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As a foundation of condensed matter physics, the normal states of most metals are 

successfully described by Landau Fermi liquid theory with quasi-particles and their 

Fermi surfaces (FSs). The FSs sometimes become deformed or gapped at low 

temperatures owing to quasi-particle interactions, known as FS instabilities. A notable 

example of a FS deformation that breaks only the rotation symmetry, namely 

Pomeranchuk instability, is the d-wave FS distortion, which is also proposed as one 

possible origin of electron nematicity in iron-based superconductors. However, no clear 

evidence has been made for its existence, mostly owing to the mixture of multiple orders. 

Here we report an unequivocally observation of the Pomeranchuk nematic order in 

floating monolayer (ML) FeSe on 1 ML-FeSe/SrTiO3 substrate. By using angle-resolve 

photoemission spectroscopy, we find remarkably that the dxz and dyz bands are 

degenerate at the Brillouin zone center ( point), while their splitting is even larger at 

zone corner (M point), in stark contrast to that in bulk FeSe. Our detailed analysis show 

that the momentum-dependent nematic order in floating monolayer FeSe is coming 

from the d-wave Pomeranchuk instability at M point, shedding light on the origin of the 

ubiquitous nematicity in iron-based superconductors. Our results establish the single-

layer high-Tc superconductors as an excellent material platform for investigating 

emergent quantum physics under complex intertwinement. 

Electronic nematicity is defined as the breaking of the lattice rotational symmetry but 

preserving the translational symmetry in the electronic degrees of freedom. This phenomenon 

has attracted much attention for its ubiquity in strongly correlated systems, especially in 

copper oxide superconductors [1,2] and iron-based superconductors [3-6]. The origin of 

nematic order has been argued to be connected to the microscopic mechanism of 

unconventional superconductivity in iron-based superconductors [6,7,8], as reflected in  their 

intimate relation revealed in the phase diagram.  Phenomenologically, there are two types of 

nematic order in FeSe: Pomeranchuk instability induced FS distortion [8] and ferro-orbital 

order [9] owing to the occupation imbalance caused by the an isotropic lifting of the 

degeneracy of two atomic orbitals related by rotation symmetry. For Pomeranchuk instability 
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[10], the angular momentum 𝑙=2 quasiparticle interaction deforms the FS and leads to 

rotation symmetry breaking nematic order as shown in Fig.1a. Owing to crystal symmetry, 

the 𝑙 = 2  deformation corresponds to a d-wave (𝑐𝑜𝑠𝑘𝑥 − 𝑐𝑜𝑠𝑘𝑦)  form factor, which 

indicates a vanishing nematic splitting gap at  point and maximum nematic gap at M point 

(  = 0, M    0). On the other hand, the rotation symmetry always conserves the occupation 

degeneracy in symmetry related orbitals. For example, C4 symmetry requires the charge 

density 𝑛𝑥𝑧 = 𝑛𝑦𝑧 in FeSe. Therefore, a ferro-orbital order from the onsite energy difference, 

∆𝐹𝑂(𝑑𝑥𝑧
+ 𝑑𝑥𝑧 − 𝑑𝑦𝑧

+ 𝑑𝑦𝑧), will induce a nematic order with homogeneous gaps ( = M  0) as 

shown in Fig.1b. Since both of them belong to the same symmetry group, the two types of 

nematic order can appear simultaneously after the nematic transition. In recent ARPES 

studies, a sign-change momentum-dependent splitting gap (  0, M  0 and   M  0) 

was observed between the dxz and dyz orbitals in detwinned bulk materials [11-14], which 

indicates the coexistence of different nematic order parameters. However, the driving force 

remains controversial. In this work, we will show the nematic order of FeSe originates 

primarily from the d-wave Pomeranchuk instability induced FS distortion of the electron 

pockets at M point. 

