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Topological insulator with antiferromagnetic order can serve as an ideal platform to realize axion electro-
dynamics. In this paper, we report a systematic study of the axion topological insulator candidate Euln,As,.
A linear energy dispersion across the Fermi level reveals a hole-type Fermi pocket. The orientation of the
magnetic moment for ground state is determined within the ab-plane by anisotropic magnetic behavior. Besides
long-range antiferromagnetic order, magnetization and magnetotransport measurements indicate existence of the
ferromagnetic orders and ferromagnetic correlation, suggesting the formation of the magnetic polarons. These
ferromagnetic clusters can persist above the antiferromagnetic transition leading to unconventional transport
properties. Our results suggest multiple magnetic orders and states in Euln, As,, which is vital to understanding

its topological nature.
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I. INTRODUCTION

Axion topological insulator (ATI) is an exotic material
which can host hypothetic quasiparticles axions within the
standard model of particle physics [1,2]. Axion electrody-
namics emerge on the surface of topological insulators with
magnetic order. It can be described by the formula

e?

Sg:me~Bdtd3x, (D
where E and B are electromagnetic fields and the axion
angle 6 = m gives rise to the topological magnetoelectric
(TME) effect [1,3]. The ATI is predicted to realize in intrinsic
materials with antiferromagnetic (AF) order spontaneously
breaking the time-reversal symmetry (TRS) [4-9], such as
MnBi,Tes [6]. The material with the intrinsic A-type AF
order [10] hosts quantum anomalous Hall effect (QAHE)
with a nonzero Chern number in the ultrathin flakes or films
driven by a moderate magnetic field, which favors the former
prediction of ATI [11-14]. Nonetheless, the observed short-
range magnetic order associated with strong magnetic fluctua-
tions [15] and the gapless Dirac surface state [16-21] indicate
that the magnetic surface configuration and the topological
states in MnBi,Te4 need to be treated carefully.

Different from layered van der Waals MnBi,Te4, Euln, As,
exhibits a three-dimensional structure and crystallizes in the
P6(3)/mmc space group as shown in Fig. 1(a) [22]. It is an
AF topological insulator candidate with tunable higher-order
topological insulating states (HOTIS) and axion topologi-
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cal insulating states (ATIS) [8]. Particularly, the nontrivial
topological states are strongly influenced by the detailed
magnetization according to the theoretical calculations. Al-
though the predicted magnetic order of the ground state is AF
along the ¢ axis for Euln,As;, manipulating the direction of
magnetic moments allows for achieving different topological
states: in-plane magnetic moments (type A) result in an ATIS
with gapped surface states while the out-of-plane magnetic
moments (type B) lead to a HOTIS with hinge state on the
domain wall of two gapped surfaces. Thus it is necessary
to investigate the detailed magnetization (especially for the
magnetic moment direction) for Euln;As; to pursue the in-
sight of its topological nature. In this paper, we systematically
study Euln,As, by combining angle resolved photoemission
spectroscopy (ARPES) measurements and transport measure-
ments. The in-plane magnetic moments of the AF ground state
are revealed by anisotropic magnetic properties in accordance
with the predicted type-A magnetic structure. The ARPES
measurements reveal the hole-type Fermi surface made up of a
linearly dispersing band, indicating that pristine Euln,As; is a
metal instead of an insulator. More interestingly, the transport
and magnetization measurements suggest ferromagnetic (FM)
orders exist over the AF background and can even persist
above the AF transition. We attribute these FM orders to the
presence of the magnetic polaron (MP), which can strongly
affect the transport properties as well as the topological nature.

