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Fluctuations of quantum spins play a crucial role in the emergence of exotic magnetic phases and excitations.
The lack of the charge degree of freedom in insulating quantum magnets, however, precludes such fluctuations
from mediating electronic transport. Here, we show that the quantum fluctuations of a localized frustrated magnet
induce strong proximitized charge transport of the conduction electrons in a synthetic heterostructure comprising
an epitaxial Bi,Ir,O; ultrathin film on a single crystal of Yb,Ti,O;. The proximity effects are evidenced by the
scaling behavior of the BiIr,O7 resistance in correspondence with the dynamic scaling of the dynamic spin-
correlation function of Yb,Ti,O7, which is a result of quantum fluctuations near a multiphase quantum critical
point. The proximitized transport in Bi,Ir,O; can be effectively tuned by a magnetic field through suppressing
the quantum spin fluctuations (QSFs) as well as inducing transitions via magnetic anisotropy in Yb,Ti,O5. In
this paper, we establish a pathway for harnessing QSFs in magnetic insulators with electric transport, offering
exciting prospects for potential applications in the realm of quantum spintronics.
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I. INTRODUCTION

Spin-electronics is rooted in the dependence of elec-
tronic transport on the magnetization [1,2]. This concept has
been extended well beyond ferromagnets (FMs) to antifer-
romagnets (AFMs), ferrimagnets, and other magnets where
the magnetic order can be described as a classical vector
[3-5]. Electronic transport can be controlled in such mag-
netic systems by reorienting the moments, which however
must overcome energy barriers and inevitably cause power
dissipation. Quantum mechanics, on the other hand, provides
an attractive alternative for one spin state to transit to an-
other spin state through quantum tunneling. Such a quantum
effect is one of the salient features of quantum magnets,
where the magnetic state is a superposition of multiple distinct
collective spin configurations due to quantum spin fluctu-
ation (QSF) [6-9]. Static magnetic orders are thus often
strongly suppressed in quantum magnets, and the conven-
tional quasiparticle picture [10] may break down in describing
the low-energy excitations due to the absence of sharp spin
waves. Indeed, exotic QSF-driven excitations are believed
to be highly correlated and entangled, holding promises for
quantum computation [7-9,11-15], with spinons and Majo-
rana fermions being two well-known examples that have been
intensively studied in quantum magnets [16-20].
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Despite the great technological potential [21], it is not
yet clear how to exploit such many-body magnetic quantum
effects to control electronic transport. A key reason is that the
spin degree of freedom in most quantum magnets originates
from strongly localized electronic states, and they interact
without free electrons [7,9,22-24]. In fact, many intriguing
quantum magnets are good insulators. Yb,Ti,O; (YbTO) is
an excellent example of such insulating quantum magnets
[25-31], which is currently under extensive studies due to the
proposed quantum spin-ice state and multiphase competition
[32-36]. Its FM ground state is strongly suppressed [37] with
very broad dispersive spin waves due to a significant mixture
from AFM configurations (Fig. 1) alongside an intense flat
mode near the spin-wave gap [38—41]. This intriguing quan-
tum dynamics arises from the strong QSF near the FM-AFM
phase boundary [39,40] and persists at finite temperatures
even above 7. [38,42]. If an effective coupling to charge carri-
ers can be introduced while preserving the quantum dynamics,
one may exploit such QSF of local moments to mediate
electronic transport for better understanding of the quantum
magnetism and enabling spin-electronic functionality.

Here, we demonstrate proximitized electric transport for
investigating and harnessing the quantum effects of YbTO
crystals by forming an epitaxial heterostructure (Fig. 1) with
an ultrathin film of nonmagnetic metal Bi,Ir,O; (BIO). The
feasibility of this heteroepitaxial synthesis [43] was recently
demonstrated between BIO and Dy, Ti,O; (DTO) [44—49]. In
contrast with the classical spin-ice physics of DTO, we find
that the interfacial impact on the electronic transport of the
BIO thin film is drastically enhanced by YbTO due to the QSF
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FIG. 1. (a) Schematic diagram of the interface of a BIO/YbTO
heterostructure and the measurement configuration. (b) Schematic
diagram of the scattering process on the interface of a BIO/YbTO
heterostructure. The tetrahedra illustrate the coexistence of ferro-
magnetic (FM; red arrows with freedom to rotate around the local
[001] axis) and antiferromagnetic (AFM; green arrows with free-
dom to rotate in the local (111) plane) phases of the YbTO crystal
structure.

