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Observation of orbital order in the van der Waals material 1T -TiSe2
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Besides magnetic and charge order, regular arrangements of orbital occupation constitute a fundamental order
parameter of condensed matter physics. Even though orbital order is difficult to identify directly in experiments,
its presence was firmly established in a number of strongly correlated, three-dimensional Mott insulators. Here,
reporting resonant x-ray-scattering experiments on the layered van der Waals compound 1T -TiSe2, we establish
that the known charge density wave in this weakly correlated, quasi-two-dimensional material corresponds to
an orbital ordered phase. Our experimental scattering results are consistent with first-principles calculations that
bring to the fore a generic mechanism of close interplay between charge redistribution, lattice displacements, and
orbital order. It demonstrates the essential role that orbital degrees of freedom play in TiSe2, and their importance
throughout the family of correlated van der Waals materials.
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I. INTRODUCTION

Quasi-two-dimensional van der Waals (VdW) materials are
layered solids with strong in-plane covalent bonding and weak
interlayer VdW interactions, that have become a focal area
for materials research in recent years [1–10]. The success of
graphene—which stems from the paradigmatic VdW material
graphite—in particular triggered a search for similar VdW
materials that can be exfoliated to the monolayer limit, but
which harbor physical properties beyond those of graphene
[11,12]. Magnetic ordering for example, has been observed in
the VdW materials CrX3 (X = Cl, Br, I) [2–4], Cr2Ge2Te6 [5],
and NiPS3 [6].

The family of transition-metal dichalcogenides (TMDCs)
is a particularly promising group of VdW materials, that
can be straightforwardly prepared in atomically thin con-
figurations and device settings [12]. They typically harbor
multiple competing and coexisting phases of matter, which
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allow a fine tuning of the phase diagram and material
properties in response to external stimuli like pressure, in-
tercalation, or gating [13–15]. At the same time, however,
uncertainty and controversy surround the ground state or-
der in several TMDCs. This is especially striking in the
case of 1T -TiSe2, for which charge density wave (CDW)
order was discovered below TCDW � 200 K decades ago
[16]. Debates about its nature and driving mechanism, how-
ever, are only recently converging towards a combination of
exciton formation and lattice effects stabilizing a conden-
sate of particle-hole pairs [17–25], while debate about its
potential chirality continues until the present day [26–31].
Within this context, we establish here that additionally the
electronic ground state in 1T -TiSe2 has a nontrivial orbital
structure.

At the center of the rich phase diagram and versatility
of TMDC materials, but also of their controversies, lie the
transition-metal d orbitals. Their spatially compact but not
fully localized electronic wave functions allow small changes
in the occupation of these orbitals to have a strong effect
on the atomic displacement of neighboring chalcogens, on
the distribution of electron charges between atoms, on the
coupling of electronic excitations to phonons, and even on
the structuring of spins [26,32–35]. Unveiling any patterns of
orbital occupation therefore offers a novel crucial element for
understanding the nature and emergence of order in transition-
metal dichalcogenides.
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FIG. 1. Charge and orbital order in 1T -TiSe2. (a) Top-view and three-dimensional sketch of the atomic structure within a single layer of
1T -TiSe2 in the high-temperature phase (space group 164, P3̄m1). (b) The charge ordered phase without relative phase shifts (space group 165,
P3̄c1). The local charge transfer process for one of the CDW components and all orbitals involved in it are shown in the three-dimensional
structure, followed by a top view of the displacements and charge transfers in a single CDW component, and finally the full displacement
pattern in the triple-Q structure actually realized in TiSe2. Extrema of the CDW are indicated by faint gray lines and atomic displacements
by arrows (exaggerated for clarity). Double lines indicate an electronic bonding state between neighboring atoms, while dashed lines depict
an electronic antibonding state. (c) The orbital ordered state proposed in Ref. [26], resulting from relative phase shifts δ between CDW
components (space group 5, C2). The sliding of a single component causes the charge transfer processes to be centered on either the upper or
lower Se layer. As a result, the atomic displacements and orbital occupations associated with different CDW components differ in amplitude.
This results in a slight alteration to the distortion pattern, as well as an ordered redistribution of electronic charge among the titanium t2g

orbitals.