II. EXPERIMENTAL DETAIL

Single crystals of Euln,As, were grown via the self-flux
method. Eu, In, and As were mixed by the ratio of 1:10:2
and sealed inside an evacuated quartz tube. The mixture
was heated to 1000 °C, slowly cooled to 700 °C, and finally
decanted by a centrifuge. Planar single crystals with typical

©2020 American Physical Society
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FIG. 1. (a) Crystal structure of Euln,As,. (b) X-ray diffraction
pattern of a single crystaline Euln,As,. Perfect crystallinity is indi-
cated by the set of (001) peaks. Inset: picture of typical single crystals
of Euln,As,.

dimensions of 2 x 3 x 0.3 mm? were harvested as shown in
the inset of Fig. 1(b). Crystal structure and elemental com-
position were confirmed by x-ray diffraction (XRD) and en-
ergy dispersive spectrometer (EDS). Sharp peaks in the XRD
confirm high crystalline quality of the samples [Fig. 1(b)].
Detailed structural information was summarized in Table I.
Rietveld refinements were carried out with the SHELXL
software. ARPES measurements were performed at Beamline
1 of Hiroshima Synchrotron Radiation Center (HSRC), Hi-
roshima University, Japan, with a VG Scienta R4000 electron
analyzer [23]. The photon energy was set at 30 eV. The
beam was linearly polarized with its polarization lying in
the plane of incidence as well as photoelectron detection
plane. The energy and angular resolutions were set at 25 meV
and 0.2°, respectively. Samples were cleaved at 30 K and
measured at 20 K, both at vacuum better than 2 x 10~!! mbar.
For the magnetotransport measurements, rectangular samples
were selected to fabricate into devices to avoid influence of
geometry on the results. Electronic contacts were added via
patterned mask with photolithography subsequent growth of
Ti/Au(10 nm/100 nm) layers. Electrical transport measure-
ments were performed in a physical properties measurement
system (PPMS Dynacool, Quantum design). Direct current
(dc) magnetization and alternating current (ac) susceptibility
measurements were performed in a magnetic property mea-
suring system (MPMS Quantum design).

III. RESULTS AND DISCUSSION
A. Band structure and Fermi surface

Figure 2 shows ARPES spectra of the electronic structure
of EulnyAs, measured at 20 K, which is above the Néel
temperature. Three valence bands «, 8, y (from low to high
binding energy) near Fermi level were observed along the K —
I' — K direction of the Brillouin zone [Fig. 2(a)]. According
to the theoretical calculation [8], 55 and 4p orbits of In and
As respectively dominate the dispersion features near Ep.
And all important dispersions reside around the I" point. We

TABLE I. Crystal data and structure refinement for Euln,As, at

150 K.

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

EUIH2A82
531.44
Hexagonal
P63 /mmc
a =4.2068(5) A

b = 4.2068(5) A
c=17.8493) A

o 90°

B 90°

y 120°

Volume 273.55(8) A3

Z 2

p(calc) 6.452 g/cm?

m 31.511 mm™!
F(000) 454.0
Radiation MoK« (A = 0.71073)

26 range for data collection 9.136° to 69.908°

Index ranges 6<h<6,
—5<k<3,
—-20<1<28

Independent reflections 271 [R;,; = 0.0462,
R, = 0.0443]

Data/restraints/parameters 271/0/10

Goodness of fit on F? 1.023

Final R indexes [ > 20 (1)] R, =0.0315,
wRy = 0.0741

Final R indexes [all data] R; = 0.0434,
wR, = 0.0784

Largest diff. peak/hole (e A3) 1.63/—1.87

therefore focus on the certain momentum window around the
I point as shown in Fig. 2(a). Figure 2(b) shows the constant
energy contours of the band structure, with one at Er and
the other 500 meV below Efr. A circular holelike pocket that
grows in sizes with increasing binding energy agrees well
with Fig. 2(a), and carrier density of pristine Euln,As, can
be calculated as 2.2 x 10" cm™2 according to Luttinger
theorem with only single band contribution. A zoom-in of
Fig. 2(a) enables us to scrutinize the dispersion of the surface
band and fit the energy dispersion E(k) using momentum
distribution curve (MDC) cuts. The extracted E(k) curve is
linear with Fermi velocity of 3.7 eVA (5.7105 m/s) and
kr =0.12 I/A [Figs. 2(c) and 2(d)]. In addition, we note that
by using the extracted kr and Fermi velocity, the topmost of
the hole pocket can be estimated as about 300 meV above
Ep in which resides the topological surface state according
to calculation [8]. In consistency with our transport measure-
ments below, the ARPES measurements indicate the pristine
Euln,As, is in a metallic state rather than an insulator with
Ep lying in the gap. Further tuning the chemical potential by
doping or gating the electron would lift the Fermi level close
to the predicted topological surface state.

