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Exploring the intricate interplay between magnetism and charge density waves has long been a
fundamental pursuit at the forefront of condensed matter research. In this letter, based on symmetry
analysis and first-principles calculations, we propose for the first time that anomalous charge density
wave can be realized in two-dimensional altermagnetic WO. The anomalous charge density wave is
characterized by three key features: (i) Unlike conventional charge density wave, whose stabilization
is driven by the opening of a gap near the Fermi level, the anomalous charge density wave is stabilized
by the occupied states with energies shifting lower far away from the Fermi level; (ii) the anomalous
charge density wave increases the density of states near the Fermi level and then enhances—rather
than diminishes—the metallicity of materials; (iii) altermagnetism plays a crucial role in stabilizing
anomalous charge density wave. Thus, our work offers a pathway for exploring both the realization
and the underlying mechanisms of anomalous charge density waves in magnetic systems.

Introduction. Altermagnetism, a new magnetic phase
distinct from both ferromagnetism and antiferromag-
netism, has been proposed theoretically and confirmed
experimentally [1–10]. Altermagnetic materials ex-
hibit momentum-space anisotropic spin splitting with-
out spin–orbit coupling (SOC) and real-space antiparal-
lel spin alignment with zero net total magnetic moment,
thereby sharing the advantages of both ferromagnetic
and antiferromagnetic materials. Consequently, numer-
ous exotic phenomena can emerge in altermagnetic ma-
terials, such as anisotropic spin splitting leading to spin
currents [11–14], giant and tunneling magnetoresistance
[15–17], and piezomagnetic effects [18]. With SOC, due
to the break of the time-reversal symmetry, altermag-
netic materials can realize the anomalous Hall [19–22],
anomalous magneto-optical [23, 24], anomalous Nernst
[25], anomalous thermal Hall [26] and crystal valley Hall
[27] effects. On the other hand, the combination of alter-
magnetism with other matter phases has also attracted
widespread interest. The anisotropic spin-splitting al-
termagnetism without time-reversal symmetry merging
with topology gives rise to new topological phases[21, 28–
33]. Coupling time-reversal-broken altermagnetism with
superconductivity can lead to nontrivial superconduct-
ing states [34, 35]. Altermagnetic ferroelectricity enables
electrical control of magnetism [36–39].

Charge density wave (CDW) is a common quantum
phase that accompanies lattice distortion and generally
drives a metal-to-insulator transition or a reduction in
the density of states (DOS) near the Fermi level (i.e.,
poorer metallicity) [40–44], as illustrated in Fig. 1(a).
Due to strong electron-phonon coupling, the suppression

of the CDW often precedes the emergence of supercon-
ductivity [45, 46]. An intriguing possibility arises if, in-
stead of weakening metallicity, the CDW actually en-
hances metallicity, thereby transforming the traditionally
competitive relationship between CDW and supercon-
ductivity into a cooperative one. Conventionally, CDW
stabilization stems from the opening of a gap near the
Fermi level, which lowers the total energy at the cost
of reduced metallicity. If the stability of CDW phase
is instead driven by the downward shift of locally occu-
pied bands far from the Fermi level, the metallicity of
materials may be enhanced, as illustrated in Fig. 1(b).
We term such a CDW as an anomalous CDW. In non-
magnetic materials, CDWs typically degrade metallicity;
the introduction of magnetism may facilitate the realiza-
tion of anomalous CDWs. Very recently, the combination
of altermagnetism and CDWs has begun to be explored
[47–49]. Thus, whether or not is the anomalous CDW
realized in an altermagnetic material?

In this letter, based on symmetry analysis and first-
principles calculations, we propose for the first time that
anomalous CDW can be realized in two-dimensional al-
termagentic WO. Moreover, our calculations reveal that
altermagnetism plays a crucial role in stabilizing the√
2×

√
2 CDW in monolayer WO. Thus, our work offers

a pathway for exploring both the realization and the un-
derlying mechanisms of anomalous charge density waves
in magnetic systems.

Results and analysis. Recently, monolayer CrO
and MoO have been predicted to be bipolarized Weyl
semimetals with altermagnetism, and they will transition
to the Chern insulator phase under strain [21, 29, 50, 51].
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FIG. 1. Schematic diagram of the (a) Peierls/conventional
CDW phase transition and (b) Anomalous CDW phase transi-
tion, showing electronic band structures and density of states
(DOS) before and after the CDW transition.

