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Abstract 

Pure quantum electrons render intriguing correlated electronic phases by virtue of 

quantum fluctuations in addition to an exclusive electron-electron interaction. To realise 

such quantum electron systems, a key ingredient is dense electrons decoupled from other 

degrees of freedom. Here, we report the discovery of a pure quantum electron liquid, 

which spreads up to ~ 3 Å in the vacuum on the surface of electride crystal. An extremely 

high electron density and its scant hybridization with underneath atomic orbitals 

evidence quantum and pure nature of electrons, exhibiting polarized liquid phase 

demonstrated by spin-dependent measurement. Further, upon reducing the density, the 

dynamics of quantum electrons drastically changes to that of non-Fermi liquid along with 

an anomalous band deformation, manifesting a possible transition to a hexatic liquid 

crystalline phase. Our findings cultivate the frontier of quantum electron systems, which 

serve as an ideal platform for exploring the correlated electronic phases in a pure manner. 
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Electron phases, ranging from gas, liquid, and to solid, are the foundation in physics, 

chemistry, and materials science. Understanding the genuineness of each electron phase, both 

from theoretical and experimental viewpoints in a complete range of densities and temperatures, 

is arguably the most essential knowledge, which has been a reference for diverse properties in 

many-body systems1–3. In particular, two-dimensional (2D) electron phases have been one of 

the central topics as a universal phenomenon emerging in diverse systems that include 2D gas 

at the interface of solid materials4,5, on the surface of topological insulators6,7, and correlated 

2D Coulomb liquid and solid on the surface of liquid helium (LHe)8–13. Although the theoretical 

and experimental approaches have been accomplished for pure 2D electron systems in the 

classical regime of low density, it has been challenging to experimentally realise the pure 2D 

electron systems in the quantum regime, which allow the access toward exotic electronic 

phases only expected in the quantum regime, to substantiate their theoretical predictions14–18 

and provide a new background for their dynamics and transitions. 

To realise pure 2D quantum electron systems, the prerequisite is decoupling the high-

density 2D confined electrons from other degrees of freedom. Such decoupling is possible 

when electrons are captured on the positively charged surface of solid matter. Such quantum 

electrons can be found at the surface of 2D electride crystals19–21, which consist of positively 

charged cationic layers and counter-anionic electrons located in the interlayer space. The 

interstitial anionic electrons (IAEs) are localised at the interstitial space between cationic layers, 

not bound to the atomic orbitals of neighbouring cations. When the positively charged cationic 

layer is terminated at the surface of 2D electrides, the IAEs are inevitably detained on the 

terminated cationic layers due to the charge neutrality as the distinct surface state from IAEs. 

It is notable from the geometrical aspect that the theoretical maximum density of the electrons 
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on the surface can be as high as ~ 9.5 × 1014 cm−2, which is expected from the concentration of 

IAEs in a single interlayer space of the 2D electrides with the bulk electron density of 1.4 × 

1022 ~ 2.9 × 1022 cm−3 (ref. 19–21). Through the experiments, the uncharted high-density pure 

2D electron system with the concentration of ~ 2.0 × 1014 cm−2 is confirmed to be realised on 

the surface of 2D [Gd2C]2+∙2e− electride at high temperatures around 10 K, extending the phase 

diagram of pure 2D electrons to the quantum regime (Fig. 1a). 

What is more surprising is that the pure 2D quantum electrons guarantee a scant 

hybridisation with the atomic orbitals of the outermost Gd elements of 2D [Gd2C]2+∙2e− 

electride. Density functional theory (DFT) calculations clearly show two distinct electronic 

states of localised IAEs at the interlayer and surface electrons on the terminated cationic layer, 

distinguished by the electron localisation function (ELF). Figure 1b–d shows the ELFs of the 

2D [Gd2C]2+∙2e− electride with strongly localised IAEs and finitely delocalised surface 

electrons. While the IAEs have the local maxima between cationic layers, the ELF on the 

surface spreads up to ~ 3 Å from the outermost Gd atoms, revealing the existence of loosely 

confined 2D electrons. In experiments using the 2D [Gd2C]2+∙2e− electride21 (Extended Data 

Fig. 1), we verify the pure 2D quantum electrons by exposing the localised IAEs on the surface 

of the outermost cationic layer via in-situ cleaving at 10 K under ultra-high vacuum (UHV) 

better than 4 × 10−11 Torr. Angle-resolved photoemission spectroscopy (ARPES) observation 

clearly visualises a parabolic energy band near the Γ-point dispersing within the low binding 

energy region of ~ 250 meV from the Fermi energy (EF) and V-shape band in higher energies 

(Fig. 2a). While the latter and other complex bands are of IAEs and cationic layers, 

respectively21, the parabolic band comes from the surface electrons above the cationic layer 

and has a 2D nature supported by a negligible dispersion along the kz-axis and an isotropic 
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nature by a circular Fermi surface topology in the kx–ky plane (Extended Data Figs. 2d and 3a–

c). 