Figure 3 shows the temperature dependent magnetic sus-
ceptibility, resistivity p(7T'), magnetoresistivity MR (defined
as MR = [p(H) — p(0)]/p(0)), and Hall coefficient for the
single crystal of EulnyAs,. Three regions are revealed by
different transport behaviors. In the low temperature region
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FIG. 2. (a) Valence band structure along the K —I' — K high
symmetry direction. Valence bands are labeled from low toward
higher binding energy as «, §, and y . (b) Fermi surface map (top) and
constant energy contour at 0.5 eV below the Fermi level. (¢) Zoom-in
of valence band structure in (a) close to the Fermi level. (d) The
corresponding MDC second derivative of (c) to highlight the hole
band dispersion.

(region I), dc (M/H) magnetic susceptibility reveals the es-
tablishment of long range AF order with a transition around
16 K [in Fig. 3(a)] as reported previously [22]. Below this AF
transition (T < Typ, where Tyr is the transition temperature),
p(T) drops dramatically [in Fig. 3(b)] and negative MR is
suppressed [in Fig. 3(c)]. The MR changes its sign to positive
at 4 K and reaches up to the largest positive value of 30%
at 2 K (the lowest available temperature in our measurments)
as shown in Fig. 3(c). This behavior is reminiscent with the
observed magnetic phase transition in antiferromagnets due
to the appearance of various local magnetic moments [24,25].
In the immediate temperature region (region II), the M/H
deviates from Curie Weiss behavior around 150 K linked
to the deviation of quasilinear temperature dependence of
po(T). These results indicate the appearance of short-range
magnetic order and the enhancement of magnetic interaction
during cooling. In region II, the magnetic order and magnetic
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FIG. 3. (a) Temperature dependent reciprocal of dc magnetic
susceptibility of Euln, As, with magnetic field of H = 0.1 T applied
along the ¢ axis. Deviation from the Curie-Weiss behavior (marked
by the red dashed line) is observed below 150 K. (b) Temperature
dependent resistivity of Euln,As, with the current along the a
axis. Above 150 K the curve is quasilinear. The red dashed line is
used to estimate the deviation from the quasilinear behavior below
150 K. Inset: picture of Euln,As, with patterned contacts used for
the measurements. (c) Temperature dependence of MR and Hall
coefficientat 1 T with H || c are plotted in red and black, respectively.
Obvious MR is observed below 150 K and a transition from negative
to positive MR occurs around 4 K.

correlation localize the carriers leading to an upturn in p(7T")
curve and a slight increase of the Hall coefficient (less than
3%). In the high temperature region (region III), the M/H
curve obeys Curie Weiss law as shown in Fig. 3(a) and p(T")
exhibits quasilinear temperature dependence [Fig. 3(b)]. In
this region, the system behaves as a paramagnetic metal. The
MR is negligible and the Hall coefficient keeps a positive
value, indicating hole-type carriers [in Fig. 3(c)].

