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Electronic nematicity is a state of matter in which rotational symmetry is
spontaneously broken and translational symmetry is preserved. In strongly

correlated materials, nematicity often emerges from fluctuations of a
multicomponent primary order, such as spin or charge density waves,

andis termed vestigial nematicity. One widely studied example is Ising
nematicity, which arises as a vestigial order of collinear antiferromagnetism
inthe tetragonal iron pnictide superconductors. Because nematic directors
incrystals are restricted by the underlying crystal symmetry, recently
identified quantum materials with three-fold rotational symmetry offer a new
platform to investigate nematic order with three-state Potts character. Here
we demonstrate strain control of three-state Potts nematicity as a vestigial
order of zigzag antiferromagnetismin FePSe;. Optical linear dichroism
measurements reveal the nematic state and demonstrate the rotation of the
nematic director by uniaxial strain. We show that the nature of the nematic
phase transition can also be controlled by strain, inducing asmooth crossover
transition between a Potts nematic transition and an Ising nematic flop
transition. Elastocaloric measurements demonstrate the signatures of two
coupled phase transitions, indicating that the vestigial nematic transitionis
separated from the antiferromagnetic transition. This establishes FePSe,;as a
system to explore three-state Potts vestigial nematicity.

Electronic nematicity has drawninterest over the yearsduetoitsinter-
twined relationship with many strongly correlated phases. Theimpor-
tance of nematic order was highlighted in tetragonal iron pnictide
superconductors, where speculation continues that the fluctuations
of the symmetry-breaking phase could be the driving pairing
mechanism'~, Recently, there have been an increasing number of
reports regarding the nematic order in quantum materials with rich
phase diagrams, such as twisted graphene systems*” and kagome lat-
tice superconductors®™, further hinting at theimportant role of nema-
ticity. However, in contrast to the widely studied Ising nematicity (Z,)
intetragonaliron pnictides, the nematic orderin these recent systems
ofinterestis frequently represented by a three-state Potts model (7;),
reflecting their C;and C,rotational crystal symmetries. Understanding

the behaviour of three-state Potts nematicity is critical in untangling
its complex interplay with other strongly correlated phases.
Three-state Potts nematic order has been theorized to have prop-
erties that are distinct from Ising nematicity™. Although anisotropic
strain always smears out an Ising nematic transition and turns it into
a crossover transition, a three-state Potts nematic transition can be
switched to either a crossover transition or an Ising nematic flop
transition, depending on the sign of strain. Previous experimental
investigations of three-state Potts nematic order only investigated
the reorientation of nematic domains with static strain well below
the transition temperature™", but the effect of strain near and above
the phase transition has not been explored. Here we use optical linear
dichroism (LD) and elastocaloric (EC) measurements in conjunction
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Fig.1|Zigzag AFM order and three-state degeneracy. a, Crystal structure of
FePSe,. The Fe atoms form a honeycomb lattice when viewed in the a-b plane.

b, Three possible choices of the zigzag spin chain directions on ahoneycomb
lattice. The arrows represent the nematic director corresponding to each choice
ofthe zigzag AFM order. ¢, Optical LD response of a thin bulk FePSe; flake as the
polarization angle of the incident light (0) is rotated with respect to the zigzag

spin chain direction at various temperatures. The right panel is the zoomed-in
view of the polarization-dependent LD signal at temperatures above Ty.

d, LD response as a function of temperature when the incident polarization is
orthogonal to the zigzag spin chains (polarization angle indicated by the grey
dashedlinein c). The dashed line indicates 7.

with in situ, tunable uniaxial strain—the conjugate field to nematic-
ity—to probe and control the three-state Potts nematicity as a vestigial
order of the zigzag antiferromagnetic (AFM) phase in a van der Waals
layered material—FePSe,. The optical LD enables direct probing of the
nematic order parameter, and the EC effect (ECE) measures the change
in entropy induced by strain and is sensitive to the thermodynamic
anomalies associated with phase transitions. The combination of
these two techniquesis of centralimportance for determining if FePSe,
indeed exhibits vestigial three-state Potts nematicity.

