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ARTICLE

Uniaxial strain-induced phase transition
in the 2D topological semimetal IrTe2
Christopher W. Nicholson 1✉, Maxime Rumo 1, Aki Pulkkinen1,2, Geoffroy Kremer1, Björn Salzmann 1,

Marie-Laure Mottas1, Baptiste Hildebrand 1, Thomas Jaouen 1,3, Timur K. Kim 4, Saumya Mukherjee 4,

KeYuan Ma 5, Matthias Muntwiler 6, Fabian O. von Rohr 5, Cephise Cacho 4 & Claude Monney 1✉

Strain is ubiquitous in solid-state materials, but despite its fundamental importance and

technological relevance, leveraging externally applied strain to gain control over material

properties is still in its infancy. In particular, strain control over the diverse phase transitions

and topological states in two-dimensional transition metal dichalcogenides remains an open

challenge. Here, we exploit uniaxial strain to stabilize the long-debated structural ground

state of the 2D topological semimetal IrTe2, which is hidden in unstrained samples. Combined

angle-resolved photoemission spectroscopy and scanning tunneling microscopy data reveal

the strain-stabilized phase has a 6 × 1 periodicity and undergoes a Lifshitz transition, granting

unprecedented spectroscopic access to previously inaccessible type-II topological Dirac

states that dominate the modified inter-layer hopping. Supported by density functional theory

calculations, we show that strain induces an Ir to Te charge transfer resulting in strongly

weakened inter-layer Te bonds and a reshaped energetic landscape favoring the 6×1 phase.

Our results highlight the potential to exploit strain-engineered properties in layered materials,

particularly in the context of tuning inter-layer behavior.
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Using external stimuli to manipulate the diverse phenom-
ena observed in quantum materials may allow for tunable
control over technologically relevant material properties.

Within this context uniaxial strain has recently emerged as a
powerful approach to influence the properties of solids1–6 and
offers a path to tailor both physical properties and device func-
tionalities, particularly in the 2D transition metal dichalcogides
(TMDs)7–10. While efforts to control phase transition behavior
with strain have focused predominantly on oxide materials, there
also exist many opportunities within the 2D semimetals, which
routinely host multiple nearly degenerate structural, electronic,
and topological phases11, thereby making them sensitive to
external perturbation. In this regard, the family of layered tell-
urides are particularly promising12, a prime example of which is
1T-IrTe2. This high-atomic number material is predicted as a
type-II bulk-Dirac semimetal with a Dirac point slightly above the
Fermi level13 and presents first-order bulk phase transitions to a
5 × 1 × 5 structure at 280 K, and to an 8 × 1 × 8 structure at 180
K14,15. At the surface a complex staircase of nearly degenerate
low-temperature phases with periodicity 3n+ 2 (i.e., 8 × 1, 11 × 1,
17 × 1…) coexist over scales of a few tens of nanometers15,16. All
of the broken-symmetry phases display characteristic quasi-1D
modulations typically identified as Ir dimers15,17, although the
changes to the in-plane bonding suggest a multicenter bond as a
more complete description18 (for brevity we will continue to use
“dimers” throughout the text). The proposed ground state, a 6 × 1
phase15,19–21, is typically observed only within nanoscale regions,
making it all but inaccessible to most techniques. As a result, the
electronic structure of the ground state, as well as any influence of
the phase transitions on the bulk-Dirac states, remains unclear,
hindering efforts to elucidate the transition mechanism or exploit
the topological properties. A number of phases can also be
produced via doping: superconductivity is induced by partial
substitution of Ir with Pt22 or Pd23, or by temperature quench-
ing24, while partial substitution of Te with Se induces charge
order19,20,25, further emphasizing the metastable nature of the
material. The range of competing phases observed in IrTe2
strongly implies that its macroscopic behavior may be tunable via
strain, allowing individual phases to be selectively stabilized
without the need for external doping.

In this work, by applying a modest uniaxial tensile strain (ε ~
0.1%) to IrTe2 single crystals, we demonstrate the selective sta-
bilization of a single structural phase transition with domain sizes
four orders of magnitude larger than in unstrained samples.
Complementary real and momentum space probes reveal this as a
6 × 1 charge ordered phase, a configuration that maximizes both
the formation of Ir dimers and of Ir to Te charge transfer. We
show that strain initiates this charge transfer already at room
temperature, thereby removing the near degeneracy of the 3n+ 2
ladder of phases and favoring the 6 × 1 phase at low temperatures.
This energetic bias allows unprecedented spectroscopic access to
the ground state of IrTe2, including the previously unobserved
bulk-Dirac-like states, which undergo a Lifshitz transition due to
the charge transfer. Concurrently, charge transfer results in a
significant weakening of the majority of interlayer Te bonds in
the unit cell, resulting in a tenfold reduction of interlayer hopping
in the relevant states, and leaving the bulk-Dirac states as the
dominant interlayer transport channel. These results demonstrate
the power of strain to influence phase transitions, bonding and
topology in the layered tellurides, and more broadly in the 2D
semimetals.

