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ABSTRACT: In two-dimensional (2D) nearly square-lattice quantum
materials, electron correlations can induce an electronic nematic phase
with 2-fold rotational (C,) symmetry. For 2D materials with 3-fold
rotational (C;) symmetry, such as the honeycomb lattice, a vestigial
three-state Potts nematic order has been observed in the van der Waals
antiferromagnet FePSe; under uniaxial strain. Here, we use neutron
scattering to probe the magnetic order and spin excitations of FePSe;
under uniaxial strain. In the antiferromagnetic (AFM) ordered state,
~0.6% tensile strain suppresses one zigzag domain and enhances the
other two, reducing the AFM order and spin waves to C, symmetry. This

broken C; symmetry in spin excitations persists slightly above Ty ~ 108.6
K, where zigzag AFM order is absent. These results provide direct evidence of magnetoelastic coupling and suggest that three-state
Potts nematicity in paramagnetic spin excitations originates as the vestigial order of the low-temperature zigzag AFM state.
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ymmetry breaking, such as the formation of new magnetic,
structural, or electronic orders, is a fundamental
phenomenon in nature. Understanding the nature of symmetry
breaking can provide crucial insights into the underlying laws
that govern the physical properties of materials.' In periodic
crystalline solids, rotational symmetry refers to the property
that the material remains invariant under rotation by a specific
angle. Owing to translational symmetry, crystalline solids can
only host 2-fold, 3-fold, 4-fold, or 6-fold discrete rotational
symmetries, denoted as C,, C;, C,, and Cq, respectively.2
A nematic phase originates from a state where elongated
molecules in liquid crystals exhibit no crystalline positional
order but are aligned with their long axes approximately
parallel, forming directional order with C, symmetry.” In liquid
crystals, it is an intermediate phase between an ordered
crystalline solid and a disordered liquid.” An electronic nematic
phase, predicted to occur in a two-dimensional (2D) square-
lattice Mott insulator,” typically breaks the C, symmetry of the
underlying lattice and arises near a superconducting phase.”~”
Since its discovery in copper- and iron-based high-temperature
superconductors with nearly square-lattice structures,'"
studies of nematicity have often focused on the spontaneous
reduction of C, symmetry to C, in transport, electronic, and
magnetic properties, implying that the system selects one of
two energetically equivalent configurations (Ising nematic-
it},).5—9
For crystalline solids with C; or Cg symmetry,'” it is also
possible to develop a nematic state that selects one (or two)
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out of three equivalent configurations—a phenomenon known
as three-state Potts nematicity.*~'> Materials in the hexagonal
crystal family are thus an ideal platform to explore this type of
symmetry breaking. Recent studies on systems with triangular,
kagome, and honeycomb lattices have reported intriguing
nematic behaviors in their electronic and/or magnetic
properties, includin Fe1/3NbSZ,l6 Col/3TaSZ,l7’18
CsV;Sbs," "7 ScViSny,*” FePSes,”>** and NiPS,.”> However,
studies to date have used optical, transport, or thermodynamic
methods, which cannot directly probe the microscopic origin
of the C; symmetry breaking in the nematic regime or
determine the energy scale of the corresponding nematic
fluctuations.

In this work, we focus on the van der Waals antiferromagnet
FePSe;, which crystallizes in a rhombohedral R3 structure
consisting of hexagonal layers stacked along the c-axis through
weak van der Waals interactions [Figure 1(a)].26‘27 The Fe
ions, with localized magnetic moments, form a honeycomb
lattice [Figure 1(b)] that develops long-range antiferromag-
netic (AFM) order below Ty =~ 108 K.*******° Neutron
diffraction experiments identified a zigzag magnetic structure
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Figure 1. (a) Crystal structure of FePSe;. (b) Honeycomb lattice
formed by Fe ions. (c) Strain device with FePSe; single crystals
attached. The magenta double arrow indicates the tensile strain
direction. (d) Three zigzag domains (ZZ1, ZZ2, and ZZ3) in the
unstrained Fe honeycomb lattice, where red and blue represent spins
pointing into and out of the honeycomb plane. The inset (upper
right) shows the six magnetic Bragg peaks in the hexagonal Brillouin
zone corresponding to the three zigzag domains. (e) Two remaining
zigzag domains (ZZ1 and ZZ3) under tensile strain. (f) Temperature
dependence of the tensile strain applied to FePSe; single crystals.*®
(g) Temperature dependence of the diffraction intensity at Bragg peak
(0,0.5,0.5) (left axis) and the magnetic susceptibility under a 0.5 T ¢-
axis field (right axis). The gray solid curve is a power-law fit to the
diffraction data, as described in the text. The dashed vertical line
marks Ty.

