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Two-dimensional (2D) materials have attracted great attention and spurred rapid development in
both fundamental research and device applications. The search for exotic physical properties, such
as magnetic and topological order, in 2D materials could enable the realization of novel quantum

devices and is therefore at the forefront of materials science.

Here, we report the discovery of

two-fold degenerate Weyl nodal lines in a 2D ferromagnetic material, a single-layer gadolinium-
silver compound, based on combined angle-resolved photoemission spectroscopy measurements and
theoretical calculations. These Weyl nodal lines are symmetry protected and thus robust against
external perturbations. The coexistence of magnetic and topological order in a 2D material is likely
to inform ongoing efforts study the rich physics in 2D topological ferromagnets.

Spintronics is a rapid-developing technique that uses
electron spin as a medium for data storage and transfer[1,
2]. Ferromagnets are widely used as spintronic materials
because they possess electronic band structures that
are spin split by the exchange interaction. Recently,
the desire to miniaturize future quantum devices has
stimulated great research interest in low-dimensional
materials. For example, various two-dimensional (2D)
materials have been realized, such as graphene[6, 7],
phosphorene[8, 9], and borophene[10, 11], providing
the possibility to realize novel quantum devices at
the atomic scale. The search for 2D ferromagnetic
materials is thus a promising route towards future
nanospintronics. However, the long-range ferromagnetic
order in 2D systems is vulnerable to low-energy spin-
wave excitations, making it difficult to realize 2D
ferromagnetism; such low-energy excitations can be
gapped out by magnetic anisotropy[12]. Intrinsic 2D
ferromagnetism has been experimentally observed only
recently in several van der Waals crystals, including
CraGesTeg, Crls, and VSez[13-15].

The transport properties of a material, which are
crucial for its use in spintronic devices, largely depend
on the band structure near the Fermi level. Therefore,
exploration of ferromagnetic materials with exotic band
structures provides great opportunities to realize novel
spintronic devices. Recently, topological band structures
including the Dirac cone, Weyl cone, and Dirac/Weyl
nodal line have attracted great attention because of

their potential device applications[16-19]. To date, most
materials that host topological band structures are non-
magnetic and three dimensional, strongly limiting their
applicability to spintronic devices. Therefore, it remains
important to search for novel 2D materials with both
magnetic order and topological band structure.

Here, we study a novel 2D ferromagnet, single-layer
GdAgy, which can be synthesized using a bottom-up
approach. Our ab initio molecular dynamic (AIMD)
simulation results show that freestanding single-layer
GdAgs is stable at room temperature.  Moreover,
all the atoms of GdAgs are coplanar; therefore, its
thickness reaches the atomic limit. Recently, Ormaza
et al.[20, 21] reported that single-layer GdAgs grown
on Ag(111) is ferromagnetic with a Curie temperature
as high as 85 K. Because the electronic structure of a
material is critical to understand its physical properties,
it is highly desirable to study single-layer GdAgs by
angle-resolved photoemission spectroscopy (ARPES) and
first-principles calculations. However, previous works
only reported ARPES results along high-symmetry
directions[21], which is insufficient to understand the
electronic structure of single-layer GdAg,. Our detailed
ARPES measurements show the existence of Weyl nodal
lines that surround the I' point, which agrees well with
our theoretical calculations. Our calculations also reveal
the existence of band hybridization between GdAgs and
the substrate, but the Weyl nodal line still exists and
thus can be observed in our ARPES measurements.
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FIG. 1. First-principles calculation results for freestanding GdAgz. (a) Optimized structure of single-layer GdAgs. Large
pink and small grey balls represent Gd and Ag atoms, respectively. (b) Spin-resolved band structures of single-layer GdAga
without spin—orbit coupling (SOC) effects. Red and blue lines represent spin up and spin down, respectively. The black circles
indicate the gapless band crossing points. The plus and minus signs indicate the M, parity of each band, which are also valid
when the SOC is considered. (c) Orbital-projected band structures of single-layer GdAgs without SOC. (d) Band structures of
single-layer GdAgs after shifting the Gd atoms by 0.2 A in the out-of-plane direction. (e) Momentum distribution of the band
crossing points without SOC. The crossing points form four nodal lines: NL1, NL2, NL3, and NL4. (F) and (G) Calculated
band structures with SOC. The magnetization direction is out of plane in (f) and in plane in (g). The gapless and gapped band
crossing points are indicated by black and red circles, respectively.