Most importantly, the pure nature of 2D surface electrons, i.e., free from the orbital 

network, is disclosed from the negligible contribution of Gd atomic orbital to the parabolic 

band, which is identified by DFT calculations and further confirmed by experimental 

observations. Figure 2b–d represents the fat band analysis that gives a clear feature for the band 

characters of the surface electrons and the trapped IAEs inside the bulk. The bands of the IAEs 

have significant contributions of Gd atomic orbitals, mostly from 5d and weak but finite 

contribution from 6s and 4f orbitals. Different from the IAE bands, there is almost no Gd orbital 

contribution on the parabolic band, indicating negligible overlap between surface electrons and 

underneath Gd orbitals, contradicting a conventional surface state in which electrons are bound 

around the atomic orbitals. From the resonance behaviour in photoemission intensity for each 

band, distinct degrees of Gd orbital contribution are identified. Band dispersions observed at 

144 eV and 148 eV of photon energies (Fig. 2e,f), which correspond to off- and on-resonant 

condition of Gd 4d core level, respectively, show that the IAE band exhibits a resonance 

behaviour; the dramatically increased intensity at on-resonant condition (IIAE, brown in Fig. 2g) 

caused by the finite overlap with Gd orbital. Meanwhile, the parabolic band of surface electrons 

gives almost intact intensity (ISurface, blue in Fig. 2g), which is more apparent in the intensity 

ratio of ISurface/IIAE (black in Fig. 2g), confirming a scant hybridisation between their wave 

functions and the outermost Gd orbitals, a pure nature of 2D surface electrons. 

Having evidence that these surface electrons are successfully isolated from other 

degrees of freedom of the electride solid, the next questions to be addressed are whether the 

pure electron system is within the desired quantum regime and which quantum phase evolves 
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by electron-electron interactions. Fitting the parabolic band gives an effective mass (m*) of ~ 

2.1 me and extremely high density (n) of ~ 2.0 × 1014 cm−2 (Fig. 3a,b), in contrast to other 2D 

electron gases bound to the atomic nuclei with a small m* value in the range of 0.5–1.4 me (ref. 

23–25) and to the surface electrons on the LHe with a low density of < 109 cm−2 in the classical 

regime10,11. The extracted scattering rate of the surface electrons by measuring the peak width 

in the spectra reveals the liquid nature with a clear quadratic energy dependence, which 

corresponds to the behaviour of Fermi liquid26,27 (Fig. 3c). The high density over the critical 

boundary of the solid red line in Fig. 1a verifies that the electron liquid is in the quantum regime. 

Furthermore, our quantum electron liquid is spin-polarised, as verified by the spin-resolved 

measurements that support the spin-polarised band of the surface electrons, which is also 

revealed by DFT calculations (Fig. 3d). Four sets of spin-dependent spectra are obtained for 

the surface electrons and the trapped IAEs along out-of-plane and in-plane directions (Fig. 3f–

i). It is evident that the spin polarization of the quantum electron liquid occurs in the out-of-

plane direction. Meanwhile, the IAEs have a spin polarization along the in-plane direction, 

corresponding to the magnetic easy-axis of ferromagnetic bulk [Gd2C]2+∙2e− electride, which 

is induced by the exchange interaction of magnetic quasi-atomic IAEs with Gd atoms of 

cationic layers21. We note that the different direction of spin polarization between the quantum 

electron liquid and trapped IAEs implies that the polarised nature of surface electrons is not 

relevant to the magnetic moment of the underlying bulk, but is likely induced by the intrinsic 

electron-electron interaction, as it is one of the predicted ground states of pure 2D quantum 

electron phases14–16. Therefore, in short, unprecedented pure 2D quantum electron liquid is 

demonstrated, which substantiates that the polarised Fermi liquid can emerge between 

paramagnetic Fermi liquid and crystalline electron phases in the quantum regime14–16 (Fig. 1a). 
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Realising the pure 2D quantum electron liquid assures that the exotic phases expected 

in the quantum regime are ready to be explored by modifying the electron density of our 

polarised quantum liquid phase. The potassium (K) deposition triggers the decrease in the 

electron density of the quantum liquid (Extended Data Fig. 5). This can be understood with the 

ultralow work function of electride system, in particular for the loosely bound surface state to 

the topmost atomic layer. Upon the progressive K deposition, we observed an anomalous band 

deformation of the quantum electrons from the initial parabolic dispersion (Fig. 4a) with an 

isotropic circular Fermi surface topology (Fig. 4b) to the W-shaped dispersion (Fig. 4a) with 

an anisotropic hexagonal topology (Fig. 4c and Extended Data Fig. 6). 

We discuss the origin of the anomalous W-shaped band dispersion against the 

conventional band renormalisations. The deformed hexagonal topology of the quantum 

electrons indicates the breaking of continuous rotational symmetry. Meanwhile, when the 

spatial ordering of deposited K atoms occurs on the surface, the band renormalisation such as 

a band folding can take place, inducing the deformation of the parabolic band. However, we 

rule out the band folding effect on the W-shaped band dispersion from the fact that the replica 

bands do not appear in the higher orders of reduced Brillouin zone (BZ), which should occur 

if the deposited K orders and the quantum electrons strongly affected by the K ordering 

(Extended Data Fig. 7). The intact V-shape IAE band also supports that the ordering of 

deposited K atoms is unlikely. 

