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ABSTRACT

We report a study of longitudinal resistivity, anisotropic magnetoresistance (MR), and Hall effect on epitaxial Nd,Ir,O7 (111) thin films grown
by the solid phase epitaxy technique, in which spin-orbit coupling, electronic correlation, magnetic frustration, and f-d exchange interaction
are present. Temperature-dependent longitudinal resistivity (p, ) data indicate semimetallic charge transport in the low-temperature region.
Field-cooled longitudinal resistivity measurements detect negligible domain-wall conductance compared to the polycrystal or single-crystal
samples. Angle-dependent MR measurement shows that the magnetic structure of Ir** 54 moments can be finely tuned by applying a magnetic
field along different crystallographic directions. MR measurements show a field-induced modification of the Nd** 4f spin structure from
all-in-all-out/all-out-all-in (ATAO/AOAI) (4-in-0-out) to 1-in-3-out for the applied field (H) along the [111] direction, resulting in field-
induced plastic deformation of the Ir** domain distribution. In contrast, the application of field (H) along the [001] and [011] directions
could not modify any domain distribution. A large spontaneous Hall effect (SHE) signal has been observed on Nd,Ir,O7 (111) thin film with
ATAO/AOAI antiferromagnetic ordering for the application of field (H) along [001], [110], and [111] directions. The appearance of a large
spontaneous Hall signal for the applied field along [001] and [110] directions rules out domain switching as the origin of the Hall effect and
confirms the presence of the Weyl semimetallic phase in Nd»Ir,O7 (111) thin films. In addition to SHE, a large topological-like Hall signal is
also observed, possibly due to the presence of multiple Weyl nodes in the electronic band structure.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166455

I. INTRODUCTION particular interest because of its electronic ground state that lies on

the boundary of the metal-insulator transition.””
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Since the theoretical prediction of Weyl Fermions in the
low-energy excitation of antiferromagnetic (AFM) Y>Ir,03,' the
rare-earth (RE) pyrochlore iridate (RE;Ir,O7) family has attained
considerable interest.” ' The magnetic structure of pyrochlore iri-
dates RE,Ir,Oy7 is known to possess a highly geometrically frustrated
lattice that is composed of two magnetic sublattices of RE** and Ir**
sites. These sublattices are structurally identical but are displaced
by half a lattice constant from each other along the [111] direction
of the unit cell.” In each sublattice, the ions form an infinite net-
work of corner-sharing tetrahedra. This connectivity between the
magnetic sites gives rise to frustration, and a number of magnetic
ground states are predicted to exist.”* Among them, Nd,Ir,O7 is of

In the case of Nd,Ir,O7, the Nd>* 4 f localized moments are
constrained by easy-axis anisotropy to point either into or out of
each tetrahedron (i.e., parallel or anti-parallel to the local [111] axis).
On the other hand, due to the presence of finite octahedral crystal
field splitting (A) and spin-orbit coupling (1), the Ir*" 5d itiner-
ant electrons carry a Jq = 1/2 effective pseudospin and orders in
an all-in-all-out/all-out-all-in (AIAO/AOAI) type antiferromagnetic
(AFM) structure [shown in Fig. 3(c)] by the nearest-neighbor AFM
exchange coupling, below its ordering temperature Tx.” The local-
ized Nd** 4f moments interact with the Ir** 54 itinerant electrons
through f-d exchange interaction and give rise to AIAO/AOAI AFM
order below Ty ~ 15 + 5 K.”'” Therefore, the strength of the f-d
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exchange interaction appears to be Jgg ~ 15 + 5 K. In the presence of
f-d exchange interactions, the Weyl semimetal (WSM) phase is pre-
dicted to stabilize over a larger parameter space than that induced by
the d-electron correlations alone.'!

Naturally, an open question arises about the influence of the
Nd** moments on the Ir** spin structure. It is well known that the
Nd** moments (~2.4 tty/Nd) are much larger than the Ir** moments
(~0.2 py/Ir)."” Therefore, the effect of the external magnetic field on
the Ir** moments could be amplified by the large Zeeman energy of
the Nd** moments and the associated f-d exchange interaction.”
In correlated electron systems, the modified spin structure will
affect the charge dynamics and is expected to cause unconventional
magnetotransport phenomena.'”'® Here, we used this approach
and tried to asymmetrically modify the Ir** domain distribution
(proportion of A and B domains) by the applied magnetic field along
different crystallographic directions and consequently studied the
magnetotransport phenomena.

