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Antiferromagnetic (AFM) pyrochlore iridates are a fertile ground to hunt for a Weyl semimetallic state
characterized by a linear crossing of two nondegenerate bands near the Fermi level Er. Here, we demonstrate
evidence of low-temperature anomalous and topological Hall effects in an antiferromagnetic Eu,Ir,O7(111)
epitaxial thin film. The observed anomalous Hall effect is explained in terms of the momentum space Berry
curvature associated with the Weyl nodes in the electronic band structure. The topological Hall effect reaches a
large value p™ME ~ 10 1Q cm at 2 K. The topological nature of the Hall effect is attributed to the nonzero scalar
spin chirality of the all-in-all-out/all-out-all-in (AIAO/AOAI) type noncoplanar AFM spin structure. The mag-
netoresistance (MR) shows a prominent negative variation (MR ~ 10% at 2 K) below 10 K. The field dependence
of MR below 5 K varies quadratically in the low-field regime, and above 40 kOe it shows a linear trend. The
quadratic to linear crossover of the MR is explained by the field-induced (H) spin canting (spin chirality) of the
static spins in the AIAO/AOALI spin structure. In the intermediate-temperature region MR of 15—25 K exhibits a
hysteretic response which is associated with field-induced domain switching of the AIAO/AOALI spin structure.
This work highlights the interplay of magnetism and topology in a spin-orbit-coupled correlated electron system

and unravels the possibility for realizing the Weyl phase in antiferromagnetic Eu,Ir,O7(111) thin films.
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I. INTRODUCTION

Recently, the focus of condensed-matter research has
undergone a paradigm shift towards the realization of topo-
logically nontrivial electronic phases in spin-orbit-coupled
correlated materials [1-5]. Of particular interest are Weyl
semimetals (WSMs), in which two nondegenerate bulk bands
cross linearly at the band-touching points (Weyl nodes) and
the low-energy electronic excitation is characterized by Weyl
fermions. They also exhibit a Fermi-arc surface state in the
three-dimensional (3D) Brillouin zone that is evident from
photoemission spectroscopy [6—8]. The Weyl node acts as a
source or drain of Berry curvature (the quantum mechanical
Berry phase) or the magnetic monopole in momentum space
[6,9]. The Berry phase of the electronic wave function has a
profound effect on the magnetotransport properties of materi-
als [10,11]. Due to the nontrivial 3D band structure, WSMs
in an applied magnetic field show a number of anomalous
transport phenomena, like the anomalous Nernst effect [12],
the Adler-Bell-Jackiw anomaly (or chiral anomaly) [13], and
the anomalous Hall effect (AHE) [14,15]. Experimentally, the
WSM phase can be realized either in broken time-reversal
symmetry (magnetic) or space-inversion symmetry (noncen-
trosymmetric) systems [8]. So far, many of the WSM phases
have been realized in with broken inversion symmetry [8].
However, there are a few cases of time-reversal-breaking mag-
netic systems like Co3;Sn,S; [16,17], Co,MnGa [18], and
Mn;Sn [19], which are experimentally found to host a WSM
state as well.
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In realistic parameter regions, theoretical ab initio calcu-
lations have predicted the realization of the magnetic WSM
phase in pyrochlore iridates AIr,O; (where A is Y or
a rare-earth element) [6,14,20]. In pyrochlore iridates, the
WSM phase can be stabilized by the broken time-reversal
symmetry of the all-in-all-out/all-out-all-in (AIAO/AOAI)
antiferromagnetic (AFM) ordering [21]. Among the py-
rochlore iridates Eu,Ir,O; has received considerable interest
since it is predicted to host the WSM phase [22]. Theoretical
calculations for WSMs predict a nonquantized anomalous
Hall conductance o2HE, the value of which is proportional
to the separation of the Weyl nodes in momentum space [8,
23-25]. Although the AIAO/AOALI spin structure has been
experimentally verified [26,27], the observation of an in-
trinsic AHE effect remains unexplored in bulk Eu,Ir,O;.
Since bulk cubic Eu,Ir,O7 preserves all three C, symmetries,
the net Berry curvature Q(E) contribution cancels out [28].
So to realize an intrinsic AHE originating from the Weyl
nodes, the bulk cubic symmetry needs to be broken. One
easy way to break the cubic symmetry is by introducing epi-
taxial strain in thin films. Therefore, strained Eu,Ir,O7(111)
thin films with an AIAO/AOAI magnetic order are found
to be an ideal platform to realize the theoretically predicted
WSM phase for investigating the existence of an intrinsic
AHE. Further, because of the noncoplanar AIAO/AOAI-type
spin structure induced by geometrical frustration in the py-
rochlore lattice [27], Eu,Ir,O7 is expected to exhibit a large
scalar spin chirality x;;x [29-32]. The spin chirality can lead
to nontrivial transport phenomena like the topological Hall
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FIG. 1. (a) Schematic magnetic configuration of the all-in-all-out/all-out-all-in state for domain A (left) and domain B (right). (b) XRD
0-20 scan of a Eu,Ir,0;(111) thin film. (c) Asymmetric RSM scan around YSZ(331) and the Eu,Ir,07(662) peak. The vertical solid line
indicates coherent growth of Eu,Ir,O; on YSZ(111). The dashed line passing through the origin of Q.-Q, plot corresponds to relaxed cubic

