchange splitting
strength U and number of electrons removed �Q. The cal-
culated difference in energy between the AFM-A state and
FM state, �E (AFM − FM)(�Q) for various values of U are
shown in Fig. 11(a), capturing the FM phase being stabi-
lized by very small changes in band filling at EF , consistent
with the substitution levels actually used in this work. The
calculations were made with the moments along one of the
equivalent a or b axis. The U values chosen are close to those
in recent studies [29,34], which use lower values of U than
earlier studies [21,25], to predict the transitions with pressure
more precisely. Figure 11(b) shows the density of state (DOS)
projected on Eu 4f, showing the change of the distance be-
tween Eu 4 f band and EF upon doping. Due to the small
size of the hole pocket around the � point in semimetallic

EuCd2As2, a small doping can shift the distance of the Eu 4 f
band from EF and change their interlayer magnetic coupling,
which is through the conduction electrons through RKKY
mechanism. In a real space picture, the Cd2As2 layer provid-
ing the conduction electrons from the As p orbitals acts as a
nonmagnetic layer that separates and mediates the interlayer
magnetic coupling among the neighboring ferromagnetic Eu
atomic layers. When electrons being removed, i.e., hole dop-
ing, moves Eu-4 f DOS closer to EF , the inter layer FM
coupling becomes more favorable than AFM. Ferromagnetic
fluctuations have been observed above and below the transi-
tion in antiferromagnetically ordered undoped EuCd2As2 in
multiple measurements [23,53]. Thus, slight modifications to
the stoichiometry and band filling stabilizing a ferromagnetic
ordering along the c axis is not surprising.

IV. CONCLUSION

In summary, we have synthesized single crystals of
Eu(Cd1−xAgx )2As2 and Eu1−yNayCd2As2 and constructed
temperature-substitution phase diagrams. We have shown that
Ag- and Na-substituted EuCd2As2 shows a splitting of a
single magnetic transition in pure EuCd2As2 into two transi-
tions, with a ferromagnetic component stabilized below both
the transitions. We also propose a change in band filling
as the possible mechanism to stabilize ferromagnetism, sup-
ported by theoretical calculations. These data underscore just
how delicately balanced the magnetic state in EuCd2As2 is
and illustrates how chemical substitution and changing the
band filling can be the pathways to stabilize a ferromagnetic
ground state, and thereby possibly tune the various topo-
logical features predicted in the electronic structure of this
material.

Note added in proof. A recent report claims a semicon-
ducting state in “pure” EuCd2As2 [54]. We made a slight
modification of our growth procedure from our original one
and reproduced a similar resistivity behavior. Starting with the
same initial composition as in the text, we heated up to 900 ◦C
and after a 24 h dwell, decanted at that temperature. This gave
a small amount of polycrystalline material on the growth side
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which was put back into the excess, decanted solution. We
then resealed our growth and heated again 950 ◦C, dwelled
there for 24 h and then cooled down to decant at 550 ◦C.
This gave single crystals with dimensions similar to what we
describe in the text, but with a resistivity behavior similar to
[54] with about six orders of magnitude increase in resistivity
with decreasing temperatures, followed by the signature of
magnetic ordering at TN .
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APPENDIX

1. X-ray diffraction

Lattice parameters obtained from the Rietveld refinement
of powder x-ray diffraction data are given in Tables II and III.
For Ag-substituted data, the values given are averages of three

