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While the spin-ice state of bulk pyrochlores such as Dy2Ti2O7 and Ho2Ti2O7 has been extensively
studied in the past several decades due to its unique degenerate ground state and emergent monopole
excitation, whether it survives in the thin-film form remains a mystery. The limited volume of the thin-film
sample makes it challenging to study the intrinsic magnetic properties. Here, we synthesized 18-nm-thick
Dy2Ti2O7 thin film on yttria-stabilized zirconia with 9.5 mol%Y2O3 substrate and capped it by a thin
conductive Bi2Ir2O7 layer and performed the proximitized magnetoresistance measurements. Our Letter
found that the ice-rule-breaking phase transition survives but with a modified effective nearest-neighbor
interaction (Jeff ¼ 1.054 K) and distorted Ising spin axes (ϵ ¼ þ0.051) compared to the bulk crystal. The
results are supported by the simultaneously measured capacitive torque magnetometry. Our Letter
demonstrates that proximitized transport is an effective tool for thin films of insulating frustrated magnets.
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Geometrical frustration is an important driving force for
novel emergent magnetic states. One of the most important
prototypes is the classical spin ice found in rare earth
pyrochlores, such as Dy2Ti2O7 (DTO) and Ho2Ti2O7

(HTO) [1–7]. It is a magnetic analog of water ice [8]
and exhibits emergent magnetic monopole excitation
[9–14]. The basic building block is the tetrahedron of the
Ising spins [15,16] that point either in or out of the
tetrahedron and must settle in one of the six degenerate
two-in–two-out (2∶2) spin configurations [17–20]. The
degeneracy rapidly grows as the (2∶2) tetrahedra connect
to each other according to the ice rule within the pyrochlore
structure, giving rise to the nonzero residual entropy [21].
More interestingly, flipping a spin necessarily breaks the ice
rule and effectively creates a pair of magnetic monopole and
antimonopole by turning two (2∶2) tetrahedra into the one-
in–three-out and three-in–one-out configurations, respec-
tively [22–24]. When such a spin flip is induced everywhere
in the lattice by a magnetic field along a h111i axis, the
monopole or antimonopole density increases drastically as
they condensate into the magnetic charge-ordered state, i.e.,
the so-called saturated ice (3∶1) state. This ice-rule-breaking
transition is, thus, described as the liquid-gas transition of
the magnetic monopoles [25–28].

Although rich spin-ice physics has been extensively
studied in bulk crystals during the past three decades,
epitaxial engineering has recently been considered as a new
route to tuning the spin-ice behavior due to the possibility
of controlling, for instance, the dimensionality [29] and/or
strain effect [30]. However, experimental results on spin-ice
pyrochlore thin films have been relatively limited, and the
conclusions are far from clear [31–38]. In particular, two
studies showed that the magnetic anisotropy and magneti-
zation of thick HTO films are similar to the HTO crystal
[31,32], which was measured above 1.8 K and well above
the temperatures of spin-ice behavior [17,25]. On the other
hand, two other studies suggested that the Pauling entropy
is released in DTO films based on heat capacity and that a
spin-ordered state may exist [33,34], potentially due to the
strain effect according to Monte Carlo simulations [38].
However, the exact magnetic structure of the ordered state
is not yet clear. While it would be highly interesting if the
spin-ice state is completely suppressed in thin films and/or
new states emerge, the foremost challenge is to establish
benchmark films with the spin-ice states that are compa-
rable to bulk crystals. However, the limited film studies
highlight the general experimental challenge in character-
izing thin films of insulating frustrated magnets due to the
small sample volume, the presence of the substrate, and the
requirement of reaching ultralow temperatures, all of which
together hinder the use of conventional bulk techniques,
such as ac susceptibility and neutron scattering. Methods
that are applicable to both bulk and film, even in the