growth.

effect (THE) and large negative magnetoresistance (MR) [33].
The topological Hall effect arises when a conduction electron
acquires quantum mechanical Berry curvature associated with
the real-space spin chirality. In contrast to the AHE, spin-orbit
coupling is not necessary to observe the THE [34].

Most of the electronic properties of magnetic materials are
governed by their underlying spin structure. The ATAO/AOAI
(four-in-four-out) type ground state (H = 0) magnetic order
of Eu,Ir,O; generally has two kinds of magnetic domains:
domain A, in which all spins at the vertices of the tetrahe-
dra are pointed towards the center, and domain B, in which
they are pointed away from the center [shown in Fig. 1(a)].
At zero magnetic field, a sample will have both domains A
and B in equal amounts. But Eu,Ir,O7 has uniaxial magnetic
anisotropy along the [111] direction. Therefore, an applied ex-
ternal magnetic field can cause flipping of the spins and leads
to a switching from domain A to domain B and vice versa
depending upon the field direction [35,36]. The field-induced
spin flipping (domain switching) phenomenon is decided by
the competition between the Zeeman energy and antiferro-
magnetic exchange energy of the Ir** (Jo = 1/2) moments
[21]. Therefore, Eu,Ir,O; can have an odd-even magnetic
domain distribution depending upon the temperature 7 and
applied magnetic field H values. The field-induced modifica-
tion of the domain configuration can lead to many interesting
transport phenomena like the negative to positive crossover
and hysteresis in MR [35,36]. Therefore, the temperature T'
and magnetic field H dependence is highly indispensable in a
systematic magnetotransport study of Eu,Ir,O7 thin films.

In view of the above discussion, the observation of a
magnetic WSM phase in the pyrochlore iridate Eu,Ir,O;
will be interesting because of its AIAO/AOAI noncoplanar
spin structure and topologically nontrivial electronic band
structure. In this paper, we carry out an in-depth magneto-
transport study in a biaxially strained Eu,Ir;O;(111) thin film
(~55 nm) epitaxially grown on the Y,0O; stabilized ZrO,
(YSZ) (111) substrate. Observation of a large intrinsic AHE
signifies that Eu,Ir,O7(111) thin films host the WSM phase
in their ATAO/AOAI AFM ordered phase. The observation
of THE and large negative MR in the low-temperature region
(2—5 K) signifies the presence of noncoplanar spin textures
with scalar spin chirality.

II. EXPERIMENTAL DETAILS

The Eu,Ir,O7(111) epitaxial thin film is fabricated by
means of a two-step solid-phase epitaxy technique using the
pulsed laser deposition technique. The details of the sam-
ple preparation were discussed in an earlier report [37].
The crystallinity of the Eu,Ir,O; thin films was character-
ized using a Rigaku SmartLab high-resolution four-circle
x-ray diffractometer (Cu K« radiation). The electrical and
magnetotransport properties were measured using a phys-
ical property measurement system (Quantum Designs) on
a standard Hall bar structure (190 x 100 pm?) fabricated
by photolithography followed by Ar ion etching. Cr/Au
(10/70 nm) contact pads were deposited by an e-beam evapo-
rator on top of the films to have Ohmic contact with devices.
To provide electrical contact, Al (25 wm diameter) wire is
bonded on the Cr/Au pads by means of ultrasonic vibration
using a TPT wire bonding tool.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Epitaxial growth of Eu,Ir,0;