of YbTO, which is highlighted by an anomalous scaling of the
BIO resistivity with temperature and magnetic field that re-
flects the unconventional spin-wave dynamics of YbTO. Our
findings provide compelling evidence for a distinct avenue
to access and explore quantum magnetism through proximi-
tized electric transport. The realization of transport control of
itinerant electrons through localized quantum spin degrees of
freedom in the insulator could enable potential applications in
spintronic devices.

II. RESULTS
A. Synthesis

To couple the QSF of localized spins with charge carri-
ers, we devised and synthesized the epitaxial heterostructure
of BiyIr,07/Yb,Ti,O7 (BIO/YDTO) (Fig. 1) by depositing
a nominally 4-nm-thick BIO thin film onto a (111)-oriented
stoichiometric YbTO single-crystal substrate. BIO is an ideal
carrier provider since it is a nonmagnetic metal with a py-
rochlore structure [50] compatible with YbTO. Since the
properties of YbTO are believed to be sensitive to disorder,
we prepared a stoichiometric YbTO single crystal with a
modified traveling-solvent floating zone method as recently
reported [37]. The lattice parameter of our stoichiometric
YbTO single crystal is 10.03377(5) A (Fig. S1(b) in the
Supplemental Material [51]), consistent with the previous re-
port [37]. The epitaxy of the heterostructure was confirmed
by cross-section transmission electron microscopy (TEM)

(Fig. S2(b) in the Supplemental Material [51]) with energy
dispersive spectroscopy (Fig. S3 in the Supplemental Material
[51]). X-ray diffraction (Fig. S2(c) in the Supplemental Ma-
terial [51]) also confirmed the single-phase epitaxial growth.
The actual thickness of the BIO film to be discussed below
was measured to be 3.9 nm (Fig. S2(e) in the Supplemental
Material [51]) by x-ray reflectivity.

B. Proximitized transport due to FM-AFM competition

The influence of YbTO magnetism becomes evident when
comparing the resistivity of the BIO/YbTO heterostructure
with a reference sample where the BIO film was grown
on a nonmagnetic Y,TioO; (YTO) single-crystal substrate
[Fig. 2(a)]. In the high-temperature regime, both samples
exhibit a similar trend as a function of temperature. The re-
sistivity increases slowly with decreasing temperature [54]
due to weak localization and/or disorder-enhanced electron-
electron interaction in two dimensions [50], especially at
such reduced thickness. Nonetheless, the resistivity curves
>2 K can be mapped to each other by a scaling factor be-
tween BIO/YDTO and BIO/YTO heterostructures. However,
in the sub-Kelvin regime, thermal fluctuations are suppressed,
the impact of quantum magnetism takes over, and notable
distinctions arise. Specifically, the resistivity of BIO/YbTO
experiences a sharp increase at low temperatures, follow-
ing a 1/T scaling [Fig. 2(b)], i.e., p & 1/T. Remarkably,
this scaling behavior persists even below the FM transition
temperature T, of YbTO [~224 mK (Fig. S4(a) in the Supple-
mental Material [51])]. In contrast, the resistivity of BIO/YTO
remains varying gradually, and the 1/T scaling is clearly
absent. Similarly, the 1/7 scaling was not observed in the
BIO/DTO heterostructure (see Fig. S5 in the Supplemental
Material [51]).

We find this scaling behavior highly unusual. In the sim-
plest Drude picture, the resistivity is inversely proportional to
an effective relaxation time 7. If the proximity effect arises
from scattering processes due to the exchange interactions
between the spins of the charge carriers and the localized spins
in the magnetic insulator like YbTO, the resultant electron
relaxation time will have a temperature dependence governed
by the spin fluctuations in the magnetic insulator [55]:

1
x
w(T)

f do / d2q S(q, . T)P(q), 0

where S(q,w, T) is the dynamical spin-correlation func-
tion in YbTO, and &(q) is a form factor that accounts
for the phase space of scattering determined by the Fermi
surface structure of BIO. In the temperature range of in-
terests, one can assume that other scattering channels, such
as electron-electron, electron-phonon, and impurity scatter-
ings, have a much weaker temperature dependence. The
observed 1/T scaling behavior then clearly contradicts what
one would expect based on a conventional spin-wave pic-
ture for an FM order, where the thermal occupation of
bosonic spin waves increases as temperature increases and
yields a shorter relaxation time, leading to a positive con-
tribution to the resistivity. Instead, authors of a previous
theoretical study have shown that the 1/T behavior of
itinerant frustrated magnets can be attributed to quantum
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FIG. 2. (a) Temperature dependence of the normalized resistivity for the BIO/YbTO (blue) and BIO/YTO (orange) heterostrutures from
300 K to 87 mK at zero magnetic field. The temperature gap between 1 to 2 K is because two instruments were used to measure the high-
and low-temperature resistivity, respectively. The red dashed line is obtained by multiplying the blue line with a factor of 2.5 to illustrate the
similar temperature dependence of the two samples at high temperatures and their drastic difference at low temperature. In other words, it is
possible to scale the two samples at the high-temperature region but not the low-temperature region. (b) The zero-field resistivity plotted as a
function of 1/T in the low-temperature region. While the BIO/YbTO curve shows a linear behavior down to ~100 mK, the BIO/YTO curve
is clearly sublinear. The kink position on the BIO/YbTO curve corresponds to the ferromagnetic (FM) transition temperature of YbTO at zero
field. (c) The inverse effective relaxation time (red line) calculated from Eq. (1) shows the same 1/7 dependence as the resistivity.

fluctuations in a liquidlike spin state below the Curie-Weiss
temperature [56].

To evaluate such a mechanism, we refer to the dynamical
structure factor S(q, w, T) reported by a recent inelastic neu-
tron scattering experiment [41] on YbTO in the low-energy
regime of tens of millielectronvolts. It was found that, due to
proximity to a quantum critical point among the FM, AFM,
and spin-liquid phases [57], S(q, @, T') exhibits a dynamical
scaling behavior:

I
exp(x) — 1 R2 4+ x2°

where x = hw/kgT, with fitted parameters B = 0.0181 and
R =0.80 [41]. By inserting this scaling form into Eq. (1),
one can calculate the reversed relaxation time of the charge
carriers due to the YbTO QSF. After performing the frequency
integral up to a small cutoff at 4.3 ueV, we indeed arrived at a
1/T -like behavior of the reversed relaxation time, as shown in
Fig. 2(c), resembling the 1/7 behavior of the BIO resistivity.
This behavior is robust against different cutoff values in a
wide range, as demonstrated in Fig. S6 in the Supplemental
Material [51] with the cutoff from 0.086 to 8.6 ueV. The tem-
perature dependence of the BIO resistivity therefore reflects
the scaling behavior of the QSF in YbTO.

This proximitized transport behavior can be tuned by mag-
netic field. When applying a field along [001] to suppress the
YbTO QSF at 30 mK, the BIO resistivity decreases rapidly
<1 T [Fig. 3(a)]. The decrease quickly slows down as the field
approaches 1 T, resulting in a nearly flat magnetoresistance
(MR) curve beyond that point. This rapid recovery of the
conductivity can be understood from the fact that the AFM
fluctuations are strongly suppressed by the external magnetic
field through enforcing the FM order [39]. In fact, the broad
spin waves of YbTO have been shown to disappear quickly
under a magnetic field by inelastic neutron scattering [39].
This sharp negative MR by tens of percent at small fields
is also in remarkable contrast with the gradual and slow
decrease observed in the BIO/YTO reference sample across

keTS(q, 0, T) ~ 2[ 2)

the entire measured field range. This distinction disappears
at elevated temperatures >3 K, when thermal fluctuations
dominate over quantum fluctuations, and the MR of BIO/YTO
and BIO/YbTO becomes virtually the same, as seen in the
inset of Fig. 3(a). One can make a similar comparison with
the reported BIO/DTO heterostructure [43]. They both have a
positive sign and a similar amplitude ~0.2% at high temper-
atures. Such a similarity again points to the dominant role of
the thermal fluctuations in the BIO transport properties at high
temperatures. Their difference emerges at low temperatures
where thermal fluctuations are suppressed. At 30 mK, other
than a relatively small anomaly (~1%) when the field induces
the ice rule-breaking transition of classical spin ice in DTO,
the MR of BIO/DTO is overall very similar to BIO/YTO and
thus distinct from the large sharp negative MR observed here
for BIO/YbTO [Fig. 3(a)]. This comparison highlights the
drastically enhanced impact of quantum spins on the prox-
imitized transport.

