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Unconventional magnetism represents a class of metallic states whose Fermi surfaces exhibit spin-
dependent splittings under the nontrivial representations of the rotation group. The d-wave α-phase
of unconventional magnetism provides a continuum realization of the nonrelativistic spin-splitting
physics described in crystals within the framework of altermagnetism; the two share the same
symmetry under rotation. In this work, we investigate how the associated momentum-space spin
quadrupole manifests itself in the real-space spin structure of a crystal. Within linear-response
theory, we calculate the spin-charge cross-susceptibility of the d-wave state in a weak nonmagnetic
periodic scalar potential. The combined symmetry of the d-wave α-phase requires the response
to change sign between two symmetry-related reciprocal-lattice vectors, producing an intra-unit-
cell d-wave spin-density modulation without enlarging the unit cell. The resulting real-space spin
modulation is induced by the scalar lattice potential rather than being a consequence of sponta-
neous symmetry breaking. It thus provides a real-space linear-response signature of the even-parity
momentum-space spin multipole.

Introduction. Itinerant ferromagnetism exhibits a uni-
form spin polarization over the Fermi surface, whose sym-
metry is analogous to conventional s-wave superconduc-
tivity. Similarly, drawing inspiration from higher partial-
wave pairing in superconductivity, the concept of mag-
netic ordering can also be extended to the spin chan-
nel when spin-orbit coupling (SOC) is negligible [1, 2].
This phenomenon, termed “unconventional magnetism”
(UM) [3, 4], forms nontrivial representations of the rota-
tional group. This phase exhibits an intrinsic, anisotropic
distortion of the Fermi surface, establishing a spin-
splitting effect independent of relativistic SOC. A promi-
nent example is the collinear α-phase in the d-wave chan-
nel, which breaks time-reversal symmetry but preserves
inversion symmetry [2, 5, 6].

Recently, UM, especially the α-phase in even partial-
wave channels, has attracted great attention under the
name of “altermagnetism” [7–9]. In altermagnets, the
real-space periodicity of the magnetic structure is the
same as that of the underlying crystal lattice. Such states
exhibit spin-group symmetry, i.e., a combination of dif-
ferent types of orbital and spin rotations. This symme-
try classification, reliant on the framework of spin space
groups [10–14], organizes these magnetic orders and dic-
tates their transport properties. A common example of
spin group symmetry is a spatial rotation about the z-
axis by an angle of π

2 , followed by a π-rotation in spin
space. Unlike conventional antiferromagnets, this spin
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structure results in spin-split Fermi surfaces in the ab-
sence of macroscopic net magnetization or SOC [15–23].
The interplay between the electron band structure and
lattice-compatible magnetic orders gives rise to rich phys-
ical phenomena [24–29], leading to novel spintronic ap-
plications [30–36], anomalous Hall effects [37–47], and
topological phenomena [48–56].

The d-wave α-phase of UM is commonly regarded as
a precursor continuum study of the same nonrelativis-
tic spin-splitting physics in crystals termed as altermag-
netism. In the d-wave α-phase, the spin-quadrupolar or-
der manifests itself as a momentum-space d-wave dis-
tortion without breaking translation symmetry [2, 4].
By contrast, the crystalline altermagnets start with the
intra-unit-cell magnetic structure exhibiting the d-wave
pattern [7, 8]. It induces the d-wave spin splitting over
Fermi surfaces when the system is metallic. In contrast, a
natural question arises: If a lattice potential is imposed
on the d-wave α-phase of UM, will a spin structure be
generated in real space, and if so, what is the symmetry
pattern?

In this work, we study how the momentum-space spin
quadrupole of the d-wave α phase manifests itself in the
spin-density response to a weak nonmagnetic periodic
scalar potential. Within linear-response theory, we cal-
culate the static spin-charge cross-susceptibility and de-
termine the induced real-space spin distribution. The
combined symmetry of the d-wave state enforces opposite
signs of the susceptibility at a pair of symmetry-related
reciprocal-lattice vectors, producing an intra-unit-cell d-
wave spin-density modulation without enlarging the unit
cell. In the low-density limit, the cross-susceptibility is
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proportional to the spin-quadrupole order in momentum
space. The resulting real-space staggered spin modula-
tion is therefore a linear-response manifestation of the
preexisting momentum-space d-wave UM order.

d-wave magnetism in crystals. In 2D, the symmetry-
allowed low-energy effective Hamiltonian for a d-wave α-
phase UM could be described by the following continuum
model [2],

H0 = − 1

2m
[∇2 +Q(∂2

x − ∂2
y)σz]− µ, (1)

where the Pauli matrix σz acts in spin space, m is the
effective mass, and µ is the chemical potential. Here,
we have set ℏ = 1 for simplicity. The first term repre-
sents the isotropic kinetic energy, while the second term
captures the d-wave UM order.