The material of interest, FePSe,, belongs to a family of transition
metal phosphorous trichalcogenide antiferromagnets (MPX;, M =Fe,
Mn, Ni; X =S, Se). Inparticular, FePSe, is a zigzag antiferromagnet with
aNéeltemperature (Ty) of ~-108 K (refs. 15-17). The magnetic moments
point in the out-of-plane direction and mostly localize around the Fe
atoms, which form a honeycomb lattice with C; symmetry (Fig. 1a).
Thisleadstothree possible arrangements of the zigzag spin chains on
the honeycomb structure (Fig. 1b). As discussed in previous work, this
type of AFM order can exhibit nematic degrees of freedominwhich the
bonds correspondingto the direction of the AFM wavevector elongate
orshrink, breaking the rotational symmetry of the honeycomb lattice”.
A vestigial nematic phase may condense at temperatures above the
AFM phase transition, analogous to the Ising nematicity observed in
pnictide superconductors at temperatures above the collinear AFM
order™"®” Thus, the signatures of the three-state Potts nematic order
for this system can manifestin a separate phase transition at tempera-
tures above the AFM phase transition, as well as a clear asymmetry of
material properties for tensile and compressive strains along a given
direction, in contrast to Ising nematicity”.

We first discuss LD measurements in which the anisotropy of the
optical conductivity serves as a proxy for the nematic order parameter.
We performed a phase-modulation-based optical LD measurement on
a thin bulk flake (-30 nm) that was exfoliated on a SiO,/Si substrate.
Figure 1cshows the measured LD as afunction of the polarization angle
(0) of incident light at different temperatures. The photon energy is
chosentobel.95eV asitgivesrise to alarge LD signal (Extended Data
Fig.1). The measured LD follows a cos(260) dependence below Ty, which
is expected if one AFM wavevector is dominant. The dependence of

polarization angle allows us to determine the direction of the zigzag
spinchain. The most negative (maximum) value of LD corresponds to
theincident light polarization parallel (orthogonal) to the zigzag spin
chain®, This LD measurement is similar to previous studies on NiPS,
and FePS;, where the concomitant rise of a strong LD signal with the
onsetof the zigzag AFM order was used as a proxy measure of the zigzag
AFM order** %, Nevertheless, unlike the magnetic order parameter that
breaks the time-reversal symmetry, the LD signal probes rotational
symmetry breaking, whichis evenunder time reversal. Thisimplies that
the LD signalis proportional to the quadratic terms of zigzag AFM order
parameter, which canbe non-zero due to AFM fluctuations evenin the
absence of long-range magnetic order. Note that optical anisotropy is
absentin Mn compounds of the family*’, which exhibit Néel-type spin
textures. Thus, previous studies of the AFM order in Mn compounds
haveinstead relied on second-harmonic generation measurements® 2,

Figure 1d presents the temperature dependence of the maximum
LD signal, which follows a trend resembling that of an order param-
eter for asecond-order phase transition. However, unlike a magnetic
order parameter that should completely disappear above T, there is
apersistent LD signal at temperatures substantially above T, forming
atail-like feature. Furthermore, polarization-dependent LD measure-
ments from 110 K to 150 K (Fig. 1c) clearly demonstrate the surviv-
ing cos(260) dependence above Ty. This peculiar behaviour has been
previously observed inionic crystal systems such as NiO (ref. 26) and
dubbed the fluctuation tail in the literature**®, In FePSe,, the zigzag
AFM order vanishes above Ty, accompanying strong spin fluctuations.
Because LD has the same symmetry as anematic order parameter, that
is, changing sign under 90° rotation, the observed residual LD signal
suggests that there is a finite nematic order parameter far above 7.
As discussed above, the nematic order is a vestigial order formed by
the fluctuations of zigzag AFM order. The tail-like nature of the signal
probably arises from a symmetry-breaking strain that couples with
the system’s diverging nematic susceptibility towards Ty, indicative
of anematicinstability in FePSe;.

Similar fluctuation tails in the LD temperature dependence have
been observed previously in FePS; and NiPS; (refs. 20-22), but it is
important to note that the sulfide compounds have a C2/m monoclinic
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Fig.2|Strain control of zigzag AFM order at 15 K. a, Polarization-dependent
LD response as strainis applied for the first thermal cycle. The polar graphs
track the rotation of the nematic director as strain is applied. b, Polarization-
dependent LD response as strain is applied for the second thermal cycle, after the
sample was remounted onto the strainer. ¢, Simulated LD response of nematic
domain population model with two nematic domains (see the main text for
details). d, Simulated LD response of nematic domain population model with
three nematic domains. e, Illustration of the zigzag AFM order at the maximum
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compressive and tensile strains applied for the sample response presented

ina. The arrows represent the nematic director at the respective strain states.

f, lllustration of the zigzag AFM order presented at the maximum strain points for
the sample response presented in b. For the tensile response, there are coexisting
zigzag AFM domains in which the vector summation of the domains’ nematic
directors (grey arrows) resultin an overall nematic director (red arrow) that is
vertical (orthogonal to the nematic director of compressive strain).

