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ABSTRACT

Luttinger compensated antiferromagnets (LcAFMs), combining spin polarization with vanishing net magnetization, offer distinct advantages
for next-generation spintronic applications. Using first-principles calculations, we demonstrate that conventional antiferromagnetic CrCl2
double chains can be transformed into one-dimensional LcAFMs under an external electric field, exhibiting pronounced isotropic spin split-
ting. The magnitude of the splitting, as well as the bandgap, can be effectively tuned by both in-plane and out-of-plane fields, thereby provid-
ing greater controllability than in two-dimensional counterparts. To further enhance the tunability, we design a nearly lattice-matched CrCl2/
MoTe2 heterostructure and uncover that interfacial charge transfer generates a built-in electric field, inducing spin splitting comparable to
that driven by external fields. These results establish interfacial engineering as a highly efficient route to realize and manipulate LcAFM states
in low-dimensional magnets, expanding the design principles for spintronic functionalities at the nanoscale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0305548

Conventional antiferromagnets (AFM) are appealing platforms
for ultrahigh-density spintronic integration because their negligible
stray fields suppress magnetic crosstalk.1 However, the absence of net
magnetization hinders conventional routes to spin-polarized charge
currents and complicates electrical readout, although spin–orbit and
interfacial effects can partially alleviate these limitations. Recently,
altermagnets have been identified as collinear magnets that retain zero
net magnetization yet host momentum-dependent spin polarization
without requiring relativistic spin–orbit coupling.2,3 The spin polariza-
tion arises from spin group symmetries that break the joint parity-time
(P-T) or time-reversal-fraction-translation (Ts) symmetry. When
these symmetries are further lifted, the altermagnetic state evolves into
a Luttinger-compensated antiferromagnet (LcAFM), which exhibits
isotropic spin splitting4–6 across the entire Brillouin zone (BZ).
LcAFMs remain collinear and magnetically compensated but exhibit
spin polarization5–8 that displays anomalous Hall and magneto-optical
responses even in the absence of spin–orbit coupling.5 The exact mag-
netic compensation in LcAFMs is not protected by symmetry but
arises from electron filling, which ensures an exact balance between

spin-up and spin-down occupations despite the presence of localized
magnetic moments.9–20 Because the opposite-spin sublattices are
not symmetry-related, LcAFMs can be robust against external
perturbations.

Extending the family of LcAFMs from three dimensions into
low-dimensional materials opens promising avenues for tunable quan-
tum functionalities and integration into nanoscale spintronic devices.
Numerous altermagnets have been theoretically proposed and some
experimentally verified,21,22 the number of predicted LcAFMs in bulk
materials remains limited,4,7,8,15,20,23 and even fewer candidates have
been predicted in two dimensions.5,24,25 A recent theoretical study sug-
gests that 2D LcAFMs could be realized by lifting the symmetries that
relate the two spin sublattices through Janus structures, electric field-
or substrate-induced staggered potentials, or elemental substitution.5

These strategies render the two spin sublattices symmetry-unrelated,
thereby exhibiting spin splitting across entire BZ. One-dimensional
(1D) single-atomic magnetic chains were recently synthesized in
experiments,26–30 establishing them as an emerging member of the
low-dimensional magnet family. Their interchain interactions are
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governed by similar mechanisms to interlayer couplings in 2D mag-
nets, sharing the same features of highly tunable and strongly influen-
tial on the overall magnetism. In our previous work, we theoretically
demonstrated the emergence of altermagnetic states in quasi-one-
dimensional layered structures self-assembled from 1D magnetic
atomic chains.31 This naturally raises a question: can assembled 1D
magnetic chain structures host LcAFMs?

In this work, we theoretically explore the magnetic properties of
experimentally synthesized AFM CrCl2 double chains

27 under external
electric fields. Using density functional theory (DFT) calculations, we
reveal that the application of an electric field breaks both the inversion
symmetry and fC2xj(1/2, 0, 0)g symmetry operation connecting oppo-
site sublattices, thereby driving a phase transition into an LcAFM state
characterized by pronounced isotropic spin splitting. The spin splitting
magnitude and the bandgap can be effectively tuned by the electric
field strength. To realize a permanent electric field, we further con-
struct a heterostructure of CrCl2 double chains on a nearly lattice-
matched MoTe2 substrate, where the substrate-induced built-in field
stabilizes the LcAFM states.

