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Spontaneous orbital polarization in the 
nematic phase of FeSe

Connor A. Occhialini    1,3, Joshua J. Sanchez1,3, Qian Song1, Gilberto Fabbris    2, 
Yongseong Choi    2, Jong-Woo Kim    2, Philip J. Ryan2 & Riccardo Comin    1 

The origin of nematicity in FeSe remains a critical outstanding question 
towards understanding unconventional superconductivity in proximity to 
nematic order. To understand what drives the nematicity, it is essential to 
determine which electronic degree of freedom admits a spontaneous order 
parameter independent from the structural distortion. Here we use X-ray 
linear dichroism at the Fe K pre-edge to measure the anisotropy of the 3d 
orbital occupation as a function of in situ applied stress and temperature 
across the nematic transition. Along with using X-ray diffraction to precisely 
quantify the strain state, we reveal a lattice-independent, spontaneously 
ordered orbital polarization within the nematic phase, as well as an orbital 
polarizability that diverges as the transition is approached from above. 
These results provide strong evidence that spontaneous orbital polarization 
serves as the primary order parameter of the nematic phase.

Symmetry-breaking phase transitions in strongly correlated electron 
systems are characterized by their structural and electronic (spin, 
charge and orbital) degrees of freedom1. In electronically ordered 
phases, these degrees of freedom become intertwined, making an 
experimental determination of the leading interaction challenging. 
One striking example of this complex interplay is nematicity, an elec-
tronically driven rotational symmetry breaking that is widely observed 
in iron-based superconductors2. While static nematic order is found 
to compete with superconductivity in iron pnictide materials such as 
Co-doped BaFe2As2 (refs. 2–4), it may actually help stabilize supercon-
ductivity in the chalcogenide FeSe (ref. 5). Thus, understanding the 
origin of nematic order in each class is essential for understanding the 
nature of superconductivity6. Despite sustained efforts, a persistent 
question is whether nematicity is driven by the spin or orbital degree 
of freedom, the answer to which has remained elusive due to the com-
plexity of the microscopic relationship between the degrees of freedom 
and the nematicity-induced structural anisotropy.

The central difficulty in addressing the orbital degree of free-
dom arises from its close association with the lattice symmetry. This 
problem is important not just to nematicity in iron-based supercon-
ductors, but also to phenomena as diverse as Jahn–Teller distortions 
in transition-metal oxides1,7 and quadrupolar 4f ordering in heavy 
fermion materials8,9. In this work, we introduce a general methodology 

to distinguish the orbital and lattice degrees of freedom by combining 
in situ tunable strain with X-ray linear dichroism (XLD) and X-ray diffrac-
tion (XRD), to directly probe the orbital polarization and strain state of 
the lattice, respectively. We use this methodology to provide the most 
direct evidence that orbital ordering drives the nematic transition in 
the iron-based superconductor FeSe.

FeSe displays a nematic transition at Ts = 90 K, which results in a 
small lattice orthorhombicity and a large anisotropy in both orbital 
occupation and spin fluctuations, as demonstrated by many tech-
niques10–20. While elastoresistivity measurements have identified an 
electronic driver for the nematic transition16,21–24, this technique alone 
cannot uniquely identify the driving interaction25,26. The primary role 
of the orbital degree of freedom in the nematic phase has been sug-
gested by nuclear magnetic resonance (NMR)10,12 and angle-resolved 
photoemission spectroscopy (ARPES)13–16 measurements that reveal 
anisotropy between the Fe ||3dxz⟩  and ||3dyz⟩  orbitals. Meanwhile,  
nematicity in the iron pnictide materials is widely thought to result as 
a vestigial order of antiferromagnetism2, and spin-driven nematic 
fluctuations likely play a major role in the enhancement of supercon-
ductivity. However, this spin-nematic model for FeSe is fundamentally 
challenged by the absence of long-range antiferromagnetic order and 
by the preservation of nematic order while spin fluctuations are sup-
pressed below the superconducting transition temperature11,12. 
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coupling between the lattice and electronic degrees of freedom, which 
is key for understanding what drives the system into a nematic state. 
Furthermore, any strain applied above the transition induces anisot-
ropy where there is none spontaneously, while within the ordered 
phase, any excess strain applied beyond full detwinning will increase 
the anisotropy beyond the spontaneous value. Thus, it is necessary to 
observe the behaviour of the electronic anisotropy as a function of both 
strain and temperature across the nematic transition29,30.