structure. Therefore, the monoclinictilt acts as the symmetry-breaking
mechanism, which creates a preferential direction for the zigzag spin
chain. By contrast, FePSe, belongs to the R3 space group and report-
edly lacks amonoclinic distortion (Fig. 1a)*. Consequently, the three
orientations of the zigzag spin chains should be energetically degener-
ate and the fluctuations of the nematic order between the three states
should average out above Ty, leading to anisotropic optical response
and the absence of the fluctuation tail. As the sample is cooled below
T\, the zigzag order should then stochastically select one of the three
possible spin chaindirections, leading to anarchetypal first-order Potts
nematic transition. However, the zigzag AFM direction (that is, the
maximum LD direction) and the observed fluctuation tail are robust
against various thermal cycles, implying the presence of a certain
symmetry-breaking mechanism that lifts the degeneracy. Thisis most
probably due to the small strainsintroduced during the exfoliation of
flakes onto the SiO,/Si wafer.

Togainfurtherinsightinto the nematic order of FePSe;, we utilized
a homebuilt cryo-strain device capable of applying in situ strain to
two-dimensional materials®® (Methods). The FePSe, flake was care-
fully aligned so that the crystal zigzag axis was parallel to the strain
direction (Extended Data Fig. 2). We use the silicon Raman mode
to calibrate the applied strain (Methods and Extended Data Fig. 3).
The polarization-angle-dependent LD signal was then measured as a
function of applied strain at the base temperature (15 K) (Fig. 2a, left).
Remarkably, the LD signal underwent a dramatic evolution as the strain
is swept from compressive to tensile. The corresponding polar plot
(Fig. 2a, right) tracks the rotation of the nematic director, which was
inferred from the polarization-dependent LD response, as strain was
applied. When comparing the LD response at the two extremes of the
compressive- and tensile-strain regimes, we found that the nematic
director is separated exactly by 21/3 and the LD strengths remained
comparable.

Figure 2b presents the measurements conducted on the same
sample as that in Fig. 2a, but for a different thermal cycle after the
sample was remounted. The LD signal exhibits a strikingly differ-
ent behaviour. As shown in the polar plot, by varying the strain from
being compressive to tensile, the lobe along the horizontal axis slowly
shrinks, vanishes and then grows along the orthogonal direction. There
isan effective /2 rotationin the nematic director between the two end
points of the compressive- and tensile-strain regimes. The LD strength
isalsodistinctly less under tensile strain than under compressive strain.

To understand the underlying mechanism, we modelled the
strain-controlled population of the Z; nematic domains based on two
different premises. We hypothesized that the domains are determined
not only from the estimated induced strain but also from its vertical
relaxation. This hypothesis was supported by our spatial LD mapping
as a function of strain (Extended Data Fig. 4). The observation pre-
sented in Fig. 2a can be reproduced by the superposition of the LD
signals of two nematic domains with angles along 0 and 21/3 (Fig. 2e).
Figure 2c plots the simulated overall LD signal as the relative weight of
the two domainsis varied by strain (Methods provides the simulation
details). The excellent agreement between the simulation and observa-
tion (Fig. 2a) supports our strain-controlled nematic domain popula-
tion model.

To explain the trend observed in Fig. 2b, we included the third
nematic domain with an angle of -21/3 in the domain population
model. As shown by the schematic in Fig. 2f, in this situation, the
nematic domains of 21t/3 and -2m/3 are degenerate and equally popu-
lated as tensile strain is applied. In this case, the nematic director
seems to rotate by /2 because the vector summation of the nematic
directors result in an overall vector that points orthogonally to the
nematic director of the compressive side. Similarly, using this domain
population model, we accurately obtain the trend (Fig. 2d) that was
observed in Fig. 2b. The distinct behaviour between the two thermal
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Fig.3 | Temperature dependence of LD under different strains. a-c, LD
response as a function of temperature for compressive strain (a), zero strain
(b) and tensile strain (c). The incident polarization angle was orthogonal to the
nematic director. The dashed line marks the magnetic transition temperature
(-108 K). The responses for three different thermal cycles for the same sample
areshowninband c.d, Evolution of the nematic director as a function of
temperature for compressive strain. The angles are offset by 90° at each
temperature point for d-f. e, Evolution of the nematic director as a function of

temperature for near-zero strain. Points above the transition temperature are
omitted for e due to the lack of LD response. f, Evolution of the nematic director
asafunction of temperature for tensile strain. g-1i, lllustration of the nematic
order as the temperature is lowered with compressive strain (g), zero strain

(h) and tensile strain (i). The thicker, grey bonds highlight the direction of the
nematic order. The crossover transition (T ,ssover) Observedinaand dis shownin
g, and the three-state Potts transition (Ts) presented inb and e isshowninh.
Thelsing transition (T,,) in cand fis shown ini.

cycles probably resulted from subtle misalignments of the sample with
respect to the piezo-stack poling axis, introduced during remounting
ofthe sample onto the strainer apparatus for each thermal cycle. When
the sample and the piezo-stack poling axis are nearly perfectly aligned,
both 21t/3 and -2m/3 domains are favoured under tensile strain (Fig. 2b).
However, when there is a small misalignment between the substrate
and the piezo-stack poling axis, one of the domains is favoured and
pinned (Fig. 2a).