Results and discussion
Strain-stabilized electronic structure. Figure 1a shows the
hexagonal crystal structure, typical of the layered TMDs, in the

high-temperature 1 × 1 phase of 1T-IrTe2. In comparison, all low-
temperature phases in IrTe2, including the 6 × 1 (Fig. 1b), are
characterized by the formation of Ir dimers stabilized by elec-
tronic energy gain18,19. The density of these dimers increases in
each of the successive charge ordered phases, reaching a max-
imum in the 6 × 1 phase19,26, which is generally considered as the
ground state of the system. The band dispersion along the high-
symmetry LAL direction of the bulk Brillouin zone (Fig. 1c), as
obtained by angle-resolved photoemission spectroscopy (ARPES),
is displayed in Fig. 1e for the high-temperature phase in an
unstrained sample. The corresponding Fermi surface (Fig. 1h)
shows three-fold rotational symmetry consistent with the litera-
ture26–29. Upon cooling the unstrained sample (Fig. 1f), subtle
changes occur due to the phase transitions. The overall form of
the electronic structure in the low-temperature phase strongly
resembles that at high temperatures, but with broadened bands
and a reduction of spectral weight. The lack of clear features
results from the presence of multiple domains and phases (see
Fig. 2). While the disappearance of the three-fold symmetry in the
Fermi surface (Fig. 1i) implies a dominant domain orientation
within the probed region (50 μm), the absence of a single-phase
domain hinders analysis of the resulting electronic structure. In
dramatic contrast, the strained sample (Fig. 1g) displays a rich
spectrum of remarkably sharp bands over a wide energy range,
implying a uniform signal over the probed region originating
from a single phase. Strain was applied along the a-axis of the
high-temperature phase using the home-built device pictured in
Fig. 1d (see Methods). Of particular interest are sharp surface
states and an apparent bulk-like hyperbolic dispersion close to EF
(red arrows, Fig. 1g), discussed in more detail below, which are
undiscernible in unstrained samples. The Fermi surface (Fig. 1j),
reveals a clear directionality, breaking the rotational symmetry of
the high-temperature phase and resulting in a mirror-plane along
the kx= 0 line. Cuts along the ky direction (Supplementary
Fig. S2) showing repeated surface and bulk states reveal this phase
has a 6 × 1 in-plane periodicity, which is difficult to discern in
Fig. 1j due to the small size of the repeated features and the
variation of spectral weight.

Real-space structure and mapping of the strained phase.
The 6 × 1 periodicity of the strain-induced state is confirmed in
Fig. 2, which demonstrates the effect of strain on the real-space
surface structure as revealed by low-temperature scanning tun-
neling microscopy (STM) measurements. Unstrained samples
display a mixture of differently oriented domains (Fig. 2a), which
form due to the three-fold degeneracy of the high-temperature
phase. Within these rotational domains, there exist multiple
phases with different 3n+ 2 periodicities (Fig. 2d). Again, in
contrast, strained samples reveal a clear unidirectional domain
(Fig. 2b), with a single 6 × 1 periodicity (Fig. 2f). The line cut in
Fig. 2g shows that two nonidentical groups of three atoms
comprise the 6 × 1 periodicity in agreement with previous
work15,20. Although the individual STM images are limited in
size, the same 6 × 1 phase—always with the same orientation—is
found in multiple images across the sample surface over hundreds
of microns: more than half of the sample area (Supplementary
Fig. S3). This macroscopic domain size is also seen in low energy
electron diffraction (LEED), which averages over a region
of similar dimensions (Fig. 2c and e). In the strained case,
we indeed record a single domain orientation with 6 × 1 peri-
odicity, contrasting the clear three-fold directionality of the
unstrained sample. Further corroboration is obtained from
micro-ARPES mapping (Fig. 2h), obtained by integrating the
intensity of the sharp surface states characteristic of the 6 × 1
phase (Supplementary Fig. S4) across the sample surface. This
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reveals that the 6 × 1 phase is found over a continuous region of
dimensions ~0.5 × 0.4 mm2.

Charge transfer and impact on interlayer bonding. As is typical
of phase transitions in the metal-chalcogenides30 evidence of
charge transfer is observed during the formation of the 6 × 1
phase. Due to the presence of polymeric bonds, the structure of
IrTe2 lies between that of pure 2D and 3D materials12. This results
in an Ir3+ configuration and hence a partial charge of Te1.5- on
average in the high-temperature phase. In the low-temperature
phase, a charge δ is transferred, which produces modified Ir3+δ+

and Te1.5−δ/2− species19,26. The electronic energy gain from
Ir-dimer formation17 competes with the lattice deformation
energy31, making a complete dimerization of the surface energe-
tically unstable19. As a result, both Ir3+ and Ir3+δ+ charge species
are present in the low-temperature phase. This can be readily
observed in X-ray photoemission spectroscopy (XPS) where the
two distinct peaks appear in the Ir 4 f spectra26,28 as shown in
Fig. 3b. We note that the higher binding energy of the second peak
implies reduced screening of the core potential, consistent with a
reduced electronic density on the Ir atom (Ir3+δ+). Further evi-
dence for a charge transfer is discussed below (Fig. 4). The ratio of
the peak areas tracks the relative dimer density and indicates a