Here, we address this question using strain-dependent XLD at the 
Fe K pre-edge to probe the local orbital degree of freedom at the Fe 
site and determine the Fe 3d orbital polarization in the nematic state. 
We use in situ tunable applied stress to precisely detwin the structural 
domains and further strain the lattice. These XLD measurements, along 
with supporting XRD measurements to quantify the strain state, allow 
us to determine a robust relationship between the orbital and lattice 
degrees of freedom as a function of strain and temperature across the 
nematic phase boundary. A key result of this work is the observation of 
a saturating XLD signal beyond full detwinning in the nematic phase. 
This suggests a spontaneously ordered orbital polarization that serves 
as a primary nematic order parameter, analogous to a saturating mag-
netization in a ferromagnet. Further, both the strain susceptibility of 
the orbital polarization (the orbital polarizability) and the simultane-
ously measured elastoresistivity diverge on approach to the transition 
from above, consistent with local nematic fluctuations driven by the 
orbital degree of freedom. While these measurements do not address 
the spin degree of freedom directly, the transport measurements reveal 
a secondary source of resistivity anisotropy attributed to anisotropic 
scattering by spin fluctuations, which is activated only below Ts and is 
enhanced with increasing orthorhombicity in a strain regime where 
the orbital polarization is saturated. These measurements thus isolate 
the critical role of the orbital degree of freedom in the nematic phase 
of FeSe and provide direct evidence that nematicity is primarily driven 
by orbital order.

X-ray absorption and XLD spectra in detwinned 
FeSe
We performed measurements on two samples from the same crystal 
growth batch. The crystals were cut into rectangular bars with edges 
parallel to the orthorhombic a and b directions (Supplementary  
Fig. 1). The samples were then mounted on a titanium support plat-
form as described in the literature23,31 and fit with transport leads in 
a four-wire geometry for determining the longitudinal resistivity ρxx 
along the applied stress direction (Fig. 1b). Uniaxial stress was applied 
to the platform with a Razorbill CS130 strain cell, with the nominal 
strain ϵxx determined by the capacitance strain gauge on the stress 
device (Methods).

Sample 1 was initially cooled to temperature T = 25 K under  
moderate tensile stress (ϵxx ≈ 0.1%), which partially detwins the struc-
tural domains that form below Ts. We define the structural A domain  
(B domain) as that with the longer a (shorter b) lattice constant aligned 
parallel to the stress axis (Fig. 1a). The inset to Fig. 1c shows an XRD 
measurement of the (114) reflection, revealing a 75% detwinning state, in 
agreement with the predicted detwinning given the 0.23% orthorhom-
bicity. Figure 1c shows the Fe K-edge X-ray absorption spectra (XAS), 
taken at normal incidence with incident linear horizontal (LH) or ver-
tical (LV) polarizations (parallel to a or b in the tensionally detwinned 
state, respectively) and normalized to the main edge jump (Methods). 
The near-edge structure shows three features labelled A, B or C, con-
sistent with previous studies32–34. We report the associated in-plane 
XLD spectrum in Fig. 1d, defined as the difference of the LV and LH 
intensities, ILV − ILH (further XLD characterization is in Supplementary 
Figs. 2–4).

