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We investigate the magnetic order in single crystalline EuCd,Sb, thin films using a combined theoretical
and experimental approach. Resonant elastic x-ray scattering experiments reveal a sharp magnetic peak at
q=1(0,0, %) below Ty = 7.2 K, indicative of interlayer antiferromagnetic ordering. Additionally, we observe
a weak diffuse magnetic signal centered at q = (0, 0, 1) that persists above Ty, up to Tc ~11 K. Our Monte
Carlo simulations of a classical spin model approximation of the Eu magnetic sublattice demonstrate that the
diffuse signal can arise from ferromagnetic coupling in the top few layers due to surface oxidation. On the other
hand, the bulk of the sample exhibits antiferromagnetic coupling between layers. Finally, our fit of the model
parameters to the magnetic ordering temperatures shed light on the exchange couplings that are key in stabilizing

the observed composite magnetic order.
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I. INTRODUCTION

In 1929, Weyl theorized the existence of massless elec-
trons, i.e., electrically charged particles predicted to travel at
the speed of light [1]. While these particles have not yet been
observed in high-energy physics experiments, certain crys-
talline solids that fulfill specific symmetry requirements can
realize massless fermionic quasiparticles and, thereby, Weyl’s
prediction. These materials are known as Weyl semimet-
als (WSMs), whose massless charge-carrying fermions can
enable exceptionally high electron mobility, making these
systems highly desirable for electronic devices [2—4].

In 2015, the existence of WSMs was experimentally
confirmed, with several crystalline materials shown to host
massless charge carriers characterized by linear crossings in
the electronic spectrum, as predicted by Weyl [5-7]. These
crossings, referred to as Weyl nodes, are extremely stable
due to the protection afforded by topological invariants of
the electronic bands rather than, e.g., the symmetries that
protect Dirac fermions in graphene [8,9]. Moreover, WSMs
possess high electron mobility (which is very attractive for de-
vice applications) since charge scattering processes involving
phonons or defects do not change the handedness (chirality)
of Weyl fermions.

Recent work demonstrated that the presence or absence
of Weyl nodes in a new class of materials called magnetic
WSMs could be controlled by the symmetry of the magnetic
configuration [10]. This breakthrough shows that the mass
of charge carriers in these magnetic WSMs can be tuned
by modifying the topology of the electronic bands through
external magnetic field modulation.
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One such example is EuCd,Sb,, which features an intimate
coupling between the magnetism of europium atoms and the
topological properties of the bands near the Fermi energy. The
trigonal unit cell of EuCd,Sb,, shown in Fig. 1, possesses
P3m1 space group symmetry, which include a threefold ro-
tation symmetry about the ¢ axis and the global inversion
symmetry. With europium (cadmium, antimony) residing on
the la (2d) Wyckoff site, EuCd,Sb, forms a layered struc-
ture, comprising alternating magnetic Eu and charge transport
Cd,Sb, layers.

Crucially, their stacking leads to a strong interplay between
charge carriers with nontrivial topology and magnetic order.
However, despite its promising features, the full technologi-
cal potential of EuCd,Sb, remains largely untapped as it is
currently available only in bulk crystal form. To leverage its
properties for device applications, there is a pressing need
to downscale EuCd;Sb,. Addressing this demand, single-
crystal thin films of EuCd,Sb, have recently been successfully
fabricated [11,12]. However, several of their properties, in-
cluding the ground-state magnetic order, remain inadequately
explored.

In this work, we study the magnetic order of EuCd,Sb,
theoretically and experimentally via Monte Carlo (MC)
simulations and resonant elastic x-ray scattering (REXS),
respectively. We find that thin film EuCd,Sb, displays A-
type antiferromagnetic ordering, characterized by intralayer
ferromagnetic coupling and interlayer antiferromagnetic in-
teractions. Furthermore, we observe a broad peak in the
x-ray scattering intensity around the q = (0, 0, 1) structural
reflection. Our numerical simulations demonstrate that this
broad peak is well described by assuming that the interlayer
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FIG. 1. (a) The trigonal
(b) (h, 0, 1) reciprocal space map of EuCd,Sb, around the magnetic
diffuse (0,0,1) and magnetic sharp (0,0,%) peak. (c) A-type
antiferromagnetic and (d) ferromagnetic order.

crystal structure of EuCd,Sb,.

coupling for the top few layers to be ferromagnetic, while the
remaining layers exhibit antiferromagnetic coupling. We at-
tribute the coexistence of ferromagnetic and antiferromagnetic
interlayer order in EuCd,Sb; to surface oxidation.

