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The antiferromagnetic parent phase of high-7,. cuprates has been established as a Néel state of copper
moments, but early work pointed out the important role of ligand oxygen orbitals. Using the three-orbital
Emery model, we explore how, and under which conditions, doping-induced antiferromagnetic ordering of
weak magnetic moments on the oxygen sites can lead to unconventional d-wave magnetism with spin-split
electronic bands. The mechanism for forming such altermagnetic (AM) states in cuprates does not rely on a
lowering of the crystal symmetry but rather on interaction-induced formation of magnetic moments on directional
oxygen orbitals within the crystallographic unit cell. Therefore, we obtain two different types of AM, namely, a
(0, 0)-AM and a (v, w)-AM. We explore different regimes and challenges for realizing oxygen AM supported
by Hartree-Fock calculations and complementary exact diagonalization of small clusters. While the region of
interacting parameters needed to realize these states may be difficult to achieve in known high-7, cuprates, we
propose a scenario to realize AM induced by oxygen magnetic moments in a cuprate-based candidate compound
using density functional theory and discuss experimental implications.

DOLI: 10.1103/vx12-r2k1

I. INTRODUCTION

Understanding the parent phase of cuprates has been key
for elucidating the emergence of high-T. superconductivity
[1,2]. The insulating parent Néel state is typically described
as a commensurate antiferromagnet (AFM) of a single or-
bital model of magnetic moments on the copper sites [3-5].
However, early on Emery discussed the relevance of oxy-
gen orbitals for understanding the magnetic fluctuations upon
doping which are responsible for pairing [6]. Not only is
the exchange between copper moments mediated via the di-
rectional p,, p, orbitals [6-10] but the position of oxygen
on the bond centers leads to a unit cell with an internal
structure which allowed for the prediction of intra-unit-cell
order, for example, of spin-nematic [11,12] or loop current
type [13,14]. Neutron scattering experiments established the
importance of the hybridization between oxygen and copper
orbitals for understanding the magnetic form factors [15].
Famously, in the pseudogap phase neutron scattering mea-
surements also observed magnetism without additional lattice
symmetry breaking pointing to intra-unit-cell order [16,17],
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which was argued to be consistent with staggered magnetic
moments of the oxygen sites. Motivated by these experiments,
we aim to understand the mechanism for stabilizing mag-
netism on oxygens, as well as the resulting unique properties
of the magnetic states, in the context of cuprates described by
the basic Emery model.

Recently, a new type of collinear antiferromagnetism, so
called altermagnetism (AM) based on a spin-symmetry clas-
sification, has been proposed [18-22] which is a unified way
to describe previous reported anomalous behavior in magnetic
systems [23-26]. AM combines spin-split electronic bands
expected for ferromagnets (FM) with a vanishing net moment
of AFMs. The reason is the absence of translational (or in-
version) symmetry between the AFM sublattices, which can
either originate from a low crystal symmetry or appear spon-
taneously from directional orbital ordering [27]. In the context
of AMs, the cuprate La,CuO4 has been proposed as a candi-
date material [20,28] arising from a reduced crystal symmetry
due to the canting of CuQOg octahedra. However, the resulting
spin splittings are small and disappear when the structure be-
comes tetragonal under doping. In three-dimensional analogs
of the parent compound CuAg(SOs),, AM appears, again, be-
cause of crystallographically different Cu-Ag sublattices [29].

Here, we show that AM of the d-wave type can already ap-
pear in highly symmetric tetragonal CuO, planes if magnetic
moments can be stabilized on directional oxygen orbitals.
Typically, cuprates are modeled to have AFM moments on the
Cu atoms (see upper right panel of Fig. 1). Here, we explore
the possibility of additional AFM moments on the oxygen
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FIG. 1. Typically the AFM phase of cuprates features AFM mo-
ments on the Cu atoms (x axis). Here, we additionally explore the
formation of AFM moments on the oxygen orbitals (y axis), which
leads to two different types of AM states. The insets of the subpanels
show the possible magnetic phases we obtain (Cu green, O light
blue). The subpanels show the spin-resolved Fermi surface (FS)
for the corresponding phase (black degenerate, red spin up, blue
spin down). The magnetic Brillouin zone is shown as gray dashed
square. Note that the lower left intra-unit-cell ordering does not break
translational symmetry as suggested in previous neutron scattering
experiments [16,17].

orbitals (lower panels), which can result in two distinct types
of AM states: First, a (0, 0)-AM which does not break any
translational symmetry but leads to a spin splitting because of
the intra-unit-cell AFM arrangement. Second, a (7, 7)-AM
can appear where both Cu and O have AFM moments and the
unit cell is spontaneously enlarged leading to a backfolding
of the electronic bands (see right panels). The interesting
point is that for both scenarios intra-unit-cell oxygen AFMs
are responsible for distinct spin-split electronic bands with a
d-wave form factor as shown in the lower panels of Fig. 1.