B. Anisotropic magnetic phase diagram

For an AF topological material, the detailed magnetic
structure is vital to its topological nature. Theoretical cal-
culations proposed two distinct AF structures with different
orientations of the magnetic moments but similar energy for
the ground states of Euln;As; [8]. To check these predic-
tions, both dc magnetic susceptibility and magnetotransport
measurements were performed in single crystals of Euln, As;
with magnetic fields applied along the a axis (H || a), b axis
(H || b), and c axis (H || c), respectively, as shown in the inset
of Fig. 4(a). The anisotropic temperature dependent magne-
tization M(T) curves are presented in Fig. 4(a). An obvious
upturn is observed with H || c in the low temperature region,
while M (T') curves keep decreasing below Ty withboth H || a
and H | b, indicating lower energy of the ground state within
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FIG. 4. (a) Temperature magnetization on zero field cooling
process (ZFC) for Euln,As, with H = 200 Oe of H || a (blue line),
H || b (black line), and H || ¢ (red line). The inset: the schematic of
the geometry of the measured crystal with the applied field. (b) The
field dependent magnetization M (H ) curves at 2 K with the applied
field along three directions as shown in the inset of (a). The M(H)
curves in the region marked with a rectangle is zoomed and shown in
the inset. A jump of the hysteresis is observed in the M (H) curves,
if magnetic field is applied along the a or b axis. (c), (d) M(H)
curves with applied field along b and ¢ axis at 2 K, 5 K, 8 K, 11 K,
13 K, 15 K, and 17 K, respectively. The corresponding derivative
of M(H) (dM /dH) curves are shown in the insets. We can observe
a sharp peak related to magnetic transition with H | b. (e), (f) The
phase diagrams of Euln,As, with H || b and H || ¢, respectively.
The purple arrow indicates the direction of applied magnetic field.
The black arrows indicate the direction of Eu’* spins. The Hg,
and H} acquired from jumps from magnetization measurements
and magnetotransport measurements are marked with black and
red symbols, respectively. The Hy, acquired from the magnetization
measurements are marked by blown symbols.

the ab plane [25]. The field dependent magnetization M (H)
curves with applied field along different directions exhibit
anisotropic behaviors at 2 K as shown in Fig. 4(b). With
increasing the applied magnetic field along the a or b axis
to a critical value Hgp, a small jump in M(H) is observed
accompanying a magnetic hysteresis, indicating a magnetic
transition [in the inset of Fig. 4(b)]. This abnormal behavior is
more clearly identified by a sharp peak in the dM /dH curves
as shown in the inset of Fig. 4(c). The magnetization saturates
when further increasing the magnetic field to the critical value
Hg,. As with H || ¢, no additional magnetic transition occurs

besides the saturation (which occurred at Hsj) [in Figs. 4(b)
and 4(d)].

Such anisotropic magnetic behavior can be interpreted
within the picture of spin-flop transitions: in a collinear AF
system, increasing the applied field to a critical value Hip
along, or nearly parallel to, its magnetic easy axis (MEA), the
AF sublattice magnetizations M; and M, rotate abruptly [26].
The staggered magnetization L = M| — M, directs perpen-
dicular to the original MEA instead of aligning itself with
the external field direction since the system energy is lower
in the former case. This so called spin-flop transition can
be detected by a jump in the magnetization loop or a peak
in field dependent heat capacity [26,27]. Further increasing
the applied magnetic field above Hg, will gradually tilt the
spin-flopped moments towards the direction of the external
magnetic field and finally align the moments of all spins
well along the direction of the applied magnetic field at Hg,.
Thus two transitions will be observed in the case of applied
field parallel to MEA. On the other hand, with the applied
field perpendicular to the MEA, the AF sublattice spins tilt
gradually and are finally well aligned by the external field
directly at a critical field Hsj As shown in Figs. 4(e) and 4(f),
applying the magnetic field along different directions gives
rise to the anisotropic magnetic phase diagrams of Euln,As,.
It is noted that the drop in M (T ) below Txr and the hysteresis
in M(H) with H || b around Hg, are larger than those with
H || a. But the magnetic anisotropy within the ab plane is
small and negligible compared to that between in and out of
the ab plane. Combining the anisotropic magnetic behavior
above, the MEA of Euln,As,, as well as the direction of
ground AF moment, is determined within the ab plane.

C. Multiple magnetic orders

In a simple localized collinear AF system, the magne-
tization is mainly determined by AF exchange interaction,
magnetocrystalline anisotropic energy, and Zeeman energy.
Considering the single ion case the Hamiltonian can be
written as

H=-J)5,5;,-D) s2+D) s
—aunHo () S+ Sic). @

where §; and S; are the spins at site i and j of the sublattice, Hy
is the applied static magnetic field along the z direction, and
J is the exchange constant of the interaction between spins
S; and S; [28]. The D term represents the uniaxial anisotropy
of a single ion and the last term is the usual Zeeman term.
With the field applied parallel to the MEA, the molecular field
approximation based on a semiclassical model gives critical
fieldsat T = 0K as

