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Taken together, time-reversal and spatial inversion symmetries impose a twofold spin degeneracy of the elec-
tronic states in crystals. In centrosymmetric materials, this degeneracy can be lifted by introducing magnetism,
either via an externally applied field or through internal magnetization. However, a correlated alignment of
spins, even in the paramagnetic phase, can lift the spin degeneracy of electronic states. Here, we report an
in-depth study of the electronic band structure of the Eu-ternary pnictide EuZn,Sb, through a combination of
high-resolution angle-resolved photoemission spectroscopy measurements and first-principles calculations. An
analysis of the photoemission line shapes over a range of incident photon energies and sample temperatures
is shown to reveal the presence of band spin-degeneracy lifting in the paramagnetic phase. Our angle-resolved
photoemission spectroscopy results are in good agreement with theoretical ferromagnetic-phase calculations,
which indicates the importance of ferromagnetic fluctuations in the system. Through our calculations, we predict
that spin-polarized bands in EuZn,Sb, generate a single pair of Weyl nodes. Our observation of band splitting
in EuZn,Sb, provides a key step toward realizing time-reversal symmetry breaking physics in the absence of

long-range magnetic order.
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I. INTRODUCTION

Symmetry has become a significant organizing principle
in modern condensed matter physics. Symmetries enforce
protected degeneracies along high-symmetry directions in the
Brillouin zone (BZ), which can dramatically simplify the
analysis of electronic band structures [1]. Consideration of
symmetries has also led to efficient classification schemes for
topologically protected states [2]. Topological insulators pro-
vided the first example of a three-dimensional (3D) symmetry
protected topological material [3—6]. Time-reversal symme-
try (TRS) and bulk inversion symmetry (IS) were shown
to protect spin-orbit induced band inversions and twofold
band crossings between spin-polarized Dirac surface states
pinned to the TRS points of the BZ [3,7-9]. These symmetries
can also protect the fourfold degenerate band crossings in
bulk-3D Dirac semimetals [10—13]. The breaking of TRS in
topological insulators and Dirac semimetals can lead to new
topological phases such as the magnetic topological insulators
[14] and the Weyl semimetals [13,15].

Effects of TRS breaking are usually explored in the context
of materials with net magnetization. However, short-ranged
correlated spin alignments can provide another mechanism
for lifting the Kramers degeneracy [16]. Given large enough
correlation lengths and times, it can be anticipated that similar
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TRS-breaking physics may be observed in materials [17].
Zintl-phase EuX,Pn,, with transition metal X and pnicto-
gen Pn, most notably EuCd,As, and EuZn;As,, have been
recognized for supporting nonlinear anomalous Hall and
anomalous Nernst effects [18,19], electron spin resonance
(ESR) [17,20,21], muon spin relaxation [17], and resonant
elastic x-ray scattering [22] responses that are consistent with
the formation of slowly fluctuating ferromagnetic domains in
the paramagnetic phase. These results indicate the possibility
of producing spin-polarized electronic states in paramagnetic
samples, where both the global TRS and IS are preserved. The
low-energy physics of EuX;Pn, systems are dominated by the
interplay of transition-metal-s conduction bands and pnictide-
p valence bands near the I point [23]. The precise energetics
are strongly dependent on spin-orbit coupling strength and
details of the resulting magnetic ordering. This interplay of
magnetism and spin-orbit coupling stabilizes a variety of mag-
netic and nonmagnetic topological phases [17,23-33].

The recent interest in EuZn,As, and EuCd,As; naturally
motivates continuing work on EuZn,Sb, due to its inter-
mediate spin-orbit coupling strength. EuZn,Sb, has been
observed to produce ESR line shapes consistent with slow
ferromagnetic correlations ranging from the antiferromag-
netic (AFM) transition temperature (7y = 13 K) to over
100 K [20]. Given the connection between magnetic fluctu-
ations and electronic structure established both theoretically
[16] and through recent experiments [17-22], the potential
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FIG. 1. Crystal structure and sample characterization of EuZn,Sb,. (a) Crystal structure of EuZn,Sb,. The green, gray, and red balls
identify Eu, Zn, and Sb atoms, respectively. (b) The associated bulk BZ and the surface BZ projected along (001) with high-symmetry points
marked. (c) Temperature dependence of the electrical resistivity in zero applied magnetic field measured within the crystallographic ab plane.
(d) Core-level photoemission spectrum with characteristic peaks of Eu 4 f, Zn 3d, and Sb 4d orbitals. A sample photograph is shown in the
inset. (e) Nonmagnetic band dispersion calculation along several high-symmetry directions (with taking into account SOC).