Figure 1(b) shows an x-ray diffraction (XRD) 6-26
scan of the postannealed Eu,Ir,O; thin film; it shows the
presence of only a (111)-oriented peak of Eu,Ir,O;. The
presence of odd-numbered peaks confirms the pyrochlore
structure of space group Fd3m. The asymmetric reciprocal
space mapping (RSM) around YSZ(331) and Eu,Ir,07(662)
is plotted in Fig. 1(c). The tail of the Eu,Ir,0;(662) peak
along the Q, axis indicates coherent growth of Eu,Ir,O7 on
the YSZ substrate.

B. Longitudinal resistivity

The temperature dependence of the longitudinal resistiv-
ity py. is plotted in Fig. 2(a). It shows a metallic behavior
(dp/dT > 0) from 300 down to 90 K, below which the resis-
tivity increases (dp/dT < 0) down to the lowest measured
temperature of 2 K. The resulting conductivity oxx at 2 K
has a value of ~21 Q~!'cm~!. The transition at 90 K is
associated with the thermally driven metal-semimetal transi-
tion. The low inverse residual resistivity ratio of 3.6 and a
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FIG. 2. (a) Temperature dependence of the longitudinal resistivity p,,, which shows a clear metal-semimetal transition around 90 K; the
inset shows power-law fitting in the temperature range of 2—25 K. (b) The antisymmetric Hall resistivity p,, data extracted from the raw Hall
data at 4 K. (c) Extra component of the Hall resistivity after subtracting the ordinary Hall resistivity component from the total Hall resistivity

Oxy> as shown in (b).

decrease in transition temperature (bulk transition temperature
of 120 K) could be related to a slight Ir excess in the films
[37]. The low-temperature (2—25 K) resistivity data follow
a power-law dependence on temperature p = a + bT ~*, with
the exponent @ ~ 0.3 [shown in the inset of Fig. 2(a)], which
signifies a semimetallic charge transport with vanishing con-
ductivity as T — 0 K [6].

C. Anomalous Hall effects

Magnetotransport measurements reflect versatile informa-
tion about the orbital motion, spin states, and band structure
of the conduction electrons. These measurements were per-
formed on an L-shaped Hall bar of a Eu,Ir,O7(111) epitaxial
thin film with a thickness of 55 nm. During the measurements,
magnetic field H was applied along the [111] direction, and
current I was applied along either the [110] or [112] direction;
that is, always, I L H for both current directions (Hall bar).
Here, we present Hall data for one of the Hall bars. Figure 2(b)
shows the Hall resistivity oy, data at 4 K. The Hall data were
antisymmetrized to eliminate the magnetoresistance contribu-
tion, i.e.,

PR (+H) — pi(—H)

> )

where p;i"(H) is the raw Hall resistivity data. In the low-
field region (below 60 kOe) the Hall resistivity p.,(H ) shows
a steep increase with the magnetic field H, and above that
there is a change in slope, which signifies the presence of
an additional component of the Hall resistivity. Considering
the presence of the AHE and THE, the Hall resistivity can be
written as

poy(H) = pi + o™ + oy = RuH + RoH oM + pgg™,

Pxy (H) =

where p;)y, pg,HE, and p HE are the ordinary, anomalous, and

topological components of the Hall resistivity, respectively.
Ry and R; are the ordinary and anomalous Hall coefficients,
respectively. The value of Ry depends only on the carrier
density of the sample and can be extracted from the linear
fit of p,y(H) in the high-field regime (60—90 kOe). The pos-

itive slope indicates the charge carrier is the hole type. The
calculated carrier density and mobility at 4 K turn out to be
2 x 10* cm™3 and 1 cm?/V's, respectively. After subtract-
ing the ordinary Hall component (,og, = Ry H), the additional
component of the Hall resistivity at 4 K is plotted in Fig. 2(c).
A similar procedure is followed to subtract the ordinary Hall
component from the measured Hall data at other temperatures
(2—-25 K).

