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Spin-orbital mixing in the topological ladder of the two-dimensional metal PtTe2
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We visualize the topological ladder and band inversions in PtTe2 using spin-polarized photoemission spec-
troscopy augmented by three-dimensional momentum imaging. This approach enables the detection of spin
polarization in dispersive bands and provides access to topological properties beyond the reach of conventional
methods. Extensive mapping of spin-momentum space reveals distinct topological surface states, including a
surface Dirac cone at a binding energy EB ∼ 2.3 eV and additional states at EB ∼ 1.6 eV, EB ∼ 1.0 eV, and near
the Fermi level. The electronic structure analysis demonstrates strong hybridization between Pt and Te atomic
orbitals, confirming the nontrivial topology of these surface states. Furthermore, by comparison to one-step
model photoemission calculations, we identify a robust correlation between the initial-state and measured spin
polarizations while revealing asymmetries in specific experimental spin textures. These asymmetries, absent in
the initial states due to symmetry constraints, arise from the breaking of time-reversal symmetry during the
photoemission process, emphasizing the crucial influence of symmetries on experimental signatures of topology.
A phase analysis of ladder states in real space suggests a route to probe them using photoemission, paving the
way towards spectroscopic access to the quantum geometric tensor.

DOI: 10.1103/vcgr-qjyy

I. INTRODUCTION

1T transition-metal dichalcogenides (TMDCs) form a
class of materials that exhibit numerous important electronic
phenomena, including correlated and topological phases
[1–6]. In particular, Pd and Pt selenides and tellurides ex-
hibit a so-called topological ladder stemming from a series
of band inversions in the chalcogen-derived p-band man-
ifold [3] with several resulting spin-polarized topological
states [1]. The determination of the topological proper-
ties of these materials requires probing spin-momentum
dependence over the full Brillouin zone in order to ac-
cess the Bloch wave functions, including their spin and
orbital characters, as well as phases, that enter the quan-
tum geometric tensor [7,8]. Angle-resolved photoemission
spectroscopy (ARPES) is the most powerful technique
for experimental electronic band-structure determination
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[9], and can access, albeit indirectly [10], spin band characters
through its spin-polarized (SARPES) variant.

Compounds containing heavy elements typically exhibit
spin-polarized surface states that exist in the local gaps of the
projected band structure and emerge through band inversion
at time-reversal invariant momenta (TRIM) points, therefore
have the same origin as topological ones [11]. The topolog-
ical ladder of highly spin-polarized spin-momentum-locked
states in PtTe2 stems from several such band inversions [1,3],
with additional effects due to hidden spin polarization [12,13]
also present. We demonstrate how the interatomic interfer-
ence effects due to strong orbital intermixing [14], augmented
with spin-orbit scattering, lead to complex photoemission spin
textures that reflect surface symmetries and carry rich infor-
mation on the amplitude and phases of initial wave functions.
Our findings underscore the utility of SARPES momentum
maps for visualizing the topological ladder in TMDCs and ex-
ploring the topological properties of quantum materials more
broadly.

II. RESULTS

The surface of 1T − PtTe2 exhibits three mirror planes
which are oriented along the �M reciprocal directions.
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FIG. 1. (a) Experimental geometry where the reaction plane coincides with the Mx mirror plane of the sample’s surface. (b) Spin-integrated
experimental three-dimensional (3D) data. (c) Spin-polarized map for the cut indicated by the magenta frame in (b), where color indicates Sy.
(d) Identification of topological ladder features present in (c) on top of a spin-integrated map. (e) Related ab initio spin-polarized surface
electronic structure calculation, where the line thickness indicates the weight and the color the spin expectation value Sy for surface Te 5pz

orbitals. (f) Same as (e) but for the total weight on the surface Te atom. (g) Simulation of (c) calculated using the SPR-KKR [15] packet. (h)
Same as (c) but for Sz. (i) Same as (e) but for Sz. (j) Schematic indication of the surface Te1 atom, the outermost Pt atom, and the third layer
Te2 atom. (k) Same as (f) but for the Pt atom.