The Fe K-edge resonance results from dipole-allowed transitions 
from Fe 1s to Fe 4p states, with admixed Fe 3d and Se 4p/4d orbital 
character due to hybridization. Feature B is the usual main edge of this 

Intriguingly, these strong spin fluctuations may nonetheless be key to 
the enhancement of superconductivity while having only a minimal or 
subdominant role in the formation of nematic order27.

The investigation of nematicity is challenging due to the presence 
of structural twin domains, which form below the nematic transition 
and cause bulk probes to average out the electronic anisotropy. Several 
recent works have used fixed applied strain to (partially or fully) detwin 
the nematic domains and probe the spin or orbital anisotropy18,20,28. 
However, a fixed-strain methodology cannot assess the nature of the 
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Fig. 1 | Strain apparatus and XLD spectroscopy in FeSe. a, The orthorhombic 
unit cell of FeSe, defining the a and b orthorhombic axes and the orientation of 
the ||3dxz⟩ and ||3dyz⟩ orbitals (A domain). b, Schematic of the strain apparatus  
and sample, with polarization states (LH or LV) for normal incidence dichroism 
measurements. c, Sample 1, the Fe K-edge XAS profile at T = 25 K under tension 
(ϵxx ≈ 0.1%). The inset shows the XRD intensity of the (114) reflection vs diffraction 
angle, revealing partial detwinning towards the A domain. d, The corresponding 
XLD spectrum with error bars determined from the standard deviation of 
repeated scans (n = 5; Methods).
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transition32,33. Higher incident energies (peak C) are dominated by 
non-local effects including multiple scattering and encode Fe 4p and 
Se 4d hybridization. Thus, feature C is sensitive to the Fe–Se bond 
length and long-range structural distortions33,34. A lower incident 
energy favours increasingly local electronic states around the absorb-
ing Fe atom35,36, and the pre-edge (peak A) coincides with the unoccu-
pied Fe 3d density of states near the Fermi level. Due to the local 
tetrahedral symmetry, the ||3dxz⟩ (||3dyz⟩) orbital exhibits strong on-site 
hybridization with ||4py⟩ (|4px⟩) states37–40, giving access to 3d orbitals 
through dipole transitions at the pre-edge (Supplementary Figs. 5–8). 
In this picture, the positive pre-edge XLD in the tensionally detwinned 
state (Fig. 1d) corresponds to a more occupied ||3dyz⟩ state (Fig. 1a), in 
agreement with the Γ-point occupation anisotropy seen in ARPES13,14,28.

Spontaneous orbital polarization
We now discuss the simultaneously recorded XLD, XRD and elastoresis-
tivity data collected at fixed strain values on a compressive-to-tensile 
strain sweep in sample 1 at T = 50 K (Methods). Figure 2a–d shows the 
XLD spectra as a function of strain. The XLD intensity at each XAS 
feature is strain tunable and reverses sign between compression and 
tension, consistent with the detwinning of nematic domains. The inte-
grated XLD intensity of the pre-edge peak is plotted versus strain in  
Fig. 2d. The XLD value increases rapidly before saturating at larger 
strain, with the saturation occurring near ϵxx ≈ 0.14%.

On the same strain loop, we used XRD to measure the strain 
response of the A domain’s a and c lattice constants, from which 

we determine the unidirectional strains Δa/a0 and Δc/c0 shown in 
Fig. 2e,f, where a0 and c0 are the zero-strain values of the lattice con-
stants. The lattice constants exhibit a weak response to small strain 
before changing rapidly at large tensile strain, indicating a detwin-
ning strain of ϵxx ≈ 0.14%, denoted by red vertical lines in Fig. 2. Thus, 
strains below the detwinning point act to reorient nematic domains 
with only a negligible effect on the lattice constants of an individual 
domain41. The assignment of the detwinning point is corroborated by 
the disappearance of the B domain twin peak at the (114) reflection 
(Supplementary Figs. 9 and 10). The crossover in the monodomain 
lattice response is also concomitant with a sign change in the slope of 
the simultaneously measured resistivity (Fig. 2g), discussed in more 
detail in the following.