Monolayer CrO is a perfect bipolarized Weyl semimetal,
while the overlap of the valence and conduction bands
in monolayer MoO leads to the presence of both electron
and hole Fermi surfaces. Therefore, monolayer MoO ex-
hibits better metallic properties than monolayer CrO. If
W atoms substitute Mo atoms, monolayer WO should
have stronger metallic properties. Additionally, 5d tran-
sition metal oxides may lead to structural distortions [52],
so monolayer WO provides the possibility for the coexis-
tence of altermagnetism and anomalous CDW.

Similar to the monolayer CrO, the crystal structure of
monolayer WO has the P4/mmm space group symme-
try, corresponding to the D4h point group. The primitive
cell of monolayer WO contains two W atoms and two O
atoms, with an optimized lattice constant of 3.696 Å.
Moreover, the detailed calculations reveal that the mag-
netic ground state of monolayer WO remains d-wave al-
termagnetic across a range of Hubbard U, consistent with
monolayer CrO (the results and analyses are provided in
the Supplementary Material (SM) [53]). Then, we inves-
tigate the dynamical stability of monolayer WO based on
altermagnetic structure. We calculate the phonon spec-
trum of WO, as shown in Fig. 2(a). From Fig. 2(a), WO
has two phonon modes with imaginary frequencies re-
spectively at the high-symmetry M and Γ points, and the
imaginary frequency at the M point is larger than that
at the Γ point. We speculate that the imaginary frequen-
cies might be caused by a

√
2×

√
2 CDW. To verify this

speculation, we first calculate the phonon spectrum of the√
2×

√
2 supercell. Under the

√
2×

√
2 supercell, the M

point of the primitive cell Brillouin zone (BZ) is folded to
the Γ point, as shown in Fig. 2(b). Therefore, the vibra-
tion mode with imaginary frequency at the M point of the
primitive cell BZ is folded to the Γ point. Then, we plot
these two vibration modes with imaginary frequency, as
shown in Fig. 2(c) and 2(d), respectively. From Fig. 2(c)

and 2(d), these two vibration modes originate from the
vibrations of W atoms. The vibration mode with imagi-
nary frequency at the Γ point is the relative vibration of
W atoms along the z direction, and the vibration mode
with imaginary frequency at the M point is the in-plane
relative vibration of W atoms. Based on these two vibra-
tion modes, we obtain the crystal structure with lattice
distortion through structural optimization, as shown in
Fig. 2(e).
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FIG. 2. (a) Phonon spectrum for the normal phase of mono-
layer WO. (b) First Brillouin zone (BZ) of monolayer WO for
primitive cell (black solid lines) and

√
2 ×

√
2 supercell (red

solid line). (c) and (d) are the imaginary vibration modes at
the M and Γ points, respectively. (e) Top and side views for
the CDW phase of monolayer WO with altermagnetism. (f)
and (g) are phonon spectra of the CDW phase for altermag-
netic and nonmagnetic monolayer WO, respectively.

After lattice distortion, the symmetry of crystal struc-
ture changes from the high-symmetry P4/mmm to the
low-symmetry P -421m space group symmetry, corre-
sponding to the D2d point group. Interestingly, the mag-
netic ground state of monolayer WO with lattice distor-
tion remains d-wave altermagnetic (Fig. 2(e)) (the results
and analyses are provided in the SM [53]). Then, we cal-
culate the phonon spectrum for this

√
2 ×

√
2 distorted

supercell with altermagnetism, as shown in Fig. 2(f).
From Fig. 2(f), there are no imaginary frequencies in the
phonon spectrum. Note: The tiny imaginary frequency
at the Γ point is caused by the finite displacement calcu-
lation method, and the density-functional perturbation
theory based on the Quantum Espresso [54] can com-
pletely eliminate the imaginary frequency at Γ point (the
results and analyses are provided in the SM [53]). There-
fore, the two imaginary frequencies at the M and Γ points
in the normal phase of monolayer WO are indeed caused
by a

