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ABSTRACT: Pyrochlore materials are known for their exotic magnetic and
topological phases arising from complex interactions among electron
correlations, band topology, and geometric frustration. Interfaces between
different pyrochlore crystals characterized by complex many-body ground states
hold immense potential for novel interfacial phenomena due to the strong
interactions between these phases. However, the realization of such interfaces
has been severely hindered by limitations in material synthesis methods. In this
study, we discover a robust synthesis method that produces the previously
unexplored epitaxial pyrochlore interface between spin ice Dy,Ti,0; and Weyl
semimetal EuyIr;0,. The method relies on an ultrahigh supersaturation regime
during deposition aided by directional IR-laser-driven thermal gradients,
transforming amorphous covalent networks into nearly perfectly ordered,
atomically sharp interfaces with a chemically ideal arrangement of ions. The
novel pyrochlore interface enables the study of interactions between relativistic

Weyl fermions and spin ice magnetic monopoles, opening a path to designing diverse pyrochlore interfaces.
KEYWORDS: pyrochlore interfaces. spin ice. Weyl semimetal frustrated magnetisme topological quantum materials thin-film synthesis

I nterface-driven phenomena have been pivotal in advancing
the frontier of condensed matter physics to offer nowvel
insights into the unusual properties of guantum materials.
Fundamental discoveries, such as the integer and fractional
quantum Hall effects observed in two-dimensional electron
systems at semiconductor interfaces, illustrate the impact of
reduced dimensionality and stmn$ electron—electron inter-
actions in engineered interfaces.  Interfaces also open
opportunities for the modulation of exotic electronic properties
through the deliberate combination of layers with antagonistic
orders (e.g., superconductivity and ferromagnetism).*” Today,
interface-engineered artificial quantum structures can help
challenge the existing paradigms in solids and deliver the
promise of novel emergent quantum phenumena.s_"
Interface engineering is especially intriguing in the case of
lattice systems which host many exotic phenomena, such as the
-pyrochlores, characterized by the formula A;B,0,. Here, A
denotes a rare-earth element (Pr-Lu), and B represents a
platinum group metal (e.g., Rh, Pd, Os, Ir, Pt} or 3d ions (eg.,
Zn, Ti). This family exhibits a unigue crystal structure of

corner-sharing tetrahedra, creating a highly frustrated lattice for Received: August 16, 2024
both A and B ions." ™" Such a topological motif enforces Revised:  December 5, 2024
magnetic frustration and ground-state spin degeneracy. Accepted: December 6, 2024

Combined with the strong spin—orbit interaction characteristic
of the 5d platinum group ions, the pyrochlore family is
predicted to host novel exotic quantum states, such as spin
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liquids, magnetic monopole crystals, fractionalized magnetic
moments, and topologically protected magnetic modes.'*™"'
Those exotic states are of fundamental interest for basic
physics and potential applications in quantum spin-
tronics. " When engineered into oriented interfaces, the
vast array of topological and magnetic properties in
pyrochlores make these artificial structures exceptionally
promising for exploring the interplay between those states to
unveil the emergent exotic phenomena.

To illustrate this approach, we consider the spin ice
pyrochlore titanate, A,Ti, 0,7 and pyrochlore iridate
(PyIr), A;Ir,0; The titanates subgroup of pyrochlores is
characterized by magnetically silent Ti-sites and magnetically
active A-sites (e.g, Dy), which harbor strong spin frustration
due to the “two spin in—two spin out” (2i-20) rule, ie., a local
constraint imposed on the magnetic moments within the
pyrochlore lattice (see Figure la). The effect of magnetic
frustration can lead to a unique quantum spin-disordered state,
marked by Coulomb correlations. Within this state, the
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Figure 1. (a) Cation (A-site and B-site) sublattices of the pyrochlore phase with the superimposed 4i-40 and 2i-2o spin structures, respectively. (b)
HAADE-S5TEM atomic columns mapping of Pylr/PyTi heterostructure and YSZ substrate viewed along the [110] projection. {c). When viewed
along the [111] direction, the crystal structure forms alternating kagome and triangular atomic planes, which imposes strong geometric frustration

in the [111]-oriented thin film.