In momentum space, the low-energy effective spectrum
of the d-wave α-phase in Eq. (1) is given by

ξσ(k) =
1

2m
[k2 +Q(k2x − k2y)σ − k2f ], (2)

where σ = ±1 denotes the spin-up and spin-down pro-
jections, respectively, and kf is the effective Fermi mo-
mentum characterizing the unperturbed chemical poten-
tial µ = k2f/2m. Crucially, this energy spectrum dic-

tates a specific symmetry under a π/2 rotation around
the z-axis, as shown in Fig. 1. This order breaks both
time-reversal T and C4 rotational symmetries but pre-
serves the combined C4T symmetry, resulting in a spin-
dependent anisotropic effective mass. The dimension-
less parameter Q characterizes the strength of the d-wave
magnetic order. We restrict Q to the range −1 < Q < 1
so that the kinetic energy remains positive definite in all
directions and the continuum model is stable around the
Γ point.

While Eq. (1) captures the spin-splitting of alter-
magnetism in a continuum, it does not incorporate the
Brillouin-zone periodicity of a crystal. To investigate the
interplay between the d-wave spin-splitting and lattice
translation symmetry, we adopt a nearly-free-electron
(empty-lattice) approach. For simplicity, we subject this
continuum model to a weak periodic crystal potential of
a 2D square lattice, expressed in real space as

V (x, y) = V0(cosGx+ cosGy), (3)

where V0 is the potential strength and G is the mag-
nitude of the primitive reciprocal lattice vector. Upon
Fourier transformation, the periodic potential generates
scattering processes involving reciprocal lattice vectors:

V (q) =
V0

2

∑
G∈{±G1,±G2}

δq,G (4)

where G1 = (G, 0) and G2 = (0, G). This phe-
nomenological framework allows us to qualitatively cap-
ture the generic Fermi surface properties of d-wave mag-
netic states in a crystal without resorting to a complex
tight-binding model.

FIG. 1. The Fermi surfaces of d-wave α-phase unconventional
magnetic states. The distorted Fermi surfaces are obtained
from the Hamiltonian in Eq. (1) and reflects the specific sym-
metry of d-wave magnetic states in Eq. (7).

Spin Response. Although spin-density waves can arise
from Fermi surface nesting or strong correlations, a spin-
density modulation can also be induced in a d-wave α-
phase. Due to the intrinsic distortion of the spin-split
Fermi surfaces, a purely nonmagnetic scalar potential can
directly induce a static spin density modulation. Here,
we use the linear-response theory to calculate this spin-
charge cross-response induced by a weak periodic crystal
potential; see the Appendix for the details.
To determine the induced real-space spin distribution,

we evaluate the static spin-charge cross-susceptibility.
The bare Green’s function is diagonal in spin space:

G(k, iωn) =
1

2
(

1 + σz

iωn − ξ+(k)
+

1− σz

iωn − ξ−(k)
), (5)

where ωn represents fermionic Matsubara frequency. The
correlation function χ between the z-component of the
spin density and the charge density at a reciprocal lattice
vector G1 is given by (see Fig. 3),

χ(G1)

=T
∑
iωn

∫
BZ

d2k

(2π)2
tr[G(k, iωn)G(k +G1, iωn)σz]

=

∫
BZ

d2k

(2π)2

∑
σ=±1

σ
nF [ξσ(k)]− nF [ξσ(k +G1)]

ξσ(k)− ξσ(k +G1)
,

(6)

where BZ denotes the first Brillouin zone and nF (ϵ) is
the Fermi-Dirac distribution. We define the rotation op-
erator R by R(kx, ky) = (−ky, kx). The spectrum then
satisfies:

ξσ(Rk) = ξ−σ(k). (7)

Under this rotation, k → Rk, the Brillouin zone of the
square lattice remains invariant. By utilizing the spec-
tral symmetry in Eq. (7) and transforming the integra-
tion variables, one can rigorously show that the cross-
susceptibility is antisymmetric under the C4 rotation:

χ(RG1) = −χ(G1). (8)
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FIG. 2. The crystal potential (black) and spin response (ar-
rows) in d-wave unconventional magnetic states. Black solid
circles, open circles, and crosses represent the maxima, min-
ima, and saddle points of the crystal potential, respectively.
Red and blue arrows denote the positive and negative extrema
of the induced spin response.

