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Spiral spin liquids are correlated paramagnetic states with degenerate propagation vectors forming a
continuous ring or surface in reciprocal space. On the honeycomb lattice, spiral spin liquids present a novel
route to realize emergent fracton excitations, quantum spin liquids, and topological spin textures, yet
experimental realizations remain elusive. Here, using neutron scattering, we show that a spiral spin liquid is
realized in the van der Waals honeycomb magnet FeCl;. A continuous ring of scattering is directly
observed, which indicates the emergence of an approximate U(1) symmetry in momentum space. Our work
demonstrates that spiral spin liquids can be achieved in two-dimensional systems and provides a promising
platform to study the fracton physics in spiral spin liquids.
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Similar to geometrical frustration [1,2], competition
among interactions at different length scales is able to
induce novel electronic or magnetic states regardless of the
lattice geometry. A representative example is the spiral spin
liquid (SSL), which is a type of classical spin liquid
realized on a bipartite lattice [3-20]. In such a state, spins
fluctuate collectively as spirals, and their propagation
vectors, ¢, form a continuous ring or surface in reciprocal
space. Depending on the specific shape of the spiral
surface, the low-energy fluctuations in a SSL. may behave
as topological vortices in momentum space, leading to an
effective tensor gauge theory with highly unconventional
fracton quadrupole excitations [20-23]. Such nonlocal
dynamics is very different from that in geometrically
frustrated magnets, where the elementary excitations are
local spin flips. Compared to the conventional frustrated
geometry, a bipartite lattice offers more flexibility on the
signs of the interactions, as the duality between antiferro-
magnetic and ferromagnetic interactions indicates that a
SSL can be realized even in ferromagnets as long as
sufficient competition exists [3]. Since degeneracy enhan-
ces quantum fluctuations [2,24], the SSL has thus been
proposed as a novel route to realize quantum spin liquids in
systems dominated by ferromagnetic interactions [5-9].
Furthermore, when perturbations, e.g., the further-neighbor
interactions or anisotropic interactions, induce a magnetic
long-range order, degeneracy in the SSL may be partially
retained, leading to skyrmionlike topological spin textures
[25-27] that have great potential for applications in
spintronic devices [28,29].

On a bipartite lattice with Heisenberg interactions, a SSL
emerges when the ratio between the effective second-
neighbor and first-neighbor couplings |/5/J;| is higher
than a threshold of 1/(2Z), where Z counts the number of
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the nearest-neighboring sites [3,8]. Depending on the exact
lattice geometry, J; may include contributions from
further-neighbor interactions at fixed ratios [8,13,20].
However, on the honeycomb or diamond lattice where
the sum of two successive J; paths always equals a J, path
[3,5], further-neighbor contributions to J3 are not neces-
sary to stabilize a SSL (J; = J,), which greatly simplifies
the experimental realization. The phase diagram of a
J1-J, model on a honeycomb lattice [5] is summarized
in Fig. 1, where the evolution of the representative ¢ =
(¢.9,0) over the degenerate ground state manifold is
shown explicitly. Following the definition of the spiral
surface on the diamond lattice [3], we call the degenerate
ring in the SSL state a spiral ring. Above the threshold
of |J,/J;| = 1/6, the ferromagnetic (FM, J; < 0) or Néel
(J; > 0) state with ¢ = 0 is replaced by a SSL state with
nonzero ¢, and the spiral ring gradually transforms from a
circular shape around the Brillouin zone center I', into
triangular lobes centered on the K{1,1} points as |J,/J|
increases. The case with a spiral ring around I' is
extremely interesting, as the low-energy dynamics can
be described as fracton quadrupoles in a rank-2 U(1)
tensor gauge theory [20], which is a heavily investigated
field with deep connections to quantum information,
elasticity, and gravity [22,23,30-33].

In spite of the elegant simplicity of the theoretical model,
experimental realization of a SSL is challenging as J, is
often relatively weak in real materials [25,34—41]. To our
knowledge, MnSc,S, has remained as the only host of a
SSL on the diamond lattice [25], while the feasibility of
realizing a SSL on the honeycomb lattice is still unclear.
Here we show that a SSL state with an approximate
U(1) symmetry in momentum space is realized in the
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FIG. 1. (a) The Fe** ions (S = 5/2) in FeCl; form honeycomb
lattices with ABC-type stacking along the ¢ axis. Red solid
arrows indicate the nearest-, second-, and third-neighbor cou-
plings Jy, J,, and Jj3, respectively. Yellow dot-dashed arrow
indicates the interlayer couplings J.. Blue dashed arrows
indicate the second-layer couplings J,, Jy,, and Jg;. (b) A
SSL state is realized on the honeycomb lattice at |J,/J,| > 1/6
(blue shaded in the bottom panel) with propagation vectors
forming a continuous ring in reciprocal space, which we refer to
as the spiral ring. The black curve in the top panel shows the
position of a representative propagation vector (¢q, g, 0) over the
spiral ring as a function of |J,/J;|. Inset shows the complete
spiral rings at |J,/J ;| = 0.25, 0.5, and 0.7 as indicated by circular
markers over the black curve. The red filled marker indicates the
location of FeCl; with an effective ratio of |J,/J| ~0.25 as
determined from the J,-J,-J, minimal model (see text).

