
PHYSICAL REVIEW B 99, 045438 (2019)

Dual quantum confinement and anisotropic spin splitting in the multivalley semimetal PtSe2
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We investigate the electronic structure of a two-dimensional electron gas created at the surface of the
multivalley semimetal 1T-PtSe2. Using angle-resolved photoemission and first-principles-based surface space-
charge calculations, we show how the induced quantum well sub-band states form multiple Fermi surfaces, which
exhibit highly anisotropic Rashba-like spin splittings. We further show how the presence of both electronlike
and holelike bulk carriers causes the near-surface band bending potential to develop an unusual nonmonotonic
form, with spatially segregated electron accumulation and hole accumulation regions, which in turn amplifies the
induced spin splitting. Our results thus demonstrate the novel environment that semimetals provide for tailoring
electrostatically induced potential profiles and their corresponding quantum sub-band states.
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I. INTRODUCTION

Gate-voltage control of surface and interface charge carrier
densities not only lies at the heart of modern microelectronic
devices such as the ubiquitous semiconductor transistor [1],
but also provides a mechanism for stabilizing new physical
regimes. When a two-dimensional electron gas (2DEG) is cre-
ated via electrical gating, for example, the associated breaking
of inversion symmetry can lead to a lifting of the spin degen-
eracy of its electronic states via the so-called Rashba effect
[2]. This is a striking result of spin-orbit coupling in solids,
and can lead to new approaches for utilizing the electron spin
in so-called spintronics [3–5]. The injection of large sheet
carrier densities, utilizing approaches such as ionic liquid
gating [6,7], has further established the potential to obtain
gate-voltage control over the collective states of materials,
for example inducing superconducting instabilities [8–10] or
manipulating magnetic order [11–14]. As such, modifying
surface space-charge regions has become a powerful route to
control and explore the electronic properties of materials, both
for applications and to facilitate fundamental understanding.

This approach has been widely applied to the semiconduct-
ing transition-metal dichalcogenides (TMDs), part of a diverse
materials family [15], which has been attracting significant
recent attention both in bulk and single-layer form [15–19].
Electrical gating has been employed to realize monolayer
field-effect transistors [20–22], to create tunable Zeeman-
like spin splittings [23,24], to manipulate charge order [25],
and to induce unconventional superconducting states [25–27].
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Here, we investigate a TMD, 1T -PtSe2, whose ground state
is not a semiconductor, but a semimetal. It has a metallic
temperature-dependent resistivity [28], and as such would not
typically be considered as a natural system for electrical gat-
ing. We nonetheless show that an electrostatic band-bending
potential can be created to screen a surface (or equivalently
gate-induced) charge, which in turn confines a well-defined
2DEG. We further show that the band-bending potential has
an unconventional nonmonotonic form arising due to an
intrinsic competition between the electronlike and holelike
carriers in screening the surface charge, and that the induced
2DEG exhibits a pronounced anisotropic Rashba-like spin
splitting. Our work therefore provides new insight into the
potential for the all-electrical control of spin-polarized charge
carriers in semimetallic systems, and into the unconventional
space-charge regions that can be created in multivalley and
multiband systems.

II. METHODS

Angle-resolved photoemission spectroscopy (ARPES) was
performed at the I05 beam line of Diamond Light Source
[29], using linear-horizontal (p) polarized light with photon
energies between 20 and 120 eV. Single-crystal samples of
PtSe2 were mounted using conventional methods (conductive
silver epoxy on to a sample plate) and cleaved in situ via the
top-post method at the measurement temperature (<14 K).
Rb was deposited on the cleaved surface, again at the mea-
surement temperature, using a well-outgassed SAES Rb getter
source operated at 5.6 A. From analysis of integrated spectral
weight of Rb 4p, Pt 4f and Se 3d core levels as measured
by x-ray photoemission spectroscopy (hν = 150 eV), as well
as the lack of any free-electron gas states observed in ARPES
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FIG. 1. (a) Three-dimensional Fermi surface of bulk PtSe2, ex-
tracted from DFT calculations. Additional kx-ky contours are dis-
played for kz = ±0.6 π

c
as extracted from photon energy-dependent

ARPES, left (hν = 120 eV and 99 eV, EF ± 30 meV) and from
DFT, right. (b) ARPES dispersions along the M-K-�-M path (hν =
53 eV). (c) Equivalent dispersions extracted from DFT calculations,
projected as a function of kz between 0 and 0.7 π

c
(see color bar),

which are in good agreement with the experimental measurements.
No additional states are present in this energy range for other kz

values.

associated with formation of monolayer Rb islands [30], we
conclude that the coverage was submonolayer.

