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The synthesis of thin films of magnetic topological materials is necessary to achieve novel quantized Hall
effects and electrodynamic responses. EuIn2As2 is a recently predicted topological axion insulator that has an
antiferromagnetic ground state and an inverted band structure, but has only been synthesized and studied as a
single crystal. We report on the synthesis of c-axis-oriented EuIn2As2 films on sapphire substrates by molecular
beam epitaxy. By carefully tuning the substrate temperature during growth, we stabilize the Zintl phase of
EuIn2As2 expected to be topologically nontrivial. The magnetic properties of these films reproduce those seen
in single crystals, but their resistivity is enhanced when grown at lower temperatures. We additionally find that
the magnetoresistance of EuIn2As2 is negative even up to fields as high as 31 T. While it is highly anisotropic at
low fields, it becomes nearly isotropic at high magnetic fields above 5 T. Overall, the transport characteristics of
EuIn2As2 appear similar to those of chalcogenide topological insulators, motivating the development of devices
to gate tune the Fermi energy and reveal topological features in quantum transport.
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I. INTRODUCTION

Magnetic topological insulators with a ferromagnetic
ground state are behind the recent discovery of the quantized
Hall effect at zero magnetic field [1]. This discovery has since
stimulated a search for topological materials that host com-
plex magnetic ground states beyond ferromagnetism, which
can lead to other interesting and technologically relevant topo-
logical phases [2–5].

EuIn2As2 is a candidate material that falls in this category.
It has a layered crystal structure consisting of alternating
europium and In2As2 planes stacked along its c-axis [6]. It
exhibits antiferromagnetic order at low temperature, result-
ing from the interaction between europium atoms occupying
neighboring layers. Our primary motivation to study this ma-
terial comes from theoretical predictions that EuIn2As2 is
an axion insulator with a zero Chern number and a quan-
tized magnetoelectric coupling term. The axion insulator state
results from a band inversion in a crystal with inversion sym-
metry that hosts antiferromagnetism that breaks time-reversal
symmetry [7]. These predictions argue that EuIn2As2 is the
first stoichiometric compound with intrinsic magnetic order to
belong to this topological class. Magnetometry measurements
of EuIn2As2 single crystals show the presence of an anti-
ferromagnetic ordering at low temperatures with an in-plane
magnetic easy axis [8]. More recently, neutron diffraction
measurements reported observing a helical magnetic struc-
ture, challenging the prior belief that EuIn2As2 has a collinear
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magnetic ordering [9]. The topological axion phase predicted
by Ref. [7] is altered when the ground state is helimagnetic,
but the topological character of the material was argued to
be preserved [9]. Experimental evidence of a band inversion
in EuIn2As2 from angle-resolved photoemission spectroscopy
measurements makes this material a very good candidate to
search for novel physics stemming from coexisting topologi-
cal and magnetic order [10,11].

The electrical transport properties of EuIn2As2 have also
been studied in the past [6,8,12–15]. The material exhibits a
peak in the resistivity at the Néel temperature followed by a
drop at low temperature. EuIn2As2 also exhibits a negative
magnetoresistance (MR), common to many europium-based
antiferromagnets, including EuB6, EuIn2P2, and (Eu,Gd)Se
[16–18]. It is maximized at the Néel temperature but is main-
tained in the ordered state [6].

All of the previously mentioned studies on the structural,
magnetic, and electrical properties of EuIn2As2 were con-
ducted on single crystals. Without a doubt, there is a need
for thin films of this material to probe magnetotransport sig-
natures of predicted topological edge or surface states [7,9],
as well as the magnetoelectric responses [19,20] potentially
due to its quantized axion angle. Thin films would also enable
the realization of gated Hall bars of this material needed to
gate tune the Fermi energy, typically located in the valence
band, into the bulk gap [10]. Without this, the native doping
observed in previous studies would mask the contribution of
topological edge or surface states [10]. EuIn2As2 cannot be
mechanically exfoliated, so the development of its synthesis
by molecular beam epitaxy (MBE) is needed. This problem
is challenging because the Zintl phase of EuIn2As2 competes
with the highly studied and thermodynamically favorable
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FIG. 1. (a) Crystal structure of EuIn2As2. (b) X-ray diffraction patterns measured on a series of Eu-In-As films grown on sapphire between
640◦C and 740 ◦C. The (0 0 2n) Bragg series of EuIn2As2 is highlighted by red arrows. The (111) Bragg peak of the zincblende structure is
labeled zb and is seen clearly in the sample grown at 640 ◦C. The * symbol marks the Bragg peaks of the sapphire substrate and instrument
artifacts. The blue arrow denotes the position of the (102) Bragg peak of EuIn2As2. (c) High-angle annular dark-field scanning TEM image of
a sample grown at 740 ◦C. The films grown at 740 ◦C and 680 ◦C are 45 nm thick; the one grown at 700 ◦C is 75 nm.