II. METHODS

Single-crystal thin film EuCd,Sb; of high crystalline qual-
ity was grown on a cadmium telluride (111) substrate by
means of molecular beam epitaxy (MBE) as outlined in detail
in Ref. [11]. The MBE growth resulted in a layered EuCd,Sb,
sample, with the crystal ¢ axis oriented along the substrate
surface normal. Correspondingly, the crystal a and b axes lie
within the plane of the CdTe substrate. The thickness of the
sample correspond to approximately 59 atomic layers along
the ¢ axis.

To investigate the magnetic properties of the thin film
EuCd,Sb,, temperature-dependent magnetic susceptibility
measurements was performed with a Physical Properties
Measurements System (Quantum Design) in various fixed
magnetic field strengths, down to 7 = 2 K. Here, the ex-
ternal magnetic field was applied along the crystal b axis.
Since the CdTe substrate is diamagnetic, its contribution to the
measured magnetic susceptibility manifests as a temperature-
independent background signal, which can be subtracted from
the raw data so as to isolate the signal arising from EuCd,Sb,.

To determine the Eu magnetic order and how it develops
with temperature, REXS measurements were performed on
thin film EuCd,Sb, on the UE46-PGMO01 beam line [13] at the
BESSY II synchrotron facility. The incident soft x-ray photon
energy was tuned to the europium M5 absorbtion edge (Eres. =
1128.8 eV), so as to benefit from the resonant enhancement of
the scattered x-ray intensity arising from the ordering of the

Eu?t magnetic moments [14]. The main drawback associated
with operating at E. is that the only accessible structural
peak in the whole reciprocal space of EuCd,Sb,, where the
incident or scattered beam is not otherwise blocked by the
sample itself, is the @ = (0, 0, 1) reflection.

Notwithstanding, the information regarding the Eu mag-
netic order can still be acquired by studying the scattered
REXS signal in the vicinity of the (0,0,1) peak. Fortuitously,
the scattering angle (20) of the (0,0,1) peak is close to 90°,
which allows for the suppression of the charge scattering
signal when the incident x rays with  linear polarization is
used, as was the case for our REXS experiment. In particular,
the EuCd,Sb; thin film sample was mounted with the crystal
b axis perpendicular to the horizontal scattering plane of the
diffractometer, in order to access the (%, 0, [) reciprocal space
area in the vicinity of (0,0,1) peak, as shown in Fig. 1(b).

We performed MC simulations to model the temperature
evolution of the Eu magnetic order obtained from the REXS
measurements. The magnetic Hamiltonian of the layered trig-
onal lattice of EuCd,Sb, can be written as [15]

H=— abZSj‘Sj—i-ZJZjS,"S]’

(i, /)ab (i.j)e

+ K> Z cos?(6;) + K Z sin®(8;) cos(6¢;), (1)

where S; = [cos(¢;) sin(6;), sin(¢;) sin(6;), cos(6;)] describe
the spin magnetic moment of an Eu®* ion at the lattice site
r;, whose polar (0;) and azimuthal (¢;) angles are defined in a
Cartesian coordinate system with the z axis aligned along the
crystal ¢ axis. The Eu?" ions have a spin moment of § = 7/2,
but here we set S = [S;| = 1 and absorb the factor 7/2 into
the definitions of the coupling coefficients J,;, J./, K>, and
Ks. The sum (-),; indicates a sum over nearest-neighbor spins
in the ab plane, namely pairs of intralayer nearest neighbors.
Likewise, the sum (-). indicates a sum over nearest-neighbor
spins along the ¢ axis, between pairs of interlayer nearest
neighbors.

