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A nodeless superconducting (SC) gap was reported in a recent scanning tunneling spectroscopy experiment
of a copper-oxide monolayer grown on a Bi2Sr2CaCu2O8+δ (Bi2212) substrate [Zhong et al., Sci. Bull. 61,
1239 (2016)], which is in stark contrast to the nodal d-wave pairing gap in the bulk cuprates. Motivated by
this experiment, we first show with first-principles calculations that the tetragonal CuO (T-CuO) monolayer
on the Bi2212 substrate is more stable than the commonly postulated CuO2 structure. The T-CuO monolayer
is composed of two CuO2 layers sharing the same O atoms. The band structure is obtained by first-principles
calculations, and its strong electron correlation is treated with the renormalized mean-field theory. We argue that
one CuO2 sublattice is hole doped while the other sublattice remains half filled and may have antiferromagnetic
(AF) order. The doped Cu sublattice can show d-wave SC; however, its proximity to the AF Cu sublattice induces
a spin-dependent hopping, which splits the Fermi surface and may lead to a full SC gap. Therefore, the nodeless
SC gap observed in the experiment could be accounted for by the d-wave SC proximity to an AF order, thus it is
extrinsic rather than intrinsic to the CuO2 layers.

DOI: 10.1103/PhysRevB.97.035112

I. INTRODUCTION

In the 30-year-long research on high-Tc superconducting
(SC) cuprates [1], one of the most significant achievements
has been the well-established d-wave SC pairing symmetry.
Given the intensive controversy on the nature of the pseudo-
gap phase [2,3] and even the theoretical starting point [4],
this consensus may be regarded a touchstone of theoretical
proposals. In experiments, d-wave pairing symmetry was first
revealed by the observation of gapless quasiparticle excitations
in nuclear magnetic resonance (NMR), thermodynamic prop-
erties, angle-resolved photoemission spectroscopy (ARPES)
[5], and scanning tunneling microscopy (STM) [6], and was
later decisively established by phase-sensitive experiments on
the pairing symmetry for various families of cuprates [7].
Theoretically, d-wave pairing symmetry was anticipated by
different scenarios at the early stage of research long before a
consensus was reached in experiments, including the doped
Mott insulator theory [8,9] and the antiferromagnetic (AF)
fluctuation theory [10].

This consensus was challenged by a recent experiment [11].
Copper-oxide monolayers were grown on Bi2Sr2CaCu2O8+δ

(Bi2212) substrates with the molecular beam epitaxy (MBE)
technique. Both U- and V-shaped gaps were observed with
scanning tunneling spectroscopy in different spatial regions of
the copper-oxide monolayers. The U-shaped gaps with sizes
ranging from 16 to 30 meV were attributed to nodeless SC gaps,
while the V-shaped gaps from 20 to 50 meV were attributed
to a pseudogap. Thereby it was argued that the intrinsic SC
pairing in the CuO2 layers of cuprates is of s-wave form as
opposed to the commonly accepted d-wave form [11].

The experimentally observed nodeless gap motivated
several theoretical works [12–15], in which the structure of a

monolayer CuO2 on top of a Bi2212 substrate (CuO2/Bi2212)
was assumed. In Refs. [12,13] it was demonstrated that the
SC states in monolayer CuO2 induced by the proximity
to the Bi2212 substrate could be nodeless for certain ranges
of the SC pairing order parameters. Furthermore, Zhu et al.
[14,15] studied an AF ordered CuO2 layer on top of a d-wave
SC Bi2212 substrate and proposed that the d-wave SC can be
fully gapped in the presence of a spin-splitting field induced
by AF order (see also Ref. [16]).

In order to address whether the apparently full SC gap is or
is not intrinsic, one must first find out whether the chemical
composition of the MBE-grown copper-oxide monolayer is the
same as the CuO2 layers in the bulk cuprates. In Ref. [11] this
was assumed to be true, thus implying that the U-shaped gap
is intrinsic to the bulk cuprates as well. However, because the
chemical composition cannot be fully controlled during MBE
growth, the possibility of a tetragonal CuO (T-CuO) monolayer
with the same lattice constant cannot be ruled out, which was
also pointed out in Ref. [11].