zincblende arsenide phases at low substrate growth temper-
atures.

In this work, we overcome this challenge and successfully
identify a temperature region in the MBE growth scheme
at which the Zintl phase becomes thermodynamically fa-
vorable, yielding a layered EuIn2As2 structure. The onset
of this phase occurs at a substrate temperature of 680 ◦C,
well above the ideal growth window of InAs. Using this
developed growth scheme, we achieve EuIn2As2 films on
(0001)-oriented Al2O3, which are 45 to 100 nm thick, and
reproduce the magnetic properties seen in bulk single crystals.
The resistivity in our samples is likely controlled by film
morphology, as it is consistently larger than the resistivity in
single crystals. We also observe a negative magnetoresistance
consistent with the magnetic polaron picture, resulting from
scattering due to magnetic fluctuations. Its anisotropy follows
the magnetic anisotropy of the crystal at low magnetic fields,
but is suppressed at high magnetic fields despite remaining
negative all the way up to 31 T.

II. RESULTS

A. Molecular beam epitaxy and characterization

MBE growth of EuIn2As2 films is carried out on
(0001)-oriented sapphire substrates. We chose sapphire
(a = 4.758 Å) because of its ability to withstand high
substrate temperatures, despite its lattice mismatch with
EuIn2As2 (a = 4.21 Å). The temperatures of elemental
sources are tuned to ensure beam-equivalent pressures (BEPs)
that maintain arsenic-rich conditions through the growth. The
As:Eu BEP ratio is between 20:1 and 29:1, while the As:In
BEP ratio is kept close to 10:1. Indium and arsenic (both
99.9999% pure) and europium (99.99% pure) are evapo-
rated from standard Knudsen cells. The base pressure in
the MBE is 5×10−9 torr. The substrate temperature Tsub is
varied between 640 and 740 ◦C. As we shall show next, as
Tsub approaches the indium cell temperature, exceeding that

of europium and arsenic, the nucleation of elemental layers
and zincblende phases is suppressed. Under these conditions,
the Zintl phase is formed. Also, it is worth highlighting
that Tsub is significantly higher than what is commonly used
for III-V zincblende materials. This requirement also moti-
vates our substrate choice, since sapphire is known to remain
structurally stable at these temperatures, unlike III-V semi-
conductor wafers [21].

X-ray diffraction measurements are carried out using a
copper Kα source in the specular direction on films grown
at various Tsub. They yield the patterns shown in Fig. 1(b).
At 640 ◦C, the nucleation of InAs (possible europium doped)
is thermodynamically favored and is evidenced by the peak
highlighted by the gray arrow close to 2θ = 25◦. As of Tsub =
680 ◦C, a periodic pattern of peaks repeating almost every
10◦ emerges and grows stronger as temperature increases to
740 ◦C. These Bragg peaks are characteristic of the layered c-
axis-oriented Zintl phase of EuIn2As2 shown in Fig. 1(a) and
agree with what has been previously reported [6,8,9]. From
this pattern, we find a lattice constant c = 17.874 ± 0.003 Å
(see analysis in the Appendix). It is 0.1% larger than what is
reported by Zhang et al. [8], 0.7% larger than what is found
by Riberolles et al. [9], but 0.08% smaller than what is found
by Goforth et al. [6] in single crystals. It is within sample-
to-sample variations seen in single crystals. For films grown
at lower substrate temperatures, an additional Bragg peak
matching the (102) EuIn2As2 Bragg line can be seen below
30◦. It is, however, dramatically weaker than the EuIn2As2

(006) for the film grown at 740 ◦C. Thus, with the appropri-
ately tuned substrate temperature, we synthesize dominantly
c-axis-oriented EuIn2As2 films on sapphire despite the large
lattice mismatch between the in-plane lattice parameters of
the two materials.