The nematic order emerges in FeSe thick films on SrTiO3 (STO) when decreasing the 

temperature across the structural transition temperature Tnem [15,16]. As shown in Fig. 1c, 

stripes develop in the vicinity of impurities in the 20 monolayer (ML) FeSe films. The 

direction of the stripes changes 90° across the domain wall [16]. This change represents that 

the four-fold rotational symmetry in each domain is broken, which is direct evidence for 

electronic nematicity. Even when the film thickness decreases to 2 ML, the nematicity is still 

observed, as shown in Fig. 1d. However, stripes have not been reported in 1 ML FeSe/STO 

[17], which may be because the first layer of FeSe is strongly coupled to the STO substrate 

[18]. In contrast, the second layer of FeSe is so weakly coupled with the first layer that it can 

be evaporated by simply low-temperature annealing [19], like second layer of epitaxial grown 

graphene [20]. Therefore, the second layer could be regarded as the intrinsic monolayer 

floating on the 1 ML FeSe/STO [19,21,22]. The FS of 2 ML FeSe is shown in Fig. 1e, which 
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is consistent with previous results [19,23]. It should be noted that the hole-like bands around 

 point do not cross the Fermi level. The finite spectroscopic intensity observed around  is 

not from a FS but from the measurement resolution broadening, as shown in Fig. 1f and Fig. 

2. Fig. 1f shows the band structure measured along the  - M direction. The hole-like band is 

below the Fermi energy (EF), which indicates that the floating monolayer FeSe only contains 

FSs around the zone corner. The nematicity, which induces a splitting gap at the M point 

between the two hole-like bands, defined as M, is observed to be similar to the gap observed 

in the detwinned FeSe single crystal [12-14]. The gap size is ~70 meV, which is larger than 

that of ~50 meV detected in the bulk FeSe at T = 30 K [13] 

In angle-resolved photoemission spectroscopy (ARPES) measurements, photons with 

different polarizations can excite electrons with different wave-function symmetries in 

crystals [24], and the definition of p- and s-polarization is given in our experimental 

geometry, as shown in Fig. 2a. The odd (even) orbital with respect to the Mx mirror plane can 

be observed with p- (s-) polarized photons. The band dispersion along the  - M direction 

measured by p-polarized photons is shown in Fig. 2b. Two hole-like bands  and  are 

clearly observed with different photon energies (hv = 26, 28, 32, and 42 eV, respectively). As 

the photon energy increases, the intensity of the  band decreases while that of the  band 

increases, which is due to the opposite photoemission cross sections of Fe 3d and Se 4p in the 

energy range of our experiments [25,26]. Therefore, we can conclude that the  band has the 

Fe dyz orbital character and the  band contains part of the Se pz orbital character. On the 

other hand, when the exciting photons are switched to s-polarization, only the  band is 

observed, as shown in Fig. 2e, confirming its dxz orbital character. 

Notably, unlike in bulk FeSe, the energy splitting between the  and  bands at the  point 

() disappears, as shown in Fig. 2b(ii). To display the energy splitting more precisely, we 

plot the energy distribution curve (EDC) at the  point of data measured by 32 eV p- and s-

polarized photons in Fig. 2d. We choose these two distinct exciting photons simply because 

these two different energy bands are enhanced by these photons, as shown in Fig. 2b(iii) and 
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Fig. 2e(iii). It is clearly shown that these two bands are degenerate. Moreover, to determine 

the band dispersion quantitatively, we extract the peak position of the momentum distribution 

curve (MDC) and use a parabola function to fit the data points, as shown in Fig. 2f. The 

fitting results of the band tops of the  and  bands are located at 9.39  0.31 meV and 9.83  

1.05 meV below the Fermi energy (EF), respectively. Again, this proves the nearly degenerate 

nature of the dxz and dyz bands at the  point.  On general grounds, there are two common 

origins for the gap  at  point, the ferro-orbital order or spin-orbital coupling (SOC). 

However, these two cannot cancel each other since they are coupled to two different 

scattering channels. Therefore, the missing nematic gap of dxz and dyz bands at  point rules 

out the ferro-orbital order scenario.  On the other hand, the large nematic gap around M point 

proves a d-wave nature of nematicity in floating monolayer FeSe, which is consistent with 

the Pomeranchuk instability induced FS distortion since the FSs only exist around M point. 

