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Abstract: Magnetic domain walls are boundaries between regions with different configurations of

the same magnetic order. In a magnetic insulator where the magnetic order is tied to its bulk
insulating property, it has been postulated that electrical properties are drastically different along
the domain walls, where the order is inevitably disturbed. Here we report the discovery of highly
conductive magnetic domain walls in a magnetic insulator Nd2Ir.O7, which has an unusual all-in-
all-out magnetic order, via transport and spatially resolved microwave impedance microscopy. The
domain walls have a virtually temperature-independent sheet resistance of ~1 k€/sq, show smooth
morphology with no preferred orientation, are free from pinning by disorders, and have strong

thermal and magnetic field responses that agree with expectations for all-in-all-out magnetic order.

Main Text:

Magnetic order, in particular antiferromagnetism, often accompanies metal-insulator
transitions (MIT), during which metallic materials abruptly become insulating or semiconducting
at certain critical temperatures (1). Whether metallic behavior can be recovered in these magnetic
insulators at magnetic domain walls (DWs) where the order is inevitably disturbed, is a long-
standing question that is widely addressed theoretically but remains elusive experimentally (2-5).
A related but distinct situation is that of conductive ferroelectric DWs in ferroelectric insulators,
the discovery of which has opened a broad field of research dedicated to understanding the
fundamental mechanism as well as making practical DW-based devices (6-9). However, among
the vast array of magnetic insulators, no conductive magnetic DW has been firmly identified so
far. Recently, bulk measurements have provided signatures of DW conduction in the low-

temperature insulating phase of NdzIr207 (10), a candidate for the exotic “Weyl semimetal” phase
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with an unusual all-in-all-out magnetic order (11-16). Here we combine bulk measurements with
local-conductivity-measuring microwave impedance microscopy (MIM) to directly resolve highly
conductive DWs in Nd2Ir207 in real space. These results rule out alternative contributions and thus

provide evidence for a realization of conduction due to the discontinuity of magnetic order.
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Nd2Ir207 is a pyrochlore iridate in which the electronic states near Fermi energy are
dominated by tzq electrons from Ir atoms (17). It undergoes a MIT at Tn ~32 K (Fig. 1A) with a
concomitant all-in-all-out (AIAO) magnetic order developing for the Ir magnetic moments (14,
18, 19): the Ir moments at the 4 vertices of each corner-sharing tetrahedra all point either inward

or outward in an alternating manner (Fig. 1B). This unusual magnetic order is a ferroic order of

magnetic |octupo|e, and preserves the symmetry of the underlying lattice (13). For a given lattice,

///{ Commented [3]: No not use italics for emphasis

there are two and only two distinct variations of the order: all-in-all-out (AIAO) and all-out-all-in
(AOAI). They represent opposite magnetic octupoles and are interchanged with each other by
time-reversal transformation; on the other hand, their electronic properties should be identical in

absence of external perturbations.

Nonetheless abnormal conduction can happen at the boundaries between AIAO and AOAI
domains (i.e. magnetic DWSs), as hinted by bulk transport measurements (10): the resistance of the
same polycrystalline sample at 4.5 K after cooling from above Tn in zero field (ZFC or
“untrained”) can be more than 200 times smaller than that cooled in a 9 T field (FC or “trained”)
(Fig. 1A). One may attribute the extra conduction to DWSs, with field cooling resulting in fewer
magnetic domains, fewer DWSs and thus higher overall resistance. However alternative
explanations, including bulk history-dependence and effects of grain boundaries, cannot be ruled

out by these bulk measurements.
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Fig. 1. Microwave impedance microscopy (MIM) reveals conductive magnetic

domain walls in NdIr,O-. (A) 4-terminal resistance of a macroscopic polycrystal taken
during zero-field warming after cooling in zero field (untrained) and 9 T field (trained)
from 50 K. (B) Illustration of MIM scanning setup on polished polycrystal Nd.Ir,O7,
showing the spin configuration of AIAO order and its AIAO/AOAI variations. Domain
walls can exist between the two variations. (C) 18 x 18 um MIM image of a polished
NdIr.07 polycrystal surface, after zero field cool from 40 K to 4.7 K. Higher MIM signal
corresponds to a higher local conductivity. The dotted lines are grain boundaries and the
dark spots are voids between grains, which can be identified in higher temperature scans
(Fig. S1B, C). Curvilinear features much more conductive than the bulk are observed in all
grains, and are identified as AIAO magnetic domain walls. (D) Same region (with a small

offset) after a thermal cycle to 40 K and back to 4.7 K in zero field, showing randomized



domains. (E) Same region after a thermal cycle to 40 K and cooling back to 4.7 K in 9T, /[ Commented [4]: state the final temperature in the caption ]

Most grains become single-domain, agreeing with transport. The scale bars are 2 um.