with propagation wave vector k,, = (0.5, 0, 0.5) and revealed
the weakly first-order nature of the AFM transition, consistent
with heat-capacity measurements.”” > Due to the intrinsic C,
symmetry of the honeycomb lattice, there are three possible
zigzag domains [ZZ1, ZZ2, and ZZ3 in Figure 1(d)]. In
neutron diffraction, ZZ1, ZZ2, and ZZ3 domains contribute to
magnetic Bragg peaks at the three M-points of the hexagonal
Brillouin zone [M;, M,, and Mj in the inset of Figure 1(d)].
Therefore, one can use the Bragg peak intensities to directly
monitor the populations of these zigzag domains.

Recent optical linear dichroism (LD) and elastocaloric
measurements have revealed a novel nematic state in FePSe;,
in which the C; lattice symmetry gives rise to a three-state
Potts nematicity associated with the underlying AFM
order.”>** Without externally applied uniaxial strain, the
three equally populated zigzag domains below Ty constitute
a three-state Potts state. In-situ uniaxial strain was used to tune
this three-state Potts state and extract the corresponding
susceptibility, which exhibits divergent behavior near Ty,
indicating the formation of a three-state Potts nematic state.””
Since FePSe; is an AFM insulator, the nematicity is solely
related to the spin degrees of freedom. FePSe; therefore offers

a unique opportunity to study the physics of three-state Potts
nematicity arising from spin interactions. While LD and
elastocaloric measurements can provide useful information on
the three-state Potts nematic regime, they are not microscopic
probes and thus cannot unveil the wave vector of the magnetic
order or the momentum dependence of the spin dynamics in
the nematic state. In copper- and iron-based high-temperature
superconductors,]0’3’5 anisotropic spin excitations in momen-
tum space detected by inelastic neutron scattering (INS)
experiments provided direct proof of the nematic state and its
connection with anisotropic transport and electronic proper-
ties.”™”

To study possible nematic spin excitations in FePSe;, we
conducted INS experiments on FePSe; single crystals under
the application of uniaxial strain, which allows direct control
over the populations of different zigzag domains. For a magnet
with a strongly first-order AFM transition, critical spin
fluctuations around Ty are typically absent, resulting in no
or only weak nematic behavior. In contrast, for a weakly first-
order AFM transition, uniaxial strain can enhance critical spin
fluctuations near the AFM transition regime, thereby
promoting a nematic phase (regime), as observed in weakly
first-order AFM BaFe,As, ™ * and strongly first-order AFM
SrFe,As,.”” In the case of unstrained FePSe;, the weakly first-
order nature of the AFM transition””*” suggests that static
magnetic order and spin excitations should obey C; symmetry,
consistent with the underlying honeycomb lattice. However,
when uniaxial strain detwins the three magnetic domains, C,-
symmetric diffraction and spin-wave patterns are expected
below Ty. When the system is warmed above Ty with
suppressed static magnetic order, the spin excitations should
become gapless immediately with the C; symmetry if there are
no critical spin fluctuations or a nematic regime. Conversely, if
the restoration of the C; symmetry is delayed until several K
above Ty, the C,-symmetric spin excitations in the para-
magnetic state would be a signature of the underlying three-
state Potts nematicity appearing at temperatures above Ty.