In this work, we first study the chemical composition
of a copper-oxide monolayer on a Bi2212 substrate with
first-principles calculations. We show that the formation
energy of a T-CuO monolayer grown on a Bi2212 sub-
strate (T-CuO/Bi2212) is significantly lower than that of a
CuO2/Bi2212 structure, therefore the T-CuO/Bi2212 structure
is more stable than the CuO2/Bi2212 structure postulated in
Ref. [11].

The T-CuO monolayer is composed of two sets of CuO2

sublattices (sharing the same O atoms) with Cu residing at
different heights, which is shown in the upper panel of Fig. 1.
The effective two-band tight-binding model involving the Cu
3dx2−y2 orbitals and the magnetic exchange interactions are
derived from first-principles calculations. The on-site energy
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FIG. 1. Crystal structures and local density of states of T-
CuO/Bi2212 and CuO2/Bi2212. Perspective views and top views
of (a) T-CuO/Bi2212 and (b) CuO2/Bi2212. Only the topmost BiO
layers in the Bi2212 substrates are shown. The supercells used in
the calculations (black solid lines) and the primitive cell in the
T-CuO monolayer (black dashed lines) are also shown. The t-J
model parameters are schematically illustrated in (a). (c), (d) Two-
dimensional distributions of the integrated local density of states
cut at the topmost Cu atom planes of (c) T-CuO monolayer and (d)
CuO2 monolayer. The integration window is [−0.1,0.1] eV around
the Fermi level.

difference of the two Cu sublattices is about 80 meV. We show
that it is energetically more favorable if all doped holes are
injected into one of the Cu sublattices, while the other Cu
sublattice remains half filled because of their on-site energy
difference and strong on-site Coulomb repulsion. Using the
renormalized mean-field theory (RMFT) of doped Mott insu-
lators [9], we show that d-wave superconductivity is formed in
the doped Cu sublattice at low temperatures. Moreover, if the
local moments in the half-filled sublattice form long-range AF
correlation, a spin-dependent hopping term is induced in the
doped Cu sublattice and the Fermi surface is split. Depending
on the doping concentration and the spin-dependent hopping
strength, the split Fermi surfaces may or may not intersect
with the nodal lines of the d-wave SC gap function, thus the
doped Cu sublattice can show either nodal or full SC gaps.
Therefore, we conclude that the observed U-shaped SC gap
can be accounted for by its proximity to the AF order, and thus
it is extrinsic rather than intrinsic to the CuO2 layers.

II. CHEMICAL COMPOSITION
AND ELECTRONIC STRUCTURE

First-principles calculations are performed using the density
functional theory (DFT) with the projector augmented wave

(PAW) method [17,18] as implemented in the Vienna ab initio
simulation package (VASP) [19,20]. The generalized gradient
approximation (GGA) proposed by Perdew, Burke, and Ernzer-
hof (PBE) [21] for the electron exchange-correlation functional
is adopted. The kinetic energy cutoff of the plane waves is set
to be 400 eV. We employ the experimental lattice constants
of Bi2212 (a = 5.414 Å, b = 5.418 Å, c = 30.89 Å) [22]
in the bulk, and a copper-oxide monolayer of the T-CuO or
CuO2 structure and an about 10-Å-thick vacuum layer on top
of a two-unit-cell-thick stoichiometric Bi2Sr2CaCu2O8. The
atomic positions in the copper-oxide monolayer are optimized
by the quasi-Newton algorithm until the force on each atom is
smaller than 0.01 eV/Å. The reciprocal space is sampled using
a 9 × 9 × 1 and a 15 × 15 × 1 �-centered Monkhorst-Pack
grid [23] in the structural optimization and the self-consistent
static calculations, respectively.

