PHYSICAL REVIEW B 113, 054425 (2026)

Magnetic structure of EuZn,Sb, single-crystal thin film
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Magnetic topological materials are a class of compounds which can host massless electrons controlled by the
magnetic order. One such compound is EuZn,Sb,, which has recently garnered interest due to its strong interplay
between the Eu magnetism and charge carriers. However, the topology of the electronic band structure, which
depends on the ground state magnetic configuration of the europium sublattice, has not been determined. Based
on our ab initio calculations, we find that an in-plane and out-of-plane A-type antiferromagnetic (AFM) order
generates a topological crystalline insulator and Dirac semimetal, respectively, whereas a ferromagnetic (FM)
order stabilizes a Weyl semimetal. Our resonant x-ray elastic scattering measurements of single-crystal thin-film
EuZn, Sb, reveal both a sharp magnetic peak at Q@ = (0, 0, %) and broad Q@ = (0, 0, 1) below Ty = 12.9 K, which
is associated with an A-type AFM and FM order, respectively. Our measurements indicate that the FM and AFM
layers are spatially separated along the crystal ¢ axis, with the former limited to the top three atomic layers. We
propose that EuZn,Sb, behaves as a Weyl semimetal in the surface FM layers, and as a topological crystalline

insulator in the lower AFM layers.

DOI: 10.1103/yvm1-qmh9

I. INTRODUCTION

Magnetic topological materials are an emerging area of
research, providing compelling analogies to particle physics
models, along with technological applications [1]. A key fea-
ture is the ability to tune the electronic band topology via the
magnetic order, which in turn can be modified by the coupling
to an external magnetic field [2]. Materials which display a
particularly strong coupling between magnetism and charge
transport lend themselves well to exciting properties such as
the control of massless Weyl or Dirac fermions, with potential
applications in coherent spin transport [3].

One such example is EuZn,Sb, which belongs to a family
of ternary Eu pnictides (EuX,Y,, X = Cd, Zn, In; Y = Sb,
As, P) and has attracted recent interest due to its strong inter-
play between the Eu magnetic order and electronic structure
[4-10]. This coupling arises because of the trigonal (P3m1)
crystal structure of EuZn,Sb,, where the Zn-Sb charge trans-
port layers are sandwiched between Eu magnetic layers [4],
along the crystal ¢ axis [Fig. 1(a)]. However, the ground
state magnetic order and its influence on the topology of the
electronic band structure has not yet been determined.

Prior bulk magnetization measurements have reported that
EuZn,Sb, display an antiferromagnetic (AFM) order below
the Néel temperature (7y) of around 13 K [11-14]. How-
ever, despite obtaining similar magnetic susceptibility curves,
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Weber et al. [11] and May et al. [13] arrived at different con-
clusions on the directions of Eu magnetic moments associated
with the AFM order, with the former [11] arguing that the
moments lie within the a-b plane [Fig. 2(a)], while the latter
[13] proposing that the Eu moments are along the crystal ¢
axis [Fig. 2(c)].

More generally, it is not yet clear how the magnetic con-
figuration of the Eu’* sublattice influences the electronic
band topology of EuZn,Sb,. While various studies have re-
ported the electronic band-structure calculations of EuZn,Sb,
[12,15,16], a comprehensive study of all symmetry-allowed
magnetic configurations has not been considered. For exam-
ple, Zhang et al. [12] neglects the effect of both the magnetism
of Eu ions and localization of 4 f electrons which led to an
incorrect prediction of a metallic band structure; Li et al. [15]
neglects the possibility of FM order; Sprague et al. [16] did
not consider in-plane FM order.