Figure 3 shows the magnetic field H dependence of the
additional Hall component at different temperatures. In the
temperature range of 10—25 K, the additional component of
Hall resistivity varies monotonically with the magnetic field
H and gets saturated above 60 kOe, which corresponds to
the presence of only the AHE. The strength of the AHE
decreases as the temperature increases, and above 25 K it
vanishes. In addition, it is seen that a small drop in the
value of p2AHE + pTHE occurs at 2 K and in the field range of
60—90 kOe, which is attributed to the signature of the topo-
logical Hall effect, the details of which are discussed in
the next section. In the electronic band picture, the AHE
is attributed to the spin-orbit interaction induced anomalous
velocity [10]. On the other hand, some theories postulated
the AHE in terms of the spin-orbit interaction induced scat-
tering modification, i.e., skew scattering [38] and the side
jump mechanism [39], called the extrinsic mechanism. For
a moderately conducting (o, < 10* Q~'cm™") sample, the
origin of the AHE cannot be related to the extrinsic mech-
anism via skew scattering or a side jump due to magnetic
impurities [40,41]. Therefore, it must be of intrinsically
related to Berry curvature in momentum space, which is
clearer in the scaling analysis ,ofVHE Versus oy, plot shown
in Fig. 4(a). For ferromagnetic materials, the AHE pAHE ig

Xy
described by the empirical relation p"* = RyH 1M, where
M is the net magnetization of the sample [41-43]. Re-
cent observation of the AHE without notable magnetization
in antiferromagnets has suggested that ferromagnetic order-
ing is not a necessary condition [44] and thus suggests a
possible alternative origin of the AHE. In the context of

Eu,Ir,O7(111) thin films, a recent synchrotron x-ray magnetic
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FIG. 3. Additional component of the Hall resistivity (pA"F +
pi™®) after subtracting the ordinary Hall resistivity component Joisd
from the total Hall resistivity p,, at different temperatures; the data
are shifted vertically for visual clarity.

circular dichroism study revealed a very small net magne-
tization ~0.009(6)up/Ir at a field strength of 60 kOe at
4 K to account for the observed AHE [45]. In the present
study, the magnetic field dependent isothermal magnetization
(M-H) curve at 5 K shows almost linear behavior [shown
in Fig. S2(a)]; a similar behavior was observed in previ-
ous studies of single-crystal and polycrystalline Eu,Ir,O;
[33,36,46,47], and a direct comparison between the field H
dependence of p'"(H) and M(H) at 5 K ruled out the
magnetization origin of the AHE [shown in Fig. S2(b)],
the details of which are discussed in the Supplementary
Material [48].
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FIG. 4. (a) Scaling relationship between the saturated value of
the anomalous Hall resistivity p4HE and the longitudinal resistivity
P for EuIr,O;(111) thin films in the temperature range of 4—25 K.
The blue line corresponds to p4HE ~ pl6 and indicates that the in-
trinsic Berry phase mechanism of AHE gets suppressed by disorder.
(b) Color map of anomalous and topological Hall resistivities (after
subtracting the ordinary Hall component) in the H-T plane. The
black dashed curve corresponds to the boundary between the follow-
ing two regions: (i) a low-temperature and high-field region, which
corresponds to the magnetic WSM phase, and (ii) a high-temperature
region where the AHE magnitude is extremely negligible, which

corresponds to the semimetallic phase with AIAO spin ordering.

The observed hysteretic unconventional AHE on a relaxed
Nd,Ir,O7(111) thin film was explained in terms of the induced
ferromagnetism at the domain walls of the AIAO/AOAI
domains by Kim et al. [35]. Unlike for Nd,Ir,O7, in the
case of Eu,Ir,O7 the domain-wall conductance is negligible
[45]. Note that recent reports on Nd,Ir,O;(111) [49] and
PrIr;O7(111) [50] thin films revealed Berry curvature in-
duced AHE. A nonlinear Hall effect also arises in Nd,Ir, O
single crystals due to the multiple magnetic field H induced
topological phases with varying numbers of Weyl nodes
[36,51]. The Weyl nodes act as sources or drains of the
Berry curvature in momentum space [6,9]. Therefore, in the
case of EuyIr,O7(111) thin films having ATAO/AIAO anti-
ferromagnetic ordering and no domain-wall conductance, the
observed large AHE (~15 uQ2cm at 4 K) can be explained
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in terms of the Berry curvature 9(12) of the filled bands in
momentum space [45,52]. The anomalous Hall conductivity
AHE