The relaxed structures of the copper-oxide layers are illus-
trated in Figs. 1(a) and 1(b). In the T-CuO monolayer there
is an extra set of Cu atoms, which locate over the Bi atoms
and are 0.54 Å lower than the Cu atoms locating over the O
atoms. We adopt the formation energy to estimate the stability
of T-CuO/Bi2212 and CuO2/Bi2212. In the supercell marked
by the solid lines in Fig. 1(a) there are two more Cu atoms in the
T-CuO/Bi2212 structure than in the CuO2/Bi2212 structure.
Therefore, the formation energy difference per supercell is
given by

�E = ET-CuO/Bi2212 − ECuO2/Bi2212 − 2ECu, (1)

in which EX represents the total energy of X per supercell
estimated by first-principles calculations. The total energies of
T-CuO/Bi2212, CuO2/Bi2212, and the face-centered-cubic el-
emental Cu are −370.384, −361.378, and −3.749 eV, respec-
tively, so the formation energy difference �E = −1.558 eV,
indicating that the T-CuO/Bi2212 structure is much more
stable than CuO2/Bi2212. Therefore we assume that the T-
CuO/Bi2212 structure is grown in the experiment and will
only study the T-CuO/Bi2212 structure in the remainder of
this work.

Figures 1(c) and 1(d) show the integrated local density of
states (LDOS) cut at the topmost Cu atom plane for each struc-
ture, where the integration range of energy is [−0.1 eV,0.1 eV]
around the Fermi energy. Due to the 0.54 Å height difference
of the two Cu sublattices in the T-CuO monolayer, the lower
Cu atoms might be difficult to resolve in STM topography, so
the topography of the T-CuO/Bi2212 can be similar to that of
CuO2/Bi2212. The Cu bilayer structure in the T-CuO surface
may in principle be detected by reflection high-energy electron
diffraction (RHEED).

The paramagnetic band structure of T-CuO/Bi2212 in the
supercell is shown in Fig. 2(a). The spectral weight contributed
by the T-CuO layer to each band is indicated by the sizes of the
red circles, from which it is clear that the T-CuO monolayer
forms four bands near the Fermi energy, i.e., one band per
Cu atom. From the orbital-resolved density of states (DOS)
of the T-CuO monolayer shown in Fig. 2(c), the bands near
the Fermi energy are predominantly contributed by the Cu
3dx2−y2 orbitals hybridized with the O 2p orbitals, which is
consistent with the Zhang-Rice singlet (ZRS) [24] formation
in the copper-oxide layer. We remark that the T-CuO monolayer
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FIG. 2. Electronic structure and orbital-resolved density of states of the T-CuO/Bi2212 structure. (a) First-principles electronic band structure
of T-CuO/Bi2212. The spectral weight contributed by the T-CuO monolayer to each band is indicated by the sizes of the red circles superposed
on the energy dispersion. The inset shows the primitive Brillouin zone (black solid rectangle) and the folded Brillouin zone (blue dashed
rectangle). (b) Energy dispersion of the T-CuO monolayer from the tight-binding model (black solid lines) is compared with the DFT electronic
structure (blue dots). (c) Orbital-resolved density of states in the T-CuO monolayer. The Fermi level is set to EF = 0 eV.

can be treated as two CuO2 layers sharing the same O atoms,
and the 2px and 2py orbitals of one O atom mainly hybridize
with the 3dx2−y2 orbitals of its adjacent Cu atoms along the
horizontal and the vertical directions, respectively. As shown
in Fig. 2(b), an effective tight-binding model incorporating all
the Cu 3dx2−y2 orbitals can capture the band structure of the
T-CuO monolayer around the Fermi energy. The hopping part
Ht and the on-site energy part Hμ of this model are

Ht = −t0
∑
[ij ],σ

d
†
i,σ dj,σ − t

∑
〈ij〉,σ

d
†
i,σ dj,σ

− t ′
∑

〈ij〉′,σ
d
†
i,σ dj,σ − t ′′

∑
〈ij〉′′,σ

d
†
i,σ dj,σ , (2)