Our DFT calculations were carried out using the generalized gra-
dient approximation for the exchange–correlation potential,32 the pro-
jector augmented wave method33 and a plane wave basis set as
implemented in the Vienna ab initio simulation package (VASP).34,35

In all calculations, the Grimme’s D3 form vdW correction was applied
to the Perdew–Burke–Ernzerhof (PBE) exchange functional
(PBE-D3).36 Kinetic energy cutoffs of 700 and 500 eV for the plane
wave basis set were used in structural relaxations and electronic calcu-
lations, respectively. The structures were fully relaxed until the residual
force per atom was less than 0.001 (0.01) eV/Å for free-standing (sub-
strate-supported) CrCl2 double chains. A 22� 1 � 1 (14� 2 � 1) k-
mesh was adopted to sample the Brillouin zone of free-standing (sub-
strate-supported) CrCl2 double chains. A vacuum layer, over 15 Å in
thickness, was used to reduce interactions among image slabs. On-site
Coulomb interactions on the Cr d orbitals were considered using a
DFTþU method37 with U¼ 6.2 eV and J¼ 1.0 eV, consistent with the

values used in the literature.27 Phonon spectra were calculated using
the density functional perturbation theory, as implemented in the
PHONOPY code.38 In phonon spectrum calculation, the dispersion
correction was made at the van der Waals density functional (vdW-
DF) level39 with the optB86b functional for the exchange potential
(optB86b-vdW).40 The external electric field was simulated by apply-
ing a linear potential within the dipole correction scheme implemented
in VASP.41 In constructing the CrCl2/MoTe2 heterostructure, a bilayer
MoTe2 substrate was adopted. During structural relaxation, the bottom
layer of MoTe2 was fixed, while the top layer and the CrCl2 double
chains were fully relaxed.

To realize 1D LcAFM states through the construction of double-
chain structures, it is first required that the total magnetic moment of the
double chain vanishes. This condition necessitates AFM ordering either
within each chain or between the chains. The stable phase of 1D CrCl2 is
the a-phase.42 When two CrCl2 chains are combined to form a double
chain, the periodic axis is oriented along the x-direction [Figs. 1(a) and
1(b)], along which the double-chain structure was constructed and fully
relaxed. The two chains adopt a staggered stacking, with Cr atoms facing
the Cl atoms of the adjacent chain [Figs. 1(a)–1(c)], rather than a direct
AA stacking, which exhibits imaginary phonon frequencies. Considering
five magnetic configurations [Figs. 1(a)–1(g)], we find that the magnetic
ground state corresponds to intrachain FM and interchain AFM (AFM1)
[Fig. 1(a)]. This configuration remains energetically preferred across the
range of Hubbard U values considered [Fig. 1(h) and Fig. S1]. In this
magnetic ground-state configuration, the intrachain lattice constant is
3.52 Å, and the interchain distance is 2.88 Å [Figs. 1(b) and 1(c)], which
is larger than the Cr–Cl bond length (2.53 Å) in 2D CrCl2. The easy axis
of magnetization lies along the z-direction, with a magnetic anisotropy
energy of 1.1meV/Cr [Fig. 1(i)]. The phonon spectrum exhibits no sig-
nificant imaginary frequencies [Fig. 1(g)], confirming the dynamical sta-
bility of the double chain.

The space group of the CrCl2 double chains is P21/m (No. 11).
Sublattices with opposite spins are related through either inversion
symmetry or the operation fC2xj(1/2, 0, 0)g, thereby ensuring PT

FIG. 1. (a) Top and (b) and (c) side views of CrCl2 double chains under AFM1 magnetic configuration. (d)–(g) Top views of CrCl2 double chains under (d) FM, (e) AFM2, (f)
AFM3, and (g) AFM4 magnetic configurations. (h) Relative energies of five magnetic configurations as a function of U at J¼ 1.0 eV. (i) Magnetic anisotropy energy mapping of
CrCl2 double chains with the AFM1 configuration. The coordinate system was defined as shown. The zero energy is defined by the configuration in which the magnetic
moments align parallel to the z-direction. (j) Phonon spectra of CrCl2 double chains with the AFM1 configuration.
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symmetry and classifying the system as a conventional AFM. From the
band structure [Fig. 2(a)], it is evident that the spin-up and spin-down
states remain degenerate, with a bandgap of 3.81 eV, which is in good
agreement with the value of 3.87 eV calculated using the HSE06 func-
tional (Fig. S2). Given that the influence of the external electric field on
the lattice constants of the CrCl2 double chains is negligible (Fig. S3),
we primarily focused on its impact on the electronic states, with the
lattice constants kept fixed in the subsequent calculations. Upon the
application of either an in-plane or out-of-plane electric field [Figs.
2(b) and 2(c)], however, both the inversion symmetry and the
fC2xj(1/2,0,0)g operation in the CrCl2 double chains are broken as a
result of the electrostatic potential difference. Consequently, the sublat-
tices with opposite spins are no longer connected through any symme-
try operation, leading to the emergence of LcAFM states.