o,, ~ is proportional to the integral of the Berry curvature

over the whole Brillouin zone (BZ), O’SHE ~ fBZ Q(%)d%.
A large contribution of the Berry curvature comes from
the band-crossing points or Weyl points. As the upper and
lower bands of the crossing points have equal and oppo-
site Berry curvatures, the Berry curvature contribution to
O’SHE will be strongly enhanced when the crossing (Weyl)
points lie on the Fermi surface, so only one of the bands
will be occupied. The diverging nature of the resistivity as
shown in Fig. 2(a) (o, — 0o when T — 0) suggests a van-
ishing density of states in the Fermi level, which indicates
the Fermi level lies near the crossing points [6]. Further,
a recent band structure calculation of Eu,Ir,O;(111) thin
films with resistivity values similar to those reported in the
present study showed that the Fermi level lies very close
to the band-crossing Weyl points [45]. For time-reversal
symmetry-preserved system, Q(—k) = —Q(k). Therefore, the
integration of the Berry curvature over the whole BZ will
cancel out; as a result, the net anomalous Hall effect will
be suppressed. In the present case, the AIAO/AOAI AFM
ordering of Eu,Ir;O;(111) thin films breaks the time-reversal
symmetry and causes a finite AHE. In general, for cubic
crystal with twofold rotation, C, symmetries about the x,
y, or z axis suppress the Berry curvature effect, as Q(k) is
canceled by Q(Cgl?). Therefore, for bulk Eu,Ir,O7, in the
presence of all three C, symmetries the net Q(lz) contribution
remains hidden. In contrast, for Eu,Ir,O7(111) thin films with
biaxial compressive strain [as shown in Fig. 1(c)], all three C,
symmetries break; as a result a finite net Q(lz) contribution
emerges and causes a large AHE. This is consistent with
the theoretical calculations, which expect a large AHE for
pyrochlore iridate thin films grown along the [111] direction
with an AIAO/AOALI spin structure [28,45]. To understand
the underlying mechanism of the AHE in terms of the scaling
analysis (pA1E o« p2), the saturated value of the anomalous
Hall resistivity p&HE versus the longitudinal resistivity oy
is plotted in Fig. 4(a) in the temperature range of 4—25 K.
The blue line corresponds to a fit of the experimental data
(red circles); it is seen that p&HE varies as pSHE o plf,
which signifies that the intrinsic Berry phase origin of the
AHE is suppressed by disorder [40,41,49,53,54]. Figure 4(b)
shows the contour plot of p)’évHE + pryHE in the H-T plane.
In the low-temperature and high-field region, the AHE has
a high magnitude, which corresponds to the presence of a
magnetic WSM (AIAO WSM). On the other hand, in the
high-temperature region (above 25 K) the AHE vanishes even
at high magnetic field, but the AIAO/AOAI AFM order is
present, so it is called an AIAO semimetal (AIAO SM). The
black dashed curve in Fig. 4(b) separates the two regions in
the H-T plane.

D. Topological Hall effects

In addition to the AHE, a humplike feature can be observed
around 40 kOe in the 2 K Hall resistivity data [in Fig. 3(a)],
which indicates the presence of the THE. The size of the

humplike feature decreases as the temperature increases and
vanishes above 5 K. This kind of additional component of the
AHE (A pAHE) which varies nonmonotonically with magnetic
field was also observed in La-doped EuTiO3 (001) films; it
was attributed to the Berry curvature contribution of multiple
Weyl nodes in the conduction band [53]. But in Sm-doped
EuTiO3(001) thin films the observed additional humplike fea-
ture was assigned to the THE and was explained in terms of
noncolinear spin structure [55,56]. The THE also occurs in
topologically protected skyrmions like spin texture in MnSi or
[57,58] pyrochlore lattices with noncoplanar chiral spin struc-
ture [29-32]. The noncoplanar AIAO/AOAI spin structure in
Eu,Ir,O7(111) thin films can cause a nonzero scalar spin chi-
rality x;jx = S; - (S; x S¢), where S;, S;, and S, are the static
spins at sites i, j, and k, respectively. Due to this nonzero x;
(real-space Berry curvature) conduction electrons experience
an additional fictitious magnetic field, which causes the THE.
When a conduction electron traverses three neighboring static
spins Sy, Sy, and S3 and completes aloop 1 - 2 — 3 —1,
the Berry curvature acquired by it is equal to half of the
solid angle subtended by those three static spins. Figure 5(a)
shows a schematic of the solid angle subtended by the three
noncoplanar spins of the AOAI (domain B) magnetic order,
and the blue arrow indicates the fictitious magnetic field expe-
rienced by the conduction electron due to the real-space Berry
curvature.