That the orbital degree of freedom of electrons in a solid
material can be ordered in the same fashion as the electron’s
charge or spin was pointed out in the 1970s [36,37]. Even
if electrons in solids form bands and delocalize from the
nuclei, in Mott insulators they retain their three fundamental
quantum numbers: spin, charge, and orbital. This observation
sparked a field of research that has gone on to produce a
number of important results regarding the cooperative and
often concomitant ordering of these degrees of freedom: just
as spins can spontaneously organize into regular arrangements
and produce myriad types of magnetism, orbital degrees of
freedom can also spontaneously order into regular patterns.
Such orbital order has been identified using polarized neutron
diffraction to measure its effect on the magnetic form factor
in for example K2CuF4 [38], or by measuring how it influ-
ences charge distributions in x-ray or electron diffraction in
materials like NdSr2Mn2O7 [39]. The first direct observation
of orbital order, however, was established for LaMnO3 and
La0.5Sr1.5MnO4 using resonant x-ray-scattering (RXS) exper-
iments [40,41]. All of these materials are three-dimensional
Mott insulators, characterized by strong Coulomb inter-
actions and correspondingly large variations of orbital
occupancy.

Here, we use resonant x-ray-scattering measurements at
the titanium K edge to reveal the onset of long-range orbital
order among the titanium d orbitals of the weakly coupled van
der Waals material 1T -TiSe2, within its well-known charge
ordered phase. This orbital order does not depend on or con-
flict with any of the proposed driving mechanisms for the
charge density wave. It does mediate a strong interaction
with spin, charge, and lattice degrees of freedom and thus

not only represents a new ordered phase of matter for VdW
materials, but also offers an inroad for engineering complex
phase diagrams and devices with beyond-graphene capability.

II. ORBITAL ORDER IN TiSe2

The quasi-two-dimensional layers of 1T -TiSe2 consist of
titanium atoms in a triangular arrangement, sandwiched be-
tween similar planes of selenium atoms and separated from
neighboring sandwich layers by a large van der Waals gap,
as shown schematically in Fig. 1(a) [42]. The octahedral
coordination of selenium atoms around each titanium splits
the titanium d shell into three t2g and two eg orbitals. The
subsequent hybridization between low-energy t2g orbitals and
selenium p orbitals lies at the root of charge and orbital order
in TiSe2 [26].

Cooling down from high temperatures, the uniform, metal-
lic state gives way to a well-known charge ordered (CDW)
state at TCDW � 200 K, with atomic displacements [shown in
Fig. 1(b)] known from neutron diffraction experiments [16].
Owing to the lattice symmetry, the charge order in TiSe2 is
a so-called triple-Q charge density wave, consisting of three
superposed one-dimensional waves related to one another by
120◦ rotations. In each of these, symmetry dictates that elec-
tronic charge is transferred within a specific set of titanium
t2g and selenium p orbitals, as indicated in Fig. 1(b) [26]. The
atomic displacements in each of the single-Q CDW compo-
nents can then be understood as the shortening (extension)
of Ti-Se bonds with electronic (anti)bonding states. Notice
that as long as the threefold rotational symmetry of the lattice
remains unbroken, all t2g orbitals remain equally occupied.
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The three components of the charge ordered state are
not independent, and influence one another through local
Coulomb interactions. On the basis of theoretical consider-
ations it has been proposed that these yield a second phase
transition in TiSe2, in which the three CDW components slide
by different amounts in order to minimize the real-space over-
lap of electronic charge [26,27]. This results in a redistribution
of charge between different t2g orbitals, and thus an orbital
ordered (OO) state that breaks both the threefold rotational
and inversion symmetries of the high-temperature phases. The
atomic displacements associated with the shifting CDW com-
ponents reflect the broken symmetries, and are expected to
yield the low-temperature configuration shown in Fig. 1(c).
However, the changes in atomic displacement upon entering
the OO phase may be expected to be exceedingly small, and
evade detection in scanning-tunneling microscopy (STM) and
x-ray-diffraction experiments [16,29], complicating experi-
mental verification of this proposed mechanism. The sliding
of CDW components by different amounts under the influence
of Coulomb interactions and causing spatial modulations in
the occupation of orbitals is believed to be generic for mul-
ticomponent CDW materials, and has been suggested to be
at play in the same form in other TMDC compounds, such as
2H-TaS2, as well as some elemental materials, like Se, Te, and
Po [26,34,43,44].