Since G2 = RG1 and inversion symmetry gives χ(G) =
χ(−G), the susceptibilities satisfy the relation:

χ(±G1) = −χ(±G2) = χ. (9)

By summing over the Fourier components of the crystal
potential in Eq. (3), we obtain the induced real-space spin
density up to first order in V0:

Sz(r) = χV0(cosGx− cosGy). (10)

This arises from the combined effects of the crystal po-
tential and the d-wave UM order. Comparing the spatial
profile of the periodic potential V (r) with the induced
spin density Sz(r), we observe that the positive and neg-
ative extrema of the spin response occur at the saddle
points of the underlying periodic potential (i.e., where
V (r) = 0), as shown in Fig. 2.

In the paramagnetic normal state (where Q = 0), the
cross-susceptibility χ vanishes, and consequently, no spin
response is induced. To quantitatively elucidate the pre-
cise role of the d-wave UM order in driving this spin
response, we evaluate the susceptibility χ as a function
of the order parameter Q.

To make the discussion concrete, we focus on the low-
electron-density regime at zero temperature. In this
limit, the Fermi momentum is small, and the Fermi sur-
faces remain tightly confined around the Γ point, far from
the boundaries of the Brillouin zone. The relevant elec-
tron momenta satisfy |k| ≪ G/2. By expanding the
energy denominator to the leading order in |k|/G, we
obtain:

1

ξσ(k)− ξσ(k +G1)
= − 2m

G2(1 + σQ)
. (11)

At zero temperature, the Fermi-Dirac distribution re-
duces to a step function, nF (ϵ) = Θ(−ϵ), where Θ(ϵ) = 0
for ϵ ≤ 0 and Θ(ϵ) = 1 for ϵ > 0. Eq. (6) then yields

χ = −
mk2f
πG2

1√
1−Q2

(
1

1 +Q
− 1

1−Q
). (12)

𝜎𝑧

𝑘 + 𝐺1

𝑘

𝑉 𝐺1

FIG. 3. Bubble diagram for the static spin-charge cross-
susceptibility χ(G1).

The analytical expression captures the underlying
physics. As expected, the d-wave UM order distorts
the initially isotropic Fermi surface into spin-dependent
ellipses. This d-wave anisotropy yields a nonvanishing
cross-susceptibility, converting the purely scalar crystal
potential into the staggered spin density modulation de-
scribed in Eq. (10). The susceptibility χ in Eq. (12) is
proportional to Q for weak ordering and grows monotoni-
cally as the order parameter increases. The emergence of
the d-wave magnetic phase (Q ̸= 0) acts as the driver for
generating this spatially modulated spin response. More-
over, the cross-susceptibility formally diverges as |Q| → 1
within this approximation.
Quadrupole and Susceptibility.– To elucidate the phys-

ical origin of the induced spin response, it will be instruc-
tive to connect the macroscopic cross-susceptibility to the
intrinsic geometric properties of the unperturbed alter-
magnetic ground state. We achieve this by examining the
momentum-space spin quadrupole moment, which char-
acterizes the d-wave spin-splitting. It is defined as:

Qkµkν
=

∫
BZ

d2k

(2π)2

∑
σ=±1

σnF [ξσ(k)]kµkν , (13)

where µ, ν = x, y in 2D. Owing to the mirror symme-
tries, the off-diagonal quadrupole component vanishes,
i.e., Qkxky = 0. Furthermore, under a π/2 spatial rota-
tion k → Rk, the integration domain remains invariant.
By utilizing the spectral symmetry dictated by the alter-
magnetic order, ξσ(Rk) = ξ−σ(k) in Eq. (7), and per-
forming a change of integration variables, one can show
that the diagonal components satisfy:

Qk2
y
= −Qk2

x
. (14)

This antisymmetric relation is the microscopic origin of
the d-wave macroscopic response, mirroring the discrete
symmetry of the spin-charge susceptibility in Eqs. (8,9).
To quantitatively establish the relationship between

the linear response susceptibility and this intrinsic
ground-state property, we evaluate Qk2

x
at zero tempera-

ture. Integrating over the spin-split elliptical Fermi seas
yields the analytical result:

Qk2
x
=

k4f

16π
√

1−Q2

( 1

1 +Q
− 1

1−Q

)
. (15)
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Comparing this intrinsic quadrupole moment with the
expression for the cross-susceptibility derived in Eq. (12),
we uncover an algebraic relation:

χ = − 16m

G2k2f
Qk2

x
. (16)

The induced spin-charge cross-susceptibility is propor-
tional to the intrinsic spin quadrupole moment in mo-
mentum space. Both quantities vanish in the normal
phase (Q = 0), and their magnitudes increase with
|Q| within the present model. From a physical stand-
point, while Qk2

x
serves as a microscopic order parame-

ter that breaks time-reversal and rotational symmetries,
the cross-susceptibility χ acts as a macroscopic response
coefficient associated with this order. Measuring this
anisotropic spin response to a scalar charge potential of-
fers a signature of the hidden d-wave spin-splitting.

Discussion. The induced intra-unit-cell spin-density
modulation is a linear-response manifestation of the un-
derlying momentum-space d-wave UM order, rather than
a separate spontaneous magnetic order. Its d-wave trans-
formation property is fixed by symmetry, whereas its
magnitude and precise relation to the momentum-space
spin quadrupole Qk2

x
depend on the microscopic realiza-

tion.
In the above analysis, we have used the empty-lattice

approximation in analytic studies for clarity. Despite
this, our central result, i.e., the emergence of the stag-
gered spin-density modulation without enlarging unit
cells, is robust as protected by symmetry. The d-
wave symmetry of the spin-charge cross-susceptibility,
χ(RG1) = −χ(G1), is based on the combined C4T
symmetry. In realistic materials with strong crystal
potential or larger electron densities, band reconstruc-
tions near Brillouin zone boundaries occur. These effects
would only quantitatively renormalize the spin-density
responses studies above without modifying its qualitative
features. Detailed investigations are beyond the scope of
this work and will be deferred to a later publication.

Experimentally, recent scanning tunneling mi-
croscopy measurements have imaged defect-induced
electronic patterns reflecting the characteristic ro-
tational anisotropy of d-wave altermagnetism [57].
Although these measurements do not directly probe
the periodic spin-density modulation considered here,
they demonstrate that local scattering can reveal the
underlying spin-charge anisotropy. A standard T -matrix
treatment incorporating a realistic band structure can
be used to model the corresponding impurity response.
Spin-polarized scanning tunneling microscopy could
further probe the predicted sign reversal between the
rotation-related Fourier components along the a and b
directions.

In real altermagnetic materials, finite SOC breaks the
independent spin-group symmetry assumed above, and
spin is no longer a good quantum number. Since SOC
is time-reversal even, it cannot by itself generate a static
spin-density response to the scalar potential considered

here. Nevertheless, SOC breaks inversion symmetry,
which could generate the Dzyaloshinskii-Moriya (DM) in-
teraction for the real-space spin distributions. In the case
of weak SOC, the DM interaction would not fundamen-
tally destroy staggered spin-density modulation polarized
along the z-axis but could induce spin canting with small
transverse components.

Our mechanism works for UM orders with even par-
ity, in which time-reversal symmetry is broken, such that
real-space spin structures are allowed. In contrast, for
UM orders with odd parity, time-reversal symmetry is
preserved, which suppresses real space magnetic struc-
tures. For the p-wave case, the real space structure
induced by the scalar lattice potential is of the bond-
centered spin-current type. For example, on a lattice
bond of ⟨ij⟩, the real space order can be represented by
Dµ

ij , where µ refers to the direction in spin space; hence,
it is a DM-vector type order. This is an interesting topic
for future investigations.

Conclusion. In summary, we have theoretically investi-
gated the spin-charge cross-response in a 2D d-wave UM
(altermagnetic) state subjected to a weak periodic lat-
tice potential within linear-response theory. By employ-
ing the Matsubara Green’s function formalism within the
low-electron-density regime, we analytically derived the
static cross-susceptibility. Our results demonstrate that
a purely nonmagnetic scalar potential can induce a spa-
tially periodic real-space spin distribution. This spatial
profile represents an induced spin structure rather than
the emergent magnetic ordering arising from spontaneous
symmetry breaking. Furthermore, symmetry analyses
indicate that the spin-charge cross-response provides a
direction-sensitive probe, offering a direct signature of
the hidden d-wave spin-splitting.