The parameters J,, and J, correspond to the in-plane and
out-of-plane Heisenberg-like exchange coupling, respectively
[Figs. 1(c) and 1(d)]. Note that the interlayer coupling J./ has
a dependence on the sites i and j, and is thus allowed to vary
over the thickness of the sample. In particular, we choose
Jii —JIM i j € top £ layers

¢ JfF M else '

We also include an easy-plane anisotropy with strength
K> > 0 and a sixfold magnetocrystalline anisotropy with
strength K¢ > 0, as observed in similar materials [15,16]. The
REXS intensity along the Q = (0, 0, /) direction arising from
a given magnetic configuration {S;} is computed by taking the
sum,

2

. 2)

1
1=

E : e—ZmISi

i

To perform the MC simulation, we employ Wolff cluster
updates [17] with simulated annealing [18] to reach statistical
equilibrium. To account for the onsite anisotropic fields, we
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FIG. 2. The in-plane magnetic susceptibility of EuCd,Sb, as a
function of temperature, in the presence of various external mag-
netic field along the crystal b axis, display a clear anomaly at Ty ~
7.2 K. The temperature-independent background contribution from
the CdTe substrate [20] was subtracted by normalizing the magnetic
susceptibility at 7 = 22 K to zero. Indeed, for temperatures above
14 K, we find that the susceptibility curves coincide with each other.

employed the ghost spin technique presented in Ref. [19].
We generated random spin reflections for the Wolff clus-
ter updates by sampling a Gaussian random I', where the
vector elements I'; ~ N(0, 1) for i € {x,y,z} and N(u, o)
is a normal distribution of mean u and standard deviation
o. This vector T is used to generate the reflection matrix
R =I3,3 — 2I'TT /|T|?, where I3,3 is a 3 x 3 identity matrix.

At a given temperature 7, we estimated the intensity
(I(1)) = I(l, T) by performing the following protocol:

(1) Randomly initialize each spin on the unit sphere.

(2) Perform np, = 2000 cluster updates, with the tem-
perature at the nth step updated according to the annealing
schedule

Ty — T,

[1 - cos(nn/nmax)], (3)

where T; =2.5J/kg and Ty =T is the temperature of the
ensemble we wish to sample.

(3) Perform Ngmpies = 2000 cluster updates at fixed tem-
perature 7', sampling the intensity after every 20th update.
Record these samples as I;(I, T).

(4) Report the ensemble averages

(I, T)~

le(z, T). )

samples

III. RESULTS

Figure 2 shows the temperature-dependent magnetic sus-
ceptibility curves obtained at various external field strengths.
At low-field strengths (uoH = 0.1 T), the magnetic suscepti-
bility curve displays a sharp anomaly at Ty = 7.2(1) K, which
is indicative of the onset of long-range AFM order of the
europium magnetic moments. The value for Ty is slightly

lower compared to those found for bulk crystalline EuCd,Sb,
of Ty = 7.4 K [21]. This discrepancy can be attributed to
variations in the strength of magnetic exchange coupling,
stemming from differences in the size of the cell parameters
between single crystals and thin films.

To ascertain if thin film EuCd,Sb, possess the A-type AFM
order of the europium moments observed in the bulk crystal
[21], we proceed to analyze the low-temperature REXS data
[Figs. 3(a)-3(c)]. The presence of an A-type AFM configu-
ration, i.e., ferromagnetic europium layers stacked alternately
along the crystal c axis [Fig. 1(c)], is confirmed by the strong
Bragg reflection observed at T ~4K for @ = (0,0, %),
which is forbidden by the P3m1 space group of EuCd,Sb,.
Such a peak arises from the doubling of the unit-cell along the
crystal ¢ axis, which is consistent with an A-type AFM order
[Fig. 1(a)]. Further confirmation is found in the temperature
dependence of the (0, 0, %) peak [Fig. 2(c)], which disappears
on warming above Ty = 7.2 K concomitant with the anomaly
observed in the magnetic susceptibility curves.

We now turn our focus to investigating whether thin film
EuCd,Sb, can also exhibit other types of europium magnetic
configurations coexisting with the AFM order. To this end,
we measured the REXS intensity along the Q = (0, 0, /) di-
rection in reciprocal space, which is sensitive to other types
of stacking arrangements of ferromagnetic europium layers
along the crystal ¢ axis. For instance, one possibility is a
ferroic stacking of the ferromagnetic Eu layers, as shown in
Fig. 1(d). Such a ferromagnetic (FM) order will produce mag-
netic scattering intensity centered at Q@ = (0, 0, 1) in addition
to the AFM peak at (0, O, %).

