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Tuneable band gaps,1 extraordinarily large exciton binding energies,2,3 strong

light-matter coupling,4 and a locking of the electron spin with layer and valley

pseudospins5–9 have established transition-metal dichalcogenides (TMDs) as a

unique class of 2D semiconductors with wide-ranging practical applications.10,11

Using angle-resolved photoemission, we show here that doping electrons at the

surface of the prototypical strong spin-orbit TMD WSe2, akin to applying a

gate voltage in a transistor-type device, induces a counterintuitive lowering of

the surface chemical potential concomitant with the formation of a multi-valley

two-dimensional electron gas (2DEG). These measurements provide a direct

spectroscopic signature of negative electronic compressibility, a striking result

of electron-electron interactions, which we find persists to carrier densities ap-

proximately three orders of magnitude higher than in typical semiconductor

2DEGs that exhibit this effect.12,13 An accompanying tuneable spin splitting of

the valence bands further reveals a complex interplay between single-particle

band structure evolution and many-body interactions in electrostatically-doped

TMDs. Understanding and exploiting this will open new opportunities for ad-

vanced electronic and quantum-logic devices.

Semiconductors are typically considered weakly interacting systems, well described by

conventional band theory. In low-dimensional structures, however, the exchange and corre-

lation energies arising from electron-electron interactions can dominate the kinetic energy in

the dilute doping limit. This stabilises a small regime of negative electronic compressibility

(NEC), κ = 1
N2

∂N
∂µ

< 0, whereby increasing the electron density N leads to a decrease of

the chemical potential, µ.12–17 This can drive the system to exhibit exotic correlated states

including an enhanced quantum capacitance14,15,17 and a proposed spontaneous breaking of

valley degeneracy.18

While of fundamental interest in their own right, such effects are also critical to under-

standing the evolution of a semiconductor’s electronic properties with application of electrical

gate voltages - the standard method for field-effect control of semiconductor devices. TMD

field-effect transistors have already been fabricated,11,19 and a range of attractive and in-

triguing properties uncovered, including chiral light-emission,20 weak anti-localisation21 and

a density-tuned dome of superconductivity.22 A detailed understanding of the underlying

gate-induced electronic structure evolution driving such emergent properties has, however,
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remained elusive.

Here, we mimic the effects of field-effect doping in the TMD WSe2 by the sub-monolayer

deposition of alkali metals at the vacuum-cleaved surface. Such “chemical gating” leaves

the surface accessible for detailed spectroscopic measurements. From angle-resolved photoe-

mission (ARPES), we uncover how the resulting charge accumulation drives a pronounced

reconstruction of the bulk electronic structure, not only mediating the formation of a multi-

valley 2DEG and a giant tuneable valence band spin splitting, but also inducing a pro-

nounced decrease of the surface chemical potential with increasing electron doping. This

direct spectroscopic observation of NEC, which we find persists to remarkably high elec-

tron densities, reveals a dominant role of many-body interactions shaping the underlying

electronic landscape of electrostatically-tuned TMDs.

In Figure 1, we show the occupied electronic structure of bulk and chemically-gated WSe2

as measured by ARPES. No electronic states cross the Fermi level for the pristine cleaved

material (Fig. 1(b)), consistent with its semiconducting bulk. While the uppermost valence

bands near the zone centre are strongly three-dimensional, those at the zone-corner K point

have negligible dispersion along kz, with electronic wavefunctions localised to single Se-W-Se

monlayers (half of the unit cell).9,23 These two-dimensional states, which form the lowest

energy band extrema in monolayer TMDs, are strongly spin-polarised even in the bulk.6,9

The spin is coupled to the valley degree of freedom, alternating sign at neighbouring corners

of the Brillouin zone just as for monolayer MoS2 and WSe2.
5,24–26 For the 2H structure,

spin also becomes locked to the layer pseudospin, reversing sign for neighbouring Se-W-Se

layers.6,7,9 An energetic degeneracy of the states in neighbouring layers thus enforces the total

electronic structure to be spin degenerate, as required by the structural inversion symmetry

of bulk WSe2 (Fig. 1(a)).

We show that breaking such inversion symmetry, achieved here by our surface doping

approach, drives a number of striking changes of the electronic structure (Fig. 1(c)). Depo-

sition of minute quantities of alkali metals, electron doping the surface, causes the conduction

band states to become populated at the K point (only weakly visible) and approximately

mid-way along the Γ−K direction (denoted here as T ). The latter have the larger occupied

bandwidth, maintaining an indirect band gap as for bulk WSe2. Unlike in the bulk, however,

the conduction bands we observe at T have negligible dispersion along kz, as revealed by

our photon energy-dependent measurements (Supplementary Fig. S1). We attribute this
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reduced dimensionality as a result of quantum confinement in the surface quantum well

created by chemical gating.27,28 As the band extrema are located away from the zone centre

in WSe2, here this drives the formation of a multi-valley 2DEG (Fig. 1(d)).