To check the field H and temperature 7 evolution of
the topological Hall resistivity ,OE;‘IE, the AHE component
needs to be subtracted properly at each temperature 7.
We used mathematical operation to help capture the AHE
component correctly [59]. For the 10 K data [shown in
Fig. 5(b)], where only the anomalous component is present,
we adopted a higher-order empirical odd polynomial function
of H to capture the smooth variation of AHE with mag-
netic field H [fitted curve shown by the solid red line in
Fig. 5(b)] [49,59]. Similarly, the AHE component at 2 K is
captured by using the odd polynomial of H and then sub-
tracted to extract the THE component. Figure 5(c) shows the
AHE+THE data at 2 K; the solid black line corresponds
to the simulated AHE at 2 K. The field H dependence
of p'* at 2 K after subtracting the AHE component is
shown in Fig. 5(d). It can be seen that in the low-field
region below 40 kOe the THE increases with an increase
in field, whereas in the high-field region, it decreases as
field increases. The spin structures of domain A (AIAO)
and domain B (AOAI) suggest that at zero magnetic field
(H = 0), they will have equal and opposite scalar spin chi-
rality x;jr; therefore, the net Berry phase acquired by the
conduction electrons will be canceled out and causes no
THE. On the other hand, in the low-field regime (H < 40
kOe), a finite applied field H will cause canting of the
ATAO/ATAO spin structure. Since the field-induced spin cant-
ing is not the same for AIAO (domain A) and AOAI (domain
B), a net finite spin chirality induced THE occurs and in-
creases with the magnetic field before getting saturated around
40 kOe. In the higher magnetic field regime (H > 40 kOe),
the spins S; will tend to align along the field direction, so the
spin chirality induced THE decreases with the magnetic field
[29,32,60].
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FIG. 5. (a) Schematic of the solid angle €2, subtended by three noncoplanar neighboring spins, S;, S,, and S;, of domains A and B,
resulting in an effective magnetic field, shown by the blue arrow. (b) Black open circles represent the anomalous Hall resistivity data at 10 K;
a higher-order polynomial has been fitted to capture the smooth variation of the AHE with the magnetic field (the solid red line represents
the fitting). (¢) Anomalous and topological components of the Hall resistivity at 2 K. The black curve represents the higher-order polynomial;
we scaled it to capture the anomalous component of the Hall resistivity. (d) Topological component of the Hall resistivity data at 2 K after
subtracting the anomalous component from (c). Inset schematics show the behavior of spin triads at different magnetic field strengths, as

indicated by black arrows.

E. Magnetoresistance

The coupling of the conduction electrons to the underly-
ing magnetic structure can be captured by magnetotransport
studies. Figure 6(a) shows the magnetic field H dependence
of the MR in the temperature range of 2—10 K. The MR(%)
is calculated as

;Oxx(H) - pxx(o)

MR(%) = 0

x 100,

where p,(H) and p,,(0) are the longitudinal resistivities with
magnetic field H and without any magnetic field, respectively.
In the temperature region of 2—5 K the sample shows large
nonsaturating negative MR up to the highest measured field of
90 kOe, and no hysteresis was observed between field H
sweep-up and sweep-down processes. The magnitude of neg-
ative MR increases with a decrease in temperature (9.8% at
90 kOe for 2 K). An earlier thin-film study by Fujita et al.
also reported negative MR, but the magnitude of MR% (0.5%
at 90 kOe for 2 K) was less than that in the present study
[61]. This MR behavior is consistent with the bulk polycrys-
tal sample, which shows negative MR [33], but some other
studies showed positive MR at the lowest measured temper-
ature [46,62,63]. This negative MR appears due to the field
H induced modification of the spin chirality (spin canting)
Xijk = Si.(S; x S) of the static spins in the AIAO/AOAI spin
structure [33,61]. It is observed that in the low-field region
below 40 kOe, the MR varies quadratically with field (o< H ),
but in the high-field region, MR varies almost linearly and
remains unsaturated up to the highest measured field of 90
kOe. For clear visualization and to find the field region at
which crossover from quadratic to linear MR occurs we plot
the field derivative d MR/dH for 2—10 K in Fig. 6(b). It can
clearly be seen that for the 2—5 K data the slope varies almost
linearly up to 30 kOe (corresponding to quadratic MR), and
above 50 kOe the slope gets saturated (corresponding to linear
MR). The crossover occurs around a field strength of 40 kOe,
at which the THE signal also becomes maximum [shown in