Another possibility is that the K deposition can turn on the effect of underlying lattice, 

which inevitably induces the band deformation of the quantum electrons into the V-shape 

around zero momentum, mimicking the IAE band (Extended Data Fig. 8). However, we 

observed the W-shaped band dispersion around zero momentum, excluding the crystal field 
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effect of underlying lattice. Indeed, the absence of resonance behaviour of quantum electrons 

even after K deposition (Extended Data Fig. 9) strongly supports that the surface electrons are 

persistently in the loosely bound state and thus the negligible crystal field effect on the band 

deformation. Therefore, the origin of W-shape band is not attributed to the spatially modulating 

potentials of deposited K atoms or the terminated cationic layer. It should be noted that the 

observed deformation of the band dispersion, dominantly at zero momentum, occurs hardly 

from the change of translational symmetry. 

Instead, a phase transition could be responsible for the band deformation, induced by 

the decreased electron density of the quantum electron liquid. Together with the reduction of 

band minimum energy (EBM) of surface quantum electrons, the gradual increase of m* up to 

~ 3.9 me indicates that the electron correlation becomes stronger upon the reduction of electron 

density (Fig. 4a), which can trigger the phase transition17,18,22. Indeed, a series of scattering 

rates in the sequence of K deposition shows the drastic change of energy dependence from the 

quadratic (#0 and #1) to linear dependence (#2, #3, and #4) (Fig. 4d,e). Note that the linear 

energy dependence is well-known behaviour of non-Fermi liquid26–28, strongly suggesting that 

the quantum electrons transit to a distinct phase, departing from Fermi liquid phase. According 

to the phase diagram of pure 2D electrons (Fig. 1a), a possible phase accessed by reducing the 

density along with the strengthened electron-electron interaction, is a hexatic phase or Wigner 

crystal. The remaining metallic band crossing EF and no signature of translational symmetry 

change in the W-shaped band dispersion preclude the formation of Wigner crystal. It is rather 

reasonable to conclude that the W-shaped band dispersion is derived from a hexatic phase as 

the aforementioned symmetry characteristics of W-shape band are coincident with that of 

hexatic phase, which is a liquid crystal phase with marginally broken rotational symmetry and 
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preserved continuous translational symmetry22,29. Our experimental observations thus suggest 

the emergence of hexatic phase in the quantum regime and extend the phase diagram of pure 

2D electrons, which can provide a further understanding on the transition process in the 

quantum regime. 

In summary, we discovered the unprecedented 2D quantum electron liquid on the 

surface of the 2D electride crystal. The clear identification of the quantum electron liquid and 

its spin-polarised nature provide a step toward experimental accessibility of correlated 

electronic phases in the quantum regime. Indeed, the possible phase transition from the initial 

liquid phase to a hexatic liquid crystalline phase exhibiting non-Fermi liquid behaviour was 

demonstrated by the reduction of electron density and subsequent enhancement of electron 

correlations. Our results will stimulate the exploratory study for exotic phases in the quantum 

regime, such as long-lasting solid phase of pure electrons by cooling the present system and 

reducing the density.  
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METHODS 

Single crystal growth. The polycrystalline [Gd2C]2+∙2e− rods were synthesised by the arc 

melting method to prepare the feed and seed materials for the single crystal growth. The Gd 

metal and graphite pieces are mixed with a molar ratio of Gd:C = 2:1 in the glove box (H2O < 

1 ppm, O2 < 1 ppm) filled with purified Ar (99.999 %) gas. The mixture was melted in an arc 

furnace under a high-purity Ar atmosphere. To obtain a single homogeneous phase, the melting 

process was repeated at least three times. After cooling, the polycrystalline [Gd2C]2+∙2e− was 

shaped into the rods. For the single crystal growth, the floating zone melting method was 

performed under a high-purity Ar atmosphere to prevent oxidation. The feed and seed rods 

were rotated in opposite directions at the same speed of 6 rpm, with the low melt viscosity of 

the [Gd2C]2+∙2e− electride causing a growth speed slower than 2 mm per hour. The quality of 

the obtained single crystal samples was checked by a combination of the X-ray diffractions 

(XRD) and the inductively coupled plasma (ICP) spectroscopy. The clear observation of the 

three-fold symmetry as a rhombohedral structure in the XRD patterns of the ϕ-scan and the 

negligible impurity level (all detectable impurities < 1 ppm) in the ICP results guarantee the 

high quality of the single crystal21. 