Relativistic density-functional theory (DFT) calcula-
tions were performed using the Perdew-Burke-Ernzerhof
exchange-correlation functional corrected by the semilo-
cal Tran-Blaha-modified Becke-Johnson potential, as imple-
mented in the WIEN2K package [31]. The Brillouin zone (BZ)
was sampled by a 20 × 20 × 20 k mesh and the muffin-tin
radius RMT for all atoms was chosen such that its product with
the maximum modulus of reciprocal vectors Kmax becomes
RMTKmax = 7.0. To describe the surface electronic structure,
the bulk DFT calculations were down-folded using maximally
localized Wannier functions [32–34] purely made of Se-p
orbitals, and the resulting 12-band tight-binding transfer in-
tegrals implemented within a 100-unit cell supercell with an
additional on-site potential term representing the electrostatic
band bending potential. This was solved self-consistently
with Poisson’s equation, assuming a static bulk permittivity
ε = κε0 with ε0 being the vacuum permittivity and κ being
the dielectric constant fixed at 40 [35]. The only adjustable
parameter is the total amount of band bending, varied until the
experimentally observed surface sheet carrier density Nss ≈
1 × 1014 cm−2 is achieved.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the bulk three-dimensional Fermi surface
and near-Fermi level (EF) band dispersions of PtSe2, as

obtained from both DFT calculations and photon energy-
dependent ARPES measurements. Three sets of Fermi pock-
ets are visible, all of predominantly Se p-orbital character due
to the nonbonding nature of Pt in PtSe2 [15,36]. A hole pocket
is located at the � point in the BZ center. This is the upper part
of a type-II Dirac cone that is formed by the crossing of Se pz

and px/y states below the Fermi level [19,37–39]. An electron
pocket is located in the kz = 0 plane at the K points of the BZ.
Six additional electron pockets are centered at low-symmetry
k points within the �-M-L-A planes, hereafter referred to as
S pockets. Three of these pockets are located at positive kz,
with a threefold in-plane distribution reflecting the trigonal
symmetry of the crystal structure; the Kramers doublet part-
ners of these electron pockets are located at negative kz, with
their in-plane momenta rotated by 180 degrees with respect to
the upper pockets [Fig. 1(a)]. The volume of the electron and
hole pockets is equal, thereby making PtSe2 a compensated
semimetal with a complex multivalley Fermi surface. From
our DFT calculations, we estimate the corresponding bulk
electron and hole concentrations to be (n, p) ≈ 1.7 × 1020

cm−3, equivalent to about 0.01 electrons per formula unit. The
majority of the electron count is contributed by the S pockets
(≈ 1.2 × 1020 cm−3) with only a small contribution from the
electron pockets at K .

We show below how this electronic structure becomes
strongly modified at the surface following the adsorption of
small quantities of Rb (Fig. 2). Rb is highly electroposi-
tive, and so readily donates electrons into the near-surface
region, akin to injecting carriers in a field-effect-style device
[Fig. 2(a)] [23]. We find that this causes the formation of large
propellerlike Fermi surfaces at the zone corners, K points, and
a pair of near-rectangular states, yielding a sharp and intense
rim of spectral weight around each of the �-M centered bulk
S pockets [Fig. 2(b)]. No band folding is observed, ruling out
surface reconstruction driven by the surface Rb absorption.
Rather, we attribute all of these new states as quantum well
states of the original bulk bands, now confined by a near-
surface band-bending potential.