This work aims to address these two open questions sur-
rounding EuZn,Sb;:

First, using density functional theory (DFT), we computed
the various band structures assuming different symmetry-
allowed Eu** magnetic configurations, and study the impli-
cations on the electronic band topology. From our ab initio
calculations, we find that in-plane and out-of-plane AFM
ordering leads to a gapped Dirac topological crystalline in-
sulator (TCI) and Dirac semimetal (DSM), respectively, while

©2026 American Physical Society
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FIG. 1. (a) Trigonal crystal structure of EuZn,Sb,, showing
P3m1 space group. (b) The corresponding bulk Brillouin zone of
EuZn,Sb,. Red lines indicate the irreducible Brillouin zone with
high-symmetry points labeled. (c) Schematic diagram of REXS
setup, showing the incident and reflected x-ray (green arrow), and
Bragg reflection peak of the structure (black), FM order (blue), and
AFM order (red).

both in-plane and out-of-plane FM ordering leads to a Weyl
semimetal (WSM). Crucially, our calculations shows that the
magnetic order of the Eu>* sublattice determines the topolog-
ical class of the electronic bands of EuZn,Sb,, since WSMs
are protected by topology whereas the TCI and DSM are not.

Second, using resonant x-ray elastic scattering (REXS),
we determined the Eu magnetic order of single-crystal thin-
film EuZn,Sb,. Our REXS measurements reveal that thin-film
EuZn,Sb, possesses an A-type AFM ordering, where the eu-
ropium moments are ferroically ordered within the a-b plane
but are antiferroically ordered along the crystal ¢ axis. Fur-
thermore, we find evidence for FM ordering on the top three
layers of the EuZn,Sb, sample, which is likely formed due
to surface oxidation. These findings point to a coexistence of
AFM and FM orderings.

Furthermore, in terms of the electronic band topology, this
spatially separated coexistence of FM and AFM orders also
suggests that the top few layers of EuZn,Sb, harbor massless
Weyl fermions, while the bottom layers contain topologically
trivial charge carriers. Our study underscores the importance
of ascertaining the magnetic order of magnetic topological
materials.

II. METHODS

A Single-crystal EuZn,Sb, (001) thin film was grown
on CdTe (111)A substrates via the molecular beam epitaxy
(MBE) method as outlined in Ref. [17]. This MBE growth
follows a similar method for EuCd,X, (X = As, Sb) films

[18-20]. First, before EuZn,Sb, growth, the oxide layer on
CdTe substrates was removed by etching CdTe (111)A sub-
strates using 0.01% Br,-methanol, followed by annealing at
~550°C using Cd flux. Next, EuZn,Sb, thin films were
grown at a temperature of ~265 °C. The flux ratio of Eu, Zn,
Sb used was Pgy:Pzy:Psp=1:7 to 15:2 to 3, respectively, to
grow films with a target thickness of 50 nm. The flux ratio
was adjusted to tune hole densities from 10" to 1020 cm™3.
Finally, the growth resulted in a EuZn,Sb; thin film with the
crystal ¢ axis oriented parallel to the CdTe substrate surface
normal.

To understand the effects of the europium magnetic
order on the electronic band topology of EuZn,Sb,, we
performed ab initio band-structure calculations using DFT,
similar to the method used for EuCd,Sb, [21]. The calcu-
lation was implemented using the Quantum Espresso suite
[22]. For the self-consistent calculations, weused a4 x 4 x 6
Monkhorst-Pack grid for sampling [23]. The exchange corre-
lation functional was calculated using the generalized gradient
approximation (GGA). First, to account for the magnetism of
the Eu”* ions, a spin-polarized calculation was used. Next, to
account for the relativistic effects of spin-orbit coupling owing
to the large atomic mass of Sb, relativistic pseudopotentials
were adopted. Third, due to Eu being a rare-earth ion, the
4f electrons are highly localized and self-interaction cannot
be neglected [15]. To treat the interactions between electrons,
we applied a Hubbard-U correction to the GGA functional. In
this work, we used U = 2.5 eV, which is selected based on
angle-resolved photoemission spectroscopy (ARPES) mea-
surements on EuZn,Sb, [16]. This places the 4f electrons
around 1.8 eV below the Fermi level.

To probe the magnetic order of thin-film EuZn,Sb,, we
conducted REXS measurements at the XUV diffractometer
end station of UE46-PGM-1 located at the BESSY II syn-
chrotron facility [24]. A schematic of the experimental setup
is shown in Fig. 1(c). The sample was cooled to 3.8 K using
a helium flow cryostat so that the measurements will be in the
magnetically ordered phase below Ty. To take advantage of
the resonant enhancement of the x-ray scattering arising from
the magnetic 4 f states of Eu?t [25-27], we tuned the incident
soft photon energy to the Eu M5 edge at 1129.8 eV.