Figures 1(a)–1(g) show SARPES maps and ab initio calcu-
lations for the experimental geometry depicted in Fig. 1(a),
where one of the sample mirror planes, Mx, is preserved.
Figure 1(b) shows the experimental spin-integrated band
structure, with the magenta frame depicting the plane in which
the SARPES map in Fig. 1(c) for the spin expectation value
Sy [refer to the coordinate system definition in Fig. 1(a)]
has been measured. Since Sy is parallel to Mx, through the
axial vector mirror reflection rules, the map in Fig. 1(c) must
obey Sy(kx, ky, E ) = −Sy(−kx, ky, E ), which it indeed does.
Figure 1(c) exhibits several spin-polarized states related to
the topological ladder, which for clarity are depicted by solid
lines in Fig. 1(d) on top of the spin-integrated map. Additional
dashed lines depict surface resonances and other pronounced
features. All of these are reproduced in the ab initio calcula-
tion in Fig. 1(e), where the false color map and the thickness
of the lines refer to spin polarization and partial charge of the
5pz orbital of the surface Te atom. An additional calculation
in Fig. 1(f) shows the total charge on surface Te atoms, where
the comparison to the experiment is less favorable than in
Fig. 1(e), especially in the region of ladder states at ≈1 eV.
Figure 1(g) shows the SARPES spectrum related to Fig. 1(c)
calculated with the spin-polarized relativistic Korringa-Kohn-
Rostoker (SPR-KKR) package [15] using a free-electron final
state and demonstrating excellent agreement for virtually all
experimental features.

Figures 1(h) and 1(i) show similar experimental and theo-
retical results as Figs. 1(c) and 1(e) but for the out-of-plane
spin expectation value Sz, where again a favorable agreement
is found. For convenience, Fig. 1(j) schematically depicts the

outermost Te and Pt atoms from which the majority of the
photoemission signal originates through the method’s surface
sensitivity, and Fig. 1(k) shows the theoretical Sy calculation
for that Pt atom, indicating that the topological ladder wave
functions are strongly mixed between the surface-most Pt
and Te sites. Taking into account the photoionization cross
sections [16,17], photoelectron mean free path, and expected
angular distributions from atomic orbitals at the experimental
incident angle of θhν = 66◦, the dominant photocurrent con-
tributions for the topological ladder states are expected from
both Te 5pz and Pt 5dz2 orbitals.

The Dirac cone states in Fig. 1(c) at EB ≈ 2.3 eV are
strongly spin polarized, which is consistently reproduced in
Figs. 1(e), 1(f), 1(g), and 1(k), therefore their Sy polarization
is robust. However, the difference between Te 5pz partial
charges in Fig. 1(e) and total charge calculations in Figs. 1(f)
and 1(k), in particular for the ladder states at ≈1 eV, indicates
their complex spin texture in real space.

The in-plane spin texture in PtTe2 follows from a Rashba-
like mechanism due to the out-of-plane potential gradient.
On the other hand, the out-of-plane spin texture results from
the intralayer in-plane dipoles, which exist along directions
orthogonal to the mirror planes [13]. Despite the different
origins of the two effects, the Sy and Sz spin polarizations in
Figs. 1(c) and 1(h), respectively, appear to be similar, with
the main difference being a small Sz polarization in the Dirac
cone, theoretically reproduced in Fig. 1(i).

Figure 2 shows SARPES maps and ab initio calcula-
tions for the experimental geometry depicted in Fig. 2(a),
where none of the sample mirror planes is preserved.
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FIG. 2. (a) Experimental geometry where the reaction plane is orthogonal to the My mirror plane of the sample’s surface. (b) Spin-
integrated experimental 3D data. (c) Spin-polarized map for the cut indicated by the magenta frame in (b), where color indicates Sy.
(d) Identification of topological ladder features present in (c) on top of a spin-integrated map. (e) Spin-polarized EDCs for the region in
(c) enclosed by the black lines. (f) Related spin polarization. (g) Ab initio spin-polarized surface electronic structure calculation where the line
thickness indicates the weight and the color the spin expectation value Sy for surface Te 5pz orbitals. (h) Related spin-polarized bulk projected
band structure with the dashed lines showing bands along M�M, the dashed-dotted lines along LAL, and with the solid lines showing bands
along a line that cuts through the middle of the �A line, as shown in (i). (j) Bulk band structure for EB(kx, kz ). Dark red arrows in (h) and
(j) indicate the local bulk band gap, while the purple arrow in (j) indicates the type-II bulk Dirac cone. (k) One-step photoemission model
calculation related to the map (c).

Figure 2(b) shows an experimental spin-integrated band struc-
ture, with the magenta frame depicting the plane along which
the SARPES map in Fig. 2(c) for the spin expectation value
Sy [refer to the coordinate system definition in Fig. 2(a);
compared to Fig. 1, the sample has been rotated] has been
measured. The identified topological ladder states are depicted
in Fig. 2(d), while Figs. 2(e) and 2(f) show the energy dis-
tribution curve (EDC) and spin polarization in the region
between the two solid lines in Fig. 2(c) where the surface
states near the Fermi level with Sy over 50% are located. States
identified in Fig. 2(d) are in good overall agreement with the
spin-polarized calculation for the surfacemost Te 5pz orbital
shown in Fig. 2(g).