The actual presence of broken inversion symmetry associ-
ated with orbital order in TiSe2 has been the subject of intense
debate [29–31]. On the one hand, there is indirect evidence of
a phase transition at temperatures slightly below TCDW [27],
and STM experiments reporting the formation of domains that
appear to have different senses of handedness [45]. These are
contested however by other groups who observe no evidence
of broken inversion symmetry in STM or other probes [29].
The paradox is further fueled by lack of any direct impact of
the breakdown of inversion on scattering experiments, and the
practical complication of bulk probes necessarily averaging
over many domains of different handedness, thus preclud-
ing any direct measurement of broken inversion symmetry.
Recently, photogalvanic effect measurements were able to
conclusively show inversion symmetry to be broken in the
low-temperature phase of samples cooled through their order-
ing transition in the presence of a strong circularly polarized
light field [46]. Because of the active training, however, these
results do not rule out the possibility that untrained samples
of TiSe2 remain inversion symmetric.

Here, we find that orbital order, rather than the breakdown
of inversion symmetry, is actually the main characteristic of
the low-temperature phase of TiSe2. The RXS experiments
presented here, supported by first-principles calculations,
show direct experimental evidence for the presence of an or-
bital ordered phase in TiSe2. Crucially, because the observed
signal is sensitive to uneven orbital occupation rather than
handedness or broken inversion symmetry, it is not necessary
to train the sample with an applied field, allowing us to detect
symmetry breaking that is truly spontaneous.

III. X-RAY SCATTERING

Although RXS at the main K edge corresponds to
the 1s→4p transition, orbital order in 3d transition-metal

compounds can nonetheless be probed at its pre-edge [47,48].
This is made possible by three complementary processes,
all of which may be expected to contribute to the signal in
TiSe2 to some extent. First of all, Ti 3d orbitals contribute to
the pre-edge of this transition their hybridization with ligand
Se 4p orbitals that are in turn hybridized with 4p orbitals
of neighboring Ti atoms. This mechanism is driven by the
covalent nature of TiSe2 and does not require the breakdown
of inversion symmetry. If inversion is broken, however, some
direct hybridization between Ti 3d and 4p orbitals at the same
site may occur and give rise to additional intensity at the pre-
edge. Finally, direct quadrupole-quadrupole transitions at the
superlattice peak positions become allowed whenever there is
an uneven occupation of the Ti 3d orbitals.

Hence, we performed RXS measurements at the Ti K edge
to investigate the ordering of Ti 3d orbitals of t2g symmetry
(see Methods section for sample preparation and experimental
setup). In agreement with RXS measurements at the Se K edge
[49], the observed CDW reflections may be divided into qual-
itatively different groups, based on their energy dependence.
Unlike the Se-based measurements, however, we find that the
different energy profiles of the Ti K edge reflections allow us
to assign them to distinct scattering processes and yield direct
evidence for the presence of orbital order.

The first group of reflections contains conventional CDW
peaks, like the (0.5,0.5,0.5) reflection shown in Fig. 2(a),
which are also visible in nonresonant scattering experiments.
Their energy line shape is similar to that of the primary Bragg
peaks, included for comparison in Fig. 2(c). These signals
are dominated by Thomson scattering from atomic cores, and
give a direct measure of the lattice displacements in the CDW
phase. Since all electrons on the Ti atoms participate in this
type of scattering process, it yields a large overall intensity. It
does not have a strong energy dependence, except for a sharp
suppression near the resonant edge, that follow the normal
dispersion of the Ti atomic scattering factor near this edge.
Figure 2(e) shows the integrated intensity of the peak in panel
(a). Fitting with a universal power-law function (see Methods
section for details) yields an estimated transition temperature
of TCDW ≈ 193 K, which is consistent with resistivity mea-
surements on a sample from the same batch.