Consistent with this, our photon energy-dependent mea-
surements (Supplemental Fig. S1 [40]) show that the new
surface-related bands are two dimensional, unlike the under-
lying bulk S pockets [41]. We have therefore created a well-
defined two-dimensional electron gas at the surface of PtSe2.
This might seem surprising given the metallic conductivity of
the bulk. However, as discussed above, PtSe2 is not a true
metal, but a semimetal with small electronlike and holelike
pockets. Given their small Fermi wave vectors kF, the corre-
sponding Thomas-Fermi screening length LTF ∼1/kF should
be comparable to a moderately doped semiconductor, unlike
for a true metal where this becomes extremely small. More-
over, the surface sheet density extracted from the Luttinger
area of the new surface Fermi pockets observed in Fig. 2(b) is
Nss ≈ 1 × 1014 cm−2. This represents approximately an order
of magnitude larger charge carrier accumulation as compared
to the carrier density of the bulk, and so can trigger a pro-
nounced surface band bending to ensure charge neutrality.

To further verify that the above considerations enable PtSe2

to support a 2DEG defined by a near-surface band bend-
ing, we have performed self-consistent surface space-charge
calculations via solution of a coupled Poisson-Schrödinger
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FIG. 2. (a) Schematic representation of near-surface charge accumulation when Rb atoms are deposited on a surface. (b) Measured Fermi
surface of Rb-dosed PtSe2 (EF ± 12 meV, hν = 37 eV). (c) Equivalent Fermi surface resulting from a self-consistent band bending calculation.

equation implemented into a realistic tight-binding model (see
methods described above). In this way, we incorporate the
realistic multiband bulk electronic structure as determined
from advanced ab initio calculations, benchmarked against
our experimental measurements in Fig. 1, and incorporate the
effects of charge carrier screening through a standard dielec-
tric picture. We further neglect additional energy shifts arising
from exchange and correlation terms, which are known to lead
to negative electronic compressibility for low-density 2DEGs
induced in other TMDs such as WSe2 [23]. This is justified
by the relatively high net electron densities contributed by
the bulk (given the semimetallic nature) and the 2DEG. The
total energy of the resulting 2DEG is, thus, expected to be
dominated by the kinetic term arising from the dynamics of
these existing and accumulated carriers.

The resulting surface Fermi surface [Figs. 2(b), 2(c)] and
band dispersions [Figs. 3(a), 3(b)] are in excellent agreement
between our calculations and experimental measurements.
The slab calculations assume an ideal bulk-truncated surface,
with no structural modifications or distortions. The good
agreement between our calculations and experimental mea-
surements indicates that the dominant influence of the surface
Rb absorption is therefore a donation of electrons into the
near-surface region, and the results found here from both
experiment and theory can be considered purely as arising
from electrostatic doping effects.

Excitingly, projecting our calculated dispersion along �-M
onto the spin component perpendicular to this direction
[Fig. 3(b) inset] allows us to identify the band splitting evident
in both our calculations [Fig. 2(c) and Fig. 3(b)] and experi-
ment [Fig. 2(b) and Fig. 3(a)] as a spin splitting of oppositely
polarised states. Such a spin-splitting is generically allowed
when inversion symmetry is broken, whereby spin-orbit in-
teractions may then lift the spin degeneracy. Our calculations
show that the spin lies within the surface plane along the �-M
direction, pointing perpendicular to the in-plane momentum.
Such spin-momentum locking is indicative of an out-of-plane
potential gradient as the symmetry-breaking potential here,
leading to a spin splitting of the Rashba-type [2].

We thus attribute the observed spin splittings as arising due
to the presence of the near-surface band-bending potential.
In some 2H-TMDs, such a bending potential can effectively
reveal a pre-existing intrinsic spin polarization of different

energy valleys by lifting the layer degeneracy of their wave
functions strongly localized on the topmost and adjacent
layers [23,24,42,43]. The observed spin polarization is thus
merely out of plane and isotropic, being set by a hidden
in-plane dipolar field locally existing within each layer of the
bulk crystal structure due to their lack of inversion symmetry

FIG. 3. (a) Pristine (left) and Rb-dosed (right) ARPES disper-
sions (hν = 37 eV) measured along the � − M direction. (b) Or-
bitally projected surface slab calculations over an equivalent range
as for (a). The inset shows the spin polarization of the confined
Rashba-split pair along � − M, projected onto the perpendicular
(i.e., chiral) spin component. (c) Bulk orbitally projected band struc-
ture of pristine PtSe2 calculated along the in-plane �-M direction for
kz = 0.6 π

c
. The dashed lines show schematically the expected band

structure in the absence of hybridisation between the px,y and pz

orbitals.
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when considered individually [42,44]. Here, however, the
conduction band wave functions are highly delocalized, and
so the spin polarization is predominantly induced by the
gradient of the bending potential, ∇V , via a k-dependent
planner spin-orbital field (∇V × k), and the spin polarization
manifests as a Rashba-like spin texture.