FIG. 16. Low-temperature dependencies of normalized resistance R/R300K, the temperature derivative of the normalized resistance
d[R(T )/R300K]/dT , temperature-dependent magnetization divided by field M(T )/H , and the derivative dM/dT plotted together for T � 30 K
for y = 0.005(1) and x = 0.008(1) Na-substituted samples. (a) M(T )/H plotted along with the temperature derivative dM/dT for H = 50 Oe
field cooled in H ‖ c direction and (b) H ⊥ c direction for y = 0.005(1) substitution. (c) R/R300K and d[R(T )/R300K]/dT for x = 0.005(1)
substitution. The peak positions in d[R(T )/R300K]/dT more or less coincide with the feature in M(T )/H . Panels (d), (e), and (f) show similar
data for the x = 0.008(1) sample. The peak positions in d[R(T )/R300K]/dT more or less coincide with the feature in M(T )/H . The low-field
M(T ) and zero-field R(T ) have small Sn features, therefore we truncate data below Tc of Sn. Dotted lines show the transition temperatures
determined from d[R(T )/R300K]/dT .
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FIG. 17. (a) Magnetization as a function of applied field, M(H ), up to 10 kOe for various temperatures between 1.8 K and 20 K.
(b) Derivative of magnetization with field, dM/dH as a function of field up to 10 kOe for various temperatures between 1.8 K and 20 K.
Inset shows the criteria for determining the transition points (marked by arrows pointing at them), where change of slope is determined by
taking the intersection of straight lines drawn. All measurements shown are for field applied H ⊥ c, on the Ag-doped sample with x = 0.0019.

runs on three different samples from each batch of samples.
The goodness of fit wR value given in the tables are the
worst among various fits for each Ag-substituted sample. The
refinements (for both Ag and Na) were carried out with fixing
the fraction of all the elements to full occupancy, as allowing
them to vary ended up with nonphysical results. The variation
in lattice parameters is not resolvable and within the error
bars.

2. Temperature-dependent conductivity of pure EuCd2As2

Figure 12 presents the temperature-dependent conductivity
of EuCd2As2 on an Arrhenius plot. Below ∼50 K there is an

activated behavior the persists down to the magnetic ordering
temperature, at which point there is a loss of spin-disorder
scattering feature. The gap value that can be extracted from
this behavior is roughly 5–6 meV, consistent with the temper-
ature range over which we see the Arrhenius behavior.

3. Magnetization

The Curie-Weiss fit of the inverse of magnetic suscepti-
bility, H/M, in the temperature range 50–250 K, is shown
in Fig. 13 for the undoped EuCd2As2 and Ag-doped sam-
ple with x = 0.0019. The fitting parameters give an effective
moment, μeff = 7.82 ± 0.02 µB, and Weiss temperature, θ =

FIG. 18. (a) Magnetization divided by field as a function of temperature, M(T )/H , for various applied fields between 50 Oe and 10 kOe.
Inset: Derivative of magnetization with temperature, dM/dT , for various applied fields. The minima in these curves were chosen as the
transition temperature for the H -T phase diagram. (b) Normalized resistivity R/R100 K as a function of temperature for various applied fields
between 50 Oe and 10 kOe. Inset: Temperature derivative of normalized resistance, d (R/R100 K)/dT , for various applied fields. The extrema in
these curves were chosen as the transition temperature for the H -T phase diagram. All measurements shown are for field applied H ⊥ c, on
the Ag-doped sample with x = 0.0019.
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FIG. 19. H -T phase diagram obtained from various M(T ),
M(H ), and R(T ) measurements on Eu(Cd1−xAgx )2As2 with x =
0.0019, for applied magnetic field H ⊥ c. Points obtained from
M(H ) measurements at various temperatures are denoted by solid
squares. Data points from M(T ) measurements at various applied
fields are plotted in open-crossed symbols, and those from R(T )
at various fields are plotted with star symbols. Magnetic transition
temperatures at zero-field Tmag1 and Tmag2 are shown by arrows.

10.30 ± 0.04 K for the pure compound. Similar fits were done
on the inverse of polycrystalline averaged M(T )/H for all the
substituted samples. The values obtained from those are tabu-
lated in Table IV. The μeff values are more or less consistent
with the expected value of 7.94 µB. The Weiss temperature θ

varies with doping, showing a slight increase with doping. A
plot showing the variation of θ with the substitution concen-
tration x and y is shown in Fig. 14. The bottom x axis show the
Ag concentration, and the top x axis show Na concentration,
scaled by a factor of two. This is because Ag doping corre-

sponds to two electrons being removed per formula unit, as
Ag atoms are replacing two Cd atoms in each formula unit.
There is an increase in θ with doping, roughly corresponding
to the increase in transition temperatures Tmag2.

