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Understanding the interplay between magnetic and electronic degrees of freedom is of profound
recent interest in different FEu-based magnetic topological materials. In this work, we studied
the magnetic and electronic properties of the layered Zintl-phase compound EuAlyGes crystal-
lizing in the trigonal CaAlsSis-type structure. We report zero-field neutron diffraction, tempera-
ture T- and magnetic-field H-dependent magnetic susceptibility x(7', H), isothermal magnetization
M (T, H), heat capacity Cp(T, H), and electrical resistivity p(T, H) measurements, together with
T-dependent angle-resolved photoemission spectroscopy (ARPES) measurements complemented
with first-principle calculations. EuAlaGez undergoes second-order A-type antiferromagnetic (AFM)
ordering below Tx = 27.5(5) K, with the Eu moments (Eu®", S = 7/2) aligned ferromagnetically
in the ab plane while these layers are stacked antiferromagnetically along the ¢ axis. The critical
fields at which all moments become parallel to the field are 37.5(5) and 52.5(5) kOe for H || ab and
H || ¢, respectively. The H = 0 magnetic structure consists of trigonal AFM domains associated
with ab-plane magnetic anisotropy and a field-induced reorientation of the Eu spins in the domains
is also evident at T' = 2 K below the critical field H.y = 2.5(1) kOe. The p(T) measurements
reveal metallic behavior transforming into a slight resistivity increase on cooling towards Tn. A
pronounced loss of spin-disorder scattering is observed below Tn. The ARPES results show that
EuAl>Ges is metallic both above and below Tn, and the Fermi surface is anisotropic with two hole
pockets at the zone center and one small electron pocket at each M point. In the AFM phase, we di-
rectly observe folded bands in ARPES due to the doubling of the magnetic unit cell along the ¢ axis
with an enhancement of quasiparticle weight due to the complex change in the coupling between
the magnetic moments and itinerant electrons on cooling below Tx. The observed electronic struc-
ture is well reproduced by first-principle calculations, which also predict the presence of nontrivial
electronic states near the Fermi level in the AFM phase with Z> topological numbers 1;(000).

I. INTRODUCTION

It is rewarding to study different classes of novel quan-
tum materials having a complex interplay of lattice,
spin, and electronic degrees of freedom. These materi-
als can exhibit a plethora of interesting physical proper-
ties including superconductivity, heavy fermion behav-
ior, quantum phase transitions, complex magnetic or-
der, magnetic frustration, valence fluctuations, and non-
trivial topological phases. One such family of mate-
rials is comprised of Zintl-phase compounds that have
gained significant recent interest owing to the complex
interplay of magnetic and electronic degrees of freedom.
These materials exhibit topological states, proximity be-
tween metal-semimetal-semiconductor-insulator phases,
anomalous and topological Hall effects, low-field-induced
spin reorientations within antiferromagnetic (AFM) do-

mains, along with large thermoelectricity as recently re-
ported in various compounds [1-10].

Many AMsXs-type Zintl-phase compounds have been
investigated, where A is an alkaline or lanthanide ele-
ment, M is a metallic sp element, and X is an sp-element
anion where the A atom occupies the positions in either a
planar triangular or square-lattice structure. These ma-
terials have recently been reported to exhibit electronic
states having nontrivial band topology. These states in-
clude a topological insulating state, a Dirac/Weyl-type
semimetallic state, or an axion-insulating state, and are
attractive candidates for dissipationless electron trans-
port [9, 11-17]. It has been experimentally found that
when the A site of these compounds is fully or partially
occupied by a rare-earth element, the materials show en-
hanced carrier mobility and carrier concentration com-
pared to those with A as an alkaline-earth metal [18, 19];



the origin of this behavior is currently unknown.

For example, such magnetic Eu-based compounds are
of significant interest due to their complex interplay of
magnetism and band topology, as reported for EulnsAss,
EquQASQ, EuMgQBiQ, and EUSDQASQ [4, 8, 11*14, 17,
20-24]. The magnetic properites associated with differ-
ent anisotropy energies could thus also play an impor-
tant role in tuning the electronic states in these mate-
rials associated with magnetic ordering. Although the
Eu?* ion with spin S = 7/2 and orbital angular mo-
mentum L = 0 exhibits negligible single-ion anisotropy,
the magnetic properties in most of these materials are
anisotropic [20, 21, 23, 25-28]. Here the anisotropy arises
from magnetic-dipole and/or anisotropic RKKY interac-
tions.

To further investigate the properties of this class of
materials, here we report the growth of EuAlsGey single
crystals with the trigonal CaAlsSis crystal structure [29]
and studies of their magnetic, electronic-transport, and
electronic-structure properties. These include zero-field
neutron-diffraction measurements of the ordered mag-
netic structure, temperature 7- and magnetic-field H-
dependent magnetization M (H,T'), heat capacity Cp(T),
and electrical-resistivity p(H,T) measurements, along
with T-dependent angle-resolved photoemission spec-
troscopy (ARPES) studies of the electronic structure.
The experimental electronic structure is mapped by cal-
culating the band structure of EuAlyGes using density-
functional theory (DFT).

We find that EuAlyGes is metallic as revealed by
the p(T) and ARPES measurements complemented with
theoretical band-structure calculations. The neutron-
diffraction experiments demonstrate that EuAl,Ges ex-
hibits A-type AFM order below its Néel temperature
Tn = 27.5(5) K. In this magnetic structure the Eu?"
moments p = 7 up with spectroscopic-splitting factor
g =2 and spin S = 7/2 are aligned ferromagnetically in
each ab-plane layer, where the moments in adjacent layers
along the c¢ axis are aligned antiferromagnetically. The
Cp data for H = 0 exhibit a second-order A-type peak
at Tnx. The ARPES results further reveal magnetism-
induced band folding and enhancement of the quasipar-
ticle intensity in the magnetic ground state. Splitting of
the energy bands is observed even above Ty, possibly re-
lated to time-reversal-symmetry breaking associated with
short-range ferromagnetic (FM) correlations above Ty.

Over the broad field range 0 < H < 55 kOe, the M (H)
data at T = 2 K appear to be linear for both H || ab
and H || ¢ with respective critical fields HS, = 37.5 and
H¢ = 52.5 kOe, at which all moments become parallel to
the respective field. However, detailed M (Hgp, T = 2 K)
measurements at low fields H,, < H.; = 2.5 kOe exhibit
anomalous positive curvature, whereas for H,, > H:q the
data are again linear up to HS,. This behavior is quan-
titatively described by a model where the A-type AFM
structure occurs in three trigonal domains in which the
Eu moments in each domain are aligned at 120° to each
other in H = 0. With increasing H,;, the moments in

each domain reorient to become perpendicular to Hg
until H¢; is reached, above with all moments progres-
sively cant towards Hg, until HY, is attained.

Experimental and theoretical details are given in
Sec. II. The results and discussion of the various mea-
surements and analyses are presented in Sec. III, and
concluding remarks are provided in Sec. IV.