The spin splitting is, however, highly anisotropic. As evi-
dent in both our experiment and calculations, the spin splitting
is only clearly resolved on the low-momentum side of the
electron pocket, persisting down to the band minimum, but
being strongly suppressed on the high-momentum side of this
S pocket (Figs. 2 and 3). Our orbital-projected calculations
[Fig. 3(c)] reveal how such an anisotropic spin splitting of
the surface 2DEG is a natural consequence of the mixed
orbital character of the underlying bulk electron pocket. This
pocket is formed from the hybridization of a pz and px,y

band as they disperse in-plane. The resulting hybridized band
therefore has predominantly pz orbital character on its outer
edge and a much more mixed pz–px,y orbital character on its
inner edge [Fig. 3(c)]. This orbital character switch across the
pocket is inherited by the 2DEG state when confined by the
band bending potential [Fig. 3(b)]. On the high momentum,
predominately pz-derived, side the orbital angular momentum
(OAM) is small, and so a negligible spin splitting develops
(i.e., L · S is small). On the other hand, where the orbital
character becomes strongly mixed, a large OAM can be ex-
pected and so the spin splitting becomes much larger [45–47].
Thus, the multiorbital character drives a highly anisotropic
spin splitting to develop in this system. Similar effects are also
evident for the K-point pockets, with a maximal spin splitting
along the �-K direction, [Fig. 2(c)].

While anisotropic, the maximum spin splitting achieved
here is, in fact, rather large, with a momentum splitting at
the Fermi level along �-M of �kF = 0.025 ± 0.001 Å−1.
This is at least an order of magnitude larger than what is
typically achieved in gated semiconductor 2DEGs such as
InAs [5]. This is in part due to the relatively large spin-orbit
coupling strength of Se 4p orbitals. More than that, however,
it indicates that inversion symmetry must be broken strongly
within the 2DEG here [45].

To probe this, we investigate the near-surface potential
profile, V (z), resulting from our self-consistent band-bending
calculations. Surprisingly, we find that this exhibits an un-
conventional form, exhibiting a sign change in V (z) approx-
imately 15 Å below the surface [Fig. 4(a)]. This dual band
bending would not be expected in a conventional space-charge
region: The potential profile is given via solution of Poisson’s
equation, ∇2V (z) = −ρ(z)/ε where ρ(z) = e[ρe(z) − ρe,b −
ρh(z) + ρh,b] is the depth-dependent space charge, {e, h} de-
note electron and hole, and b denotes the bulk, subject to the
boundary conditions ∇V (z)|z=0 = eNss/ε and V (z) → 0 as
z → ∞. A positive surface charge dictates that V (0) must be
negative. For a single carrier type, solution of Poisson’s equa-
tion enforces the potential to always have a negative curvature,
implying that the potential profile varies monotonically with
depth below the surface, asymptotically approaching zero
towards the bulk over a length scale of approximately the
Thomas-Fermi screening length [48].

PtSe2 is, however, not a single-carrier system, but, as dis-
cussed above, a compensated semimetal with a Fermi surface
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FIG. 4. Calculated (a) potential profile and (b) charge density
profile for surface-doped PtSe2 with a surface sheet carrier den-
sity Nss ≈ 1 × 1014 cm−2. In (b), ρh and ρe denote the individual
contribution of the hole and electron bands to the charge density,
respectively. (c), (d) Schematic illustration of quantum confinement
of surface states in a compensated semimetal, considering (c) a con-
ventional band bending potential and (d) a real potential satisfying
the Poisson’s equation for such a double-carrier system.

composed of both electronlike and holelike carriers. As shown
in Fig. 4(c), a conventional downward band bending is able to
effectively confine the wave functions of electronlike carriers
in such a system near to the surface (indicated as ϕe), leading
to a well-defined 2DEG, εe. On the other hand, the surface
holelike bands are shifted downwards in energy such that their
wave functions (ϕh) strongly overlap with the bulk continuum.
The accumulated surface electrons of the hole pocket (here
the � pocket) will therefore be delocalized far away from
the surface, over a length scale significantly exceeding the
Thomas-Fermi screening length.