*Contact author: hzhou10@utk.edu
†Contact author: jianliu@utk.edu

PHYSICAL REVIEW LETTERS 135, 216702 (2025)
Editors' Suggestion

0031-9007=25=135(21)=216702(7) 216702-1 © 2025 American Physical Society

https://orcid.org/0000-0002-1406-8941
https://orcid.org/0000-0002-1076-8799
https://orcid.org/0000-0002-1835-9850
https://orcid.org/0000-0001-9291-5061
https://orcid.org/0000-0002-8054-7406
https://orcid.org/0000-0002-1595-1912
https://orcid.org/0000-0001-7962-2547
https://ror.org/020f3ap87
https://ror.org/00jmfr291
https://ror.org/024d6js02
https://ror.org/03s53g630
https://ror.org/05g3dte14
https://crossmark.crossref.org/dialog/?doi=10.1103/w6cq-2qwl&domain=pdf&date_stamp=2025-11-17
https://doi.org/10.1103/w6cq-2qwl
https://doi.org/10.1103/w6cq-2qwl


ultrathin limit, are crucial for overcoming this barrier. Our
recent work on epitaxial Bi2Ir2O7 (BIO) thin films depos-
ited on DTO single-crystal substrates has demonstrated that
BIO resistivity is sensitive to the ice-rule-breaking tran-
sition of bulk DTO through a resistance anomaly that
faithfully tracks the transition [39]. This method utilizes
BIO as a nonmagnetic pyrochlore metal [40–42] that can be
grown epitaxially on DTO. Such a proximitized electronic
transport offers a new route to characterizing insulating
frustrated magnets and is technically quite applicable even
for thin-film samples but needs to be demonstrated.
Here, we apply this method of proximitized transport to a

(111)-oriented DTO thin film by measuring the resistance
of a BIO epilayer [Fig. 1(a)] and demonstrate the existence
of the ice-rule-breaking transition. To independently val-
idate the results, we simultaneously measure the capacitive
torque magnetometry (CTM) which is sensitive to the bulk
of the DTO thin film. The results unambiguously show
close correspondence between the two measurements.
Proximitized transport, thus, allows comparing film sam-
ples with the bulk crystals of classical spin ice and is
promising for studying epitaxially engineered insulating
frustrated magnets. Detailed information about the growth
of the BIO/DTO bilayer on the yttria-stabilized zirconia
with 9.5 mol%Y2O3 (YSZ) substrate can be found in End
Matter.

Figure 1(b) shows the magnetic field-angle scan of the
BIO resistivity at different field values at 0.03 K by
rotating the field around [111]. Since the field was applied
in the (1-10) plane [Fig. 1(a)], the angle scan allowed the
field to cover the three high-symmetry axes from [001] to
[111] and to [110]. We defined the [111] direction as the
zero angle so that [110] and [001] are at θ ¼ 35° and −55°,
respectively. The current was along [1-10] and, thus,
always normal to the field. One can see that the angle
dependence is quite flat at 14 T, except for a couple of
sharp peaks, one on the positive side and the other one on
the negative side of [111]. As the field decreases, these
peaks shift toward [111] and broaden. Although the overall
angle dependence is not as flat at 5 T and below, one can
still see that the heights of the two peaks decrease as they
shift toward [111] until they disappear around 2 T. The
observed shift of the peaks is reminiscent of the field-angle
phase diagram of classical spin ice where the critical angle
of the transition between (3∶1) and (2∶2) decreases on both
sides of [111] when the field decreases [28,43]. In the
high-field limit, the critical angle should approach [112]
and [110] for the negative and positive side, respectively,
which is also consistent with the way the observed peaks
shift with increasing field. These proximitized transport
results point to the existence of the ice-rule-breaking
transition in the DTO film similar to DTO bulk crystal.
While the proximitized transport in BIO is expected to be

caused by the extra scattering of the electrons due to
fluctuations of the Dy moments near the ice-rule-breaking
transition [39,44], it is necessary to have another indepen-
dent measure that probes the bulk of the DTO film for
comparison and verification. CTM is an effective tool for
this purpose thanks to the high resolution of the cantilever
deflection that measures magnetization vector by measuring
the capacitance between the cantilever and the underneath
gold film. The capacitance change is, thus, proportional to
the torque generated by the sample under the magnetic field
[45]. We mounted the sample on the cantilever and also
wired the sample for the resistance measurement so that the
two independent measurements can be simultaneously
carried out. Figure 2(a) shows the resistivity and the
capacitance change at 0.03 K as a function of θ when a
10 T field was applied and rotated again within the (1-10)
plane. We set up the rotation of the CTM device to cover
180° from the [001], [111], [110], and [11-1] to the [00-1]
axis. The current was also along [1-10]. As one can
see, when the field deviates from [111] toward [110] or
[001], the BIO resistivity exhibited sharp spikes similar to
Fig. 1(b). They occurred at the same angles as the sharp
jumps of the torque. The same behavior occurred when the
field deviates from [11-1] toward [110] or [00-1]. The sharp
jumps of the torque are known as turnovers of the
magnetization vector during the transition between (2∶2)
and (3∶1) [46]. Specifically, since the degeneracy of the (2∶2)
state is fully lifted in the high-field limit with field along