interplay between magnetic correlations and spin-orbit cou-
pling induced topology in EuZn,Sb, warrants a detailed
investigation into the electronic structure of this material. We
have carried out angle-resolved photoemission spectroscopy
(ARPES) measurements along with parallel density functional
theory (DFT) based calculations. We report a direct observa-
tion of band spin-degeneracy lifting through an analysis of
ARPES line shapes over a range of incident photon energies
and sample temperatures in the paramagnetic phase. We ob-
serve asymmetric ARPES line shapes that are consistent with
the convolution of two distinct band peaks, which persist over
a wide temperature range of 15 and 130 K. Our measure-
ments show good agreement with our DFT predictions for the
ferromagnetic phase below the Fermi level. Interestingly, our
calculations for the spin-split bands are predicted to extend
above the Fermi level to generate a single pair of Weyl nodes
separated along the k, direction.

II. METHODS

High-quality EuZn,Sb, single crystals were grown by us-
ing Zn-Sb flux and characterized using x-ray diffraction and
energy-dispersive x-ray spectroscopy [see the Supplemental
Material (SM) [34] for growth and characterization details].
High-resolution ARPES measurements were carried out at the
Stanford Synchrotron Radiation Laboratory (SSRL) beamline
5-2 and at the Advanced Light Source (ALS) beamline 4.0.3,
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equipped with Scienta DA30 analyzer and Scienta R8000
electron analyzer, respectively (see SM for further details
[34]). All electronic structure calculations were performed
within the DFT framework using a plane-wave basis set in the
Vienna ab initio simulation package (VASP) [35]. The band
structures shown in the main text are calculated using the
Heyd-Scuseria-Ernzerhof (HSE) functional [36] (see SM for
computational details [34]).

II1. RESULTS

A. Crystal structure and electronic properties

EuZn,Sb, crystallizes in the trigonal space group P3ml
(No. 164). The unit cell structure consists of alternating
Zn,Sby and Eu layers, as depicted in Fig. 1(a) [37]. A
hexagonal bulk BZ is produced by the trigonal lattice [shown
in Fig. 1(b)]. This crystal structure has a natural cleave along
the (001) plane, which produces the surface-projected BZ
shown in relation to the bulk. Previous work on EuX,Pn,
samples shows a strong sensitivity of the carrier concentration
and Fermi-level position on details of crystal synthesis
protocol [38]. Resistivity measurements were performed
to check whether the low-energy physics is described
by metallic, semimetallic, or semiconducting behavior.
Figure 1(c) displays the temperature dependence of the
electrical resistivity in single-crystalline EuZn,Sb,. The
sample exhibits metallic behavior with a pronounced anomaly
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FIG. 2. Constant energy contours (CECs) and dispersion cuts taken with an incident photon energy of 86 eV. (a) The Fermi surface and two
CECs at binding energies of (b) 200 meV, (c) 500 meV, and (d) 800 meV. Dispersion cuts along the (¢) M-I'-M and (f) K-T'-K high-symmetry

directions.

at the antiferromagnetic phase transition in the form of
a cusplike peak in the resistivity. The Néel temperature,
Ty =133 K, is close to the value previously reported
[37,39]. Notably, the magnitude of p(T') is rather large, and
the resistivity variation on decreasing temperature is fairly
small, which indicates that EuZn,Sb, is a bad metal. A
negative temperature coefficient above Ty likely arises due
to short-range magnetic interactions, while a decrease of the
resistivity below Ty is clearly a result of the reduction in
electron scattering on the magnetic moments in the ordered
state. The short-range magnetic interactions observed above
Ty bear a ferromagnetic character, as indicated by the positive
value of the paramagnetic Curie temperature derived from
the magnetic susceptibility data (see SM [34]). The elemental
composition of the sample is corroborated by the core-level
photoemission results, which show the presence of atomic
peaks at Eu4 f, Zn 3d, and Sb 4d binding energies [Fig. 1(d)].

In disagreement with the metallic behavior found in elec-
trical resistivity measurements, our nonmagnetic calculations
[Fig. 1(e)] predict a direct semiconducting band gap at the I"
point [Fig. 1(e)]. To better understand the valence electronic
structure of EuZn,Sb,, we have performed high-resolution
ARPES, the results of which are shown in Figs. 2 and 3. The
Fermi surface and several constant energy contours (CECs)
are shown in Figs. 2(a)-2(d). The Fermi surface [Fig. 2(a)]
consists of two circular hole pockets of small area localized at

the T point. The hole nature of the associated bands is evident
from the increase in the size of the pocket with increasing
binding energy. The dispersion cuts taken along the M-T'-M
[Fig. 2(e)] and K-T-K [Fig. 2(f)] directions show that the two
hole bands disperse in parallel, where they are joined by the
maximum of a third parabolic band at a higher binding energy.
The two cuts show a similar dispersion behavior close to the
Fermi level, only deviating from one another at higher binding
energies.