We confirm the existence of highly conductive magnetic DWs by direct imaging with
microwave impedance microscopy (MIM). MIM is a scanning probe technique that probes local
conductivity by measuring tip-sample impedance at ~1 GHz (20-22): more conductive regions
screen the microwave electric field better, resulting in a smaller tip-sample impedance. Working
at high frequency eliminates the need of a back electrode and a complete current path, making
MIM ideal for bulk insulating samples (23). Figure 1C is a 18 by 18 pm MIM scan of a polished
Nd2Ir2O7 polycrystal surface (Fig. S1A) at 4.7 K after cooling in zero field (untrained). Smooth
curvilinear features that are much more conductive than the bulk exist in all grains, with an
apparent width of ~100 nm, similar to the spatial resolution of MIM in this particular experiment
(Fig. S2). They are continuous within individual grains, show no preferred orientations, and either
form closed loops or terminate at the grain boundaries, but never form vertices. As a result, each
grain is divided into regions that can be assigned using only two labels, as expected for AIAO
order which has only two variations. Interestingly, many DWs from adjacent grains are in close
proximity at the grain boundaries (yellow arrows in Fig. 1C). Such proximity may facilitate
transport across grain boundaries and enhance the DW contribution to the measured conductance
in macroscopic polycrystalline samples. We stress here that the grain boundaries themselves are
as insulating as the bulk, thus their contribution to the extra conduction can be ruled out (Fig. S1B,
C). Remarkably, while the domains are stable against heating to below T, they are completely
randomized after a thermal cycle to above Tn (Fig. 1D) (24), indicating that they are tied to the

AIAO order, and are not pinned by quenched disorders. It also implies that the system randomly



evolves into one of the many near-degenerate low-energy states with substantial energy barriers in
between. Finally, most conductive features disappear after cooling in 9 T field (trained), in
agreement with bulk transport results. The evidence above supports the conductive curves being

AIAO magnetic DWs, with conductivity much enhanced in comparison to the bulk.

A multi-domain ground state reproducible between thermal cycles is recovered if cooled
in a field of 0.1 T and higher, with an unexpected dependence on the field magnitude (Fig. 2). For
cooling in very small fields (<~0.02 T), the DWSs remain abundant and randomized between
thermal cycles as in the ZFC case (Fig. 2B). As the field is increased to ~0.1 T, the number of
DWs within each grain decreases; in the meantime, DW configuration becomes mostly
reproducible between thermal cycles, indicating a well-defined multi-domain ground state (Fig.
2C). Interestingly, while the number of DWs remains largely stable up to 3 T (corresponding to
the plateau of FC/ZFC resistance ratio in Fig. 2A), the detailed DW configuration changes
unmistakably as a function of field magnitude (compare, for example, regions marked by colored
arrows in Fig. 2C). This indicates competition of AIAO and AOAI coupled to local degrees of
freedom, for example strain/stress via the predicted magnetostriction effect (13). Above ~3 T, a
single-domain ground state quickly becomes favorable (Fig. 2D), likely due to field response of
the much larger Nd moments, coupled to Ir moments through f-d coupling (12, 14, 15, 25), and the
resistance increases rapidly (Fig. 2A). Nevertheless a few grains remain multi-domain even if
cooled in 9 T, the origin of which can be well explained with crystal orientation dependence, as

discussed below.