We utilized a novel uniaxial strain device previously used to
detwin FeSe single crystals, in which thin aluminum plates are
mounted onto the invar alloy frames to induce weakly
temperature-dependent uniaxial tensile strain.*’ About 1 g of
FePSe; single crystals were coaligned and attached to the thin
aluminum plates of the strain device, with the crystallographic
(H, 0, L) plane placed in the horizontal scattering plane
[Figure 1(c)]. When cooling down to below 150 K, a uniaxial
tensile strain of about 0.6% is applied along the [—0.5K, K, 0]
direction (i.e., perpendicular to the nearest Fe—Fe bond)
[Figure 1(f)], which was determined by in situ strain-gauge
measurements.”>*' Our INS experiment using this strain
device was conducted on the time-of-flight spectrometer
MERLIN** at the ISIS neutron and muon source, Rutherford
Appleton Laboratory, UK. More details of the experiment and
data analysis can be found in.*'

Figure 1(g) presents the temperature dependence of the
intensity at the magnetic Bragg peak M, (0, 0.5, 0.5) under
uniaxial strain, which shows a typical order-parameter
behavior. By fitting the data with a power-law function

I=A(T — T)”” + B (A and B are the scale and background
constants, respectively, and f is the critical exponent of the
order parameter), we find Ty = 108.59(2) K and § = 0.10(1).
The obtained Ty coincides with the sharp magnetic
susceptibility anomaly in the unstrained case [Figure 1(g)],
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Figure 2. (a) Elastic scattering pattern of the (H, K, 0.5) plane at 6.0 K. White solid lines mark Brillouin zone boundaries. f.u.: formula unit. (b)
Momentum dependence of the intensities around three magnetic Bragg peaks [M,, M;, and M, in the inset of Figure 1(d) and (e)] along [H, 0,
0.5], [0, K, 0.5], and [H, —H, 0.5]. Solid curves are Gaussian fits. (c, d) Magnetic excitation spectra along [H, 0] and [0, K] at 6.0 K. Black solid
curves are calculated spin-wave dispersions using SpinW.** (e—h) Constant-energy slices of the spectra around 15, 20, 25, and 30 meV at 6.0 K.

which confirms that the transition temperature is unchanged
by the uniaxial strain. However, the critical exponent becomes
closer to the limit of the 2D Ising model (8 = 1/8),*
suggesting the magnetic phase transition approaches second
order under uniaxial strain, similar to previous works on
BaFe,As,. ™"

A diffraction pattern of the (H, K, 0.5) plane at 6.0 K is
shown in Figure 2(a), from which we find that M; and M,
basically have the same intensity while M, is much weaker.
Since our sample consists of many coaligned single crystals
[Figure 1(c)],"" we expect the three zigzag domains to be
present in equal quantities without the strain.’’ Our
observation thus suggests that the ZZ2 domain is strongly
suppressed by the uniaxial strain, and the ZZ1 and ZZ3
domains are favored [see Figure 1(e)]. Such strain control of
the zigzag domains is consistent with previous reports based on
optical methods.”*** By extracting the integrated Bragg peak
intensities of My, My, and M (I, Iy, and Iys) [Figure 2(b)],
we estimate a detwinning ratio of

= Guthe) /27 hn oy 79 700 which s comparable with the

(i + ha) / 2+ Iy !
experiment on FeSe."’

Next, we turn to the strain effect on the magnetic excitation
spectra. Since FePSe; is a quasi-2D antiferromagnet with
interlayer exchange interactions much weaker than intralayer
ones,”’ we integrated over a wide range of L and present the
spectra within the honeycomb plane.” Spin waves along the
[H, 0] and [0, K] directions at 6.0 K are shown in Figure 2(c)
and (d), respectively. While the overall dispersions are similar
for the two directions, the intensity distributions (dynamic
structure factors) exhibit a clear difference. In particular, the
low-lying spin-wave branch around 16 meV is strongly
suppressed along [H, 0], suggesting that this branch is
associated with ZZ2 domain’' and that low-energy spin
excitations are more susceptible to external perturbations.
Nevertheless, the measured dispersions can still be well
described by previously determined parameters within linear
spin-wave theory [Figure 2(c) and (d)] 0 indicating that the
exchange interactions remain essentially unchanged under

~0.6% tensile strain and that zigzag domain repopulation is the
dominant effect. Constant-energy slices in Figure 2(e)—(h)
further demonstrate that the system exhibits C, symmetry at
low temperature, consistent with the pronounced optical LD
signals.”>**