The seamless agreement between the observed strain responses
below Ty and the domain population model demonstrates that strain
canbe usedto control the orientation of the AFM zigzag spin chains. We
corroborate our results further by conducting polarization-resolved
Raman spectroscopy on a sample that exhibited the 2m/3 shift
of the nematic director (Extended Data Figs. 5 and 6). Note that
strain-induced, nematic domain repopulation was also observed in
Fe,;NbS,, which is a three-state Potts system but with a triangular
crystal lattice®.

We then examined the effects of strain on the putative fluctuation
tail above T for the thermal cycle presented in Fig. 2a. This part of the
study was conducted by performing a strain sweep from compressive to
tensile asthe sample was warmed from the base temperature. The pho-
nonmode of thesilicon substrate was used to convert the piezoelectric
voltage to applied strain for each temperature (Methods). Figure 3a
shows the temperature dependence of LD at —0.08% strain, where the
fluctuation tail clearly remains. As described above, for compressive
strain, there is a delineated direction for which the nematic order will
form due to strain-induced anisotropy. Thus, rather than having a

distinct phase transition, thereis a crossover behaviour at Ty, (Fig. 3g).
This transition is similar to the smeared nematic transitions that have
beenobserved previously iniron pnictides. By contrast, Fig. 3b shows
the temperature-dependent LD at zero strain, where the fluctuation tail
nearly vanishes, and the LD sharply onsets at 7. These results confirm
that the fluctuation tail observed earlier in the as-exfoliated crystal is
a product of strain-induced nematicity in the system and indicates a
large nematic susceptibility in FePSe;.

The effect of strain on the phase transition character was further
examined by tracking the nematic director and examining theincident
polarization angle at which the LD response reaches its maximum
as a function of strain. Figure 3d shows the angle of the maximum
polarization as a function of temperature for —0.08% strain. Because
the formation direction of the nematic order is fixed along the strain
direction, there are no changes to the polarization angle as the sam-
pleis cooled below the transition temperature, providing additional
evidence of the crossover behaviour. Figure 3e shows the same plot
forthe zero-strain response. Below the transition temperature, where
we observe afinite LD response, the nematic director is separated by
30° with respect to its compressive strain counterpart. This suggests
that there is an equal population of two nematic domains below the
transition temperature. As the strain was swept from compressive to
tensile, we hypothesize that the layers of the FePSe;, flake that are closer
to the substrate favour the tensile nematic states, whereas the layers
near the vacuum interface favour the compressive nematic state, as
aresult of the vertical strain relaxation discussed earlier. Figure 3h
illustrates the orientations of the nematic states under nominal zero
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Fig. 4 |Nematic susceptibility of the compressive side. a-c, Polarization-
dependent LD response as a function of strain at 35K (a), 104 K (b) and 118 K (c).
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of changein LD strength versus strain at different temperature points.

g, Temperature dependence of the nematic susceptibility obtained by d(LD)/de
inthe compressive-strain regime. The dashed line describes a Curie-Weiss fit to
the data above the nematic phase transition.

strain. The existence of unavoidable built-in strain also implies that a
true three-state Potts transition that only existsin the zero-strain limit
is difficult to reach in this experimental condition.

Figure 3f shows the temperature-dependent polarization angle
when sufficient tensile strain (0.07%) is applied to shift the zigzag
direction at the base temperature and to partially lift the degeneracy
abovethetransition temperature. Under tensile strain, the formation
of the nematic order along the strain direction is precluded. Above
the transition temperature, there are only fluctuations between the
two possible nematic states. These fluctuations also result in a finite,
anisotropic response (Fig. 3¢,f) thatis orthogonal to the compressive
strainresponse, akinto the behaviour at base temperature (Fig. 2f). As
the sample approaches the transition temperature, it undergoes an
Ising-like phase transition, making a choice between the two possible
nematic directions and forming a nematic order that is rotated 120°
fromthe nematic state driven by compressive strain. Thus, thereisa30°
shiftinthe nematic director asthe sampleis cooled below the transition
temperature. The sample starts with a nematic director orthogonal
to that of the compressive state above the transition temperature
and forms a nematic director that is rotationally separated 120° from
the compressive state below the transition (Fig. 3i). In particular, this
behaviour is unique to three-state Potts systems'>'* in which the nature
of the phase transition is qualitatively different between the tensile
and compressive strain states, as shown by our experimental results.