To further investigate the evolution of the nematic order from an ultrathin film to bulk FeSe, 

we measured the band structure of 4, 20 and 60 ML FeSe films. Fig. 3 represents the  

evolution as a function of the film thickness. As shown in Fig. 3a, the degeneracy of the two 

hole-like bands is lifted in 4 ML, and the band gap between them becomes larger as the film 

thickness increases. The gap value , shown in Fig. 3b, increases gradually from 0 meV in 2 

ML to 32 meV in 60 ML FeSe, which is similar to that in the bulk samples of FeSe 

[11,12,27]. This increase indicates that nematic splitting emerges in the multilayer film at the 

 point. 

In Fig. 3c, by using 32 eV p- and s-polarized photons, we observe two sets of hole-like bands 

near the  point in 60 ML FeSe. It should be noted that there are twined nematic domains in 

the sample, so the two sets of energy bands belong to the dxz and dyz orbitals of different twin 

domains defined by their crystal coordinates, as shown in Fig. 3e(ii). In contrast, we only 

observe one set of energy bands of the 2 ML film in the same measurement, which is due to 

the absence of nematic order at , as shown in Fig. 3e(i). Therefore, this observation is 

consistent with the d-wave nature of the nematicity in the 2 ML film. The band gaps () of 
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the 60 ML film measured by two different polarized photons show the same value, as shown 

in Fig. 3d. 

To illustrate the band evolution more clearly, we summarize the binding energy of the dxz and 

dyz bands measured by 22 eV and 32 eV photons at the  point in Fig. 4a. In thick films, the 

binding energy of each band is changed when measured by different photon energies, which 

indicates the dispersion of the energy band along kz in the thick film. Although the value of kz 

is different, the nematicity-induced energy gaps are the same as those shown in Fig. 4b, 

where the results of  and M are presented as a function of thickness. As the thickness 

increases,  and M shift to positive values nearly in parallel, suggesting a mixture of the 

ferro-orbital order ( = M  0).  

In light of our results, the nearly degenerate dxz/dyz bands which are below EF at  in the 2 

ML film show that ferro-orbital order should not be the origin of nematic order in FeSe. 

Moreover, in thinner films, M is larger,  is smaller, and the nematic transition temperature 

is also higher [8,27-29]. This result indicates that the d-wave Pomeranchuk instability is the 

driving force of the nematic transition. Accordingly, the sign-change momentum-dependent 

nematic order observed in bulk FeSe is likely composed of the leading d-wave nematic order 

and thickness-dependent ferro-orbital order. Although one previous proposal has suggested 

that the three orbital orders may lead to accidental degeneracy [30], this hypothesis can be 

ruled out by the temperature-dependent measurement because different orbital orders should 

have a different temperature dependence (see Fig. S2 in Supplementary Materials). For the 

microscopic origin of Pomeranchuk instability observed here, one possibility is the 

interatomic Coulomb repulsion that induces the d-wave bond nematic order owing to the van 

Hove singularity at M close to the Fermi level [8], which is consistent with our results. It is 

also possible that the Pomeranchuk instability is driven by the spin fluctuation mediated 

Landau interaction in the l=2 charge sector [6,31,32], which needs to be further verified. Our 

results provide concrete constraints on the possible microscopic origin of nematicity order in 

FeSe [6]. 
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The absence of the SOC gap also raises a question regarding the origin of the lifting of the 

dxz/dyz degeneracy at the  point with increasing number of layers. For iron-based 

superconductors, SOC has been widely observed and discussed [33-36]. SOC can induce a 

gap at the  point without breaking the rotational symmetry. Therefore, one natural 

possibility is that the SOC strength in the 2 ML film is largely weakened compared to the 

other iron-based materials. A previous ARPES study has already shown that the SOC 

strength is material dependent in iron-based superconductors [33]. Although the atomic SOC 

strength is the same, the effective SOC strength in materials largely depends on the crystal 

field, electron correlations [37] and possibly spin fluctuations [38-41], which are likely 

thickness-dependent. 