In Fig. 2(c), the Sy spin polarization is antisymmetric
between Sy(EB, kx, ky ) and Sy(EB,−kx, ky). However, since
the experimental setup of Fig. 2(a) does not have any
mirror planes, no such rules relating Sy(EB, kx, ky) with
Sy(EB,−kx, ky ) exist for the experimental SARPES map, and
the maps in Figs. 2(c) and 2(d) exhibit clear asymmetries, both
regarding the spin polarization and the energy position of the
dispersive features. For surface states this phenomenon, pre-
viously revealed for WTe2 [14], is related to the interatomic
interference and time-reversal symmetry breaking in the pho-
toemission process, while for bulk states to the asymmetric

initial band-structure dispersions for generic values of kz mo-
menta, as shown in Figs. 2(h) and 2(i), through approximate kz

selectivity of ARPES [18]. Importantly, wave-function mix-
ing between different sites is necessary to induce the effect
for surface states, which provides an additional confirmation
for such mixing in the PtTe2 topological ladder. Figure 2(j)
shows calculated EB(kx, kz ) bulk bands, highlighting the local
band gap where the strongly spin-polarized state visualized
in Fig. 2(e) is located, as well as the type-II bulk Dirac
cone [19]. Figure 2(k) presents the SPR-KKR [15] calculation
corresponding to the map in Fig. 2(c), incorporating the afore-
mentioned effects and confirming the strong ±kx asymmetries
observed in the experiment.

Figures 3(a)–3(i) show the experimental geometry and
SARPES constant energy maps (CEMs) for two different
binding energies [as indicated by green contours in Figs. 1(b)
and 2(b)] and different sample rotations φ, as defined in
Fig. 3(a). The related calculated initial band structure maps
are shown in Figs. 3(j) and 3(k). These maps aim at imaging
strongly spin-polarized states near the Fermi level [see, e.g.,
Fig. 2(e)]. Indeed, in all maps one can see a spin-polarization
sign inversion between EB = 0.1 and 0.3 eV, however, strong
effects related to the incident light direction are observed. Due
to the trigonal symmetry of PtTe2, when φ is changed by 60◦
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FIG. 3. (a) Experimental geometry indicating the rotation of the sample with respect to the z axis by an angle φ. (b)–(e) Experimental
SARPES maps for φ = 30◦, 90◦, 0◦, and 60◦, respectively, at a binding energy EB = 0.1 eV. (f)–(i) Same as (b)–(e) but at EB = 0.3 eV. (j), (k)
Theoretical spin-polarized constant energy maps at EB = ±0.05 eV and EB = 0.2 ± 0.05 eV, respectively.

the SARPES results are different. This makes the maps of
Figs. 3(b) and 3(c), where the mirror plane coincides with
the reaction plane, not only appearing rotated by �φ = 60◦
but also exhibiting a different intensity pattern and a different
strength of spin polarization [same for Figs. 3(f) and 3(g)].
For the geometry where the mirror plane is orthogonal to the
reaction plane, the maps of Figs. 3(d) and 3(e) are expected
to be related to each other by the Mx transformation, which
is indeed observed in experiment [same for Figs. 3(h) and
3(i)]. These asymmetric intensities do not influence the po-
larization for the lower binding energy states in Figs. 3(d)
and 3(e), which are at 35%–36%. However, the measured
polarizations are very different in Fig. 3(h) with a difference of
19% [similarly in Fig. 3(i)]. Since the initial surface states are
nearly fully polarized, the most likely reason is the influence
of the bulk projected states, which are influencing more the
higher-energy states, as shown in Fig. 3(k).

Figure 4 provides a detailed breakdown of various com-
ponents appearing in the SARPES process. Due to the short
inelastic mean free path, the majority of the ARPES signal
originates from the three outermost layers [20], depicted in
Fig. 4(a) (further layers must be considered in quantitative

modeling). Due to the in-plane periodicity, it is sufficient to
consider only the three atoms in the unit cell. Figure 4(b)
depicts the interatomic interference process [14,21], which is
sufficient to qualitatively explain the asymmetries of Fig. 2(c).
However, even in a tight-binding picture, in a quantitative
simulation one needs to consider a true spherical wave orig-
inating from every participating orbital, which means that
multiple scattering, which includes spin-orbit coupling (SOC)
scattering, needs to be considered. Pictorially this is indicated
in Fig. 4(c), where a spherical wave, originating from one site,
will be scattered by all the sites.