Figure 15 shows M(T )/H data for zero-field-cooled (ZFC)
and field-cooled (FC) measurements for a selected set of
Ag- and Na-substituted samples of EuCd2As2 above T =
3.8 K to avoid features due to superconductivity from Sn flux
present in some samples. The in-plane measurement shows
almost overlapping data for ZFC and FC measurements on
Ag-substituted samples, whereas the ZFC and FC curves split
with increased substitution with field H ‖ c. This could be
indicating a possible noncollinear or helical order along the
c direction with moments aligned ferromagnetically in-plane.
The splitting of ZFC FC in both directions for the Na-doped
sample might be indicating a possible canting.

Figures 16(a) and 16(b) show the anisotropic M(T )/H
and dM/dT for the x = 0.0019 Ag-substituted sample. Fig-
ure 5(c) shows the normalized resistance and temperature
derivative of the normalized resistance for the same sam-
ple. Similar plots for Ag doping x = 0.0055 are shown in
Figs. 16(d), 16(e), and 16(f). Whereas the R(T )/R300 K data,
and its temperature derivative show two clear features, the
anisotropic M(T )/H sets each show only one conspicuous
feature. For H ⊥ c, the rapid increase in magnetization that
suggests a ferromagnetic component to the ordering agrees
well with the higher-temperature feature in the resistance data.
For H ‖ c, the clearer feature in the M(T )/H data agrees with
the lower temperature feature seen in the R(T )/R300 K data,
and its temperature derivative.

4. H-T Phase diagram for Eu(Cd1−xAgx)2As2 with x = 0.0019
and applied field H ⊥ c

The T -x phase diagrams show existence of two magnetic
phases with temperature in low fields. In addition to this,
field-dependent magnetization data M(H ) for Ag-doped sam-
ples with low doping, as well as Na-doped samples show, a
clear intermediate field phase existing in these samples, with

FIG. 20. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Ag-doped EuCd2As2 with x = 0.0008(1). (a) Applied field H ‖ c (b) H ⊥ c.
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FIG. 21. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Ag-doped EuCd2As2 with x = 0.0019(3). (a) Applied field H ‖ c (b) H ⊥ c.

applied field H ⊥ c. To see the temperature and field evolu-
tion of all these different magnetic phases, we did systematic
measurements of M(T ) at various applied fields, M(H ) at
various temperatures, and R(T ) at various applied fields, to
construct an H-T phase diagram for the x = 0.0019 Ag-doped
EuCd2As2 sample. All the M(T ) and R(T ) data were mea-
sured on cooling the sample from above Tmag2, with various
applied fields. M(H ) data were taken with increasing and
decreasing magnetic fields up to 10 kOe for each temperature.
There was no discernible hysteresis, and the data shown in
Fig. 17 were measured with decreasing fields. The transition
temperatures and fields were determined from the derivatives,
as shown in the figures below.

Figure 17(a) shows the M(H ) data taken at differ-
ent temperatures, and the derivatives, dM/dH are shown
in Fig. 17(b). The criteria for determining the fields
corresponding to the transitions are shown in the inset. It
can be seen that the intermediate-field phase gets narrower

with increasing temperatures, and eventually disappears above
Tmag1. The initial steep increase in M with H , persists un-
til higher temperatures, and disappears above Tmag2. This is
consistent with the interpretation of initial increase due to
alignment of domains, into a state with net ferromagnetic mo-
ment, and with higher fields all the moments getting aligned
into a fully saturated state. The derivatives dM/dH were
plotted, and change of slope determined by drawing straight
lines, to obtain the transition points. These points are plotted
in Fig. 19 using solid squares in black and blue.