honeycomb magnet FeCl; [42-47]. This compound
belongs to the van der Waals trihalide family that has
recently attracted great attention for its fundamental and
application interests [48—50]. As shown in Fig. 1(a), the
honeycomb Fe’t (§ =5/2) layers in FeCl; are ABC
stacked along the ¢ axis, leading to a rhombohedral R3
space group. Previous neutron diffraction experiments
performed in the 1960s [42,43] revealed a helical magnetic
long-range order (LRO) with ¢ = (7%.75.3) below the
transition temperature 7y ~ 10 K, which indicates an anti-
ferromagnetic interlayer alignment and possible intralayer
frustration. In the present Letter, we utilize state-of-the-art
neutron scattering measurements to study the short-range
spin correlations above 7. A continuous ring of scattering
around I" is observed, which provides direct evidence for
the existence of a SSL state with an approximate U(1)
symmetry in momentum space. The spiral correlations
can be mainly ascribed to the J;-J, competition, which is
further corroborated through inelastic neutron scattering
(INS) in the long-range ordered phase. Details for sample
preparations and neutron scattering experiments are pre-
sented in the Supplemental Material [34], which includes
additional Refs. [51-71].

Diffuse neutron scattering probes the short-range spin
correlations in reciprocal space. Figures 2(a)-2(c) summa-
rize the temperature dependence of our diffuse scattering
pattern in the / = —1.5 plane, as it exhibits the strongest
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FIG. 2.

(a)—(c) Temperature evolution of the quasi-elastic spin
correlations in the /= —1.5 plane measured on CORELLI
at T =15, 10, and 20 K. The white hexagon outlines the first
nuclear Brillouin zone. Data are integrated in the range of
[ =[-1.6,—1.4]. Measurements at 50 K have been subtracted
as the background. In (b) and (c), the double rings spanning the
whole panel are background scattering from the sample envi-
ronment, which is less evident in (a) due to the different intensity
scale. (d) Calculated diffuse neutron scattering pattern in the
[ = —1.5 plane using the minimal J-J,-J,; model at 7 = 10 K.
The coupling strengths are J; = —0.3, J, = 0.075, and J,, =
0.15 meV. Variations in coupling strengths do not qualitatively
affect the diffuse pattern as long as J,/J; = —0.25 with J, and
J.1 being ferromagnetic and antiferromagnetic, respectively.

intensity throughout reciprocal space. Below the transition
temperature of 7'y ~ 8 K, magnetic Bragg peaks belonging
to g = (75.1s.3) are observed, which is consistent with the
previous diffraction study [42]. At 10 K above Ty, the
magnetic Bragg peaks merge together, leading to a ring of
scattering that implies an emergent U(l) symmetry in
momentum space [20]. This scattering ring can be dis-
cerned at temperatures up to ~20 K as shown in Fig. 2(c),
indicating a relatively wide stability regime for the spiral
correlations.

To confirm that the diffuse ring of scattering originates
from a SSL state, we calculate the short-range spin
correlations using the self-consistent Gaussian approxima-
tion (SCGA) method [34]. The fact that the diffuse
scattering intensity at 10 K is concentrated in the half
integer [ planes suggests antiferromagnetic correlations
between the neighboring honeycomb layers. Therefore,
in addition to the J; and J, interactions within the
honeycomb layers, we consider an antiferromagnetic inter-
layer interaction J.; along the ¢ axis as shown in Fig. 1(a).
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FIG. 3. (a)—(f) Diffuse neutron scattering intensity measured at 10 K together with the simulated results. Data in the [ = —1.5, —1.7,