√
2×

√
2 CDW. That is to say, monolayer WO is a

material in which
√
2×

√
2 CDW and altermagnetism co-

exist. On the other hand, we also calculated the phonon
spectrum of nonmagnetic monolayer WO in the CDW
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FIG. 3. (a) and (d) are electronic band structures and density of states without SOC for normal phase and CDW phase
of monolayer WO, respectively. the red and blue lines represent spin-up and spin-down bands, respectively. (b) and (e)
are electronic band structures with SOC for normal phase and CDW phase of monolayer WO, respectively. (c) and (f) are
Fermi surfaces with SOC for normal phase and CDW phase of monolayer WO, respectively. The different colors represent the
magnitudes of the carrier group velocities.

phase, as shown in Fig. 2(g). From Fig. 2(g), there are
pronounced imaginary frequencies, reflecting that non-
magnetic monolayer WO does not host a

√
2×

√
2 CDW.

Therefore, altermagnetism plays a crucial role in stabi-
lizing the

√
2×

√
2 CDW in monolayer WO.

A natural question is what causes the
√
2×

√
2 CDW

in altermagnetic WO. This requires us to further inves-
tigate the electronic structure of altermagnetic WO. In
the subsequent electronic structure calculations, we in-
clude a Hubbard U = 2.2 eV to account for the on-site
Coulomb repulsion among the 5d orbitals of W atoms
according to previous studies [55, 56]. We first calculate
the electronic band structure and density of states of al-
termagnetic WO without SOC in the normal phase, as
shown in Fig. 3(a). From Fig. 3(a), monolayer WO is
an altermagnetic semimetal with four pairs of crossing
points near the Fermi level. Two pairs of crossing points
with opposite polarization are protected by the spin sym-
metry {E||C2y} along the X-M direction, and the other
two pairs of crossing points with opposite polarization
are protected by the spin symmetry {E||C2x} along the
Y-M direction. Therefore, monolayer WO is a bipolar-
ized Weyl semimetal, similar to monolayer Fe2WTe4 [29].
On the other hand, since the bands near the Fermi level
are mainly contributed by the 5d orbitals of W atoms
(Fig. 3(a)), monolayer WO likely exhibits strong SOC
effect.

Before calculating the band structure with SOC, we
need to first determine the direction of the magnetic

easy axis of monolayer WO. This is because the direc-
tion of the magnetic easy axis determines the magnetic
point group symmetry, which in turn has a significant
impact on the electronic structure and topological prop-
erties of monolayer WO. Our calculations show that the
magnetic easy axis of WO is along the z direction. So
altermagnetic WO breaks the C2x and C2y symmetries
under SOC, which in turn leads to the Weyl points near
the Fermi level opening gap. Next, we calculate the elec-
tronic structure of monolayer WO with SOC, as shown
in Fig. 3(b). Comparing Fig. 3(a) and 3(b), monolayer
WO indeed exhibits strong SOC effect, especially the two
pairs of Weyl points near the X and Y points open a
band gap of 266 meV. However, monolayer WO remains
a semimetal, with its corresponding Fermi surface shown
in Fig. 3(c). From Fig. 3(c), the hole Fermi surface is near
the Γ point, while the electron Fermi surfaces are located
near the X and Y points. Clearly, the hole Fermi surface
and the electron Fermi surface cannot be nested by the
(π, π) wave vector, but the electron Fermi surfaces near
the X and Y points can be nested by the (π, π) wave vec-
tor. However, calculation of the Lindhard susceptibility
function shows that monolayer WO exhibits no

√
2×

√
2

CDW instability driven by Fermi surface nesting (the re-
sults and analyses are provided in the SM [53]). In view
of the strong phonon softening observed in the normal
phase, the

√
2×

√
2 CDW in monolayer WO likely arises

from the synergy of electron-phonon coupling with alter-
magnetism.



4

(a)

c a

b

CDW distortion
E

ne
rg

y

(b)

(c)

FIG. 4. (a) Schematic diagram of crystal field splitting in 5d
Orbitals of W atoms. The d-orbital projected band structures
with SOC for (b) the

√
2×

√
2 normal phase and (c) the CDW

phase of monolayer WO.