dMR/gH(x10%) (Oe™)

HI[11]

* -90 kOe — +90 kOe

+ 490 kOe —> -90 kOe
)

!

50 0 50
H (kOe)

(e) j H, vs T plot

80 - q

H, (kOe)

40t 1

20 q

L L
15 20 25 30
T(K)

FIG. 6. Magnetic field H dependence of (a) nonhysteretic MR at
low temperatures and (b) its field derivative plot in the temperature
range of 2—10 K. (c) Hysteretic MR at different fixed temperatures
in the range of 15—25 K. (d) Magnified plot of the MR data at 19 K
with the applied field H along the [111] direction. (e) Switching field
Hc vs temperature plot in the range of 15—25 K.
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Fig. 5(d)]. We thus hypothesize that the change in net spin
chirality (spin canting) x;jx = S;.(S; x Si) of the static spins
in the noncoplanar AIAO/AOALI spin structure has a role to
play in the observed quadratic to linear crossover in MR.

Figure 6(c) shows magnetic field H dependence of the
MR data in the intermediate-temperature region of 15—25 K.
It can be seen that there is small positive MR in the low-
field region, and as the field strength increases, a crossover
from positive to negative MR occurs. In addition, the MR
curves show a finite hysteresis between field-increasing and
-decreasing processes. For clarity, MR data at 19 K are sep-
arately plotted in Fig. 6(d)), which shows a finite hysteresis
loop around H ~ 35 kOe, and the loop completely closes
in the high-field region. Upon close examination around the
field regime of ~+35 kOQOe, it can be seen that the MR(%) is
higher for the field sweep-down process (denoted by the red
circles) than the field sweep-up process (blue circles), and the
trend is opposite in the negative field regime. Such a butterfly-
type hysteresis loop has also been observed in pressure-tuned
Nd,Ir, 07 single crystals [36].

The asymmetry in MR(%) and hysteresis can be explained
by the presence of two types of magnetic domains (domains
A and B) of Eu,Ir;O7 in its AIAO/AOAI ordered state. In
zero magnetic field (H = 0), the sample will have equal pro-
portions of domains A and B, but the application of field
can cause an imbalance in the domain proportions. Previous
studies showed that if a sample is cooled under an applied
magnetic field H along the [111] direction, domain A will
get stabilized and that for a negative field direction the stabi-
lization will occur in the domain B [37,61]. This means the
AIAO (domain A) and AOAI (domain B) are energetically
favorable for the applied positive and negative magnetic fields,
respectively. The alignment of only one kind of domain con-
figuration causes asymmetric MR. For the presence of only
domain A the resistance value is higher on the positive side
of the field than on the negative side of the field, and the
trend is opposite if only domain B exists [37,61]. Therefore,
the butterfly-type hysteresis in MR [shown in Fig. 6(d)] can
be explained by the imbalance of domains A and B in the
positive and negative field regions. Although at zero magnetic
field (H = 0) both domains A and B will be present in equal
proportion, for an applied positive field along the [111] di-
rection, due to spin flipping some of domain B (AOAI) will
be converted to domain A (AIAO). Therefore, in the field-
decreasing process (+90 — —90 kOe) the sample will have
excess domain A over domain B, which causes asymmetry in
MR. Similarly, for an applied negative field along the [111]
direction, some of domain A (AIAO) will get converted to do-
main B (AOAI), and therefore, in the field-increasing process
(—90 — 490 kOe) the excess domain B over domain A will
cause an opposite asymmetry. In essence, the field-induced
domain imbalance (switching from AIAO to AOAI or AOAI
to AIAO) causes finite hysteresis in MR. With an increase
in temperature to 25 K and above, MR (hysteretic) remains
positive up to the highest measured field of 90 kOe. How-
ever, the hysteresis in MR completely vanishes above 90 K
(higher-temperature MR data are shown in the Supplemental
Material [48]), which corresponds to the magnetic ordering
temperature [the same as Ty observed in Fig. 2(a)]. For a
qualitative understanding and estimation of the field-induced

