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Topological superconductivity in metal/quantum-spin-ice
heterostructures
Jian-Huang She1, Choong H. Kim 2, Craig J. Fennie2, Michael J. Lawler1,3 and Eun-Ah Kim1

We propose a strategy to achieve an unconventional superconductor in a heterostructure: use a quantum paramagnet (QPM) as a
substrate for heterostructure growth of metallic films to design exotic superconductors. The proposed setup allows us to
“customize” electron–electron interaction imprinted on the metallic layer. The QPM material of our choice is quantum spin ice.
Assuming the metallic layer forms a single isotropic Fermi pocket, we predict its coupling to spin fluctuations in quantum spin ice
will drive topological odd-parity pairing. We further present guiding principles for materializing the suitable heterostructure using
ab initio calculations and describe the band structure we predict for the case of Y2Sn2−xSbxO7 grown on the (111) surface of
Pr2Zr2O7. Using this microscopic information, we predict topological odd-parity superconductivity at a few Kelvin in this
heterostructure, which is comparable to the Tc of the only other confirmed odd-parity superconductor Sr2RuO4.
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INTRODUCTION
An intimate connection between a quantum paramagnet (QPM)
and superconductivity has long been suspected. Anderson
conjectured that a specific type of quantum paramagnet, namely
resonating valence bond (RVB) quantum spin liquid could turn
into a superconductor upon doping holes in 1987.1 The idea uses
the notion that a RVB state is a quantum superposition of singlet
configurations in which all spins form a singlet with a partner (see
Fig. 1a). Such spins simultaneously point in many directions due to
quantum fluctuation effects and hence show no sign of magnetic
order. Nevertheless widely separated spins in a RVB state maintain
a high degree of entanglement driven by the exchange
interaction Jex.

2,3 Anderson conjectured that a RVB state can turn
into a superconducting state by removing spins (doping holes)
and allowing singlets to move around, which promote spin
singlets to Cooper pairs (see Fig. 1a). However so far there is no
material realization of this proposal to the best of our knowledge.
Here we propose a conceptually new framework for using a QPM
to drive superconductivity without doping or requiring RVB
singlets: grow a heterostructure consisting of a QPM and a metal
(See Fig. 1b).
We propose to “borrow” the spin correlation of a QPM without

destroying the QPM phase. This is conceptually distinct from
Anderson’s proposal and it has several advantages. Firstly, the
superconductor need not be a singlet superconductor. Instead the
pairing symmetry now depends on the dynamic spin–spin
correlation function and the structure of the interlayer coupling,
and hence it can be “chosen” at will through the choice of the
QPM layer. Specifically, we will show that the quantum spin ice3–14

as a QPM material will drive topological triplet pairing at the
interface. Secondly the two distinct characteristic energy scales of
each layers, namely the Fermi energy of the metal EF (or
equivalently N(0)−1, the inverse of the density of states at the
Fermi level) and the spin–spin exchange interaction of the QPM

Jex, enables us to be in the regime where Jex=EF � 1. Theoretically
this small parameter can play the role of ωD=EF � 1 (where ωD

represents characteristic phonon frequency) in the
Migdal–Eliashberg theory which justifies ignoring a certain set of
diagrams and in turn serves as the key to their essentially exact
treatment of phonon-mediated superconductivity.15 Finally, the
coupling between the spins and the itinerant electrons in the form
of a Kondo-like coupling JK

16 across the interface is expected to be
small, i.e., JKNð0Þ � 1, making a perturbative treatment in this
parameter reliable. These advantages in concert with advances in
the atomically precise preparation of relevant heterostructures17–19

present an unusual opportunity for a theoretically guided “design”
of a new topological superconductor.
Interestingly the problem of coupling between local spin-