Intriguingly, we identified a second group of RXS signals
at points in k space where reflections are absent in nonres-
onant experiments, such as (0.5, 0, 0.5) shown in Fig. 2(b)
[another example, (2.5, 0, 0.5), is shown in the Supplemental
Material [50]]. It should be noted that the apparent broader
width of the (0.5, 0, 0.5) peak arises from the multigrain struc-
ture of the measured sample and does not indicate a difference
in correlation length. The structure factor at these momenta is
strictly zero as long as the crystal structure of TiSe2 is either
P3̄m1 or P3̄c1, corresponding to the symmetries of the high-
temperature phase and the CDW state without orbital order,
respectively [16] (see Supplemental Material [50] for details
of the calculation). The origin for the reflections in the present
experiment can be clarified from their energy dependence.
Unlike what would be expected from Thomson scattering,
these signals have a strong, resonant peak at the pre-edge
of the Ti K edge, as shown in Fig. 2(d). This is typical for
reflections originating in transitions between specific orbital
states, involving only a few electrons that can be efficiently

033053-3



YINGYING PENG et al. PHYSICAL REVIEW RESEARCH 4, 033053 (2022)

FIG. 2. Charge density wave and orbital order in TiSe2 and their energy and temperature dependence measured by RXS at the Ti K edge. (a,
b) H cuts at 11 K for (0.5, 0.5, 0.5) and (0.5, 0, 0.5), respectively. (c, d) Corresponding energy scans near the Ti K edge. The x-ray-absorption
spectrum (XAS) at the Ti K edge is shown for comparison, as is the energy scan for the (0, 0, 1) Bragg peak. (e, f) Temperature dependence
at 4.969 keV of the peaks at (0.5, 0.5, 0.5) and (0.5, 0, 0.5), respectively. The resistivity measurement is displayed in (e) for comparison, with
the inset showing its derivative close to the transition temperature. The gray solid lines are fits to the data showing a transition temperature
Tcdw ≈ 193 K.

excited only near resonance [51]. For this type of reflection,
the local density of states dominates the energy dependence
of the scattering intensity.

The presence of a second group of reflections, originat-
ing from transitions between specific orbital states, implies
that titanium atoms with the same number of electrons, the
structure factors of which cancel in Thomson scattering, must
have inequivalent orbital structures that allow these reflections
under resonant conditions. In other words, the orbital occupa-
tions of the titanium atoms follow a regular pattern with lower
symmetry than the high-temperature state and conventional
CDW phase. The observation of peaks like (0.5, 0, 0.5) and
(2.5, 0, 0.5), with energy dependencies dominated by orbital-
specific transitions, thus constitutes direct evidence of orbital
order in the low-temperature phase of TiSe2. Based on fits of
the thermal evolutions of integrated intensities for these new
reflections, shown in Fig. 2(f), we find the onset temperature
of the novel orbital ordered state and the conventional CDW
phase to be indistinguishable within the experimental resolu-
tion.

Although the orbital order is primarily manifested in the
occupation of titanium t2g orbitals, it also has an effect on
atomic displacements. This is evidenced in yet a third class of
reflections that we observe, the energy dependence of which
indicates interference between conventional Thomson scat-
tering and resonant orbital scattering channels [for example,
the peak (0.5, 0.5, 2.5) is shown in the Supplemental Material
[50]]. These reflections are significantly enhanced compared
to nonresonant experiments near the Ti K edge, but also show
the largely energy-independent background characteristic of

atomic scattering. The enhancement of these reflections can
be viewed as a secondary effect of the onset of orbital order,
and showcase the strong coupling between orbital, lattice, and
charge degrees of freedom.