II. EXPERIMENTAL AND THEORETICAL
DETAILS

Single crystals of EuAlsGey were grown using the flux
method with starting composition Ew:Al:Ge = 1:20:2.
The Eu (Ames Lab), Al (Alfa Aesar, 99.9995%), and
Ge (Alfa Aesar, 99.9999%) were loaded into a 2 mL
alumina crucible and sealed in a silica tube under 1/4
atm high-purity argon. The assembly was heated to
1175 °C inside a box furnace at a rate of 100 °C/h.
After holding the temperature for 6 h, the furnace was
cooled to 700 °C at a rate of 10 °C/h. The assembly
was then centrifuged to separate the crystals from the
molten flux. Hexagonal plate-like crystals with typical
dimensions 3 x 3 x 2 mm?® were obtained from the growth.
The homogeneity and chemical composition of the crys-
tals were confirmed using a JEOL scanning-electron mi-
croscope (SEM) equipped with an energy-dispersive x-
ray spectroscopy (EDS) analyzer. The magnetic mea-
surements were carried out using a Magnetic-Properties-
Measurement System (MPMS) from Quantum Design,
Inc., in the T range 1.8-300 K and with H up to 5.5
T (1 T = 10* Oe). The x(T) measurements were car-
ried out in zero-field-cooled mode, where the sample was
cooled to base temperature without field and the mag-
netiization M (T) was measured on heating after appli-
cation of a field. For the M (H) isotherm measurements
the field was oscillated to zero before each measurement
to reduce residual magnetic flux trapped in the super-
conducting solenoid.

A Physical Properties Measurement System (PPMS,
Quantum Design, Inc.) was used to measure Cp(T") and
p(T) in the T range 1.8-300 K and H up to 9 T. Four-
probe p(T) measurements were performed. The mea-
surements were performed on as-grown single crystals.
Due to the sensitivity of EuAl,Ges to the ambient en-
vironment leading to a rapid sample decomposition, the
crystals were not shaped into resistivity bars with pre-
cision geometric-factor control by polishing and cutting.
However, the crystals had natural shapes suitable for in-
plane resistivity measurements, having a length at least
3 times larger than the width and thickness. Resistiv-
ity measurements were performed along arbitrary direc-
tions in the ab plane. In all resistivity measurements
the magnetic field was oriented transverse to the current
direction. Contacts to the fresh surfaces of the crystals
were made by attaching 50 pm-diameter silver wires with
In solder and mechanically reinforcing the contact with
DuPont 4929N silver paint [30]. The contact resistance



was typically in the ) range. After application of the
contacts was complete, the samples were covered with
Apiezon N-grease to provide temporal protection from
degradation. For measurements in magnetic fields ori-
ented along the ¢ axis and ab plane, the samples were
attached with Apiezon N-grease to the sides of a plastic
cube. This provides alignment with about +5° accu-
racy [31].

Single-crystal neutron-diffraction experiments were
performed in H = 0 using the TRIAX triple-axis spec-
trometer at the University of Missouri Research Reactor
(MURR). An incident neutron beam of energy 30.5 meV
was directed at the sample using a pyrolytic graphite
(PG) monochromator. A PG analyzer was used to re-
duce the background. Neutron wavelength harmonics
were removed from the beam using PG filters placed be-
fore the monochromator and in between the sample and
analyzer. Beam divergence was limited using collimators
before the monochromator; between the monochromator
and sample; sample and analyzer; and analyzer and de-
tector of 60" — 60" — 40" — 40', respectively. A ~ 20 mg
EuAl;Gey crystal was mounted on the cold tip of an Ad-
vanced Research Systems closed-cycle refrigerator with
a base temperature of 4 K. The crystal was aligned in
the (H HL) scattering planes. The lattcie parrameters at
base temperature are a = 4.19(1) and ¢ = 7.27(1) A.

ARPES experiments were performed at the Electron
Spectro Microscopy (ESM) 21-ID-1 beamline of the Na-
tional Synchrotron Light Source II, USA. The beamline
is equipped with a Scienta DA30 electron analyzer, with
base pressure better than ~ 1x10~'' mbar. Prior to
the ARPES experiments, samples were cleaved inside an
ultra-high vacuum chamber (UHV) at ~ 9 K. All the
measurements were performed using horizontally polar-
ized light. The uncertainty in the temperature values for
the ARPES measurements is +2 K.

The Vienna ab initio simulation package was used for
the first-principles calculations [32, 33]. For the exchange
and correlation energy/potential we used the PBE func-
tional [34]. The projected-augmented-wave [35] method
was used to represent the core electrons. The cut-off en-
ergy for the plane waves was set to 550 eV. A k-mesh
of 14x14x7 (AFM phase) and 14 x 14 x 12 in the non-
magnetic (NM) phase was used for the Brillouin-Zone
integration. Spin-orbit-coupling (SOC) was considered
in all calculations. The GGA + U method [36] was
used to treat the correlation effects of 4f states in Fu.
Furthermore, WANNIER90 was used for the construc-
tion of the first-principle tight binding Hamiltonian and
constant energy surfaces [37]. The s and p orbitals of
Ge and Al and s, p, d, and f orbitals of Eu were used
to construct maximally-locallized Wannier functions. In
the case of the NM phase, we treated the f electrons
of Eu as core states. The WANNIERTOOLS package
was used for the calculation of the Z5 topological num-
ber [38]. For the visualization of the Fermi surfaces, we
used FermiSurfer [39]

IIT. RESULTS AND DISCUSSION

A. Zero-field neutron diffraction

Figure 1(a) shows zero-field neutron-diffraction scans
along the (00L) direction in reciprocal-lattice units
(rlu) at 6 K and 30 K, where reflections at half-
integer L values are apparent at 7' = 6 K. For more clar-
ity, Fig. 1(b) shows the difference between these two
scans, where within experimental uncertainty, there is
no evidence for other reflections associated with a mod-
ulated structure along the ¢ axis. We also note that the
intensities of the new peaks become weaker at larger L
values, roughly following the falloff expected from the
magnetic form factor of Eu?t. Similar differences [i.e.,
I(6 K)—1(30 K)] for scans along (3 3L) and (11L), shown
in Figs. 1(c,d), respectively, do not reveal any magnetic
peaks.

Qualitatively, these newly-emerging Bragg reflections
indicate a doubling of the unit cell along the ¢ axis.
These qualitative observations unequivocally establish
that these reflections are associated with A-type AFM
ordering with propagation vector 7 = (O, 0, %), consist-
ing of layers of moments aligned ferromagnetically in the
ab plane, with moments in adjacent planes along the
¢ axis aligned antiferromagnetically.

The proposed A-type AFM structure is shown in
Fig. 1(f), where adjacent nearest-neighbor FM layers
along the ¢ axis are rotated by 180° with respect to
each other. The direction of the FM moment within an
Eu layer cannot be determined from neutron diffraction
alone. Using published values, we obtain good agreement
with lattice parameters; however, the peak intensities dif-
fer significantly from the calculated values due to strong
absorption effects by Eu, which are not accounted for in
our calculations.

Nevertheless, we are able to confirm the A-type mag-
netic structure and obtain an estimate for the Eu ordered
magnetic moment pu = g(S) ugp = (6.5+1) upat T =6 K
by calculating the magnetic and chemical structure fac-
tors, where S is the spin magnetic quantum number, g
is the spectroscopic-splitting factor, and up is the Bohr
magneton. We note that the large uncertainty in the eval-
uation of the ordered magnetic moment is mainly due to
strong-absorption effects which were not accounted for.
Within the error, the fitted value of u agrees with the
expected value ;o = 7 up/Eu using g =2 and S = 7/2.