The corresponding electrostatic potential variation also lifts the layer degeneracy along

z. Our ARPES measurements reveal how this induces a splitting of the layer-localised bulk

valence band states atK (Fig. 1(e)). Four distinct bands are visible within our probing depth

(∼ 2 Se-W-Se units29) following chemical gating. From their relative intensity variations

and energy separations, we can unambiguously assign the “L1” states in Fig. 1(e) as being

derived from the first Se-W-Se layer in real space, with the “L2” states localised on layer 2.

Due to the intrinsic spin-valley-layer locking of this compound,6,9 such energetic splittings

directly translate to a spin splitting in momentum space (Fig. 1(a)). Our measurements as a

function of surface electron doping (Fig. 2) reveal how this effect is broadly tuneable. We find

a monotonic enhancement of spin splitting with increasing 2DEG density, reaching values

of more than 180 meV for N ∼9× 1013 cm−2. This supports recent theoretical suggestions

that a field-tuned spin splitting drives the emergence of weak anti-localisation in electric-

double-layer WSe2 transistors.21 Moreover, the splittings observed here, being directly tied

to the electrostatic potential difference between neighbouring layers, reach two orders of

magnitude larger than can typically be achieved through gate-voltage control in conventional

strong spin-orbit semiconductors,30 opening new prospects for room-temperature spintronic

devices.

The surface electron doping which drives this would conventionally be assumed to increase

the binding energy of the valence band states near the surface (Fig. 3(a)). Surprisingly,

however, we find an anomalous shift of the valence bands to lower binding energy with

increasing electron doping (Fig. 3(b)). Over the range of 2DEG densities spanned by our

measurements, a simple band bending calculation31 implies an increase in binding energy of

the valence band states localised on the first W layer, ∆L1, of more than 200 meV. In contrast,

we find a decrease in binding energy of ∼50 meV for ∆L1, and a decrease of almost 150 meV

for ∆L2. A naive interpretation of such shifts in terms of conventional semiconductor space-

charge regions would not only imply an unphysical opposite band bending for the conduction

and valence bands at the surface, but would also be inconsistent with our experimental

identification of “layer 1” and “layer 2” derived valence band states at K. Rather, we assign

this as a spectroscopic observation of a lowering of the chemical potential relative to the
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valence band edges in the near-surface region (Fig. 3(c)). The negative shifts of the valence

states localised on layer 1 are smaller than those for layer 2 due to the larger contribution of

single-particle downward band bending to the former, which would conventionally increase

their binding energy in competition to the lowering of the chemical potential. Indeed, the

rapid decrease of band bending into the bulk allows us to use the “layer 2” states as a

reference level, from which we experimentally extract a lower limit of the chemical potential

shift (∆µ, Fig. 3(d)), which monotonically decreases with increasing 2DEG density.

This is a direct signature of negative electronic compressibility. Strikingly, we find that

dµ/dN < 0 up to our highest measured electron densities of almost 1014 cm−2. In contrast,

NEC in GaAs/AlGaAs 2DEGs is observed only at electron densities almost three orders of

magnitude lower,12 while in graphene NEC is found only once a magnetic field suppresses

the kinetic energy.17 The observation of such a persistent NEC here indicates a powerful role

of many-body interactions, whereby exchange and correlation energies dominate the kinetic

energy over a remarkably large carrier density range. We attribute this to a combination of

factors. The 6-valley T 2DEG and relatively high effective mass ensures the kinetic energy

stays comparably low even for high electron densities, while together with low dielectric

constants these enhance the exchange and correlation energies, allowing them to dominate

the kinetic energy for a wider range of carrier densities. This is fully supported by our model

calculations of exchange and correlation energies within the random phase approximation

(RPA, see methods) which predict a broad regime of NEC in this system (Fig. 3(d)). In

particular, including the effects of a finite thickness of the 2DEG,32 we find quantitative

agreement between the calculated chemical potential decrease with our extracted values of

∆µexp over an extended carrier density range. This is in strong support of our findings of

NEC up to extremely high carrier densities in WSe2 2DEGs.