Cross-sectional transmission electron microscopy images
were acquired using a double-tilt holder and probe-corrected
Spectra 30-300 transmission electron microscope (Thermo
Fisher Scientific, USA) equipped with a field emission gun
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FIG. 2. (a) Magnetization versus temperature for the three samples grown above 680 ◦C. (b) Magnetization versus temperature for the
sample grown at 740 ◦C measured at B = 0.02 T applied in plane. (c) Derivative of the magnetization with respect to magnetic field from the
curves shown in (b). Hsf : spin-flop field. (d) Magnetization divided by its saturation plotted versus magnetic field applied out of plane (OOP)
and in plane (IP).

operated at 300 kV. The TEM image in Fig. 1(c) confirms
the layered Zintl phase with a c lattice constant close to
18 Å, consistent with x-ray diffraction. An amorphous layer
is seen near the interface, but its thickness does not exceed
a single unit cell. Energy dispersive x-ray spectra acquired
during these measurements yield the composition of the layer
Eu(1.05±0.10)In(1.90±0.15)As(2.05±0.10).

B. Magnetic properties

Superconducting quantum interference device magnetom-
etry measurements are performed next using a Quantum
Design MPMS-5 system. They reveal properties expected
for EuIn2As2 and are consistent with previous studies on
single crystals [6,8,12,13,15]. Figure 2(a) shows temperature-
dependent measurements of the magnetization of the three
films grown above 680 ◦C down to T = 5 K. A peak is
systematically seen at 14 K, but is preceded by the onset
magnetic order slightly below 20 K, close to the Néel tem-
perature reported in single crystals (17 K) [6,8,15,22]. The
field-dependent magnetization is also measured in all samples
that contain the Zintl phase. We focus on the sample grown
at 740 ◦C, which shows the highest purity, but we note that
the film grown at 700 ◦C exhibits comparable properties. Fig-
ure 2(b) plots the magnetization as a function of the magnetic
field applied in the ab plane of the film. It is evident from this
plot that EuIn2As2 exits the antiferromagnetic ground state at

low magnetic field. By 2 T, the system is saturated to a ferro-
magnetic state, with a saturation value close to 6.8 μB/Eu. We
note that in this film, we also observe a small remanent mag-
netization of 0.3 μB/Eu, likely due to an unpaired europium
layer at the surface. The first derivative of the M(H) curves is
plotted in Fig. 2(c), highlighting a peak at 0.3 T. It corresponds
to the spin-flop transition of the system when the magnetic
field is applied along the easy axis. In Fig. 2(d), we plot the
magnetization measured with the field applied along two per-
pendicular directions, in-plane and out-of-plane, at 4 K. The
magnetization saturates faster in the in-plane direction, con-
firming in-plane anisotropy, consistent with a (001)-oriented
EuIn2As2 film, with its c-axis along the growth direction.

Table I compares the magnetic properties of the sample
grown at 740 ◦C to those measured in single crystals. The
saturation magnetization per europium and the saturation field
in the out-of-plane direction agree with previous findings. The
spin-flop field extracted from dM/dH is found to be larger
[8,13,15]. However, the observed spin-flop peak in dM/dH is
somewhat broad (±0.05 T at half maximum). The spin-flop
transition in antiferromagnets is determined by the competi-
tion between the magnetic exchange and anisotropy energy
[23–25], so that

Hsf =
√

(HA)(2HE − HA).

The anisotropy (HA) and exchange magnetic (HE) fields
can be determined by comparing the in-plane (BIP

sat = 1.3 T)
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TABLE I. Magnetic sample characteristics compared to those from single crystals.