The proportionality between χ and Qk2
x
, i.e., in

Eq. (16), holds only in the low-density continuum limit.
On the other hand, χ connects the scalar potential V to
the real-space spin density Sz(r), and the momentum-
space spin quadrupole Qk2

x
shares the same C4T symme-

try. Hence, we expect that a qualitative positive cor-
relation χ = f(Qk2

x
) remains robust beyond the low-

density approximation. Certainly, the relation could be-
come nonlinear due to band-structure effects.

The d-wave α-phase of UM and the altermagnetic state
share the same symmetry pattern under rotation. If a
lattice potential is imposed on the former and the latter
is metallic, they cannot be distinguished by symmetry
and therefore belong to the same phase according to the
Landau theory of phase transitions. These arguments
are based on the symmetry principle and remain valid
beyond the linear-response approximation used in this
manuscript.

While our continuum model with an empty-lattice ap-
proximation captures the universal symmetry properties,
extending this analysis to tight-binding models exhibit-
ing d-wave UM is highly desirable. Such an extension,
particularly by incorporating multiorbital degrees of free-
dom, would bridge the gap between our phenomeno-



5

logical framework and realistic systems. Crucially, it
would enable direct comparisons with emerging exper-
imental observations, where the intricate interplay be-
tween UM orders and anisotropic Fermi surface recon-
structions plays an important role.
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Appendix A: Detailed Derivation

In this appendix, we provide the detailed derivation
of the static spin-charge cross-susceptibility χ(G1) using
the Matsubara formalism. We start from the continuum
low-energy effective Hamiltonian for the d-wave α phase,
subjected to a weak periodic lattice potential. In real
space, the unperturbed Hamiltonian and the scalar crys-
tal potential are respectively given by:

H0 = − 1

2m
[∇2 +Q(∂2

x − ∂2
y)σz]− µ,

V (x, y) = V0(cosGx+ cosGy),

where µ = k2f/2m is the chemical potential characterized
by the effective Fermi momentum kf , and Q is the dimen-
sionless d-wave order parameter. Upon Fourier trans-
forming to momentum space, the unperturbed Hamilto-
nian becomes block-diagonal in the spin basis:

H0(k) =
1

2m
[k2 +Q(k2x − k2y)σz − k2f ],

where the Pauli matrix σz has eigenvalues σ = ±1 for
spin-up and spin-down electrons. The periodic potential
transfers momentum precisely by the primitive reciprocal
lattice vectors G1 = (G, 0) and G2 = (0, G):

V (q) =
V0

2

∑
G∈{±G1,±G2}

δq,G.

The noninteracting Matsubara Green’s function for the
system is a diagonal 2 × 2 matrix in spin space,
G0(k, iωn) = [iωn −H0]

−1, which can be written as:

G0(k, iωn) =
1

2
(

1 + σz

iωn − ξ↑(k)
+

1− σz

iωn − ξ↓(k)
),

where the spin-split energy dispersions are:

ξ↑(k) =
1

2m
(
k2x
a2

+
k2y
b2

− k2f ),

ξ↓(k) =
1

2m
(
k2x
b2

+
k2y
a2

− k2f ).

Here, a−2 = 1+Q and b−2 = 1−Q are dimensionless scal-
ing parameters describing the elliptical spin-dependent
Fermi surfaces; equivalently, Q = 1

2 (a
−2 − b−2).

To evaluate the induced spin response, we calculate the
static cross-susceptibility bubble χ(G1) shown in Fig. 3,

χ(G1) = T
∑
iωn

∫
d2k

(2π)2
tr[G(k, iωn)G(k +G1, iωn)σz].

Taking the trace over the spin degrees of freedom and
performing the Matsubara summation, we obtain

χ(G1) =

∫
BZ

d2k

(2π)2

∑
σ

σ
nF [ξσ(k)]− nF [ξσ(k +G1)]

ξσ(k)− ξσ(k +G1)
.

This final form provides the analytical basis for evaluat-
ing the spin-charge cross-response at any temperature.
At zero temperature, the Fermi-Dirac distribution re-

duces to a step function, nF (ξσk) = Θ(−ξσk). In the rel-
evant metallic regime with low electron density, the occu-
pied momenta satisfy |k| ≪ G/2. The occupied pockets
therefore remain well separated from the zone-boundary
degeneracies. The integration avoids the singularities at
the Brillouin zone boundaries. By multiplying the nu-
merator and denominator by appropriate factors, we can
decompose the cross-susceptibility into four constituent
integrals representing the particle and hole contributions
from both spins:

χ(G1) =2m(−a2I1 + a2I2 + b2I3 − b2I4), (A1)

where the integrals are explicitly given by

I1(a, b) =

∫
BZ

d2k

(2π)2
Θ[−ξ↑(k)]

2k ·G1 +G2
1

,

I2(a, b) =

∫
BZ

d2k

(2π)2
Θ[−ξ↑(k +G1)]

2k ·G1 +G2
1

,

I3(a, b) =

∫
BZ

d2k

(2π)2
Θ[−ξ↓(k)]

2k ·G1 +G2
1

,

I4(a, b) =

∫
BZ

d2k

(2π)2
Θ[−ξ↓(k +G1)]

2k ·G1 +G2
1

.