Is the CDW in monolayer WO an anomalous CDW? To
verify it, we calculate the electronic structure of the alter-
magnetic WO without SOC in the CDW phase, as shown
in Fig. 3(d). Unlike the normal phase, the bands along
the Γ-X and Γ-Y directions in the CDW phase of WO
are spin degenerate, while the bands along the Γ-M di-
rection are spin split (Fig. 3(d)). This is because the spin
symmetries {C2||C2x(1/2, 1/2)} and {C2||C2y(1/2, 1/2)}
protect the spin degeneracy of the bands along the Γ-X
and Γ-Y directions in the CDW phase of monolayer WO.
On the other hand, since the states near the Fermi level
are still contributed by the 5d orbitals of W atoms, we
also calculate the electronic band structure of the CDW
phase of WO with SOC (Fig. 3(e)). Although the SOC
splits the crossing points along the Γ-M direction and the
spin degeneracy on the high-symmetry lines, the splitting
is not significant. Importantly, the DOS in the CDW
phase is 2.32 times that of the normal phase at the Fermi
level, transforming monolayer WO from a semimetal into
a metal. Moreover, we present the Fermi surface of the
CDW phase of WO, which intuitively shows that the
CDW phase of WO becomes a good metal (Fig. 3(f)).
Therefore, the anomalous CDW can be realized in alter-

magnetic WO. In addition, we also calculate the elec-
tronic structure of nonmagnetic monolayer WO in the
CDW phase (the results and analyses are provided in
the SM [53]). In the nonmagnetic phase, monolayer WO
remains metallic; its bands differ markedly from those in
the altermagnetic phase, yet these states near the Fermi
level are still dominated by the 5d orbitals of W atoms.
Despite these similarities, the

√
2 ×

√
2 CDW is unsta-

ble in the nonmagnetic case. This further underscores
the crucial role played by altermagnetism in enabling the
anomalous CDW.

Another important question is why the CDW in al-
termagnetic WO is anomalous. To answer this question,
we first compare the crystal-field splittings of the 5d or-
bitals from W atoms before and after the lattice distor-
tion. In the

√
2 ×

√
2 normal-phase monolayer WO, W

sits in a rectangular crystal field whose dxz and dyz or-
bitals lie at higher energy, while dx2−y2 , dxy, and dz2 are
lower (Fig. 4(a)). After the CDW distortion, W sits in a
distorted rectangular field that pushes dxz and dyz even
higher and pulls dx2−y2 , dxy, and dz2 to lower energies
(Fig. 4(a)). Moreover, the large downward shift stabi-
lizes the CDW phase. Then, we plot band structures
with d-orbital projection for normal-phase and CDW-
phase WO, as shown in Fig. 4(b) and 4(c), respectively.
They confirm the higher-lying dxz and dyz and lower-
lying dx2−y2 , dxy, and dz2 levels, and show that after the
CDW transition dxz and dyz rise further while dx2−y2 ,
dxy, and dz2 down further (Fig. 4(b) and 4(c)). No-
tably, the bands crossing the Fermi level are dominated
by the dxz and dyz orbitals (Fig. 4(b) and 4(c)); their
upward shift in the CDW phase enlarges the Fermi sur-
face and turns WO into a metal. Therefore, the origin
of the anomalous CDW in monolayer WO is fully con-
sistent with the proposed mechanism illustrated in the
schematic (Fig. 1(b)).

According to the results and analysis above, the
anomalous CDW in monolayer WO exhibits three dis-
tinctive features: (i) Altermagnetism plays a crucial role
in stabilizing anomalous CDW; (ii) Unlike conventional
CDW, whose stabilization is driven by the opening of a
gap near the Fermi level, the anomalous CDW is stabi-
lized by the occupied states with energies shifting lower
far away from the Fermi level; and (iii) The second fea-
ture increases the density of states near the Fermi level,
thereby driving the anomalous semimetal-to-metal tran-
sition in monolayer WO induced by CDW. Furthermore,
the three distinctive features of the anomalous CDW in
monolayer WO are not confined to altermagnetic materi-
als; they may also extend to other magnetic phases, such
as collinear antiferromagnetism and unconventional non-
collinear antiferromagnetism. Our work therefore offers a
promising avenue for exploring anomalous charge density
waves in magnetic systems more broadly.
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[2] L. Šmejkal, J. Sinova, and T. Jungwirth, Emerging re-
search landscape of altermagnetism, Phys. Rev. X 12,
040501 (2022).