Figure 1(e) shows the integrated intensity of the
(0 0 1) magnetic peak as a function of temperature where
we use a weighted power-law function by a Gaussian dis-
tribution of T

1(000.5)(T):O|1—T/TN|2B0<H2a (1)
yielding Ty = (27.3i0.8) Kand g =0.21 +0.01. The T

is in good agreement with the value Ty = (27.5 £ 0.5) K
obtained from the x(7') and C}, (1) measurements below.
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FIG. 1. (a) Zero-field neutron-diffraction pattern along (00L) of single-crystal EuAl;Gez at 6 and 30 K, as indicated. The
aluminum Bragg reflections marked on the figure originate from the sample holder. The magnetic Bragg reflections are obtained
by subtracting the diffraction pattern at 30 K from the one at 6 K for (b) (00L), (c) ($1L), and (d) (11L) scans. The difference
patterns in (b) show clear magnetic peaks at half-integer L up to L = 3.5. No such peak is observed in (c,d) along the (%%L)
and (11L) directions. These observations are consistent with an A-type AFM state, i.e, the H = 0 ground state is such that
the intraplane moments are ferromagnetically aligned in the ab plane while the moments in adjacent Eu planes along the
¢ axis are aligned antiferromagnetically. Note that structure-factor calculations for this model indicate (11L) at half-integer
values of L; we argue that their absence in (d) is due to the form factor of Eu?t at these relatively large momentum transfers.
(e) Integrated intensity as a function of temperature 7" of the (0 0 %) magnetic Bragg reflection fitted with a power-law to yield
Tn = (27.3+0.8) K and 5 = 0.21(1). (f) Chemical and A-type AFM ground-state structure of EuAlyGes. Neutron-diffraction
data are insufficient to determine the in-plane moment directions. Therefore, we arbitrarily show the in-plane moments pointing

along the next-nearest-neighbor direction.

B. Magnetic Susceptibility

The inverse magnetic susceptibility x~!(T") data mea-
sured under an applied field H = 1 kQOe for both H || ab
and H || ¢ are shown in Figs. 2(a) and 2(b), respectively.
The data for T" > 50 K for both field directions were
fitted by the modified Curie-Weiss law

Xa (T) = Xo + T—ioépa (OZ = a’ba C)a (2)
where ¢ is the temperature-independent contribution,
Cy is the Curie constant, and 6, is the paramagnetic
Weiss temperature. The Curie constant Cy, is given by

_ Naga®S(S+1Dpg NapZe o

Ca
3k 3k

(3a)

where N is Avogadro’s number and the effective mag-
netic moment is given by

it = 90/S(S + 1) . (3b)
The fits of the x,'(T) data by Eq. (2) is depicted in
Figs. 2(a) and 2(b) for H || ab and H || ¢, respectively,
and the fitted parameters are listed in Table I. The ef-
fective moments are close to the value 7.94 pp/Eu ex-
pected for Eu?* spins with S = 7/2 and g = 2. The
positive values of the Weiss temperatures 6, are consis-
tent with the A-type AFM order revealed by the above

TABLE 1. Parameters obtained from fits of the data in
Figs. 2(a) and 2(b) by Eq. (2). The listed parameters are the
T-independent contribution to the magnetic susceptibility xo,
Curie constant per mol C, in @ = ab, ¢ directions, effective
moment per Eu peg(us/Eu) ~ V8C and Weiss temperature
Opa obtained from the x~*(T) versus T data for H = 1 kQe.

Field X0 Oa Meffa 9];)04
direction (1074 %) (CEZF) (B /Eu) (K)

H || ab —2.6(3) 7.86(1)  7.93(1)  24.26(7)

Hc ~1.9(3) 7.99(1)  7.99(1)  21.86(7)

zero-field neutron-diffraction measurements, where the
in-plane FM interactions between the Eu spins are dom-
inant over the interplane AFM interactions.

The T dependences of the magnetic susceptibilities
x of EuAlsGes measured in H = 0.1 kOe for the in-
plane (H || ab) and out-of-plane (H || ¢) field directions
are shown in Fig. 3(a). A sharp AFM transition is ob-
served at T = 27.5(5) K, which is the same as reported
earlier for polycrystalline EuAlaGes [40]. The increas-
ing anisotropy between y,, and y. on cooling toward
Tn likely arises from FM correlations in the ab plane
that increase at Ty is approached from above, since the
strongest interactions are within the ab-plane layers that
give rise to the observed A-type AFM structure below
Tn discussed above.
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FIG. 2. Inverse magnetic susceptibility as a function of tem-
perature Y~ (T) measured for H = 1 kOe, when (a) H || ab
and (b) H || c.

The xs(T') data above Ty for Heisenberg interactions
in the absence of anisotropy are obtained as the average

X1 = Tx) = 22xa(@) 4T ()

which is plotted in Fig. 3(b). Then the data at 7' < Ty
are shifted vertically until they match the x (T > Tn)
data at TN as shown.

The x.jqb data strongly decrease on cooling from Ty
to T~ 5 K, whereas the out-of-plane susceptibility x.qb
is less dependent on the temperature, signifying that the
ab plane is the easy plane. This observation is in good
agreement with the neutron-diffraction results revealing
the A-type nature of the magnetic ground state with
the moments aligned in the ab plane. However, below
~ 5 K, both xj. and X increase sharply, indicating
the occurrence of an additional magnetic transition of
unknown nature at 7" ~ 5 K. Our neutron-diffraction
measurements could not examine the additional transi-
tion as their low-7" limit was 6 K.

Here we utilize the molecular field theory (MFT) [41,
42] for c-axis helical antiferromagnets with the moments
aligned in the ab plane with c-axis propagation vector k
and interlayer spacing d for which kd is the turn an-
gle between moments in adjacent layers. The in-plane

H=0.1kOe

——H|ab
——H]c

T =27.5K

Xab, A-type AFM
(MFT; T<Ty) .
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FIG. 3. (a) Temperature dependence of the magnetic sus-
ceptibilities measured for H = 0.1 kOe with H || ab (black
squares) and H || ¢ (red circles). The upturns in the xqs(7")
and x.(T') data below ~ 5 K may be associated with an ad-
ditional magnetic ordering of unknown type. (b) Spherically-
averaged Heisenberg magnetic susceptibility x s(7") in the NM
state with 7' > T obtained using Eq. (4) (filled blue trian-
gles). The blue curve connects the data points. The xqas(T")
and x.(T") data in (a) for T' < Tx are respectively shifted ver-
tically to match the values at T to the value x (T =1n) =
0.96 cm® /mol. The x.ab(T < Ti) for A-type AFM order pre-
dicted by Egs. (5) for kd = 7w rad and f = 0pave/In = 0.853
is shown as the green curve. For A-type ordering with the
moments aligned in the ab plane, one theoretically expects
XJ,a6(0 K)/x7(In) = 1/2, close to the observed value.

magnetic susceptibility xjq.s(7") associated with Heisen-
berg spins and spin interactions J for T < Ty and no
anisotropy can be written as