The EuZn,Sb, crystal was mounted with the ¢ axis within
the scattering plane [Fig. 1(c)], so as to access the scat-
tered x-ray intensity along the Q = (0,0,/) direction in
reciprocal space. The scattered x-rays were measured using
an AXUV100 avalanche photodetector without polarization
analysis. To suppress the signal due to charge scattering of
the @ = (0, 0, 1) peak, an incident photon polarization of
was used, since the associated scattering angle (26) is close
to 90°. As such, the n’-polarized x-rays arising from charge
scattering are suppressed, resulting in the scattered x-ray sig-
nal arising mostly from the Eu>* magnetic order [25,27)].

III. RESULTS
A. DFT Calculations

To understand how the magnetic order alters the electronic
band topology, we consider various possible magnetic con-
figurations, namely, the in-plane AFM, out-of-plane AFM,
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FIG. 2. (a)~(d) Possible magnetic structures of EuZn,Sb, with the Eu*" magnetic moments represented by black arrows and (e)—(h)
corresponding electronic band structure along I"-A high-symmetry line, where the dashed lines at 0 eV denote the Fermi energy (Er). Magnetic
structure and corresponding band structure of (a), (e) in-plane AFM with doubly degenerate bands and gapped Dirac; (b), (f) in-plane FM with
Weyl nodes; (c), (g) out-of-plane AFM with doubly degenerate bands and Dirac point; (d), (h) out-of-plane FM with Weyl nodes.

in-plane FM, and out-of-plane FM [Figs. 2(a)-2(d)]. The cor-
responding calculated electronic band dispersion along the
I'-K high-symmetry direction are shown in Figs. 2(e)-2(h).
For both the in-plane and out-of-plane AFM order [Figs. 2(a)
and 2(c)], nonsymmorphic time-reversal symmetry (TRS) is
preserved, which results in doubly degenerate bands [21]. The
AFM order with the europium moments pointing along the
¢ axis [Fig. 2(c)] also possess the Cs rotational symmetry
along z, which protects the Dirac point along the I'-A line
from gapping out. As such, doubly degenerate valence and
conduction bands meet at a fourfold degenerate Dirac point
(~0.2 eV below Ef) and can support massless quasiparticle
excitations [Fig. 2(g)]. On the other hand, an in-plane AFM
order [Fig. 2(a)] breaks this C; rotational symmetry, resulting
in the formation of an avoided Dirac crossing and a TCI [28].
This is a similar conclusion reached by another computational
study [15]. Crucially, the charge carriers associated with AFM
order EuZn,Sb,, be it arising from the Dirac semimetallic or
TCI phases, do not enjoy the protection afforded by topology.

Conversely, in the case of FM order, the nonsymmorphic
TRS is broken, lifting the double degeneracy that is otherwise
present in the case with AFM order [see Figs. 2(f) and 2(h)].

This FM order leads to the formation of Weyl nodes which are
protected by topology.

In summary, we found that the electronic band topology
depends strongly on the magnetic order of the Eu ions. There-
fore, it is imperative to work out if EuZn,Sb, has an AFM or
FM order.

B. REXS Measurements

To ascertain whether EuZn,Sb, possess an AFM or FM or-
der, we turn to consider the REXS measurements of EuZn,Sb,
as shown in Fig. 3(a). To probe the magnetic ordering along
the crystal ¢ axis, we specifically consider the scattered x-
ray intensity along Q@ = (0, 0, /) direction obtained at various
temperatures. The measurement at 7 = 3.5 K reveals a Bragg
reflection peak at Q = (0, 0, %) which is otherwise struc-
turally forbidden by the P3m1 space group of EuZn,Sb,.