Figure 18(a) shows the M(T ) data at various applied fields
between 50 Oe to 10 kOe. The inset shows the derivatives
dM/dT , the minima of which was used to determine the tran-
sition temperatures. The data points obtained so are plotted as
open-crossed symbols in the phase diagram in Fig. 19. Sim-
ilarly R(T ) data taken at various applied fields are shown in
Fig. 18(b), with the inset showing the derivatives dR/dT . At
low fields, the resistance curves and their derivatives show two

FIG. 22. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Ag-doped EuCd2As2 with x = 0.0040(3). (a) Applied field H ‖ c (b) H ⊥ c.
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FIG. 23. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Ag-doped EuCd2As2 with x = 0.0055(3). (a) Applied field H ‖ c (b) H ⊥ c.

transitions. With applied field more than 400 Oe, the higher-
temperature transition is not resolvable, whereas the lower
T transition remains independent of applied field at low and
intermediate fields, and start moving to higher temperatures at
larger fields. This behavior is traced by the extrema in dR/dT
curves, and plotted in Fig. 19 with star shaped symbols, in
black and red.

The H-T phase diagram obtained from the measurements
mentioned above is plotted in Fig. 19. At lower field, there ap-
pears a dome like region below ∼17 K, which is presumably
the phase with a net ferromagnetic moment, which shows do-
main formation and alignment. As we go to higher fields, for
temperatures T � Tmag1, there appears another phase (whose
boundary is denoted by the blue symbols), before eventually
getting into a fully polarized state. There is also a nearly-
vertical phase line, shown in red colored symbols, starting at

Tmag1 at zero field. It remains mostly temperature independent
with increasing fields, and crosses the black line around H ∼
1 kOe. With even higher fields, it seems to meet the blue line,
and eventually moves towards slightly higher temperatures in
this regime. This suggests one of the following possibilities
allowed by the phase rules as a likely scenario to explain
the phase diagram: (1) There is a first-order structural transi-
tion (or electronic, Lifshitz-like) coinciding with the magnetic
transition around 9 K, which is then weakly magnetic field-
dependent, giving rise to the red line. But none of the previous
studies have reported such a transition in the pure compound,
which makes this scenario less likely. (2) The other possibility
is that, we are falsely assigning a transition temperature and
field in the Brillouin-like, slowly saturating with applied field,
regime. In this case there is actually no phase transition hap-
pening along the red line but a slow crossover. The low-field
red points are likely the extension of the blue line. Thus the

FIG. 24. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Na-doped EuCd2As2 with y = 0.005(1). (a) Applied field H ‖ c. The line is drawn to show the deviation from linear
behavior, corresponding to the feature in R/R0(H ). (b) H ⊥ c.

034402-17



BRINDA KUTHANAZHI et al. PHYSICAL REVIEW MATERIALS 7, 034402 (2023)

FIG. 25. Magnetization as a function of field M(H ) measured at T = 1.8 K and normalized resistivity as a function of field R/R0(H )
measured at T = 2 K for Ag-doped EuCd2As2 with y = 0.008(1). (a) Applied field H ‖ c. The line is drawn to show the deviation from linear
behavior, corresponding to the feature in R/R0(H ). (b) H ⊥ c.

interpretation of this H − T phase diagram remains an open
question at this point.

5. Magnetization and magnetoresistance

A detailed comparison of the anisotropic M(H ) and
R/R0(H ) data, measured at 1.8 K for magnetization and 2 K
for resistance, are shown for each sample in Figs. 20–25.
It can be easily seen that both M(H ) and R/R0(H ) data
saturate at similar fields, showing the alignment of Eu mo-
ments with the applied filed. Additionally, one can see the
feature in R/R0(H ) in the intermediate fields corresponding

well with the change in slope of M(H ). For H ⊥ c direction,
M(H ) shows a steep increase at low fields, followed by a
slower increase at intermediate fields, and finally saturates
around 5–8 kOe. Corresponding feature in the R/R0(H ) data
is subtle and it shows gradual change at low-intermediate
fields and eventually saturates around the same field as M(H )
data. However, for H ‖ c direction of measurement, R/R0(H )
shows a clearer/stronger feature at the intermediate fields,
corresponding to the less prominent change of slope in M(H )
data. This is clearer in the M(H ) and R/R0(H ) of the Na-
substituted EuCd2As2 samples as shown in Figs. 24 and 25.
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