moments and itinerant electrons has a long and celebrated history
itself, especially in the context of heavy-fermion systems.20 In the
strong coupling limit of JKNð0Þ � 1, the conduction electrons
hybridize with the local moments to form Kondo singlets resulting
in a heavy Fermi liquid ground state (the gray phase labeled
HFL in Fig. 1c). On the other hand, in the weak coupling limit
JKNð0Þ � 1 of our interest, the spins are asymptotically free and
there are many more possibilities depending on the strength of
the spin–spin exchange interaction Jex. When Jex = 0, the RKKY
interaction mediated by itinerant electrons, which is a perturbative
effect of the coupling to the local moments with the characteristic
interaction strength JRKKY � J2KNð0Þ, typically drives an antiferro-
magnetic order21 (see Supplemental Material (SM) Fig. 1). However
when Jex ≠ 022 and furthermore frustrated,23 such antiferromag-
netic ordering will be suppressed. Further, for sufficiently strong
JKN(0), the Kondo singlet, the RVB singlet and Cooper pairs may all
cooperate to form an exotic superconductor (the purple phase
labeled SC × QPM in Fig. 1c).22–24 However, the coupling through
the interface would naturally put the proposed heterostructure in
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the small JKN(0) region which has not received much attention to-
date.
For JKNð0Þ � 1, the effect of the interfacial coupling on the

metal can be treated perturbatively. Moreover when the QPM has
a gapped spectrum with the gap scale ωsf � 2Jex, we anticipate
the QPM to stay intact on the insulator side (see Fig. 1c) as long as
JRKKY � J2KNð0Þ<Jex. Under these conditions, one can safely
“integrate out” the local spin degrees of freedom to arrive at an
effective interaction for the itinerant electrons. In the absence of
the JK coupling, the ground state for the heterostructure will
consist of decoupled and coexisting Fermi liquid, and QPM for a
trivial reason (labeled FL|QPM in Fig. 1c. This phase corresponds to
the so-called FL* phase of refs. 23, 25). However the Fermi liquid
state of the metal may be unstable against ordering once the
effective electronic interaction due to the coupling JK is taken into
account. In the absence of Fermi surface nesting, the only such
instability that is accessible at infinitesimal coupling strength is a
superconducting instability.26 Hence as long as JRKKY < Jex, we
anticipate the ground state in the JKNð0Þ � 1 regime to consist of
superconducting itinerant electrons from the metallic side
coexisting with the QPM. This interfacial superconductor, which
we dubbed a SC|QPM phase (the yellow phase in Fig. 1c), will be
the focus of the rest of this paper.

RESULTS
In order to materialize the SC|QPM phase, we propose to grow a
metallic layer on a QPM substrate to form a coherent interface.
The goal will be for each part of the heterostructure to be

individually well-understood and to provide one of two essential
ingredients of superconductivity: the charge carriers (from metal)
and the pairing interaction (from QPM). The growing list of QPM
materials and the diversity of their measured spin structure factors
make the metal/QPM heterostructure a powerful facility for
generating new classes of superconductors (see SM section SII
for a list of candidate QPM materials). While our approach applies
broadly to all QPM materials, to be concrete we will focus on a
class of QPM materials known as the quantum spin ice (QSI)
family. The QSI materials are frustrated pyrochlore magnets that
not only show no sign of order down to low temperatures, but
also exhibit quantum dynamics.3–14 Specifically we will focus on
Pr2Zr2O7 for concreteness and for its appealing properties.
Experimentally, Pr2Zr2O7 exhibits QPM phenomenology over a
large temperature window (T < 1.4 K). For our purpose, the
advantage of Pr2Zr2O7 over other QPM materials is that the
measured dynamical structure factor14 χab(q, ω) appears to be well
characterized by hydrodynamic theories27–30 initially developed
for classical spin ice (CSI). CSI obeys the ice rule at zero
temperature which amounts to the divergence-free constraint,
i.e., ∇ ⋅ ~S(r) = 0 for the coarse-grained spin field ~S(r). This can be
elegantly expressed,27,28 in terms of a vector potential ~A(r).
Quantum or thermal fluctuations introduce an ice rule breaking
longitudinal component leading to dynamical susceptibility of the
form

χabðq;ωÞ ¼
χT0

1� iω=Ω
δab �

qaqb
q2

� �
þ χL0
1� iω=Ωþ q2ξ2

qaqb
q2

;

(1)