Source Msat (μB/Eu) BOOP
sat (T) Bsf (T)

This work (t = 45 nm, 740 ◦C) 6.8 2.3 0.25 ± 0.05 (4 K)
Ref. [15] 6.9 2 0.21 (2 K)
Ref. [6] 7.378 2 –
Ref. [13] 6.7 2 0.21 (10 K)
Ref. [12] 6.9 1.7 –
Ref. [8] 6.9 1.9 0.19 (2 K)

and out-of-plane (BOOP
sat = 2.3 T) saturation fields [Fig. 2(c)]

[8],

μ0HE = BOOP
sat + BIP

sat

4
and μ0HA = BOOP

sat − BIP
sat

2
.

We find μ0HE ≈ 0.9 T and μ0HA ≈ 0.5 T. From that
we can determine μ0Hsf ≈ 0.8 T, which is inconsistent with
experimental findings, as also seen in Ref. [8]. This in-
consistency implies that the spin-flop transition cannot be
accounted for by a molecular field treatment that simply in-
cludes nearest-neighbor exchange interactions and magnetic
anisotropy. There must be competing exchange interactions
influencing Hsf . Ref. [9] has found a broken helimagnetic
state in EuIn2As2 at low temperature. But, so far, no work
has reported a theoretical treatment computing the phase di-
agram of the material with the interactions responsible for
the broken helix included. Those interactions could account
for the spin-flop transition occurring at such a low magnetic
field. In our case, the broadening of the transition and the
slight enhancement of the saturation fields are due to the film
morphology. We discuss this later.

C. Magnetotransport measurements

Magnetotransport measurements are carried out using a
Quantum Design MPMS5 on the film exhibiting the Zintl
phase and grown at 740 ◦C. A magnetic field up to 7 T is
applied along the c-axis, and the measurements are carried
out down to 4 K. The measured sample is rectangular and is
connected in a Hall configuration. The Hall resistance is first
shown in Fig. 3(a) for different temperatures. It is robustly
linear at a high magnetic field above 2 T, but exhibits a non-
linearity at low field. The charge carrier density extracted from
the Hall slope is found to be 7.5×1019 holes/cm3, comparable
with what is typically found in topological insulators such as
uncompensated Bi2Te3 [26–28] and with previous work on
single crystals of EuIn2As2 [10,12]. Subtracting the slope of
the normal Hall effect reveals an anomalous Hall component
[shown in Fig. 3(b)]. It does not exceed 0.55 � at saturation.
This value corresponds to a two-dimensional Hall conduc-
tivity of 0.2e2/h evidencing a strong anomalous Hall effect.
Qualitatively, the anomalous Hall resistance has the same field
dependence as the magnetization [Fig. 2(d)], both saturating
at 2 T when the field is applied along the c-axis. The Hall
resistivity reaches 2.5 μ�-cm at saturation, comparable to
what is found in single crystals [12]. In Ref. [12], a nonmono-
tonic Hall resistivity versus magnetic field, referred to as a
topological Hall effect, is observed and is attributed to the
noncoplanar spin texture of EuIn2As2. We do not see evidence
of such a behavior in our films.

The temperature dependence of the resistivity is shown
in Fig. 3(c). A prominent peak occurs at 18 K, consistent
with the Néel temperature of EuIn2As2, and is followed by a
drop in resistivity when the material enters its ordered mag-
netic ground state. This behavior is qualitatively consistent
with what was seen in EuIn2As2 single crystals [6,12,15] and
many other europium-based compounds, regardless of topo-
logical character [17,18,29–31]. The drop is enhanced with
increasing magnetic field, demonstrating an enhancement of
the conductivity with increasing ferromagnetic saturation. The
magnetoresistance of this sample is shown in Fig. 3(d). It is
consistently negative up to 7 T. This behavior was discussed
in previous work on EuIn2As2 and EuIn2P2 [6,32,33], and
is thought to be a result of magnetic fluctuations that get
suppressed by the applied magnetic field above the mag-
netic ordering temperature. A similar behavior occurs when
transport is dominated by hopping between magnetic polaron
clusters, and is suggested to happen in EuO [29], (Eu,Gd)Se
[17], EuB6 [18,30,31], manganites [34], and other europium-
based Zintl compounds [32,35].