 

ARPES measurements. ARPES measurements were performed at beamline 4.0.3 (Merlin) of 

the Advanced Light Source, Lawrence Berkeley National Laboratory. Sample preparations for 

ARPES measurements were carried out in an Ar-filled glove box to avoid contamination from 

water and oxygen. Single crystals of [Gd2C]2+∙2e− were attached to the sample holder for 

ARPES and covered by ceramic top post to prepare for cleaving the sample in-situ of ARPES 

chamber. Both samples and top posts are fixed by silver epoxy. After curing the silver epoxy, 
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samples were immediately transferred to the UHV chamber for ARPES measurement. In order 

to obtain clean surface, samples were cleaved in-situ of UHV with pressure better than 4 × 

10−11 Torr after cooling down to 10 K. Measurements were performed at the temperature of 10 

K. Spectra were acquired with Scienta R8000 analyser. To obtain kz dependent band dispersion, 

photon energies were set to the range between 80 eV and 110 eV with 2 eV step. Resonant 

ARPES measurement was performed with photon energies between 143 and 149 eV with every 

1 eV step around the resonant condition of the Gd 4d core level (148 eV). Other data - in-plane 

(kx-ky) Fermi surface map, and band dispersions were acquired with 90 eV of photon energy. 

K deposition was carried out by in-situ evaporation using commercial SAES alkali metal 

dispensers at 10 K after cleaving the electride crystal in UHV chamber. The coverage of K was 

estimated from core-level spectra of K 3p and appearance of valence band induced by K over-

layer (Extended Data Fig. 5). The total energy resolution was 25 meV or better. 

 

Spin-resolved ARPES measurements. Spin-resolved ARPES measurements were performed 

at Center for Correlated Electron Systems, Institute for Basic Science. Same as ARPES 

measurement, sample preparations for spin-resolved ARPES measurements were carried out 

in an Ar-filled glove box to avoid contamination from water and oxygen, and immediately 

transferred to the UHV chamber for spin-resolved ARPES measurement. The clean surface 

was obtained by cleaving the sample in-situ of UHV with pressure better than 5.0 × 10−11 Torr 

after cooling down to 10 K. Measurements were performed at the temperature of 10 K. Spectra 

were acquired with Phoibos 225 analyser with VLEED-type spin detectors. The photon energy 

was 21.2 eV (He I). The total energy resolution was about 50 meV. The spin-resolved EDCs 

(Iup and Idown) in Fig. 3f–i are obtained from the observed spectra for different target 
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magnetisation (I+M and I−M) by following relation,  

Iup = (1 + P)·(I+M + I−M)/2, Idown = (I – P)·(I+M + I−M)/2 
 

where P is spin polarization which can be estimated by P = (I+M – I−M)/(I+M + I−M)·Seff. Seff is 

an effective Sherman function, of which value is ~ 0.3 in the present work. 

 

Self-energy analysis. To get the information of imaginary part of self-energy, EDCs were 

fitted as the ARPES intensity is nothing but the spectral function of below form,   

𝐴𝐴(𝒌𝒌,𝜔𝜔) = − 1𝜋𝜋 Im𝛴𝛴
(𝜔𝜔 − 𝜀𝜀𝒌𝒌 − Re𝛴𝛴)2 + Im𝛴𝛴2 

where Re𝛴𝛴 is the real part of the self-energy, and 𝜀𝜀𝒌𝒌 is the bare band dispersion. The obtained 

half-width at half maximum of the Lorentzian curve is the imaginary part of self-energy (Im𝛴𝛴). 

Prior to fitting, EDCs were divided by Fermi-Dirac distribution to avoid diminishing intensity 

near the Fermi level. The fitting curve involves two Lorentzian curves, lower and higher 

binding energies for surface electron and IAE bands, respectively. The fitted curve was 

convoluted with a Gaussian to encounter the experimental resolution. The resulting fit curves, 

multiplied by Fermi-Dirac distribution, closely reproduce the original spectra (Extended Data 

Fig. 4), reflected in small fitting error of Im𝛴𝛴 in Figs. 3c and 4d. 

 

Autocorrelation analysis. Autocorrelation of ARPES intensity 𝐼𝐼AC(𝒒𝒒,𝜔𝜔) (Extended Data Fig. 

6e), was calculated by substituting the symmetrised and filtered CECs into below formula30,31,  

𝐼𝐼AC(𝒒𝒒,𝜔𝜔) = ∫ 𝐼𝐼(𝒌𝒌,𝜔𝜔)𝐼𝐼(𝒌𝒌+ 𝒒𝒒,𝜔𝜔)𝑑𝑑𝒌𝒌 
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where 𝐼𝐼(𝒌𝒌,𝜔𝜔) is ARPES intensity at momentum 𝒌𝒌 and binding energy 𝜔𝜔 extracted by given 

CEC, and 𝒒𝒒 is momentum transfer. The three-fold symmetrisation was applied to avoid the 

momentum dependent modulation of intensity due to the matrix element effect. It was ensured 

that the symmetrisation does not deform the original shape of CECs from the surface band 

(Extended Data Fig. 6c,d). The signal from the outer bands was filtered out to include only the 

signal from the surface electron band in the analysis (Extended Data Fig. 6d). 

