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Two phase transitions driven by surface electron doping in WTe2
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WTe2 is a multifunctional quantum material exhibiting numerous emergent phases in which tuning of the
carrier density plays an important role. Here, we demonstrate two nonmonotonic changes in the electronic
structure of WTe2 upon in situ electron doping. The first phase transition is interpreted in terms of a shear
displacement of the top WTe2 layer, which realizes a local crystal structure not normally found in bulk WTe2.
The second phase transition is associated with stronger interactions between the dopant atoms and the host,
both through hybridization and electric field. These results demonstrate that electron doping can drive structural
and electronics changes in bulk WTe2 with implications for realizing nontrivial band-structure changes in
heterointerfaces and devices.
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Semimetallic two-dimensional (2D) materials, such as
WTe2, are characterized by numerous emergent electronic
phenomena including large and nonsaturating magnetoresis-
tance [1], superconductivity [2–5], and multiple topological
phases [6–9]. They are also tunable via multiple perturba-
tions including hydrostatic pressure [2], uniaxial strain [6],
gating [4,5], alloying [10], doping [11], intercalation [3], THz
and optical excitation [12,13], and preparation as monolay-
ers [8,9]. Together, this creates an attractive platform for
controlling many-body interactions, for realizing emergent
heterointerface phenomena, and for switchable devices.

Carrier concentration plays a key role in the emergent
phenomena of WTe2. This material’s large and nonsatu-
rating magnetoresistance [1] has been attributed to perfect
compensation of two electron and two hole pockets in the
bulk electronic structure [14], albeit not without controversy
[15–17]. As a consequence of this near balance of electrons
and holes, the carrier concentration is also temperature de-
pendent, yielding a Lifshitz transition ≈160 K [18] where
the hole pockets are lost. Additionally, the onset of super-
conductivity under hydrostatic pressure [19] or potassium
intercalation [3] in the bulk or with gating in the monolayer
[4,5] is also associated with an excess of electronlike carriers.
Although electron doping is not predicted to yield a structural
phase transition, it is clear that it typically yields a different
electronic ground state than the compensated system.

Here, we show that a small amount of surface electron dop-
ing in WTe2 can induce a shear displacement in the top layer,
producing a crystal structure locally similar to a polytype
typically not encountered in ambient conditions. This phase
transition is evidenced by pronounced changes in low-energy
surface electronic structures with support from first-principles
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calculations. A second phase transition at higher doping levels
affects higher-energy band structures, and is associated both
with hybridization with dopant bands and the surface Stark
effect. These results highlight the variety of electronic struc-
ture changes associated with electron doping in WTe2, with
implications for heterostructures and devices.

In the present angle-resolved photoemission spectroscopy
(ARPES) experiments, in situ electron doping was achieved
by depositing variable amounts of potassium on the cleaved
WTe2 surface (K dosing). ARPES experiments were
performed at beamline 7.0.2 (MAESTRO) at the Advanced
Light Source. The beam-spot size was ≈40 μm for the
photon energies of 20 eV (Figs. 1 and 2) and 90 eV (Fig. 3).
First-principles density function theory (DFT) calculations
were performed using the localized pseudoatomic orbital
method as implemented in OPENMX [20,21]. High-quality bulk
single crystals of WTe2 were synthesized by chemical vapor
transport with bromine as the transport agent. More details
about the experiment and computation are found in the Sup-
plemental Material (SM) [22], which includes Refs. [23–34].

WTe2 is a layered van der Waals (vdW) material consisting
of stacked 2D sheets, and at ambient pressures the alignment
between layers leads to a larger simple orthorhombic unit
cell containing four formula units, called the γ or Td phase
[11,35,36]. This crystal structure breaks inversion symmetry
along the c axis, giving rise to different surface bands on op-
posing sides of the material [37]. The different surfaces can be
accessed by flipping a crystal over, and due to stacking faults,
they can also be accessed with subsequent cleaves of a sin-
gle orientation or different positions on an inhomogeneously
cleaved surface [37]. The latter circumstance necessitates a
sufficiently small ARPES beam spot to attain spectra on a
single termination. Figures 1(b) and 1(c) highlight the two
types of spectra present when different surfaces are exposed:
Distinct bands are visible near kx = 0 and kx = 0.25, and in
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FIG. 1. First phase transition. (a) Schematic 2D projection of the Brillouin zone of WTe2 with bulk electron (red) and hole (blue) Fermi
surfaces. The magenta line is the �-Y cut. (b), (c) ARPES spectra taken on two opposite faces, along the �-Y direction, called faces A and B,
respectively. (d), (e) Same cut after K dosing, called face A∗ and B∗, respectively. Red, blue, green, and cyan bars mark the momentum region
of electron (e), hole (h), gap (g), and surface (s) features. (f)–(i) DFT calculations in a region of the band structure indicated by the same color
dashed boxes in (b)–(e). (f), (g) Calculations with the γ structure. (h), (i) Calculations with the β structure. The color scale indicates bands
that are of surface (dark) vs bulk character (light). Green and cyan ovals indicate the changing surface band.