To avoid this energetically unfavorable condition, we find
that a positive potential barrier is formed beneath the surface,
as shown from explicit calculations in Fig. 4(a), and repre-
sented schematically in Fig. 4(d). The main role of this po-
tential barrier is to minimize the overlap between the surface
and bulk hole states. In this way, charge is effectively pumped
between the electron and hole states, allowing the surface
charge to still be screened rapidly, confining the electrons
close to the surface, but leaving the holes much closer to a
charge-neutral configuration as a function of depth. The result
is a surface electron accumulation region [required due to the
positive surface charge, implying ∇V (z)|z=0 > 0 and, hence,
V (0) < 0], which is separated from the bulk region by an
intermediate hole accumulation region [V (z) > 0, Figs. 4(a),
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FIG. 5. (a) Comparison of calculated charge density profile re-
sulting from all Fermi pockets of PtSe2 vs a hypothetical case where
only the electron (K-) pocket and hole (�-) pockets are included
in the space-charge calculations. (b) The corresponding potential
profile for each case. For all three cases, the total sheet carrier density
is fixed at 1014 cm−2.

4(b)]. Thus, a well-defined 2DEG is still developed, while
avoiding the penalty of large carrier delocalization lengths of
the hole gas associated with the same band-bending potential.

We note that the band-bending potential observed here is,
therefore, a general consequence of the multicarrier nature of
PtSe2, and thus should be a general feature of systems with
both electronlike and holelike bulk carriers. Indeed, repeating
our calculations for PtSe2 but including only the electronlike
(K) or holelike (�) pockets in isolation, we find a con-
ventional monotonic form of the near-surface band bending
(see Fig. 5). This confirms the above conclusions that the
multicarrier nature is critical in generating the nonmonotonic
near-surface potential profiles. Intriguingly, comparing the
full calculation to that with only pockets of a single-carrier
type included indicates that the combination of both electron
and hole pockets causes the total potential profile to become
much steeper near the surface (Fig. 5). This steeper band-
bending potential is key to enhancing the energy scale of
inversion symmetry breaking, helping to stabilize the large
spin splittings observed here and discussed above. To further
support this picture, we show in Fig. 6 the resulting spin-split
states for three potential profiles applied to PtSe2, accumu-
lating different sheet carrier densities Nss. As can be seen
by enhancing the gradient of potential at the surface (i.e.,

FIG. 6. Expected potential profile of surface-doped PtSe2 at
sheet carrier densities (a) 1 × 1014 cm−2, (b) 2.2 × 1014 cm−2, and
(c) 4.3 × 1014 cm−2. (d)–(f) The respective spin-resolved surface
electronic structures along the �-M direction. Here, spin projection
direction is set to be normal to both the momentum direction and the
gradient of the bending potential. The size of the spin splitting grows
with increasing magnitude of the near-surface potential gradient, in-
dicating that the asymmetric band bending potential is the dominant
driver of the Rashba-like spin splitting here.

increasing Nss), the spin splitting of the quantized sub-band
of the S pocket undergoes a monotonic increase.

IV. CONCLUSIONS

Our findings show that a 2DEG can be created in the
semimetal PtSe2. Moreover, they demonstrate that semimetals
in general provide an unusual surface space-charge environ-
ment as a result of a competition between electronlike and
holelike carriers. Together with spin-orbit coupling, we have
observed how this can magnify Rashba-like spin splittings.
More generally, the resulting potential, which is confining
for both holes and electrons in spatially separated regions,
could provide a natural potential barrier to screen surface-
induced charges from the underlying semimetallic bulk. Be-
yond improved spintronic functionality, enhanced potential
gradients could also provide new routes to optimize charge-
carrier separation between bulk and surface regions and to
controllably manipulate the relative population of electronlike
and holelike carriers, driving a crossover from multicarrier
to single-carrier-type transport at the surface—a new form
of rectification. Together, our findings thus motivate the fur-
ther study and potential exploitation of the often overlooked
semimetal for a range of possible device functionalities and as
an environment for stabilizing novel physics.

The research data supporting this publication can be ac-
cessed at the University of St Andrews Research Portal [49].
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