We note that AM without translational symmetry breaking
has been discussed previously [11,30,31] and, indeed, the
spin-nematic mean-field state identified in Ref. [11] is our
(0, 0)-AM. Here, we concentrate on exploring the micro-
scopic origin of oxygen-induced cuprate AM, the microscopic
parameter regime, and its unique electronic properties. We
identify three distinct microscopic mechanisms that could
lead to the formation of magnetic moments on the oxygens:
(i) a direct exchange between oxygen due to a large repulsive
interaction U, on oxygen sites; (ii) a strong charge transfer
bringing the p-oxygen orbitals closer to the Fermi energy; and
(iii) a large oxygen-oxygen hopping 1,, effectively shifting
magnetic moments of copper to oxygens.

An important question concerns the parameter regime in
which oxygen moments appear. We find that for oxygen-
oxygen hoppings and Coulomb repulsion values usual for

cuprates the ligand sites remain nonmagnetic. However, using
Hartree-Fock mean-field theory (MFT) and complementary
exact diagonalization (ED) studies of small clusters, we find
that slightly larger values, which are potentially relevant for
certain families of Cu-O-based materials, d-wave magnetism
could be relevant.

Our work is organized as follows. We explore the emer-
gence and stability of distinct AM phases summarized in
Fig. 1 within the three-band Emery model, which we in-
troduce in detail. We identify distinct mechanisms on how
AFM correlations between oxygen moments can be stabi-
lized, which we support by MFT and ED of finite clusters.
We then propose a potential cuprate material realizing AM
using density functional theory (DFT). Finally, we discuss
the unique experimental properties of the putative d-wave
magnetism like anisotropic spin transport and splitting of
spin-wave branches observable via inelastic neutron scattering
experiments.

II. ELECTRONIC STRUCTURE AND MODEL
HAMILTONIAN

All cuprates feature CuO, planes with Cu”>* ions in a 3d°
configuration with a localized hole in the Cu 3d,>_,» orbital.
The parent compounds are charge-transfer insulators [32],
where the top of the band formed by the oxygen py, p, orbitals
is located above the lower Hubbard band. This is well captured
within the three-band Emery model [6,9,10]. Under doping,
holes transfer to the oxygen ligands and at large doping a
metallic state emerges [33] which is also consistent with DFT
calculations [34-38].

In this work we concentrate on the three-band Emery
model

H= qu”iuo + Z lijvChip Civs + ZUu”im"w ey
ino injvo [m

where i, j label the square lattice unit cell, consisting of the
do_y Cu orbital (u, v =d) which is surrounded by O p,
and p, orbitals (u, v = py, py). clTlm (¢jvo ) create (annihilate)
holes with orbital p (v) and spin o. n;,, is the corresponding
number operator. U,, is the Hubbard-type Coulomb repulsion
for orbital © = d, p. €, is the orbital onsite energy, and #;, , is
the tunneling matrix element between i and jv. Figure 2(a)
shows the dominant hopping parameters in the CuO, plane,
where 1,4 and 1,, are the nearest-neighbor Cu-O and O-O
hoppings, respectively. The parameters in the hole picture are
obtained as €, = 0eV, ¢, =22¢€V, 1,y =13¢eV,and 1,, =
0.6 eV for La,CuQy4 from projective Wannier functions [39]
applied to nonrelativistic full potential local orbital (FPLO)
calculations [40]." Considering the electronic structure of
copper oxides, at charge neutrality the three-orbital unit cell
includes five electrons and one hole per unit cell such that
the d-electron band is half-filled. Hole doping is quantified by
8, e.g., 4.5 (4) electrons or 1.5 (2) holes per unit cell means
8§ =05().

'"We extracted the parameters employing the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) [41] as
exchange-correlation functional and a mesh of 9 x 9 x 5 k points
in the first Brillouin zone (FBZ).

125139-2



EXPLORING d-WAVE MAGNETISM IN CUPRATES FROM ...

PHYSICAL REVIEW B 112, 125139 (2025)

@ ¢l N

10 -
>
2
Q
S gL PM
e (m, m)-AFM
(0,0)-AM

(1, m)-AM

0 5 10 0 5 10
Ud [eV] Ud [eV]

FIG. 2. Ilustration of the hopping paths of the three-orbital
Emery model (a), and the cluster considered in ED (b). MFT phase
diagram for undoped (c) and hole-doped (d) case as a function of the
Cu and O interaction strengths U; and U,. Hole doping is crucial to
obtain a (77, r )-AM. It also reduces the critical interaction for the for-
mation of moments on the O atoms, i.e., the (0, 0)-AM. Parameters
used, chosen to be realistic for cuprates [10,42,43], are t,; = 1.3 €V,
t,p = 0.6 eV, and €, = 2.2 eV; order parameter threshold 1072, tol
1073 using a solver (see main text). Note that reasonable values of
Uy in cuprates are from 7 to 10.5 eV while values from U, are 4 to
6 eV [10].

III. AM DRIVEN BY REPULSION ON OXYGEN U,

In general, the presence of AM in the cuprate planes re-
quires a magnetic moment on the oxygen, thus, not full but
only partial occupation, and a finite Hubbard repulsion U,. It
naturally appears in the negative charge transfer limit ¢, < 0
at half-filling, when the oxygen orbitals are above the Cu d
orbitals and their partial occupation then enables oxygen AFM
once a small Hubbard repulsion U, is present. Consequently
(0, 0)-AM sets in.