mixture of phases in unstrained samples26,29. In contrast, for
strained samples an increase of the Ir3+δ+ peak produces a ratio
that accords perfectly with the expectation for a single 6 × 1 phase
(0.67). Crucially, XPS measurements in the high-temperature
phase (Fig. 3a) reveal that a small population of the Ir3+δ+ species
is already evident above the transition temperature in strained
samples, which is absent for unstrained samples. This implies
strain actually induces a charge transfer from Ir to Te, and that
this is central to understanding the phase stabilization. The
analysis of the peak ratio in the high-temperature phase gives
only 0.14, well below the ratio of 0.4 obtained in the 5 × 1 phase,
which has the lowest dimer density of the ordered phases. An
open question is whether the appearance of the second charge
peak in the high-temperature phase implies the existence of
dimers above the phase transition temperature, and indeed
whether an ordered phase can be induced at room temperature
by increasing the strain level. We note, however, that dimer
formation depends on the competition between electronic and
lattice energy, and it is therefore possible in the strained system
that a charge transfer is induced without dimer formation.
Finally, we remark that no evidence for a continuous phase
transition is observed in temperature dependent ARPES at this
strain level (Supplementary Fig. S5).
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Fig. 1 Effect of strain on the electronic structure of IrTe2. a, b Top and side views of the crystal structure of IrTe2 in the high-temperature 1 × 1 (a) and
low-temperature 6 × 1 phase (b). The formation of Ir–Ir dimers is highlighted by solid blue lines. Red lines are the unit cells of the corresponding phases.
The experimental kx and ky directions are marked. c Bulk Brillouin zone of the high-temperature phase showing the high-symmetry points. d Photograph of
the strain device. Samples are oriented to have strain along the a-direction of the high-temperature phase. e–g ARPES measurements (hν= 90.5 eV) of (e)
the high-temperature unstrained sample obtained along the LAL direction of the bulk Brillouin zone, (f) the low-temperature (T= 30 K) unstrained sample
obtained along HAH and g in the low-temperature strained sample. The cut along kx in (g) corresponds to along the Ir-dimer chain direction i.e., the ×1
direction of the 6 × 1 unit cell (b-axis in real space). The intensity scale encodes the photoemission intensity measured in the experiment, which is
proportional to the one-particle removal function, A− (k, ω). h–j corresponding Fermi surfaces for the three cases in (e)–(g). The corresponding Brillouin
zones for the 1 × 1 and 6 × 1 phases are overlaid. Additional constant energy cuts are shown in Supplementary Fig. S1. Cuts along the ky direction (charge
ordering direction, qCO) revealing the 6 × 1 period are shown in Supplementary Fig. S2.
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In order to gain more insight into this redistribution of
charge in the strain-stabilized phase, in Fig. 3c, d we compare
the calculated charge distributions in the 1 × 1 and 6 × 1 phases,
respectively. Particularly notable is that there is a clear

increase of charge density in the interlayer Te–Te region as a
result of the phase transition, as charge is moved away from
the Ir3+ sites and onto the Te atoms. This implies the
strain-induced charge transfer that produces the Ir3+δ+ signal
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Fig. 2 Real-space view of the strain-induced 6 × 1 phase. a, b Large scale STM images of an (a) unstrained and (b) strained sample at 4.5 K. A
characterization of the strained sample at various points across the surface is shown in Supplementary Fig. S3. c, e LEED images of (c) unstrained (E= 85
eV) and (e) strained samples (E= 60 eV) at T= 30 K. A single rotational domain and 6 × 1 periodicity are observed in the LEED pattern of the strained
sample. d, f Atomic resolution STM images of the large scale images from (a) and (b). The line cut marked in (f) is presented in (g) and reveals the 6×
periodicity (red box) of the phase. Black vertical lines highlight inequivalent blocks of three atoms, which are differentiated by their respective heights
(horizontal dashed lines). h Real-space ARPES intensity map (hν=6.3 eV, T= 30 K) of a strained sample revealing strain-induced effects on the millimeter
scale. The corresponding ARPES spectra obtained with a microfocused laser is shown in Supplementary Fig. S4.

Fig. 3 Strain-induced charge transfer. a XPS measurements (hν= 130 eV, T= 300 K) of the Ir 4f7/2 core level for strained and unstrained samples,
measured at the same position as the relevant ARPES data. The appearance of a distinct shoulder in the strained sample reveals the appearance of the
Ir3+δ+ site, not normally present above 280 K, implying Ir to Te charge transfer. b The same Ir 4f7/2 core level at 30 K. Again, the Ir3+δ+ peak is enhanced
in the strained case. The ratio of the Ir3+δ+ peak area to the total weight, Ir3+δ+/(Ir3++ Ir3+δ+), is 0.67 in the 6 × 1 phase, as expected for four out of six
atoms being dimerized, implying a pure 6 × 1 phase in the presence of strain. c Calculated electronic density (orange isosurface) in the high-temperature
1 × 1 phase. d Electronic density in the 6 × 1 plotted at the same isosurface level as for the 1 × 1 phase in (a), revealing an increase of charge density in the
interlayer region (highlighted by arrows) that is maximized in the strain-stabilized 6 × 1 phase. Both calculations are obtained from the sum of electronic
states between EF –7 eV and EF.
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in the high-temperature phase also redistributes charge into the
interlayer region.

The impact of this charge transfer on the out-of-plane Te–Te
bonds25,32 is significant (the effect on the in-plane bonds has
been addressed previously18). A particularity of the tellurides in
comparison to other TMDs is the presence of 3D polymeric
bonding structures12, in place of the usual van der Waals gap.
IrTe2 indeed contains a network of weak interlayer covalent
bonds in the high-temperature phase32. In Fig. 4a we present a
calculation in the 6 × 1 phase highlighting the different
interlayer bond lengths and their strengths relative to the
high-temperature phase. Bond strengths are obtained using the
integrated crystal orbital Hamiltonian potential (COHP)
method33. We find four inequivalent interlayer Te–Te bonds
in the 6 × 1 phase, compared with only one type in the high-
temperature phase (see Supplementary Table S1). A number of
bond strengths are changed in the 6 × 1 phase, in-line with a
multicenter bond description18. In particular, three out of the
four interlayer bonds are observed to weaken significantly across
the phase transition, represented in blue in the figure (see also
Supplementary Table S1). The reason for this is that the charge
transferred from Ir3+ populates antibonding Te–Te states in the
interlayer region, thereby reducing the overall bond strength.

The resulting interlayer bond weakening has been termed
“depolymerization”12,25,26, although quantities relevant for
bonding such as the out-of-plane bond strengths and hopping
have not previously been addressed in detail for the low-
temperature phase. We provide a direct experimental quantifica-
tion of the effect that the bond weakening has on the electronic
structure and electronic hopping in the out-of-plane direction.