Xrap(T <Tn) (47" +2f+4B")(1 - f)/2

xs(Tn) (7 + B*)(1 + B*) — (f+B*)2(’5 |

where
f = 9p ave/TNu (5b)
B* =2(1 — f)cos(kd) [1 + cos(kd)] — f, (5¢)

T (S+1)t 3o
t=—, @)=L y=—2_ (5d
o T OBy T mrne 09



the ordered moment versus 7" in H = 0 is denoted by
1o, the reduced ordered moment fig = po/sat With
Hsat = gSpup = 7 up here is determined by numerically
solving the self-consistency equation

fio = Bs(yo), (5e)

B4 (y0) = [dBs(y)/dy]ly=y,. and the Brillouin function
Bs(y) is

2

(51)

Using the value of f calculated from the values of 0 ave

and Ty from Table I, the calculated x.ap(T) for T < Ty

is shown by the green curve in Fig. 3(b). As seen in

the figure, the calculated curve deviates somewhat from

the experimental y s . (7) data, likely due to the addi-

tional higher-T" magnetic precursor contributions of the

anticipated low-T order below 5 K. According to the
MFT [41, 42], at T' = 0 we have

Bs(y) = % {25+ 1)coth [ (25 + 1)4] — cotn (1)}

XJﬁab(T = 0) 1

XJ,a0(TN) B 2[1 + 2 cos(kd) + 2 cos?(kd)] (6)

Thus, for an A-type AFM, where the turn angle be-
tween adjacent ab-plane FM layers is kd — 180°, one
expects X.7.ap(T = 0)/x1.a(TN) — 1/2, close to the value
in Fig. 3(b).

The x(T) measured at several applied magnetic fields
H are shown in Figs. 4(a) and 4(b) for H | ab and
H || ¢, respectively. Interestingly, although the out-of-
plane magnetic susceptibility x. remain almost indepen-
dent of H for H < 10 kOe, the in-plane susceptibility
Xab changes significantly with H for T < Tx and H up
to 5 kOe. Similar behavior was also observed for the
trigonal A-type AFM compounds EuMgsBis, EuMgsShs,
EuSnsAsy, and tetragonal EuGay with the moments
aligned in the ab plane [10, 20, 23, 43]. We have argued
that the A-type ground state spin structure of these ma-
terials consist of three-fold (for trigonal) or four-fold (for
tetragonal) AFM domains associated with in-plane mag-
netic anisotropy. As Eu?* moments with L = 0 provide
negligible single-ion anisotropy, magnetic dipole interac-
tion and other magnetocrystalline anisotropy energy may
play a critical role for the formation of AFM domains in
these materials. The H-dependent change in the xqu(T)
behavior is due to the reorientation of the spins with in-
plane field H,p, up to a critical field H.;, where all the
spins in different domains become perpendicular to the
in-plane applied field direction. The spins tend to align
along the field direction for H > H,.j, as expected for a
collinear antiferromagnet.
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FIG. 4. Magnetic susceptibility x«(7"), a = ab, ¢, at different
applied magnetic fields for (a) H || ab and (b) H || ¢. Al-
though x.(7') is weakly dependent on H for T' < T, Xab(T)
is strongly H-dependent up to H = 5 kOe.

C. Isothermal magnetization versus applied
magnetic field measurements

1. Owverview

The evolution of the ground-state spin configuration
in EuAlyGey is further probed by isothermal magne-
tization versus applied magnetic field M (H) measure-
ments. The M(H) behavior in the hysteresis mode for
55T <H<55T measured at 7' = 2 K is shown
in Fig. 5(a). No magnetic hysteresis is observed for
fields applied either in the ab plane or along the ¢ axis.
Figures 5(b) and 5(c) show the M(H) behavior mea-
sured at different temperatures for H || ab (M) and
H || ¢ (M.), respectively, for our full field range 0-
55 kOe. Here both M,;, and M, appear to increase lin-
early with H and saturate above the respective critical
field HS, = 37.5(5) kOe and HS = 52.5(5) kOe with a
saturation moment pisr = 7.0(5) ug/Euat T = 2 K. The
measured fig,¢ value agrees with pgay = gSup = 7 ug/Eu
expected for Eut? ions with spectroscopic-splitting fac-
tor g =2 and spin S = 7/2.

The significant difference between the critical-field val-
ues for the two field directions indicates the presence of
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measured at T = 2 K for both H || ab and H || ¢. M(H) behavior measured at different temperatures for (b) H || ab and
(c) H || c. (d) Low-field M (H) data showing nonlinearity in the Mg,(H) behavior for T' < T, whereas M.(H) is linear down

to the lowest measured temperature 2 K. This nonlinearity is clearly reflected in the dM/dH data shown in (e).

(f) The

experimental magnetization My, (H) at T = 2 K along with the theoretical prediction for T'= 0 K with H¢ =~ 2.5 kOe. The
dashed line is the guide to the eye of the high-field extrapolated linear behavior. The M,(H) data exhibit positive curvature
for H < H¢; as predicted by our theory, but the origin of the quantitative difference between experiment and theory is not

clear at present.

a considerable magnetic anisotropy in the system with
ab-plane ordering preferred over c-axis ordering in the A-
type AFM structure, as also observed in the magnetic
susceptibility behavior in Fig. 4. Figures 5(b) and 5(c)
show that the H¢ values decrease with increase in the
temperature for T < Ty as expected. The M(H) data
measured at T = 50 K, greater than Tn = 27.5 K, are
also nonlinear for both the field directions, suggesting the
presence of short-range dynamic magnetic correlations in
EuAlyGey above Ty .

2. Low-field Mqy(H) data

The My,(H) data at T = 2 K < Ty = 27.5 K in
Fig. 5(a) measured over our maximum field range below
Tx appear to increase linearly up to HS, = 37.5(5) kOe
above which they saturate. However, a careful study at
low fields revealed that My, (H) at T = 2 K exhibits pos-
itive curvature below H < 2.5 kOe as shown in Fig. 5(d).
The positive curvature is more clearly reflected in the
dMap/dH versus H at T' = 2 K plotted in Fig. 5(e) that
exhibits a broad peak at He; = 2.5(1) kOe. On the
other hand, no nonlinearity is observed in the My, (H)
data at T > Ty or in the M.(H) data at any temper-
ature. A similar behavior of My, (H) was observed by

us at T =~ 2 K, far below the respective Ty for other
Eu-based trigonal compounds EuMgsBis and EuMgsSho
containing triangular Eu layers, as well as for the tetrag-
onal compound EuGa, containing square-lattice Eu lay-
ers [10, 21, 23, 28, 43|, where each compound exhibits
A-type AFM order with the moments aligned in the
ab plane as in EuAl,Ges.