To understand this behavior further, the MR is plot-
ted as a function of magnetization relative to its saturation
m = M/Msat in Fig. 4(a). The low-field MR clearly varies as
MR = Cm2, consistent with the Majumdar-Littlewood rela-
tion. This ties the MR’s behavior to the role of magnetic
fluctuations and their suppression at high magnetic field [34].
From the Majumdar-Littlewood relation, we can relate C to
the charge carrier density and correlation length ξ0 between
fluctuating spins:

C = (
1
2 k f ξ0

)2 = 1
4 (3π2n)

2/3
ξ 2

0 .

Here, k f is the Fermi wavevector and n = k3
f

3π2 is the charge
carrier density. The expression of n in terms of k f assumes a
spherical Fermi surface. The three-dimensional shape of the
Fermi surface of EuIn2As2 is unknown, so our assumption
only gives an effective k f . In the diffusive regime, this choice
of effective k f is more suitable than the assumption that k|| =
k f [8]. With this assumption, we recover a correlation length
of 11 Å at 20 K, close to the out-of-plane lattice constant and
to the separation between the europium planes.

The negative MR persists at low temperatures, well below
the Néel temperature. Its anisotropy further correlates with the
behavior of the magnetization below the Néel temperature.
We have measured its angular dependence up to 31 T at
1.6 K. These data are shown in Fig. 4(b). A large cusp is
observed between ±5 T. The cusp is broader when the field
is applied along the c-axis [Fig. 4(b), inset], perpendicular to
the magnetic easy axis of EuIn2As2. This confirms the MR
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FIG. 3. (a) Hall resistance Rxy of the 45-nm EuIn2As2 film grown at Tsub = 740 ◦C measured up to 7 T between 5 K and 80 K.
(b) Anomalous part of the Hall effect obtained for different temperatures after subtracting a linear slope from Rxy at high magnetic field.
(c) Resistivity of the same EuIn2As2 film versus temperature at different applied magnetic fields from 0 to 3 T. (d) Resistance Rxx as a function
of applied magnetic field up to 7 T.

saturates more slowly along the hard axis and correlates it with
the amount of the magnetic field that it takes to saturate the
magnetization. This finding is consistent with the magnetic
polaron picture even below the Néel temperature. At very high
magnetic fields well above 2 T and up to 31 T, the MR remains
negative, despite the magnetization saturating, but becomes
nearly isotropic. In Fig. 4(c), we see evidence of this as the
MR has a strong angular dependence at 1 T and 2 T, but is
nearly independent of angle at 5 T and above. A likely con-
tribution to the MR at very high magnetic fields could come
from the spin-Zeeman and cyclotron energy altering the band

dispersion of EuIn2As2. This band origin of the negative MR
has been studied in the past, both in the extreme quantum limit
and in the diffusive limit [36,37]. However, a good knowledge
of the shape of the bulk Fermi surface of EuIn2As2 is required
to tie the negative MR conclusively to a band origin.

The finding of negative MR originating from polaron
hopping at low magnetic field is not unexpected for a
europium-containing semiconductor. However, the MR and
its anisotropy are striking evidence that bulk states dominate
magnetotransport signatures in this material. We must high-
light that these bulk states clearly yield a magnetoresistance

FIG. 4. (a) Scaling of the MR with magnetization relative to its saturation M/Msat at different temperature. Msat is the saturation
magnetization at 4 K and 7 T. The curves are shifted for clarity. The solid red lines are parabolic curve fits. (b) Angular dependence of
the magnetoresistance up to 31 T at T = 1.6 K. Insets: The direction of the magnetic field B with respect to the current, and graph of a zoom-in
at low field (up to 7 T). (c) Magnetoresistance plotted as a function of angle for different values of magnetic field.
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TABLE II. Magnetotransport characteristics compared to those from single crystals. MR = [R(B)-R(0)]/R(0).