We thus find that the saturation of the pre-edge XLD coincides 
with the full detwinning of the sample. By contrast, the higher energy 
XLD features continue to increase with tension past the detwinning 
point (Fig. 2b,c and Supplementary Fig. 4). This suggests that the higher 
energy XLD features probe the net lattice anisotropy between the ̂x  
and ̂y  directions (Fig. 1b), which changes with both detwinning and 
strain-enhanced orthorhombicity. Indeed, the structural contributions 
to the XLD are linear in the orthorhombicity and well-captured by 
multiple scattering calculations42 (Supplementary Figs. 5–7). From 
these considerations, we conclude that the saturating pre-edge XLD 
signature (with integrated value Δn) corresponds to a lattice- 
independent, spontaneous polarization of Fe 3d orbitals that is only 
weakly coupled to further structural distortion.
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Fig. 2 | Strain-dependent X-ray measurements in the nematic phase. X-ray 
measurements versus strain on sample 1 at T = 50 K. a, The Fe K-edge XAS profile 
for polarizations LH ∥ a and LV ∥ b, with the integration regions for the features  
A, B and C noted. b, In-plane XLD spectra as a function of increasing strain  
from −0.05% (bottom) to 0.30% (top). Error bars represent the standard 
deviation of repeated scans (n = 2). c, Colour map of the strain-dependent in-
plane XLD spectra in b. d, The integrated XLD intensity of the pre-edge A (Δn) 
as a function of applied strain with error bars corresponding to propagated 

error from the XLD spectra in b. e,f, XRD measurements of the [110] direction 
(e; parallel to applied strain) and [001] direction (f; out of plane) lattice strains 
versus nominal linear strain ϵxx. Error bars represent the standard error from 
Gaussian fits to XRD peaks. g, Elastoresistance measurements (ρxx/ρxx,0 vs ϵxx, 
where ρxx,0 is the zero-strain value) recorded simultaneously with XLD and XRD 
data, showing a sign reversal at the detwinning point, ϵxx ≈ 0.14%, denoted by the 
vertical red dashed lines in panels c–g. All measurements reported in a–g are 
taken at identical strain conditions.
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To further associate the orbital polarization with the emergence 
of nematicity, we performed XLD measurements on sample 2 as a func-
tion of strain and at fixed temperatures above and below the nematic 
transition. We plot Δn versus strain in Fig. 3c,d. At a given tensile strain 
value, Δn clearly increases with decreasing temperature, while at a 
given temperature the susceptibility is maximum near zero strain. 
Using a combination of XRD and optical birefringence measurements 
(Supplementary Figs. 11 and 12), we identify the approximate detwin-
ning strain point at each temperature below Ts, which coincides with 
the inflection point of Δn. These data indicate an orbital polarization 
that develops with decreasing temperature below Ts with a diminishing 
strain susceptibility beyond full detwinning (Supplementary Fig. 13).

Finally, we characterized the orbital polarizability above the 
nematic transition in sample 1. To do so, we measured the tempera-
ture dependence of Δn at a moderate fixed tensile strain of ϵxx ≈ 0.2%  
(Fig. 4a). The constant linear strain state is confirmed by XRD measure-
ments, and a fixed orthorhombicity is suggested by the constancy of 
peak C in the XLD spectrum between 120 K and 90 K, which encodes 
the structural orthorhombicity (Supplementary Fig. 14). Over this same 
temperature range, the peak A XLD (Δn) increases strongly (over a fac-
tor of two) before saturating for T < Ts. This is quantified with a Curie–
Weiss analysis for T > Ts, revealing a Curie temperature T* = 62.5 ± 5 K 
(Fig. 4a), thus identifying a divergence of Δn as Ts is approached from 
above. Since this divergence occurs under fixed lattice conditions, 
we understand Δn as originating from a strain alignment of diverging 
orbital-origin nematic fluctuations and not as a secondary orbital 
response to the lattice distortion. Below Ts, the XLD signal appears 
to be nearly saturated, even up to the transition itself, which is due to 
both domain detwinning and additional strain-induced orbital polari-
zation. This demonstrates that a fixed-strain methodology cannot 
capture the continuous onset of the spontaneous order parameter, 
which instead requires a fixed-temperature variable-strain approach 
as in Figs. 2 and 3.