Interestingly, AM can also become stable in the far more
realistic positive charge transfer regime €, > 0. It has been
shown that already for a low but still realistic charge transfer
energy of €, = 2.2 eV,” the magnetic moment calculated for
the Emery model at half-filling has a 37% contribution from
oxygen electrons [8]. This nonzero occupancy can be further
enhanced by lowering €, or by increasing hole doping & (see
below). Naturally, a finite occupancy of oxygen orbitals only
triggers AM once the Hubbard repulsion U, is strong enough.

2 And for infinitely large copper repulsion U, and realistic oxygen-
oxygen hopping 7,, = 0.6 eV.

Therefore, in the following we explore U, dependence of the
phase diagram of the Emery model in the realistic positive
charge transfer limit. To this end, we elucidate U,-driven
oxygen AFM within a standard MFT.

In the MFT we first split the Hamiltonian H, Eq. (1),
into a noninteracting part 7, and an interacting part
Hy, such that H = Ho + Hy. The noninteracting Hamil-
tonian Ho can be diagonalized by Fourier transforma-
tion, cruo =NV?Y e *Ruc, o, and R;, is the posi-
tion of orbital u in the unit cell i. We obtain Hy =
Zk’(, (ckda s Ckxo s Ckyo )ThO(k)(dea s Ckxo s Ckya) where

€4 2ilpd Sy —Zitpd Sy
ho(k) = | —2itpgsx € 4t ppSySy 2)
2itpqsy  AppsiSy €p

with s,y = sin(ky(,)/2). We focus on (0, 0) and (7, 7) in-
stabilities and introduce two sublattices A = A, B labeling the
two copper atoms in the two copper unit cells. We then com-
bine the fermion operators in a 12-component vector ¥; (with
indices explicitly written as Wy, ).

We define the mean fields m,; = Zi(—l)i (Si))/N, ie.,
the staggered magnetization of the Cu atoms, and m, =
> i{(S;. — S3))/N, the intra-unit-cell staggered magnetiza-
tion of the p orbitals. Note that by default there are two p
orbitals with opposite magnetization in the Wigner-Seitz cell.
To complete our Ansatz, we also need to account for an
interaction-induced change of the relative occupation of the
orbitals. By proper renormalization of the chemical potential,
it can be incorporated by introducing the third mean field n; =
Zi,g (c:fda Cido ) /N as the filling of the d orbitals in analogy to
the overall filling n. Decoupling the Hamiltonian in the charge
channel, we find

U;N
8

Ua Ao i
+ 1;7 2 (ng — (=1)"""mg)cy ; , Chdro
Y
8

The resulting MFT Hamiltonian ), \If,j h(k)Y;, + Ey [see
Appendix A, Eq. (A4)] is a noninteracting Hamiltonian. The
12 x 12 Bloch Hamiltonian (k) can be efficiently diagonal-
ized for each momentum to obtain the eigenenergies e,,(k)
and the Bloch eigenstates |u,,(k)) with band index m. Note
that H is block diagonal in spin, but in contrast to the con-
ventional AFM spin density mean-field solution [44] the two
blocks are explicitly spin dependent. We have solved the
mean-field equations self-consistently for fixed filling #, i.e.,
for M = (mgq, my, ng, 1) we calculated M, from H(M,_;)
until » = 100, and then applied a python in-built solver which
solves the fix point equation self-consistently.

The resultant MFT results are displayed in Figs. 2 and 3
where we find wide regions with both types of AM states.
The effect of different parameters is summarized in Table 1.
First, we observe that the key driving term is the interaction
U, on the oxygen orbital, which in conjunction with a direct
hopping t,, generates a strong AFM exchange between the
oxygen moments. However, in order to avoid a full occupation

(mj —nj) + M(mﬁ — (n—ny)?)

Hu = 16

(=17 my(Cl,Chvro = ChyoChvio)- (3
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FIG. 3. MFT phase diagram as function of oxygen-oxygen hop-
ping t,, at doping 6 = 0.5 (a), and as function of hole doping §
at t,, = 0.6 eV (b) [the chosen parameters, realistic for cuprates
[10,42,43], are t,; = 1.3, €, = 2.2, and U; = 8 eV; order parameter
threshold 1072, tol 107> using a solver (see main text)].

of the p orbitals, nonzero doping is required or a raise of the
onsite energies €,. At zero doping the single hole is always
located entirely on the d orbital or entirely on the p orbital,
no (m, )-AM forms. Finite hole doping allows to distribute
the additional hole charge between the otherwise competing
orbitals which becomes visible by the formation of a (7, 7 )-
AM state, at an increasing critical U; and a decreasing critical
U,. Hole doping therefore strengthens the AM phases and
weakens the AFM phase [see Fig. 3(b)].

The fact that oxygen and copper are competing for hole
charge in order to form a magnetic moment is also evidenced
by the observation that the critical U, for AFM increases when
U, is increased and, vice versa, the critical U, for (0, 0)-AM
increases when Uy is increased.