Hy,(0) = [Ha(2Hg — H)1™?, 3
Hy(0) = 2Hg — Hy, “)

while, with fields applied perpendicular to the MEA, only the
single critical field Hsj(O) exists and can be expressed as

Hg (0) = 2Hg + Hy, (5)
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where the Hy = zJ/gup is the exchange field, Hy = D/gup is
the anisotropy field, and z is the number of nearest neighbors.
By extrapolating the experimental H,(T'), Hy,(T'), and HSJE; (T)
curves to 0 K in Figs. 4(e) and 4(f), the H;,(0) and H,(0)
and Hsé(O) are estimated to be 0.18 T, 1.05 T, and 2.1 T,
respectively. Employing formulas (3) and (5), we calculate
that H4 = 0.03 T and Hg = 0.54 T. According to formula
(4), the calculated H,(0) = 0.7 T is much larger than the
experimental value of 0.19 T. The large mismatch may not
be understood simply by existence of abnormal spin wave
modes [29] but attributed to multiple magnetic orders and
interactions.

In our measurements, the upturn in M(T) with H || ¢
suggests weak FM order [25] in region 1. By fitting the M (T")
curve with the Curie Weiss formula [M/H = C/(T + ®),
where C is a constant], the calculated positive Curie Weiss
temperature ® = 34 K indicates the ferromagnetic correlation
for Euln,As, as well. And the calculated effective moment
is 6.93up close to the highest spin state of a single Eu*"
indicating highly localized spins. In the spin-localized AF
metal, the appearance of weak FM order can be interpreted
as the formation of MP resulting from the large exchange
interaction between the conduction electrons and the localized
spins [30,31]. For Euln,As,, in region I, the long-range AF
magnetic order is established widely while the small FM
clusters (MP) form locally which would cant the local AF
spins. The calculated frustrated parameter f = 1.9 (defined
as f = 0®/Ty) indicates weak spin frustration as well as
favoring the formation of MP [25]. The presence of FM order
broadens the spin-flop transition (compared to the sharp one in
EuSn,As; [32,33]) and leads to the failure of the simple AF
model. In region II, the observed derivation of Curie Weiss
law for x(T) suggests the MP can persist with the absence
of long-range AF order to the higher temperature region.
The presence of multiple magnetic orders and correlations
in Euln,As; is also in accordance with our magnetotransport
characterizations below.

As shown in Fig. 5(a) the MR for Euln,As; exhibits non-
monotone evolutions with both H || band H || c relating to the
detailed magnetic states. In region I, the observed positive MR
in the low field region increases with rising applied field to
the maximum value around the saturation fields Hy, and HZ.
With further increase of the magnetic field, the MR decreases
and eventually becomes negative at higher fields. The max-
imum of field dependent magnetoresitivity [MR(H )] moves
towards lower fields, as well as reduces the intensity, with
increasing the temperature, and finally disappears at Ty. The
MR (H) curves exhibit a kink for H || b near Hg, while varying
smoothly below the Hst for H || ¢ as shown in Fig. 5(b), in
accordance with the observed anisotropic magnetic behavior
above. In this region, the magnetotransport behavior can be
understood by a picture of the crossing from weak localization
to weak antilocalization due to the competition of AF and FM
orders [25]. The long-range AF order localizes the carriers
leading to the increasing MR at low magnetic fields. At high
magnetic fields, the AF spins are flipped and the MP increases
in size, giving rise to the decrease of hopping energy, thus
resulting in the negative MR.