 

DFT calculations. DFT calculations were performed using the generalised gradient 

approximation (GGA) with the Perder-Burke-Ernzerhof (PBE) functional and the projector 

augmented plane-wave method implemented in the Vienna ab initio simulation program 

(VASP) code32–34. The 4f, 5s, 5p, 5d and 6s electrons of Gd and the 2s and 2p electrons of C 

were used as valence electrons. The plane-wave-basis cut-off energy was set to 600 eV. The 

slab supercell of a × b × 3c (27 atoms) with a vacuum layer of 20 Å along the c-axis was used 

for the surface calculation. Structural relaxations of the bulk and slab structures were performed 

using 8 × 8 × 2 and 8 × 8 × 1 k-point meshes until the Hellmann-Feynman forces were less 

than 10−5 and 10−3 eV・Å−1, respectively. The lattice constants of the relaxed bulk structure 

are well-matched with those obtained by the XRD measurement (mismatch of the lattice 

parameters is less than 1 %, Extended Data Fig. 1d). For the relaxation of the slab supercell, 

the three layers at both ends of the slab were relaxed while keeping the central three layers 

frozen (Extended Data Fig. 2a). The crystal structures and electron localisation functions were 

visualised with the VESTA code35. The Fermi surface was visualised with the XCrySDen 

code36. The virtual crystal approximation method was adopted with a Wigner-Seitz radius of 

1.25 Å to consider the contribution of the surface electrons on the electronic band structure. 
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Figures and Figure Legends 

 

Figure 1 | Evolution of pure 2D quantum electrons. a, Phase diagram of pure 2D electron 

system in terms of electron density and temperature. The solid red line (kBT = EF) divides the 

quantum (right) from classical (left) regimes. Colours represent the electron phases; thermal 

liquid, liquid crystalline hexatic and Wigner crystal in the classical regime, and paramagnetic 

Fermi liquid, polarised Fermi liquid, hexatic and Wigner crystal in quantum regime. The phase 

boundaries are estimated from refs. 11, 14−16, 22. The electron phases on the LHe (grey area) 

are marked from ref. 11. Dashed blue line is the experimental estimation of Coulomb coupling 

parameter, Γ = 137 for the Wigner crystallisation in classical regime11. The present pure 2D 

quantum electrons on the 2D [Gd2C]2+∙2e− electride reside in the area of Fermi liquid (dark 

blue area). Detailed physical quantities of 2D electrons on LHe and 2D [Gd2C]2+∙2e− electride 

are compared in Extended Data Table 1. b−d, Visualisation of ELFs for the electrons on the 

surface and at the intralayer of 2D [Gd2C]2+∙2e− electride. Cross-sectional plots of the ELFs for 

the electrons on the surface (c) and IAEs at the interlayer (d) taken from the blue and brown 

windows marked in b, respectively.  
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Figure 2 | Floating quantum electrons on 2D electride. a, Band dispersion of the 2D 

[Gd2C]2+∙2e− observed by ARPES. The blue and brown arrows indicate the parabolic and V-

shaped band dispersion from the surface electrons on the terminated [Gd2C]2+ layer and IAEs 

trapped between [Gd2C]2+ layers in the bulk, respectively. b−d, Calculated band dispersions 

with fat band analysis using the nine-slab model (Extended Data Fig. 2a), exhibiting the 

contribution of Gd 5d (b), 6s (c), and 4f (d) orbitals. Band thickness with different colours 

represents the contribution of each orbital; the thicker line has more contribution from the 

corresponding orbitals. The fat band width in c and d has been magnified by 2 and 3.5 times, 

respectively, compared with that in b. Almost no colour from each orbital is represented in the 

parabolic band. e,f, Band dispersions taken at off- (144 eV, e) and on-resonant (148 eV, f) 

condition of Gd 4d core level. Lower panels are magnified images of the boxed area in the 

upper panels. g, Normalised intensity (right) of the surface 2D electrons (ISurface, blue) and IAEs 

(IIAE, brown), and their ratio (left, black) as a function of photon energy (Extended Data Fig. 

3d,e). ISurface and IIAE are obtained by integrating the intensity of the shaded red area in lower 

panels and the exclusive area of red shade in upper panels of e and f, respectively. 
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Figure 3 | Spin-polarized nature of quantum electron liquid.  a,b, Enlarged band dispersion 

of surface electrons (a). The m* and n of surface electrons are estimated to be ~ 2.1 me and ~ 

2.0 ×1014 cm−2 from the quadratic fitting (black curve in b) of peak positions (white circles) 

obtained from momentum distribution curves (MDCs) in a. c, Imaginary part of self-energy, 

ImΣ (filled blue circles), obtained by fitting the energy distribution curve (EDC) width 

(Extended Data Fig. 4), as a function of binding energy (ω). The solid red curve represents the 

fit with a power-law (ImΣ(ω) = A|ω|α + C). d, Calculated spin-polarised band structure with 

fat band for the surface electrons. Blue and red colours reflect the spin up and spin down 

components, respectively. A thick blue band for the surface electrons clearly indicates that the 

quantum electrons are spin-polarised. For the V-shape bands of the IAEs, spin-polarised state 

is also shown in the blue colour. e, Measured band dispersion for the spin-resolved ARPES. 

f−i, Spin-resolved EDCs of surface electrons (f,g) and IAEs (h,i), respectively. Spin up and 

spin down components are represented by blue and red dots, respectively. EDCs are obtained 

by integrating intensity within the dashed vertical lines in e.  
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Figure 4 | Phase transition of quantum electrons.  a, Stepwise evolution of the electronic 

structure upon K deposition, from the 0 ML (pristine, leftmost) up to 0.25 ML coverage 

(rightmost). Details of K coverage estimation are described in Extended Data Fig. 5. Lower 

panels show magnified images (dashed box in the leftmost upper panel) for the band of 

quantum electrons in each step. Dashed red lines in lower panels represent EBM. b,c, Fermi 

surface in kx–ky plane of the as-cleaved (#0, b) and 0.25 ML K-deposited (#6, c) samples. 