1st cooldown

2nd cooldown

1st cooldown

2nd cooldown

Magnetic field applied during field-coal (T}

0.01 0.1 1 10
2 468 2 488,

1 sl AR R il

Multi-domain

F s
Reproducible L i
T

Rirained/Runtrained
=

Multi-domain

Randomized

Fig. 2. MIM maps for various values of magnetic field applied during cool-down. A

multi-domain ground state reproducible between thermal cycles is recovered if cooled
in 0.1 T or higher. (A) Ratio of final resistance at 4.5 K after cooling in various fields vs.
in zero field. Data from three samples are shown. (B) MIM images of the same region as
in Fig. 1 after two consecutive thermal cycles from 40 K to 4.7 K in 0.01 and 0.02 T,
showing abundant DWs and randomized domain configurations between thermal cycles.
(C) Same region after cooling in 0.1 to 3.0 T, showing reduced number of DWs and the

recovery of reproducible multi-domain ground state. Color arrows highlight dependence




of DW configuration on field magnitude. (D) Same region after cooling in 4.0 and 9.0 T,

showing rapid disappearance of DWs in most but not all grains. The scale bars are 2 pm.

Field response of the DWs at a fixed temperature clearly demonstrates the expected crystal
orientation dependence of AIAO magnetic order. Figure 3A shows the evolution of DWSs as an
out-of-plane magnetic field is increased from 0 to 9 T, at 4.7 K after ZFC. Figure 3C shows the
out-of-plane crystal orientation of the same area obtained with X-ray micro-diffraction (UXRD)
(26). DWs disappear abruptly at grain-specific critical fields that depend on the crystal orientation.
The first grain to become single-domain at 3 T (blue triangle in Fig. 3A) has an out-of-plane
direction closest to [111] (dark blue color in Fig. 3C). Most other grains subsequently transition
between 4 and 7 T. The two grains that remain multi-domain even at 9 T (red triangles in Fig. 3A)
are closest to [001] (red color in Fig. 3C). This is in excellent agreement with expectations from
the symmetry of AIAO order: magnetic field along [111] gives rise to the largest difference in spin
canting between AIAO and AOAI, while field along [001] gives rise to equivalent perturbations
in the two variations, connected by a simple 90° rotation along [001] (Fig. 3D) (13). Therefore the
critical field should be smallest when applied in [111] direction, and largest in [001] direction,
regardless of the detailed mechanism. We note that the grain that remains multi-domain in Fig. 1
and 2 is also close to [001] as confirmed by pXRD data (Fig. S3). These observations further

corroborate the identification of the conductive curves as AIAO DWs.

The sheet resistance of a single DW averaged over mesoscopic lengths is ~1 k€/sq. This
value was obtained by fabricating micro-electrodes on the sample surface to measure transport
directly across a few grains (Fig. 3E inset, Fig. S4A). Figure 3E shows a typical resistance vs.

magnetic field plot of such devices at 2 K following a ZFC. During the initial field sweep from 0



to 9 T (blue trace), resistance increases in discrete steps, reflecting the abrupt disappearance of
DWs in each grain contacted by electrodes (Fig. 3A). By converting resistance into conductance
we notice that the decreases in conductance associated with each jump are remarkably similar, at
~1 mS (Fig. 3F). Assuming 1-2 DWs in each grain and an average aspect ratio on the order of 1,
we conclude that the sheet resistance of the AIAO DW averaged over mesoscopic lengths is ~1
kQ/sq. We note that this value is consistent with the 3D-averaged DW conductivity obtained by

THz spectroscopy measurements (10), assuming an average DW spacing of 2 um.

The sheet resistance of DWs has very weak temperature dependence at low temperatures
and show substantial negative magnetoresistance. We first develop a method to reliably prepare a
few DWs across the electrodes by capturing transient DW formation. Following the staircase-like
trace during the initial field sweep, sharp resistance minimums occur for subsequent sweeps
(magenta and orange trace in Fig. 3E), due to transient DW formation during the rapid grain-wise
domain reversals (from AIAO to AOAI, or vice versa), as also seen in MIM images (Fig. 3B). The
extremely narrow width in magnetic field ensures that if the field sweep is stopped immediately
when a resistance minimum occurs, there is typically only 1-2 DWSs from a single grain across the
electrodes. We find that these artificially created DWs are stable against temperature and magnetic
field sweeps, as long as we stay below the critical values (i.e., below T, and between + the critical
field). The few DWs obtained this way show Ohmic behavior (Fig. S5) and a virtually temperature
independent sheet resistance until overwhelmed by bulk conduction at high temperatures (Fig.
3G). In fact, the resistance of multiple DWs only increases by ~10% cooling from 0.6 K to 35 mK
(Fig. S6), indicating a gapless electronic structure that is moderately localized due to, for example,
the slow varying DW orientation. The gapless nature of the DWs is further corroborated by thermal