Besides the non-coplanar geometrically frustrated magnetic
structure of Nd,Ir,Oy, its electronic band structure also generated
considerable interest, like magnetic Weyl semimetal (WSM),‘ 7:18
large anomalous domain wall (DW) conductance,'”” and field-
induced insulator-semimetal transition.'”'” The low-temperature
optical conductivity study by Udea etal. on polycrystalline
Nd,Ir, 07 has confirmed the presence of a charge gap of 45 meV.”"*”
On the other hand, the transport study by Disseler et al. on poly-
crystalline NdyIr,O7 reveals the absence of any metal-insulator
transition.”” Although Yanagishima and Maeno show metallic con-
ductivity without any indication of magnetic ordering of Ir'*
moments.”* These observations suggest widely different ground
states in NdyIr,O7, from charge-gaped insulators to zero gap
semimetals or metals, which might arise due to slight Nd/Ir off-
stoichiometry in Nd,Ir,Oy, like other pyrochlore iridates.” > A
recent study by Kim et al. on Nd,Ir,O7 (111) thin films indicates
semimetallic charge transport down to the lowest measured temper-
ature of 2 K.'” Furthermore, a single crystal study by Udea et al. on
Nd,Ir,O7 under an applied hydrostatic pressure shows stabilization
of the WSM phase within a few Kelvin of the temperature region just
below the ATAI/AOAI AFM ordering temperature T.'* The above-
mentioned observations imply that below Ty, the AFM ordering
of Ir** can stabilize topological electronic phases with a number of
Weyl nodes in momentum space. The Weyl nodes behave as a source
or sink of Berry phase curvature in momentum space and can induce
a large intrinsic anomalous Hall effect (AHE). Previous theoretical
calculations on pyrochlore iridates have predicted the emergence of
an anomalous Hall conductance (AHC) for applied pressure along
the [111] direction®® or a (111) oriented grown thin film*’ whose
value is proportional to the separation of Weyl nodes in momentum

space, GQ,HC = (é*/h)(2ko/27), where 2k is the separation between

two Weyl points (WPs). Therefore, in the WSM, the AHC (oﬁyHC)
will interestingly reflect the position of the WPs in the Brillouin
zone (BZ). When the WPs are moved to the BZ boundary and two
WPs with opposite chirality meet and are annihilated, the system can
become a quantized 3D anomalous Hall state.””"’

This signifies that the single-crystalline thin film of the cor-
related topological material Nd,Ir,O7 will be a new platform for
exploring novel topological phenomena in momentum space. For
the understanding of the spin structure as well as the electronic band

pubs.aip.org/aip/apm

structure, here we have investigated detailed and comprehensive
magnetotransport properties of epitaxial Nd,Ir,O7 (111) thin films
grown on YSZ(111) substrate, down to 2 K and up to £140 kOe of
the magnetic field. For the investigation of unconventional DW con-
ductance, longitudinal resistivity (p,, ) measurements were carried
out on untrained and trained (+140 kOe FC) samples, respectively.
The electronic structure of Nd,Ir,O7 is close to WSM and causes
a large intrinsic anomalous Hall effect, and a large topological-like
Hall signal appears, possibly due to the presence of multiple Weyl
nodes.

Il. EXPERIMENTAL DETAILS

In this present study, we use Nd,Ir,O7 thin film grown on a
3x3 mm?® YSZ(111) substrate using a pulsed laser deposition (PLD)
system, followed by ex-situ air annealing. Before the PLD process,
the commercially bought YSZ (111) substrates were air annealed at
1250 °C for 2 h in order to get an atomically smooth step and ter-
race structured substrate surface (data are shown in supplementary
material).”’ The sample fabrication protocol is kept the same as in
the earlier report.”” The crystallinity of post-annealed Nd,Ir,O7 thin
films was characterized using a Rigaku SmartLab high-resolution
four-circle x-ray diffractometer (XRD) with Cu-Kg; radiation. The
electrical and magnetotransport properties were measured in Dyna-
Cool physical property measurement systems (PPMS) (Resistivity
option, Quantum Designs) on a Hall bar by the four-probe method.
To give electrical contact, Al (25 ym diameter) wire is bonded to the
sample by ultrasonic vibration using the TPT wire bonding tool.

Ill. RESULTS AND DISCUSSION
A. Structural analysis of Nd;Ir,O (111) thin film

Figure 1(a) shows the XRD 0-20 pattern of post-annealed
Nd,Ir, Oy thin films grown on the YSZ(111) substrate. It can be seen
that only (111) oriented well-defined sharp peaks of Nd,Ir,O7 are
present. The presence of odd-numbered peaks is a good conforma-
tion of phase pure pyrochlore structure (within our experimental
limit). Though the Nd,Ir,O; peaks appeared symmetric, the possi-
bility of defects such as vacancies, dislocation, and micro-crystalline
strain in the film cannot be completely ruled out. From the out-
of-plane XRD measurement, the out-of-plane lattice parameter d;1;
appeared to be ~6.00(2) A. To check the mosaic spread of the sin-
gle crystalline sample, a rocking curve around the Nd,Ir,O; (222)
peak is performed and plotted in Fig. 1(b). The black open circles
represent the experimental data, and the solid red line corresponds
to the pseudo-Voigt fitting of the data, which yields FWHM as 0.10°.
The low value of FWHM corresponds to the high quality of the
samples. To verify the strained or relaxed growth of Nd,Ir,O; on
YSZ, an asymmetric reciprocal space mapping (RSM) around the
YSZ(331) and NdyIr,O7 (662) peak is performed and plotted in
Fig. 1(c). The high and low intensity (marked by a red star) peaks
correspond to the YSZ(331) and Nd,Ir,O; (662) planes, respec-
tively. It can be seen that the YSZ(331) and Nd,Ir,O7 (662) peaks
are well separated from each other. The position of the Nd,Ir,O;
(662) peaks corresponds mostly to the relaxed growth of Nd,Ir,0O7
on the YSZ(111) substrate. In order to check the epitaxial relation-
ship between the thin film and the substrate, an azimuthal ¢ scan
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FIG. 1. (a) XRD 6-26 pattern of post-annealed Nd,Ir, 07 thin film having thickness
~60 nm, grown on (111) oriented YSZ substrate. (b) Rocking curve measurement
of NdIr,0; around the (222) peak. (c) Asymmetric reciprocal space mapping
around YSZ(331) and Nd,Ir,O7 (662) peaks. The vertical solid line corresponds to
coherent growth, whereas the dashed line passing through the origin of the Q,-Q;
plot is the guide for relaxed cubic growth. (d) Azimuthal ¢ scan around YSZ(331)
(red line) and Nd,Ir,O7 (662) peak (blue line).