3. Theoretical modeling of the low-field Mqp(H) data
a. Overview

In order to model the nonlinear low-field M,,(H) data
at T <« Ty for EuMgsBis, EuMgsShe, and EuGay, we
previously proposed that the A-type AFM ground state
of each contains threefold or fourfold A-type AFM do-
mains of moments for the trigonal and tetragonal spin
systems, respectively. In the trigonal case, the three
domains are associated with a weak ab-plane magnetic
anisotropy energy

Eanis = KS Sln(3¢) (7)
with minima in the ab-plane azimuthal angle ¢ at /2,

57/6 and —57/6 rad, where K3 is the anisotropy con-
stant. Thus in H = 0, the collinear moments in adjacent



(@) Domain A

moment 1 F: /2
—> H,
2l

Ao
N Ad Z 5
3 /6
4 / \5<1_
_5n/6 6\;&‘)
A¢
Domain B Domain C
HX < Hc1

(b) Domain A

moment 1 Rn/z
—> H,

5 Bﬂ/z

zl
3 ::n/z
Domain B Domain C

Hx= Hc1

FIG. 6. (a) Reorientation of the Eu magnetic moments in the
three trigonal ab-plane antiferromagnetic domains in a small
ab-plane magnetic field H, < Hc1. Here, the two oppositely-
directed arrows in each domain represent the moment orienta-
tions in adjacent layers of the A-type AFM structure in small
fields. The arrows indicate the direction and increment A¢ of
rotation of the moments in domains B and C towards the ver-
tical orientation, perpendicular to the applied field H,. The
moments in each domain remain antiparallel to each other for
H, < Hc apart from a small canting (< 1°) towards the mag-
netic field direction that gives rise to the measured magneti-
zation in this field range. (b) Orientation of the moments at
the critical field H, = H¢1 where all moments are perpendicu-
lar to H, except for the small canting towards H,. At higher
fields, all moments cant toward H, for He1 < Hy < HS, until
at the critical field Hg, all moments are aligned ferromagnet-
ically in the direction of H,.

layers in EuAl,Ges form three domains with the collinear
moments oriented along these three minima as shown in
Fig. 6(a).

Upon application of ab-plane magnetic field H,, the
antiparallel spins in domains B and C initially rotate
in a direction to become perpendicular to H at H.; as
shown by the arrows in Fig. 6(a) attached to an angu-
lar deviation A¢ for a particular value of the field H,.
This happens because for a collinear antiferromagnet at

T = 0 K, the magnetic susceptibility parallel to the mo-
ments is zero, whereas the susceptibility if the moments
are perpendicular to the field the magnetic susceptibility
X1 = x(Tx) is nonzero according to molecular-field the-
ory (MFT) [42] and hence the lowest energy occurs if the
moments are perpendicular to H,, as discussed further
below. With a sufficiently large H, = H,1, all moments
are oriented perpendicular to H, apart from a small cant-
ing < 1° towards H, that is responsible for the measured
magnetization at this field. As discussed quantitatively
below, the positive curvature in My, (H) for H, < H.; as
seen in Fig. 5(f) arises from this magnetic-field-induced
reorientation of the moments in Domains B and C. At
fields larger than H.y, according to MFT [42] M, (H)
increases linearly up to the critical field H, at which all
moments are aligned parallel to H, and hence the mag-
netization saturates to the value 7ug/Eu, in agreement
with the experimental data in Fig. 5(a).

b. Calculations

Here we summarize the development of the model in
Ref. [10] for EuMgsBi; and EuMgsSby as applied to
EuAl;Ges. In the small fields 0 < H, < H.y, the an-
gles of the moments in domains A, B, and C in Fig. 6(a)
with respect to the positive z axis are respectively given
by

¢A=g,
by =T+ A6 (0< A6 <7/3) ()
b0 = -z —Ad. (0< A0 <w/3).

The anisotropy energy averaged over the moments in the
three domains in the field range 0 < H, < H.; using
Egs. (7) and (8) is

= % [1+ 2cos(3A¢)). 9)

Eanis ave

The magnetic energy in the regime 0 < H, < H¢j is
given by

Emag - _XLHg Sin2(¢)a (103“)

where x| = x(Tn) is the ab-plane magnetic susceptibility

at T'= 0 K when all moments are perpendicular to H,,

i.e., when ¢ = 7/2. Summing over the angles of the

moments in the three domains in Eq. (8) and dividing by
3 gives the average magnetic energy as

Frnag ave = —XLTHg [1 + 2sin? (% + Agb)] . (10D)

The total average energy Fave = Fanisave + Fmagave 1S
given by the sum of Egs. (9) and (10b). Then normalizing



Emag ave by K3 gives

Bae 1

e ——§{1+2c0s(3A¢) (11)
XL 7r2 2 (T
e [1+2sin (6 +20)] }

Minimizing Fay./Ks with respect to the quantity
X1 H?/Kj3 yields the relationship between A¢ and H,
given by

2
gese [ T029) Gnaag) = X8 (49,
3 K3
which yields
H2
X752 (A =0) =0, (12b)
K3
H2
XLl (Ag = 7/3) = 9/2. (12¢)
K3

Equation (12¢) allows the anisotropy constant K3 in
EuAl>Ges to be calculated from the known values of the
molar y; = xs(Tx) = 0.96 cm?®/mol from Fig. 3(b) and
H.; = 2.5 kOe according to

XLHgl -3
K3 = 072N 1.4 x 107° meV/Eu, (13)
where Np is Avogadro’s number. For comparison,
K3 =6.5x107° meV/Eu in trigonal EuMgsBiy [10],
K3 = 1.8 x 107 meV/Eu in trigonal EuMgsSbhy [10],
and K4 = 1.4 x 1072 meV/Eu in tetragonal EuGay [43].

For 0 < H, < H., the magnetization M, of the
collinear moments in a domain at 7" = 0 versus H,
only arises from the component of M perpendicular to
the ferromagnetically-aligned layers in the A-type AFM
structure, because the parallel component gives no con-
tribution at 7' = 0 K. The normalized magnetization
averaged over the three domains using Eqs. (8) is

Mm avc(AQb) 1 .2 ™

M =3 [1+2sm (6 +A¢)} . (14)
Solving for A¢(H,) using Eq. (12a) and the known values
of K3 and M, (H.1), a plot of M, .y versus H, over the
range 0 < H, < H. is shown in Fig. 5(f). At higher
fields Hey < H < HS,, one has M(H,) = x1 H,, above
which the magnetization saturates.

D. Heat capacity

The temperature dependence of the zero-field heat ca-
pacity Cp(T) of EuAl,Gey is shown in Fig. 7(a). A
clear A-type peak is observed in the C,(T) data at
Tn = 27.5 K, indicating the second-order nature of the
AFM transition. The peak position shifts to lower tem-
perature with increasing applied field, as shown in the
inset of Fig. 7(a). The Cp(T) tends to saturate at a value
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FIG. 7. (a) Temperature dependence of the zero-field C,,(T")
for EuAlaGes (filled red circles) along with a fit by Eq. (15)
(solid black curve). Inset: C}, vs T in magnetic fields H from
0to 7 T. (b) Plot of Cmag/T vs T in H = 0 below 100 K
(filled red circles, left ordinate) and the corresponding mag-
netic entropy Smag vs T' (right ordinate) calculated from the
Cmag(T)/T data using Eq. (17). Also shown as a blue curve is
Cinag(T) /T calculated for S = 7/2 and Ty = 27.4 K using the
molecular-field theory prediction in Eq. (16). The magnetic
entropy Smag(7") calculated using Eq. (17) is plotted as the
green triangles with the scale on the right ordinate.

of & 124 J/mol K, at T = 300 K, close to the classical
Dulong-Petit high-7" limit 3nR = 124.71 J/mol K, where
n =5 is the number of atoms per formula unit and R is
the molar gas constant.