Lower panels exhibit magnified images of dashed boxes in upper panels. Dashed white circle 

and dashed black hexagon represent a guide for the eye of Fermi surface topology. d, ImΣ for 

the band of quantum electrons upon K deposition step, extracted by the line shape analysis of 

EDCs (Extended Data Fig. 4). Solid red curves in each panel are fitted curves of ImΣ(ω) with 

a power-law. Dashed blue vertical lines indicate the cut-off energy of ImΣ. e, Extracted 

quantities of exponent α in the ImΣ(ω) = A|ω|α + C and the cut-off energy as a function of the 

K deposition. Both exponent α (red squares) and the cut-off energy (blue diamonds) show a 

similar trend, having minima at a specific deposition step (#2) and then increasing toward the 

initial values upon K coverage. The grey curve is a guide for the eye. 

 

 

 



23 

 

Extended data figures and tables 

 

Extended Data Figure 1 | Crystal structure of the 2D [Gd2C]2+∙2e− electride. a, Anti-CdCl2-

type layered structure of [Gd2C]2+∙2e− with a space group of R3�m. The cationic slab [Gd2C]2+ 

is composed of an edge-sharing octahedra structure and is separated by the interlayer space. 

IAEs (brown arrow) are confined between the positively charged [Gd2C]2+ layers. The 2D 

electrons distinct from IAEs are floated on the topmost [Gd2C]2+ layer. The purple lines 

indicate the unit cell. b,c, Photographs of single crystal [Gd2C]2+∙2e− rod with 50 mm length 

grown by floating zone melting method (b) and as-cleaved crystal by 3M Scotch tape (c). d, 

Lattice parameters obtained by the XRD measurements21 and the DFT calculations. 
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Extended Data Figure 2 | The detailed electronic structure of [Gd2C]2+∙2e− obtained by 

DFT calculations. a, Relaxed crystal structure of the nine-slab model for the slab calculations. 

a × b × 3c supercell with a vacuum of 20 Å along the c-axis was used. For the relaxation of the 

nine-slab model, the optimised bulk structure was used for the central three-layer, while the 

three layers at both ends of the slab were relaxed. b,c, Calculated band structure and the Fermi 

surface of [Gd2C]2+∙2e− using the nine-slab model, respectively. Blue and red colours indicate 

spin up and spin down components, respectively. Band thickness represents the contribution 

of the surface electrons. The thicker line has a contribution mainly from the surface character. 

d,e, Band structure and the Fermi surface (top view along kz direction) of [Gd2C]2+∙2e− obtained 

by bulk calculation, respectively. In contrast to the result from the nine-slab model, the bulk 

calculation does not reproduce the parabolic band dispersion with cylindrical 2D Fermi surface 

observed by ARPES (Fig. 2a and Extended Data Fig. 3a–c).  
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Extended Data Figure 3 | Fermi surface of surface electrons on [Gd2C]2+∙2e− and photon 

energy dependence. a, In-plane (kx–ky) Fermi surface of [Gd2C]2+∙2e−. The black dashed line 

indicates the BZ. Circular Fermi surface near BZ centre corresponds to the parabolic band 

dispersion exhibited in Fig. 2a. b, Fermi surface in the kx–kz plane. The inner straight surface, 

overlaid by dashed white lines, is from the parabolic band shown in Fig. 2a and from the 

circular Fermi surface in a. c, Band dispersion observed at various photon energies from 80 to 

108 eV with every 4 eV step to obtain kx–kz plane Fermi surface in b. d, Photon energy-

dependent ARPES intensity map extracted from the Fermi level taken with photon energies 

from 143 to 149 eV, which includes both on- and off-resonant conditions of Gd 4d core level. 

Dashed grey lines are overlaid on the surface 2D electron band as a guide for the eye. The IAE 

band intensity at 148 eV greatly increased, a clear resonance behaviour while changing in the 

intensity of the surface 2D electron band is far weak through the whole photon energies. e, 

Detailed band dispersions at each photon energy in d are exhibited.  
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Extended Data Figure 4 | Line shape analysis. a−e, EDCs (blue) taken near Fermi momenta 