has been performed around YSZ(331) and Nd,Ir,O; (662) peaks
and plotted in Fig. 1(d). For both the Nd,Ir,O7 (662) (blue line)
and YSZ(331) (red line) planes, three equally spaced peaks appeared,
which corresponds to the presence of three-fold cubic symmetry in
Nd,Ir,O7 as well as in YSZ. For both the sample and substrate, the
peaks appear on the same ¢ value, implying no in-plane rotation of
the film with respect to the substrate and thus indicating a good epi-
taxial growth of Nd,Ir,O7 on YSZ(111). It implies a cube-on-cube
epitaxial growth of Nd,Ir,O; with the following epitaxial relation:
(222)[222] Nd,Ir,07 || (111)[111] YSZ and (224)[224] Nd,Ir,O;
[(112)[112] YSZ.

B. Longitudinal resistivity of Nd,Ir,0O-,

The temperature dependence of longitudinal resistivity p,_(red
curve) and the corresponding temperature derivative (blue curve)

pubs.aip.org/aip/apm

have been plotted in Fig. 2(a). It is observed that as the temperature
decreases from 300 K, the resistivity sharply decreases and exhibits a
broad minimum around 55 K, which corresponds to metallic charge
transport in the high-temperature region (55-300 K), below which
it increases as temperature decreases. The transition from metal-
lic to non-metallic behavior around 55 K is associated with the
Ir** ATAO/AOAI AFM ordering.'””" Below 55 K, the resistivity
increases weakly as the temperature decreases to 20 K. However,
there is a second slope change around 20 K [this feature is more
clear in Fig. 2(b), where the temperature is plotted on a log scale],
and the resistivity increases sharply as the temperature lowers down
to 2 K. The transition at 20 K is most likely associated with the
all-in-all-out/all-out-all-in (AIAO/AOAI) antiferromagnetic (AFM)
ordering of Nd>* 4f moments.* Previous neutron diffraction stud-
ies have shown that the ordering of Nd** moments occurs below
1545 K. The temperature-dependent resistivity study shows the
absence of a thermally driven metal-insulator transition in the
presently investigated Nd,Ir,O7 (111) thin film, which is consistent
with the earlier study on the polycrystalline Nd,Ir,O7 sample.”” The
low temperature (2-55 K) resistivity data signify that the ground
state is non-metallic (dp/dT < 0) in nature’” and probably lies in the
semimetallic region.”””” To check the magnetic field (H) induced
modification of the charge dynamics, temperature-dependent lon-
gitudinal resistivity (p, ) measurements were performed under the
application of 140 kOe of the magnetic field along [111] direction in
both “zero-field cooled” and “field-cooled” conditions. In Fig. 2(b),
the green curve corresponds to the measurements in the presence
of a 140 kOe field. Although the blue and red curves represent the
zero field measurements on trained (p,) and untrained (p,,) sam-
ples, respectively. Here, trained means that from 300 to 2 K, the
sample is cooled under a magnetic field of 140 kOe along the (111)
direction and then warmed up in a zero-field. Untrained means
the sample is cooled under zero field and then warmed up with
no applied field. It is seen that the application of a magnetic field
along the [111] direction causes a large reduction of resistivity (green
curve) in the low-temperature regime, and the sample becomes
more metallic. On the other hand, the trained (p,) and untrained
(p,;) resistivity show a minimal difference, which corresponds to
negligible domain-wall conductance compared to the polycrystal
or single crystal samples.'”'® This is somewhat expected, as in the
present study in the low-temperature region, the bulk ATAO/AOAI
AFM domains remain in a semimetallic regime in contrast to the
AFM insulating (AFI) ground state of polycrystal or single crystal
Nd,;Ir,O7 samples.'z'“’

C. Magnetoresistance

A richer perspective on the interaction of the itinerant elec-
trons with the magnetic structure is provided by magnetotransport.
Figure 3(a) shows magnetoresistance (MR) data at 2 K for the mag-
netic fields up to +£140 kOe applied along the [111] direction. The
2 K MR data show completely negative MR without any sign of sat-
uration up to the highest measured field of 140 kOe. In addition to
negative MR, a finite hysteresis between increasing and decreasing
field sweeps is also observed. The overall negative MR occurs due
to the canting of Ir** moments along the applied field direction. To
properly explain the hysteresis in MR, the whole field sweeping pro-
cess is described in three different sequences. The green curve (virgin
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FIG. 2. (a) Temperature dependence of longitudinal resistivity (p,, ) (red curve) and the corresponding temperature derivative (dp,,/dT) (blue curve) plot. (b) The green
curve corresponds to the temperature dependence of longitudinal resistivity in the presence of 140 kOe applied magnetic fields (H) along the [111] direction. Although the
blue and red curves correspond to zero-field longitudinal resistivity measurements on 140 kOe field cooled (p,) and zero field cooled (p,,) samples, respectively.

