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Dirac cone and pseudogapped density of states in the topological half-Heusler compound YPtBi
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Topological insulators (TIs) are exciting materials, which exhibit unprecedented properties, such as helical
spin-momentum locking, which leads to large torques for magnetic switching and highly efficient spin current
detection. Here we explore the compound YPtBi, an example from the class of half-Heusler materials, for which
the typical band inversion of topological insulators was predicted. We prepared this material as thin films by
conventional cosputtering from elementary targets. By in situ time-of-flight momentum microscopy, a Dirac
conelike surface state with a Dirac point 2300 meV below the Fermi energy was observed, in agreement with
electronic structure-photoemission calculations. Only little additional spectral weight due to other states was
observed at Er, which corroborates the identification of the topologically protected surface state and is highly

relevant for spintronics applications.
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Three-dimensional topological insulators are insulating in
the bulk, but strong spin-orbit coupling enables a special
electronic structure with inverted bands that results in the
formation of a topologically protected single Dirac conelike
surface state [1-3]. As in such materials the orientation of the
spins is fixed relative to the direction of a charge current carried
by the surface state, its potential for spintronics applications
is evident. A perfect conversion between a spin and a charge
current thus would ultimately enable high spin currents and
corresponding spin torques generated from a charge current
flowing in the topological state. Indeed, exceptionally strong
spin-transfer torques generated by the topological insulator
Bi,Se; and related compounds were recently reported [4-7].
Thus, considering future applications such as spin-orbit torque
magnetic random access memory (SOT-MRAM) [8], topolog-
ical insulators should well exceed the switching efficiency
reached by conventional materials such as Pt and Ta [9-11].
As pointed out by Mellnik et al. [4], this potential application
utilizes the helical spin-momentum locking of the topological
insulator surface state and does not depend on having zero bulk
conductivity within the topological insulator. Furthermore, the
inverse effect, namely, the conversion of a spin current into a
charge current, will allow for the ultimately sensitive detection
of spin currents generated by spin pumping or the spin Seebeck
effect [12].

However, for both applications, the toxicity of Se makes the
incorporation of Bi,Ses and related materials in real devices
challenging, and the deposition techniques and conditions
tend to be sophisticated and incompatible with industrial
environments. Thus, new topological insulators consisting
of generally nontoxic components suitable for industrial
production processes, including high-temperature annealing
steps, are required.
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A class of materials where topological insulator compounds
have been predicted are half Heuslers [13]. These represent
ideal candidate materials for such applications. Beyond the
SOT-MRAM and spin current detection and conversion-related
motivation described above, they include superconducting
[14,15], antiferromagnetic [16], half-metallic ferromagnetic
[17,18], and semiconducting [19] compounds, which makes
them most interesting for various applications and basic
science related fields of research.

Within the class of half-Heusler compounds, a large number
of materials was predicted to show the necessary inversion
of the I's and I's bands [20-23]. The electronic structure of
the semiconducting 18-valence-electron Heusler compounds
is strongly related to that of CdTe and HgTe [20]. As the
ternary XY Z Heusler class comprises many semiconductors
and semimetals, it provides large flexibility in design by
tailoring the band gap and the spin-orbit coupling. One of
the most attractive aspects of half-Heusler compounds is the
tunability of the insulating gap over a wide energy range,
from about 4 eV (e.g., LiMgN) down to zero (e.g., ScPtBi), by
choosing XY Z combinations with different electronegativities
of the constituents and with different lattice constants [22].
However, the calculated band structures of the undistorted
half-Heusler compounds with band inversion show bulk states
at the Fermi energy Er [20,21], i.e., they are topological
semimetals, not insulators.

Some experimental indications of the topological properties
of half-Heusler compounds were published in the last years
[24-30], but only very recently first direct experimental
evidence was reported: Logan et al. [31] provided evidence
for a Dirac cone well above Ep of LuPtSb(001) by the
extrapolation of linearly dispersing bands below E ¢ observed
by angular-resolved photoemission spectroscopy (ARPES).
Liu et al. [32] reported the observation of a Dirac conelike
feature well below Ep by investigating bulk single crystals
of LuPtBi by ARPES. Additionally, pronounced additional
spectral weight due to other states was observed at Ef.
However, such additional states will strongly influence the
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FIG. 1. XRD ¢ scans of in-plane peaks of a YPtBi(110) thin film
and of in-plane peaks of the Ta(100) buffer layer. The Ta peaks show
the expected fourfold symmetry of an epitaxial layer. The YPtBi (011)
and equivalent peaks, which would be observed twofold for a fully
epitaxial layer, appear to be fourfold, indicating two orientations of
in-plane ordered domains. The inset shows an XRD ©® /2© scan with
the specular YPtBi(110) and Ta(200) peaks of the thin film grown on
a MgO(100) substrate.

effective transport spin polarization relevant for spintronics
and are in general expected to interfere with the overlapping
Dirac cone.