power measurements (Fig. S7). The DW resistance shows substantial negative magnetoresistance



for fields up to +4 T (Fig. 3H). A small minimum near zero field resembles weak anti-localization,

as commonly seen with strong spin-orbit coupling (27).
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Fig. 3. Field dependent domain evolution at low temperature and DW sheet resistance
measured with micro-electrodes. (A) Field dependence of DWs at 4.7 K. The first grain
to become single-domain is marked by a blue triangle, and the two grains that remain multi-
domain at 9 T by red triangles. (B) The same region during subsequent field sweeps back
to 0 T and then to -9 T, showing transient DW formation during domain reversal. (C) Out-
of-plane crystal orientation of the same area obtained with X-ray micro-diffraction, as
indicated by the tri-color map. The blue and red grains in (A) have out-of-plane orientation
closest to [111] and [001], respectively. (D) IHllustration of field-induced spin canting with
a field along [111] and [001] direction for AIAO and AOAI configurations: largest

difference is generated for the [111] case, while the effects are equivalent for the [001]



case, consistent with data in (A) and (C). (E) Typical resistance vs. magnetic field of a
micro-electrode device (inset) at 2 K when sweeping the field from 0to 9 T (blue), 9 to -9
T (magenta) and -9 to 9 T (orange). Discrete resistance jumps and sharp resistance
minimums are shown. The scale bar in the inset is 5 um. (F) The initial sweep (blue) in (E)
converted to conductance, showing staircase-like conductance drops. Sheet resistance of
DWs is thus estimated to be ~1 kQ/sq. (G) Temperature dependence of resistance for
various initial states taken during zero-field warm, showing the virtually temperature-
independent conduction property of a few DWs. (H) Magnetoresistance of a few DWs at 2
K. Contribution from bulk magnetoresistance is negligible and is subtracted as a parallel

resistor. The scale bars in (A, B) are 2 um.

The metallic DWs result from mid-gap states that are extended within the DW plane but
are localized perpendicular to it. Such “defect states” are generally present, theoretically, if the
magnetically-disordered state is metallic, and the disturbance to the order parameter is sharp (2-6,
28). Indeed metallic DWs are not observed in other Lnzlr.O7 (Ln = Sm, Eu, etc.) with similar
magnetic order: unlike Nd2Ir207, they are all semiconducting instead of metallic above the
magnetic transition temperature (12). The highly anisotropic AIAO order is also expected to give
rise to sharp DWSs in Ndzlr,O7: the spins are locked firmly to [111] and equivalent crystal
orientations via spin-orbit coupling and cannot rotate continuously across magnetic domains (15).
The resulting sharp DWs represent abrupt disturbance of magnetic order parameter and can host
mid-gap states well separated from bulk states. We note that the picture of magnetic-superlattice-
driven MIT (Slater insulator) is not applicable here because AIAO order preserves the symmetry

of the underlying pyrochlore lattice (29).



In the particular case of iridates, the above generic picture may be captured by the interface
states near an exotic “Weyl semimetal” phase. The AIAO order is predicted to host a “Weyl
semimetal” phase near the MIT with “Weyl fermions” in the bulk and “Fermi arc” states at the
surfaces (11) as well as interfaces between AIAO and AOAI domains (30). At temperatures much
lower than the transition, the bulk becomes insulating as the “Weyl fermions” annihilate, and the
“Fermi arc” states disappear at the surfaces. Nonetheless mid-gap states are shown to survive at
the magnetic DWs (30). Our observation, namely metallic DWSs and insulating surfaces and grain
boundaries, is consistent with the prediction of this theory. A conclusive confirmation however,

requires more systematic studies.

The highly conductive, mobile DWs show no preferred orientation, are free from pinning
by disorders, and can be easily manipulated via heat, magnetic field and likely strain/geometry.
They provide an excellent platform, scientifically for studying exotic emergent phenomena at
interfaces, and practically for DW based memory devices that can be read electronically without
relying on magnetic junctions (31). Similar properties may be present in other materials with a true
MIT, and a highly anisotropic magnetic order, commonly seen in heavy-element materials with

large spin-orbit coupling.
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