It should be noted that our results are complementary to
earlier experiments on the Se K edge [49], in which similar
sets of nonresonantly forbidden reflections were identified.
The nonzero intensity in these experiments was attributed
to anisotropic tensor susceptibility (ATS) or Templeton-
Templeton scattering [52,53]. The presence of this type of
scattering indicates that the electronic density on Se sites
is aspherical, and thus an unequal local population of Se p
orbitals. Indeed, such unequal occupation is expected in all
proposed charge ordered phases of TiSe2, both with and with-
out inversion symmetry. It does not constitute orbital order
of the strongly delocalized ligand Se p states, however, in
much the same way that oxygen p orbitals in LaMnO3 or
La0.5Sr1.5MnO4 are not considered to be orbitally ordered.
Instead, true orbital order is expected to emerge among the
localized d states of the transition-metal atoms, such as the Ti
t2g states investigated here.

All three mechanisms that may contribute to the presently
observed intensity at the pre-edge imply the presence of order
among the Ti d orbitals. For some this would arise as a direct
consequence of broken inversion symmetry (mixing with Ti
4p orbitals) while for others it is an indirect effect of the
lattice distortions associated with any type of charge order in
TiSe2 (broken rotational symmetry due to uneven mixing with
ligand Se p orbitals caused by lattice distortions). Although
the former is a more direct effect, we cannot conclusively
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determine which channel dominates our observations. Re-
gardless of the driving mechanism, however, our results firmly
establish the presence of orbital order among the Ti t2g states.
This goes beyond the expected ATS scattering at Se sites, and
allows a direct comparison to strongly coupled orbital ordered
oxides.

IV. FIRST-PRINCIPLES RESULTS

A possible way for orbital order to emerge in TiSe2 is
suggested by a Ginzburg-Landau theory predicting that dif-
ferent CDW components obtain phase shifts relative to one
another [26]. Adding corresponding phase shifts to the atomic
displacements gives a model for the corresponding atomic
configuration of the OO phase (see Supplemental Material
[50] for details). To obtain microscopic insight into the effects
of orbital order, we consider structures with different phase
shifts and calculate projected density of states (PDOS) by
means of density functional theory (DFT) calculations. As
resonant peaks are underlain by uneven orbital occupations
[54–57], the RXS structure factor is proportional to a linear
combination of the PDOS for all Ti atoms in the unit cell. In
Fig. 3(a), we demonstrate that a particular linear combination
of Ti-4p orbitals reflecting the expected difference in orbital
occupation between consecutive layers yields a nonzero scat-
tering amplitude in structures with nonzero relative phase
shifts.

As shown schematically in Fig. 3(b), the onset of this signal
implies differences between the densities of symmetry-related
orbitals at fixed energy, and indicates a breakdown of both
inversion and threefold rotational symmetries. The presence
of orbital order thus allows for resonant reflections that are
forbidden in the CDW structure without relative phase shifts.
Notice that because TiSe2 is a weakly coupled material, the
absolute variations in orbital occupation may be expected to
be much lower than those in strongly correlated insulators,
such as the archetypical orbitally ordered material LaMnO3

[40]. Nevertheless, a systematic investigation of which for-
bidden peaks become allowed and gain significant amplitude
in the OO phase (see Supplemental Material [50]) shows that
both the momenta at which such reflections emerge, and the
energy dependence of the predicted signal, are consistent with
the RXS experiments.

V. CONCLUSIONS

We report experimental evidence for the existence of
orbital order in the low-temperature phase of 1T -TiSe2, con-
sistent with first-principles predictions based on a theoretical
model for combined charge and orbital order, and independent
of the driving mechanism behind the charge density wave
formation.

These observations pave the way for exploring orbital order
in other low-dimensional, weakly coupled materials. Based on
the general nature of the mechanism stabilizing the OO phase,
one expects very similar types of orbital order to be common
in determining physical properties throughout TMDC with
commensurate multicomponent charge order, like 2H-TaS2 or
1T -VSe2, but also more generally in beyond-graphene van der
Waals materials.