concepts of emergent “magnetic monopole” entwined by Dirac
strings and U(1) photon-like excitations have gathered large
theoretical and experimental interest.”*" """ In Pylr, the Ir sites
are magnetically active and follow “four spin in—four spin out”
(4i-40) configuration (Figure la); this system harbors
topologically nontrivial phases, such as chiral spin liquid,
axion insulator, and Weyl semimetal.”***~*"

Tailor-made, high-quality interfaces of these pyrochlore
quantum materials are a new exciting venue. In particular, the
iridate/titanate heterostructure has been theorized to host a
two-dimensional (2D) monopole gas at the interface.'™'*' %!
However, to date, there has been no clearly established path
for realizing these high-quality heterostructures.

In this Letter, we report on the discovery of a new approach
for creating high-quality pyrochlore heterostructures exempli-
fied by the atomically sharp interface between the spin ice
titanate Dy,Ti,0, (DTO) and magnetic Weyl semimetal
Eu,Ir,0; (ELO).

We confirm the power of the new synthesis method to form
an atomically sharp interface between the spin-ice and Weyl
semimetal by thorough scanning transmission electron
microscopy (STEM) imaging, high-angle annular dark field
(HAADF), and electron energy loss spectroscopy (EELS)
analysis. Moreover, our protocol remarkably improves the
surface quality, as verified by X-ray reflectivity and atomic force
microscopy (AFM) measurements. This discovery opens
exciting opportunities for in-depth experimental exploration
of the novel topological and magnetic states inherent to the
pyrochlore family and significantly expands the material's space
en route to synthetic quantum matter.

While the layer-by-layer growth of pyrochlore titanates (spin
ice) has been recently achieved, creating -pyrochlores of
the Group VIIb metals (e, Os, Ir, Pt) poses tough
challenges. In particular, the in-situ growth of pyrochlore
iridate (Pylr) artificial structures is impeded by the very low
reactivity of Ir and the tendency for the formation of gaseous
volatile sgecies as IrQ; under high temperatures and O,
pressures. To navigate these challenges, several creative
strategies have been tried, including physical vapor deposition
(PVD) with cosputtering of IrO,"~* flash annealing

methods.”**** and solid-phase epitaxy (SPE);*’"** the latter
notably offers a route for in{ituggmrwﬂi of epitaxial pyrochlore
thin films and heterostructures.** In our new method, a unigque
combination of SPE and epitaxial growth conducted at the
limit of extreme supersaturation by pulsed laser deposition
(PLD) enables precise control over the atomic structure and
valence state of cations in the heterostructure of different
pyrochlore layers.

In the spirit of rational materials design, a template buffer
layer (DTQ) is deposited on the YSZ substrate for the SPE of
EIO in a layer-by-layer way with subunit cell precision as
described in refs 39 and 40 (also see Figure 2b). In what
follows, we present a comprehensive description of our new
experimental design for the hybrid SPE/PLD method
illustrated in Figures 2a—c. In step (i), the amorphous layer
thickness is meticulously calibrated by adjusting the UV-laser
pulse rate (see Table 52). In step (i), the SPE-driven
crystallization from the amorphous state proceeds on the
atomically flat pyrochlore DTO template. Remarkably, such a
two-stage annealing protocol prevents the formation of IrO,
volatile gas at elevated oxygen pressures. As a result, an
amorphous metastable pyrochlore matrix free from iridium
deficiencies can be formed."™ Finally, in step (iii), the
amorphous iridate layer undergoes the IR-laser-controlled
post-annealing. Extensive X-ray diffraction characterization
shows that the post-annealing duration is a critical tuning
parameter: short post-annealing intervals result in a highly
heterogeneous mixture of crystalline and amorphous phases
(see Figure 53).