In region II, only negative MR is observed due to the
absence of long-range AF order. The spin scattering due to
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FIG. 5. (a) MR for Euln,As, at 2 K, 6 K, 10 K,14 K, 16 K,
18 K, 20 K, and 30 K with H || b (left panel) and H || ¢ (right panel),
respectively. (b) Zoomed MR and dM/dH at 10 K with H || b and
H || c, respectively. (c) Scaled MR at 18 K, 20 K, 25 K, 30 K, and
35 K with H || b and H | c, respectively. (d) The MR fitted by ML
model at 20 K, 30 K, 40 K, and 70 K with H | ¢ and the MR fitted
by ML model at 20 K and 30 K with H || b.

localized magnetic moments will be suppressed by aligning
local moments giving rise to more itinerant carriers [22]. By
using the Bethe-ansatz method [34], the MR(H) curves at
various temperatures can be scaled onto a single curve with
the relation

H
MR(H)=f(T+T*), (©6)

as shown in Fig. 5(c), where T* is a characteristic temperature
relating to the magnetic order. For H || b and H || ¢, the T*’s
are acquired to be —14.5 K and —14 K, respectively. The
negative value indicates the presence of FM correlations or
FM orders [34] in Euln, As, agreeable with the MP scenario.
In this region, the bound MP and crystal field of Eu ion trap the
carriers, leading to the negative dp/dT and the large upturn
of p(T) above Ty.

Within the argument of the Majumdar-Littlewood (ML)
model [30], the MR is related to the scaled magnetization
M /My by the formula

Ilp(H) — p(0)1/p(0)] & (1/2ksE0)*(M/My)*,  (T)

where & is the correlation length. Figure 5(d) shows the MR
curves fitted by the ML formula suggesting the presence of
MP above Tyr. The calculated correlation length &, increases
with decreasing temperature ranging from 3.4 A (at 70 K)
to 5.2 A (at 20 K). The nég (n is the carrier density) for
Euln,As, is calculated as nég = 0.051. This value is much
smaller than 1 in accordance with the formation of MP. Since
the obvious chemical inhomogeneity and crystal defect are
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FIG. 6. (a) AMR at 2 K with H=05T, 1 T, 2 T, 3 T, and
6 T. Inset: schematic of the configuration of the rotating sample.
(b) Angular dependence of MR at 2 K, 10 K, 20 K, and 30 K with
H=1T.

not observed by SEM and single crystal diffraction measure-
ments, the bound MP may originate from a small amount
of Eu?t valence or small impurities with subnanosize, which
needs further investigation later.

The angular dependent magnetoresistivity (AMR) curves
are shown in Figs. 6(a) and 6(b) with the measurement
configuration shown in the inset of Fig. 6(a). The current
flows along the a axis and the magnetic field is applied and
rotates within a plane perpendicular to the current. Magnetic
field-induced changes in the AMR symmetry are observed. At
2 K, a twofold symmetric MR is observed with a maximum
value in the direction of H || b (H = 0.5 T). With increase of
the applied field, MR exhibits a maximum for the direction
of H | ¢ (H=2T) due to the canted spins and MP. With
further increase of the field, the MR becomes isotropic as

shown in Fig. 6(a) indicating the saturated magnetization.
With increase of the temperature, the AMR exhibits a similar
symmetry evolving with H = 1 T and changes the value from
positive to negative as shown in Fig. 6(b). The field-induced
or temperature-induced changes in the AMR indicate that
the magnetic states can be tuned by external conditions. For
Euln,As,, the multiple magnetic orders, such as long-range
AF order and short-range FM order, are vital to its topological
nature. The tunable magnetic states enlighten us to explore
the possible topological states or topological transitions by
controlling external conditions. For example, the applied mag-
netic field controls both the spin canting as well as Zeeman
splitting leading to the movement of Weyl points accompa-
nying the magnetic field-induced changes of the AMR in
topological materials such as ZrTes and EuTiO3 [35,36].

IV. CONCLUSION

The electronic structure and transport properties are sys-
tematically studied for the ATI candidate Euln, As,. Hole-type
Fermi pockets are revealed and the linear energy dispersion
near the Fermi level agrees with the proposed topological
state around the I" point. The anisotropic magnetic phase
diagrams and magnetotransport properties indicate in-plane
AF moments of the ground state. The short-range FM orders
are suggested by magnetization and magnetotransport mea-
surements, which can be understood by the picture of MP.
The pretence of multiple magnetic orders and interactions in
Euln;As, is important to understand the topological nature or
even tune the topological states in EulnyAsy.
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