this Rapid Communication, we focus on the latter momentum
region. Following the convention of Ref. [37], these surfaces
are called face A and type B.

Figures 1(b)–1(e) show how in situ K dosing induces
localized changes in the low-energy electronic structure on
both nonequivalent crystalline faces of WTe2, along a high-
symmetry �-Y cut indicated in Fig. 1(a). Two electron pockets
are resolved at kx ≈ 0.3–0.4, and a Fermi crossing of two
hole bands can be seen near kx ≈ 0.2, either as two distinct
bands (face B), or as a band and a shoulder (face A) [see

FIG. 2. Fermi-surface maps with corresponding DFT calcu-
lations mirrored across kx = 0, before and after K dosing.
(a), (b) Before dosing, faces A and B, with the corresponding DFT
of the γ phase mirrored on left. (c), (d) After K dosing with the DFT
of the β phase mirrored on the left. (e), (f) Difference spectra (A-A∗,
B-B∗), where green (purple) indicates the spectral weight increase
(decrease) upon dosing. In all panels, a dashed rectangle marks the
momentum region of interest where the spectral weight increases
(decreases) on face A∗ (B∗).

Supplemental Material (SM) [22]]. Upon K dosing on face
A [Figs. 1(b) and 1(d)], a new band appears in the gap be-
tween the electron and hole pockets, at kx ≈ 0.25, and the
second hole band strengthens in intensity, though the latter
is not the present focus. The opposite is observed for face B
[Figs. 1(c) and 1(e)] where a band becomes less apparent and
a gap emerges to the right of the hole pockets at a similar
momentum. The nonequivalent faces of the K-dosed structure
are referred to as A∗ and B∗, respectively [Figs. 1(d) and 1(e)].
K dosing introduces a chemical potential shift of ≈0.03 eV or
an electron doping of ≈3%–4% [22].

DFT calculations [Figs. 1(f)–1(i)] are used to give a the-
oretical basis for the observed changes in the band structure,
with the β (1T ′) phase capturing the essential changes upon
dosing. The changing portions of the calculated band structure
are highlighted with shaded ovals. In the γ phase, the two
faces differ via a surface-dominated band which is located
above EF on face A, hence not observable by ARPES, but
below EF on face B. The opposite is true for the β crystal
structure where face A∗ shows a surface-dominated band be-
tween the electron and hole pocket below EF , but face B∗ has
this band above EF . Most of the other bands in Fig. 1(b)–1(e)
are changed minimally by doping. The structural change we
propose is more subtle, and the comparison to the β phase will
be justified later.

The appearance/attenuation of bands between the electron
and hole pockets is highlighted further via evolving fermi-
ology, shown in Fig. 2. Faces A and B differ by a segment
of the Fermi surface extending from the electron to the hole
pocket, present only on face B [Figs. 2(a) and 2(b)]. Earlier
ARPES studies have demonstrated the 2D (surfacelike) nature
of these states [37–39]. The present DFT calculations support
the surface-dominated nature of the segments prominent on
surface B. These surface states are sometimes misidentified
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FIG. 3. Second phase transition with K dosing. (a) �-Y cut
before dosing, (b) same cut after a large amount of dosing, and
(c) energy distribution curve (EDC) at � comparing before (blue) and
after (red) dosing. Pink EDC: “After” EDC with a 120 meV shift.
Curves are offset vertically for clarity. Purple dots and green stars
identify comparable features in all panels. Horizontal bars identify
two sets of peaks before and after dosing, high energy (purple) and
low energy (green). Thin vertical lines: Energy position of bands
before dosing in experiment and calculations. (d) Slab calculations
comparing “pristine” WTe2 (γ phase, blue) to the effect of an electric
field of 10 GV/m (red). (e) Slab calculations comparing “pristine”
WTe2 (blue) to the effect of hybridization with a K overlayer with
one K atom per unit cell contributing 0.5 electrons (red). In (d) and
(e), EDC broadening is produced by convolving calculated spectra
with a Gaussian function which best reproduces the linewidth of data.

