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C O N D E N S E D  M AT T E R  P H Y S I C S

Proximity effect of emergent field from spin ice in an 
oxide heterostructure
Mizuki Ohno1*†, Takahiro C. Fujita1*†, Masashi Kawasaki1,2

Geometrical frustration endows magnets with degenerate ground states, resulting in exotic spin structures and 
quantum phenomena. Such magnets, called quantum magnets, can displa y non-coplanar spin textures and be a 
viable platform for the topological Hall effect driven by “emergent field.” However, most quantum magnets are 
insulators, making it challenging to electrically detect associated fluctuations and excitations. Here, we probe 
magnetic transitions in the spin ice insulator Dy2Ti2O7, a prototypical quantum magnet, as emergent magneto-
transport phenomena at the heterointerface with the nonmagnetic metal Bi2Rh2O7.  Angle-dependent longitudi-
nal resistivity exhibits peaks at the magnetic phase boundaries of spin ice due to domain boundary scattering. In 
addition, the anomalous Hall resistivity undergoes a sign change with the magnetic transition in Dy2Ti2O7, reflect-
ing the inversion of the emergent field. These findings, on the basis of epitaxial techniques, connect the funda-
mental research on insulating quantum magnets to their potential electronic applications, possibly leading to 
transformative innovations in quantum technologies.

INTRODUCTION
Geometrically frustrated spin systems exhibit an inherent incompati-
bility between the lattice geometry and the magnetic interactions, re-
sulting in macroscopically degenerate  ground-state manifolds (1–4). 
The large magnetocrystalline anisotropy and magnetic interactions 
in these systems give rise to exotic ground states, a nd field-induced 
phase transitions in these states lead to emergent quantum phenomena. 
For example, entanglement fluctuations and quasiparticle excitations 
equivalent to magnetic monopoles provide the potential toward revo-
lutionary quantum technologies (5–10). Such materials are referred 
to as quantum magnets, as represented  by “spin-ice” state (11–19) 
characterized by its disti nctive non-coplanar spin textures. Neverthe-
less, a considerable obstacle lies in the fact that many quantum mag-
nets are insulating in nature, making it challenging to integrate them 
into electronic circuits and technologies based on conducting charge 
carriers. In addition, spin structure and magnetic transition in quan-
tum magnets have been studied only at ultralow temperatures (~0.5 K) 
by using such techniques as magnetization, neutron scattering, heat 
capacity, magnetodielectric, capacitive torque magnetometry, and 
ultrasound (11–26). Therefore, there is a growing demand to develop 
a new method for electrically detecting emergent fluctuations and ex-
citations in quantum magnets without disrupting the spin states.

In this study, we demonstrate the electrical detection of the mag-
netic transition in a quantum magnet by leveraging proximity effect 
of emergent field for an epitaxial pyrochlore heterostructure consist-
ing of Bi2Rh2O7/Dy2Ti2O7 (BRO/DTO), where DTO is an archet-
ypical spin-ice insulator and BRO is a nonmagnetic conductor 
(Fig. 1, A and B) (27, 28). DTO fal ls into spin-ice state below 1 K, 
where the ground state of each tetrahedron settles in one of the 
sixfold  d e generate 2-in-2-out (2/2) configurations that are stabilized 
because of ferromagnetic interaction and strong magnetic anisotro-
py along the ⟨111⟩ direction of the pyrochlore lattice (13, 14, 17, 18, 

29). A magnetic field (B) along the ⟨111⟩ direction breaks the ice rule 
and induces the spin flop transiti on   from 2/2 to 3-in-1-out (3/1) con-
figuration (Fig. 1, C and D), giving rise to a jump in magnetization 
from ~3.3 to ~5 μB/Dy between two magnetization plateaus (15,  16). 
These non-coplanar spin textures have scalar spin chirality, which is 
proportional to the solid angle subtended by the spins and acts as an 
“emergent field (bem)” for the conducting charge carriers coupled to 
the spins, resulting in topological Hall effect (30–32). By construct-
ing a coherent heterointerface with a nonmagnetic metal BRO, we 
successfully detected sign inversion of bem associated with the spin 
flop transition in DTO through the topological Hall effect in BRO 
(Fig. 1B) . Furthermore, field-angle dependence of longitudinal re-
sistivity manifests unique peaks at the magnetic pha se boundaries of 
spin-ice state, unambiguously demonstrating the presence of proxim-
ity effect on the conducting charges stemming from the spin struc-
ture of DTO at the heterointerface. The interfacial approach can be 
readily extended to other frustrated insulating quantum magnets, 
facilitating the electrical detection of their exotic spin states and in-
ducing electronic responses (5–10).