Beyond a basic direct exchange picture, the dependence
on 1, indicates the importance of a copper-mediated oxygen-
oxygen superexchange. The MFT results [see Fig. 3(a)] show
that oxygen moments form even for #,, = 0 and the lowest
critical U), is found for small positive ¢,,. Note that the phase
diagram is not symmetric under sign changes of 7, because
for negative t,, the FS has an increased contribution of the p
orbitals and has not only d-orbital character.

IV. AM DRIVEN BY OXYGEN-OXYGEN HOPPING ¢,

While the MFT has shown that AM states can be stabilized,
we next explore the phase diagram within ED calculations.
We confirmed the U,-driven AM observed in MFT, but in-
terestingly find another route to intra-unit-cell oxygen AFM
that does not depend on U,,. Instead, it can be triggered by
oxygen-oxygen hopping #,,. As this subtle effect depends

TABLE I. Summary of the parameter regimes supporting AFM
correlations on the oxygens as obtained from ED compared to MFT.

MFT ED
top ~0 or small but positive [t,p| large
U, Small Weak dependence
U, Large U, crucial Weak dependence
8 6 > 0 crucial 6>0
€p Small (as negative as possible)

0 1
g, (eV)

@(r, m)-AFM

O (r, 1)-AM
©(0, 0)-AM
@Others
-2 -1 0 1 2 -2 -1 0 1 2
tpd (eV) &p (eV)

FIG. 4. Phase diagram from ED (U; = 8 eV, U, = 4 eV) for zero
doping (4 holes) as a function of (a) t,; and t,, (¢, = 2.2 €V,) as
well as (b) €, and 1,,, (t,4 = 1.3 €V). (¢), (d) The corresponding cases
for doping § = 0.25 (5 holes). All fixed parameters correspond to
realistic values for cuprates [10,42,43].

on the nature of the correlated many-body wave function, it
appears in ED but not simple MFT and can be accounted for
within cell perturbation theory.

Using the three-orbital Emery model Hamiltonian [Eq. (1)]
we performed ED for a cluster of four Cu and eight O with
periodic boundary conditions at zero doping (4 holes) as well
as 6 = 0.25 (5 holes), shown in Fig. 2(b). We used U; = 8 eV
and U, = 4 eV. We note that for our small ED cluster the
resulting ground states do not exhibit a finite magnetization
since they cannot spontaneously break symmetries. Instead,
we characterize the phases by measuring the spin-spin corre-
lations (S; - S;) for the nearest-neighbor Cu-Cu and O-O sites
(see Appendix B) to diagnose the (7, 7)-AFM, (0, 0)-AM,
and (7, )-AM states shown in Fig. 1. If spin correlations are
incompatible with our Ansdtzes, phases are labeled as others.

The obtained phase diagram for zero doping is displayed
in Fig. 4(a) for 1,4 and t,, (¢, = 2.2 eV) as well as (b) €, and
tpp (tpa = 1.3 V). Figures 4(c) and 4(d) are corresponding
results for § = 0.25. Similar to the MFT results, doping could
enlarge the (7, m)-AM region. The results differ in two key
aspects from the MFT results. First, we can identify #,, as
the main driving term of AM [see Fig. 4(a)]. Second, and in
strong contrast to the MFT result, the formation of oxygen
moments depends only weakly on U,. It points towards a
different mechanism driven by the hopping #,, instead of the
interaction U, which we discuss below.

The sign of #,; does not affect the phase diagram while
€p and 1, are essential. When the magnitude of #,, is small,
the phase is a (77, 7)-AFM, while increasing 7, can enhance
AFM correlations between oxygens and reduce them between
coppers, leading to the transition to (7, 7)-AM, and then to
(0, 0)-AM. When 1, is fixed, smaller (as negative as possible)
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€, increases the hole contribution of oxygen, inducing AM
correlations.

The main result obtained by ED is that in the limit of re-
alistic charge transfer energy €,, oxygen-copper hopping ,4,
and oxygen repulsion U,, AFM correlations between oxygens
already appear at half-filling, i.e., one hole per CuO, unit
cell, for only slightly enhanced values of 7,,. Moreover, in
this regime oxygen magnetism is independent of the value
of the oxygen repulsion U,; instead it is triggered by the
oxygen-oxygen hopping #,,.

In Table I we summarize the parameter regimes support-
ing AFM correlations on the oxygens (and therefore AM
correlations) obtained from our ED calculations compared to
MFT.

The ED findings that AFM correlations on oxygens can
strongly depend on f,, but only weakly on U, are rather
counterintuitive. Interestingly, however, for the (0, 0)-AM
case, this can be partially rationalized by noting that there
exist spin-exchange processes between magnetic moments
on oxygens that do not depend on U),. In fact, in the limit
of large |e,|,U,, Us and no occupancy on copper sites,
following [45], we deduce that the nearest-neighbor spin ex-
change between oxygens has three lowest-order contributions:
(i) a dominant second-order term proportional to t[%p /Up, (i)
third-order terms proportional to ?,,t,,/€, and )1,/ (l€,|U,),
and (iii) fourth-order terms proportional to t;‘d [e(U —2€))]
and t;‘d /l€,(€p + Up)]. Hence, in the strong-coupling pertur-
bative limit, there are indeed spin-exchange processes whose
strength does not depend on U),. Naturally, what remains to be
better understood is how such a strong-coupling result persists
when €, is not large and negative, and the assumption of
empty copper sites no longer holds. We leave this investiga-
tion for future work.