The couplingbetween nematic order and anisotropic strain of the
same symmetry enables us to investigate the nematic susceptibility
using the LD response induced by anisotropic compressive strain. The
rate of change in LD with respect to strain, thatis, d(LD)/dg, is propor-
tional to the nematic susceptibility above the phase transition. Figure 4
shows the strain- and polarization-dependent LD responses, at select
temperature points, with a distinct response in the compressive side.
Extracting the LD value by fixing the polarization orthogonal to the
nematic director, we observe that the nematic order couples linearly
to the applied strain (Fig. 4d-f). By the linear fitting of LD versus ¢ in
the compressive-strainrange for all the temperature points, we obtain
the d(LD)/de curve (Fig. 4g). Analogous to the observations in Ising
nematic systems®, we observe a divergent behaviour of the nematic
susceptibility, characterized by a Curie-Weiss-like form, with a Weiss

temperature slightly below the phase transition temperature, as we
cool towards the transition temperature.

Although we can extract the nematic susceptibility in the
large-compressive-strain range, linear fitting becomes less reliable
near-zero strain due to the small LD signal after background subtrac-
tion. Another issue is whether the nematic transition is separated
from the AFM transition, which we have assumed to occur at the same
temperature up to this point. To address these issues, we measured
the ECE of FePSe,. EC measurements®>* probe the strain derivatives
ofthe entropy by inducing a perturbative a.c. strainin the sample and
measuring the corresponding temperature changes in quasi-adiabatic
conditions. For systems featuring Ising nematic phases that couple
bilinearly to strain, the amplitude of the relevant ECE will be propor-
tional tothed.c. strain multiplied by the temperature derivative of the
nematic susceptibility for temperatures above the phase transition:

d_T__TAZSO%
de =~ ¢ dTr

where A is the nemato-elastic coupling, C, is the heat capacity of the
sample, ¢, is the offset d.c. strain experienced by the sample and
X « # is the nematic susceptibility for an Ising nematic®>*,

As discussed in Supplementary Information, both nematic sus-
ceptibility and ECE are identical for three-state Potts nematicity but
only in the zero-strain limit, more specifically having first-order

corrections ofﬁ thatdifferentiate the compressive-and tensile-
ag(T-T*

strain regimes. At temperatures closer to the phase transition, these
corrections will become more prominent. The extracted d.c.
strain derivative of the ECE will have amore complex relationship with
the nematic susceptibility, including an asymmetry between the
tensile-and compressive-strain regimes. Nonetheless, the ECE serves
as an informative proxy for the susceptibility of the vestigial nematic
order parameter at temperatures above the phase transitions with
respect to the strain it couples to, which is the antisymmetric E,,
strain (£, — &,)).

When strain tensor elements are induced which do not bilinearly
couple to the order parameter but instead tune the phase transition
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temperature T, the ECE also produces a signal in proximity of the
phase transition (regardless of the symmetry character of the phase
transition):

dar _ C.dre
de = ¢, de’

which is proportional to the ratio of the critical part of the heat
capacity C%, (the part shifted by strain along with T,) to the total heat
capacity of the sample C',, and the derivative of T_ with respect to
strain®. Experimentally, EC measurements necessitate the sample
to be mounted across a gap on a strain cell such that uniaxial stress is
applied, whichinducesstrainofbothE,;and A,, characters that can—in
theory—change the AFM phase transition temperature 7y for the case
of FePSe;

In Fig. 5a, the quantity d7/de,, (approximated by dividing the
amplitude of the temperature oscillations by the a.c. strain amplitude)
is plotted, with the colour scheme indicating the d.c. offset strain
estimated to be induced before cooling from 123 K (tensile in red and
compressive in blue). Not only are nematic susceptibilities (marked
by the high-temperature tail) present but heat capacity anomalies
(marked by the bumps labelled T (nematic) and T, (AFM)) are also
present, which form the double-peak structure at temperatures close
to the expected AFM phase transition. This can be interpreted as sig-
natures of two separate phase transitions that evolve differently with

d.c.strain: the higher-temperature oneis a vestigial nematic transition
marked by a peak witha corresponding susceptibility tail that broadens
intoacrossover aslarger strains are applied, and the lower peak arises
from the AFM transition’. As shown in Supplementary Information,
both transition temperatures increase linearly for both compressive
and tensile d.c. strains. This can be explained by the E,, strain play-
ing the dominant role in tuning the lower-temperature transition Ty
followed by the higher-temperature transition 7. This is because Ty
is expected to be an even function of &,, due to biquadratic coupling
terms. The sign of the peak of the signal arising from the AFM heat
capacity anomaly changes sign near the estimated zero strain, which
corresponds to the sign switching of d7,/d¢,,. Furthermore, the diverg-
ing high-temperature tail changes sign as the d.c. strain changes, indi-
cating that anematic-susceptibility-like term proportional to the d.c.
strainis being probed by this measurement.