RESULTS
Sample and magnetotransport properties
Epitaxial BRO (111) thin film (9 nm) was grown on DTO layer (60 nm) 
by pulsed laser deposition (PLD) and subsequent ex situ anneal-
ing under O2 flow (fig. S1, A and B). Relaxed DTO film is prepared 
by using thin La2Zr2O7 ( LZO) buffer layer (~3 nm) on Y-stabilized 
ZrO2 (YSZ) (111) substrate and subsequent high temperature in situ 
annealing (fig. S1, C and D). As a result, we obtained DTO film free 
from epitaxial strain that exhibits magnetic properties similar to 
those of bulk single crystal s (16), including a plateau-like b ehavior 
appearing in the “kagome-ice” state (figs. S3 and S4). The full width 
at half maximum of the rocking curves around (444) peaks of BRO 
(fig. S1E) and DTO (fig. S1F) are both about 0.07°, evidencing the 
high crystallinity of the films. BRO layer is coherently grown on the 
DTO layer under tensile strain (fig. S1, G and H). As confirmed in 
the transmission electron microscopy image (Fig.  1E) and the energy 
dispersive x-ray spectroscopies (Figs. 1, F to I), the Bi, Rh, Dy, and Ti 
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atoms are periodically arranged to form pyrochlore structure with-
out any discernible crystallographic defects or interdiffusions. Wide 
range transmission electron microscopy images (fig. S2) further sup-
port the presence of sharp interfaces.

Figure 2 summarizes the fundamental magnetotransport prop-
erties of the BRO/DTO. To characterize the effect of magnetic order 
in DTO, we compare the transport properties of BRO film on non-
magnetic Eu2Ti2O7 (ETO), where BRO exhibits intrinsic transport 
properties (figs. S5 and S6). The electrical properties of BRO/ETO 
resemble those of nonmagnetic dirty metals, with almost tempera-
ture independent longitudinal resistivity (ρxx), positive magnetore-
sistance (MR) up to ~1.6% at 2 K, and linear Hall resistivity (ρyx) 
with a positive slope (fig. S6). As shown in Fig. 2A, BRO/DTO shows 
similar temperature dependence of ρxx at higher temperatures above 
~30 K under B = 0 or 9 T. In contrast, it shows a larger upturn below 
30 K in BRO/DTO than in BRO/ETO. This difference is also con-
firmed by MR ratio [≡ ρxx(B)/ρxx(0) – 1], where positive MR of BRO 
is suppressed below 50 K as shown in Fig. 2B. In particular, at 2 K, 
negative MR is observed at low fields. This can be explained by con-
sidering both intrinsic positive MR of BRO and magnetic scattering 
at the interface from DTO as discussed in the following. Figure 2C 
presents ρyx of BRO/DTO measured at various temperatures. Above 
50 K, ρyx depends almost linearly on the magnetic field, similar to 
nonmagnetic BRO/ETO (fig. S6). In stark contrast, it deviates from 

the linear behavior upon cooling below 50 K, suggesting the contri-
bution of magnetic order in DTO. Empirically, ρyx is expressed as 
ρyx  = RHB  +  ρAHE with the ordinary Hall coefficient RH and the 
anomalous Hall resistivity ρAHE. By subtracting the ordinary Hall 
term with a linear fit between 7 and 9 T, ρAHE is obtained as shown 
in Fig.  2D. Unexpectedly, at 2 K, ρAHE exhibits a sign inversion, 
which cannot be explained only by a conventional anomalous Hall 
component proportional to magnetization [αM[111]]. Here, α is a 
constant independent of magnetic field and temperature (see Sup-
plementary Text for the definition of α more in details). These re-
sults strongly indicate that the magnetic ordering of DTO and the 
conducting charge carriers in BRO are tightly coupled, exerting a 
profound influence on both ρxx and ρyx. To further explore this 
 relationship, we have performed in-d epth analyses of the magnetic 
field-angle dependence of ρxx and the characteristics of ρAHE to shed 
light on the  evident connection between the spin-ice configurations 
of DTO and the observed emergent transport phenomena.