Quantitatively, we find a 1/+/B scaling for the sharp resis-
tivity drop [Fig. 3(b)] through logarithmic fitting of the MR
at 30 mK, which is also absent in BIO/YTO (Fig. S7(a) in
the Supplemental Material [51]). Again, such an algebraic
scaling cannot be explained by conventional spin waves, as
the Bose-Einstein distribution would result in exponential
suppression of spin fluctuations due to the low temperature
(30 mK) and the field-induced gap [58]. Instead, we resort to a
simple model that has been used to capture the magnetic field
dependence of the spin fluctuations of YbTO at the mean-field
level [42]. Specifically, taking a coarse-grained magnetization
parameterized by a unit vector m leads to the following poten-
tial energy that describes the competition between the Zeeman
energy and the magnetic anisotropy [42]:

U=-B-m-K, Z(m o)t — KQH(m N G))

The form of the anisotropy respects the cubic symmetry
of YbTO, and the parameters K; = 0.14 and K, = —0.55
have been used to match the magnetic field-induced phase
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FIG. 3. Field-dependent resistivity of BIO/YbTO. (a) Magnetoresistance (MR) of BIO/YbTO, BIO/DTO and BIO/YTO at 30 mK with B
//[001]. Inset: MR of BIO/YbTO (solid lines) and BIO/YTO (dashed lines) >3 K with B // [001]. (b) Blue line: The resistivity of BIO/YbTO
at 30 mK with B //[001] plotted against 1/+/B for the low-field region where the MR shows the strongest negative drop. Red line: The
calculated 1 — (m.)? that represents the amplitude of the transverse spin fluctuations shows a similar 1/+/B dependence as the resistivity.
(c) Field dependence of the resistivity of BIO/YbTO with B //[001] at four temperatures below 7, of YbTO and one slightly above.

transitions and the corresponding critical field strengths [42].
For a magnetic field applied along the z direction (i.e., [001]),
the thermal average 1 — (m.)?> measures the magnitude of the
allowed transverse fluctuations. One can see in Fig. 3(b) that
it increases with decreasing field and roughly reproduces the
1/+/B scaling observed in MR. The effective cubic anisotropy
here can be viewed as a coarse-grained result of interactions
between the four spins on a single Yb tetrahedron, suggesting
that short-range correlations largely contribute to the fluctua-
tions and the proximitized MR.

The combined temperature—magnetic field control on the
proximitized transport is presented in Fig. 3(c), where the
unnormalized MR curves at different temperatures all flat-
ten >1 T and clearly converge to a similar level. In other
words, the strong temperature dependence of the resistivity
only occurs around zero field, and the temperature dependence
becomes minimal once the external magnetic field effectively
suppresses spin fluctuations. As a result, the negative MR at
small fields is most pronounced at lower temperatures, while
thermal fluctuations reduce its sensitivity. These findings pro-
vide compelling evidence that the BIO resistivity offers an
effective means of assessing the magnitudes of YbTO QSF.

C. Proximitized transport due to field-induced transition

The proximitized transport strongly responds to the field-
induced transitions of YbTO as well. Note that both BIO
film and crystal show the linear isotropic MR >2 K [50].
Significant anisotropy arises here for BIO/YbTO. With B
//[110] and B //[111] [Fig. 4(a)], the MR initially shows
a sharp negative response like B //[001]. However, the rate
of decrease slows down followed by an upturn. As the field
continues to increase, the MR becomes negative again, result-
ing in a broad peaklike feature. These anisotropic behaviors
are absent in the BIO/YTO reference sample (Fig. S7(b) in
the Supplemental Material [51]), indicating that they origi-
nate from the YbTO quantum magnetism. The locations of
the peaklike feature ~0.7 and 0.79 T for B //[110] and B
//[111], respectively, well align with the critical fields of
the YbTO phase transition [38,42] driven by the competi-
tion between the cubic magnetic anisotropy and the Zeeman