Figure 3(a) shows the scattered x-ray intensity along Q =
(0, 0, 1) measured at various temperatures. In addition to the
AFM peak at [ = 0.5 at temperatures below Ty, we observe
the sharp charge peak at / = 1 arising from the (0,0,1) reflec-
tion of the crystal structure. Interestingly, between / = 0.7 and
[ = 1.3, we also detect a broad domed-shaped diffuse signal
centered around the sharp (0,0,1) structural peak.

To ascertain the temperature at which this diffuse scatter-
ing starts to develop, we track the temperature dependence
of the REXS signal at /[ =0.95 [Fig. 3(c)]. Studying the
signal at [ = 0.95 allows us to fulfill Brewster’s condition,
where the scattering angle (26) is 90°, while also avoid-
ing the strong structural peak at / = 1. As such, the charge
scattering is strongly suppressed since incident x rays with
7 linear polarization were used. Therefore, the resonant x-
ray signal detected at [ = 0.95 is predominately due to the
magnetic ordering, which rotates the incident x-ray polar-
ization into the w — o’ scattering channel. Strikingly, we
find that the diffuse magnetic signal already starts to develop
at Tc ~ 11 K, a temperature well above Ty, as shown in
Fig. 3(c).

The shaded regions in Figs. 3(a) and 3(c) denote the
changes in the REXS intensity between Ty and T¢, which
clearly highlight that the diffuse magnetic signal grows even
in the absence of AFM order. Since the diffuse signal in
the shaded region of Fig. 3(a) is centered at [ = 1, it can
be attributed to the spontaneous ferromagnetic stacking of
europium layers along the crystal ¢ axis, as shown in Fig. 1(d).
The number of layers involved in this ferromagnetic (FM)
order should be fairly limited, given that the peak width along
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FIG. 3. Comparison between the (a)—(c) experimental and (d)—(f) calculated REXS intensity as a function of temperature. (a), (d) The
intensity along (0,0,/) at various temperatures. (b), (¢) The antiferromagnetic peak intensity at / = 0.5. (c), (f) The temperature dependence at

I = 0.95 to probe the diffuse ferromagnetic signal.

the ¢ axis is very broad [Fig. 1(b)]. Indeed, our fit finds that
the correlation length of this FM order along the crystal ¢ axis
(™) corresponds an ordering of approximately three basal
layers. In contrast, the correlation length within the ab plane
is much larger, i.e., of the order of £FM ~ 1230 Al at T = 4 K.

A natural question that arises is whether the two types of
magnetic order are coupled, that is, for instance, if the onset of
the AFM order at 7Ty enhances or suppresses the three-layered
FM order. Notably, we find that the broad peak in the (0, 0, /)
scan associated with the FM order retains its dome-shaped
signal even below Ty, as shown in Fig. 3(a). This behavior
demonstrates that the FM order not only persists below 7Ty,
but also retains its three-layered thickness, suggesting that
the two types of magnetic orders are largely decoupled. This
conclusion is corroborated by the temperature dependence at
! = 0.95 in Fig. 3(c), which does not exhibit a significant jump
at Ty in the I = 0.5 curve [Fig. 3(b)].

Yet, our experimental findings prompt further questions
regarding the mechanism responsible for the emergence of a
ferromagnetic interlayer exchange coupling, and the factors
that confine this mechanism to only a few top layers. A plau-
sible explanation is that the EuCd,Sb, sample studied in this
work suffers from surface oxidation, albeit limited to few top
atomic layers. This phenomenon is not unique to thin films

I'This corresponds to approximately 262 unit cells for the in-plane
direction, assuming a ~ 4.692 A.

but is common in europium-based intermetallics, whose sur-
face oxidation leads to the formation of a protective layer of
Eu, 03 preventing the underlying sample from further damage
[22,23]. For instance, surface oxidation was also found in
bulk crystals of EuCd,;Sb, [21]. Due to oxidation, some of
the magnetic Eu’t becomes a nonmagnetic Eu’" ion. As a
result, the antiferromagnetic exchange path between neigh-
boring ions along c can change sign, becoming ferromagnetic
[24]. This mechanism also limits ferromagnetically coupled
layers to the top few layers, while preserving the AFM order
of the underlying layers.