curve) corresponds to sequence 1, in which the field (H) is increased
from 0 to the highest measured field of +140 kOe, just after the sam-
ple is cooled down to 2 K from 300 K. As the field is increased, the
resistivity decreases monotonically, but with a small dip around +34
kOe, above which the resistivity continues to decrease monotoni-
cally up to 140 kOe. Note that the dip structure is very similar to
the feature observed in a single crystal sample.'” The virgin loop
lies between the subsequent up-and-down sweeps of the hystere-
sis. In sequence 2 (corresponding to the red curve), field (H) is
decreased from +140 to —140 kOe, and a clear dip is observed at
—34 kOe. Similarly, in sequence 3 (corresponds to the blue curve),
the field (H) is increased from —140 to +140 kOe, and the dip in
MR is observed at +34 kOe. The appearance of dip and the presence
of hysteresis in MR can be explained by the field-induced plastic
domain deformation of Ir*" 54 moments from AOAI (B-domain)
to ATIAO (A-domain) for the applied positive field and from ATAO
(A-domain) to AOAI (B-domain) for the negative field (H), respec-
tively, along the [111] direction.'”** The domain imbalance of Ir**
occurs due to the field-induced modification of the Nd** spin struc-
ture from 4-in-0-out (4I00) to 1-in-3-out (1I30) and 4-out-0-in
(4001) to 1-in-3-out (1I130), which creates an effective magnetic
field (hy.) at the Ir** sites through f-d exchange interaction. At
H = 0, both the A and B domains will be present in equal proportion
in the sample.”” In the B-domain, the Ir** 54 moments will order
in the AOAI structure, whereas the Nd** 4 f moments will order in
the AIAO structure, as shown in Fig. 3(c). For the A-domain, the
spin structure of Ir** 54 and Nd** 4f moments will be a time rever-
sal variant of the B-domain. The black dashed hexagon represents
the arrangements of the six nearest neighbors Nd** 4f moments
around one Ir** 54 moment. The effective magnetic field (hy.)
due to the six Nd** moments at the center of the hexagon will be
along the [111] direction, i.e., parallel to the central Ir'* moment
orientation.

As we increase the field and approach toward +34 kOe,
the Zeeman energy of Nd** moments overcomes the nearest
neighbor antiferromagnetic exchange energy, and as a result, the
Nd** spin structure changes from AIAO (4-in-0-out) to 1-in-3-out.
The modified spin structure is shown in Fig. 3(d). It is seen that the
effective magnetic field at the center of the hexagon (represented by a
black dashed line) will change the sign and cause flipping of the Ir**
moment, and consequently, the Ir*" B-domains will be converted
into A-domains. It can be seen that the hysteresis is completely
closed above +60 kOe, which indicates that +60 kOe of the applied
magnetic field along the [111] direction is sufficient enough to con-
vert most of the B-domains into A-domains throughout the sample.
A recent single crystal study, along with Monte Carlo simulations
for Ho,Ir,O7, shows that the A and B domain ratios will be ~70:30.**
However, in the present case, it may vary as Ho>* and Nd** have dif-
ferent J ¢ values. MR data for the temperature range of 3-20 K have
been plotted in Fig. 3(b). It can be seen that for 3 K and onwards MR
data, the virgin curve is absent, as the field sweeping at 2 K already
stabilizes the single domain (majority of A-domain) throughout the
sample. The negative MR value decreases as temperature increases,
and the hysteresis behavior completely vanishes above 20 K (higher
temperature MR data are shown in supplementary material), which
is the same as the Nd** 4f moments ordering temperature.'’ The
vanishing of hysteresis in MR above Nd** ordering temperature
indirectly confirms the field-induced modification of Nd** moments
and associated f-d exchange interaction as the underlying mech-
anism of Ir** domain switching. It is seen that near zero fields
(H = 0), the hysteresis loop is closed, indicating that the field sweep
rate is slow compared to the magnetic time scale of both the Nd**
and Ir** moments. Therefore, we are able to explain the observed
hysteresis, and the applied [111] field (H) plastically changes the Ir**
domain ratio during the field sweeping process, and f-d exchange
interaction plays an important role.
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FIG. 3. (a) Magnetic field dependence of the MR plot at 2 K for an [111] applied magnetic field. The possible magnetic structure of Nd®* 4 f (numbers denote spin configuration
details, which are discussed in the text) and domain configurations of I** 5d moments in the strong [111] field limit are shown at the top. (b) MR plot at different fixed
temperatures in the range of 3-20 K under an applied magnetic field along the [111] direction. (c) Zero field and low-temperature (below Nd** ordering temperature) spin
structure of Nd** 4f moments (blue arrows) having an all-in-all-out ordering and Ir** 5d moments (red arrows) with an all-out-all-in order. The black dashed hexagon
represents an arrangement of six nearest neighbors Nd*+ 4 f moments around one Ir*+ 5d moment. (d) Modified spin structure at sufficiently high [111] magnetic field: the
Nd®*+ moments change the spin structure from 4-in-0-out to 1-in-3-out; consequently, the Ir** B-domain (AOAI) tums into the A-domain (AIAO) due to the f-d exchange

interaction of the modified Nd** spin structure.