Figure 5c displays the strain derivative of the normalized ECE,
separately extracted in compressive-, near-zero- and tensile-strain
regimes. This quantity is determined by measuring the correspond-
ing slopes of the ECE signal versus d.c. strain (Fig. 5b) and normal-
izingthem by the ratio of heat capacity to temperature. Although this
quantity corresponds to the temperature derivative of the nematic
susceptibility only in the zero-strain limit, it is still informative to fit
to a Curie-Weiss squared form (4/(T - T)?) in different strain condi-
tions. The extracted ‘susceptibilities’ (Fig. 5c, black dashed lines) are
quantitatively different between the compressive- and tensile-strain
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Table 1] Fitting parameters for the nematic susceptibilities from LD and EC measurements

Experiment Strain range Temperature range A T (o]

LD, compressive <-0.1% >110K -14.7£6.9 106.3+2.2 -1.6+0.2
ECE, compressive <-0.1% >108.2K 16.6+0.9 106.4+0.1 -0.05+0.01
ECE, near zero >-0.1% and < 0.2% >109K 19.6+1.6 106.9+0.1 -0.04+0.02
ECE, tensile >0.2% and < 0.4% >110K 17.6+1.6 107.7+0.1 -0.03+0.01

This table displays the ranges of strain and temperature in which the Curie-Weiss fit (A/(T-T*)+C) was performed for the slope of the LD with respect to strain, as well the Curie-Weiss squared

fits (A/(T-T*)?*+C) for the temperature derivative of the susceptibilities extracted from the ECE.

regimes, with the Weiss temperatures ranging from106.4 Kto107.7 K
(Table 1). These temperatures agree well with the fitting from the LD
measurements, corroborating the divergence of anematic susceptibil-
ity froman opticaland athermodynamic measurement. Furthermore,
the apparent asymmetry of the susceptibility-like quantities in the
tensile- and compressive-strain regimes determined from the ECE
measurements is not expected in an Ising system. This asymmetry is
only prevalent in systems in which odd powers of the nematic order
parameter are inherently present, like in the three-state Potts model,
as more explicitly shownin Supplementary Information.

Our results establish FePSe, as an archetypal material system in
which nematicity in a three-state Potts model can be studied. Using
both optical and thermodynamic probes, we experimentally demon-
strate that the nematic behaviour in suchamodelis distinct from that
observed in typical tetragonal systems. In particular, the nature of
the nematic fluctuations can be changed asymmetrically with strain.
Finally, superconductivity has been reported to emerge in FePSe,
as the AFM state is suppressed by pressure®. An interesting future
direction is to investigate whether there is an intimate relationship
between electronic nematicity and superconductivity in athree-state
Potts system, similar to the relationship shown in Ising-nematic
iron pnictides.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Crystal growth

Single crystals of FePSe, were synthesized by the chemical vapour
transport method using iodine as the transport agent. Stoichiomet-
ric amounts of iron powder (99.998%), phosphorus powder (98.9%)
and selenium powder (99.999%) were mixed with iodine (-1 mgcm™)
and sealed in quartz tubes (-10 cm in length) under a high vacuum.
The tubes were placed in a horizontal two-zone furnace. Large and
thin crystals (-10 x 10 x 0.01 mm?®) of FePSe, were then obtained after
quickly heating the precursor up to 800 °C for the source end and
750 °C for the sink end, dwelling for 12 h and quickly cooling down to
room temperature.