In contrast, the (7, 7)-AM case presents a far more com-
plex situation, as it requires understanding how the two
seemingly competing AFM orders, on oxygen and copper,
can coexist. In the following we provide a qualitative picture
motivated by a cell perturbation theory [8]. Following Ref. [8]
we can rewrite the charge-transfer model (1) in a different
oxygen basis. We define the bonding and antibonding combi-
nations of the four nearest-neighbor oxygen orbitals (labeled
by L, R, T, B) surrounding the copper d orbital and obtain
@) = (Ips&) — |Pyr) — |Pat) + |py8))/2 and |B) = (Ipxr) +
|pyr) — |px) — IpyB))/2. Interestingly, we can discard the
oxygen repulsion U, completely such that the Hamiltonian
takes the form

H=ep ) (@haio+BLBi) +2 Y ltpan(i)ey, a0
io i,j(i),0

+ 1, (@) ajo — BE Bio) + topx (el Bjo + Hec.]
+ Z Uniarnia, , )

where o and B/ create holes in orthogonalized orbitals
o and B centered around copper site i and ©(j), v(j), x(J)
are the orthogonalization factors that strongly depend on the
distance between the CuOy4 cells j (see [8] and Table II in
Appendix D). The crucial point is that the hybridization
strength x (j) does not have an onsite component [i.e., x (0) =
0], though it couples nearest-neighbor orbitals « and 8.

FIG. 5. Crystal
(b) STRbCuO,Cl,. L1 and L2 label two CuO, layers.

structure  of (a) Sr,CuO,Cl, and

In most treatments of the charge-transfer model (4) the g
orbitals are neglected leading to a two-band model. This, inter
alia, gives rise to the well-studied AFM superexchange pro-
cesses and the Zhang-Rice singlets upon doping the cuprates
[7]. However, our key observation is that neglecting the B
orbitals is no longer justified once |,,| is larger than assumed
in most cuprate works and once the S orbital is not fully
occupied. It is the nearest-neighbor hybridization between
oxygen orbitals that induces oxygen AFM.

Then a simple picture emerges best explained in a minimal
toy model. From Eq. (4) we concentrate on two plaquettes
(one of each A and B sublattices) and two holes. First, for
infinite Coulomb repulsion on the copper d orbital strong
superexchange leads to copper AFM [8], e.g., plaquette A
spin up in the d orbital and plaquette B spin down. Next, the
standard local hybridization between d and « orbitals leads to
AFM correlations between plaquettes admixing oxygen states
to the magnetic moment [8]. Going beyond this picture, we
take into account the nearest-neighbor «, 8 hybridization. An
up spin in « orbitals of site A induces an up spin in § orbitals
at site B and vice versa. As a result, the spin of bonding and
antibonding oxygen orbitals is antialigned in each plaquette
(thus aligned between neighboring plaquettes). The hybridiza-
tion between the nearest-neighbor «, 8 orbitals is directly
proportional to 7,, and when calculating spin correlations in
this state between the original oxygen ligands in the unit cell
they are indeed AFM.

V. AM DRIVEN BY LARGE DOPING
IN A MATERIAL CANDIDATE

Finding large values of U, and t,, in cuprate materials
is not straightforward, therefore, we considered a few can-
didates for AM using ab initio DFT-based calculations. The
first candidate is the widely studied cuprate La,CuQO,, where
it is difficult to obtain in-plane oxygen moments since the
extra holes from doping prefer to stay in apices O locations.
We therefore turn our attention to the compound Sr,CuO,Cl,
[46], where the out-of-plane oxygen ions at the apices of the
CuOg octahedra are replaced by Cl. In addition, a smaller €,
has also been proposed [42,43].3

3See Table I of Ref. [43], i.e. the preprint version of Ref. [42].
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In Fig. 5(a) we show the tetragonal structure of
Sr,Cu0,Cl, with space group 14/mmm. Unlike LayCuOy,
no long-range tilting or rotation of the CuO4Cl, octahedra
is present. The structure leads to a very small magnetic
anisotropy [47-50] and very weak interlayer coupling
[50], making Sr,CuO,Cl, a better two-dimensional AFM
insulator [50-52]. Both inelastic neutron and light scattering
measurements found a high-energy continuum of magnetic
fluctuations [53] and multiple-magnon excitations [54].
Similar to La,CuQy, the valence of the Cu atoms is +2,
with one hole per copper atom. In order to have oxygen
magnetic moments, we replaced half of the Sr atoms by Rb
so that the system STRbCuO,Cl, [see Fig. 5(b)] is hole doped
and becomes metallic. The CuQO4 layer neighbor to Rb (Sr)
is labeled as L1 (L2). These two layers capture different
dopings, as discussed in the next paragraph. The structure
was fully relaxed with GGA using the Vienna ab initio
simulation package (VASP) [55,56]. Total energies for various
spin configurations and corresponding band structures
were calculated with GGA + U. Band structure plots were
prepared using VASPKIT [57]. We considered contributions
of the Coulomb repulsion [58] U = Uy —Jyg = 8 eV
Us =8¢V,Jg =0¢eV) for Cuand U, = Jy =0 eV for O
following [59] within GGA + U. Note that in the Dudarev’s
implementation of GGA + U, U and Jy are implemented as
Uy = Uy — Jy, therefore, the combinations of U; and Jy
with the same U would not change the results. Here we
observe that in GGA + U, a finite U stabilizes the magnetic
moments of Cu.