As shown in Figures 2d—g, during the deposition phase,
reflection high-energy electron diffraction (RHEED) imaging
reveals broad rings, demonstrating short-range atomic order
within the amorphous pyrochlore layer.*' Although RHEED
monitoring is infeasible during the high-pressure annealing
step conducted in ~500 Torr of O, gas, the post-annealing
RHEED images clearly exhibit a characteristic streaky pattern,
confirming the formation of high-quality long-range crystalline
order. The resulting new heterostructure is compatible with
the application of nanolithographic methods and surface-
sensitive analytical techniques, such as angle-resolved photo-

hittpsaidoi.org/10.102 1/ 2cs nanolett 4003965
MNano L=tt. 2025, 25, 966972



MNano Letters

pubs.acs.org/Manolett

spin ice armorphous Pylr formation

b c
solid-phase Pylr crystallization
5507C

» 1000 °C

template 970 %C "

I Pyl

Ary 1]
P25 i

1,-10 (000 1,1]
h
— by J

J T
%‘ iy ]!L\q-': ) e
E il fl super-saturated
§ % LJ’ | anic liquicvapar

! 1
Nl \
E |
g 1H if
£ |
: Wi" s § n
100 150 . 1
i Energy imel] i // !
650 - Crya Ty 15w B
— =
= ™
= B0
E
z
w 550, Y i | . RT
= e K I ' o pyradilore orystaling phase
- »
00+ T T T Log (time)
90d 1000
Tirm (5)

Figure 2. Pyrochlore iridate in situ two-stage fabrication sequence. (a) A DTO layer grown in a layer-by-layer way by PLD on YSZ. (b) Deposition
of the amorphous EIO pyrochlore layer, followed by (c) SPE at a high-temperature annealing synthesis cycle by an infrared (IR) laser. (d)—(g) In
situ RHEED images of the YSZ substrate and each subsequent phase of the growth. (h) Phonon DOS for all constituents, including Ni—Cr alloy
adsorber, substrate, and heterostructure. Adapted from ref 67, available under a CC-BY 4.0 license {Copyright 2022, Springer Nature), and with
permission from refs 68—70 (Copyright 2024, American Physical Society). (i) RHEED intensity oscillations during the DTO growth. A single
wiggle corresponds to a kagome-triangular slab or 1/2 unit cell. (j) Kinetically stabilized growth regimes. Ultrafast quenching of the amorphous
iridate film at the pre-SPE stage into a metastable supercooled liquid (glass state). The consequent devitrification of the random continuous glassy
network leads to the formation of a pyrochlore iridate film with excellent electronic and chemical properties.

electron spectroscopy and scanning tunneling microscopy,
crucial for probing topological properties (e.g, the edge
states).

Commonly, in SPE, the post-annealing is executed ex-situ in
a high-temperature furnace. This process is naturally
characterized by a highly nonuniform distribution and
propagation of heat throughout the sample. In sharp contrast,
our new alkin situ IR-laser annealing places the YSZ substrate’s
backside in direct contact with a planar heat absorber
composed of Inconel, a Ni—Cr superalloy (see the Supporting
Information (Figure 58)). We propose that this unique IR-
laser instrumentation integrated into the PLD growth chamber
facilitates controlled heat propagation from the substrate
across the interfaces toward the surface.™™ In addition, as
recently demonstrated in ref 54 the phonon density of state
(DOS) overlap between DTO and crystalline EIO suggests
minimal interfacial thermal resistance, facilitating remarkably
efficient heat transport across the interface during annealing
(Figure 2h), critical for the rapid recrystallization of the
amorphous EIO layer into a pyrochlore structure.