We also note that transport signatures of NEC have recently been observed in electrically-

gated MoS2,
33 albeit at lower carrier densities, suggesting that these effects are a general

feature of electrostatically-tuned transition-metal dichalcogenides. They can therefore be

expected to have a dominating effect in transistor-style applications based on these com-

pounds. Moreover, NEC leads to a negative quantum capacitance which adds in series with

the conventional geometrical capacitance. In SrTiO3-based 2DEGs, this has recently been

shown to lead to a 40% capacitance enhancement.15 Similar effects may be a driving force

of the known high capacitance of transition-metal dichalcogenides, underpinning their use
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as supercapacitors.34

Unlike in the case of bulk doping,35 however, here the emergence of NEC is intricately

linked to single-particle band structure changes as a consequence of electrostatic band bend-

ing potentials and resultant quantum size effects. To disentangle these, we show in Fig. 4

model surface-projected electronic structure supercell calculations. For the pristine bulk

material (Fig. 4(a)), our calculations reproduce the two 2D valence bands at K observed ex-

perimentally (Fig. 1(b)). The strong spin-polarisation evident in calculations of these states

reflects the intrinsic spin-layer locking in this system discussed above. Finite net spin-

polarisation results due to the exponential suppression of spectral weight with layer depth

employed in our model to reflect the situation for photoemission spectra, and is indeed ob-

served experimentally using this surface-sensitive probe.9 Our calculations incorporating a

downward band bending confirm how these valence bands split into a ladder of strongly

spin-polarised states (Fig. 4(b)). Additionally including exchange and correlation effects in

our calculation (Fig. 4(c)) maintains this ladder of spin-polarised states, but shifts these to

lower binding energy, consistent with our experimental observations.

Together, these reveal how both single-particle band bending and many-body effects

collectively drive a rich reconstruction of the near-surface electronic structure of WSe2. It is

evident from Figs. 4(b,c) how this also mediates a pronounced reduction of the quasiparticle

band gap, the most fundamental property of a semiconductor, close to its surface. This is

supported by our experiment, where we can directly extract indirect band gaps from our

ARPES measurements (Fig. 4(d)). These reveal a large layer-dependent band gap reduction,

reaching ∼ 100 meV even for the first layer where, as evident in Fig. 4(b), quantum size

effects naturally increase the surface band gap in the absence of NEC.

A similar doping-induced band gap shrinkage has recently been predicted for monolayer

MoS2.
36 It can also be inferred from previous measurements of monolayer MoSe2, where a

band gap of less than 1.6 eV has been observed in heavily electron doped samples,29 signifi-

cantly smaller than the single-particle gap in undoped samples.2 We thus expect our findings

of large and persistent NEC to also hold for monolayer TMDs. Together with the observa-

tion of extraordinarily strong exciton and trion binding energies in such materials,2,3,37 our

findings establish transition-metal dichalcogenides as strongly interacting systems, opening

new potential for controlling, and ultimately exploiting, their optoelectronic and spintronic

properties for a new generation of multifunctional electronic devices.
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Methods

ARPES: ARPES measurements were performed at the I05 beamline of Diamond Light Source

(DLS), UK, and beamline 10.0.1 at the Advanced Light Source (ALS), USA. Single-crystal samples

of WSe2, grown by the chemical vapour transport method, were cleaved in-situ and measured at

temperatures below 30 K. Measurements were performed using p-polarised synchrotron light from

20 to 150 eV, and employing Scienta R4000 hemispherical electron analysers. Surface electron

doping was achieved by evaporating either potassium or rubidium from a properly outgassed SAES

getter source onto the sample surface at the measurement temperature. The resulting 2DEG

density was determined from the Luttinger area of the Fermi surface at T , N = gvk
2
F /2π where

gv = 6 is the valley multiplicity.

Calculations: The exchange (exc) and correlation (corr) energies per electron were calculated

within the random phase approximation as:33

Eexc = − 16

3π(gvgs)1/2

(Ry∗
rs

)

Ecorr =
4

g2vg
2
s

(Ry∗
πr2s

)∫
qdq

∫
dw

(
rs
(gvgs)

3/2

2q
χ(q, iw)

+ ln
(
1− rs

(gvgs)
3/2

2q
χ(q, iw)

))
where gv = 6 and gs = 2 are the valley- and spin-degeneracy, Ry∗ = Ry m∗/ϵ2tot is the reduced

Rydberg constant, rs = m∗/(ϵtotaB(πN)1/2) is the dimensionless interparticle separation param-

eter, aB is the Bohr radius and χ(q, iw) is the 2D Lindhard function for the dimensionless wave

vector along the imaginary axis. We use a 2DEG effective mass of m∗ = 0.555 me and an in-plane

and out-of-plane WSe2 dielectric constant of ϵ
∥
WSe2

= 4.2 and ϵ⊥WSe2
= 12.7, respectively. For the

ideal 2DEG calculation, we average these with the vacuum dielectric constant to take account of

penetration of the field lines into vacuum. For the finite-thickness calculation, we introduce a form

factor f(q) with ϵtot(q) = ϵWSe2/f(q). Assuming a triangular potential well,38 the form factor is

given by

f(q) =
8 + 9x+ 3x2

8(1 + x)3
+

ϵWSe2 − ϵvac
ϵWSe2 + ϵvac

1

(1 + x)6
, (1)

where x = q/b and we take b = 3 Å−1 to give a 2DEG localised over approximately 5 Å.