In order to verify this hypothesis, it is necessary to deter-
mine the thickness of the AFM layer. This can be achieved by
measuring the Laue oscillations associated with the (0,0,%)
peak [25]. However, operating at the peak resonant energy
E.s. leads to strong self-absorption of the scattered signal that
tends to wash out these subtle oscillations. Hence, we per-
formed the REXS measurements at a slightly off-resonance
condition (E; = E..s, — 1.8 eV). This incident photon energy
sits at the tail of the Eu?>" resonance, ensuring that the probe
remains sensitive to the signal originating from the AFM
order.

Figure 4(a) shows the Laue oscillation of the scattered
signal arising from the AFM coupled layers. Our fits indi-
cate that the signal comes from ~55 AFM coupled europium
layers, which, when summed with the three FM coupled top
layers, yield a total thickness of 58 layers. This estimate is
in good agreement with the 59-layer thickness of EuCd,Sb,
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FIG. 4. Laue oscillations of the antiferromagnetic (0,0,%) and
structural (0,0,1) peak. (a) REXS intensity of the (0,0,%) peak mea-
sured slightly off-resonance (E; = E,;. — 1.8 eV) to determine the
thickness of the AFM layer. (b) Nonresonant x-ray scattering inten-
sity (E; = Es. — 8.8 €V) of the (0,0,1) structural peak to ascertain
the total thickness of EuCd,Sb,.

extracted from the Laue oscillations of the (0,0,1) structural
peak measured in the non-resonant regime of Ej = E,es —
8.8 eV [Fig. 4(b)].

To shed further light on the magnetic properties of
EuCd,Sb, single-crystal thin film, we performed Monte Carlo
simulations on a system consisting of 32 layers, with each
layer containing 64 x 64 ions. The top three layers are
ferromagnetically (FM) coupled, while the other layers are an-
tiferromagnetically (AFM) coupled, with exchange strengths
J™M and JAPM respectively.

The Heisenberg-like exchange coupling (J,,
and magnetocrystalline anisotropy (K, Kg) parameters
[Eq. (1)] are chosen to provide the best qualitative and nu-
merical fit to the REXS scattering data.

JLFM , JCAFM)

Figures 3(d)-3(f) show the calculated REXS intensity for
Jup = 0.54 meV, J?FM = 0.011 meV, JEM = 0.54 meV, K, =
0.14 meV, and Ks = 0.11 meV. Despite the finite size of
the magnetic supercell, the temperature dependence calcu-
lated in the numerical simulations [Figs. 3(d)-3(f)] is in good
agreement with the corresponding experimental data shown in
Figs. 3(a)-3(c). For instance, the calculated ordering tempera-
tures of Ty = 7.2 K and T¢ = 11.4 K [Figs. 3(e) and 3(f)], are
in good accordance with the experimentally observed values
In =72 K and Tc = 11 K [Figs. 3(b) and 3(c)], respec-
tively. Furthermore, the calculated dome-shaped diffuse signal
centered around (0,0,1) in Fig. 3(a) agrees with that of the
experimentally obtained plot [Fig. 3(d)].

IV. CONCLUSION

In this work, we have shown through theoretical and ex-
perimental means that thin film EuCd,Sb, exhibits A-type
antiferromagnetic ordering, coexisting with ferromagnetic or-
dering in the few top layers. By setting the interlayer coupling
in the surface layers to be ferromagnetic, we find close qual-
itative and quantitative agreement between our REXS and
MC data. We find that the ordering temperatures of the fer-
romagnetic ordering and A-type antiferromagnetic ordering
differ significantly, indicating that these coexisting magnetic
orders are uncoupled. This coexisting magnetic ordering may
be explained by surface oxidation of the sample, producing
a film of Eu;O3 and changing the strength and sign of the
magnetic exchange near the surface of the sample.

Given that interlayer and intralayer exchange interactions
are both present, the system is essentially behaves as a
3d system from a magnetic point of view. In future in-
vestigations, it would be interesting to understand how the
magnetism develops as the thickness of the sample approaches
the monolayer limit, to explore phenomena such as possible
Berezinskii-Kosterlitz-Thouless (BKT) transitions predicted
in Refs. [15,26]. To that end, it will be crucial to explore how
surface oxidation can be limited so as to avoid the formation
of coexisting magnetic orders.
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