To further illuminate the microscopic details of our PLD/
SPE growth mechanism, we consider the growth kinetics
during the formation of the amorphous network and how it
converts into a pyrochlore crystal. First, we note that SPE itself
involves the ordering of atoms from a metastable amorphous
phase into a crystalline structure through local bond rearrange-
ments at the moving crystalline—amorphous interface all
occurring in the solid phase.™ Extensive previous RHEED
studies on perovskite oxides grown by SPE reveal how
crystallization progresses through the thermally activated
movement of the crystalline/amorphous interface.”® These
findings can also be translated into a consistent mechanism
underlying the pyrochlore iridate layer growth. Initially, the
EIO layer represents a kinetically stabilized, metastable
amorphous ionic network or covalent glass with highly
anisotropic bonds due to the nature of 5d- and Sforbitals
involved, wherein the molecular disorder and the thermody-
namic properties akin to the undercooled melt are frozen. The
transformation process is illustrated in Figure 2j. During the
iridate layer deposition, ultrafast cooling (quenching) prevents
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Figure 3. Atomically resolved HAADF and ABF-STEM survey images to identify the oxygen sublattice along the (a, b) [110] and (g, d) [11Z]
projections. A schematic illustrates stacking sequences at the Py-Py (EIO—DTO) and Py-Fl (DTO-YSZ) interfaces along the [112] and [110]
projections. (e) Left to right: STEM-EELS atomic column mapping of the EIQ and DTO interfaces along with the HAADF-STEM survey image,
composite color maps of the local concentration combined and the individual constituent ions identified in the layers; color coded as Eu (green), Ir

{magenta), Dy (yellow), and Ti (red).

nucleation, maintaining its metastable amorphous state.
Subsequent devitrification of this random continuous network
yields a pyrochlore iridate structure of superior crystallinity.”

Finally, we highlight the specific condition during the
interrupted PLDufrucgss that prevents premature unwanted
crystallization.******% Ag shown in Figure 2j, adopting the
special interrupted PLD mode under extreme supersaturation
and fast flux modulation provides precise kinetic control,
effectively postponing the onset of crystallization.® The
formation of an amorphous iridate layer is achieved through
ultrafast quenching in the ionic-liquid phase and further
suppresses crystallization and induces a kinetically stabilized
supercooled liquid state.”” In the SPE stage, we also employ a
nonlinear cooling regime with rapid cooling at higher
temperatures until the minimum nocleation threshold is
reached, followed by a slower cooling rate at lower temper-
atures to accommodate the increasing relaxation time of the
supercooled liquid created in the PLD stage (see Figure 59 and
Table 53 for a full temperature ramping profile). Notably, our
control experiments with a constant cooling rate result in
premature crystallization at the DTO/EIO interface and a low-
quality, defective iridate layer,”**""** signifying the important
role of the ultrafast quenching.

To confirm that the discovered SPE/PLD growth mode
yields high-quality structures with atomically flat surfaces/
interfaces, we conducted detailed STEM-EELS and HAADE-
ABF (annular bright-field) measurements and analyses. Post-
annealing examinations shown in Figure 3 demonstrate the
absence of the amorphous phase, as evident in atomically
resolved HAADF and ABF images. The pyrochlore phase, the
Asite (Dy, Eu) and B-site (Ti, Ir) cation sublattices, and the
kagome-triangular sequence are visualized by elemental

mapping obtained from the detailed STEM-EELS analysis.
Additionally, anion (oxygen) sublattice motifs are distinctly
visible in the ABF images; atomic structure models are
superimposed on these ABF images to identify the oxygen
sublattice across the [110] and [112] projections (Figures 3a—
d, respectively). In addition, as shown in Figure 3c, the
stacking sequence at both the EIO-DTO and DTO-YSZ
interfaces is readily identified in HAADF-ABF images along
the [112] and [110] projections, corroborated by the ABF
analysis reported in ref 63.

A direct comparison of HAADF vs ABF imaging reveals that
the oxygen sublattices at the EIO/DTO interface are
continuous and identical (Figure 3c). Assuming a conventional
solid-state reaction mechanism, one would expect to observe
intermiving due to the diffusion of the Euy0; and IrD;
components as the pyrochlore phase forms. Remarkably, in
our heterostructure, the intermixing at the EIO-DTO
interface is strictly confined to one or two atomic planes, a
statement supported by elemental mapping shown in Figure
3a. In addition, the ABF imaging of the DTO/YSZ interface,
shown in Figure 3, implies that the oxygen sublattices are in a
close registry between DTO (pyrochlore) and Y52 (fluorite).