Strain measurements and strain calibration

To deterministically apply strain along certain directions of the Fe
honeycomb lattice, we first exfoliated the flakes onto polydimethyl-
siloxane slabs. We found FePSe, flakes to have a distinctive cleavage
direction when exfoliated onto substrates, as is the case with many
other van der Waals materials®, which allowed us to infer the zigzag/
armchair direction of the material from the sampleimages. The flakes
were then transferred onto thinsiliconrectangles that were adhered to
two-dimensional flexure sample plates produced by Razorbill Instru-
ments using STYCAST 2850 FT epoxy with the identified crystal axes
carefully aligned to the strain direction. Extended Data Fig. 2 shows
anopticalimage of the prepared strain sample. Strain measurements
were conducted using homebuilt strain cells®. The strength of the
applied strain to the sample was measured by tracking the Raman
shift in a silicon phonon peak (centred at ~525 cm™) as a function of
the piezo-voltage (Extended Data Fig. 3). The Raman shift was then
converted into a strain value by using the previously reported strain
shiftrate. A previous study*’ indicated that the strain shift rate of the
silicon phonon mode is an accurate measure of the applied strain to
thesample. The presented strain values have been shifted to account
for the built-in strain from sample preparation and thermal expansion
coefficient mismatchin the strain system. The built-in strainwasiden-
tified through the domain population modelling of the LD response
of the sample at the base temperature. This study was conducted
using a cold-finger cryostat from Montana Instruments. Due to the
large thermal load introduced by the cryo-strainer, there is athermal
shift for the strain samples with respect to the non-strained sample
presented. We have corrected for this thermal offset in the measure-
ments presented for the strained sample. The offset was identified by
measuring a non-strained FePSe; sample in the same measurement
scheme and noting the shiftin the transition temperature (Extended
DataFig. 3).

LD spectroscopy

The measurements were carried out in the reflection geometry.
A 633 nmHe-Nelaser was doubly modulated by a photoelastic modu-
lator with aretardance of A/2 and a mechanical chopper. After phase
modulation, the light passed through a half-wave plate and then was
focused down onto the sample at normal incidence with an objec-
tive lens. A laser power of -5 pW was used. The reflected light was
detected by a photodiode and demodulated at 100 kHz and 1 kHz,
which corresponds to the photoelastic modulator linear polariza-
tion modulation frequency and the chopper modulation frequency,
respectively. We also conducted LD spectrum measurements using
a supercontinuum laser and a tuneable filter set with 1 nm spectral
resolution. We observed abroad LD response centred atabout 620 nm
(Extended DataFig.1). The broad response allows the 633 nm laser to
provide suitable excitation energy for the measurements. LD reading
from the sample at 295 K was subtracted from the presented data to
remove background anisotropy introduced by the optical components
(Extended DataFig. 7). The LD measurement probes the nematic order
parameter (n), which is expressed in terms of the magnetic order

parameters (L, where i=1, 2 and 3, corresponding to each choice of
the zigzag AFM order)®:

n= (m,ny) & (1L + 1L, = 215" V3L - V3ILP).

Domain population model of LD signal

The LD signals of the two individual domains are described by cos(26)
and cos(2(6 +21/3)). The total LD signal is then a mixture of the two
domains:

LD (8) = f(e) cos (26) + [1 — f(€)] cos(2(0 + 21/3)),

wheref(e) represents the strain-dependent proportion of each nematic
director swept from O to 1. Extended Data Fig. 8 shows the excellent
agreement of the experimental results shown in Fig. 2a to this model.
Toexplainthetrend observedinFig.2b, weincluded the third nematic
domain with an angle of -2m/3 in the domain population model. The
overall LD signal is expressed as

LD (8) = f(g) cos (26) + (%) [1-f(e)]cos (2(6+ 2?"))

+(3) n-reoleos(z(o- )

As shown by the schematic in Fig. 2f, this model describes a situ-
ation in which the nematic domains described by cos(2(8 + 2m/3))
and cos(2(8 - 2m/3)) are degenerate and equally populated as tensile
strain is applied. Similarly, using this domain population model, we
accurately obtain the trend observed in Fig. 2b. Under compressive
strain, the zigzag spin chain aligns parallel to the strain direction as the
bond distance between Fe-Fe atoms distinctly becomes the shortest.
This strain-induced anisotropy relieves the degeneracy between the
three nematic directors, and the zigzag nematic chainaligns along the
shortest Fe-Fe bonds. Under tensile strain, rather than having a clear
direction of Fe-Fe bonds that are the shortest, two chains of Fe-Fe
bonds (rotated by 2m/3 between each other) are equivalent. These two
zigzag chains remain energetically degenerate, and the LD response
becomes a mixture of these two domains.

Raman measurement

AHe-Nelaser (633 nm) was used to excite the FePSe, sample, whichwas
placedinaclosed-cycle cryostat with temperature ranging from5Kto
300 K. The Raman measurements were polarization resolved and col-
lected by aspectrometer with aliquid-nitrogen-cooled charge-coupled
device camera (Extended DataFigs. 5and 6).