[3] S. Lee, S. Lee, S. Jung, J. Jung, D. Kim, Y. Lee, B. Seok,
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[41] G. Grüner, The dynamics of charge-density waves, Rev.

Mod. Phys. 60, 1129 (1988).
[42] X. Zhu, Y. Cao, J. Zhang, E. W. Plummer, and J. Guo,

Classification of charge density waves based on their na-
ture, Proc. Natl. Acad. Sci. U.S.A. 112, 2367 (2015).

[43] X. Zhu, J. Guo, J. Zhang, and E. Plummer, Misconcep-
tions associated with the origin of charge density waves,
Adv. Phys. X 2, 622 (2017).

[44] M. D. Johannes and I. I. Mazin, Fermi surface nesting
and the origin of charge density waves in metals, Phys.
Rev. B 77, 165135 (2008).

[45] C.-W. Chen, J. Choe, and E. Morosan, Charge density
waves in strongly correlated electron systems, Rep. Prog.
Phys. 79, 084505 (2016).

[46] D. F. Agterberg, J. S. Davis, S. D. Edkins, E. Fradkin,
D. J. Van Harlingen, S. A. Kivelson, P. A. Lee, L. Radz-
ihovsky, J. M. Tranquada, and Y. Wang, The physics
of pair-density waves: cuprate superconductors and be-
yond, Annu. Rev. Condens. Matter Phys. 11, 231 (2020).

[47] C. Xu, S. Wu, G.-X. Zhi, G. Cao, J. Dai, C. Cao,
X. Wang, and H.-Q. Lin, Altermagnetic ground state in
distorted Kagome metal CsCr3Sb5, Nat. Commun. 16,

3114 (2025).
[48] R. B. Regmi, H. Bhandari, B. Thapa, Y. Hao, N. Sharma,

J. McKenzie, X. Chen, A. Nayak, M. El Gazzah, B. G.

Márkus, et al., Altermagnetism in the layered interca-
lated transition metal dichalcogenide CoNb4Se8, Nat.
Commun. 16, 4399 (2025).

[49] C. Candelora, M. Xu, S. Cheng, A. D. Vita, D. Ro-
manin, C. Bigi, M. B. Petersen, A. LaFleur, M. Ca-
landra, J. Miwa, Y. Hwang, Z. Wang, F. Mazzola, and
I. Zeljkovic, Discovery of magnetic-field-tunable density
waves in a layered altermagnet (2025), arXiv:2503.03716.

[50] X. Chen, D. Wang, L. Li, and B. Sanyal, Giant spin-
splitting and tunable spin-momentum locked transport in
room temperature collinear antiferromagnetic semimetal-
lic cro monolayer, Appl. Phys. Lett. 123, 022402 (2023).

[51] B. Wu, Y.-L. Song, W.-X. Ji, P.-J. Wang, S.-F. Zhang,
and C.-W. Zhang, Quantum anomalous Hall effect in an
antiferromagnetic monolayer of MoO, Phys. Rev. B 107,
214419 (2023).

[52] D. I. Khomskii, Transition metal compounds (Cambridge
University Press, 2014).

[53] See supplemental material at http://link.aps.org/xxx,
which includes a detailed description of computational
methods as well as supplemental figures.

[54] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococ-
cioni, I. Dabo, et al., Quantum espresso: a modular and
open-source software project for quantumsimulations of
materials, J. Phys. Condens. Matter 21, 395502 (2009).

[55] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J.
Humphreys, and A. P. Sutton, Electron-energy-loss spec-
tra and the structural stability of nickel oxide: An
LSDA+U study, Phys. Rev. B 57, 1505 (1998).

[56] C. E. Calderon, J. J. Plata, C. Toher, C. Oses, O. Levy,
M. Fornari, A. Natan, M. J. Mehl, G. Hart, M. Buon-
giorno Nardelli, and S. Curtarolo, The aflow standard for
high-throughput materials science calculations, Comput.
Mater. 108, 233 (2015).

[57] G. Kresse and J. Furthmüller, Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set, Phys. Rev. B 54, 11169 (1996).
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