(kF) along Γ–K direction for different deposition steps #0−#4 in Fig. 4, respectively. To extract 

the scattering rate shown in Figs. 3c and 4d, EDCs are fitted with a fitting curve generated by 

multiplication of the Lorentzian curves convoluted with the Gaussian curve for accounting the 

experimental resolution. Solid black curves represent the result of the fitting. Plotted scattering 

rates, corresponding to the imaginary part of self-energy, in Figs. 3c and 4d are obtained from 

the half width at half maximum of the Lorentzian curve for the surface electron band. 
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Extended Data Figure 5 | Determination of K coverage. a, Core-level spectra of K 3p with 

different K coverage on the cleaved [Gd2C]2+∙2e− surface. The K 3p core-level peak starts to 

grow with K deposition near the binding energy of 19 eV and eventually saturates where we 

estimate the coverage as 1 ML (thick green curve). Above 1 ML, chemically shifted additional 

peaks emerge at lower binding energy close to 18 eV. b, A 3D representation of the band 

evolution with increasing K coverage. c, Extracted band dispersion at several different K 

coverages indicated by red arrows in b. Surface 2D electron band (1) evolves via K deposition 

(2) and disappears (3). This implies the surface electron density is actually reduced by K 

deposition. In the rightmost panel (4), corresponding to K 1 ML, which we estimate with core-

level spectra in a, K band appears near Fermi level, which well agrees with the core level 

estimation.  
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Extended Data Figure 6 | Analysis for the hexagonal topology. a, Focused band dispersion 

of 0.25 ML K coverage, corresponding to deposition step #6 in Fig. 4a. b, Schematic band 

structure of the ARPES result in a. Blue solid lines schematically show constant energy 

contours (CECs) at different energies. c, CECs obtained at binding energies of 0, 20, 60, and 

80 meV, indicated with dashed red lines (1–4) in a. d, Symmetrized CECs with 3-fold rotation 

after removing the intensity from the outer band in c, which reveals the shape of energy 

contours from the quantum electrons more clearly. Overlaid dashed black lines in c and d are 

guides for the topology of each CEC. The guidelines evidence that the original shape of 

contours is not deformed by 3-fold symmetrisation. e, Autocorrelation analyses performed with 

CECs of corresponding energies in d, which clearly visualise the angular dependence of the 

band along with the in-plane momentum.  
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Extended Data Figure 7 | Scenarios of W-shape band deformation. a-d, Fermi surface with 

0.25 ML K coverage. BZs of several possible surface superstructures with sub-ML coverage 

of K, √3 × √3 𝑅𝑅30°  (a), 2 × 2  (b), √7 × √7 𝑅𝑅19.1°  (c), and 3 × 3  (d), respectively, are 

overlaid with a different colour. The outermost hexagon with solid black line represents the BZ 

of 1 × 1 unit cell of [Gd2C]2+∙2e−. e−h, Observed band dispersion along the Γ–Ma,b,c,d direction 

for new BZs of assumed superstructures at 0.25 ML K coverage. The new zone boundaries by 

assumed K orderings in a−d are overlaid (dashed lines with corresponding colours). Absence 

of W-shape band at higher momentum above the assumed new zone boundaries, which can be 

induced by band folding, evidences that W-shaped band deformation is not due to the ordering 

of deposited K. i,j, Schematic drawings of conceivable scenarios for band deformation 

(hybridisation) by K deposition with assumed zone folded band (i) and upward convex band 

(j), respectively. Solid and dashed bands show the original and assumed bands, respectively. 

Both scenarios may exhibit band deformation, however, they should form the fragment of the 

original electron band at higher binding energy near BZ centre, which is absent in ARPES 

results (Fig. 4a).  
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Extended Data Figure 8 | Band evolution induced by underlying lattice potential. a, 

Crystal structure of the nine-slab model for the slab calculations. The vacuum layer with the 

thickness x along the c-axis is introduced in addition to the original interlayer space (d). b−e, 

Calculated band structures depending on the vacuum thickness x of 20.0, 3.5, 1.0 and 0.0 Å, 

where the result of 0.0 Å is obtained by bulk calculation. Black arrows indicate the gradual 

shift of the surface electron band (blue) downward to the higher binding energy with a decrease 

in the vacuum thickness x. This exhibits that the surface electron state follows V-shape IAE 

band when it is strongly affected by underlying lattice.  
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Extended Data Figure 9 | Resonant ARPES measurement after K deposition. a,b, Band 

dispersions taken at off- (144 eV, a) and on-resonant (148 eV, b) condition of Gd 4d core level 

after K deposition (deposition step #6). Lower panels are magnified images of the enclosed 

area by black dashed box in the upper panels. c, Normalised intensity (right) of the surface 2D 

electrons (ISurface, blue) and trapped IAEs (IIAE, brown), and their ratio (left, gray) as a function 

of photon energy. ISurface and IIAE are obtained by integrating the intensity of the shaded red area 

in lower panels and the exclusive area of red shade in upper panels of a and b, respectively. 
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Extended Data Table 1 | Comparison of electron liquid on LHe and 2D electride. 