Hμ =
∑
i,σ

εid
†
i,σ di,σ , (3)

where d
†
iσ creates an electron with spin σ at site i. The t0

term denotes the nearest-neighbor hopping between the two in-
equivalent Cu sublattices, and the t,t ′,t ′′ terms are the hopping
between the first, second, and third nearest neighbors within
one Cu sublattice. These hopping processes are schematically
shown in Fig. 1(a). εi is the on-site energy at site i, which is
different for the two inequivalent Cu sublattices.

Fitting the tight-binding model to the DFT band structure
gives the following parameters, t = 0.366 eV, t ′ = −0.099 eV,
t ′′ = 0.059 eV, and t0 = −0.117 eV. The on-site energies at the
Cu sites over the O atoms and the Cu sites over the Bi atoms
are 0.122 and 0.039 eV, respectively, therefore their on-site
energy difference is 83 meV. The energy dispersion from the
tight-binding model along the high-symmetry lines is plotted
in Fig. 2(b). The hopping parameters are in close agreement
with those in the bulk cuprates [25], and the intersublattice
hopping t0 is consistent with that of the T-CuO film grown on
the SrTiO3 substrate [26,27].

The effect of the strong on-site Coulomb repulsion of
the Cu 3d orbitals is twofold. First, double occupation on the
same site must be avoided in the hopping process due to the
large energy penalty (the single-occupancy constraint), thereby
reducing the effective hopping amplitude and the bandwidth,
which will be taken care of by the renormalized mean-field
theory in the next section. Second, the singly occupied sites
form local magnetic moments. The virtual hopping process

induces magnetic interactions among the local moments. The
magnetic interaction can be derived from the total energies of
various prescribed magnetically ordered states in the DFT + U

calculations. The details are presented in the Appendix. The
results can be captured by the Heisenberg interaction,

Hs = Jd

∑
[ij ]

�Si · �Sj + J
∑
〈ij〉

�Si · �Sj , (4)

where the Jd and the J terms are interactions between the
nearest-neighbor sites on the same sublattice and on different
sublattices, respectively, which are illustrated in Fig. 1(a).
The fitted values from the DFT + U calculations are Jd =
−5.6 meV and J = 119.6 meV, which are close to those of
the T-CuO film on the SrTiO3 substrates [26,27].

III. RENORMALIZED MEAN-FIELD THEORY

On-site repulsion strongly renormalizes the electronic struc-
ture. In a conventional Fermi liquid, the repulsive interaction
generally enhances the electron effective mass. With the single-
occupancy constraint, the hopping amplitude is effectively
reduced by a factor proportional to the concentration of the
doped holes. This effect is captured by the renormalized
mean-field theory (RMFT) proposed in Ref. [9]. The RMFT is
based on the Gutzwiller approximation [28] of the projected
Bardeen-Cooper-Schrieffer (BCS) mean-field wave function
[29], |�G〉 = PG|�0〉, in which |�0〉 is the BCS wave function,
andPG = ∏

i(1 − ni↑ni↓) is the Gutzwiller projection operator
that enforces the single-occupancy constraint. The expectation
values of the hopping and the magnetic exchange terms in the
Hamiltonian are approximated by [9,28]

〈�G|Ht |�G〉 = gt 〈�0|Ht |�0〉, (5)

〈�G|Hs |�G〉 = gs〈�0|Hs |�0〉. (6)

In other words, the single-occupancy constraint in the t-J
model HtJ = Ht + Hμ + Hs is relaxed, and the price to pay
is to replace the original Hamiltonian with

HR = gtHt + Hμ + gsHs. (7)
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The renormalization factors are given by [9]

gt = 2δ

1 + δ
, gs = 4

(1 + δ)2
, (8)

where δ is the hole concentration away from half filling.
Approaching half filling, the effective bandwidth is progres-
sively reduced by the renormalization factor gt , which captures
the Brinkman-Rice scenario of a diverging effective mass at the
Mott transition [30].