Here we show the results of in sifu time-of-flight (TOF)
momentum microscopy of the half-Heusler compound YPtBi,
and directly demonstrate the presence of a Dirac cone
representing a topologically protected surface state, together
with only little additional spectral weight at Er due to other
states. We compare the experimental results with one-step
photoemission calculations, showing good agreement.

We investigated the surface band structure of the YPtBi
thin films (<10 nm) in situ by TOF-momentum microscopy.
Based on our experience with photoemission experiments on
other Heusler compounds [18,33], a setup was realized which
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allows the direct ultrahigh vacuum transfer of the thin film
samples from the deposition to the spectroscopy chamber.
The TOF-momentum microscope [34-36] measures a three-
dimensional (3D) data array of the energy and momentum
dependent photoemission intensity I(E,ky,ky). The instru-
ment utilizes an electron optical reciprocal image representing
the distribution of the transversal momentum components k,
which are conserved in the photoemission process. The energy
resolution is obtained by a time-of-flight measurement of
the photoelectrons excited by a pulsed, frequency-quadrupled
Ti:sapphire laser resulting in a photon energy of hv = 6.2 eV.
Due to this, low photon energy surface states dominate the
photoemission spectra in this particular case. The photon
angle of incidence (p-polarized light) amounted to 68° from
the sample normal, i.e., the (110) direction of YPtBi. An
aperture in the microscope optics allows the selection of a
circular sample region of a diameter of 7 um from which the
photoemission intensity I(E,k,,k,) is collected.

Electronic structure calculations were performed by use
of a generalized-gradient approximation (GGA) of the density
functional theory (DFT) [37]. For the exchange and correlation
potentials we applied the Perdew, Burke, and Enzerhof
parametrization [38]. The corresponding first-principles cal-
culations were done in a fully relativistic mode by solving
the corresponding Dirac equation. This was achieved by using
the spin-polarized relativistic multiple-scattering or Korringa-
Kohn-Rostoker formalism (SPRKKR) as implemented in the
Munich SPRKKR program package [39].

Our spectroscopic analysis is based on the fully relativistic
one-step model of photoemission [40] in its spin-density
matrix formulation. This approach allows for the proper
description of the k dependence of the photoemission intensity
and spin polarization vector [41]. The initial and final states
are constructed in the framework of spin-polarized low-energy
electron diffraction (SPLEED) theory, where the final state
is represented by a so-called time-reversed SPLEED state
[40,42]. For the explicit photoemission calculations, we added
to the semi-infinite stack of atomic layers a surface barrier
by use of a Rundgren-Malmstrom-type surface potential [43],
which is included in the SPLEED formalism as an additional
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FIG. 2. (a) Full representation and (b) constant-k, sections through the experimental 3D data array of energy and momentum dependent
photoemission intensity /(E,k,,k,). (c) shows the corresponding photoelectron intensity and (d) photoelectron spin polarization [color coded
projection along k, || (001)]. The dashed lines serve to guide the eye, indicating the Dirac cone.
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layer. This allows for the correct description of the asymptote
of a potential away from the crystal surface. As a consequence,
an additional surface contribution of the total photocurrent
results, which accounts explicitly for the energetics and
dispersion of all surface-related features. Furthermore, the
relative intensities of surface-related spectral distributions are
quantitatively accounted for by calculating the corresponding
matrix elements in the surface region. This procedure, in
which energy and momentum conservation are naturally
included [40,44], is described in detail, e.g., in Ref. [45].
Considering impurity scattering, a small constant imaginary
value of V;; = 0.03 eV was used for the initial state, which
describes the finite lifetime. Lifetime effects in the final state
are accounted for by the imaginary part of the inner potential.
A constant imaginary value of V;, = 1.2 eV has been chosen
in a phenomenological way to account for the inelastic mean
free path of the photoelectrons resulting from the experimental
excitation energy of 6.2 eV. The angle of incidence and light
polarization were adopted to the experimental geometry.

By cosputtering from three elementary targets, we pre-
pared semiepitaxial YPtBi thin films. The three components
were deposited with the rates of r(Y) = 0.45 nm/s, r(Pt) =
0.34 nm/s, and r(Bi) = 0.75 nm/s on a MgO(100) substrate
with a Ta(100) buffer layer (thickness 20 nm) held at T =
615°C.