Figures 4(d) and 4(e) show real-space wave functions for
the two representative topological ladder surface states, along
the cut shown in Fig. 4(g) (further details are provided in the
Supplemental Material [17]). In the case of the Dirac cone
state in Fig. 4(d), one can visually recognize dominant Te1
5pz and Pt 5dz2 orbitals in the two outermost atomic layers,
with the lower lobe of the Te 5pz being in phase with the
outer lobes of Pt 5dz2 . A very different orbital character of
Te1 and Te2 sites is evident. One can also see that the first
and second PtTe2 layers are approximately out of phase. The
orbital composition of the state near the Fermi level [Fig. 4(e)]
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FIG. 4. (a) Indication of the 3 atoms in the unit cell of the outermost PtTe2 layer. (b) The photoemission signal can be considered as a
far-field coherent sum of electron waves originating from different atomic sites. (c) Spherical wave originating from the Pt site. (d) Real space
wave function for one of the Dirac cone states. (e) Same as (d) but for one of the surface states near the Fermi level. (f) Two-dimensional
colormap used to visualize both charge density and wave function phase in (d)–(e) [phase refers to the periodic part of the Bloch wave u(r),
the eik·r factor is omitted]. (g) Visualization of the cut shown in (d)–(e). (h) Sy spin-polarization in the photoelectron diffraction pattern for
SOC-scattering of the s-wave emission from the outermost Pt site in bulk PtTe2 at Ekin = 16 eV, with the related 2D colormap used.

is different, with the state being less localized, and with more
charge in the interstitial regions between PtTe2 layers.

Figure 4(h) provides insight into how much SOC scatter-
ing alone can influence SAPRES maps from PtTe2. We have
performed a real-space atomic cluster calculation [22], where
we have emitted an unpolarized electron s wave from the Pt
atom, as depicted in Fig. 4(c). Since PtTe2 is nonmagnetic
(i.e. no exchange scattering), without SOC scattering such
a wave would not lead to spin-polarized electrons, even if
multiply scattered. However, with spin-orbit scattering, a spin
polarization of up to 12% is present at certain emission angles.
This value is likely smaller in actual SARPES maps, since
the angular regions of high-spin polarization must coincide
with emission angles where bands appear, and, furthermore,
the coherent sum of emissions from different sites must be
considered.

III. DISCUSSION

We demonstrate that experimental spin textures of the
topological ladder states in PtTe2 reveal contributing orbital
characters through the excitation process. Strong asymmetries
observed in Fig. 2(c) show that the details of the measured
polarization results from the interdependence of several ef-
fects that include interatomic interference, the perpendicular
momentum sensitivity of SARPES, as well as the SOC scat-
tering processes. Some features due to these effects can be
modeled using ab initio methods, as shown in Figs. 2(h)
and 2(j) and in Figs. 4(d) and 4(e). Importantly, a favorable
agreement to SPR-KKR calculations with the free-electron
final-state model is obtained, which confirms that in PtTe2,
SOC scattering, although not negligible [Fig. 4(h)], is not
critical. Figure 3 demonstrates how details of experimental
geometry influence measured spin polarizations and thus the
necessity of measuring SARPES maps over large momentum
regions.

The innovative way of visualizing the ψi of the topolog-
ical ladder states in Figs. 4(d) and 4(e) provides an intuitive
connection between surface topology and photoemission in-
tensity. The phase structure of real-space wave functions is
critical in the quantum geometric tensor, thus accessing it
experimentally is one of the key challenges of solid state spec-
troscopies. In the matrix element 〈ψk f |A · p|ψi〉 one assumes
the ψk f to be a time-reversed low-energy electron diffraction
(LEED) state, which includes an evanescent ≈eik f ·r compo-
nent. At He I excitation one can assume Ekin ≈ 16 eV and an
inner potential V0 ≈ 10 eV, with the wavelength of the normal
emission photoelectron inside the solid of ≈2.4 Å. The inner
product of ψk f with the polarization-modulated gradient of
ψi leads to hν-dependent intensity modulations that therefore
can experimentally reveal the phase structure of ψk f (further
details are provided in the Supplemental Material [17]).

In summary, we have demonstrated how the properties of
topological ladder states are manifested in SARPES spectra.
By addressing the challenges posed by intersite orbital mixing
and SOC scattering, our work provides a foundation for the
quantitative derivation of the quantum geometric tensor in
solids using ARPES spectra.
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