Fig. 1 General considerations of spin-fluctuation-mediated-pairing in the metal/quantum-paramagnet (QPM) heterostructure. a The
resonating valence bond (RVB) proposal of unconventional superconductivity by Anderson.1 Left represents the parent insulating system
where the spins form RVB pairs (blue ellipsoid). By doping holes (dashed circle) into the system, as shown on the right, the RVB pairs become
mobile (red ellipsoid), and the whole system becomes superconducting. b The proposed metal/QPM heterostructure. The metal provides the
charge carriers and the QPM provides a pairing interaction via quantum paramagnetic spin-fluctuations h~Si~Sji. The two systems are coupled
via a Kondo type coupling JK, which generates Cooper pairing among charge carriers (red ellipsoid). c Phase diagram of the metal-QPM
heterostructure. In the FL|PM, FL|QPM and SC|QPM phases, the conduction electrons from the metal and the local moments from the
substrate coexist, but are decoupled at the mean field level. The conduction electrons form a Fermi liquid (FL) or a superconductor (SC), while
the local moments form an incoherent paramagnet (PM) or a coherent QPM. In the HFL and SC × QPM phases, the conduction electrons and
the local moments hybridize and form Kondo singlets. The aim is to design the heterostructure to be in the SC|QPM phase. This phase
diagram applies to the parameter region JRKKY<max{Jex, TK} for all coupling strength JKN(0) (see SM section SI)
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within hydrodynamic theories.27–30 Here Ω is the characteristic
energy scale of the dynamics and ξ is the correlation length, χT=L0
are overall scales of the transverse (ice-rule preserving) and
longitudinal (ice-rule breaking) components respectively, and
χT0 ¼ χL0. We find this form provides a good fit to the dynamical
susceptibility of Pr2Zr2O7 where its quantum nature is manifest in
the value of Ω (see SM section SIII A). Unlike CSI materials with
essentially vanishing Ω,31 in Pr2Zr2O7 Ω ≈ 0.17 meV as T → 0.14

Since Ω sets the scale of the superconducting Tc (see SM section
SI), appreciable dynamics of QSI materials is essential for our
proposal.
We first consider the relevant low energy effective theory H =

Hc + Hs + HK. Hc describes the metallic layer with an isotropic Fermi
surface:

Hc ¼
X
kα

�h2k2

2m
� EF

� �
ψyαðkÞψαðkÞ; (2)

where ψyαðkÞ ψαðkÞð Þ creates (annihilates) an electron with
momentum k and spin index α, m is the electron’s mass and EF
is the Fermi Energy. The spin Hamiltonian Hs for the QSI substrate
in isolation encodes the above hydrodynamic theory. Finally the
dynamic degrees of freedom of each side will couple at the
interface through the coupling term HK (see SM section SIV for
discussion of other possible coupling terms). Specifically, we
consider a Kondo-like coupling16 between the conduction
electron spin density ~sðr; tÞ ¼

P
αβ ψ

y
αðr; tÞ~σαβψβðr; tÞ and the

coarse-grained spin operator ~S(r, t),27,28 Given the form of
dynamical susceptibilitiy of Eq. (1), it turns out that pairing
channel remains the same for any finite ξ with manifestly
attractive interaction in the p-wave channel (see SM section SIV).
In order to elucidate this unusual mechanism we focus on the
transverse components of the spin-field, for which the simplest
form of interfacial coupling reads

HK ¼ JKvcell
P
aαβ

Z
d2rψyαðrÞ~σαβψβðrÞ �~S r? ¼ r; z ¼ 0ð Þ

¼ �JKvcell
P
aαβ

Z
d2r ~∇ ´ψyαðrÞ~σαβψβðrÞ

� �
�~Aðr? ¼ r; z ¼ 0Þ þ � � � ;

(3)

upon integrating by parts. Here ~σ denotes the Pauli matrices, vcell
the volume of the unit cell, z = 0 the interface, and � � � represents
coupling with longitudinal components of the spin field. Notice
the rather obvious form of the coupling in the spin language takes
a rather unusual form in the vector potential language. Usually
when fermions are “charged” under a vector potential associated
with a gauge symmetry, it couples minimally via~j � ~A coupling
where the fermion current is ~j � Q k