The molar C,(T') data were fitted by an electronic con-
tribution 47" plus the Debye lattice heat-capacity model
according to

Cp(T') =T + nCv pebye(T), (15)

T \? [O0/T  gher
vn-on(g) [ w

where v is the Sommerfeld electronic specific-heat co-
efficient and ©p is the Debye temperature. An ac-
curate Padé approximant expression for Cvy(T) [44]
was used for the fit. The fit is shown by the black



curve in Fig. 7(a), where v = 21(2) mJ/molK? and
Op = 332(2) K. The v value is significantly larger than
the value of 6(1) mJ/molK? estimated from the theo-
retical density of states at the Fermi energy D(Er) value
below. The enhancement may be due to electron-electron
and/or electron-phonon interactions.

Although the AFM ordering temperature of EuAlyGes
is Ty = 27.5 K, the Cp(T) data exhibit a positive de-
viation from the fit in Fig. 7(a) for the electronic and
lattice contributions up to 80 K, indicating the presence
of short-range magnetic correlations up to ~ 80 K. The
magnetic contribution Cpag(7) to the heat capacity is
obtained by subtracting the electronic and lattice contri-
butions from the measured C,(T") data using the above
fit and is shown as the red symbols in Fig. 7(b). The
Crmag(T) remains finite for Ty < T' < 80 K evidently
due to the presence of short-range dynamic FM correla-
tions in the ab plane, as indicated by the nonlinear M (H)
with negative curvature in Fig. 5(b) for T > Ty and the
increasing positive deviation of xq,(7T") from x.(T) with
decreasing T in Fig. 3(a).

In Fig. 7(b), we have also shown the theoretical
Cmag(T)/T behavior based on the MFT [42] for this sys-
tem with S = 7/2 as the blue line. According to MFT,
the molar Ciag(t) is given by

355 (t)

(S + el — 1
where the symbols are defined in Egs. (5). The MFT pre-
diction below Ty in Fig. 7(b) does not agree well with the
data, although the overall shapes below Ty are similar.
In this regard we must keep in mind the presence of the
additional transition below ~ 5 K noted above and also
the presence of substantial short-range magnetic correla-
tions above Tx.

The temperature dependence of the magnetic entropy
Smag(T) is calculated using the experimental data (red
symbols) in Fig. 7(b) and the relation

T
Sumag(T) = /0 C‘“%(T)dz: (17)

as shown by the green symbols with the scale on the
right ordinate of Fig. 7(b). The Smag(T) saturates
at T > 80 K to a value of ~ 18 J/mol K, which
is comparable with the theoretical saturation entropy
Smag = RIn(2S + 1) = 17.29 J/mol K for Eu?* ions with
S = 7/2. The release of the entropy at tempera-
tures higher than Ty is due to short-range FM cor-
relations in the ab plane above Ty as indicated from
the Chag(T)/T vs T data in Fig. 7(b), as also previ-
ously found in other Eu- and Gd-based S = 7/2 com-
pounds [20, 23, 28, 45, 46].

Crag(t) =R , (16)

E. Electrical resistivity

While the general trend of the electrical resistivity p
in the paramagnetic state of EuAlsGes is a metallic de-
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FIG. 8. Temperature T-dependent in-plane electrical resis-
tivity p of four EuAloGes crystals in H = 0 T below 100 K.
The inset shows the full temperature dependence of crystal
#A up to room temperature.

crease on cooling below room temperature as illustrated
in the inset of Fig. 8, anomalous behavior is observed on
approaching Ty from above as shown in the main panel.
In particular, the resistivity develops significant positive
curvature from ~ 80 K down to T = 27 K, correspond-
ing to the development of dynamic short-range magnetic
correlations observed in the heat capacity data in Fig. 7.
Loss of spin-disorder scattering due to long-range AFM
ordering leads to the rapid decrease in the resistivity on
cooling below Tx.

The upturn in p(7T") on cooling below approximately
40 K for sample #A with the best-defined sample ge-
ometry is less pronounced in samples #B, #C, and #D.
Instead, a small feature appears at ~ 40 K, suggesting
the appearance of some form of magnetic correlations.
Since these samples were not as perfect in the resistivity-
bar aspect ratio as sample #A, it may suggest that the
feature stems from contamination of the intraplane resis-
tivity data by the interplane contribution which we did
not measure. Further studies are required to address the
origin of this feature.

1. Electrical resistivity in magnetic fields H || ¢ axis

In Fig. 9 we show the field-dependent resistivity, mea-
sured in magnetic fields parallel to the crystal ¢ axis.
Measurements were taken at characteristic temperatures
of 60 K (in the paramagnetic state with weak magnetic
correlations, cyan line), at 33 K in the correlated para-
magnet state (purple line), and at 20 K (green line) and
5 K (black line) in the type-A AFM state. Magnetization
versus field measurements at 5 K and 20 K in this con-
figuration, Fig. 5(c) above, show a linear increase at low
fields and saturation at fields at about 5 T and 3 T, re-
spectively, in very good agreement with the features seen
in the p,(H.) curves. At 20 K the resistivity decreases
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FIG. 9. In-plane resistivity p of EuAlaGes crystal #A in

magnetic fields in the H || ¢ configuration. Measurements
were taken at temperatures of 60 K in the paramagnetic state
during the initial development of magnetic correlations (cyan
line), at 33 K in the more-correlated paramagnetic state (pur-
ple line), and at 20 K (green line) and 5 K (black line) in the
A-type AFM state. For reference we show data taken in the
H || ab configuration at 5 K (red line) for which the critical
field is about 3.5 T from Fig. 5(c).

above 3 T, evidencing the suppression of spin-disorder
scattering. At T' = 5 K, the p(H) curve shows a slope
change at ~ 5 T. For comparison we show resistivity
data measured at 5 K in the H || ab configuration, re-
vealing a much clearer feature at the saturation field of
~ 3.5 T (red curve in Fig. 9).

Note that in the paramagnetic state at 60 K, the re-
sistivity in Fig. 9 increases monotonically with magnetic
field, close to the p ~ H? dependence expected for weak-
field orbital magnetoresistance [47]. The symmetry of the
curve with respect to the sign of the magnetic field sug-
gests minimal contribution of a spurious Hall effect signal
in the resistivity measurements. In the correlated para-
magnet state at 33 K the resistivity decreases with field
up to a field of ~ 6 T, due to field-induced suppression
of spin-disorder scattering. Positive magnetoresistance is
restored in the spin-polarized state above 6 T.