In general, insights into the magnetic domain switching are
obtained from the detailed analysis of the antisymmetric part of the
hysteretic MR curve.”” The antisymmetric part is defined as

MR(+H) — MR(-H)

5 1

MRAsym (H) _

The antisymmetric part of the 2 K MR data for the field
decreasing process (+140 to —140 kOe) is plotted in Fig. 4(a). Anti-
symmetric behavior will reverse the sign for the field increasing
process (—140 to +140 kQOe). It is seen that initially, the antisym-
metric component increases with field and attains maxima around

~35 kOe, above which, with further increase in field, it decreases
and approaches zero at the highest measured field of 140 kOe. In
ferromagnetic materials, domain switching occurs at a particular
coercive field Hc. However, at finite temperatures and in the pres-
ence of unavoidable defects/disorders, the switching process can be
broadened. To determine the switching field and account for the
broadening, the antisymmetric part of MR(%) (MR™™) is modeled
with an asymmetric Gaussian profile,

MRAY™ _ a(e—b(H—Hc)Z _ e—h(HJrHC)Z)’ @)
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FIG. 4. (a) Antisymmetric part of the 2 K MR data, where the red curve denotes asymmetric Gaussian fitting. (b) Temperature dependence of coercive field (H¢) and the
magnetic phase diagram in the plane of magnetic field (H) and temperature (T) along with the corresponding magnetic/spin structure of Nd>* 4f and Ir*+ 5d moments. (c)
Temperature dependence of the magnitude of the antisymmetric part of the hysteretic MR, where the vertical dashed line guides to the AIAO/AOAI ordering temperature of

Nd®* 4f moments.

where a and b are the amplitude and broadening of the hystere-
sis behavior. The estimated Hc values in the temperature range of
2-20 K are plotted in Fig. 4(b). For the temperature regime of
2-20 K, Hc appears at ~35-45 kOe. For the present case, the
majority of the Ir*" domain switching (through the change in
the spin structure of Nd** 4f moments) occurs at the coercive
field Hc. Therefore, in the 2-20 K temperature range around Hc,
the magnetic structure of Nd** 4f moments changes from ATAO
(4-in-0-out) to 1-in-3-out, and the Ir*" AOAI domain (B-domain)
changes to ATAO (A-domain). The corresponding magnetic spin
structures of Nd** and Ir** in the H—- T plane are shown in
Fig. 4(b). In order to check how the field-induced domain-imbalance
strength varies with temperature, the amplitude (a) of the asymmet-
ric Gaussian function is plotted in Fig. 4(c). It is clearly seen that it
decreases with an increase in temperature and vanishes above 20 K
(N> ordering temperature).

To check the response of the applied magnetic field (H) along
different crystallographic directions, angular dependence of resistiv-
ity has been performed at 2 K and 140 kOe of an applied magnetic
field. Figure 5(a) shows a schematic of the angle-dependent resis-
tivity. To avoid any contribution from the chiral magnetic effect
(angular dependence between current and magnetic field direction),
as expected for Weyl semimetals, the magnetic field is always kept
perpendicular to the current direction (I L H), and the sample is
rotated about the current (I) axis || [110] direction. Before start-
ing the measurements, a magnetic field of +140 kOe along the
[111] direction was applied to realize the AIAO (A-domain) sin-
gle domain. The angular dependence of resistivity at 2 K has been
plotted in Fig. 5(b). H|[111] is defined as the origin (6 =0°) of
the rotation angle. As the field is rotated in the [111] direction, the
resistivity increases slowly and reaches a maximum around 6 = 20°.
As the field rotated further, the resistance decreased monotoni-
cally and went through a broad minimum around 6 = 55°, which
corresponds to the [001] crystallographic axis. Similarly, another
broad minimum is observed around 6 = 137° for the field passing

through along the [110] axis and finally reaches the initial value
for 6 = 180°, corresponding to the [111] direction. Therefore, the
angle-dependent magnetoresistance measurement shows a highly
anisotropic response of the Nd** and Ir** moments to the applied
magnetic field direction.

For further understanding of the response of Nd** and
Ir** moments with the applied magnetic field along [001] and [110]
directions, we have performed MR measurements at 2 K by applying
the magnetic field along those directions, respectively (always keep-
ing I L H). The corresponding field dependence of MR behavior has
been plotted in Figs. 5(c) and 5(d), respectively. The blue and red
curves are the MR data for the field (H) increasing and decreasing
processes, respectively. The MR data are completely negative up to
the highest measured field of +140 kOe, and the magnitude of nega-
tive MR is larger when compared to that of [111] field direction. The
negative MR occurs as the canting of Ir** moments along the applied
field directions causes a reduction in spin-dependent scattering. The
MR data for the applied field along [001] direction does not show
complete saturation, and there is no order of magnitude change in
the resistance as observed in earlier Nd,Ir,Oy single crystal studies
for an applied field along [001] direction,'”"” which indicates the
present system (within measurement limits: down to 2 K and up to
140 kOe) is away from the observation of any field-induced quantum
phase transition (QPT). The observed QPT in a single crystal study
was explained by a reconstruction of the band structure from insula-
tor to nodal line semimetal, associated with the change of magnetic
structure of both the Nd** and Ir*" sublattices from an ATAO/AOAI
to 2-in-2-out order. In contrast to the [111] direction, very negligi-
ble hysteresis is observed between the up and down sweeps for the
applied field along the [001] and [110] axes. This indicates that the
application of field (H) up to 140 kOe along the [001] and [110]
directions could not plastically modify the domain distribution of
Ir*" 54 moments. A recent study by Pearce et al. on Ho,Ir,O7 also
shows the absence of hysteresis in MR for the application of field
along the [001] direction.”
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FIG. 5. (a) Schematic diagram of the angle dependence of resistivity measurements. The sample is rotated about the [110] axis parallel to the current axis such that the
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applied magnetic field along [110] and [001] directions, respectively; red and blue curves correspond to the field increasing and decreasing processes, whereas the green
curve is the virgin curve. Schematic of the modified spin configurations of Nd** 4 f moments for an applied field along (e) [110] and (f) [001] directions, respectively.