 LHe 2D electride ([Gd2C]2+∙2e−) 

Regime Classical (non-degenerated) Quantum (degenerated) 

Electron density n (cm−2) ~ 109 ~ 1014 

Effective mass m* (me) ~ 1.0  ~ 2.1 

Fermi energy EF (meV) ~ 30 ~ 250 

Temperature T (K) ~ 1 ~ 10 

Spin polarization X O 
 

 



Figures

Figure 1

Evolution of pure 2D quantum electrons. a, Phase diagram of pure 2D electron system in terms of
electron density and temperature. The solid red line (kBT = EF) divides the quantum (right) from classical
(left) regimes. Colours represent the electron phases; thermal liquid, liquid crystalline hexatic and Wigner
crystal in the classical regime, and paramagnetic Fermi liquid, polarised Fermi liquid, hexatic and Wigner
crystal in quantum regime. The phase boundaries are estimated from refs. 11, 14-16, 22. The electron
phases on the LHe (grey area) are marked from ref. 11. Dashed blue line is the experimental estimation of
Coulomb coupling parameter, Γ = 137 for the Wigner crystallisation in classical regime11. The present
pure 2D quantum electrons on the 2D [Gd2C]2+2e− electride reside in the area of Fermi liquid (dark blue
area). Detailed physical quantities of 2D electrons on LHe and 2D [Gd2C]2+2e− electride are compared
in Extended Data Table 1. b-d, Visualisation of ELFs for the electrons on the surface and at the intralayer
of 2D [Gd2C]2+2e− electride. Cross-sectional plots of the ELFs for the electrons on the surface (c) and
IAEs at the interlayer (d) taken from the blue and brown windows marked in b, respectively.



Figure 2

Floating quantum electrons on 2D electride. a, Band dispersion of the 2D [Gd2C]2+2e− observed by
ARPES. The blue and brown arrows indicate the parabolic and V-shaped band dispersion from the
surface electrons on the terminated [Gd2C]2+ layer and IAEs trapped between [Gd2C]2+ layers in the bulk,
respectively. b-d, Calculated band dispersions with fat band analysis using the nine-slab model (Extended
Data Fig. 2a), exhibiting the contribution of Gd 5d (b), 6s (c), and 4f (d) orbitals. Band thickness with
different colours represents the contribution of each orbital; the thicker line has more contribution from
the corresponding orbitals. The fat band width in c and d has been magni�ed by 2 and 3.5 times,
respectively, compared with that in b. Almost no colour from each orbital is represented in the parabolic
band. e,f, Band dispersions taken at off- (144 eV, e) and on-resonant (148 eV, f) condition of Gd 4d core
level. Lower panels are magni�ed images of the boxed area in the upper panels. g, Normalised intensity
(right) of the surface 2D electrons (ISurface, blue) and IAEs (IIAE, brown), and their ratio (left, black) as a
function of photon energy (Extended Data Fig. 3d,e). ISurface and IIAE are obtained by integrating the
intensity of the shaded red area in lower panels and the exclusive area of red shade in upper panels of e
and f, respectively.



Figure 3

Spin-polarized nature of quantum electron liquid.  a,b, Enlarged band dispersion of surface electrons (a).
The m* and n of surface electrons are estimated to be ~ 2.1 me and ~ 2.0 ×1014 cm-2 from the quadratic
�tting (black curve in b) of peak positions (white circles) obtained from momentum distribution curves
(MDCs) in a. c, Imaginary part of self-energy, ImS (�lled blue circles), obtained by �tting the energy
distribution curve (EDC) width (Extended Data Fig. 4), as a function of binding energy (ω). The solid red
curve represents the �t with a power-law (ImS(w) = A|w|a + C). d, Calculated spin-polarised band structure
with fat band for the surface electrons. Blue and red colours re�ect the spin up and spin down
components, respectively. A thick blue band for the surface electrons clearly indicates that the quantum
electrons are spin-polarised. For the V-shape bands of the IAEs, spin-polarised state is also shown in the
blue colour. e, Measured band dispersion for the spin-resolved ARPES. f-i, Spin-resolved EDCs of surface
electrons (f,g) and IAEs (h,i), respectively. Spin up and spin down components are represented by blue
and red dots, respectively. EDCs are obtained by integrating intensity within the dashed vertical lines in e.



Figure 4

Phase transition of quantum electrons.  a, Stepwise evolution of the electronic structure upon K
deposition, from the 0 ML (pristine, leftmost) up to 0.25 ML coverage (rightmost). Details of K coverage
estimation are described in Extended Data Fig. 5. Lower panels show magni�ed images (dashed box in
the leftmost upper panel) for the band of quantum electrons in each step. Dashed red lines in lower
panels represent EBM. b,c, Fermi surface in kx–ky plane of the as-cleaved (#0, b) and 0.25 ML K-
deposited (#6, c) samples. Lower panels exhibit magni�ed images of dashed boxes in upper panels.
Dashed white circle and dashed black hexagon represent a guide for the eye of Fermi surface topology. d,
ImS for the band of quantum electrons upon K deposition step, extracted by the line shape analysis of
EDCs (Extended Data Fig. 4). Solid red curves in each panel are �tted curves of ImS(w) with a power-law.
Dashed blue vertical lines indicate the cut-off energy of ImS. e, Extracted quantities of exponent a in the
ImS(w) = A|w|a + C and the cut-off energy as a function of the K deposition. Both exponent a (red
squares) and the cut-off energy (blue diamonds) show a similar trend, having minima at a speci�c
deposition step (#2) and then increasing toward the initial values upon K coverage. The grey curve is a
guide for the eye.
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