We do so by comparing the out-of-plane (kz) dispersion (Fig. 4b)
in the high-temperature and 6 × 1 phases, and reemphasize that
it is only via the strain stabilization that we are able to access the
electronic structure of the pure 6 × 1 phase. Between the low- and
high-temperature phases, the majority of states maintain their
small out-of-plane dispersion. However, a sizeable change in the
warping of the Fermi contour is observed for bulk states on
either side of the Brillouin zone boundary, highlighted by the
blue lines in the two panels of Fig. 4b. In general, such warped
Fermi surface contours are characteristic of a strong anisotropy
in the electronic hopping parameters and are routinely observed
in low-dimensional materials. A small warping corresponds to a
low coupling between chains (1D) or planes (2D) along the
relevant real-space direction34,35. In the case of the present out-
of-plane dispersion, the narrowing of the warping in the kz
direction corresponds to a reduction of the interlayer hopping in
the low-temperature phase. In contrast, significant dispersion is
observed for these same states in the (kx, ky) plane, highlighting
the quasi-2D behavior of IrTe2 in the 6 × 1 phase. By applying a
tight-binding model34 (see Methods) we find the interlayer
hopping parameter to reduce by a factor of ten to only tc=
−0.014 eV in the low-temperature phase (in comparison, the in-
plane ta=−0.53 eV). This prominent reduction of interlayer
coupling in the 6 × 1 phase therefore strongly enhances the 2D
nature of the system. The observed layer decoupling further
supports recent calculations that show monolayer IrTe2 has
an increased tendency towards the 6 × 1 phase18 suggesting
that the dimerized phases could potentially be stabilized at much
higher temperatures by reducing the sample thickness to the
monolayer limit.

Fig. 4 Observation of reduced interlayer coupling and Lifshitz transition in the Dirac dispersions. a Calculated relative bond strengths in the 6 × 1 phase
highlighting significant weakening of the interlayer bonds. Bond strength changes are given with reference to the integrated COHP in the high-temperature
phase. The majority of interlayer bonds are strongly weakened (blue) in the 6 × 1 phase. All bond strengths are tabulated in Supplementary Table S1. b Out-
of-plane (kz) ARPES dispersions at ky= 0 and EF for strained low-temperature (left) and unstrained high-temperature phases (right) (40 eV < hν < 100 eV).
The kx direction is along the Ir-dimer chains, as in Fig. 1. Red markers show extracted contours obtained via fitting. Overlaid blue solid lines represent the
resulting tight-binding dispersions. The observed narrowing of the warping along kz in the low-temperature 6 × 1 phase implies a significant reduction of
interlayer hopping, providing confirmation of the enhanced layer decoupling found in the calculation in (a). The red arrow highlights the dispersive bulk-
Dirac states (see also supplementary Fig. S6). c ARPES spectrum (hν= 20 eV, T= 30 K) at ky= 0.15, 0.05, and 0 Å−1 revealing overlapping bulk-Dirac
states. Overlaid solid blue lines are hyperbolic dispersions matched to the spectral weight. Additional spectra are presented in Supplementary Fig. 7.
d Fermi surface (hν= 20 eV, T= 30 K) highlighting the in-plane structure of the Dirac and surface states at the A-point. Red lines mark the positions of the
cuts presented in (c).
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These observations strongly implicate the interlayer bond
weakening in the mechanism of the strain-stabilized phase
transition25,26,32. By inducing charge transfer, and hence
interlayer bond weakening already in the high-temperature
phase, strain reduces the amount of electronic energy that
can be gained through dimerization of the Ir3+δ+ ions. This
therefore destabilizes the nearly degenerate low-temperature
phases, and pushes the system to favor the formation of the
phase with the highest dimer density and hence highest possible
gain in electronic energy i.e., the 6 × 1 phase. In this way, the less
stable 3n+ 2 phases are removed from the low-temperature
phase diagram. The effect of strain is thus twofold: first, by
defining a preferential direction, it breaks the degeneracy of the
three-fold dimer orientation;36 second, it biases the energetic
landscape of the system in favor of the 6 × 1 phase. Although the
effects of strain are subtle in the high-temperature phase, as
expected for the perturbative strain level applied, they pave the
way for the stabilized phase transition, with dramatic results at
low temperatures. We note that similar bonding behavior is
realized in a number of di- and tri-telluride materials spanning
the 2D and 3D regimes12, suggesting strain or electrical gating as
powerful methods to control structural behavior and dimen-
sionality in this class of materials.

Topological Lifshitz transition. In contrast to the discussion
above, a state dispersing in kz appears around kx= 0 in the low-
temperature phase (red arrow, Fig. 4b). Due to its strong out-of-
plane dispersion (Supplementary Fig. S6), this state is only
observed close to kz= 5 Å−1, i.e., the bulk A-point. This feature
corresponds to the triangular block of states observed in Fig. 1g,
and shown again at different ky positions in Fig. 4d. The strong kz
dependence and “filled-in” nature of these states resulting from
the projection of the bulk manifold reveals them as bulk states. Of
note is that these bulk states have the cone-like hyperbolic dis-
persion of massless Dirac fermions (Supplementary Fig. S7),
which occur ubiquitously in the group-10 TMDs and are pre-
dicted in IrTe213. However, the location of the type-II Dirac point
at room temperature is above EF, hence inaccessible to ARPES,
while at low temperature the mixture of phases typically hides
their true nature. The observed shift of the Dirac point to
350 meV below EF in the 6 × 1 phase occurs as the Dirac states are
derived from the out-of-plane Te 5pz orbitals and hence are
strongly doped by the charge transfer into Te states as described
above. As we have shown, it is only possible to access these states
spectroscopically in strained samples. By moving the Dirac point
and the electron-like portion of the Dirac cone into the occupied
states, strain produces a Lifshitz transition similar to the
temperature-driven transitions observed in WTe237 and ZrTe538.
Such a dramatic change in Fermi surface topology is likely to have
a significant impact on the transport properties in this material.
In particular, the topological nature of the states involved in
the transition may explain the observed large, nonsaturating
magnetoresistance39 similar to the behavior in other layered
di-tellurides40–42. The strain-stabilized order may even enhance
such effects, paving the way to tunable magneto-resistive beha-
vior. Given the out-of-plane character of the 5pz orbitals involved
in the Dirac states, it is plausible that particularly large changes in
interlayer transport may be observed, and investigations of the
resistivity anisotropy using e.g., focused ion beam methods43