A DFT calculation was performed for bulk WSe2 using the Perdew-Burke-Ernzerhof exchange-

correlation potential modified by the Becke-Johnson potential as implemented in the WIEN2K
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programme.41 Relativistic effects, including the spin-orbit interaction, were fully taken into ac-

count. The Brillouin zone was sampled by a 12 × 12 × 6 k-mesh. The tight-binding supercell

calculations were performed by downfolding these calculations using maximally localised Wannier

functions,39 employing W 5d and 5s and Se 5p and 5s orbitals as basis states. Band bending was

additionally included as an on-site potential term.28,40 The single-particle band bending potential

was calculated within a solution of Poisson’s equation within a modified Thomas-Fermi formalism31

with an additional potential contribution for the conduction bands due to many-body exchange

and correlation effects incorporated from our RPA calculations. The chemical potential was renor-

malised to maintain the same layer-dependent charge density as for the non-interacting system.

To account for the surface sensitivity of AREPS measurements, the spectral weight calculated for

each WSe2 layer was multiplied by an exponential decay function e−z/λe , where z is the distance

from the surface and λe is the inelastic mean free path of the photo-electrons. Here, we assume

λe = 5 Å.
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Figure Captions:

FIG. 1: Electronic structure evolution of chemically-gated WSe2. (a) Crystal structure of

WSe2, consisting of Se-W-Se monolayers stacked along the c-axis, with successive layers rotated

in-plane by 180◦. Electronic states localised to individual layers (e.g. valence bands around K)

are strongly spin-polarised with the spin locked to a layer psuedospin, alternating sign between

neighbouring layers, maintaining overall spin degeneracy as shown schematically (upper panel).6,9

Surface electron doping (lower panel) breaks the layer (and therefore spin) degeneracy. ARPES

measurements of (b) bulk-cleaved (hν=75eV) and (c) surface Rb-dosed (hν=49eV) WSe2. In the

latter, electron-like bands intersect the Fermi level giving rise to a multi-valley Fermi surface shown

(hν = 75 eV) in (d). The near-surface electrostatic potential variation that drives this also induces

a strong spin-splitting between layer 1 (“L1”) and layer 2 (“L2”) localised valence band states at

K, shown magnified in (e).

FIG. 2: Tuneable valley spin splitting. (a) ARPES measurements of the dispersion of the

2DEG formed at T (measured along the Γ−K direction as shown inset) as a function of increasing

surface doping. The associated Fermi surface evolution is shown over kx,y = kT ± 0.17 Å−1. (b)

Corresponding evolution of the lowest binding energy valence bands at K, revealing a spin splitting

that is markedly enhanced with increasing 2DEG density. (c) Extracted density dependence of the

spin splitting, ∆, determined from fitting energy distribution curves at K (see inset). Different

symbols represent measurements from different samples.
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FIG. 3: Spectroscopic signatures of negative electronic compressibility. (a) Conventional

picture of semiconductor charge accumulation layers driven by surface electron doping. A quantum

well state (QWS) is formed in the downward band bending potential of the conduction band, while

the binding energy of valence states in near-surface layers (∆L1, ∆L2) grow with increasing surface

electron density. (b) In contrast, measurements of ∆L1 and ∆L2, determined from fitting energy

distribution curves of the uppermost valence band states at K, reveal a pronounced decrease in

binding energy with increasing surface electron density. This is a direct spectroscopic signature of

negative electronic compressibility, whereby a dominance of exchange and correlation over kinetic

energies cause a decrease in the chemical potential close to the surface, where the 2DEG is localised.

This is represented schematically in (c). Approximating the change in chemical potential, ∆µ,

as the relative doping-dependent shift of ∆L2, we extract a direct experimental measure of the

NEC (d). This is in good qualitative (quantitative) agreement with our RPA calculations [orange

lines] when neglecting (including) the finite thickness of the 2DEG in our calculations. To allow

direct comparison, the calculation and experimental data are aligned for our lowest carrier density

measurement.

FIG. 4: Interplay of band bending and negative compressibility. Surface-projected tight-

binding supercell calculations (see methods) of the electronic structure (top) and spin-projection

of the valence bands at K (bottom) of (a) pristine bulk WSe2 and (b) chemically-gated WSe2

including band bending but no effects of electron interactions, revealing the creation of a 2DEG

and spin splitting of the valence bands. (c) Additionally including an exchange and correlation

potential derived from our finite-thickness RPA calculations leads to an upward shift of the near-

surface valence bands relative to the chemical potential, inducing a shrinkage of the layer-dependent

quasiparticle band gap, extracted experimentally in (d).
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