B. Band splitting induced Weyl semimetal phase

A close inspection of the dispersion cuts reveal the pres-
ence of low-intensity parallel dispersing bands, which are
not present in the nonmagnetic DFT calculations, as can be
seen in Fig. 1(e). To better visualize these split bands, the
second derivative (SD) edge detection method was applied to
the M-T'-M dispersion cut [Fig. 3(a)]. The SD figures resolve
these features as distinct peaks in the photoemission intensity.
In the raw photoemission data, however, these peaks con-
structively add together to produce an asymmetric momentum
distribution curve (MDC) line shape [Figs. 3(b)-3(d)]. We
performed a curve fit on the MDC using a Voigt function,
which is the convolution of the idealized Lorentzian line
shape with Gaussian broadening to account for resolution
and temperature effects [40]. Fitted results are shown in
Figs. 3(b)-3(d), where each peak is color coded such that

045130-3



MILO X. SPRAGUE et al.

PHYSICAL REVIEW B 110, 045130 (2024)

E-E;=-05eV

(c) E-Ep (d) N1 90 eV
I\
,;; ,; [ [\
c C d
= 2 TN
B 2 Y o Ny N
S 3 NS
R
60 eV
T T T T T T T — 1 r T T T
-0.8 -0.4 0.0 -1 0.4 0.8 -0.6 -0.4 -0.2 0.0 >10.2 04 0.6 -0.4 0.0 R 0.4
ky (A7) k(A7) k(A
E-E;=-0.6eV i
() S
130K /% Ve
5 110 K ;,5
& 0 o by
g 70 K 3
= 50 K g
TS
15K X | 0 .
M r 0 0(m) 1

FIG. 3. Observation of spin-split bands in EuZn,Sb,. SD edge detections applied to the MDCs and displayed for the (a) M-I"-M direction.

(b) MDC at 0.5 eV binding energy integrated over an 8 meV window displayed over the M-I"-M dispersion cut. Vertical black lines indicate
fitted peak positions. (c) Results of Voigt function fit to the MDC at 0.4 eV binding energy. The total fit is given in blue, the individual peaks
in green, and the raw MDC in red. (d) MDCs stacked over incident photon energies. Taken along the M-I"-M direction at a binding energy of
0.5 eV. Eight stacked MDCs for photon energies ranging between 62 and 90 eV corresponding to those in Fig. S2 [34]. Vertical arrows indicate
the peak position resulting from the peak fitting for each MDC. The colors indicating the position of the fitted peaks are made consistent
between (b)—(d), where blue/red and teal/orange indicate the spin-split pair of the outermost bands and innermost bands, respectively. (e)
Result of our ferromagnetic DFT calculations for an out-of-plane magnetization along M-I"-M. (f) Temperature dependence of the 0.6 eV
binding energy MDC along M-T-M for temperatures between 15 and 130 K. Fitted peaks are shown at 15 and 130 K. (g) Out-of-plane
ferromagnetic calculations above the Fermi level showing the presence of Weyl nodes 180 meV above the Fermi level (circled in red). (h) The
chirality of the Weyl points, calculated using the Wannier charge center evolution around a sphere enclosing the gapless points. The red and

blue curves are for the two different Weyl points. The Weyl points have chirality £1.

the blue/red and teal /orange correspond to the spin-split pairs
from the outer and inner bands, respectively. Agreement with
the measured MDCs was obtained by including two closely
dispersing band pairs, giving an indication of band splitting.
The peak positions are indicated for the MDC taken along
the M-T'-M cut at a binding energy of 0.4 eV. The separa-
tion of the outer two peaks is about 0.05 £ 0.004 A~! and
about 0.03 £ 0.004 A~! for the inner bands, as obtained from
the difference in the fitted peak positions. The ARPES spec-
tra shown in Figs. 3(a)-3(c) were taken at a photon energy
of hv = 86 eV. To demonstrate the persistence of the band
splitting across various photon energies, we have plotted the
MDCs for the same M-I'-M cut for various photon energies
ranging from 60 to 90 eV at E — Er = —0.5 eV binding
energy, as shown in Fig. 3(d).