Our observations show a purely d-wave Pomeranchuk nematic order in the floating 

monolayer FeSe by in situ ARPES studies. The Pomeranchuk instability induces the nematic 

distortion of FSs and lifts the dxz and dyz degeneracy around the M point, as shown in Fig. 4c. 

On the contrary, the dxz and dyz below the Fermi level are still degenerate around the  point, 

which rules out the ferro-orbital order as illustrate in Fig. 4c. Moreover, by investigating 

nematic 2 ML FeSe, the d-wave FS distortion and the nearly degenerate dxz and dyz bands at 

the  point clearly reveal that the driving force of nematic order in floating monolayer FeSe 

is the FS Pomeranchuk instability. Further investigating the thickness-dependent FeSe thin 

films, we detect that the momentum-dependent nematic order in bulk FeSe can be composed 

of two main parts: the leading d-wave FS distortion and the thickness-dependent ferro-orbital 

order. Additionally, many unconventional features of high-Tc materials, including electronic 

nematicity, originate from their quasi-two-dimensional nature, where quantum fluctuations 

are strongly enhanced. Our findings demonstrate that a two-dimensional limit system not 

only provides new insight into the properties of those materials, but also makes it possible to 

reveal the fundamental physics in the two-dimensional limit.  
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Methods 

High-quality FeSe films for in situ ARPES measurements are grown on 0.7 wt% Nb-doped 

SrTiO3 (001) substrates after degassing for 10 hours at 600 °C and then annealing for 1.5 

hours at 950 °C in an ultrahigh vacuum molecular beam epitaxy (MBE) chamber. Substrates 

are kept at 310 °C during film growth. Fe (99.98%) and Se (99.999%) are co-evaporated 

from Knudsen cells. The flux ratio of Fe to Se is 1:10, which is measured by a quart crystal 

balance. The growth rate is determined by the Fe flux and equals 0.7 UC/min. During the 

growth process, the sample quality is monitored using reflection high-energy electron 

diffraction (RHEED). After growth, the FeSe films are annealed at 370 °C for 10 hours. Then, 

the samples are transferred in situ to the ARPES chamber for measurements. The ARPES 

measurements are recorded at the BL-09U “Dreamline” beamline of the Shanghai 

Synchrotron Radiation Facility (SSRF) using a VG DA30 electron analyser under an 

ultrahigh vacuum better than 5 × 10-11 torr. The energy resolution is set to ~12 meV for the 

band structure and ~16 meV for FS mapping, while the angular resolution is set to 0.2°. The 

spectra are recorded at 30 K unless otherwise indicated. The scanning tunneling microscopy 

(STM) measurements are conducted in an ultrahigh vacuum STM (Unisoku) with a base 

temperature of 4.2 K. A polycrystalline PtIr STM tip is used and calibrated on an Ag island 

before the STM experiments.  
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Fig. 1 | Nematicity in multilayer FeSe films on SrTiO3 (STO). a, Schematic of 

Pomeranchuk instability induced Fermi surface distortion and b, imbalance occupation in 

dxz/dyz orbital induced Ferro-orbital order, respectively. c, STM topographic image of a 20 

ML FeSe film on STO (45 nm × 45 nm; V = 60 mV, I = 40 pA). The white arrows indicate 

the stripes with twofold symmetry developed in the vicinity of impurities. The direction of 

stripes rotates 90 when crossing the domain walls (the white dashed lines). d, Same as c but 

for a 2 ML FeSe film on STO (40 nm × 40 nm; V = 60 mV, I = 100 pA). e, The Fermi 

surface of 2 ML FeSe/STO measured by 80 eV p-polarized photons at T = 20 K. The 

intensity has been integrated in the 10 meV energy range. f, Second-derivative spectrum of 

the band structure of 2 ML FeSe/STO measured by 80 eV p-polarized photons along the  - 

M direction indicated by Cut #1 in e. The red lines represent the energy band near the  and 

M points. Bands h1 and h2 are two hole-like bands.  
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Fig. 2 | dxz/dyz degeneracy at the Brillouin Zone centre (Γ) in floating monolayer FeSe on 

FeSe/STO. a, Schematic experimental geometry of the ARPES measurements. b, Band 

structure measured by (i) 26 eV, (ii) 28 eV, (iii) 32 eV and (iv) 42 eV p-polarized photons 

along the  - M direction. The red lines represent the fitting results of two hole-like bands. 