The combined strain dependence and temperature dependence 
reveals two distinct pieces of evidence regarding the nature of the meas-
ured orbital polarization. On one hand, the strain-dependent curves 
as a function of temperature directly show that a lattice-independent, 
spontaneously ordered orbital polarization emerges in the nematic 
phase (Fig. 3e, top). At the same time, the strain susceptibility of 
the orbital polarization shows a divergence under fixed-strain con-
ditions above Ts (Fig. 3e, bottom). This behaviour is reminiscent of 
the magnetization across a paramagnetic to ferromagnetic transi-
tion, with the magnetic field being replaced by an antisymmetric 
strain as the poling field, and associates the orbital polarization with 
the primary order parameter of the nematic phase. Therefore, the 
effect of strain far below the transition is only to reorient ‘nematic 
moments’ that are fixed in magnitude and orientationally locked to 
the underlying structure. Evidence for such a scenario is supported 
by X-ray pair distribution function experiments43, which associate 
local nematic moments with a short-range-ordered orbital degen-
eracy lifting that persists far above the nematic transition, consistent 
with the temperature dependence and strain dependence above Ts in  
our experiments.

Signatures of orthorhombicity-coupled spin 
fluctuations
These conclusions are further supported by simultaneous elas-
toresistivity measurements, which reveal a close correspondence 
between the orbital polarization and the resistivity anisotropy above 
Ts that breaks down within the nematic phase. In Fig. 4b, we show the 
temperature-dependent elastoresistance collected simultaneously 
with the fixed-strain XLD measurements (Fig. 4a). Above Ts, the resistiv-
ity anisotropy (Δρxx/ρxx,0, where ρxx,0 is the zero-strain value) diverges 
with a Curie–Weiss temperature dependence towards T* ≈ 61.4 ± 3.1 K, 
consistent with previous elastoresistivity measurements23,44 and in 
close correspondence to the Curie temperature of Δn (T* = 62.5 ± 5 K). 
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optical birefringence measurements (Methods and Supplementary Figs. 11  
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detwinning point. d, The same data in c plotted together to highlight the 
temperature dependence and strain dependence. XLD error bars are as 
defined in Figs. 1 and 2. e, Above the nematic transition (T > Ts, top), the orbital 
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indicating it is not driven by the lattice distortion.
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Below Ts, Δn saturates while Δρxx/ρxx,0 decreases rapidly, implying a 
breakdown in the orbital–transport correspondence.

This is highlighted in more detail in Fig. 4c (inset), where we plot 
Δρxx/ρxx,0 versus Δn from Fig. 2d,g for sample 1 at T = 50 K (Supplemen-
tary Figs. 15–18). Here the resistivity increases linearly with the orbital 
polarization up to the detwinning point, beyond which it decreases rap-
idly with increasing strain even while the XLD value remains saturated. 
Equivalent data in sample 2 show the same orbital–transport linearity 

up to full detwinning, with a strongly temperature-dependent propor-
tionality (Supplementary Fig. 16). In Fig. 4c we plot the slope of Δρxx/ρxx,0 
versus Δn from both samples across temperature and phase, for both 
fixed-strain temperature sweeps and fixed-temperature strain sweeps 
within the detwinning strain regime (Supplementary Figs. 15–18). We 
find a positive and weakly temperature-dependent orbital–transport 
proportionality above Ts, which rapidly diminishes below the transition, 
with a sign change near T = 40 K. Taken together, these results suggest 
a second source of elastoresistivity that becomes dominant only below 
Ts and at strains beyond full detwinning.