Nonmagnetic calculations assign a spin degeneracy to all
the bands, including the two outermost hole pockets where
spin splitting is observed experimentally (Fig. 3). In ac-
counting for the potential split bands, we repeated the DFT
calculation in an out-of-plane ferromagnetic configuration,
which produces the pair of nondegenerate parallel dispersive
bands [Fig. 3(e)]. The projected size of the band splitting
is rather small for the highly dispersive band energies, al-
though the comparison with experimental results establishes
the presence of ferromagnetic interactions that result in the

splitting of bands. Similar observations in related materials
have been attributed to short-range ferromagnetic fluctuations
in the paramagnetic phase [17]. Given the presence of slow
ferromagnetic correlations ranging from the Néel temperature
to over 100 K in EuZn,Sb, [20], a similar mechanism can
be expected for the observation of the band-splitting fea-
ture in our measurements. We repeated measurements of the
M-T-M dispersion cut over sample temperatures between 15
and 130 K. The temperature variations of the MDCs taken
at a binding energy of 0.5 eV are stacked in Fig. 3(f). Weak
temperature dependence is seen in the MDC line shapes,
which indicates the presence of band splitting up to 130 K,
which is consistent with previous reports of the presence
of weak ferromagnetic correlations over 100 K [20]. These
results show that, even if EuZn,Sb, is paramagnetic above
13 K, the presence of weak ferromagnetic domains lifts the
spin degeneracy of bands and leads to the observed splitting.
While our nonmagnetic calculations predict a semicon-
ducting gap, our results show two semimetallic hole pockets
comprising the Fermi surface. Decreasing the Fermi level
by about 180 meV in both the nonmagnetic and ferromag-
netic calculations replicates our ARPES results, even though
only the ferromagnetic calculations correctly account for the
band splitting seen experimentally. Interestingly, our ferro-
magnetic calculations predict the vanishing of this gap in the
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spin-polarized state, which extend to produce a single pair
of Weyl nodes along the A-I"-A direction [Fig. 3(g)]. After
accounting for the Fermi-level shift in our calculations, pos-
sibly due to hole doping in our samples, the Weyl points are
predicted to lie around 180 meV above the Fermi level. We
confirm the nontrivial chirality of the Weyl crossings by per-
forming Wannier charge center evolution calculations around
a sphere enclosing the gapless point, the results of which
are shown in Fig. 3(h). The simultaneous stabilization of the
ferromagnetic ground state and electron doping would make
EuZn,Sb; a candidate minimal Weyl semimetal.

The observation of band splitting in a centrosymmetric and
nonmagnetic system may stem from various sources alternate
to what has been proposed here. The first possibility is that the
observed splitting is surface originated. The spin degeneracy
of generic momentum points is in general lifted at the surface
due to 3D inversion symmetry breaking [41], which may allow
spin-orbit interactions to lift the spin degeneracy. A second
explanation for the band splitting is through the influence of
crystal defects and domain boundaries. Surface reconstruc-
tions could induce modifications in the electronic states near
the surface, contributing to the observed band-splitting phe-
nomenon. The influence of surface reconstructions are highly
detectable through ARPES measurements through a reduc-
tion of the reciprocal space periodicity [42]. However, this
scenario contrasts with the data presented in Fig. 2, where
no additional periodicity of the bands is observed within the
first BZ. Lastly, it is essential to consider the possibility of
artifacts caused by k, broadening, which may arise due to
the limited photon escape depth and the presence of multiple
photoelectron scattering events [43]. The issue of k, broaden-
ing is an ever-present limitation in VUV ARPES experiments.
Such broadening generally leads to an asymmetric line shape
in the momentum distribution curves, becoming particularly
pronounced at the extreme points of the k, dispersion. Despite
this, we attribute the observed ARPES spectra to the presence
of band splitting. The influence of k, broadening is strongly
photon dependent, as modifying the incident photon energy
changes the central k, plane being measured. However, the
apparent band splitting does not exhibit a substantial variation
with incident photon energy, despite different regions of the
valence band being emphasized along k.

IV. CONCLUSIONS

Eu-ternary pnictides have been recognized for their simple
fermiology, magnetic ordering, as well for their ability to host

a nontrivial band topology. Motivated by the recent evidence
of local ferromagnetic behavior in the macroscopic paramag-
netic phase of EuZn,Sb,, we report high-resolution ARPES
and parallel ab initio calculations to unravel how magnetic
fluctuations affect the electronic band structure of this ma-
terial. We adduce evidence that the paramagnetic band spin
degeneracy is lifted via an analysis of the MDC line shapes,
which is found to display an asymmetric deviation from the
expected Voigt function based line shape. This asymmetric
line shape is consistent with the spin splitting of electronic
states involving slow ferromagnetic fluctuations in the param-
agnetic phase, which have been reported in EuZn,Sb, even
at temperatures greater than 100 K. This is further cor-
roborated by finding weak temperature dependence of the
MDC peak splitting up to 130 K and over various incident
photon energies. Interestingly, our ferromagnetic calcula-
tions, which reproduce our experimental bands, also generate
a single pair of Weyl nodes above the Fermi level. Our
study identifies EuZn,Sb, as a minimal Weyl point candidate
and an excellent platform for exploring the interplay be-
tween short-range magnetic interactions and electronic band
structure.
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