are highly desirable in this regard. The potentially topological
nature of this out-of-plane transport makes IrTe2 layers especially
interesting for tuning interlayer behavior in heterostructure
architectures44,45.

While a detailed discussion of the topological properties is
beyond the scope of the current article, we nonetheless highlight a

surprising observation regarding these Dirac-like states: the
dispersion is not compatible with a single Dirac cone. This can
be seen, for example, from the cut at ky=−0.05 Å−1 in Fig. 4d,
which reveals two partially overlapping cone-like dispersions.
Indeed, the in-plane dispersion of these Dirac states (Fig. 4c)
reveals rich structures related to these bulk states, comprising the
central hyperbola around ky= 0 Å−1, which has a bow tie-like
Fermi contour, and additional hyperbolic cones centered at
around ky= ±0.15 Å−1 (see also Supplementary Fig. S7), which
form asymmetric arcs. The spacing of this latter behavior is
compatible with the periodicity imposed by the 6 × 1 phase, but
their unusual distributions and the origin of the additional central
bow tie structure remain unclear. Further detailed investigations
including theoretical work will be required to clarify the nature of
these states.

Conclusion. In summary, we have selectively stabilized the 6 × 1
charge ordered ground state of the layered topological semimetal
IrTe2 by employing uniaxial strain. The induced macroscopic
domain sizes allow detailed insights into the electronic structure
at the surface in both real and momentum space. Charge transfer
in the strain-stabilized phase strongly reduces the out-of-plane Te
bond strengths, electronically decoupling the layers and resulting
in a Lifshitz transition, granting access to a previously inaccessible
bulk-Dirac dispersion that acts as the main interlayer hopping
channel. Complementary measurements of the transport prop-
erties of the 6 × 1 phase, as well as of monolayer IrTe2, are
therefore highly desirable. We note that in contrast to the tensile
strain utilized here, uniaxial compression may stabilize super-
conducting behavior22–24 which, concomitant with the topolo-
gical states, opens the possibility of strain-tunable topological
superconductivity in IrTe2.

Methods
Sample growth and characterization. Single crystals of IrTe2 were grown using
the self-flux method32,46. Samples were characterized by magnetic susceptibility
and resistivity measurements29, confirming the bulk phase transition temperatures
of Tc1= 278 K and Tc2= 180 K in unstrained samples. Samples to be prepared for
straining were chosen to have large flat areas with minimal cracks or flakes at the
surface as viewed under an optical microscope, in order to allow for more
homogeneous strain application. Bulk samples were initially cleaved with a scalpel
to remove thicker layers, and then mounted onto the unstrained device and further
thinned by Scotch tape cleaving.

Strain device and characterization. The strain device, shown in Fig. 1d, is a
home-built design consisting of three parts: a molybdenum (Mo) base plate, a
copper beryllium (CuBe) bridge, and a rounded aluminum (Al) block, which is
placed under the bridge. The maximum height of the Al block is machined to be
slightly larger than the distance from the underside of the top of the CuBe-bridge
to the surface of the base plate. Thus, when the pieces are screwed together, the
CuBe-bridge if forced to bend by the Al block. Samples were oriented with Laue
diffraction such that the bending axis was perpendicular to one of the three-fold
symmetric directions in the high-temperature phase i.e., along the a-axis of
the high-temperature phase (or equivalently, the b-axis). This is along the in-
plane bond direction of half of the Ir–Ir dimers in the 6 × 1 unit cell. The sample
was mounted on the CuBe-bridge of the strain device using a two-part epoxy
(EPO-TEK E4110), which was cured and allowed to cool before strain was
applied. Strain was applied manually by tightening the screws on the underside
of the device, which connect the Mo base plate with the Cu-bridge. To ensure
maximally directed strain, the screws were tightened in pairs. All four screws
were tightened loosely, following which the two screws on one side of the
bridge were fully tightened. The remaining two screws were then gradually
tightened in an alternating fashion, in order to allow as even an application
of strain across the device as possible. The strain magnitude was calibrated
using commercial strain gauges (Omega Engineering) with nominal resistance
350 Ω and gauge factor, k= 2.2. The gauge was attached to an unstrained device
of the design described above using the same epoxy as for the samples, and
was then connected to a home-built balanced Wheatstone bridge circuit in a
“quarter bridge” configuration. Together with a second (passive) gauge, this
constituted one arm of the bridge. The second arm consisted of two 390 Ω
resistors, and a variable resistor (10 Ω) was used to balance the circuit.
A source voltage of Vs= 5 V was applied. Once balanced, the gauge was
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strained using the device and the output voltage was recorded with a Keithley
digital multimeter. The typical output voltage induced by strain (Vo= 4 mV)
was well above the noise level (50 μV). The voltage output was converted to a
strain value via:47

ε ¼ 4
k
Vo

Vs

where ε, the total strain, is the sum of bending (tensile) strain and perpendicular
(compressive) strain. In such a strain geometry, the perpendicular strain is
considerably smaller than the bending strain4, hence “strain” in the main text
refers to the tensile bending strain. To separate further these components
requires additional gauges to be placed on the underside of the device, which is
impractical given the geometry and small size. From the above relation, we
obtained the strain characteristics of the device. A maximum strain of up to 0.2%
was initially recorded during tightening due to plastic deformation of the CuBe-
bridge. This relaxed to around 0.1% once all screws were tight, which is therefore
the maximum strain that could be applied to the sample using this particular
device and Al block combination.