In the T-CuO monolayer, the doping concentrations on
the two Cu sublattices are different due to the 83-meV on-
site energy difference. Moreover, for a small doping con-
centration, the doped holes tend to be injected into one of
the Cu sublattices, leaving the other Cu sublattice undoped.
This assumption can be justified with the RMFT of the t-J
Hamiltonian. If both Cu sublattices are treated on an equal
footing, one sublattice would be hole doped while the other
sublattice would be slightly electron doped. For example,
doping 0.1 holes per Cu into the T-CuO monolayer results
in 0.22 holes per Cu in the Cu sublattice over the O atoms and
0.02 electrons per Cu in the Cu sublattice over the Bi atoms.
The strong on-site repulsion would push the excess electrons
away, leaving one of the Cu sublattices half filled. This is
reminiscent of the orbital-selective Mott transition scenario
in multiband transition-metal compounds [31]. Therefore, we
treat the doped T-CuO monolayer as a doped Cu square lattice
proximate to an undoped Cu lattice, the latter of which may
have AF long-range order.

The RMFT Hamiltonian for the doped Cu sublattice is
[9,32]

H ′
R = −gt t

∑
〈ij〉,σ

d
†
iσ djσ − gt t

′ ∑
〈ij〉′,σ

d
†
iσ djσ

− gt t
′′ ∑

〈ij〉′′,σ
d
†
iσ djσ − μ

∑
i,σ

d
†
iσ diσ

− 3

4
gsJ

∑
〈ij〉

(χjid
†
iσ djσ + �jid

†
iσ d

†
j−σ + H.c.), (9)

in which �ij = 〈σdj−σ diσ 〉0, χij = 〈d†
iσ djσ 〉0 are the expec-

tation values over the BCS wave function |�0〉, and μ is the
chemical potential for adjusting the doping concentration. The
single-particle excitation gap is determined by the mean-field
pairing �ij , but the SC order parameter is given by the
expectation value on the Gutzwiller projected wave function,
〈σdj−σ diσ 〉G = gt�ij . Therefore, the RMFT approximation
implies the separation of two energy scales, the pseudogap
and the SC gap [9]. �ij , χij , and μ are determined by
self-consistently solving the Bogoliubov–de Gennes (BdG)
equations. The SC pairing symmetry is determined by the
relative phase of the pairing order parameters along different
bond directions. For example, extended s-wave pairing is
given by �i,i+x̂ = �i,i+ŷ = �, and d-wave pairing is given by
�i,i+x̂ = −�i,i+ŷ = �. �ij vanishes for the s-wave pairing
ansatz in the RMFT calculation. Therefore, we expect that the
SC state has d-wave symmetry. The self-consistent solutions of
χ and � are shown in Fig. 3. The single-particle pseudogap �

decreases with increasing doping concentration. The SC order
parameter in the Gutzwiller approximation is �SC = gt�. �SC

vanishes linearly as the renormalization factor gt approaching
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FIG. 3. Doping dependence of the mean field parameters χ =
〈d†

iσ di+xσ 〉0 and � = 〈σdi+x−σ diσ 〉0. The hole doping concentration
δ is related to the band filling by n = 1 − δ.

the undoped limit. These results are similar to the RMFT of
the t-J model with the nearest-neighbor hopping term [9].

IV. FULLY GAPPED SUPERCONDUCTIVITY

We then consider the proximity of the doped supercon-
ducting Cu sublattice to the undoped Cu sublattice. The
proximity induces extra hopping terms in the doped layer
via virtual hopping through the undoped layer, which slightly
renormalizes the band structure. However, if the undoped
layer has long-range AF order, the possible virtual hopping
processes are spin dependent, i.e., the virtual hopping of an
electron through a site with the same spin polarization is
not allowed due to the Pauli principle, which is illustrated in
Fig. 4(a). The AF order-induced spin-dependent hopping term
doubles the unit cell of the doped layer and breaks the original
translational symmetry. Thereby the Cooper pair expectation
values would also have such a reduced translational symmetry,
and would be modulated in real space, consistent with a unit
cell doubling.