energy [32] described above by Eq. (3). Specifically, since
(001) is the easy axis of the canted FM order, a [111] field is
an effective transverse field that enforces a polarized state by
mixing the three spontaneous (001) configurations, causing
enhanced fluctuations which are now captured by the BIO
resistivity. For comparison, this peaklike feature is much more
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FIG. 4. Angle-dependent magnetoresistance (MR) of BIO/
YbTO. (a) MR at 30 mK with magnetic field applied along three
high-symmetric directions. Black line is MR of BIO/DTO at 30 mK
with magnetic field applied along [111] axis. This black line is
multiplied with a factor of 4 for better visualization. (b) Field angular
scans of the resistivity at 30 mK under seven different field strengths
above the critical field of B //[111] and one field strength slightly
below. Insert: The measurement configuration. The applied field is
vertical and the current is along [1-10]. (c) Field angular scans of the
resistivity at 0.75 T at three temperatures below 7, and one above. For
the purpose of comparison, the scans are normalized by the resistivity
with B //[001] at each temperature.
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pronounced than the MR anomaly due to the classical spin-ice
transition in the BIO/DTO heterostructure [43], showcasing
again the much stronger impacts of quantum spin systems than
classical spin systems on proximitized transport.

The pronounced peaklike feature must be driven by the
YbTO QSFs rather than its stray field. The stray field near
the boundary of a magnetic material is proportional to the
magnetization. The magnetization of DTO along (111) (both
the kagome ice state and the 3-in-1-out state) is much larger
than the magnetization of YbTO of all directions [42,59].
Therefore, if the stray field dictates the size of the anomaly
or any feature in MR, one would expect it to be much more
significant in BIO/DTO than BIO/YbTO. Moreover, if an MR
feature is driven by the stray field, it should resemble the shape
of the M(B) curve, which means the BIO/DTO anomaly would
have a steplike shape because of the sharp magnetization
jump. Meanwhile, the M(B) curve of YbTO has no jump
but just changes slope via a kink at the critical field. This
expectation based on stray field is clearly inconsistent with
the experimental observations of the MR measurements.

At field >2 T, both MR curves with B //[110] and B
// [111] become flattened deep into the field-polarized state
where the fluctuations are completely suppressed. They also
converge to the same level as B //[001]. Such weak de-
pendence on the field direction at high fields shows that the
orientation of the magnetization of YbTO has little impact
on charge transport in BIO despite the magnetic anisotropy,
which can be explained by the fact that the field-polarized
state can be described as a classical order parameter. This
observation was further confirmed by angular scans that con-
tinuously rotate the field from [001] to [111] and to [110]. As
seen in [Fig. 4(b)], the resistivity displayed almost no angle
dependence at 3 T. Only when the field decreases toward the
critical field does the angle dependence become dramatically
stronger, with the resistivity showing a rapid increase near
[111] where the fluctuations are the strongest. The resistance
changed smoothly with the field angle without any kink, indi-
cating that the field is continuously tuning the strength of spin
fluctuations.

What is also particularly interesting is that when the field
dropped below the critical field of [111], as shown at 0.75 T, a
sharp dip in the angular change around [111] was observed,
leading to a double-peaklike shape. This behavior can be
attributed to the domain conversion of the spontaneous canted
FM order since [111] is the hard axis and thus the tipping
point of domain repopulation [38]. The dip likely marks the
narrow angular range of domain coexistence. More impor-
tantly, as seen in Fig. 4(c), this dip persists at temperatures
above T, capturing the famous reentrant behavior of the FM
state in the [111] field-temperature phase diagram [38] that
is a signature of the strong QSF in YbTO. All the transport
behaviors discussed above are well reproducible in different
samples (Fig. S8 in the Supplemental Material [51]).