The elastoresistivity encodes information from several distinct 
but ultimately intertwined sources: orbital polarization primarily cre-
ates anisotropy in the Drude weight, while spin fluctuations primarily 
create anisotropy in the scattering rate22,25,26,45–47. Thus, orbital and spin 
contributions to the elastoresistivity can behave independently. Our 
simultaneous XLD and transport measurements enable us to show 
that the resistivity has a component that closely corresponds to the 
orbital polarization, both above Ts and within the detwinning strain 
regime below Ts. We propose that the second component of the elas-
toresistivity originates from spin scattering. FeSe exhibits the same 
stripe-type spin fluctuations as those found in iron pnictide materi-
als10,12,17,18,20, which are thought to drive the large negative elastoresis-
tivity in the latter. In the non-magnetically ordered nematic phase of 
FeSe, a strain-enhanced orthorhombicity is expected to enhance the 
anisotropy of the spin fluctuations24,48 and their effect on transport 
anisotropy30,46, reflecting the propensity of the system to undergo a 
putative stripe-type magnetic transition. This then can explain both 
the decreasing magnitude of the elastoresistivity below Ts as well as 
the distinct proportionality in the detwinning and post-detwinning 
strain regimes (Supplementary Fig. 11). A strain–transport study of 
FeSe using a more direct probe of spin fluctuations with a tunable strain 
state would be needed to confirm this scenario.

Discussion
Due to the intertwined nature of spin and orbital degrees of freedom, 
two general routes have been invoked to explain the nematicity in FeSe. 
In the spin-nematic picture, divergent orbital-selective spin fluctua-
tions drive the nematic ordering and consequently induce a splitting 
between the ||3dxz⟩  and ||3dyz⟩  bands. Our observation of (1) a large 
nematic-phase spontaneous orbital polarization, (2) its divergence 
behaviour above Ts and (3) the direct correspondence between the 
orbital polarization and the transport anisotropy above Ts overall sug-
gests that nematicity is instead driven by orbital order.

In this case, the increasing Fermi surface anisotropy below Ts 
enhances strongly anisotropic spin fluctuations (as evidenced by our 
elastoresistivity analysis), which can themselves act as a mechanism for 
a further momentum-dependent evolution of the Fermi surface13,45,49. 
The change of the Fermi surface topology and orbital content at the 
hole and electron pockets observed by ARPES13,14, the associated sup-
pression of B1g charge fluctuations in Raman measurements19,50, the 
increase of the spin-relaxation rate in NMR12, the abrupt sign change 
in the Hall coefficient24,51 and the unusual sign-changing elastoresis-
tivity16,21,24, all manifesting only below Ts, may be the clearest signs of 
this effect. This sequence of events, where orbital-dependent spin 
fluctuations are triggered below Ts by the onset of nematicity driven 
by spontaneous orbital order, may reconcile the apparently dispa-
rate conclusions reached by previous studies and is consistent with 
our experimental observations. Indeed, inelastic neutron scattering 
has shown that the spin frustration between Néel order (with C4 rota-
tional symmetry) and stripe-type order (with C2 rotational symme-
try) is partially lifted by the nematic transition and its accompanying 
orthorhombic structural distortion52. Thus, our proposed notion of 
orthorhombicity-stabilized spin fluctuations is consistent with the 
available experimental evidence from more direct probes of the spin 
degrees of freedom17,18,20,52, although additional data using the tunable 
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strain methodology introduced here are required to assess how spin 
fluctuations modulate the properties of the orbital nematic state.