FIG. 1. (a) Schematic diagram of the BIO/DTO bilayer on the
YSZ substrate and the proximitized transport measurement
configuration. The current is along the [1-10] axis, and the
magnetic field is in the (1-10) plane and always perpendicular to
the current. (b) The measured BIO resistivity as a function of the
field angle in the (1-10) plane at different applied magnetic field
at 0.03 K.
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[001], i.e., the ð2∶2Þ0 state, the transition into (3:1) occurs
by flipping the α spin chain at the critical angle, causing the
turnover. The degeneracy of the (2∶2) state is partially lifted
with field along [110], i.e., the ð2∶2ÞX state. It transitions to
(3:1) by flipping the β spin chain at the critical angle. The

overall angle dependence of the torque is, in fact, similar to
HTO and characteristic of a classical spin-ice system. The
result, thus, confirms that the torque signal is driven by the
DTO film, since neither BIO nor YSZ would display these
features. The fact that the BIO resistivity also responds to
the transition but with spikes instead of jumps confirms that
the proximitized transport is not proportional to or directly
correlated to the magnetization but driven by enhanced
scattering from the unstable and fluctuating α or β spin
chain during the transition. The remarkable consistency of
the critical angles between the two measurements indicates
no significant difference between the bulk of the DTO film
and its interfacial region near BIO.
We further performed field scans to compare the prox-

imitized transport and the CTM. Figure 2(b) shows the
results at 0.03 K at different θ around [111]. The top panel
shows the effective magnetic moment Meff , defined as
½CðBÞ − Cð0TÞ�=B, where B is the field. At high fields,
Meff always reaches a plateau, because the magnetization is
saturated when the (3∶1) state is fully stabilized. The plateau
has opposite signs for positive and negative θ because the
magnetization vector is always along [111] in (3∶1) and,
hence, at the opposite sides of the field. Before reaching the
(3∶1) state, however, the magnetization vector of the (2:2)
state is along [110] or [001]. Therefore, the plateau is always
reached by a drastic increase or decrease of Meff , similar to
the reported CTM data on HTO crystal [46]. This behavior
corresponds to the turnovers of the magnetization vector
during the ice-rule-breaking transition revealed in the angle
scan [Fig. 2(a)]. Therefore, one can calculate the first-order
derivative of this part of the Meff curve (central panel) and
define the peak or dip as the critical field Bc [Fig. 2(b)].
Interestingly, an anomaly arises exactly at Bc for all angles
as well for the simultaneously measured magnetoresistance
(MR) of the BIO layer (bottom panel). In other words, the
anomaly shows maximum resistivity whenMeff jumps from
one side to another, similar to the angle scan. Similar to the
BIO film on a DTO crystal [39], the MR anomaly sits on top
of the negative MR curve and shifts to higher fields as the
field deviates from [111] because the ice-rule-breaking
transition shifts to higher fields, which is now also captured
by the CTM. In addition to the consistent Bc from both
CTM and MR, one can see the peak or dip of both
dMeff=dB and the MR anomaly broaden at the same time
as the field rotates away from [111]. This corresponds to an
enlarged width of the transition, consistent with the fact that
a larger field is needed to induce the transition. All the data
clearly demonstrate that the ice-rule-breaking transition is
preserved in the DTO thin film. Similar to the angle scan,
the torque probes the transition by tracking the magnetiza-
tion vector, whereas the MR anomaly reflects the fluctua-
tions during the transition.
Figure 3(a) plots both the critical angle from the angle