mψykαψkα with Q being the
charge of the fermion field ψ with respect to the gauge field ~A.
Interestingly it is well established that gauge field dynamics
hinder pairing under such circumstances.32,33 The unusual form of
coupling between the electrons and vector potential in Eq. (3) in
the form of (~∇ ×~S) ⋅ ~A is due to the fact that the magnetic
monopoles, rather than electrons are elementary excitations that
would couple minimally to the vector potential ~A. This exotic
coupling has striking consequences when we consider pairing
possibilities.
In the regime of interest, the leading effect of the coupling (3)

on the spin physics is to induce the RKKY interaction JRKKY.
However, as long as the electrons superconduct at a temperature
above JRKKY/kB, subtleties induced by this interactions can be
neglected. Then we can “integrate out” the dynamical spin
fluctuaitons and focus on the effect of the interaction induced on
the metallic layer. Given a QPM substrate (h~Sðr; tÞi ¼ 0 by
definition), the leading effect of the coupling Eq. (3) is to induce
a four-fermion interaction term in the effective action (see SM

section SI-B) in the path integral representation. Resorting to the
Hamiltonian notation, one has:

HintðtÞ ¼ �
J2Kv

2
cell

2�h

Z
dt0

Z
d2rd2r0~sðr; tÞ � ~S r; 0; tð Þ~S r0; 0; t0ð Þ

D E
�~s r0; t0ð Þ

(4)

’ � J2Kv
2
cell

2�h

X
abαβα0β0

Z
dt0

Z
d2rd2r0 ~σαβ ´~∇

� �
aψ
y
rαψrβ

� �

Dab ~σα0β0 ´~∇
� �

bψ
y
r0α0ψr0β0

h i (5)

where Dab r � r0; t � t0ð Þ � Aaðr; 0; tÞAb r0; 0; t0ð Þh i represents the
vector field propagator, whose classical limit in momentum space
AaðqÞAbð�qÞh i � 1

q2 δab � 2q̂aq̂bð Þ27,28 encapsulates the ice-rule.
Note that now the quantum correlation between spins of the QPM
gets imprinted on the effective interaction between itinerant
electrons. Therefore one can “manipulate” the interaction
between itinerant electrons through the choice of the QPM.
Further Eq. (5) reveals how the exotic form of fermion-vector field
coupling (Eq. (3)) specific to QSI-metal heterostructure induces
manifestly attractive interaction between electrons of equal spin
~S(r) =~S(r′) that can drive triplet pairing.

Now the low energy effective theory defined by Eqs. (2) and (4)
describes an interacting electron problem, which is generically
hard to solve. To make the problem worse, the effective
interaction Eq. (4) is highly structured as a result of the spin ice
rules. However, we can make non-trivial progress building on the
renormalization group-based perspectives26 and the classic
justification for the mean-field theory treatment in the BCS
theory.15 Firstly, we know from the renormalization group theory
that the only weak-coupling instability of a Fermi liquid in the
absence of Fermi-surface nesting is the superconducting instabil-
ity.26 Secondly, armed with the separation of scale Ω=EF � 1, we
expect the mean-field theory treatment in the pairing channel to
yield a reliable prediction for the interacting fermion problem
when the interaction is weak, i.e., the eigenvalue of the pairing
vertex λ � Nð0ÞV � J2KNð0Þ=Ω<1. Thirdly, the interaction in Eq. (5)
is clearly attractive in the equal-spin pairing channel and hence we
can anticipate pairing instability at mean-field level. All together
the problem at hand promises an opportunity to predict an exotic
superconductor whose pairing channel is determined by spin-
dependent and momentum-dependent interaction of Eq. (5), in a
theoretically reliable approach.
Therefore we use mean-field theory to look for pairing. We first

note that the symmetry of the effective interaction Hint Eq. (4) can
be read off directly from the measured spin susceptibility as
shown in Eq. (1). Due to the coupling between the spin direction
(a) dependence and the momentum direction (q) dependence in
Eq. (1), the total angular momentum and the total spin are not
separately conserved in Hint. Instead the effective interaction Hint

in Eq. (4) reduces the total orbital and spin rotational symmetry of
SO(3) × SU(2) down to U(1) leaving only the z-component of the
total angular momentum Jz = Lz + Sz a good quantum number for
the Cooper pairs. Nevertheless the effective interaction is even
under parity leaving parity to be a good quantum number.
Now we seek the dominant pairing channel. For this we will

keep the frequency dependence implicit and mean-field decouple
Hint using pair operators formed out of 2 × 2 matrices in the spin
basis PμðkÞ � 1ffiffi