Field-angle dependence of longitudinal resistivity
To confirm the transport modification of BRO related to the spin 
configurati ons of DTO, we have investigated field-angle dependence 
of ρxx as shown in Fig. 3. The origin of the rotation angle (θ = 0°) is 
defined to be the B // [111] direction, and the field is rotated around 
the [ 110 ] axis parallel to the current (I) direction (Fig. 3A), passing 
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Fig. 1. Dy2Ti2O7/Bi2Rh2O7 pyrochlore heterostructure. (A) A schematic of the heterostructure composed of nonmagnetic metal Bi2Rh2O7 (BRO) and magnetic insulator 
dy2ti2O7 (dtO) with spin ice configuration. (B) A schematic of the BRO/dtO interface. the charge carrier (purple) on the BRO side flows through the proximitized emergent 
field bem (green) penet rati ng from dtO with 3-in/1-out (3/1) configuration of local spins Jdy (red), resulting in the transverse hall current (curved purple arrow). the net bem 
and magnetization M in a pair of tetrahedra consisting  of d y spins with (C) 2-in/2-out (2/2) and (D) 3/1 configurations under magnetic field along [001] and [111] direc-
tions. When the magnetic field is rotated from [001] to [111] directions, the spins surrounded by the dotted ellipses in (c) are flopped to those in (d), resulting in a transition 
from 2/2 to 3/1  configurations.  (E) high-resolu tion high-angle annular dark-field scanning transmission electron microscopy (SteM) image of the film. the corr esponding 
energy dispersive x-ray spectrometry maps for (F) Bi l, (G) Rh l, (H) dy l, and (I) ti K edges.
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through the [001] axis at θ = 55°, the [ 11 2] axis at θ = 90°, the [ 110 ] 
axis at θ = 145°, and lastly the [ 111 ] axis  at θ = 180°. Figure 3C pres-
ents angle-dependent magnetoresistance ratio [ADMR ≡ ρxx(θ)/
ρxx(0°) – 1] measured at various temperatures with a fixed magnetic 
field of 9 T, where unique peak structures appear at θ = 19°, 90°, and 
145° below 20 K. Considering that the peaks become smaller  with 

increasing temperature, this field-angle dependence can be attrib-
uted to the change in magnetic ordering of DTO, which is further 
verified by the fact that isotropic transport is indeed observed in 
BRO/ETO (fig. S7).