Solid and dashed lines indicate the visible and invisible bands, respectively. c, Comparison of 

the momentum distribution curve (MDC) measured by different photon energies and 

polarizations at the energies indicated by #1 in b and #2 in e. The black dashed lines indicate 

the peak position. d, Comparison of the energy distribution curve (EDC) at the Γ point 

measured by 32 eV p- and s-polarized photons. The black dashed lines indicate the positions 

of the  and  band tops. e, Same as b but measured by s-polarized photons. f, Summary of 

the band structure and orbital analysis around . Blue circles represent the peak position of 

MDC fitted by the Lorentz function. Two solid curves are the fitting results of MDC peaks. 
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Fig. 3 | Thickness-dependent dxz/dyz band gap and nematic order around the Γ point. a, 

Band structure of (i) 2 ML, (ii) 4 ML, (iii) 20 ML and (iv) 60 ML FeSe measured by 22 eV p-

polarized photons along the Γ – M direction. The results of 20 ML and 60 ML are divided by 

the Fermi–Dirac distribution function convoluted by the resolution function to visualize the 

states above EF. Red lines represent the fitting results of band dispersion. b, The evolution of 

the band gap between  and  with film thickness. c, Band structure along the Γ – M 

direction of 60 ML FeSe measured by 32 eV (i) p- and (ii) s- polarized photons. The red lines 

represent the band dispersion of the  and  bands. D1 and D2 represent domain 1 and 

domain 2. d, Comparison of the energy distribution curve (EDC) at the Γ point of the data in 

c. The black dashed lines indicate the positions of the  and  band tops. e, Schematic band 

structure around the  point of (i) 2 ML and (ii) 60 ML for two perpendicular domains. The 

x-axis is defined along the longer Fe-Fe direction for both domains. 
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Fig. 4 | Summary of thickness-dependent nematic order in FeSe films on STO. a, 

Summary of the thickness-dependent binding energy of hole-like bands at the Γ point and the 

corresponding orbital character measured by 22 eV and 32 eV photons. kz represents the 

variation of the band top with photon energy. b, Summary of the evolution of the onsite 

energy difference between the dxz and dyz orbitals at  and M point with film thickness. The 

data of bulk FeSe are adapted from ref. [27] for the  point and ref. [13] for the M point. The 

data of the M point of multilayer FeSe are adapted from ref. [23]. c, Schematic of the 

Pomeranchuk instability induced nematic distortion of FSs and band structure evolution near 

M and Γ point observed in 2 ML FeSe/STO, respectively.  
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Figure S1 | Temperature dependence of nematic band splitting in 2 ML FeSe/STO. a-b, 

Electronic structure along  - M direction detected by 80 eV p-polarized photons and the 

corresponding second derivative spectrum. The data is measured at T = 165 K. c-d and e-f 

Same as a-b but measured at T = 130 K and 80 K, respectively. As temperature decreases, 

nematic band splitting at M point becomes larger. This behavior is consistent with the results 

observed in bulk materials and supports that the nematic order also exists in 2 ML FeSe/STO. 
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Figure S2 | Γ point dxz/dyz degeneracy at high temperature in 2 ML FeSe/STO. a-b, Band 

structure along Γ – M direction measured at T = 165 K by 32 eV p- and s- polarized photons, 

respectively. c, Comparison of energy distribution curve (EDC) at Γ point measured by 32 eV 

p- and s-polarized photons. d-e, Band structure along Γ – M direction measured at T = 165 K 

by 32 eV p- and s- polarized photons, respectively, which are divided by the Fermi–Dirac 

distribution function convoluted by the resolution function to highlight the states near and 

above Fermi energy. f, Comparison of energy distribution curve (EDC) at Γ point measured 

by 32 eV p- and s-polarized photons. The black dashed lines indicate the position of  and  

band top. 
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