(spin flipping) partial domain switching mechanism, from
15 K onward we plot the switching field Hc (at which the
magnetic field crossover from positive to negative MR occurs)
vs temperature in Fig. 6(e). This Hc value gives an indirect
measure (probability) of the number of domain B (A) switches
to domain A (B) for an applied positive (negative) magnetic
field. It can be seen that the Hc value continuously increases
as temperature increases in the range of 15 — 25 K, and above
30 K we could not determine the Hc value as the MR remains
positive up to the highest measured field strength of 90 kOe.
This Hc behavior suggests that as the temperature increases,
the domain switching probability also increases, starting from
15 K. Therefore, our magnetotransport studies suggests the
MR phenomenon reflects the magnetic spin structure as well
as the magnetic domain structure.

The presence of field-induced irreversibility (hysteresis)
from 15 K onward and nonhysteretic MR at lower temperature
(below 15 K) is an intriguing phenomenon. It indicates a
subtle interplay between exchange energy and Zeeman energy
as a function of magnetic field H and temperature 7. In the
low-temperature region (2—10 K), the antiferromagnetic ex-
change energy between AIAO Ir*" moments dominates over
the Zeeman energy and gives rise to no-field-induced domain
switching; only canting of the spin occurs. However, above
10 K the Zeeman energy competes with the exchange energy,
which causes field H induced flipping of the spin structure
(domain switching). This hysteretic MR behavior emphasizes
the role of the Zeeman energy in Ir domain switching of py-
rochlore iridate (Eu,Ir,O5) thin films with a single magnetic
sublattice. The magnetoresistance study indicates that in the
low-temperature region (2—35 K) both domains A (AIAO) and
B (AOAI) are robust against the external applied magnetic
field. This robust AIAO/AOAI noncoplanar spin structure
generates finite scalar spin chirality, which causes large THE
and negative MR in this temperature region (2—5 K). As the
temperature increases to 15 K and above, the field-induced
(spin flipping) partial domain switching starts, so the THE
vanishes. However, momentum space Berry curvature induced
AHE persists up to 25 K. The presence of finite hysteresis in
MR signifies persistence of AIAO/AOAI AFM ordering of
Eu,Ir,O7 up to the metal-semimetal transition temperature at
90 K, which indicates the spin ordering of Ir** correlates with
the scattering of the conduction electrons. The presence of
hysteresis in MR (p,,) and the absence of the same in AHE
(pAME) in the temperature range of 10—25 K signifies that
the origins of these effects have different underlying mech-
anisms. The AHE o/ and its field variation are governed
by the Berry curvature in momentum space associated with
the presence of Weyl nodes in an electronic band structure.
However, the hysteretic MR above 10 K occurs due to the
field-induced domain modifications of the Ir** 54 moments.
Therefore, the absence of hysteresis in the AHE observed
in the temperature range of 10—25 K, although it is present
in MR, rules out the magnetic domain switching origin of
the AHE.

IV. CONCLUSION

We observed a large anomalous Hall effect (o™ ~

15 uQcm at 4 K) in Eu,Ir,07(111) epitaxial thin films.
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The observed AHE is explained in terms of the Berry curva-
ture in momentum space associated with Weyl nodes, which
indirectly confirms the theoretically predicted magnetic Weyl
semimetallic phase in Eu,Ir;O7. In addition, the AIAO/AOAI
noncoplanar spin structure causes a scalar spin chirality in-
duced large topological Hall effect (pryHE ~ 10 uf2cm at
2 K) and negative magnetoresistance in the low-temperature
regime (below 5 K). These observations suggest that the
Eu,Ir,O;7(111) thin film is a fertile ground to host both
real- and momentum space topological phenomena. Further,
the hysteretic MR revealed field-induced modification of the

AIAO/AOAI domain configuration. For in-depth understand-
ing of the domain structure, future magnetic field H and tem-
perature 7' dependent neutron and x-ray studies are needed.
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