To elucidate the origin of ob served angle dependence, we have 
considered field-angle–dependent spin configurations of DTO based 
on a simple assumption: Four distinct types of spin in a pair of tetra-
hedra, denoted by Dy i (i = 1 to 4) in the top of Fig. 3D, are always 
aligned along the applied field  to gain Zeeman energy (M∙B > 0) 
under high-field limit. Under this assumption, 3/1 state is realized at 
θ = 0° (B // [111]). With rotating the field angle, Dy2 is flopped at 
θ = 19° and 2/2 state is realized. Similarly, Dy1 (Dy3 and  Dy4 ) is 
(are) flopped at θ = 90° (145°) and 3/1 [1-in/3-out (1/3)] state is real-
ized. In our heterostructure, at higher temperatures above 30 K, a 
conventional anisotropic ADMR originating from the magnetiza-
tions of DTO is dominant and follows |sinθ| depende nce exhibiting 
a maximum value at θ = 90°. In the low-temperature region, in addi-
tion to the conventional ADMR, additional contribution of compa-
rable magnitude is visible at 145° (B // [ 110]), reflecting those two 
spins (Dy3 and Dy4) flop at the boundary between 3/1 and 1/3 
states. Identical pattern is repeated in the region of 180° to 360°, sug-
gesting the  180° periodicity which is indeed expected for the spin- 
ice state. Considering the above spin configuration of DTO, the 
observed peaks in ADMR correspond to the magnetic phase bound-
aries between 2/2, 3/1, and 1/3 states. The spins adjacent to these 
boundaries are unstable and fluctuating and thus impose more scat-
tering on the conducting charge carriers th at increases the resistivity. 
At 2 K, almost same field-angle dependence except for the overall 
magnitude is observed above 3 T (fig.  S8), s uggesting that 9 T is 
strong enough to realize  the angle-dependent spin configuration of 
DTO under high-field limit. These resul ts clearly demonstrate that 
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Fig. 2. Magnetotransport properties. (A) temperature dependence of ρxx for the 
BRO (9 nm) thin film on dtO under B = 0 t (black) and 9 t (red) applied along the 
[111] direction. the inset shows an enlarged view at low temperatures. Magnetic 
field (B) dependence of (B) MR ratio [MRR ≡ ρxx(B)/ρxx(0) – 1] and (C) hall resistivity 
(ρyx) measured at various temperatures. (D) Anomalous hall resistivity ρAhe ob-
tained by subtracting  the ordinary hall term.
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the spin configuration of spin-ice state is detected through ADMR at 
the present BRO/DTO heterointerface.

Topological Hall effect
Having clarified the unique ADMR related to the spin configuration 
of DTO, we proceed to delve into the topological Hall effect that is, to 
the best of our knowledge, the first observation induced by the prox-
imity effect of emergent field (bem). The sign inversion in ρAHE seen 
in Fig. 2D can be consistently explained by considering the topolog-
ical Hall effect resulting from bem associate d with non-coplanar spin 
configurations inherent in the spin-ice state. At a tetrahedron, bem is 
antiparallel to the magnetization in 2/2 configuration (Fig. 4B), 
whereas it is parallel to the magnetization in 3/1 configuration 
(Fig. 4C). This enables a manipulation of bem through the application 
of an external magnetic field along the [111] direction during the 

domain alignment process (Fig. 4A), concomitant with the sign in-
version triggered by the spin flop transition. First, bem are canceled 
out in the ground state of sixfold degenerate 2/2 configurations 
(2/2{6}) at 0 T. By applying magnetic field along the [111] direction, 
2/2{6} state is gradually lifted to the threefo ld degenerate 2/2 states, 
leading to the fully aligned kagome-ice state (2/2{3}) at ~1 T, which is 
followed by the ferromagnetic 3/1 state (3/1{1}) at ~2 T. During this 
process, bem grows with antiparallel to magnetization below ~1 T, the 
average of which (bem,ave) is antiparallel to the [111] direction as 
shown in Fig. 4A(b). Then, bem,ave is flipped from antiparallel to par-
allel to the [111] direction toward 3/1{1} state shown in Fig. 4A(c).