2. Electrical resistivity in magnetic fields H || ab plane

In Fig. 10 we show the evolution of the temperature-
dependent resistivity of EuAl,Ges with magnetic field
applied parallel to the conducting ab plane. This field
effectively alters the interplane alignment of the ferro-
magnetic planes in the type A antiferromagnet with re-
spect to the field, as discussed in Sec. IIIC. A strong
enough magnetic field of 1 T (red curve) suppresses the
pre-transition resistivity increase and brings the sharp
feature observed in zero field at Ty = 27 K to somewhat
lower temperatures. With a further field increase to 2 T
(green curve), the sharp feature at Tx is smeared and
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FIG. 10. Temperature-dependent resistivity of EuAloGes in
magnetic fields H || ab. The sharp feature accompanying
long-range AFM ordering at Ty = 27 K in zero field moves to
somewhat lower temperature in a field of 1 T (red) and smears
and moves to higher temperatures in fields of 2 T (green) and
3 T (blue). Measurements in positive and negative fields of
9 T reveal some contamination of the resistivity signal with
the Hall voltage, suggesting a sign change of the Hall effect
at around 30 K in the 9 T field.
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FIG. 11. In-plane resistivity p of EuAloGes in magnetic fields
with the H || ab configuration. Measurements were taken
at characteristic temperatures of 60 K (in the paramagnetic
state with weak magnetic correlations, blue line), at 33 K in
the correlated paramagnet state (green line), and at 20 K (red
line) and 5 K (black line) in the A-type AFM state.

transforms into a broad crossover. It shifts to higher tem-
peratures at H =3 T (blue curve) and becomes hard to
distinguish at higher fields of 4 and 6 T, clearly showing
the importance of the spin-polarized state for its observa-
tion. This behavior is similar to the resistivity minimum
above Tn observed in some gadolinium compounds such
as GdCuAsg [48] and GdaCuGeg [49]. It is likely linked to
strong magnetic frustration [50, 51] leading to a classical
spin-liquid state [52].

Figure 11 shows the field-dependent resistivity mea-



sured in magnetic fields parallel to the sample ab plane.
Measurements were taken at characteristic temperatures
of 60 K in the paramagnetic state above magnetic corre-
lations development (blue line), at 33 K in the correlated
paramagnetic state (green line), and at 20 K (red line)
and 5 K (black line) in the A-type AFM state. Magne-
tization measurements at 5 K and 20 K in this configu-
ration, Fig. 5(b), show positive curvature at the lowest
fields, zoomed in Fig. 5(d), followed by a linear increase
and saturation at fields at about 3.5 T and 2.5 T, respec-
tively. This is in very good agreement with the features
seen in p(H) curves. At 20 K the resistivity decreases
above 2 T, reaches a minimum at 3 T and increases on
further field increase. Note a tiny resistivity increase for
the 5 K and 20 K curves, presumably related to magnetic-
moment rotations as discussed above in Sec. III C.

F. Electronic structure from ARPES
measurements and DFT calculations

In order to understand the interplay of magnetism and
electronic structure in EuAloGes, ARPES measurements
have been performed at different temperatures, with a
particular emphasis on the temperature range bridging
Tn. The experimentally-observed electronic structure
was also compared with the theoretical electronic struc-
ture by density-functional-theory (DFT)-based calcula-
tions.

Figure 12(a) shows the ARPES spectrum of EuAl;Ges
along the I' = K — M — I" path, measured in the AFM
phase at T' = 9 K. The spectrum shows two hole-like
and one electron-like bands crossing the Fermi level at
the T" and M points of the Brillouin zone (BZ), respec-
tively. These hole-like bands appear to cross at —0.5 eV
along T' — M [indicated by green arrow in (a)], but they
are well separated along I' — K. For better visualization
of the electron pocket, a closer view is shown in the inset
of Fig. 12(a). Extremely less-dispersive bands with high
intensity are observed around —1.5 eV due to the local-
ized Eu-4f levels. Most of the experimental features are
reasonably well-reproduced by DFT calculations, which
considers the effect of spin-orbit-coupling (SOC) and a
Hubbard U = 5 eV to account for the effect of strong
localization of the half-filled Eu-4f orbitals of EuAl,Ge,
in its A-type AFM spin configuration as obtained from
our neutron diffraction measurements [Fig. 12(b)].

In order to identify potential changes in the electronic
structure associated with the magnetic transition, the
AFM and NM band structures are plotted together in
Fig. 12(c). In the AFM phase, several new bands ap-
pear compared to the NM phase, due to the doubling
of electronic states originating from the doubling of the
magnetic unit cell dimension along the ¢ axis. For exam-
ple, an electron-like band is observed in the AFM phase,
just above Er at the I' point, whereas it is absent in the
NM phase. This electron-like band crosses two hole-like
bands and causes various band anticrossings, as indicated

12

by the arrows in the inset of Fig. 12(c). The band inver-
sion is found to occur between the Al and Ge states.
even in the absence of spin-orbit coupling as shown in
Fig. 13. Unfortunately, these states are inaccessible by
photoemission spectroscopy as they appear above Fp.
However, potential changes in the electronic states be-
tween the NM and AFM phases are also expected below
FEr as indicated by asterisk and triangle symbols with the
dashed box, and arrow and that should be directly acces-
sible by ARPES. Indeed we resolve those folded shallow
bands in the AFM phase of EuAlyGey as indicated in
Fig. 12(d), whereas no such states are observed in the NM
phase. Generally, folded electronic states appear weaker
in photoemission, regardless of whether they are due to
magnetism or charge density waves [53-56].

Further, to map the dispersion of the electronic states
in the k;-k, plane, Fermi surface (F'S) mapping was per-
formed. Figures 12(e) and 12(i) show the F'S of EuAl;Ges
for the AFM and NM phases, respectively. In both cases,
three Fermi pockets are observed, two at the center of the
BZ, and one at the M point. The circular and hexagonal
Fermi pockets at the center of the BZ are formed by the
inner and outer hole-like bands, respectively [Fig. 12(a)],
and the elongated oval-shaped Fermi pocket at the M
point is the electron pocket. This electron pocket is
formed by the bottom of the conduction band that en-
ters inside the Fermi level. The inner Fermi pocket is
isotropic whereas the other two are very anisotropic. All
these F'Ss are well reproduced by theoretically-computed
contours at Fr+40 meV [Figs. 12(g) and 12(k)]. This en-
ergy shift was used to better match the shape and sizes of
the experimental F'S features, suggesting that the sample
is slightly electron-doped.

The FS features and dispersion of electronic states
suggest that EuAloGes is metallic, both in the AFM
and NM phases. Further, according to the band struc-
ture, folded bands between two consecutive BZs should
connect the M point at a deeper energy that cuts the
folded bands at the M point. Indeed, we observe this
signature both in our ARPES and theoretical simulated
constant-energy contours, as shown in Figs. 12(f) and
12(h), respectively. In the NM case, no such intensity is
observed at the M point due to the absence of band fold-
ing [Figs. 12(j) and 12(i)]. Recently, magnetism-induced
band folding and nontrivial band topology were reported
in the Eu-based AFM system EuCdyAsy [53, 54]. As
discussed above, our DFT calculations also predicted in-
verted band features in the AFM state of EuAloGes near
Ey, which is typically observed in materials hosting non-
trivial band topology. To correctly verify its nontrivial
topological origin, we have calculated the Z5 topologi-
cal numbers using the Wilson loop (Wannier charge cen-
ter) method [37] for the six time-reversal-invariant mo-
mentum planes. The obtained Zs topological numbers
vo;(v1vav3) = 1;(000) indicate the presence of nontriv-
ial electronic states in this system. Further theoretical
studies are needed to determine the exact nature of the
‘topology’ of the system. In particular, to understand
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FIG. 12. Electronic structure of EuAloGez. (a) ARPES spectrum of EuAloGez along the I' — K — M — I' path measured in the
AFM phase (9 K) using hv = 91 eV (k. ~ 0). The inset shows the zoomed-in spectra of the electron pocket at the M point.
The arrow indicates the crossing point of two bands. (b) Theoretical band dispersions including spin-orbit coupling (SOC),
Hubbard U = 5 eV, and A-type AFM spin-configuration using DFT. The arrow indicates the crossing of bands. (c¢) Theoretical
band dispersions in the AFM and NM phases are plotted together. The inset shows zoomed-in spectra around I'. Band
inversion/avoided-crossing features are indicated by the two green arrows in the inset. Compared to the NM phase, a few extra
bands appear in the AFM phase and some of them are indicated by an arrow, star, and triangle symbols. (d) Two-dimensional
second-derivative of the ARPES spectra along I' — M for AFM and NM phases. Bands within the dashed box are captured by
theoretical calculations in (c¢). Fermi surface and constant-energy contours for the AFM phase in the experiment [(e)-(f)] and
theory [(g)-(h)] and similarly, for the NM phase (40 K) in the experiment [(i)-(j)] and theory [(k)-(1)]. Different energy values
are used between the experiment and theory as the position of the Fermi level is slightly different between them. The ARPES

spectra in Fig. 14 were taken along the cut shown by the white dashed line in (e).