By comparing the energy for various magnetic configu-
rations [Cu AFM order, (7, 7)-AM order, and (0, 0)-AM
order] we find that (w, 7)-AM order is 241.5 meV lower
than (0, 0)-AM and 53.9 meV lower than (7, 7)-AFM. The
magnetic moments are 0.6 for Cu, similar to La;CuQOy [38].
However, in contrast to La,CuQy4, which has a small oxygen
moment on the apical oxygen [38] but no doping-induced
oxygen magnetism in the CuO; plane, in STRbCuO,Cl, the
magnetic moments are 0.4up for oxygen. We integrated the
partial density of states for Cu and O and find that the addi-
tional four holes from doping are mostly localized at the four
O in the L1 layer shown in Fig. 6(b) with doping § = 2 (3
electrons, 3 holes per CuO,).

The resulting band structure within GGA + U (U; = 8§ eV,
U, = 0 eV) obtained from DFT is displayed in Fig. 6 for (7,
)-AM order, (0, 0)-AM order, and (7, 7)-AFM order. The
bands have opposite spin-splitting signs along I'-X and I'-Y.
We stress that, different from the case of La,CuQ,4, where AM
originates from CuQOg octahedra distortions, in STRbCuO,Cl,
such distortions are absent and AM arises from oxygen
moments.

VI. CONCLUSION

We have studied d-wave magnetism in cuprates induced
by magnetic moments on the oxygen atoms. Focusing on the
three-orbital Emery model we employed Hartree-Fock MFT,
ED of finite clusters, and cell perturbation theory to uncover
distinct mechanisms stabilizing AFM correlations between
oxygen moments. Two different AM states can be stabilized.
First, a (0, 0)-AM with AFM ordered moments only on the

FIG. 6. (a) Band structure and (b) density of states for
SrRbCuO;Cl; in the (i, 7)-AM magnetic order within GGA + U
from DFT as shown in Fig. 1. Band structure in the (c) (0, 0)-AM
magnetic order and (d) (7, 7)-AFM order are also shown. Colors
red (spin 1) and blue (spin | ) indicate the up bands and down states,
respectively. The AM ordering is clear from the spin splitting along
I'-X and I"-Y.

oxygen sites, such that the magnetic unit cell is identical with
the crystal unit cell. The Fermi surface is characterized by
a large spin splitting of the formerly (7, ) centered pocket
into open Fermi surfaces along the crystallographic axis (see
Fig. 1). Interestingly, this intra-unit-cell magnetic order has
been proposed previously to explain inelastic neutron scatter-
ing data [16,17]. Second, we find a (;r, 7 )-AM with AFM
order of the oxygens as above coexisting with the standard
(7w, m) magnetic order on the copper atoms. Here, we observe
a Fermi surface with two closed pockets which are addition-
ally weakly spin split by opposite tilting (see Fig. 1).

Our work shows that while AM states in cuprates can be
stabilized, the required parameter regimes for ,, and U, are
challenging to obtain for typical cuprates. The exact form of
the phase boundaries is method dependent, e.g., MFT favoring
large U, while our ED of small clusters points to the relevance
of t,,. Despite these challenges, we identify parameters which
are potentially relevant for certain cuprate families. Based on
our observations, we then identify three distinct mechanisms
potentially realizing AM in cuprates: (i) a direct exchange
between the oxygens requiring a large oxygen interaction U,
(ii) strong charge transfer, i.e., €, small, bringing the p-oxygen
orbital closer to the Fermi energy, and (iii) a large oxygen-
oxygen hopping t,, effectively such that the magnetic order of
the copper atoms induces magnetic order on oxygen sites. We
note that ab initio calculations of Ref. [42], and in particular
Table I available in [43], suggest that a number of cuprates
have surprisingly low charge-transfer energy €, < 2 eV and
a large oxygen-oxygen hopping ¢,, ~ 0.6-0.7 eV. Further
indications of the substantial values of the oxygen-oxygen
hopping in the cuprates are discussed in, e.g., Refs. [60-62].

Beyond our proof-of-principle calculations on the minimal
Emery model, we also investigated the realization of AM
in a novel candidate material StTRbCuO,Cl, based on the
well-known existing system Sr,CuO,Cl,. The DFT results
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FIG. 7. Magnon spectrum along a high-symmetry path through
the magnetic Brillouin zone, determined from linear spin-wave the-
ory of an effective Heisenberg-type spin-only model with moments
on the oxygens and copper atoms for the (7w, )-AM state [see
Eq. (C1) in Appendix C]. The different chiralities (left and right
precessing) are distinguished by color and line style. Note, we have
used an artificially large splitting for presentation: [J,; = 0.5/, and
Jpp =0.4J44].

suggest the (77, 7)-AM order to be the most stable one emerg-
ing from AFM correlations between oxygen moments. Since
the AM in our case is induced by magnetism on the p orbitals,
detailed DFT calculations for each material are required. As
this is computationally very involved, we leave it for a next
study to do a database materials.