as the topological Fermi arcs in literature, but they do not
connect surface projections of Weyl points and are there-
fore topologically trivial, though perhaps not irrelevant [7].
After K dosing, these surface states on surface B∗ are less
apparent [Fig. 2(d)], and a gap emerges between the electron
and hole pockets (box) where the surface band previously
connected the two. The opposite is seen on face A, where
initially only electron and hole pockets are observed, but after
dosing, new bands appear between them [Fig. 2(c)], whose
DFT calculations for the β phase indicate to be surface states.
This phenomenon on face A/A∗ was previously reported, but
not explained [40]. The doping-induced change is highlighted
by subtracting normalized spectra from one another (A-A∗,
B-B∗) in Figs. 2(e) and 2(f), where states near kx = 0.3 are
shown to appear (diminish) on face A (B). Notably, while an
elevated temperature also diminishes the holelike bands, it
does not appear to yield comparable changes in the surface
bands between the electron and hole pockets [40–42].

Upon subsequent dosing cycles, the system undergoes a
second phase transition (Fig. 3), corresponding to a chemi-
cal potential shift of ≈100–130 meV. The energy separation
between bands changes significantly, particularly at the �

point [Fig. 3(c)]. Four bands are resolved between the 0 and
1.25 eV binding energy (EB), two at a lower EB and two at
a higher EB. Initially, the two bands at lower EB have an
energy separation (�) of ≈220 meV, and after, they have

FIG. 4. First phase transition, DFT. (a)–(c) Slab calculations with
different shear displacements of the top layer for face A termina-
tion. Darker (lighter) gray denotes a more surfacelike (bulklike)
character. Arrows point to the surface-derived band that shifts with
shear displacement. (d)–(f) Same for face B. (g) Definition of shear
displacement in the γ unit cell, together with the β unit cell. (h)–(j)
Overlay of metastable crystal structure (see text) with other crystal
structures with a region of qualitative similarity indicated by a green
box. (h) Overlay with γ . (i) Overlay with inverted γ , with opposite
termination. (j) Overlay with β.

� ≈ 300 meV (green bars). Additionally, a new shoulder ap-
pears at EB ≈ 80 meV. For the two bands resolved at higher
EB, initially � ≈ 300 meV, and afterwards, � ≈ 170 meV
(purple bars). The second phase transition is also seen in the
off-high-symmetry cuts, in the W and K core levels, and in
the shape of the constant-energy maps at equivalent energies
in the band structure, clarifying how the trivial effects of K
dosing (rigid band shift and disorder broadening) differ from
the present results [22]. The spectral changes at the � point for
the second phase transition are compared to the effects of an
electric field [Fig. 4(d)] and also to the effects of hybridization
with a K overlayer [Fig. 4(e)], with qualitative agreement in
different energy ranges.

The first phase transition manifests in changes in the sur-
face bands at a low binding energy. Below, we will argue that
this can be reproduced by a shear shift of the top WTe2 layer
for both terminations. We will also discuss the rationale for
considering the β phase in DFT calculations in Figs. 1 and 2.

The γ to β transition can be visualized as shear displace-
ments of subsequent layers, and the energy change when one
WTe2 layer is subjected to a variable amount of shear dis-
placement is shown in SM [22] for bulk and slab geometry.
A shear displacement of zero corresponds to the γ phase.
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A shear displacement of ≈0.4 Å corresponds to a geometry
where the Te atoms on adjacent layers are closest. For neu-
tral or electron-doped WTe2, repulsion of the Te antibonding
orbitals leads to this configuration constituting a local maxi-
mum in energy and being unfavorable. Hole doping has the
opposite effect, removing electrons from the Te antibonding
orbitals and stabilizing this configuration. A displacement of
≈0.8 Å results in the Te atoms of adjacent layers adopting
a locally mirrored configuration as compared to the WTe2 γ

state. With electron doping, a shear displacement of ≈0.8 Å
corresponds to a local minimum in energy, and is referred to
as a metastable configuration, while the global minimum is
found at <−0.2 Å, very close to the γ configuration.