Finally, several observations stand as key indicators that nematic-
ity and superconductivity are driven by distinct degrees of freedom 
in FeSe. Below the onset of superconductivity, spin fluctuations are 
diminished for both Co-doped BaFe2As2 (ref. 4) and FeSe (refs. 12,17), 
but the orthorhombicity is suppressed only for the former3 while being 
apparently unaffected in the latter11. Furthermore, optimal supercon-
ductivity is not found in the vicinity of the nematic quantum critical 
point in FeSe under hydrostatic pressure53 or S doping21,27, in contrast to 
the iron pnictides. This may be naturally understood in our interpreta-
tion of orbital nematicity, as this regime of the phase diagram does not 
then correspond to the critical spin fluctuations thought to drive the 
unconventional pairing in the pnictides2. Instead, the presence of an 
orbital nematic state may affect other aspects of superconductivity 
in FeSe, including the anisotropy of the superconducting gap and the 
orbital dependence of the pairing state5,54. These results disentangle 
spin fluctuations from nematicity in FeSe, and thus allow a refocusing 
towards the more relevant part of the phase diagram for optimizing 
chalcogenide superconductivity.
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Methods
Sample preparation
Single crystals of FeSe with typical dimensions of 2.0 mm ×  
2.0 mm × 0.05 mm were grown using the KCl–ACl3 flux method as 
described in ref. 17. The resulting samples were cut with a laser cutter 
with a wavelength λ = 1,064 nm (spot size of 10 μm) into rectangular 
bars with dimensions of 1.0 mm × 0.15 mm with the long axis along the 
tetragonal [110] (orthorhombic a) direction. The samples were then 
mounted onto prefabricated titanium platforms (following the speci-
fications outlined in refs. 23,31) using Stycast 2850LT epoxy and cured 
at 80 °C for 12 hours. After the epoxy was cured, the sample surface was 
cleaved several times to reduce the thickness to ≈25 μm, and 25 μm gold 
wires were affixed near the ends of the long axis of the sample (Fig. 1b 
and Supplementary Fig. 1) in a four-wire geometry using Epotex H20E 
silver epoxy. The silver epoxy was cured in a nitrogen-filled glove box 
at 120 °C for 15 minutes for sample 2 and at 80 °C in ambient conditions 
for 2 hours for sample 1. The Ti platform with the wired FeSe bars was 
then fastened to a Razorbill CS130 strain cell.

XAS, XLD and XRD measurements
X-ray absorption and diffraction measurements were performed at the 
4-ID-D endstation of the Advanced Photon Source, Argonne National 
Laboratory. The strain cell was mounted into an Advanced Research 
Systems Displex closed-cycled cryostat with a base temperature 
T ≈ 10 K. The cryostat was mounted in a six-circle diffractometer to 
allow sample manipulation for XRD, as well as precise alignment of 
the incident beam to the surface normal of the sample for in-plane XLD 
measurements. XAS spectra were recorded in partial fluorescence yield 
at the Fe Kα emission line in a quasi-backscattering geometry with a 
Hitachi Vortex detector. The incident energy was varied across the Fe 
K-edge resonance, and at each incident energy, the polarization was 
rapidly switched between linear polarization states using diamond 
phase plates in the sequence LV/LH/LH/LV in order to determine the 
linear dichroism spectrum with a high signal-to-noise ratio.

All reported XAS spectra were normalized to the main edge 
jump using reference XAS/XLD spectra acquired up to 7.140 keV. The 
reported XLD value was calculated as the direct difference of the nor-
malized XAS spectra at different polarizations. For the high-statistics 
near-edge XLD spectra used for Figs. 2 and 3, two to three spectra 
were acquired back to back and averaged, in the energy range of 
7.107–7.121 keV with a step size of 250 meV. The standard deviation of 
these subsequent scans was used for the error bars of the XLD data. 
XRD measurements were performed with an incidence energy above 
the Fe K-edge resonance, with an energy of 7.200 keV and 7.400 keV 
for sample 1 and sample 2, respectively. The X-ray measurements 
were performed with a beam size of 50 × 50 μm2 and were bulk sensi-
tive, and thus averaged over multiple twin domains when present22 
(Fig. 3a,b).