For simplicity, we assume that the ordered AF moments are
along the z direction, and the induced extra hopping terms are
fully spin polarized, then this extra spin-dependent hopping
term is

Ht̃ = −t̃
∑

〈ij〉′,σ

1

2

(
1 − τ z

ij σ
)
d
†
iσ djσ + H.c., (10)

in which τ z
ij = ±1 is the spin polarization of the intermediate

site located in the undoped sublattice between sites i and j

in the doped sublattice. In terms of the Nambu spinors in

the folded Brillouin zone, ��k = (d1�k↑,d
†
1−�k↓,d2�k↑,d

†
2−�k↓)

T
, the

total Hamiltonian including the RMFT t-J Hamiltonian and
the spin-dependent hopping term is given by

H =
∑

�k
�

†
�k

⎛
⎜⎝

εt ′ + ε̃x 0 εt ��k
0 −εt ′ − ε̃y ��k −εt

εt ��k εt ′ + ε̃y 0
��k −εt 0 −εt ′ − ε̃x

⎞
⎟⎠��k,

(11)
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FIG. 4. Spin-dependent hopping and SC phase diagram.
(a) Schematic illustration of the spin-dependent hopping processes in
the doped Cu sublattice by its proximity to the AF ordered sublattice.
The dashed square encloses the magnetic unit cell with four Cu
atoms in the T-CuO monolayer. The sites with and without arrows
indicate the AF ordered Cu sublattice and the doped SC Cu sublattice,
respectively. (b) Phase diagram in the parameter plane of the doping
concentration δ and the spin-dependent hopping t̃ . (c), (d) Fermi
surfaces (red solid lines) and nodal lines of the SC gap functions
(blue dashed lines) for doping concentrations (c) δ = 0.01 and (d)
δ = 0.1. t̃ is taken to be 20 meV. (e), (f) The quasiparticle density of
states corresponding to (c) and (d) showing a full SC gap and a nodal
V-shaped gap, respectively. The Fermi level is set to EF = 0 eV.

in which

εt = −(4gt t + 3gsJ2χ ) cos
kx

2
cos

ky

2
,

εt ′ = −2gt t
′(cos kx + cos ky) − 4gt t

′′ cos kx cos ky − μ,

ε̃x = −2t̃ cos kx, ε̃y = −2t̃ cos ky,

��k = 3gsJ2� sin
kx

2
sin

ky

2
. (12)

Diagonalizing the above Hamiltonian yields the following
quasiparticle excitation spectrum,

E±
�k =

√(
εt ′ + 1

2 (ε̃x + ε̃y) ± 1
2

√
(ε̃x − ε̃y)2 + 4ε2

t

)2 + �2
�k.

(13)

The underlying Fermi surface is folded due to the spin-
dependent hopping term, the original Fermi surface is split
into two, and a SC gap is formed on the split Fermi surfaces.
The Fermi surfaces and the nodal lines of the gap function
��k are shown in Figs. 4(c) and 4(d) for two different doping
concentrations and t̃ = 20 meV and the other parameters taken
from the first-principles calculations and the RMFT solutions.
The Fermi surfaces and the nodal lines avoid intersecting at low
doping concentrations and with a relatively large t̃ , therefore
the system has a full SC gap. The density of states is shown in
Fig. 4(e). Otherwise, the quasiparticle excitations are gapless
at the intersection points of the Fermi surfaces and the nodal
lines of the gap function, which is shown in Fig. 4(f). The
phase diagram in the t̃-doping δ plane is shown in Fig. 4(b).
Therefore, the observed full and nodal SC gaps in different
spatial regions can be explained by the inhomogeneous doping
concentrations.