2
p

P
αα0 iσyσμ

� �
αα0
ψαðkÞψα0 ð�kÞ, where σμ ¼ I for μ

= 0 and Pauli matrices for μ = x, y, z.34 Further since pairing occurs
near the Fermi surface, we can focus on the angular (φk)
dependence of the pair operators and decompose the pair
operators into different partial wave components:
Pμ Lzð Þ �

R dφk
2π e�iLzφkPμðkÞ. Guided by symmetry we then combine

pair operators with different orbital angular momentum Lz and
total spin Sz into the Jz basis, and diagonalize the interaction
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Hamiltonian Eq. (5) into

Hint ¼
X
κ¼±

X1
Jz¼�1

V ðκÞ Jzð ÞPyJz ;κPJz ;κ ; (6)

where PJz ;κ denotes the pair operator with the z-component of
total angular momentum Jz, and parity κ (+ for even parity, − for
odd parity). (see SM section SI).
Before turning to the numerical results of V(κ)(Jz), we can gain

much insight by decomposing the pair-wise interaction in Eq. (5)
into a rank-2 component, and a rank-0 component:

Hint � Hð2Þint þ Hð0Þint ¼
J2K
8π

1
r3

s1 � s2 � 3 s1 � r̂ð Þ s2 � r̂ð Þ½ � � J2K
3
δðrÞs1 � s2:

(7)

Here Hð2Þint / Rð2Þ r1; r2ð Þ � Sð2Þ s1; s2ð Þ, with rank-two tensors Rð2Þ
1and Sð2Þ (magnetic quadrupole moment) acting on coordinate
space and spin space, respectively. The resulting pairing symmetry
can be obtained analytically in the strong coupling BEC limit,
where the many-body pairing problem reduces to the quantum
mechanical problem of diatomic molecules.35 First note that

hHð2Þint i ¼ 0 in the even parity channel due to a selection rule (see
SM section SIV). The celebrated selection rule that forbids optical
transition between 1s and 2s state(Fig. 2a), but allows the
transition between 1s and 2p state (Fig. 2b) is an example of
how a tensor operator of rank r, T ðrÞ connects two angular

momentum states |l〉 and |l′〉 according to the Wigner–Eckart
theorem. The theorem states hl0jT ðrÞjli ¼ 0 unless
jr � lj 	 l0 	 ðr þ lÞ. In the case of optical transitions of a
hydrogen atom, the tensor operator involved is a rank r = 1
vector field as the photon is a spin s = 1 boson. In our case, the
scattering potential carries a quadrupolar moment which is a rank
r = 2-tensor. Hence the selection rule forbids pairing in the singlet

channel, i.e., hS ¼ 0jHð2Þint jS ¼ 0i ¼ 0 (Fig. 2c). Since the Pauli
principle dictates all even parity pairing to be singlet, the selection
rule limits possible pairing to the odd-parity channel (Fig. 2d).
Second we note that among the odd-parity states,

Jz ¼ 0j i � kx þ iky
� �

##j i þ kx � iky
� �

""j i (8)

and

Jz ¼ ± 1j i � kx ± iky
� � "#j i þ #"j iffiffiffi

2
p � ky

!!
		 


x
�   
		 


xffiffiffi
2
p ∓ kx

!!
		 


y�   
		 


yffiffiffi
2
p :

(9)

states indeed yield pair-binding (see Fig. 2e and SM section SIV).
This is consistent with the earlier insight that Eq. (5) is attractive in
the equal-spin pairing channel. On the other hand, the isotropic
rank-0 component Hð0Þint which can only contribute to s-wave

channel is purely repulsive, i.e., hS ¼ 0jHð0Þint jS ¼ 0i>0. Indeed full
numerical calculation of interaction strengths V(κ)(Jz) confirms the
above analysis and predicts the two odd-parity pairing channels