Strain–temperature sweep procedures
All data reported were taken by sweeping the voltage of the piezo stacks 
of the strain device continuously from maximum compression to maxi-
mum tension. Before changing temperature, the voltage on the piezo 
stacks was fixed to zero. This ensured a consistent nominal zero-strain 
capacitance reading throughout the experiment. Once at the target 
temperature, the sample would be initialized by moving to maximum 
tension and then back to maximum compression before initializing the 
sweep. This consistent initialization procedure accounts for any effects 
of detwinning hysteresis or hysteretic effects of the piezo-actuators 
or Ti bridge, ensuring consistent and comparable strain-dependent 
measurements throughout the experiment. We further note that as 
we directly control the total length of the sample via applying stress 
to the titanium platform, we do not directly observe hysteresis in the 
detwinning process, in contrast to the methodology involving a sample 
suspended over a gap as in ref. 41.

For the strain sweep data in Fig. 2, the sample was initialized with 
the above procedure at T = 50 K, and strain was increased monotoni-
cally from maximum compression to tension. At each strain point, 
XAS and XLD spectra at normal incidence and XRD measurements of 
the (114) and (004) reflections were performed at an identical strain 
condition before moving to the next increased tensile strain point. 
The resistivity values were stable at fixed strains, and the reported 
resistance values were averaged over the duration of corresponding 
XLD measurements.

For the XLD temperature dependence recorded in sample 2  
(Fig. 3), the measurements were completed from the same, single cool 
down of the cryostat, starting at low temperature (10 K) and increasing 
monotonically to the highest measured temperature (150 K). Reported 
resistance measurements were again averaged over the duration of 
the XLD measurements, and thus the reported quantities are under 
identical strain conditions. XRD measurements were also performed 
in sample 2. These were performed on subsequent strain loops at the 
same temperature conditions, immediately after the XLD/resistance 
strain loops. The sample was consistently initialized, and separate 
strain sweeps following the same compressive-to-tensile strain loop 
as the XLD measurements were repeated for separate measurements 
of the (114) and (004) reflections.

Determination of nominal strain
All reported data are plotted versus nominal linear strain ϵxx. For XLD 
measurements, the nominal zero strain was determined by the capaci-
tance read-out of the strain cell gap corresponding to the interpolated 
value for zero XLD signal, signalling a fully twinned sample below Ts, or 
an unstrained tetragonal phase above (Supplementary Fig. 15). Since 
XLD is bulk sensitive, this provides the most consistent measure of the 
true zero-strain value. The conversion of the change in the strain cell 
gap distance with respect to this zero, monitored by the change in the 
capacitance across the gap, was determined by strain transmission data 
at T = 90 K of the [110] lattice parameter, calculated from the combined 
XRD values of the (114) and (004) reflections. The temperature T = 90 K 
was chosen for strain transmission data since the lack of orthorhombic 
domains results in a linear strain transmission, as opposed to the highly 
nonlinear effects observed within the nematic phase (Fig. 2e,f) due to 
details of the detwinning process.

Optical birefringence measurements
Optical birefringence and additional elastoresistivity data were 
acquired on sample 2 with identical sample preparation conditions (no 
change in the strain cell, mounting or wiring). Polarized images were 
acquired using a monochrome camera with a broadband light-emitting 
diode light source that was passed through a λ = 600 nm long-pass 
filter (ThorLabs) in order to increase the birefringence contrast22. The 
incident light was polarized with a broadband Glan–Thompson polar-
izer (Thorlabs) along the tetragonal [100] direction (bisection of the 
orthorhombic axes). To resolve the birefringence-induced polariza-
tion rotation, another Glan–Thompson polarizer was placed before 
the camera and detuned by ≈1° from the cross-polarized configura-
tion (with respect to the polarizer) in order to optimize the birefrin-
gent domain contrast. The images were recorded using both ×20 and  
×50 objectives (Olympus).

Data availability
Data associated with this paper are available on the Harvard Dataverse 
at https://doi.org/10.7910/DVN/SGZVX7.
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