Photoemission spectroscopy. ARPES and XPS measurements were carried out
at the I05 beamline48 of Diamond light source, UK, with additional data
obtained at the PEARL beamline49 of the Swiss light source. Samples were
cleaved in 10−9 mbar vacuum with Scotch tape at room temperature and then
cooled using a liquid He flow cryostat at a rate of 5 K min−1. Measurements were
carried out in a base pressure of 10−11 mbar. The beam polarization used was
linear horizontal (p-pol) and the beam size was 50 × 50 μm2. A photon energy
range of 20–100 eV was used for ARPES measurements, while XPS was carried
out at 130 eV and 200 eV. Out-of-plane kz mapping was obtained by sweeping
the incident photon energy through 40 eV < hν < 100 eV. The kz values were
obtained using an inner potential of 12 eV. Spectra were acquired using a
Scienta-Omicron R4000 photoelectron analyzer. Micro-ARPES mapping was
carried out at the University of Fribourg. UV photons were generated using a
commercial optical setup (Harmonix, APE GmbH) generating tunable output in
the range 5.7–6.3 eV in nonlinear crystals. Harmonic generation was driven by
the output of a tunable OPO pumped by a 532 nm Paladin laser (Coherent, inc.)
at 80 MHz. The sample surface was scanned by the encoded motion of a 6-axis
cryogenic manipulator (SPECS GmbH). Spectra were acquired using a Scienta-
Omicron DA30 analyzer.

Scanning tunneling microscopy. STM measurements were performed at the
University of Fribourg on a commercial low-temperature STM (Scienta-Omicron)
at 4.5 K in fixed current mode and with the bias voltage applied to the sample.
Samples were cleaved in vacuum at 10−8 mbar pressure and measurements carried
out in 10−11 mbar. Strain measurements utilized the same strain device design as
for the ARPES measurements.

Density functional theory. The DFT calculations were performed using the
projector augmented wave method50,51 and the Perdew-Burke-Ernzerhof (PBE)52

exchange-correlation functional within the VASP53–56 code. The kinetic energy
cutoff was set to 400 eV and a 5 × 15 × 4 k-point grid was used for Brillouin zone
sampling. The starting structure for performing the structural relaxation in the 6 ×
1 phase was the experimentally determined 6 × 1 structure19 observed in IrTe2-xSex
(space group C2/c, no. 15). The structure was relaxed until the forces were less than
1 meV/Å. The COHP33 analysis was performed using the LOBSTER code57–59.
Spin-orbit coupling was neglected in the calculations as the unit cell volumes with
and without spin-orbit interaction (SOI) differ by only 0.8%. Similarly, differences
in Ir–Ir distances are, at most, 1.2%. The density plots in Figs. 3 and 4 were
generated with VESTA60.

Tight-binding model. We describe the kz dispersion using the tight-binding
model:

Ek ¼ �2ta cos kxa
� �� 2tc cos kzc

� �� μ

where ta and tc are the energies associated with in-plane hopping along the Ir-
dimer chain direction and out-of-plane hopping, respectively; a= 3.93 Å and c=
5.39 Å are the lattice parameters along the corresponding directions; and μ is the
chemical potential. Following a previously described procedure34 we use the band
energy minima at kx= 0 (EΓ=−1.5 eV), the Fermi wave vector at kz= 0,
equivalent to kΓ= 4.5 Å−1 (kF,Γ= 0.63), and the Fermi surface warping extracted
from Fig. 3b to determine the relations between the parameters and extract the
hopping energies for the high-temperature and low-temperature phases. With μ=
−0.45− 2tc and ta=−0.53 eV, the extracted out-of-plane hopping value is tc=
−0.156 eV in the unstrained high-temperature phase, and ta=−0.014 eV in the
low-temperature strained phase.

Data availability
Data are available from the corresponding authors upon reasonable request.

Received: 29 September 2020; Accepted: 5 February 2021;

References
1. Chu, J. H. Divergent nematic susceptibility in an iron arsenide

superconductor. Science 338, 469 (2012).
2. Hicks, C. W. et al. Strong Increase of Tc of Sr2RuO4 under both tensile and

compressive strain. Science 344, 283–285 (2014).
3. Brodsky, D. O. et al. Strain and vector magnetic field tuning of the anomalous

phase in Sr3Ru2O7. Sci. Adv. 3, e1501804 (2017).
4. Riccò, S. et al. In situ strain tuning of the metal-insulator-transition of

Ca2RuO4 in angle-resolved photoemission experiments. Nat. Commun. 9,
4535 (2018).

5. Kim, H. H. et al. Uniaxial pressure control of competing orders in a high-
temperature superconductor. Science 362, 1040–1044 (2018).

6. Sunko, V. et al. Direct observation of a uniaxial stress-driven Lifshitz
transition in Sr2RuO4. npj Quantum Mater. 4, 46 (2019).

7. Conley, H. J. et al. Bandgap engineering of strained monolayer and bilayer
MoS2. Nano Lett. 13, 3626 (2013).

8. Duerloo, K. A. N., Li, Y. & Reed, E. J. Structural phase transitions in two-
dimensional Mo-and W-dichalcogenide monolayers. Nat. Commun. 5, 4214
(2014).