Source Carrier density (cm−3) Resistivity (m�-cm) MR (%) at 3 T, 10 K

This work (t = 45 nm, 740 ◦C) p = 7.5×1019 1.19 –12.8
Ref. [10] p = 6.5×1019 – –
Ref. [13] – 0.4 –40
Ref. [6] – 0.22 –50
Ref. [38] – 0.32 –
Ref. [12] p = 4.2×1019 0.15 –10
Ref. [8] p = 3.6×1020 (from RH ) 0.15 +5.6
Ref. [39] p = 4.0×1019 0.15 –
Ref. [15] – 0.19 −10 (at 12 K)

phenomenon vastly different from the weak antilocalization
(WAL) behavior expected for topological surface states in
the diffusive regime. We did not see any evidence of WAL
in the films studied here. But, future work on thinner films,
thin enough to quantum confine the bulk bands (<20 nm),
can potentially settle whether topological surface states with
spin-momentum locking [10] contribute to magnetotransport
in EuIn2As2. We also note that the colossal size of the mag-
netoresistance [in magnetoconductance (�Gxx � e2/h)] also
rules out weak localization as a possible origin.

III. DISCUSSION

The transport characteristics of our films are compared to
those found in previous studies on single crystals in Table II
[38,39]. The charge carrier density is consistent with what is
typical of EuIn2As2 and is within sample-to-sample variations
found in single crystals. The magnitude of the negative MR
measured at 3 T was smaller than what is reported in Refs. [6]
and [13], but is also within sample-to-sample variations com-
pared to prior work. The sample grown at 740 ◦C has the
highest mobility; it reaches 70 cm2/Vs. While this is too low
to reach the Landau quantized regime at reasonable magnetic
fields, it is consistent with previous work on single crystals

FIG. 5. Atomic force microscopy image of a 2-μm×2-μm area
of the film grown at 740 ◦C.

(see Table II). The lowest resistivity was also measured in the
sample grown at 740 °C. It is ten to four times larger than what
was measured in single crystals.

Atomic force microscopy measurements shown in Fig. 5
shed light on discrepancies between films and single crys-
tals. A surface roughness exceeding 10 nm, as seen in
Fig. 5, accounts for the enhanced resistivity reported in
Table II. The sample grown at 680 ◦C was not continu-
ous, so its resistivity could not be measured. This indicates
that a Stranski-Krastanov layer-plus-island process drives the
nucleation of EuIn2As2 on lattice-mismatched sapphire. Ad-
ditionally, this morphology can explain the broadening of the
spin-flop transition [Fig. 2(c)] and the slight enhancement of
magnetic field phase boundaries (Bsf and Bsat) compared to
single crystals. The observed morphology can, in fact, lead to
an inhomogeneous distribution of lattice and thermal strain,
which can alter magnetic exchange interactions.

IV. CONCLUSION

We have successfully synthesized the Zintl phase of
EuIn2As2 by MBE on sapphire. Our choice of substrate is
primarily motivated by its ability to withstand a high substrate
temperature during growth, which we found essential to sta-
bilize the Zintl phase of EuIn2As2. The synthesis of EuIn2As2

on a lattice-matched substrate should be developed next to
enhance the mobility further and reduce layer roughness. The
films grown on sapphire reproduce the magnetic properties of
bulk single crystals but yield a broadened spin-flop transition.
The realization of thin films enables the application of a gate
voltage to tune the Fermi level of EuIn2As2. It also opens the
door to magnetooptical measurements at long wavelengths in
the infrared, THz, and millimeter-wave parts of the spectrum
[40–42]. Such measurements are needed to elucidate the mag-
netic field’s impact on this material’s band structure and to
discover its predicted electrodynamic axion response.
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APPENDIX: NELSON RILEY ANALYSIS OF THE X-RAY
DIFFRACTION PATTERN

The Nelson-Riley method allows us to determine the lat-
tice parameter of EuIn2As with improved precision. We first
compute the c lattice parameter using Bragg’s law for each
observed Bragg reflection [(0 0 2n), n = 2 to 7]. We then
plot all the values of c that we find against the Nelson-Riley
function [43]:

f (θ ) = 1
2 [(cos2θ )/sin(θ ) + (cos2θ )/θ].

The plot is shown in Fig. 6. It yields c = 17.874 ± 0.003 Å
at the intercept between a linear fit to the data and the y-axis.
This point represents the point for which various sources of
uncertainty are minimized. FIG. 6. Nelson-Riley analysis for the sample grown at 740 ◦C.
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