In comparison with two-dimensional (2D) LcAFM systems, the
1D LcAFM not only permits the modulation of its electronic states
through an out-of-plane electric field but also allows for precise control
via an in-plane field, thereby providing an additional degree of tunabil-
ity. When an in-plane electric field of 0.1V/Å is applied, an isotropic
spin splitting emerges, with a magnitude of approximately 100meV at
the valence band maximum [Fig. 2(d)]. Concomitantly, the bandgap is
reduced to 3.71 eV from 3.81 eV.

Furthermore, the simultaneous application of a 5T magnetic field
and an electric field (Ey¼ 0.1 V/Å) confirms that the electronic struc-
ture is dominated by the electric field, with the magnetic field having
no significant impact (Fig. S4).

To clarify the relationship between spin splitting and electric field
orientation, we analyzed the partial charge densities (PCD) of the band
edges at the C point [Figs. 2(e) and 2(f)]. The valence band maximum

(VBM) originates mainly from out-of-plane Cr-dz2/Cl-pz orbitals
[Fig. 2(e)], while the conduction band minimum (CBM) comprises in-
plane Cr-dx2-y2/Cl-px orbitals [Fig. 2(f)]. Both in-plane and out-of-
plane electric fields induce analogous trends, characterized by a pro-
gressive increase in spin splitting with field strength, while the overall
dispersion relations remain largely unchanged (Fig. S5). The VBM
undergoes larger spin splitting under an in-plane (y) field [Fig. 2(g),
blue lines], whereas the CBM splits more significantly under an out-
of-plane (z) field [Fig. 2(g), pink lines]. This indicates that the magni-
tude of the spin splitting is closely related to the specific orbital distri-
bution of the bands and their response to the external electric field.
Under the applied field, the conduction band minimum (spin-down,
pink solid line) shifts downward, while the valence band maximum
(spin-up, blue dashed line) shifts upward (Fig. S6). The reduction in
the bandgap is governed by the concurrent splitting of both bands;
thus, larger splitting amplitudes directly result in a greater reduction of
the gap. Consequently, with increasing field strength, the bandgap of
the CrCl2 double chains diminishes monotonically [Fig. 2(h)].

Charge transfer from the substrate can induce an intrinsic electric
field, thereby offering a direct and more energy-efficient strategy for
modulating the electronic structure of CrCl2 double chains than the
application of an external electric field. Accordingly, we designed a het-
erostructure with bilayer MoTe2 as the substrate, selected for its lattice
constant (a¼ 3.52 Å) commensurate with that of CrCl2 (a¼ 3.52 Å),
which minimizes potential strain effects on the electronic properties of
the chains and renders experimental fabrication more feasible. The
periodic axis (x axis) of the CrCl2 chains is oriented along the zig-zag
(x axis) direction of MoTe2 (1� 1 � 1 CrCl2 chains on 1� 4

ffiffiffi

3
p � 1

MoTe2). Taking into account the structural characteristics of the CrCl2

FIG. 2. (a) Band structure of the CrCl2 double chains under the AFM1 configuration. (b) and (c) Schematic illustration of an external electric field applied along the (b) y- and
(c) z-directions of the CrCl2 double chains. (d) Band structure of the CrCl2 double chains under an external electric field of Ey¼ 0.1 V/Å. (e) and (f) Plots of wavefunction norms
for the (e) valence band maximum (VBM) and (f) conduction band minimum (CBM) at the C point. (g) and (h) Variation of the (g) spin splitting at the VBM and CBM, and (h)
the bandgap as a function of the external electric field.
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double chains, three possible stacking styles were considered: perpen-
dicular [stacking I, Fig. 3(a)], tilted-parallel [stacking II, Fig. 3(b)], and
parallel [stacking III, Fig. 3(c)]. Each stacking style gives rise to distinct
interfacial interactions between the CrCl2 double chains and the
MoTe2 substrate. On this basis, four potential initial configurations
were further evaluated for each stacking style, referenced to the posi-
tion of a specific Cl atom [yellow circles in Figs. 3(a)–3(c)]: bridge, hol-
low, Mo-top, and Te-top sites [Fig. 3(d)]. Comparative total-energy
analyses demonstrate that the most energetically favorable configura-
tion is the fully relaxed bridge configuration in the perpendicular
stacking style [Fig. 3(e) and Fig. S7]. In the most stable configuration,
the strong interchain interactions within the CrCl2 double chains are
retained, as compared with stacking III, together with robust interfacial
coupling to the substrate, in contrast to stacking II.