scans at different fields and the critical field from the field

FIG. 2. (a) The measured capacitance change CðBÞ − Cð0TÞ
and BIO resistivity as a function of angle in the (1-10) plane with
a 10 T applied magnetic field at 0.03 K (the blue line is
capacitance change, and the green line is resistivity). The filled
colors highlight the different phases. The phase boundary is
defined at the position of the resistivity peaks. (b) The field
dependence results at 0.03 K with the magnetic field along
different directions around the [111] axis in the (1-10) plane. The
θc values are denoted in the middle panel. Top panel: effective
magnetic moment vs magnetic field. Middle panel: derivative of
effective magnetic moment vs magnetic field. Bottom panel:
magnetoresistance (MR) vs magnetic field (vertical offsets are
applied on the curves for clarity). The black curve is the results
when the magnetic field is applied along the [111] axis. The
vertical lines represent peaks and dips of effective magnetic
moment derivatives for comparison with the MR anomaly.
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scans at different angles. One can see that the phase
boundary is consistent between the angle scan and field
scan, and the shape of the phase boundary is characteristic
of the reported ones of classical spin ice [43,46]. The phase
boundary from the CTM and the proximitized transport is
consistent as well within the finite width of the transition.
Since sample inhomogeneity would broaden the transition
width, the consistency of the two methods shows that
inhomogeneity, if any, affects the bulk region and the
interface region in a similar way.
It is known that the phase boundary between (2∶2) and

(3∶1) [43,49] is directly related to the effective nearest-
neighbor magnetic interaction Jeff ¼ Jnn þDnn, where Jnn
andDnn are the nearest-neighbor superexchange interaction
and nearest-neighbor dipolar interaction, respectively, of
the “dipolar spin-ice” model (DSIM) [19,20]. The exact
field-angle dependence of the phase transition is, however,
rather complicated and still debatable, especially at small θ,
where effects such as further nearest-neighbor couplings
and phonons could play important roles [46,49]. This is
because the energy separation among different (2∶2) con-
figurations is small and a large degree of the degeneracy
remains across the transition. In contrast, the situation is
relatively straightforward at high angles where the large
field lifts most, if not all, of the degeneracy and the
transition occurs between ð2∶2Þ0 or ð2∶2ÞX and (3:1). In
this case, Bc follows an angular relation as [43]

Bc ¼

8
><

>:

0.6Jeff
cos θcþ2

ffiffi
2

p
sin θc

þ Bdem ðθc < 0Þ;
0.6Jeff

cos θc−
ffiffi
2

p
sin θc

þ Bdem ðθc > 0Þ;
ð1Þ

where Bdem is the demagnetization field caused by the plate
shape of the (111)-oriented sample. This relation is derived
by considering four Ising spins at the tetrahedral vertices
with Jeff from the DSIM [the data points from [39] are
consistent with the bulk phase boundary from Eq. (1)].
However, if we simply adopt Jeff of bulk DTO [43], this
theoretical phase boundary is clearly below BcðθcÞ of the
DTO film, especially at high angles [orange line shown in
Fig. 3(b)]. Note that the proximitized transport results on
the DTO crystal [39] are consistent with this bulk phase
boundary. While the overall upshift of the experimental
phase boundary appears to indicate a larger Jeff, simply
adjusting Jeff [brown line shown in Fig. 3(b)] does not
account for this inconsistency. The reason is that the
deviation between the experimental and theoretical phase
boundaries is asymmetric between the positive and negative
sides of θ, whereas Jeff only scales both sides equivalently
according to Eq. (1). The fact that Jeff is only a scaling
factor means the critical angles on the positive and negative
sides under the same critical field must have a one-to-one
correspondence independent of Jeff . It is the deviation from
this one-to-one correspondence that prohibits matching the
theoretical phase boundary to the experimental one by
simply tuning Jeff . This observation suggests a geometric
modification within the tetrahedron, because the different
angular functions of the two sides originate from flipping
different spin chains during the transition. Equation (1) is
indeed derived under the condition that the local axes of all
four Ising spins intersect the center of the tetrahedron,
which can be defined as the origin (0,0,0) [Fig. 3(c)] and
dictates the angular functions. If one assumes that the
crossing point shifts away from (0,0,0) along [111] to

FIG. 3. (a) Green dots represent the critical angles derived from the peak of angle-dependent BIO resistivity [Fig. 1(b)]. Blue dots
represent the critical field extracted from the MR anomaly in Fig. 2(b) (bottom) by fitting exponentially modified Gaussian distribution.
Examples of the fitting are illustrated in Figs. S1 and S2 [47]. The brown dots represent the critical field which is extracted from the
peaks and dips in the derivative of effective magnetic moment in Fig. 2(b) (middle). The red line is a guide to the eyes for illustrating the
phase boundary. (b) Green dots represent the critical angles derived from the peak of angle-dependent BIO resistivity at different fields
[Fig. 1(b)]. Orange line represents the theoretical phase boundary of the DTO bulk by using Eq. (1) with parameters Jeff ¼ 1.01 K and
Bdem ¼ 0.88 T. The brown line is obtained by increasing Jeff by a factor of 2. The black curve represents the calculated phase boundary
by using Eq. (2) with parameters Jeff ¼ 1.054 K, ϵ ¼ þ0.051, and Bdem ¼ 0.88 T. (c) Schematic that shows the off-center of the Ising
spin axes. The coordinate of the tetrahedron corners are A0ð−1;−1;−1Þ, A1ð1;−1; 1Þ, A2ð−1; 1; 1Þ, and A3ð1; 1;−1Þ.
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ðϵ; ϵ; ϵÞ and repeats the same derivation, Eq. (1) must be
modified as