The prospect of AM in doped cuprates raises the question
on how it would manifest in experiments. Apart from the stan-
dard spin-transport signatures predicted for AM [20,21,63],
angle-resolved photoemission spectroscopy (ARPES) or spin
ARPES [64] could directly probe the spin splitting of the
Fermi surface. Alternatively, the split FS can be detected
by quantum oscillation measurements which have a long
history in underdoped cuprates [65,66]. Interestingly, since
Zeeman coupling will lead to different areas for the spin-
polarized FSs, the temperature dependence of QO can be
unconventional [67,68] and new low-frequency oscillations
could appear [69,70]. Most promising would be to revisit
previous inelastic neutron scattering experiments [16,17].
Magnon spectra of AM display chirality split magnons away
from high-symmetry points. The splitting is potentially small
and requires high resolution. In Fig. 7 we show predic-
tions for magnon spectra with chirality split magnon bands.
Note, we treated a simple Heisenberg-type model of spins
on copper and oxygen sites (see Appendix C for details),
and the optical magnon modes from intra-unit-cell excitations
are strongly split, but because of the weak oxygen moment

superconductivity. AM have been shown to lead to unconven-
tional phenomena [71-75] such as pair density states (PDW)
with finite-momentum pairing [76-79]. Especially the (0, 0)-
AM offers, due to its large spin splitting and absence of
magnetism for the copper sites, an interesting platform for
realizing PDWs. Searching for signatures thereof in experi-
ment and understanding the microscopic mechanism for its
realization in realistic settings will be important directions for
future research.

Note added. Recently, we became aware of two related
independent works. Diirrnagel et al. [80] explored an itinerant
AM phase transition emanating from an electronic model on a
related Lieb lattice [81], where AM originates from sublattice
interference of the enlarged unit cell. Kaushal er al. [45]
studied itinerant AM in a Lieb lattice Hubbard model for a
different parameter regime of an “anti-CuO,” lattice.
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APPENDIX A: MEAN-FIELD THEORY

The 12 x 12 Hamiltonian is block diagonal in spin. We
consider the ordered basis

Y = (CkdAt»> CkxAts ChkyAts CkdBt»> CkxBY s ChkyBt

T
might be hard to observe. Finally, AM in cuprates or other Chdays Chaals Choays CRdBLs Chabys CloBl) (AD)
related compounds would have important ramifications for The matrix elements are
J
1 0 O 1 0 O
U, U,
hik) =1 ® (;M((,i‘)l ZABEQ) ~ g relo 0 o)+ 1910 |0 0 0
AB A 4 0 0 0 4 0 0 0
0 0 O 0 0 O
U U
U cgs1efo 1 0 |+ Ty g0 0 1 o). (A2)
8 0 0 -1 0 0 1
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0 _tpde—ikx/z tpde—ik}./z
haa(k) = | —t,qe/? 0 2, cos (452 |, (A3)
t de‘k /2 2t,p COS (%) 0
0 tpde—ikx/z _tpde—ik,/z
hapk) = | tpgei/? 0 —21,, cos (235 |, (A4)
—t de"‘ /2 —2t,, cos (k ;k ) 0

and t7° is the Pauli-z matrix.

APPENDIX B: SPIN-SPIN CORRELATIONS FROM ED

Figure 8 displays the spin-spin correlations for ED of
four-copper-sites cluster using U; = 8 eV, U, = 4 eV. Note
that here we neglect the small positive values for Cu-Cu
correlation.

APPENDIX C: MAGNON SPECTRUM
1. Model
We study the effective Heisenberg-type spin-only model

Hspin = Z Jaﬂsiasjﬁ
(ij)

S

which emerges in the large-U limit from Eq. (1) of the main
text. It includes AFM exchange J;; > 0 between the spin
% located at the positions of the Cu atoms, AFM exchange
Jyp > 0 between the spin % located at the positions of the O
atoms, and an interaction J,; between O and Cu moments.
Sy, are the spin-% operators and Sii; the raising and lowering
operators.

While we take the spin model as an effective phenomeno-
logical model we can estimate the spin-exchange energy
scales from perturbation theory:

(1) A textbook result (e.g., see [82]) gives for the positive

1
+
ZSthj,B +

1
Zsmsjﬁ) (C1)

charge-transfer limit: J,; = 2tpd(m + 5).

(2) Similarly, in the positive charge-transfer limit, J,, =
4;—’%’ cf. [45]). Note that the higher-order terms o tppt;d (i.e.,
going “on a O-Cu-O” triangle) can in principle be considered
but they will (i) be smaller for the positive charge-transfer
limit, and (ii) will depend on the occupancy of the “mid-
dle” copper sites (i.e., probably will vanish once this site is
occupied, see below).