and —1.3 planes are shown in the left half of panels (a)—(c), respectively. Data in the k' = 0, X = —0.15, and & = 0.25 planes are shown
in the upper half of panels (d)—(f), respectively. In panels (a)—(c), the white hexagon outlines the first nuclear Brillouin zone. Dashed
arrows in panel (a) indicate the directions of the vertical slices in panels (d)—(f). (g),(h) Exchange paths for the interlayer interactions
(g) J, (red solid line) and (h) J.; (red solid line). In panel (h), the J, interactions (green solid line) are symmetrically inequivalent
with the J 5 interactions in spite of their equal distances. (i) Comparison of the experimental and calculated diffuse scattering intensities
using the J;53-J 123 model. The fitted coupling strengths are J; = —0.249(4), J, = 0.089(1), J; = 0.026(1), J.; = 0.019(9), J, =
0.042(2), J,3 = 0.030(2) meV. Uncertainties are estimated from 50 independent runs. The goodness-of-fit factor is y? = 1.77.
(j) Temperature dependence of the reduced magnetic susceptibility 7 (black circle) together with the calculated values based upon the
SCGA method described in the text (red line). Data are measured on a powder sample in a 1 T magnetic field [34]. Error bars
representing the standard deviations are smaller than the symbols.

With ferromagnetic J; and a frustration ratio of J,/J; =
—0.25, the calculated pattern presented in Fig. 2(d) captures
the scattering ring observed at 7 = 10 K, thus establishing
the existence of an intrinsic SSL state in FeCl;. The effective
ratio of |J,/J,| = 0.25 also grants a good approximation of
the U(1) symmetry in reciprocal space since higher ratios
may introduce a strong distortion of the circular shape as
compared in Fig. 1(b).

Although the J;-J,-J., minimal model successfully
reproduces the spiral ring in the / = —1.5 plane, it is too
simplified to describe the full spin correlations in FeCls.
Figures 3(a)-3(f) summarize the detailed intensity distri-
bution of the spiral ring. The corresponding data in a wider
range are shown in the Supplemental Material [34]. The
scattering intensity on the two sides of the / = —1.5 plane
exhibits reversed three-fold symmetry patterns, which is
not reproduced by the J,-J,-J.; model [34] and suggests a
weak U(1) symmetry breaking due to further perturbations.

Using the SCGA method, we explore the effects on the
spiral ring from perturbations that are allowed by the R3
symmetry. As discussed in the Supplemental Material [34],
perturbations from the anisotropic interactions including the
Kitaev-like interactions or the relativistic Dzyaloshinskii-
Moriya (DM) interactions are not able to reproduce the
diffuse scattering data. Therefore, we concentrate on the
isotropic further-neighbor interactions that are consistent

with the quenched orbital degree of freedom of the Fe’*
ions. Besides the third-neighbor coupling J; within the
honeycomb layer shown in Fig. 1(a), two additional inter-
layer couplings J., and J are found to be important in
explaining the diffuse scattering data. Figures 3(g) and 3(h)
present the exchange paths for the J., and J 3 interactions.
The J 3 interaction couples the spin at the origin to those at
a + ¢/3 and the equivalent positions, where a and ¢ are the
basis vectors of the hexagonal unit cell. This interaction
should be differentiated from the equal-distant J'; inter-
action shown by the green solid lines in Fig. 3(h), as their
exchange paths are subject to different symmetry constraints.
Using the combined simplex and simulated annealing
optimization method [72], we fit the diffuse scattering data
over volumes of reciprocal space together with the temper-
ature dependence of the magnetic susceptibility y (7). The
fitted results are presented in Figs. 3(i) and 3(j) for the
volume diffuse scattering data and the reduced magnetic
susceptibility, respectively, and the fitted diffuse patterns are
presented in Figs. 3(a)-3(f) together with the experimental
results. The fitted coupling strengths as listed in the caption
of Fig. 3 reveal a relatively high frustration ratio of
|J5/J,| = 0.36, thus confirming the J;-J, competition as
the driving force of the SSL state in FeCl;.

Greater insight into the spin interactions emerges through
the analysis of the spin excitations. Figure 4(a) summarizes
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FIG. 4. (a) Experimental INS spectra S(Q, @) measured on SEQUOIA with an incident neutron energy of £; = 8 meV at T =4 K
along the high symmetry directions. Data are symmetrized according to the R3 symmetry. The positions of the high symmetry points in
the [ = 2 and [ = —1.5 planes are shown in the inset, with the first nuclear Brillouin zone being outlined by the black hexagon. Intensity
is plotted in a log scale. (b) Calculated INS spectra using the linear spin wave theory for a Jy3-J.123-J 123 model with fitted coupling strengths
of J; = —0.28(3), J, = 0.095(9), J3 = 0.008(5), J.; = 0.05(3),J,, = 0.024(5), J .3 = 0.026(6), J,; = 0.01(1),J,, = —0.007(3), and
Jg3 = —0.003(4) meV. Uncertainties are estimated from 20 independent runs. A weak easy plane single-ion anisotropy of 1 eV is included
to stabilize the helical ground state. The calculated spectra are convoluted by a Gaussian function with a fitted full-width at half-maximum
(FWHM) of 0.35 meV. Intensity is plotted in a log scale as that for the experimental data. (c—f) Comparison between the experimental and
calculated constant-energy slices at E = 0.5 (c), 0.7 (d), 0.9 (e), and 1.5 (f) meV. Data are integrated in an energy range of +0.1 meV.
Intensity in panel (f) is multiplied by 8 times for better visibility. The same linear intensity scale as shown in panel (c) is utilized for

panels (c-f).