Figure la shows the relaxed atomic structure of
freestanding single-layer GdAgs, which is composed of
a honeycomb Ag lattice and triangular Gd lattice. All
the atoms are coplanar, and thus the mirror reflection
(M,) symmetry is respected when the electron spin
is neglected. Our AIMD simulations confirmed the
stability of freestanding GdAgs at room temperature.
See Supplemental Materials for the AIMD calculation
results, which includes Ref[21-24]. Figure 1b shows the
band structures of GdAgy without considering spin—orbit
coupling (SOC). All the bands are spin polarized because
of the presence of half-filled Gd 4f orbitals . Near the
Fermi level, there are four band crossings along the I'-K
direction and three along the I'-M direction, as indicated
by black circles. These bands are primarily derived from
Ag s, Ag p, and Gd d orbitals (Fig. 1c). In Fig. le, we
present the momentum distribution of the band crossing
points. The crossing points form four nodal lines in the
Brillouin zone: one surrounds the K (K’) point and three
surround the I" point; hereafter, we label these four nodal
lines NL1, NL2, NL3, and NL4, respectively.

Now that we have identified the existence of several

nodal lines in single-layer GdAgs, an interesting question
is whether these nodal lines are symmetry protected. In
the absence of SOC, S, is a good quantum number, and
all the Bloch states can be divided into two orthogonal
subspaces in different spin channels. Meanwhile, with
mirror symmetry, all the Bloch states can be divided into
another two orthogonal subspaces with opposite mirror
eigenvalues. If two crossing bands with opposite spin
or mirror index touch each other, the Weyl nodal line
states will emerge. In Fig. 1b, we show the M, parity of
each band by a plus or minus sign. For NL1, NL2, and
NL4, the two crossing bands have opposite M, parities,
which indicates there is no band hybridization when the
two bands intersect. Therefore, NL1, NL2, and NL4 are
protected by the M, symmetry. As for NL3 and NL4, the
two crossing bands have opposite spin index. Thus, they
are protected by U(1) symmetry of spin rotation, which
cannot be gapped out by any spatial perturbations such
as crystal distortion. To test the robustness of NL1 to
NL4, we slightly moved the Gd atoms in the out-of-plane
direction, which broke the M, symmetry. The calculated
band structures are shown in Fig. 1d. As expected,
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FIG. 2. Low-energy electron diffraction (LEED) and

photoemission measurements of single-layer GdAgs on
Ag(111). (a) A LEED pattern of single-layer GdAgs on
Ag(111) measured with a beam energy of 50 eV. The 1x1
spots of Ag(111) and GdAg; are indicated by blue and
red arrows, respectively. (b) Angle-integrated photoemission
spectra of single-layer GdAgs on Ag(111), which include both
on (red) and off (blue) resonance of the Gd 4f levels. The
spectra were acquired with photon energies of 145.2 eV (red)
and 35 eV (blue). (c) Second-derivative ARPES intensity
images along the I'-M direction acquired with photon energies
of 16, 20, and 23 eV. White dashed lines are a visual guide to
trace the band dispersions.

NL1 and NL2 disappeared because the M, symmetry was
broken, whereas NL3 and NL4 survived.

When the SOC is considered, the spin is no longer
a good quantum number, and the degeneracy of NL3
will be lifted because of the band hybridization. Because
the SOC in GdAgs is rather weak, the energy gap is
negligible and therefore NL3 is approximately preserved.
As discussed above, the M, symmetry is always respected
without SOC. However, in the presence of SOC, the M,
symmetry of the system depends on the magnetization
directions. For the in-plane magnetization, the M,
symmetry is broken, and thus NL1, NL2, and NL4
disappear. Conversely, when the magnetization direction
is out of plane (M//z), NL1, NL2, and NL4 will survive
because the M, symmetry is preserved. Our calculation
results agree well with this analysis, as illustrated in
Figs. 1f and 1g. These results show that it is possible to
switch the gap on/off by manipulating the magnetization
direction.

To experimentally confirm this exotic electronic

structure of single-layer GdAgs, we prepared single-
layer GdAgs on an Ag(111) surface and conducted
photoemission spectroscopy measurements. A
low-energy electron diffraction (LEED) pattern of
GdAgs/Ag(111) is shown in Fig. 2a. The 1x1 spots
of Ag(111) and GdAgs are indicated by blue and red
arrows, respectively. Because of the lattice mismatch,
there is a moiré pattern, which is 12x12 with respect to
the Ag(111)-1x1 lattice, in agreement with a previous
report[21]. The formation of a moiré pattern indicates
the relative stability of freestanding single-layer GdAgs.
Figure 2b displays integrated photoemission spectra
of GdAgz/Ag(111) measured with different photon
energies. The occupied Gd 4f peak is located 8.8 eV
below the Fermi level, which is slightly deeper than that
in a Gd single crystal[25]. It should be noted that the
intensity of the Gd 4f peak at a photon energy of 145.2
eV was markedly enhanced, which arises from the Gd
4d—4f resonance. The unoccupied Gd 4f peak was not
visible in our measurements because it is located above
the Fermi level[26]. These results indicate the high
quality of our sample.