The possible modified spin structure of Nd** 4f moments
under the application of field along [110] and [001] directions can
be understood by the classical Ising Hamiltonian in the presence of
an applied magnetic field and a local magnetic field due to the f-d
exchange interaction,

H = —% T 8787 =Y HS! £ hiee ST, 3)
ij i i

for the first term, the summation is over nearest neighbors, H is the
applied magnetic field, S7 is the moment on the ith atom, which has
its own local Ising axis z; (local (111) axis directed toward the center
of the tetrahedron), and hy, is alocal field generated at the Nd** sites
due to the nearest six Ir** moments. In the presence of a field (H),

the magnetic order will be such that there will be a magnetization
component along the applied field direction.*

For the applied field (H) along the [001] direction, two spins
flip along the [111] and [111] directions, respectively [shown by
green arrows in Fig. 5(f)], to have a positive magnetization compo-
nent along the applied field direction and from a 2-in-2-out modified
spin structure. For the cases of Ho,Ir;O7 and Nd,Ir,O7 single crystal
studies, the application of field along the [001] direction stabi-
lizes the Ho’* and Nd** moments in a 2-in-2-out configuration,
as confirmed by their magnetization measurements along the [001]
direction.'””" The modified 2-in-2-out spin configuration of Nd**
4f moments may induce a 2-in-2-out state in Ir** 54 moments via
the f-d exchange interaction. Since both the A and B domains of
Ir** 54 moments with a 4-in-0-out spin structure will convert to
2-in-2-out ordering, no field-induced plastic domain deformation
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will occur for this particular [001] applied field direction. Negligi-
ble hysteresis in MR may be due to the field-induced modification
in the spin structure of Ir** moments from 4-in-0-out to 2-in-2-out
order.

Similarly, for the applied field along the [110] direction, we see
that the local axes [111] and [111] of the two spins out of the four are
perpendicular to the field, so they will not interact with the field.”
Only one spin flips along the [111] anisotropy direction with a mag-
netization component along the applied field direction, shown by the
green arrow in Fig. 5(e), which represents the corresponding mod-
ified spin structure of Nd** 4 f moments. For the case of Pr,Ir,O7
(111) thin films, the application of an in-plane magnetic field either
along the [110] or [112] directions also shows the absence of hystere-
sis in the MR curve.”® However, the appearance of hysteresis for the
magnetic field along the [011] direction on Ho,Ir, Oy is explained in
terms of the high sensitivity of the slight misalignment of the field
direction.”

D. Spontaneous Hall effect

To understand the Berry phase contribution of the electronic
band structure (presence of Weyl nodes), we have performed Hall
measurements for the applied field along [111], [110], and [001]
directions, respectively, by keeping the current direction always fixed
along [110]. The longitudinal MR component (p, ) is eliminated
by anti-symmetrizing the measured transverse Hall resistivity data.
The [111] direction magnetic field (H) dependence of Hall resistiv-
ity (ny) at various temperatures in the range of 2-20 K is plotted
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FIG. 6. (a) Magnetic field (H) dependence of the Hall resistivity (p, ) plot at dif-
ferent constant temperatures in the range of 2-20 K for the applied field along the
[111] direction. The arrows indicate the field-sweeping process. For visual clarity,
except for 2 K, the data for different temperatures are shifted vertically. Field vari-
ation of the Hall resistivity (pr) at 2 K for the applied field along (b) the [110] and
(c) [001] directions, respectively. The red and blue curves correspond to the field
decreasing and increasing processes, respectively.
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in Fig. 6(a). It is seen that for the low temperature (2-5 K) Hall
resistivity (p,,) data, no linearity in p_ is observed even up to the
highest measured field of 140 kOe; therefore, we could not subtract
the ordinary Hall component (RyH). Furthermore, a large hystere-
sis (~75 uQ) cm) between up and down field sweeps is observed in the
2 K Hall data. With further increases in temperature, the hysteresis
decreases and vanishes above 20 K. Similarly, the 2 K Hall resistivity
[p,, (H)] data for the applied field along [110] and [001] directions
are plotted in Figs. 6(b) and 6(c), respectively. These observed Hall
effects are unique/unusual compared to the Hall response for the
applied field along the [111] direction. A large hysteresis in p, (H)
is also observed for these two field directions, but the spontaneous
Hall resistivity value p, (H = 0) and coercive field (Hc) vary with
the applied field directions. In addition to large hysteresis in the
2Kp,,(H) data,a monotonic drop in p, (H) in the high field region
is observed for the applied field along [110] and [001] directions but
remains almost saturated for the [111] field direction.