(3) Estimating J,, is more difficult. Once the oxygen is not

. . ,»d
occupied, we obtain the textbook result J;; = (U,, Ty

5) (valid in the positive charge-transfer limit) [7,82]. How-
ever, once the oxygen is occupied and assuming that the
middle spin does not actively participate in the spin ex-
change,* then there is no spin-dependent interaction (there

“This would lead to the three-spin interaction.

(

merely is a lowering of the total energy due to the virtual
processes, however, these are spin independent). In fact, this
result stays in line with what is written in [82] [see Eq. (5) in
that paper].

(a) 0
2 0.1
1
S -0.2
50 1
Q
£ -0.3
& -0.4
-0.5
2 -1 12 2 -1 0 1 2
t,y(eV g, (eV
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1t} 1t {H -0.01
S
Lo} 1r 1 H -0.015
Q
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ot It 1 H -0.025
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2 -1 0 1 2 2 -1 0 1 2
tod (eV) €p (eV)
(c) 0
2 —0.02
=1t 1t 1
S -0.04
L 1t
RS —i ~0.06
-1 I
» 11 -0.08
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2 -1 0 v 12 2 -1 0 v 12
t (e e, (€
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1t 1t {H -o0.01
S
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Q.
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FIG. 8. Spin-spin correlations for zero doping with respect to
t,g and t,, (e, = 2.2 eV) as well as €, and t,, (t,g = 1.3 eV).
(a) Nearest-neighbor Cu-Cu correlation ({S¢ Sj.’ )). (b) Nearest neigh-
bor O-O correlations ((S{’Sj”. )). (¢), (d) The corresponding cases for
doping § = 0.25 (5 holes).
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2. Linear spin-wave theory

We evaluate the magnon spectrum assuming the ordered
ground state of the (7, 7)-AM, shown in Fig. 1 of the main
text. We introduce two sublattices A, employ a Holstein-
Primakoff transformation, and take the large-S limit. If the
spin at i, e, A is 1 the transformation reads as

z P
Siar. = Sa = Gig; Gia.

S = v 2Sutian,

S, =/28.al,; (C2)
and

Siar = —Sa + aj—w\aiw\v

Sin = ZSaa;aw

Sian = V 28uGign (C3)

for a | spin. The operator ;4 (ajm\) annihilates (creates) a
magnon, i.e., a spin flip, at i, o, A.

J

hpd(kx)
hR(k) = +
hpd(ky) + hO(k)

%" (cosk, + cosky)

ho(k) = 0
0

J )
hpa(k) = =25 f &2
eik/2

and  hp[(ky, k)] = hr[(—k,, —k:)]. Note, however, that
hol(ky, ky)] = hol[(—ky, —k,)] such that the matrices differ
only in terms which are proportional to Jp,.

We diagonalize (C5) by a numerical Bogoliubov
transformation, i.e., we multiply hg; with the matrix
11, 1,1, —-1,—1,—1) and then diagonalize this non-
Hermitian matrix. The positive eigenvalues yield the magnon
spectrum of (C1).

3. Results

The resulting magnon spectrum (see Fig. 7) features two
Goldstone modes, a flat mode which can be associated with
the ordering of the oxygen moments and a steep mode from
the copper moments, because J;4 > J),,. Additionally, an opti-
cal mode with oxygen orbital character appears due to the fact
that the AFM ordering of the oxygen moments is intra-unit
cell. We observe large chirality splitting of the magnon modes
because we expect J,; > J,,. We expect that most of the
spectral weight is located on the magnon branches with Cu
orbital character. However, quantitative studies of the dynamic

hpd (ky) + hO(k)
hpd(_ky)

Keeping only terms linear or quadratic in S,

Hgpin = — 414485 — 87,57 + Z Moy b ()M,
k

+ 1) hr ) + O(S2) (C4)

which simplifies for S, = 1 to

Hspin = - Jdd - 2Jpp + Z ”ZLhL(k)nkL + n;RhR(k)nkR'
k
(Cs)

We defined af , = N"'2Y ; e*Riwg’  where Rjg; is the

Jo

position of a site j, «, A and the fields

Mg = (Akans keas Qi A gy aikyA’ aikyg)s (Co)
M = (Qkass Qi iy @ ggpe @ pon @ ) (CT)
The matrix elements are given by
) + Jaas Jops Jpps Jaa Ipp> Ipp) 1, (C8)
0 0
J’% cos k“;k"’ J’T” cos k—erk‘ s (C9)
% cos # % cos %
elk/2  g—ik/2
0 0 (C10)
0 0

(

spin structure factor of more microscopic model remains a
formidable task for future.

APPENDIX D: VALUES OF THE ORTHOGONALIZATION
FACTORS

The orthogonalization factors u, v, x are given in Table II.
As the values of the orthogonalization factors are strongly
diminished with increased distance between the unit cells,
only values for CuOy cells being up to third neighbor apart
from each other are given in the table.

TABLE II. Dependence of the orthogonalization factors u, v, x
with distance between the CuOy cells j. Table adopted from Ref. [8].

J 2 v X

0 0.958 0.727 0

1 —0.14 —0.273 —0.133
V2 —0.02 0.122 0

2 —0.02 —0.064 0.041
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