The spin-dependent hopping t̃ changes the band structure
and reduces the DOS on the Fermi surface, thus one may
expect that the pairing order parameter � (and also Tc) will
be strongly suppressed. This is not true if t̃ is relatively
weak compared with J . The electron pairing is driven by the
superexchange interaction J , so the pairing order parameter
and Tc are controlled by the DOS around the Fermi level within
the energy range of order J . Even though a relatively weak
spin-dependent hopping t̃ (compared to J ) will redistribute
the DOS within the energy range of t̃ , the total DOS within
the range of J will not be changed dramatically. Therefore, the
pairing order parameter and Tc are not significantly changed.
This is confirmed by our RMFT calculations in the presence
of t̃ . Taking a doping concentration 0.05 as an example, we
find that � = 0.148 in the absence of t̃ , and � = 0.138 with
t̃ = 50 meV.

V. SUMMARY AND DISCUSSION

To summarize, we show that for a copper-oxide monolayer
grown on a Bi2212 substrate, the T-CuO/Bi2212 structure
is more stable than the previously postulated CuO2/Bi2212
structure. The T-CuO monolayer consists of two CuO2 layers
sharing the same O atoms. We argue that one of the Cu
sublattice remains half filled and may be AF ordered, while
the other sublattice is hole doped and superconducting. The
proximity of the SC sublattice to the AF sublattice can give
rise to a full SC gap, which provides an explanation for the
experiments by Zhong et al. [11], even though the SC pairing
has a d-wave symmetry.

In our scenario, a full SC gap is induced from the prox-
imity to the AF ordered half-filled CuO2 layer. One physical
consequence of this scenario is the band folding induced by
spin-dependent hopping from the AF order, which might be ob-
served by ARPES. Even if the AF order is not truly long range
and static at finite temperatures due to the Mermin-Wagner
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TABLE I. The local moment configuration and the ground-state
energy per supercell for each magnetically ordered state adopted in
the spin-polarized DFT + U calculations.

Order FM Néel Stripe

Configuration

Classical c + 8(J + Jd )S2 c + 8(J − Jd )S2 c − 8JS2

DFT + U (eV) −346.9635 −346.9418 −347.4311

theorem [33], its correlation length ξAF diverges exponentially
approaching zero temperature in the renormalized classical
regime [34,35]. As long as ξAF is larger than the SC coherence
length, we expect that spin-dependent hopping within ξAF can
still induce a full SC gap.
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APPENDIX: DETAILS OF SPIN-POLARIZED
CALCULATIONS

In order to determine the exchange parameters Jd and J in
the magnetic interaction model (4), we employ the GGA + U

method introduced by Dudarev et al. [36] to calculate the
ground-state energies of several magnetically ordered states.
We set U = 7.5 eV and J ′ = 0.98 eV on the Cu atoms [37],
which corresponds to Ueff = U − J ′ = 6.52 eV in Dudarev’s
approach. The ferromagnetic (FM) order, the Néel order, and
the stripe AF order are adopted in the calculations, which
are shown in the second row of Table I. The classical energy
per supercell indicated by the rectangles of each configuration
from the classical Heisenberg model and the DFT calculations
are listed in the third and fourth rows of Table I, respectively.
Assuming a local moment size S = 1

2 and fitting the classical
energies to the DFT results gives Jd = −5.6 meV and J =
119.6 meV. We also calculate the ground-state energy of the
spiral magnetic order, in which the nearest-neighbor Cu spins
align vertically and the next-nearest-neighbor Cu spins align
antiparallel to each other. The energy difference between the
spiral order and the stripe order is less than 1 meV per atom.
This is consistent with the fact that their classical energy from
the Heisenberg model (4) is the same, and thus confirms the
validity of the Heisenberg model.

These magnetic interaction strengths are close to those in the
T-CuO film grown epitaxially on a SrTiO3 substrate [26,27],
except that the intersublattice interaction Jd is weakly FM,
which can be explained by the Goodenough-Kanamori rule
[38].
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