An ARPES intensity image along the I'-K direction
is shown in Fig. 2c. We observed remnant signals
from the Shockley surface states of Ag(111), as indicated
by the red arrow. This is because the coverage of
GdAg; was less than one monolayer so there were
regions of bare Ag(111) surface exposed to the excitation
photons. Besides the surface states of Ag(111), we also
observed band structure from the surface GdAgs layer, as
indicated by the white dashed lines. These experimental
findings agree well with our calculation results for
freestanding GdAgs, except that the experimental Fermi
level is 0.2 eV lower than the theoretical one, as
indicated by the green dashed line in Fig. 1b.
Consequently, we observed the lower part of NL3; the
upper part was above the Fermi level and thus invisible
in our ARPES measurements. The experimental band
structure remained unchanged when we varied the energy
of incident photons, which confirmed their 2D nature.

Figure 3a—e show ARPES intensity images along
different azimuth angles from I'-K to I'“M. The
corresponding second-derivative images are shown in Fig.
3f—j. We find that the band crossing at the Fermi level,
i.e., NL3, does not have a gap along each cut. These
results indicate that the band crossing points near the
Fermi level form a closed line surrounding the I' point,
which agrees well with the shape of NL3. From our
ARPES results, the Fermi velocity of NL3 is as high as
5.6 eV-A, which is comparable to that of graphene[6, 7].

Because the Ag(111) substrate is metallic, it tends
to hybridize with the bands of the surface GdAgs
layer, which could destroy the band structure of
pristine GdAgs. However, the similarity between our
experimental results and theoretical calculations suggests
that NL3 survives despite the band hybridization. To
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FIG. 3. ARPES measurements of the electronic structure of single-layer GdAgs on Ag(111). (a-b) ARPES intensity images
along various momentum cuts from I'-K to I'-M. The corresponding momentum paths in the Brillouin zone are shown in the
inset. The photon energy is 21 eV and the polarization is p. (f-j) Corresponding second-derivative images with respect to the

momentum to enhance the contrast of the bands.

further study the band hybridization in GdAgs/Ag(111),
we performed first-principles calculations including the
Ag(111) substrate. Typically, there are two different
adsorption geometries of single GdAgs on Ag(111) in
which the Gd atoms sit on the fcc or hcp sites of
the underlying Ag(111) substrate. The calculated band
structures of these two geometries are identical, as shown
in Fig. 4. As expected, we find that NL3 identified
for freestanding GdAgs survives in GdAgs/Ag(111),
as highlighted by the yellow shaded circles. Orbital
composition analysis revealed that these bands are
mainly derived from Ag s, Ag p, and Gd d orbitals, which
is in excellent agreement with the orbital composition of
NL3 in the freestanding layer (Fig. 1c). Although NL3
survived, the other nodal lines in freestanding GdAgs
(NL1, NL2, and NL4), disappeared because of the band
hybridization.

In single-layer GdAgs, the localized Gd 4f orbitals
are half filled and contribute to the atomic moments
with Tup per atom; such large magnetic moments will
spin split the electronic bands near the Fermi level.
According to our calculations, the splitting of the bands
is approximately 0.75 eV, which is comparable to that
in single-crystal Gd[25]. Because the 4f electrons have
no spatial overlap, the neighboring 4f moments align
via Ruderman-Kittel-Kasuya—Yosida (RKKY) exchange
coupling with conduction electrons, including the Ag
p, Gd d, and Ag s orbitals. In other words, the
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FIG. 4. Orbital-projected band structures of single-layer

GdAgsz on Ag(111). The Gd atoms sit on the (a) fcc and (b)
hep sites of the underlying Ag(111) substrates. Contributions
from the Ag s, Ag p, and Gd d orbitals are shown in
green, blue, and red, respectively. The yellow shaded circles
highlight the position of NL3.

RKKY interaction is mediated by conduction electrons
near the Fermi level. In a metallic system, the
electronic structure near the Fermi level can usually be
treated as free electrons, and the RKKY coupling shows
oscillatory behavior with alternating ferromagnetic and
antiferromagnetic coupling depending on the distance
between neighboring magnetic atoms[12]. However, in
topological materials, the low-energy excitations behave
as Dirac, Weyl, or Dirac/Weyl nodal-line fermions.



An RKKY interaction mediated by Dirac or Weyl
fermions will show unique behavior, and has attracted
great attention recently[27-29]. Our discovery of Weyl
nodal lines in single-layer GdAgs could stimulate further
research effort on RKKY interactions mediated by nodal-
line fermions in the 2D limit.

In summary, our experimental and theoretical results
confirmed the existence of symmetry-protected Weyl
nodal lines in single-layer GdAgs. In particular, one
nodal line is located at the Fermi level when GdAgs
is grown on Ag(111). These results could spur further
study on the interplay of ferromagnetic and topological
order in the 2D limit. Unlike other 2D ferromagnetic
materials that have been discovered recently[13, 14], the
thickness of single-layer GdAgs reaches the atomic limit,
which could enable the fabrication of quantum devices at
a smaller scale. Because our AIMD simulations indicated
the stability of freestanding GdAgs, we expect that
single-layer GdAgs could be epitaxially grown on other
substrates or even peeled off from a substrate.
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