Figure 3(b) plots the temperature dependence of the
0= (0,0, %) reflection, which shows the peak disappear-
ing above 13 K, at the same temperature as the magnetic
susceptibility peak seen in prior studies [11-14]. Given that
the REXS was performed at the europium Ms edge, the
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FIG. 3. (a) REXS intensity in arbitrary units (arb. units) as a
function of (0, 0, /) at various temperatures, showing the emergence
of peaks attributed to AFM order at [ = 0.5 (red) and FM order at
! = 0.95 (blue) from 12 K onwards. (b) REXS intensity as a function
of temperature along the [ = 0.5 and / = 0.95 line, respectively,
clearly showing the emergence of AFM order at 7y = 12.9 K and
FM order at T ~ 13 K.

measured signal should be dominated by that arising from
Eu?t ions. Moreover, the crystal structure of EuZn,Sb; is
not expected to change across Ty since Eu?>" has no orbital
angular momentum, leading to weak coupling of the mag-
netic order to the lattice. The reciprocal space location of the
0=1(0,0, %) peak suggests the formation of a magnetic order
which doubles the unit cell in real space which is consistent
with an A-type AFM order, in accordance with that which has
been reported in Refs. [11-14].

We now look for evidence for the FM correlations in
EuZn,Sb,, proposed by Sprague et al. [16]. The REXS experi-
mental signature of the FM order should arise at Q = (0, 0, 1)
since the magnetic unit cell associated with a FM order has
the same size as the structural unit cell of EuZn,Sb,. How-
ever, the expected FM REXS signal might coincide with the
structurally allowed Q = (0, 0, 1) peak and hence be masked
by the strong charge scattering. As described earlier in the
methods section, we used m-polarized incident x-rays so that
the charge scattering in the 7 — 7’ channel is suppressed

while the magnetic scattering in the # — 7’ and w7 — o’
channels are not [25,27].

As shown in Fig. 3(a), the scattered x-ray intensity along
0 = (0,0, 1) measured at T = 3.5 K exhibits a narrow peak
at / = 1 due to the leakage of the charge scattering and an
additional broad signal centered at @ = (0, 0, 1), extending
approximately from / ~ 0.70 r.L.u. to! ~ 1.3 r.L.u.

To determine the nature of this diffuse signal, we plot
in Fig. 3(b) the REXS signal at / = 0.95 as a function of
temperature. We chose / = 0.95 to avoid the strong structural
peak at / = 1 but still to be sensitive to the diffuse magnetic
signal. Interestingly, the diffuse FM signal also appears at
~13 K, concomitantly with the appearance of the AFM order
at Ty. The existence of both an AFM and FM peak below 13 K
indicate a surprising coexistence of magnetic orders.

In order to understand how the AFM and FM order in
EuZn,Sb, can coexist with each other, we examine the as-
sociated thickness of the layers, to see if the two types
of magnetic orders are spatially separated along the crystal
¢ axis. Firstly, we can estimate the number of FM layers
from the low-temperature REXS measurements as shown in
Fig. 3(a). Qualitatively, the diffuse FM scattering signal cen-
tered at [ = 1 is noticeably broader along Q = (0,0,/) as
compared to the AFM signal at [ = %, which suggests that in
real space, there is a smaller number of layers with FM order
as compared to the AFM order. A fit to the REXS intensity
around / = 1 shows that there are three layers associated with
the FM order.

Second, the thickness of the AFM layer can be estimated
by measuring the Laue oscillations associated with the Q =
(0,0, %) peak (See Supplemental Material [29] for more de-
tails). To measure the thickness of the AFM order, the incident
x-ray energy E; was tuned to be slightly off resonance from
the europium Ms edge to be sensitive to the magnetic order,
but also reduce self-absorption. Incident m-polarized x-rays
were used to suppress charge scattering and enhance magnetic
scattering as mentioned [25]. Figure 4(a) plots the Laue oscil-
lations at the Q = (0, 0, %) peak, associated with the AFM
order, at 3.5 K. Our fit to the measured signal indicates a
thickness of 84 layers associated with AFM order.

Finally, to measure the total thickness of the EuZn,Sb,
sample above the CdTe substrate, E; was tuned to be off
resonance. Here, o-polarized incident x-rays were used to
mainly detect charge scattering arising from the structural
peak [25]. Figure 4(b) plots the Laue oscillations at the Q =
(0, 0, 1) structural peak measured at 3.5 K. Our fit indicates
approximately 88 layers corresponding to the total thickness
of the EuZn,Sb, sample. Interestingly, the total number of
layers of EuZn,Sb, is very close to the sum of AFM and FM
layers, which suggest that the two different magnetic orders
are spatially separated, along the crystal ¢ axis, which is also
observed in EuCd,Sb, [30], a compound that is isostructural
to EuZn,Sb,.