For the itinerant ferromagnetic materials, the magnitude of
AHE is proportional to the net magnetization (M); pi, AHE (H) =RsM,
where M is a measure of macroscopically broken time-reversal sym-
metry (TRS).S’"‘}‘\' However, the AIAO AFM order in Nd,Ir,O7 has
negligible spontaneous magnetization (M ~ 0, at H = 0) (magnetiza-
tion data are shown in the supplementary material), but microscopic
TRS is broken by the AFM order. Therefore, the observed zero field
large spontaneous Hall effect (SHE) (~75 ¢Q) cm) in this TRS broken
system cannot be explained by the magnetization-induced origin of
AHE. In the earlier Nd,Ir,O7 (111) thin film study by Kim et al,
the observed AHE is assigned to the Berry phase origin of the AIAO
DWs having broken cubic symmetries.”> However, in the present
study, the longitudinal resistivity (p,.) measurements on trained
and untrained samples show negligible DW conductance. Further-
more, large AHE is also observed for the applied field along [110]
and [001] directions [shown in Figs. 6(b) and 6(c)], whereas there
is no domain switching or flipping for these particular field direc-
tions, as evidenced from the MR measurements [shown in Fig. 5(d)].
Therefore, in the present study, the DW conductance mechanism of
the AHE is ruled out. It indicates the presence of some non-trivial
momentum space Berry phase curvature (Q(k)) origin of the intrin-
sic AHE. Large Berry phase curvature generally comes from the
linear band crossing points or the Weyl nodes. The effects of Berry
phase curvature on the AHE will be enhanced if the Weyl points lie at
the Fermi level Er. To get an intrinsic AHC contribution, one needs
to integrate the Q(k) of the filled bands over the whole BZ,**

GAHE e
Y " h ez (2 )3

Z f(en(k) - ) Quy (K), (4)

where u is the chemical potential and f(eq(k)—-u) is the
Fermi-Dirac distribution function. In Nd,Ir,O7, the proposed
WSM with perfect AIAO spin order can host four pairs of Weyl
nodes located along the local (111) directions in the BZ.'"™ If
the proposed WSM phase is stabilized in stoichiometric clean
pyrochlore iridates, the Weyl points will lie exactly at the Fermi
level." In a perfect cubic lattice, due to the presence of two-fold rota-
tion symmetries C, about the x, y, and z axes, Q(k) will be canceled
by Q(C,(k)); as a result, the net contribution of Q(k) to the AHE
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will be hidden. Therefore, the C, symmetry needs to be broken to
observe an AHE. In the present thin film study, the structural analy-
sis [RSM in Fig. 1(c)] suggests the growth of Nd,Ir,O7 on YSZ(111)
is most relaxed with cubic symmetry. However, the strain at the film-
substrate interface cannot be completely ruled out due to the finite
(~1%) lattice mismatch between YSZ and Nd,Ir,O;. For epitaxial
growth of Nd,Ir,O7 thin films on lattice-mismatched YSZ (111)
substrate (having both cubic structures), the sample will be under
in-plane biaxial compressive strain (as the bulk Nd,Ir,O; lattice
parameter is higher than YSZ). Although in the out-of-plane direc-
tion, it will be under uniaxial elongated strain. Therefore, the cubic
crystal will be stretched along the body diagonal (along the [111]
direction) and become a rhombohedral crystal structure, which
helps to break the two-fold rotational (C2) symmetries about the x, y,
and z axes. Another recent study on ~1% strained thin films also
observed large anomalous Hall conductance and attributed it to the
strain-induced electron and hole pocket generation and enhance-
ment of the net Berry curvature effects of the electronic bands.!”
In a recent study on SmyIr,O; (111) thin films shows epitax-
ial strain induced large spontaneous Hall effect.*’ In the cubic
symmetric crystal, if the Ir** moments are canted by a small
angle from the local (111) axis concomitantly, the Weyl points
in the BZ will also shift from the (111) axis and cause non-zero
AHE. In the pressure-dependent single crystal (with cubic sym-
metry) study by Udea et al, the observed SHE signals just below
its metal-insulator transition temperature are explained by the
small (~107% rad) spin-canted ATAO spin structure.'® Therefore,
from the above discussion, we infer that the observed large SHE
originated from the momentum space Berry curvature and con-
firmed the presence of Weyl nodes and the predicted WSM phase
in Nd21r207.

E. Topological-like Hall component possibly due
to the presence of multiple Weyl nodes

In addition to the finite hysteresis, the 2-5 K Hall resistivity
ny(H) data in Fig. 6(a) show hump-like features above 50 kOe,

pubs.aip.org/aip/apm

and the strength of the hump increases as the temperature is
lowered. A similar hump is also observed in materials having a
non-trivial skyrmion-like spin texture'""” and in pyrochlore lat-
tices, R;Mo0,07 (R = Nd, Sm, Gd), Pr,Ir,O7 with a non-coplanar
spin structure,” " called the topological Hall effect. However, very
recently, the THE-like hall component attained considerable inter-
est and was explained in terms of the multi-component AHE. A
few such examples are La-doped EuTiO3 (001) thin film,* SrRuO;
(001) thin film,”’ and magnetic-doped topological insulators.”’ In
previous studies by Udea et al. on the Nd,Ir,O7 single crystal, they
also observed multiple Weyl node induced complex Hall effects.'*””
Therefore, to explain all the observed complex features, the 3 K Hall
resistivity data are expressed as a combination of hysteretic and non-
hysteretic components. In Fig. 7(a), the red curve is the measured
Hall resistivity at 3 K, whereas the black curve is the fitted data,
which is a sum of the hysteretic and the non-hysteretic components.
The hysteretic part of the Hall resistivity is shown by the red curve in
Fig. 7(b), which can be expressed by a sum of two curves, green and
blue, as shown in Fig. 7(b). The green and blue curves have oppo-
site field dependence and are called a hysteresis (green curve) and an
anti-hysteresis (blue curve). Here, we have tried to capture both the
hysteretic/anti-hysteretic AHE components by using an empirical
hysteretic tangent hyperbolic function,