On warming to 108.8 K, which is slightly above Ty, sharp
spin waves completely disappear and the broad excitations shift
to lower energies [Figure 3(a) and (b)]. Despite very similar
spectra along the [H, 0] and [0, K] directions, spin excitations
along the [H, 0] direction are overall broader than those along
the [0, K] direction. Figure 3(c) and (d) presents the constant-
energy slices taken around 8 and 12 meV, respectively. While
the intensity distribution in the hexagonal Brillouin zone shows
nearly C; symmetry around 8 meV, violation of it is evident for
the pattern around 12 meV, which is C,-symmetric about the c-
axis. The breaking of the C; symmetry can be more clearly seen
from the momentum dependence of the intensity, as shown in
Figure 3(e) and (f). Around 12 meV, the intensities along the
[0, K] and [H, —H] directions are essentially the same, but
they deviate from those along the [H, 0] direction near the M
points of the Brillouin zone [H or K = 0.5 in Figure 3(f)] by
approximately 10 mb-meV~'-fu.”". These observations suggest
the spin fluctuations of FePSe; show nematicity without the
presence of long-range magnetic order.

The C; symmetry of the spin excitation spectrum is
gradually restored at higher temperatures (109.5 and 113.0
K), as can be seen in Figure 4(a)—(d). To show the evolution
of the C; symmetry breaking (or nematicity) above Ty, we use
the intensity difference AI(Q), which is defined as AI(Q) =
[L(Q) + L(Q)]/2 = L(Q), where I,(Q), L,(Q), and I;(Q) are
the intensity distributions along the paths 1, 2, and 3 shown in
Figure 3(c). We note that, for strictly C;-symmetric spin
excitations, AI(Q) = 0. Therefore, this quantity can measure
the C; symmetry breaking and may be regarded as an effective
nematic order parameter.” The AI(Q) at three temperatures is
presented in Figure 4(e), where it is nonzero at 108.8 and
109.5 K, and finally dies away at 113.0 K. In comparison, the
spin excitation spectrum consistently exhibits C; symmetry
both above and below Ty without the uniaxial strain.’® The
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Figure 3. (2, b) Spin excitation spectra along [H, 0] and [0, K] at
108.8 K. (¢, d) Constant-energy slices of the excitation spectra around
8 and 12 meV at 108.8 K. (e, f) Momentum dependence of the
intensities around 8 and 12 meV along [H, 0], [0, K], and [H, —H]
[paths 2, 3, and 1 in (c), respectively].

complete disappearance of the C; symmetry breaking at 113.0
K also suggests that the feature observed at lower temperatures
is not simply due to the applied strain (e.g., mechanical effects)
but is intrinsic to the magnetic response. Otherwise, the
spectrum at 113.0 K will also show the same anisotropy since
the applied strain is almost in the same level [see Figure 1(f)].
The quick decay of the nematic signal above Ty is consistent
with the hyperbola behavior (with respect to temperature) of
the nematic susceptibility determined previously.”> With
increasing strain, the AFM transition becomes more second-
order-like, thus increasing the critical regime as shown in. >3 For
the level of strain we applied (~0.6%), the nematic and AFM
transmon temperatures are expected to nearly merge
together,”” thus giving rise to the narrow temperature regime
above Ty where the C;-symmetry-breaking spin excitations are
observed.

To further check the characteristics of the spin excitations
near Ty, we show the energy dependence of the intensity at (0,
0.5) in Figure 4(f). At 108.1 K (slightly below Ty), an energy
gap of ~13 meV can be resolved, signifying the Ising
anisotropy of the spin waves [see also in the inset of Figure
4(f)]. However, the energy gap fully closes at 108.8 K and
above. This suggests the nematic spin excitations we observed
are in the paramagnetic state, which differs from the
anisotropic spin waves below Ty due to the detwinning of
zigzag domains. Therefore, the nematic spin excitations slightly
above Ty, a hallmark of the three-state Potts nematic state, are
a vestigial order for the zigzag AFM order below Ty, and likely
arise from a strain-induced nematic regime similar to iron
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Figure 4. (a, b) Constant-energy slices of the spin excitation spectra
around 12 meV at 109.5 and 113.0 K. (¢, d) Momentum dependence
of the intensities around 12 meV along [H, 0], [0, K], and [H, —H] at
109.5 and 113.0 K. (e) Momentum dependence of the intensity
difference (see text) around 12 meV. Data from different temper-
atures are evenly offset for clarity. Horizontal dashed lines indicate
zero intensity for each temperature. (f) Energy dependence of the
intensities around (0, 0.5) at 108.1, 108.8, 109.5, and 113.0 K. Inset
shows the spin excitation spectrum along [0, K] at 108.1 K. The
vertical dashed line marks (0, 0.5).