9. Harats, M. G., Kirchhof, J. N., Qiao, M., Greben, K. & Bolotin, K. I. Dynamics
and efficient conversion of excitons to trions in non-uniformly strained
monolayer WS2. Nat. Photonics 14, 324–329 (2020).

10. Chaves, A. et al. Bandgap engineering of two-dimensional semiconductor
materials. npj 2D Mater. Appl. 4, 29 (2020).

11. Yang, H., Kim, S. W., Chhowalla, M. & Lee, Y. H. Structural and quantum-
state phase transition in van der Waals layered materials. Nat. Phys. 13,
931–937 (2017).

12. Jobic, S., Brec, R. & Rouxel, J. Anionic polymeric bonds in transition metal
ditellurides. J. Solid State Chem. 96, 169 (1992).

13. Bahramy, M. S. et al. Ubiquitous formation of bulk Dirac cones and
topological surface states from a single orbital manifold in transition-metal
dichalcogenides. Nat. Mater. 17, 21–27 (2018).

14. Matsumoto, N., Taniguchi, K., Endoh, R., Takano, H. & Nagata, S. Resistance
and susceptibility anomalies in IrTe2 and CuIr2Te4. J. Low Temp. Phys. 117,
1129–1133 (1999).

15. Hsu, P. et al. Hysteretic melting transition of a soliton lattice in a
commensurate charge modulation. Phys. Rev. Lett. 111, 266401 (2013).

16. Chen, C. et al. Surface phases of the transition-metal dichalcogenide IrTe2.
Phys. Rev. B 95, 094118 (2017).

17. Pascut, G. L. et al. Dimerization-induced cross-layer quasi-two-dimensionality
in metallic IrTe2. Phys. Rev. Lett. 112, 086402 (2014).

18. Saleh, G. & Artyukhin, S. First-principles theory of phase transitions in IrTe2.
J. Phys. Chem. Lett. 11, 2127–2132 (2020).

19. Pascut, G. L. et al. Series of alternating states with unpolarized and spin-
polarized bands in dimerized IrTe2. Phys. Rev. B 90, 195122 (2014).

20. Dai, J. et al. Hierarchical stripe phases in IrTe2 driven by competition between
Ir dimerization and Te bonding. Phys. Rev. B 90, 235121 (2014).

21. Li, Q. et al. Bond competition and phase evolution on the IrTe2 surface. Nat.
Commun. 5, 5358 (2014).

22. Pyon, S., Kudo, K. & Nohara, M. Superconductivity induced by bond
breaking in the triangular lattice of IrTe2. J. Phys. Soc. Japan 81, 053701
(2012).

23. Yang, J. J. et al. Charge-orbital density wave and superconductivity in the
strong spin-orbit coupled IrTe2:Pd. Phys. Rev. Lett. 108, 116402 (2012).

24. Oike, H., Kamitani, M., Tokura, Y. & Kagawa, F. Kinetic approach to
superconductivity hidden behind a competing order. Sci. Adv 4, eaau3489
(2018).

25. Oh, Y. S., Yang, J. J., Horibe, Y. & Cheong, S. Anionic depolymerization
transition in IrTe2. Phys. Rev. Lett. 110, 127209 (2013).

26. Ko, K. T. et al. Charge-ordering cascade with spin-orbit Mott dimer states in
metallic iridium ditelluride. Nat. Commun. 6, 7342 (2015).

27. Ootsuki, D. et al. Electronic structure reconstruction by orbital symmetry
breaking in IrTe2. J. Phys. Soc. Japan 82, 093704 (2013).

28. Qian, T. et al. Structural phase transition associated with van Hove singularity
in 5d transition metal compound IrTe2. N. J. Phys. 16, 123038 (2014).

29. Rumo, M. et al. Examining the surface phase diagram of IrTe2 with
photoemission. Phys. Rev. B 101, 235120 (2020).

30. Wilson, J. Bands bonds, and charge-density waves in the NbSe3 family of
compounds. Phys. Rev. B 19, 6456 (1979).

31. Kim, K. et al. Origin of first-order-type electronic and structural transitions in
IrTe2. Phys. Rev. Lett. 114, 136401 (2015).

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-021-00130-5 ARTICLE

COMMUNICATIONS MATERIALS |            (2021) 2:25 | https://doi.org/10.1038/s43246-021-00130-5 | www.nature.com/commsmat 7

www.nature.com/commsmat
www.nature.com/commsmat


32. Jobic, S., Deniard, P., Brec, R. & Rouxel, J. Crystal and electronic band
structure of IrTe2: evidence of anionic bonds in a CdI2-like arrangement. Z.
Anorg. Allg. Chem. 598/599, 199–215 (1991).

33. Dronskowski, R. & Blöchl, P. E. Crystal orbital hamilton populations (COHP).
Energy-resolved visualization of chemical bonding in solids based on density-
functional calculations. J. Phys. Chem. 97, 8617–8624 (1993).

34. Nicholson, C. W. et al. Dimensional crossover in a charge density wave
material probed by angle-resolved photoemission spectroscopy. Phys. Rev.
Lett. 118, 206401 (2017).

35. Nicholson, C. W. et al. Role of a higher dimensional interaction in stabilizing
charge density waves in quasi-1D NbSe3 revealed by angle-resolved
photoemission spectroscopy. Phys. Rev. B. 101, 45412 (2020).

36. Gao, S. et al. Atomic-scale strain manipulation of a charge density wave. Proc.
Natl. Acad. Sci. USA 115, 6986–6990 (2018).

37. Wu, Y. et al. Temperature-induced lifshitz transition in WTe2. Phys. Rev. Lett.
115, 166602 (2015).

38. Zhang, Y. et al. Electronic evidence of temperature-induced Lifshitz transition
and topological nature in ZrTe5. Nat. Commun. 8, 15512 (2017).