P?yHE(H) = xay, tanh by, (H + Hc) ], ®)

where ayy, bir, and Hc are the amplitude, zero-field slope, and coer-
cive field, respectively, the values of which are chosen to ensure a
good capture of the hysteresis part of the experimental AHE sig-
nal. Here, we have tried to capture the individual AHE components
in terms of the tanh function because the higher temperature Hall
data, where only a single component of AHE is present, can be nicely
captured by the hysteretic tanh (sigmoidal) function. Although the
non-hysteretic part of the Hall resistivity is shown by the red curve
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FIG. 7. (a) Magnetic field-dependence of Hall resistivity [pxy(H)] at 3 K, where both the anomalous and topological-like Hall components are present, the black fitted curves
are a resultant of four different Hall components (hysteretic as well as non-hysteretic). (b) The red curve corresponds to the hysteretic part of the Hall resistivity at 3 K, which
can be represented by a sum of the hysteretic (green curve) and anti-hysteretic (blue-curve) AHE curves. (c) The red curve represents the non-hysteretic THE-like Hall
component of 3 K Hall data (obtained after subtracting the simulated AHE from the measured Hall data), which can be represented by a sum (by the black curve) of the +ve

(orange curve) and —ve (magenta curve) AHE components.
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in Fig. 7(c). Similar to the hysteretic part, the non-hysteretic part
can also be represented by a sum of the two separate non-hysteretic
AHE components (the non-hysteretic tangent hyperbolic function),
shown by the orange and magenta curves, respectively, and named as
+ve and —ve AHE, respectively. The black curve represents the sum
of the +ve and —ve AHE, which nicely matches the non-hysteretic
part (red curve). Both the hysteretic and non-hysteretic AHEs have

a non-trivial momentum space Berry curvature [Q(k)] induced ori-
gin. This appearance of hysteretic and anti-hysteretic, as well as +ve
and —ve AHE, is most likely determined by the position of band-
crossing points or Weyl points relative to the Fermi level. Since,
we could explain the observed/measured Hall resistivity in terms
of the four Hall components, it can be thought that the electronic
band structure of the material has different types of sources of
Berry curvatures [Q(k)]. Therefore, the topological-like Hall effect
(or multi-component AHE) in Nd,Ir,O7 (111) thin film most likely
arises due to the presence of multiple Weyl nodes in the electronic
band structure. Therefore, our detailed analysis of the AHE sug-
gests the possibility of the presence of multiple Weyl nodes near the
Fermi level. Different Weyl nodes might have different responses
to the applied magnetic field and can generate different AHE
components.

Similarly, the observed unique/unusual Hall effect for the
applied field along [110] and [001] directions might also arise due
to the presence of multiple Weyl nodes. Since the response of the
Weyl points will be different for the different applied field direc-
tions, the measured Hall data show different behavior. However, to
completely capture all the features in the Hall data for the applied
field along [110] or [001] directions, a detailed theoretical calcu-
lation is highly desirable. Therefore, observation of the THE-like
Hall effects suggests the possibility of the presence of multiple Weyl
nodes near the Fermi level. Different Weyl nodes might have dif-
ferent responses to the applied magnetic field and can generate
different AHE components.

IV. CONCLUSION

In the present thin film study, we have observed negligi-
ble domain wall (DW) conductance between AIAO/AOAI AFM
domains. Temperature-dependent longitudinal resistivity (p,,)
measurement shows the absence of the metal-insulator transition
and a semimetallic AFM ground state. Magnetotransport measure-
ments show a highly anisotropic magnetoresponse of both the
Nd** 4f and Ir** 54 moments. Application of magnetic field (H)
along [111] direction causes a field-induced plastic imbalance of
Ir** ATOA/AOAT domains, which results from the change of Nd**
4f moments spin order from 4-in-0-out to 1-in-3-out and the asso-
ciated f-d exchange interaction. This field-induced domain imbal-
ance causes large hysteresis in MR. However, applying the field
along the [001] and [110] directions does not cause any domain
imbalance. Hall resistivity [ny(H )] data show the appearance of
a large intrinsic (momentum space Berry phase induced) sponta-
neous Hall effect, which signifies the presence of Weyls points in
the electronic band structure. Furthermore, a THE-like Hall com-
ponent arises, possibly due to the presence of multiple Weyl nodes
in the electronic band structure. This study shows that Nd,Ir,O7
(111) thin films offer a fertile ground state for observing novel

pubs.aip.org/aip/apm

phenomena induced by strong geometrical and magnetic frustration
and non-trivial electronic band-topology.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the atomically
flat YSZ (111) substrate preparation, magnetization data and higher-
temperature magnetoresistance data.
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