We now explain the mechanism that causes FM exchange
coupling, and why this mechanism is only limited to a few
layers of the EuZn,Sb, crystal. The limited number of layers
associated with FM order is possibly caused by surface oxi-
dation, which limits the FM exchange coupling to the top few
layers of the EuZn,Sb; crystal. A similar mechanism has been
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FIG. 4. Laue oscillations of AFM peak at (0, 0, %) and structural
peak at (0, 0, 1), both measured at 3.5 K. Inset diagrams depict the
thickness measured by the respective oscillations. (a) REXS intensity
of (0,0, %) AFM peak measured at the slightly off-resonance con-
dition at E; = 1.128 keV, using w-polarized x-rays. This measures
thickness of AFM layer. (b) Non-resonant x-ray scattering intensity
of (0,0, 1) structural peak measured at E; = 1.121 keV, using o-
polarized x-rays. This measures total number of layers.

reported for EuCd,Sb, [30]. First, surface oxidation creates a
protective Eu,O3 layer [31,32] that only affects the surface.
Second, oxidation causes the conversion of Eu>* to Eu**. The
mixed existence of Eu>* and Eu** has also been reported for
EuZnSb, [33]. The conversion of Eu’* to Eu** changes the
sign of the exchange path between AFM ions along the c axis,
causing the ions to order ferromagnetically. Thus, surface
oxidation explains the mechanism that only causes the top few
layers to possess a FM ordering.

To resolve the apparent disagreement of whether the AFM
order should be in plane [11] or out of plane [13], we refer to
prior studies. While our REXS measurements do not resolve
the direction of Eu?* magnetic moments for the AFM order,
decisive experiments have been performed by Weber et al.
[11], in which a spin-flop transition has been observed in the
magnetization measurement with a field applied perpendicular

to the crystal ¢ axis, at Bsp = 0.05 T. On the contrary, a spin-
flop transition was not observed with the field applied along
the crystal ¢ axis [11], which suggest that the Eu’* moments
associated with the AFM order lies in the a-b plane.

However, the out-of-plane orientation of magnetic mo-
ments associated with the AFM order proposed by May et al.
was based on magnetization measurements performed with
field steps of 0.2 T along and perpendicular to the crystal ¢
axis [13]. The step size of that in Ref. [13] was too large
to identify the spin-flop transition, which was observed by
Weber et al. to occur at very low fields of Bsg = 0.05 T [11].
As such, we are more inclined to accept the conclusion by
Ref. [11] that Eu®*" ions have an in-plane AFM ordering.

To decisively determine the orientation of the Eu** mag-
netic moments associated with the AFM order, future REXS
experiments should measure the dependence of the scattered
intensity on (i) rotation of the sample about the scattering
vector (azimuthal-angle dependence) and (ii) controlled varia-
tion of the incident linear polarization (full linear polarization
analysis).

IV. CONCLUSION

In this work, we successfully reconcile the existing debate
on the magnetic ordering of EuZn,Sb, and the effect on its
electronic band topology. We first use DFT calculations to
investigate how the magnetic ordering of EuZn,Sb, deter-
mines the electronic band topology. The calculations show
that an in-plane and out-of-plane AFM creates a gapped Dirac
TCI and DSM, respectively, while both in-plane and out-of-
plane FM stabilizes a WSM. Next, the REXS measurements
demonstrate the coexistence of an A-type AFM and FM order.
Notably, the FM order is confined to the top few layers,
possibly due to surface oxidation. We also suggest a coupling
of the AFM and FM orders, with the primary AFM order
inducing the FM order. Finally, using the findings from DFT
calculations and REXS, we predict that EuZn,Sb, behaves as
a WSM on the surface due to oxidation, and as a TCI on the
lower unoxidized layers. Importantly, these belong to different
topological classes.
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