Fig. 2 The dominant pairing channels in the metal/quantum-spin-ice heterostructure. a–d Understanding the emergence of parity-odd spin-
triplet pairing from selection rules. a, b represent the dipole transitions for atomic hydrogen: transition from 1s state with angular momentum
l= 0 to 2s state also with l= 0 is forbidden by the selection rule 1� lj j 	 l0 	 1þ lð Þ, while transition from 1s state to 2p state with l= 1 is
allowed. c, d represent the pairing problem under the rank-two magnetic dipole–dipole interaction: spin-singlet pairing with total spin S= 0 is
forbidden by the selection rule 2� Sj j 	 S 	 2þ Sð Þ, while spin-triplet pairing with total spin S= 1 is allowed. e Illustration of spin and angular
momentum configurations of the dominant pairing channels. The larger (brown) arrows represent the orbital angular momenta, and the
smaller (red) arrows represent the electron spins. Spin and orbital angular momentum are coupled to yield the total angular momentum Jz=
0,1. f The leading negative eigenvalues of the pairing interaction matrix for different parity and Jz channels in the low energy effective model.
The eigenvalues are dimensionless numbers in arbitrary units. The dominant pairing channels have odd parity with Jz= 0, ±1
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with Jz = 0 and Jz = ±1 to be overwhelmingly dominant, with
predicted Tc � Ωe�1=λ, where λ is the eigenvalue of the pairing
vertex: λ � Nð0ÞV ðκÞ Jzð Þ � J2K= EFΩð Þ (see SM section SI, SIV). Pairing
in either of these channels on a single Fermi surface will be
topological.36,37

There remains the important question of the effect of short
distance physics. As we show in SM section SIV through a BCS
calculation, the short-distance physics does not alter the pairing
symmetry, and its effect on the leading p-wave eigenvalues is also
mild. This is indeed expected from the fact that the rank-2 tensor
interaction that drives pairing is long-ranged, and hence is not
much affected by short distance physics. Short distance physics
does substantially renormalize the short-ranged and repulsive
rank-0 interaction, reducing it by several orders of magnitude.
Thus, the simple model of Eqs. (3) and (5) serves as a faithful
representation of the core physics of the real materials.

We now turn to a material proposal for the metallic layer that is
expected to fit the above long-wave length description. The
requirements of chemical stability at the interface with negligible
charge transfer between the two materials and matching of lattice
constants restrict the choice of materials. In particular, we need
the metallic layer to stably grow with the interface along the (111)
surface in order to avoid the generation of orphan bonds and
preserve the spin correlations of QSI. Electronically we require the
metallic layer to be a good metal without strong Fermi surface
nesting, the simplest example being an s-band metal. Such a
metal would have several merits: (1) large band width, (2) weak
correlation, which helps to avoid ordering by itself; (3) non-
degenerate bands, which helps to provide odd numbers of Fermi
surfaces to generate topological superconductivity. Unfortunately,
existing metallic pyrochlores such as Bi2Ru2O7 or Bi2Ru2O7 do not
satisfy these criteria since they show complicated Fermi surfaces
due to the conduction electron of d-electron character.
One robust strategy to realize the targeted metallic system is to

dope a band insulator with an empty conduction band of s-
character. Simple crystal chemical rules point to compounds with
Sn4+ or Bi5+ at the B-site of A2B2O7, e.g., Y2Sn2O7 or La2Sn2O7, as
prime candidates for the insulating starting material. In practice,
doping of the empty conduction band can be performed in a few
different ways. For example, one could dope the B-site with Sb or
substitute the A-site with Ce4+ to form, e.g., (La/Ce)2Sn2O7. For
illustration of the principle, we performed ab initio calculations
using density functional theory (DFT) on Y2Sn2−xSbxO7 /Pr2Zr2O7

heterostructures (see Fig. 3a and SM section SIII). In order to
minimize the proximity effect which lowers the superconducting
gap, we considered one unit-cell thick metallic layer and imposed
periodic boundary condition in the direction perpendicular to the
interface. As shown in Fig. 3c we find a single circular Fermi surface
centered at the Γ point for the heterostructure with Y2Sn2−xSbxO7

at doping level x = 0.2. Moreover, the conduction electron
wavefunction penetrates into the first two layers of Pr2Zr2O7