the INS spectra S(Q, @) of FeCl; measured at 7 = 5 K in
the helical ordered phase. Magnon excitations emanating
from the LRO ¢ = (;t,75.3) are observed throughout
reciprocal space. Two magnon branches can be discerned
in the energy ranges of [0, 1.0] and [1.0, 4.0] meV, which can
be correspondingly attributed to the in-phase and anti-phase
movements of the two sublattice spins on the honeycomb
lattice. The gapless excitations along the A-L-H-A line in the
[ = —1.5 plane are consistent with the ground state degen-
eracy caused by the J;-J, competition. Compared to the
instrumental resolution of ~0.19 meV at the elastic line, the
observed magnons, especially the [1.0, 4.0] meV branch,
exhibit a broader width, up to ~1 meV, indicating unre-
solved magnon modes due to multiple magnetic domains
together with the separated Q 4 ¢ excitations [58]. In
contrast, all these modes overlap along the ¢ axis, which
leads to a better-resolved gull wing-shaped dispersion along
the I'-A line.

To understand the spin excitations in FeCl;, we perform
linear spin wave calculations for the Heisenberg spin
Hamiltonian. As discussed in the Supplemental Material
[34], the J{23-J 123 model captures the main features of the
magnon dispersion in the honeycomb layers but produces a
dispersion along the ¢ axis that is clearly weaker than the

observed spectrum. Therefore, three additional couplings
J1, Js, and Jgz are included in the spin Hamiltonian,
which are the shortest exchange interactions between the
second-neighboring layers as shown in Fig. 1(a). By fitting
the INS spectra at £ < 1.0 meV, we arrive at the parameter
set listed in the caption of Fig. 4. The strengths of the
second-layer couplings are relatively weak as expected
from their longer exchange paths, and the strengths of the
remaining interlayer and intralayer couplings are close
to those fitted from the J,3-J4123 model. The calculated
INS spectra in Fig. 4(b) reproduce the experimental data,
and the good agreement is further confirmed through the
comparison of the experimental and calculated constant
energy slices shown in Figs. 4(c)-4(f). Meanwhile, the
calculated diffuse scattering patterns for the J,3-J 123~/ 5123
model stay almost unchanged [34], suggesting that short-
range spin correlations are not sensitive to the weak second-
layer interactions.

The perturbations on the minimal J;-J,-J.; model also
explain the selection of the LRO g position over the spiral
ring. Using the Luttinger-Tisza method [8], the ground
state of the J;-J,-J.; model can be calculated to be a spiral
with ¢ = (1,£.3), while the LRO ¢ of the perturbed
J123-J c123-J 5103 model become (0.194,0.096,1.5), which
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is closer to the experimentally observed value of ¢ =
(+5.7.3). Although fine-tuning of the coupling strengths
seems necessary to exactly reproduce the commensurate ¢
position in FeCl;, theoretical calculations of SSLs have
proposed a lock-in mechanism where an incommensurate g
becomes pinned to a nearby commensurate position due to
weak single-ion anisotropy and crystal symmetry [4,34].
Such a lock-in mechanism may account for the commen-
surate g position in FeCls.

Our experimental study on FeCl; demonstrates that SSLs
can be realized in two-dimensional systems. Remarkably,
the observed spiral ring around I" implies an emergent U(1)
symmetry in momentum space and establishes FeCl; as a
promising platform to study the fracton gauge theory. This
prospect is further encouraged because FeCl; can be easily
cleaved into monolayers, allowing for the elimination of the
out-of-plane perturbations, J,. and J,. The discovery of a
SSL in FeCl; also motivates further investigations of
quantum spin liquids and topological spin textures on
the honeycomb lattice. Current experimental endeavors
on quantum spin liquids are mainly focused on the Kitaev
approach [49], while the approach via the SSL phase has
remained barely explored [8,73]. Knowing the origin of the
relatively high ratio of |J,/J,| in FeCls, e.g., through the
ab initio calculations, will help discover more SSL hosts on
the honeycomb lattice and facilitate the tuning of SSL
towards the quantum limit or spintronics applications
[74-77].
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