Bc ¼

8
>><

>>:

0.6Jeff
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ϵ2−2ϵþ3

p
=
ffiffi
3

p

cos θcð1−3ϵÞþ2
ffiffi
2

p
sin θc

þ Bdem ðθc < 0Þ;
0.6Jeff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ϵ2−2ϵþ3

p
=
ffiffi
3

p

cos θcð1−3ϵÞ−
ffiffi
2

p
sin θc

þ Bdem ðθc > 0Þ:
ð2Þ

One can see this modified relation [black curve in Fig. 3(b)]
now allows asymmetric deviation of the two sides from that
of Eq. (1) by changing ϵ. And ϵ can be calculated given a
pair of critical angles of the two sides without the need to
know the corresponding critical field. By using the critical
angles at 14 T, we obtained an ϵ ¼ þ0.051ð�0.004Þ, which
corresponds to ∼1.6° tilt of the Ising axes of the three spins
of the kagome plane toward the plane [Fig. 3(c)]. This is
consistent with the observed upshift of Bc because the
projection of the field to these local spin axes becomes
smaller and a larger field is necessary to flip the spin chain
to stabilize (3∶1).
With this ϵ value, the Bc ¼ 14 T corresponds to

Jeff ¼ 1.054 Kð�0.171 KÞ, which is close to the bulk
value of Jeff ¼ 1.01 K [43], albeit slightly bigger. Our
previous studies [50] on bulk Dy2Sn2O7, Dy2Ti2O7, and
Dy2Ge2O7 show that Jeff decreases with a smaller unit cell
volume when both Jnn and Dnn increase. This is possible
because Jnn is antiferromagnetic and increases faster than
Dnn, as Jnn is more sensitive to the bond length change than
Dnn. The slight increase of Jeff in the DTO film could be
attributed to the overall unit cell volume expansion (see End
Matter) following a similar trend. The volume expansion is
primarily caused by expansion in the (111) plane due to the
lattice mismatch with the YSZ substrate without a full
compensation from the compression along the [111] axis.
Internally, the tetrahedron should experience a similar
distortion, which is expected to tilt the Dy—O bond
between the kagome-plane Dy site and the O site at the
tetrahedral center toward the kagome plane, as shown in
Fig. S3(b) [47]. Since this Dy—O bond is where the Ising
axis is [15,51], such a distortion is consistent with a tilt of
the Ising axes toward the kagome plane as suggested by a
positive ϵ. This distortion corresponds to local symmetry-
lowering around the central O site from Td to C3v as the
epitaxial growth along [111] effectively lowers the pyro-
chlore symmetry from cubic to rhombohedral. The phase
boundary drawn by using Eq. (2) is also more consistent
with the experimental one, except a slight overestimation of
Bc at small angles likely due to effects beyond the nearest-
neighbor coupling [46,49].
In summary, the proximitized transport and CTM results

prove that the DTO thin film on YSZ still has the spin-ice
ground state but with modified magnetic interactions likely
due to a combination of volume expansion and geometric
distortion. This is consistent with theoretical studies that

suggest the persistence of the spin-ice state within a
substantial range of strain [52]. It will be an interesting
direction of future studies on whether the spin-ice manifold
is fully retained. Locally, the sixfold degeneracy of a single
tetrahedron should be fully retained, because the three Dy
sites on the kagome plane are still equivalent. However,
shape anisotropy alone, e.g., due to the thin-film geometry,
may differentiate spin-ice network configurations that have
a finite magnetization. In general, our results show that both
the CTM and the proximitized transport are able to probe
thin layers of insulating frustrated magnets but from differ-
ent perspectives. While the former detects the magnetization
vector, the latter is sensitive to the fluctuations. Their
consistency demonstrates that proximitized transport is an
efficient probe, which could potentially be applicable even
if the magnetic signal of the bulk of the film is beyond the
CTM detection, since the response of the itinerant electrons
relies on only the interfacial coupling with the local
moments but not the sample volume. This approach could
further enable thin-film engineering of insulating quantum
magnets even beyond classical spin ice [35,53,54]. It is also
interesting to see whether the proximitized transport phe-
nomenology would persist and/or modify when the con-
ductive epilayer has spontaneous magnetic ordering [55,56].
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End Matter