FIG. 3. Energy dependence of the scattering amplitude in the
orbital ordered phase. (a) Expected energy dependence of the scat-
tering amplitude, with its characteristic resonance structure, based
on the square of the orbital-resolved projected densities of states
(see Supplemental Material [50]), and broadened to reflect the effect
of finite lifetimes. Different curves represent different values of the
relative phase shift between CDW components. The energy scale
on the horizontal axis is measured with respect to the Fermi level.
(b) Ti 4p orbital densities at fixed energy in the atomic structures
with zero (left) and nonzero (right) relative phase shift δ between
CDW components. For δ = 0, three out of four Ti sites have one
predominant 4p orbital (green), while orbitals with lower density
are degenerate. The structures in neighboring planes are related by
inversion. For nonzero relative phase shift, the densities of some
previously degenerate orbitals increase (green) or decrease (red). The
pattern of orbital polarization shown here for Ti 4p orbitals is also
present in the densities of other orbitals, and breaks both inversion
and threefold rotational symmetry.

As all charge transfer processes take place within individ-
ual TiSe2 sandwiches, the orbital order is expected to survive
even in the monolayer limit. This, together with the strong
interplay between orbital occupation and charge, lattice, and
spin degrees of freedom, gives great potential to the orbital
order as a promising route to tuning and manipulating the
physical responses in devices based on van der Waals mate-
rials.

VI. METHODS

A. Sample preparation

We synthesized 1T-TiSe2 single crystals in two steps. First,
polycrystalline 1T -TiSe2 powders were synthesized in solid
state, by grinding stoichiometric quantities of the reactants
of Ti (Alfa Aesar, 99.9%) and Se (Alfa Aesar, 99.999%) in
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an agate mortar. The mixture was then transferred to a quartz
tube and sealed under high vacuum. Polycrystalline samples
were obtained after heating at 550 ◦C for 120 h. Second,
single crystals of 1T -TiSe2 were grown using the chemical
vapor transport method, with I2 as the transport agent. The
as-prepared polycrystalline 1T -TiSe2 powders were mixed
with I2 in a quality ratio of about 20:1. The mixtures sealed
in vacuum quartz tubes were then heated for seven days
in a two-zone furnace, where the source and growth zone
temperatures were 700 and 600 ◦C, respectively. Resistivity
measurements using the four-points method were performed
on single crystals taken from the same batch of samples as
that used for RXS experiments.

B. RXS measurements

The RXS experiments were performed at beam line 4-ID-D
of the Advanced Photon Source at Argonne National Labora-
tory. The TiSe2 crystal was mounted on an aluminum sample
holder and cooled with a closed-cycle cryostat attached to a
four-circle diffractometer. Experiments were done by integrat-
ing over all scattered photon energies. The linear polarization
was collected with σ -incident polarization (perpendicular to
the scattering plane). The x-ray-absorption spectrum was ob-
tained by integrating the fluorescence signal. The observed
pre-edge feature in these spectra is well known to be re-
lated to the d electrons [51]. The temperature dependence of
TCDW can be well fitted using the empirical function f (t ) =
I0{1 − [(t + α)/(1 + α)]β}, with t = T/TCDW the reduced
temperature, and α, β, and TCDW used as fitting parameters
[58].

C. First-principles prediction of RXS intensities

We perform density functional theory band-structure calcu-
lations using the generalized gradient approximation [59], as
implemented in the full-potential code FPLO version 18 [60].

Although the structures without relative phase shifts feature a
higher symmetry than those with phase shifts, we perform all
calculations within the same low-symmetry monoclinic space
group C2 to ensure that all structures are treated on equal
footing. Within each phase, we impose the crystal symmetries
of the respective structural input and preclude structural re-
laxations so that the type of symmetry-allowed order present
in each DFT calculation is determined by the structural input.
The low symmetry of the unit cell gives rise to numerical noise
in the calculated projected DOS, which we remedy by using
a densely sampled k mesh of 41 × 41 × 24 points (20 213
points in the irreducible wedge).
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