The observed ρAHE at low temperatures (Fig. 4D) can be straight-
forwardly understood as a summation of the conventional anomalous 
Hall term proportional to magnetization (αM[111]) and the topologi-
cal Hall term (ρTHE) due to bem,ave accompanied with a sign inversion 
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as shown with blue curves in Fig. 4 (E and F), respectively (see Supple-
mentary Text and fig. S10 for the analysis of ρAHE in more details). 
Note that the yellow schematic signals are indicated for clear mag-
netic transition processes without thermal fluctuation following the 
scenario discussed above. Furthermore, we found that such sign in-
version in ρAHE is absent when the magnetic field is along the [001] 
direction, where the spin flop transition to the 3/1 state does not take 
place (fig. S9) (15). These results confirm that the sign inversion in 
ρAHE is indeed attributed to the transition from 2/2 to 3/1 states under 
the magnetic field along the [111] direction. Another intriguing fea-
ture of ρAHE is its temperature dependence shown in Fig. 2D.  In DTO, 
magnetic anisotropy along the ⟨111⟩ direction and the nearest-neighbor 
interaction, both of which construct the spin ice ground state at low 
temperatures, remain up to ~70 K (12, 14, 18, 22). This suggests that 
thermally fluctuated spins favor 2/2 like spin configurations rather 
than 3/1 even at high temperatures. Upon increasing temperature, the 
anomalous Hall term proportional to magnetization is expected to 
decrease following the magnetization curve. In contrast, the topological 
Hall term is anticipated to undergo substantial changes in profile, 
with the positive component from 2/2 state becoming dominant. In 
our heterostructure, with increasing the temperature from 2 to 10 K, 
the peak of ρAHE becomes broader and shifts toward higher fields, in-
dicating that 2/2 like spin configuration is expanded due to the ther-
mal fluctuation. At 20 K, the contribution from the 2/2 state becomes 
dominant, resulting in the absence of negative topological Hall resis-
tivity. With further increase in temperature, the topological compo-
nent becomes smaller and eventually undetectable at 100 K (Fig. 2D).

DISCUSSION
In summary, we have demonstrated the intriguing magnetotransport 
properties in an epitaxial pyrochlore oxide heterostructure consisting 
of  nonmagnetic metal BRO and spin ice insulator DTO. We observe 
the angle-dependent MR that is consistent with the magnetic phase 
transition in the spin ice state of DTO. We also identify the topological 
Hall resistivity as an evidence for the sign inversion of an emergent 
field triggered by the spin flop transition. This observation suggests 
that the magnetic proximity effect not only induces the anomalous 
Hall effect proportional to magnetization but also promotes the topo-
logical Hall effect through the “penetration” of the emergent field. 
These results demonstrate that epitaxial heterostructures are highly 
promising platforms to investigate interactions between localized frus-
trated spins and conducting charge carriers. This approach opens 
the possibilities for electronically probi ng charge conversion of the 
monopole condensation excitations under non-equilibrium stimuli (5, 
7,  33, 34). Recent proposals have suggested the ex is t ence of a two- 
dim ens ional monopole gas at the heterointerface of the 2-in-2-out 
and the all-in-all-out states (35). Such behavior may manifest itself in 
electronic transport phenomena when coupled with charge carriers, 
offering an alternative detection method and a potential pathway for 
practical applications. Therefore, our work paves a way toward fur ther 
exploration and functionalization of quantum magnets through the 
i nterface-induced emergent transport phenomena.

MATERIALS AND METHODS
Thin-film growth
The BRO/DTO/LZO (111) thin film was grown on YSZ (111) sub-
strates by PLD and subsequent ex situ annealing (fig. S1A). Thickness 

of the BRO layer on DTO is 9 nm. One identical sample is used for all 
the transport and structural measurements in this work. PLD targets 
of BRO, DTO, and LZO were prepared by a solid state reaction (27, 
36–39). KrF excimer laser pulses (λ = 248 nm) were used to ablate 
the targets, with a fluence and frequency of 1 J/cm2 and 5 Hz. The 
LZO and DTO layers were deposited at 850°C under 1 × 10−4 torr O 2  
and subsequently in situ annealed at 1100°C for 10 min. Amorphous 
precursor Bi-Rh-O layer was then deposited at room temperature 
under 5 × 10−7 torr O2, with the pure BRO phase appearing after an-
nealing in a tube furnace at 1000°C for 1 hour under O2 flow.

Device fabrication and magnetotransport measurements
The Hall bar structure was processed by conventional photolithog-
raphy and  Ar ion milling. Ohmic Ni (10 nm)/Au (50 nm) con-
tacts were deposited by an electron-beam evaporator, as shown in 
Fig. 2B. Magnetotransport measurements were performed in a liquid 
He cryostat equipped with a 9 T superconducting magnet (Physical 
Properties Measurement System, Quantum Design Co.).

Magnetic measurements
Magnetic measurements for the DTO film were performed with a su-
perconducting quantum interference device magnetometer (MPMS3, 
Quantum Design Co.) down to 2 K and up to 7 T.
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