pnictides.”™” As in studies of nematicity in other quantum
materials, uniaxial strain is required here to reveal the nematic
behavior, since the Cj-symmetric honeycomb lattice would
otherwise smear out the intrinsic C, symmetry at the
macroscopic level.

Our experimental results unveil the following sequences of
the magnetic phases in FePSe;. On cooling from the high-
temperature paramagnetic spin-disordered state, the system
first enters the uniaxial strain-induced three-state Potts nematic
state, where the spin excitations are still highly fluctuating but
show anisotropy in reciprocal space due to spin—lattice
coupling. In the absence of external strain, the nematic order
exhibits equal probability along the three equivalent directions
of the honeycomb lattice, which hence leads to the C;-
symmetric excitation patterns as observed previously.”” When
the external strain is applied to induce a tiny lattice distortion,
it disfavors the nematic director perpendicular to the strain
direction.”>”* Due to the divergent nature of the nematic
susceptibility, the strain effect is most pronounced close to
Ty,”> which results in the C,-symmetric excitation pattern. At
temperatures lower than Ty, the long-range zigzag AFM order
condenses mainly around the M-points where the nematic
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fluctuations are most significant, and finally establishes the two
preferred zigzag domains of dominant population.

The nematic spin excitations observed in FePSe; are
reminiscent of those in iron-based superconductors such as
BaFe, NiAs,”” and FeSe.””" In these systems, the C,
symmetry of the paramagnetic spin excitations becomes C,
symmetry in the magnetic ordered state due to orthorhombic
lattice distortion and collinear AFM order along the a-axis of
the orthorhombic lattice.® On warming to the paramagnetic
tetragonal state slightly above Ty, spin excitations are C,-
symmetric without uniaxial strain. However, when a uniaxial
strain is applied along one of the tetragonal axis, the low-
energy spin excitations become anisotropic along the [H, 0]
and [0, K] directions in the 2D square Brillouin zone over a
broad range above Ty, forming a strain-driven nematic
phase.”*" In contrast, the uniaxial strain induced spin
excitation anisotropy in FePSe; form in an extremely narrow
regime above Ty before becoming isotropic in reciprocal space.
This is most likely due to the fact that the AFM phase
transition under uniaxial strain is still first-order-like with a
narrow critical temperature regime and weak critical spin
fluctuations. In addition, while the nematic phase in iron-based
superconductors is clearly associated with tetragonal-to-
orthorhombic lattice distortion,® " there is no known lattice
distortion associated with the AFM phase transition in
FePSe;,’”’" suggesting that magnetoelasticity may not drive
the order—disorder phase transition.”* Nevertheless, the fact
that a uniaxial tensile strain of about 0.6% induces anisotropy
in paramagnetic spin excitations of FePSe; suggests a small but
finite magnetoelastic coupling.

In summary, by performing INS experiments on FePSe;
single crystals under uniaxial tensile strain, we have mapped
out the spin excitation spectra and studied their evolution with
temperature. Although the applied strain is only about 0.6%,
we observed a significant detwinning effect of the zigzag
domains in the AFM ordered state and the corresponding spin
waves featuring C, symmetry. Moreover, in the paramagnetic
state just above the ordering temperature, the spin excitations
still exhibit broken C; symmetry in a narrow temperature
regime, suggesting the presence of magnetoelastic coupling and
the underlying three-state Potts nematicity in the spin
excitation spectra of FePSe;.
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