(Fig. 3b), generating a finite Kondo coupling across the interface.
Furthermore we have not observed any significant charge transfer
from the charge analysis of first-principles calculations. Hence we
have ruled out the possibility of the quantum spin ice phase
getting destroyed by charge transfer from the metallic layer.
Our estimates for the parameters are EF = 300 meV, Ω = 0.17 meV,
5 meV ≲ JK ≲ 14meV. Of these, EF was obtained directly from DFT,
Ω from experiment and JK from second order perturbation on a
realistic atomic Hamiltonian (see SM section SIII). These para-
meters display a separation of energy scales, i.e. Ω=EF � 1, that
ensures the reliability of the above BCS-like treatment of the
superconducting instability. Carrying out a microscopic treatment
of interfacial superconductivity for the heterostructure of Fig. 3a
using the electronic structure of Fig. 3c (see SM section SIV), we
confirmed the predictions of the low energy effective model Eqs.
(1) and (6) and obtained an estimate of Tc from Tc � Ωe�EFΩ=J

2
K .

Using our parameters, this is of order 1 K. The precise value of Tc
depends sensitively on the dimensionless ratio λ which in turn
depends on the microscopic details and the actual value of JK. We
note that the predicted Tc is comparable to the only other solid
state candidate for topological superconductivity Sr2RuO4 with
Tc ’ 1:5 K.38

DISCUSSION
The strategy we developed here for predictively achieving an
exotic superconducting state we dubbed SC|QPM has profound
theoretical and experimental consequences. At the level of
theoretical principle it is a new approach to drive superconduc-
tivity from a quantum paramagnet. Our proposal to borrow the
quantum spin fluctuation of a quantum paramagnet3 to form
exotic superconductors through heterostructure growth bears
similarities to excitonic fluctuation proposals.39–43 However, the

Fig. 3 A concrete material realization of the metal/quantum-spin-ice
heterostructure: Pr2Zr2O7/Y2Sn2−xSbxO7 (111). a Lattice structure.
Two layers of Sb-doped Y2Sn2O7 deposited on top of 16 layers of
Pr2Zr2O7 along the [111] direction. The magnetic moments are on
the Pr sites (blue), which form alternating layers of triangular and
Kagome lattices. The conduction electrons are donated by the Sn
atoms (brown). Red is O, Green is Y and Gray is Zr. b Amplitude of
the conduction electron wavefunction in the direction perpendi-
cular to the interface showing penetration into the first two or three
layers of Pr2Zr2O7. c Band structure, with Fermi surface shown in the
inset. There is a single band crossing the Fermi energy, and a single
circular Fermi surface around the Γ point, with Fermi energy
EF ’ 0:3 eV, and Fermi momentum kF ’ 0:37ð2π=aÞ, where a is the
lattice constant of Pr2Zr2O7
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latter charge fluctuation-based mechanism suffers from various
issues. For instance, tunneling of electrons from the metal can
damage the small charge gap of the semi-conductor and kill the
charge fluctuation. Further, the local charge fluctuations only
drives s-wave pairing which needs to overcome the Coulomb
repulsion. By utilizing the goodness of the quantum paramagnet,
i.e., spin-fluctuation, our proposal bypasses these issues. At the
level of a specific choice of quantum spin-ice, we demonstrated
how vector-potential can mediate attractive interaction in the
triplet channel through unconventional coupling between the
vector field and the fermions, which is nevertheless natural
coupling in the language of spins. Our concrete material proposal
can guide experimental pursuit of the proposed heterostructure.
Clearly the experimental control over atomic interfaces and thin
films have reached the state that can support superconductiv-
ity.17,18,44–46 Likely the biggest challenge will be in controlling
disorder which is unavoidable with chemical doping for the
metallic layer. Alternatively one may employ a field-effect-
transistor (FET) type setup, either using conventional electric-
field gating47 or using ionic liquid gating.48,49 In practice, chemical
doping and electric-field gating can be combined to achieve
optimal efficiency. Successful materialization of the proposed
topological superconductor will be a major breakthrough in
superconductivity research, as well as in the application of
quantum paramagnets including quantum spin liquids.

Data availability
The data supporting the findings of this study are available from
the corresponding authors on reasonable request.
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