D. Impacts of YbTO nonstoichiometry

Given the remarkable sensitivity of the proximitized trans-
port to the YbTO quantum magnetism, we performed the
same measurements on a BIO film grown on a nonstoichio-
metric YbTO (YbTO-ns) substrate (see the Supplemental
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FIG. 5. Resistivity behavior of a 4.2-nm-thick BIO film on
YbTO-ns. (a) Magnetoresistance (MR) at 30 mK with magnetic
field applied along three high-symmetric directions shows the ini-
tial sharp negative drop. It flattens with increasing field when B
//1001], whereas the additional features appear at the critical fields
for B //[110] and B //[111]. (b) Field dependence of the resistivity
with B //[001] at five temperatures similar to BIO/YbTO shown in
Fig. 3(c). (¢) 1/ VB dependence of the resistivity at 30 mK with B
//1001]. (d) 1/T dependence of the resistivity at zero field. Com-
pared with BIO/YbTO [Fig. 2(b)], a sublinear deviation can be seen.

Material [51]) to investigate the impact of site disorder be-
tween the Yb®>* and Ti*" ions. This disorder is known to
effectively suppress the spontaneous FM order and further
broaden the spin-wave spectra [37,39]. Figures 5(a)-5(c)
show that the MR is overall similar to that in the stoichio-
metric case, including the sharp negative MR, the 1/+/B
dependence, and the response to the field-induced transition.
These results are consistent with the resistive contribution
from short-range fluctuations. Notably, the unnormalized MR
with B //[001] reveals an enhanced resistivity at zero field
and low temperatures, indicating the presence of significant
QSF despite the disorder. However, a sublinear deviation from
the 1/T scaling can be observed in Fig. 5(d), suggesting that
the temperature dependence of the resistivity is more sensitive
to the spatial coherence in the spin fluctuations, which may
arise from either the inhomogeneity of the exchange interac-
tions or an overall deviation from the quantum critical regime.
In fact, the dynamical scaling behavior of YbTO described by
Eq. (2) was observed in stoichiometric YbTO crystals [41].

III. DISCUSSION

It has been a long-standing puzzle at what levels coherent
quantum fluctuations play a role in materials close to realizing
exotic quantum spin liquids. In certain candidate systems, the
extremely broad excitation spectrum may be understood as
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spin waves from magnetically disordered ground states [60],
and spin fluctuations mainly consist of thermal occupation of
spin-wave modes. Recent inspirations have been offered along
the lines of witnessing quantum entanglement through mag-
netic spectrum [61], anomalous thermal transport experiments
[62], and magnetic noise characterization [63]. Proximitized
electric transport study of QSF demonstrated in this paper
offers several advantages, such as a higher temperature res-
olution and an enhanced sensitivity to low-energy fluctuations
with large-momentum transfer, where scattering processes are
particularly efficient in reducing the electron relaxation time.

It is remarkable to see that the thin-film resistivity of our
heterostructure construction well captures the essential prop-
erties of the bulk quantum magnetism, despite the potential
complications from the interface. The same transition tem-
perature and critical field between proximitized transport and
susceptibility indicate the Yb-Yb interface magnetism is at
least qualitatively the same as the bulk. Note that all the matrix
elements of the Yb-Yb exchange matrix are finite for bulk
YbTO [32], and they account for all symmetry components
of the exchange interaction, i.e., XY-like (J;), Ising-like (J»),
pseudodipolar (J3), and DM (Jy) interactions. Any quantitative
difference at the interface could be accounted for by modifi-
cations of these parameters. The experimental facts discussed
above indicate that such changes at the interface (if any) make
no significant difference, at least from the prospect of the
proximitized transport.

In summary, our investigation on the electric transport
properties of a BIO film deposited on a YbTO single crystal
shows a large enhancement in resistance due to the proximity
to quantum magnetism at low temperatures. The observed
scaling behaviors of the resistance with temperature and mag-
netic field strongly point to the mechanism of QSF-mediated

scattering of electrons at the interface. Moreover, the distinct
responses under different field directions highlight how the
MR of BIO accurately captures the magnetic anisotropy of
the field-induced quantum phase transitions in YbTO. Over-
all, in this paper, we establish an approach to realize strong
correlation between the electronic transport and the QSF by
employing a heterostructure comprising a metallic film epitax-
ially grown on a quantum magnet, which provides guidelines
for future exploration of proximitized transport phenomena
derived from insulting quantum magnets. Furthermore, the
thermal and magnetic controls of the proximitized transport
hold promise for potential applications in spintronics by lever-
aging the unique properties of quantum magnetism.
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