Although the metastable configuration is not a global en-
ergy minimum, the energy difference from the γ geometry is
very small, <2 meV for one electron per unit cell. It should
be noted that the DFT calculations cannot provide a reliable
comparison of such small energy differences between the con-
figurations, especially considering the difficulties in modeling
the vdW interaction, such that the metastable configuration
possibly has lower energy in the real system. Specifically, the
electric field introduced by the ionization of the K atoms may
favor this shear displacement [43].

In Figs. 4(a)–4(f), we consider how successive shear dis-
placements of the top WTe2 layer affect the band structure in
the momentum region of interest. On surface A, the surface
band located between the electron and hole pocket is initially
above EF and hence not observable by ARPES. It is gradually
pushed below EF by successive shear displacements of the
top WTe2 layer along the direction of the W-W zigzag chains.
This band is fully below EF and visible to ARPES between 0.6
and 0.8 Å. Thus the metastable configuration captures this key
feature of the data and of the β-phase electronic structure. On
face B, the opposite is observed, with a surface band initially
below EF between the electron and hole pockets, being pushed
above EF for a shear displacement between 0.6 and 0.8 Å. A
full series of shear displacements is shown in SM [22].

We now discuss the similarity between the metastable con-
figuration and other crystal structures [Figs. 4(h)–4(j)]. The
metastable crystal structure is superimposed on top of the
γ phase, the inverted γ phase (surface A and B reversed),
and the β phase. Boxes denote regions of qualitative agree-
ment. The metastable structure agrees qualitatively with the
β structure in the first three layers, which explains why
the two structures yield qualitatively similar surface bands.
The comparison of ARPES data to the β-phase calcula-
tions is further justified by the surface sensitivity of the
technique. For photoelectrons with a kinetic energy 20 eV,
the mean free path is ≈6 Å [44], such that ≈99% of
the photoemission signal comes from the first three WTe2
layers. Additionally, the first two layers of the metastable
structure agree well with the inverted γ structure, giving
qualitative support for the observation that the electronic
structures on the A and B surfaces seem to swap upon electron
doping.

We now turn to the second phase transition, achieved
with a large amount of K dosing, focusing on the � point
where the largest spectral changes are observed. Qualitative
comparisons are made with two scenarios that may both be
present: hybridization between WTe2 and the K overlayer and

a surface dipole electric field produced between the electrons
donated to WTe2 and the positively charged K ions at the
surface (surface Stark effect). In both cases, the upper limit
of the physical values is considered, in order to highlight the
effects of each phenomenon within the relatively complex
band structure of WTe2. The calculations do not consider the
photoemission matrix element effects and thus do not aim to
reproduce the relative heights of the peaks. The electric field
qualitatively reproduces the results at a lower binding energy
(EB < 0.6 eV, green symbols). Before dosing, two bands are
observed, and they move further apart at the second phase
transition (green bars) with an additional shoulder developing
at a lower binding energy. The surface Stark effect results in
nonmonotonic band shifts depending on the orbital character,
and has previously been demonstrated as a means of band
gap engineering in semiconducting 2D materials [45–47].
Here, we indicate similar effects in a semimetallic 2D ma-
terial. At a higher binding energy, a hybridization scenario
better reproduces the observed effect of the dominant bands
moving closer together (purple bars), and possibly exhibiting
a third band as a shoulder feature (purple dots). We note
that a monotonic chemical potential shift does not capture
all observed spectral features (see SM [22]), which is why
shifted (unshifted) spectra are used in qualitative comparisons
to hybridization (electric field). These results highlight that
band-structure changes may occur in heterointerfaces between
WTe2 and other 2D materials, which typically undergo a
charge transfer because WTe2 has a comparatively low work
function among 2D materials [48].

In conclusion, we have demonstrated how surface electron
doping can induce two distinct changes in the electronic struc-
ture of WTe2. The first transition is interpreted in terms of
a metastable shearing of the top WTe2 layer, which yields
surface bands qualitatively similar to the β phase within
the first three layers. This also demonstrates how surface
bands can identify subtle structural changes in WTe2, which
only minimally affect the bulk bands. Additionally, these
results suggest that the same shear mode which has been
proposed to be activated with hole doping and photoexcitation
can also be activated with a very small amount of electron
doping. The second phase transition reflects a more compli-
cated interaction with the K atoms and host, involving both
hybridization and the surface Stark effect. Both results are
broadly relevant to understanding the effects of electrostatic
gating, interactions with metallic contacts, and charge-transfer
heterointerfaces in devices constructed from semimetallic 2D
materials.
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