Mext, we turn our attention to the surface structural
properties. For this purpose, we evaluated the surface
roughness of both single-layered Eu,lr,0; samples and
bilayered EIO/DTO samples, presented in Table 51 in the
Supporting Information. The surface roughness is quantified
for all samples using low-angle X-ray reflectivity (XRR)
measurements, which are modeled to extract the roughness
parameters. First, we note that the bilayer growth on DTO
markedly improves the surface roughness compared to the
single-layer films. In particular, the critical-angle reflected
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intensity is significantly higher for the bilayer films, indicating a
flatter surface with a roughness reduction of over 500.
Furthermore, atomic force microscopy (AFM) scans are taken
on both sets of samples in a 1.5 gm x 1.5 pm field of view to
obtain a 2D real-space measurement of the surface roughness.
These measurements reveal an even more drastic difference in
the surface roughness, where an Sq value is five times lower in
bilayer EIO/DTO compared to the single-layer counterparts.
The combined XRR and AFM measurements affirm the
remarkably flatter surface and interface achieved by our new
PLD/SPE method.

Here, we remark on the reasons for the DTO layer's
contribution to the flatness of the surface and interfaces.
Unlike the fluorite structure of the YSZ substrate, which
randomly hosts vacancies at one-eighth of the oxygen sites, the
pyrochlore—pyrochlore DTO/EIO interface ensures a com-
plete anion (oxygen) sublattice matching and fosters
immediate nucleation at a submicroscopic level. Additionally,
the atomic precision achieved in the layer-by-layer growth of
DTO yields an atomically flat interface, promoting a
remarkably smoother iridate layer crystallized in the vicinity
of the interface.” The flatness of the interface propagates
throughout the iridate layer during the SPE crystallization
process, leading to a very low surface/interface roughness.”*
Compared to the recent report on the growth of a non-rare-
earth Bi,Ir,0; pyrochlore paramagnetic metal on a DTO bulk
single crystal,™ our heterostructure comprised of DTO thin
films reveals a high-quality interface free from the deposition
anomalies associated with the substrate surface defects and
deformations.

In conclusion, we unveil a growth method that facilitates the
creation of exceptionally high-quality oriented pyrochlore
heterointerfaces. This technique has been successfully applied
to fabricate a unique interface between spin ice titanate
Dy,Ti,0; (DTO) and magnetic Weyl semimetal iridate
EwlIr;0; (EIO), forming an unexplored type of artificial
quantum matter where the relativistic Weyl fermions interact
with magnetic monopole excitations of the spin ice.”® The
resulting heterostructures have excellent stoichiometry, high
crystallinity, a nanoscale-level flat surface, and interface
qualities surpassing previously reported methods. The strategy
established here opens exciting new avenues for creating novel
interfaces, expanding our materials toolkit toward synthetic
quantum architectures with emergent physical properties
unattainable in bulk crystals.

B METHODS

The pyrochlore iridate targets were ablated using a KrF
excimer laser (4 = 248 nm, energy density 3 J/cm?®) at a
repetition rate of 10 Hz. The deposition was carried out at a
low substrate temperature of 550 °C, under a 35 mTorr
atmosphere of a mixture of Ar and O, gases (partial pressure
ratio, Ar: O; = 10:1). The film was post-annealed inside the
chamber at 1050 °C, under a 500 Torr atmosphere of pure O,
{30 min for Eu, <20 min for Y), and then cooled to room
temperature. A detailed description of spin ice growth can be
found elsewhere.””"" An Xray diffractometer (Malvern
Panalytical Empyrean) was used to characterize the reciprocal
space of the sample and to understand the film’s crystal
structure to obtain (1) X-ray reflectivity (XRR) and (2) X-ray
diffraction [XRD, reciprocal space map (R5M)] data. High-
angle annular dark-field (HAADF) and annular-bright-field
(ABF) imaging were performed in the STEM mode using a

970

JEOL JEM ARM 200CF microscope at the Institute of Physics,
Chinese Academy of Sciences.
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