EC measurements

For the EC measurements, a commercial Razorbill CS100 strain cell
was used toinduce strainto the samples, which were cut 90° from the
crystal facetsto be approximatelyl mm x 0.4 mm x 0.02 mminsize.
The samples were secured between two sets of mounting plates using
STYCAST 2850 FT epoxy, which were screwed into the strain cell, to
have agap of approximately 0.7 mm. Ana.c. voltage of 5V root mean
squared at 14 Hz was applied to the outer piezoelectric stacks of the
strain cell, which corresponded to applying an a.c. displacement
of the sample of approximately 0.01% of its length. This frequency
was experimentally determined by measuring the EC signal at 120 K
for frequencies in the range of 5-50 Hz and choosing the frequency
with the largest response. This implied that the frequency was at
the plateau of the relevant thermal transfer function, which did not
observably shift in the temperature range measured. The d.c. volt-
ages were applied to the inner piezoelectric to reach a strain range
of 0.7%. To approximate the strain that the sample experienced, the
capacitance of the displacement sensor built into the strain cell was
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measured, which provided the relative displacement of the sample
plates; the obtained value was then divided by the length of the gap.
This, however, only approximated &,, of the sample as it assumes
100% strain transmission.

The temperature fluctuations in the sample induced by the a.c.
strainwere measured using ahome-made type E (chromel-constantan)
thermocouple. The chromel and constantan wires (50 pm diameter)
were thermally anchored to an outer part of the strain cell and silver
pasted together to the sample (Fig. 5c, inset). The voltage between
the two wires was measured with an SR860 lock-in amplifier at the
frequency of the strain being applied to obtain the amplitude of the
temperature fluctuations.

Data availability

The datasets generated during and/or analysed during this study are
available from the corresponding authors upon reasonable request.
Source data are provided with this paper.
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Extended Data Fig. 1| Linear dichroism spectrum. Linear dichroism signal as dependent LD response is possibly due to aresonance effect with a d-d electronic
afunction ofincident photon energy for a thin-bulk FePSe; sample at 5K. The transition. Previous measurements on FePS, showed similar enhancement of LD
spectrum shows abroad LD response centered around 2 eV. The photon energy response at known d-d transitions.
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Extended Data Fig. 2| Strain apparatus and crystal response to strain. Schematic of the strain cell used for the strain measurements and optical image of a
representative strain sample. The crystal zigzag direction was aligned along the strain direction.
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Extended Data Fig. 3| Strain calibration using Si phonon mode and Thermal versus temperature for anon-strained, thin bulk FePSe; flake on the strainer
calibration. a, Raman spectra of the silicon Raman mode centered around setup, showing the shift (-10 K) in the transition temperature due to theincreased

525 cm™with-80 V (blue) and 80 V (red) applied to the strain cell. b, Raman shift thermalload of the strainer. The x-axis shows the nominal thermocouple reading.
of the silicon Raman mode as a function of the piezo voltage. ¢, Linear dichroism
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Extended DataFig. 4 | Linear dichroism spatial mapping. a, Nematic directors
(represented by the white arrows) at each sampled point overlaid on top of the
reflection raster map for various piezo voltages. The raster map was scanned
over 28 um x 14 um area with 1 um step sizes. The maximally negative voltage
corresponds to the highest compressive strain applied. Scale bar: 5 um.
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The absence of distinct nematic domains, which are separated by 2r/3, across the
sample demonstrates that the results of Fig. 2a, b are not a product of our probe
beam concomitantly sampling adjacent nematic domains. b, Optical image of the
measured strain sample. The red box represents the area which the LD mapping
was measured, and the black arrow shows the strain direction. Scale bar: 5 pm.
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Extended Data Fig. 5| Polarization-resolved Raman spectroscopy of the
strain FePSe; sample. a, Raman response of a thin-bulk flake at two thermal
points. Labelled peaks (P1, P2, and P3) correspond to Raman modes associated
with the zigzag AFM order. b, ¢, Co-linearly polarized Raman scattering as the
incident polarizationis rotated for compressive (120 V) and tensile (90 V)
strain, respectively.d, e, Polar plot of the integrated intensity of the Raman mode

labelled P1superimposed onto zigzag orders at compressive (d) and tensile

(e) strain. P1Raman mode exhibits a four-fold symmetry that is rotationally
separated by /4 with respect to the zigzag order. Thus, a 2m/3-shift in the zigzag
order would resultin a /6-shift in the incident polarization dependence of the
Raman mode.
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Extended Data Fig. 7| Raw data and background subtraction. The pink curves represent the raw LD response observed from the sample. The
a,b, Polarization-dependent LD responses at 35 Kand 160 K, respectively. The blue curves are the LD response after subtracting the background response from

black curves represent the background LD response from the sample at 295 K. theraw data.
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Extended Data Fig. 8 | Domain Population Model Fitting. a, Polarization-dependent LD response shown in Fig. 2a. b,c, LD responses and corresponding fit to
function, LD(0) = f(g) cos(20) + [1 —f(g)] cos(2(0 + 2m/3)), to extract f(¢) at -0.033% and 0% strain, respectively. d, f(¢) versus strain for LD response shown in Fig. 2a.
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