(A2)

with a−2 = 1 +Q and b−2 = 1−Q.
To calculate the unshifted integral I1, we introduce the

scale transformation kx = aq cos θ and ky = bq sin θ, such
that the energy dispersion becomes isotropic in the scaled
coordinates: ξ↑ = 1

2m (q2 − k2f ). The integration measure

is d2k = abqdqdθ. This yields:

I1(a, b) =
ab

2π

∫ kf

0

qdq

∫ 2π

0

dθ

2π

1

2aq cos θG+G2

=
ab

2π

∫ kf

0

q

G
√
G2 − 4a2q2

dq

=
b

8πa
[1−

√
1− a2(

kf
G/2

)2],
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For the shifted integral I2, which represents the hole con-
tribution, the parameterization shifts the origin: kx =
aq cos θ − G and ky = bq sin θ. Evaluating the angu-
lar integral introduces a negative sign due to the ge-
ometry of the shifted denominator, rigorously yielding
I2(a, b) = −I1(a, b).

By symmetry, the spin-down integrals are obtained
simply by exchanging the parameters, I3(a, b) = I1(b, a)
and I4(a, b) = −I1(b, a). Summing these contribu-
tions provides an analytical expression for the cross-
susceptibility provided that the occupied elliptical pock-
ets do not reach the zone boundary:

χ(G1) = 2m(−a2I1 + a2I2 + b2I3 − b2I4)

=
mab

2π

{√
1− a2(

kf
G/2

)2 −

√
1− b2(

kf
G/2

)2

}
.

To elucidate the role of the d-wave order, we express a
and b in terms of the order parameter Q. Using a−2 =
1 +Q and b−2 = 1−Q, the result can be rewritten and
expanded for weak d-wave UM order:

χ(G1) =
m

2π

(2kf/G)2√
1− (2kf/G)2

Q+O(Q2).

To leading order in Q, the spin response is proportional
to the d-wave order parameter.

In the low-density limit kf ≪ G/2, an expansion with

respect to (kf/G) gives the leading-order behavior:

χ(G1) ≈ −m

4π

( kf
G/2

)2

ab(a2 − b2).

The intrinsic momentum-space spin quadrupole moment
of the altermagnetic Fermi sea is defined as:

Qk2
x
≡
∫
BZ

d2k

(2π)2
k2x{nF [ξ↑(k)]− nF [ξ↓(k)]}.

By performing the integration over the respective ellipti-
cal areas, we obtain

Qk2
x
=

k4f
16π

ab(a2 − b2).

Thus, the induced cross-susceptibility is directly propor-
tional to the spin quadrupole moment of the unperturbed
state:

χ(G1) = − 16m

G2k2f
Qk2

x
.

Finally, as shown in the main text, the symmetry of the
spectrum ξσ(Rk) = ξ−σ(k) under a π/2 rotation guar-
antees that χ(RG1) = −χ(G1). Utilizing G2 = RG1,
the first-order correction to the real-space spin density is
given as:

Sz(r) =
∑

q∈{±G1,±G2}

χ(q)
V0

2
eiq·r

=χ(G1)V0

(
cosGx− cosGy

)
.

This links the microscopic d-wave geometry of the Fermi
surface to the macroscopic spatial modulation.
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Zhou T, 2025 Phys. Rev. Lett. 134 106801

[26] Wang Z-M, Zhang Y, Zhang S-B, Sun J-H, Dagotto E,
Xu D-H, and Hu L-H, 2025 Phys. Rev. Lett. 135 176705

[27] Zhou Z, Cheng X, Hu M, Chu R, Bai H, Han L, Liu J,
Pan F, and Song C, 2025 Nature 638 645

[28] Jaeschke-Ubiergo R, Bharadwaj V-K, Campos W,
Zarzuela R, Biniskos N, Fernandes R M, Jungwirth T,
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