On the MoTe2 substrate, the CrCl2 double chains retain intra-
chain FM and interchain AFM coupling, consistent with their free-

standing counterpart (Fig. S8). As shown in Fig. 4(a), the interfacial
differential charge density (DCD) at the vertically stacked double-
chain CrCl2/MoTe2 interface exhibits pronounced charge variation at
the gap between the MoTe2 substrate and the bottom CrCl2 chain
[Figs. 4(a) and 4(b)], exhibiting significant charge accumulation within
the gap. The interfacial charge variation induces an out-of-plane polar-
ization [Fig. 4(c)], thereby breaking the PT and rotation symmetry in a
manner analogous to applied electric fields and consequently stabiliz-
ing the LcAFM state. Based on an effective area of 39.84 Å2 (deter-
mined by the MoTe2 zigzag and armchair lattice constants), which
approximates the projected area of the CrCl2 double chains, this elec-
tric polarization is calculated to be 4.30 pC/m. The projected band
structure of the heterostructure further reveals a definite spin splitting
of approximately 120meV at the valence band edge spanning the
whole BZ [Fig. 4(d)]. Although interfacial charge transfer leads to the
formation of an interface dipole, the specific band alignment between

FIG. 3. (a)–(c) Side views of three stacking styles of the CrCl2/MoTe2 heterostructure: (a) vertical (I), (b) tilted-parallel (II), and (c) parallel orientations (III). A free-standing
bilayer MoTe2 is used in these structures with only the top layer displayed. (d) Considered four initial configurations for the Cl atom [highlighted by yellow circles in panels (a)–
(c)], including bridge (B), hollow (H), Mo-top (M), and Te-top (T) sites. (e) Relative total energies of different initial configurations under different stackings.

FIG. 4. (a) and (b) Side views of the differential charge density (DCD) at the CrCl2/MoTe2 interface in the most stable configuration. Orange (purple) isosurfaces represent
charge accumulation (reduction). (c) The line profile of DCD along the z-direction. The gray arrow denotes the polarization induced by interfacial charge transfer. The two
dashed lines indicate the highest position of Te atoms and the lowest position of Cl atoms, respectively. (d) Projected band structure of CrCl2/MoTe2 heterostructure in the most
stable configuration. Blue and pink bands correspond to spin-up and spin-down states of CrCl2, while gray bands mainly originate from MoTe2.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 128, 111602 (2026); doi: 10.1063/5.0305548 128, 111602-4

Published under an exclusive license by AIP Publishing

 
0
9
 
A
p
r
i
l
 
2
0
2
6
 
2
2
:
5
2
:
3
2

pubs.aip.org/aip/apl


the CrCl2 double chains and MoTe2 ensures that CrCl2 retains its insu-
lating character (Fig. S9).

Comparable isotropic spin splittings are also observed for other
stacking styles (Fig. S10), although their magnitudes differ due to
the stacking-dependent effective polarization induced by the varying
interfacial interactions. Even with the periodic axis (x axis) of the
CrCl2 double chains oriented along the armchair direction of
MoTe2 (7� 1 � 1 CrCl2/4� 7 � 1 MoTe2), similar spin splitting
arises from the built-in electric field induced by interfacial charge
redistribution (Fig. S11). These results highlight the efficacy of inter-
facial charge transfer as a robust and versatile strategy for modulat-
ing the LcAFM state.

In summary, our study reveals that the CrCl2 double chains pro-
vide a robust 1D platform for realizing field-tunable LcAFM. Unlike
2D LcAFMs, the 1D LcAFM CrCl2 double chains enable the breaking
of PT and fC2xj(1/2, 0, 0)g symmetries under either in-plane or out-
of-plane electric fields, thereby inducing sizable isotropic spin splitting.
Meanwhile, the built-in electric field induced by interfacial charge
transfer in the CrCl2/MoTe2 heterostructure offers an alternative,
energy-efficient pathway to achieve the same effect. This dual strategy,
i.e., external field control and substrate-induced polarization, not only
enriches the fundamental understanding of compensated magnetism
in reduced dimensions but can also be extended to other thermody-
namically and dynamically stable 1D antiferromagnetic nanoribbons.
The demonstrated tunability and versatility highlight the potential of
1D LcAFMs as promising building blocks for future spintronic
technologies.

See the supplementary material for additional details, including
the energies of different magnetic configurations under varying
Hubbard U values, band structures calculated using the HSE06 hybrid
functional, the influence of electric and magnetic fields on lattice con-
stants and electronic states, band structure comparisons with electric
fields applied along different directions, and the structural diagrams,
magnetic energies, band alignment, and electronic properties for the
CrCl2/MoTe2 heterostructure.
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