39. Zhang, X., Wang, J., Liu, Y., Zheng, W. & Wang, J. Superconductivity in large
spin-orbit coupled material IrTe2. J. Phys. Chem. Solids 128, 245–250 (2019).

40. Ali, M. N. et al. Large, non-saturating magnetoresistance in WTe2. Nature
514, 205–208 (2014).

41. Qi, Y. et al. Superconductivity in Weyl semimetal candidate MoTe2. Nat.
Commun. 7, 11038 (2016).

42. Mangelsen, S. et al. Large nonsaturating magnetoresistance and pressure-
induced phase transition in the layered semimetal HfTe2. Phys. Rev. B 96,
205148 (2017).

43. Martino, E. et al. Preferential out-of-plane conduction and quasi-one-
dimensional electronic states in layered 1T-TaS2. npj 2D Mater. Appl. 4, 7
(2020).

44. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499,
419–425 (2013).

45. Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto, A. H. 2D
materials and van der Waals heterostructures. Science 353, aac9439 (2016).

46. Fang, A. F., Xu, G., Dong, T., Zheng, P. & Wang, N. L. Structural phase
transition in IrTe2: a combined study of optical spectroscopy and band
structure calculations. Sci. Rep. 3, 1153 (2013).

47. Hoffmann, K. In Applying the wheatstone bridge circuit. Technical note: HBM
S1569-1.1 en. (HBM, 2001).

48. Hoesch, M. et al. A facility for the analysis of the electronic structures of solids
and their surfaces by synchrotron radiation photoelectron spectroscopy. Rev.
Sci. Instrum. 88, 013106 (2017).

49. Muntwiler, M. et al. Surface science at the PEARL beamline of the Swiss Light
Source. J. Synchrotron Radiat. 24, 354–366 (2017).

50. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953
(1994).

51. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758 (1999).

52. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).

53. Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys.
Rev. B 47, 558 (1993).

54. Kresse, G. & Hafner, J. Ab initio molecular-dynamics simulation of the liquid-
metalamorphous- semiconductor transition in germanium. Phys. Rev. B 49,
14251 (1994).

55. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15–50 (1996).

56. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).

57. Deringer, V. L., Tchougréeff, A. L. & Dronskowski, R. Crystal orbital
Hamilton population (COHP) analysis as projected from plane-wave basis
sets. J. Phys. Chem. A 115, 5461–5466 (2011).

58. Maintz, S., Deringer, V. L., Tchougréeff, A. L. & Dronskowski, R.
Analytic projection from plane-wave and PAW wavefunctions and application
to chemical-bonding analysis in solids. J. Comput. Chem. 34, 2557–2567
(2013).

59. Maintz, S., Deringer, V. L., Tchougréeff, A. L. & Dronskowski, R. LOBSTER: a
tool to extract chemical bonding from plane-wave based DFT. J. Comput.
Chem. 37, 1030–1035 (2016).

60. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization of crystal,
volumetric and morphology data. J. Appl. Crystallogr. 44, 1272–1276 (2011).

Acknowledgements
This project was supported through the Swiss National Science Foundation (SNSF),
Grant No. P00P2_170597. We gratefully acknowledge beam time from Diamond light
source (proposal SI24880, beamline I05) and the Swiss light source (proposal 20170698,
PEARL beamline). We thank P. Aebi for access to the photoemission and STM setups at
the University of Fribourg and for helpful discussions during development of the strain
device. Fruitful discussions with F. Baumberger during the initial phase of the project are
warmly acknowledged. We acknowledge J. Chang for access to the Laue diffractometer at
the University of Zurich, and J. Choi for technical support. We thank R. Ernstorfer for
taking time to provide critical feedback on the manuscript. A.P. acknowledges the Osk.
Huttunen Foundation for financial support, and the CSC–IT Center for Science, Finland,
for computational resources. The work at the University of Zurich was supported by the
Swiss National Science Foundation under Grant No. PZ00P2_174015. Skillful technical
support was provided by O. Raetzo, B. Hediger, and F. Bourqui.

Author contributions
ARPES and XPS measurements at Diamond light source were carried out by C.W.N.,
M.R., G.K., T.K., S.M., C.C., and C.M. Laser ARPES measurements at the University of
Fribourg were performed by C.W.N., M.R., T.J., and C.M. STM measurements were
performed by B.S., M.-L.M., and B.H. M.M. provided support for XPS and ARPES
measurements performed at the PEARL beamline that were carried out by C.W.N., M.R.,
G.K., and C.M. during the initial phase of the project. ARPES data were analyzed by
C.W.N. and XPS data by M.R. Samples were grown and characterized by K.M. and
F.O.vR. Charge density and bond strength DFT calculations were performed by A.P. The
project was initiated and managed by C.W.N. and C.M. The manuscript was written by
C.W.N. and C.M. with input and suggestions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43246-021-00130-5.

Correspondence and requests for materials should be addressed to C.W.N. or C.M.

Peer review information Primary handling editor: Aldo Isidori

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-021-00130-5

8 COMMUNICATIONS MATERIALS |            (2021) 2:25 | https://doi.org/10.1038/s43246-021-00130-5 | www.nature.com/commsmat

https://doi.org/10.1038/s43246-021-00130-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmat

	Uniaxial strain-induced phase transition in�the�2D�topological semimetal IrTe2
	Results and discussion
	Strain-stabilized electronic structure
	Real-space structure and mapping of the strained phase
	Charge transfer and impact on interlayer bonding
	Topological Lifshitz transition
	Conclusion

	Methods
	Sample growth and characterization
	Strain device and characterization
	Photoemission spectroscopy
	Scanning tunneling microscopy
	Density functional theory
	Tight-binding model

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