the exact nature of the topology of the system, account-
ing for the magnetic space group is necessary but is not
considered in our calculations.

To obtain more insight into the electronic structure
change across the magnetic transition, we have performed
high-resolution ARPES measurements close to Ep at
various temperatures [Figs. 14(a)-14(c)]. While they
exhibit very similar spectral features across the tran-
sition, the quasiparticle weight decreases significantly.
This can be better visualized in their energy-distribution
curves (EDCs) in Fig. 14(d). The temperatures at which
the quasiparticle weight drops correlate well with mag-
netic transition temperatures. This drop in quasiparticle
weight in the NM phase is most possibly related to the
complex interplay between the orbital and spin degrees of
freedom, caused by the change of coupling between mag-
netic moments and itinerant electrons across magnetic

transitions.

Quasiparticle enhancement in magnetically-ordered
states has been reported in other magnetic materials
due to the decrease of spin fluctuations and changes in
the scattering mechanism [57, 58]. Further zooming the
ARPES spectra in momentum reveals that the individual
hole-like bands actually split in two. The splitting is bet-
ter resolved for the outer bands as indicated by vertical
lines in Figs. 14(e) and 14(f). The momentum distribu-
tion curves (MDCs) also show clear two-peak structures
of the outer band. It is interesting to note that the band
splitting survives above Ty.

However, according to the theoretical calculations, all
the bands in the AFM and NM phases are twofold de-
generate, so no such band splitting is expected. Thus
only two hole-like bands are expected to cross Ey
[Fig. 12(c)]. Generally, band splitting occurs when ei-
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FIG. 13. Atom-projected band structure in the AFM phase of EuAlaGes without spin-orbit coupling for the contributions of
(a) Al and (b) Ge to the electronic states. Band inversion between the Al and Ge states is observed within the dashed red
boxes.
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FIG. 14. Electronic structure of EuAlaGes across the magnetic transition. (a)—(c) ARPES spectrum around I' close to Er along
the cut shown by the dashed line in Fig. 12(e) for various temperatures 9 K, 27 K, and 32 K, respectively. (d) Temperature
dependence of the energy distribution curves (EDCs) at the momentum indicated by a vertical line in (a). (e)—(g) Zoomed
view of the ARPES spectra within the region as indicated by a dashed rectangle in (c) for 9 K, 32 K, and 40 K, respectively.
Vertical lines indicate the splitting of bands. (h) Momentum distribution curves (MDC) along the dashed line in (e). The
MDC curves were smoothed. (i) The k. dependence of the electronic states along the dashed line in Fig. 12(e) at T'= 9 K.
The vertical lines indicate splitting of bands.

ther time-reversal symmetry T or parity P symmetry is T and P symmetries should be preserved.

broken. FEven though T is broken in the AFM phase,

the double degeneracy of the bands is protected by the On the other hand, based on our magnetic measure-

combination of P, T, and translation (L) symmetries by ~ ments, the persistence of short-range FM correlations

one unit along the caxis [54]. The observation of band ~ above Ty may cause the T' symmetry to break in the NM

splitting in the NM phase is quite surprising as both the ~ Phase, leading to band splitting. In EuCd;As;, an analo-
gous band splitting was reported [53]. The band splitting



was explained as resulting from quasi-static and quasi-
long-range FM fluctuations experienced by the itinerant
electrons. In the AFM phase of EuAl,Ges, the magnetic
moments align ferromagnetically within a basal plane,
which results from dominant in-plane FM exchange in-
teractions. Since ARPES is a very surface-sensitive tech-
nique, these FM interactions may result in the band split-
ting in the magnetically-ordered state, as observed in
Fig. 14(e).

We note that the splitting-like feature of electronic
states may also appear in ARPES spectra due to the
presence of surface states or kz broadening of electronic
states. However, as evident from the k, dispersion in
Fig. 14(i), all the electronic states are predominantly
three-dimensional bulk states, ruling out surface states
as a possible origin. Furthermore, the observed k. dis-
persion suggests that the k., broadening is unlikely to
cause the splitting.

IV. CONCLUDING REMARKS

We find that EuAloGes is a metallic antiferromag-
net with nontrivial electronic states in the AFM phase
near Er. The compound exhibits A-type AFM order be-
low T = 27.5(5) K with the Eu moments aligned in
the ab plane. The anisotropic magnetic properties ex-
hibited by the system, associated with the Eu?* spins,
indicate the presence of substantial magnetic dipole
and magnetocrystalline anisotropy. The presence of in-
plane magnetic anisotropy results in trigonal threefold
AFM domain formation in H = 0. The moments
in the domains exhibit a field-induced reorientation at
H¢i ~ 2.5(1) kOe to become perpendicular to the field
direction for T'< Tn. The ab-plane and c-axis criti-
cal fields at T = 2 K are HS, = 37.5(5) kOe and
HS = 52.5(5) kOe at which all moments polarized along
the respective applied-field directions.
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The presence of dynamic short-range magnetic corre-
lations within the ab planes is evident above Ty from the
zero-field heat capacity and resistivity studies. A slight
resistivity increase on cooling before loss of spin disorder
scattering below T suggests magnetic correlations which
are different from long-range AFM ordering. Similarly,
ARPES studies reveal band splitting even above Ty, sug-
gesting a possible breaking of the T symmetry associated
with the magnetic correlations above T which are there-
fore identified to be ferromagnetic in nature. The ARPES
results further reveal that EuAlyGes is metallic with a
well-defined Fermi surface. The Fermi surface is formed
by the two hole pockets at the zone center (I') and elec-
tron pockets at each M point. The outer hole pocket and
the electron pockets at M are very anisotropic. Over-
all, the ARPES results show a highly anisotopic 3D elec-
tronic structure of EuAl,Ges that could be responsible
for the anisotropic magnetic properties observed in our
experiments. In addition to the various dispersive bands,
extremely less-dispersive bands are observed around an
energy —1.5 eV below the Fermi energy due to the local-
ized Eu-4f levels. Various folded bands are also observed
in the AFM phase due to the doubling of the unit cell. All
these electronic states are modeled well by considering
spin-orbit-coupling (SOC), U= 5 eV and the A-type ab-
plane AFM configuration of the Eu magnetic moments.
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