Experimental methods—We synthesized the epitaxial
DTO thin film of ∼18 nm thickness on the (111)-oriented
YSZ substrate, which is the most common and
commercially available substrate for pyrochlore thin films.
This thickness was chosen so that a significant bulk
region still exists within the film without significant
relaxation. The DTO film was capped by an epitaxial
BIO thin film of ∼3 nm thickness [Fig. 1(a)] to enable
proximitized transport measurements. The BIO thin-film
thickness was chosen to be similar to the previous work
[39] which already demonstrated the proximitized
transport behavior is weaker when BIO is thick. Most
details of the growth are discussed in Supplemental
Material [47]. Scanning transmission electron microscopy
images in Fig. S4 [47] showed a highly epitaxial
pyrochlore structure for both the DTO and BIO layers as
well as sharp BIO/DTO and DTO/YSZ interfaces. No
significant interdiffusion across the interface was found

by energy-dispersive x-ray spectroscopic map (Fig. S5
[47]). The epitaxial growth of both DTO and BIO layers
was also confirmed by the specular scan of x-ray
diffraction [Fig. S6(a)] [47]. Reciprocal space mapping
[Fig. S6(b) [47] ] showed that the out-of-plane lattice
spacing d111 of the DTO film is 5.75 Å� 0.001 Å,
which is roughly 1.7% smaller than bulk DTO, and the
in-plane spacing d11−2 is 4.19 Å� 0.01 Å, which is
1.4% larger than bulk DTO. That corresponds to a
volume expansion of about 1%. The BIO reflection was
not resolved within the measurement statistics of in-house
reciprocal space mapping likely due to the small
thickness. From x-ray diffraction [Fig. S6(a) [47] ], the
out-of-plane lattice spacing d111 of the BIO film is
6.10 Å, which is 2.5% larger than bulk BIO. The
thickness of the BIO layer and DTO layer is verified by
x-ray reflectivity [Fig. S6(c) [47] ].

PHYSICAL REVIEW LETTERS 135, 216702 (2025)

216702-7

https://doi.org/10.1088/0953-8984/24/34/345601
https://doi.org/10.1088/1367-2630/ab534c
https://doi.org/10.1103/PhysRevMaterials.2.114206
https://doi.org/10.1088/0953-8984/19/14/145272
https://doi.org/10.1088/0953-8984/19/14/145272
https://doi.org/10.1126/sciadv.adk6308
https://doi.org/10.1126/sciadv.adk6308
https://doi.org/10.1038/s41467-022-31297-1
https://doi.org/10.1038/s41467-022-31297-1
http://link.aps.org/supplemental/10.1103/w6cq-2qwl
http://link.aps.org/supplemental/10.1103/w6cq-2qwl
http://link.aps.org/supplemental/10.1103/w6cq-2qwl
http://link.aps.org/supplemental/10.1103/w6cq-2qwl
http://link.aps.org/supplemental/10.1103/w6cq-2qwl
https://doi.org/10.1038/s41598-017-06785-w
https://doi.org/10.1038/ncomms12592
https://doi.org/10.1038/ncomms12592
https://doi.org/10.1103/PhysRevLett.108.207206
https://doi.org/10.1103/PhysRevLett.108.207206
https://doi.org/10.1103/PhysRevB.94.024430
https://doi.org/10.1103/PhysRevB.110.184421
https://doi.org/10.1103/PhysRevB.110.184421
https://doi.org/10.1103/PhysRevMaterials.8.114407
https://doi.org/10.1103/PhysRevMaterials.8.114407
https://doi.org/10.1088/1361-6528/aa5112
https://doi.org/10.1126/sciadv.adr6202
https://doi.org/10.1126/sciadv.adr6202
https://doi.org/10.1021/acs.nanolett.4c03969

	Probing Ice-Rule-Breaking Transition in Dy2Ti2O7 Thin Film by Proximitized Transport and Magnetic Torque
	Acknowledgments
	Data availability
	References
	Experimental methods