X-ray diffraction (XRD) ® /20 scans (inset of Fig. 1) show
the (110) peak of YPtBi(10 nm) and the (200) peak of the
Ta(20 nm) buffer layer, which are oriented perpendicular to
the substrate surface.

A grazing incidence XRD ¢ scan (azimuth angle) with the
Bragg angle © selecting the (011) and equivalent in-plane
peaks revealed a fourfold in-plane symmetry (Fig. 1). As the
(110) plane of YPtBi has a twofold symmetry, this means
that the thin films, averaging a ~1 mm sized area, consist of
grains with two different in-plane orientations rotated by 90°
with respect to each other. Within the experimental error of
our XRD experiments, we do not observe any strain in our
samples.

Scanning electron microscopy (not shown) demonstrated
that the thin film surface is free of segregations. Figure 2(a)
shows a representation of the 3D data array of energy and
momentum dependent photoemission intensity I(E,k,ky).
It is obvious that at Er only little spectral weight around
the I" point is observed, resembling the pseudogapped band
structure of a semimetal. Figure 2(b) depicts a cut through
this data with k, =0, and Figs. 2(c) and 2(d) show the
corresponding calculated photoelectron intensity and spin
polarization. The helical spin-locked Dirac state displays as
two linearly dispersing states in the E(k) cut with a crossing
point (Dirac point) at E — Er = —0.3 eV (indicated by the
dotted blue and red lines). This feature shows up both in the
experimental result as well as in the calculation (Fig. 2). The
high intensity observed at E — Er = —0.6 eV (—0.7 eV in
the calculation) originates from a spin split Rashba surface
resonance. The additional electronic states parallel to the Dirac
state that do not show up in the calculation may result from the
finite thickness of the sample, leading to quantum size effects
along k.

According to the calculation, the spin polarization
[Fig. 2(d)] points perpendicularly to the in-plane momentum
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component. While the spin polarization of the ground-state
spectral function amounts to 100% near the Dirac point,
the photoemission calculation results in reduced values for
p-polarized light.

The position on the sample of the 7 um spot from which
the TOF-momentum microscope collects the 3D data array
of energy and momentum dependent photoemission intensity
I(E ,ky,ky) was selected to optimize the contrast of constant-
energy sections. This resulted in /(E,k,,k,) constant-energy
sections with twofold symmetry, i.e., from the two possible
in-plane orientations of the YPtBi(110) crystallites identified
by XRD, only one was selected.

Figure 3 (left column) shows constant-energy sections
through I(E,k,,k,), symmetrized according to the crystal
symmetry. For comparison, the central column shows the cor-
responding calculated spin-integrated photoemission intensity.

-04 0.0 04
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FIG. 3. Left column: Constant-energy sections through the ex-
perimental 3D data array of energy and momentum dependent
photoemission intensity I(E,k,,k,). For image improvement the ex-
perimental data was symmetrized according to the crystal symmetry.
Central column: Corresponding calculated intensity. Right column:
Corresponding calculated spinpolarization (color coded projection
along k), color bar see Fig. 2.
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The right column shows the calculated spin polarization. The
dashed lines in the constant-energy sections serve to guide
the eye, indicating common features of the experimental and
theoretical data.

At the Fermi energy, photoelectron intensity is observed
mainly around the gamma point, which agrees well with
the corresponding photoemission calculation. The qualitative
agreement between the measured constant-energy section at
the Fermi energy I(EFr,k,,k,) and the corresponding calcula-
tions indicating a high spin polarization is obvious, although
the relative intensities of the features differ. Such limitations
concerning the k-dependent intensity of photoemission are
common and observed for materials such as Mo(110) as
well [36].

Below the Fermi energy, the experimentally determined
constant-energy sections show more structures than the cor-
responding calculations. However, the main characteristic
features of the theoretical sections, as indicated by the dashed
red lines in Fig. 3, can be found within the experimental data.
At 300 meV below the Fermi energy, a spotlike photoemission
intensity feature is found at the I point, which develops into
an oval band around the I' point for increased as well as for
decreased binding energies, as indicated by the solid red lines
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in Fig. 3. This feature corresponds to the Dirac cone discussed
above. Additionally, the dispersion of other states is observed,
which were identified as surface states by the application of
the determinant criterion [46,47]. Our calculation predicts a
high spin polarization of these states as well.

In conclusion, by TOF-momentum microscopy investiga-
tions of cosputtered YPtBi(110) thin films and comparison
with corresponding calculations, a helical spin-locked Dirac
state was identified, providing direct experimental evidence
for the realization of a topologically protected surface state
in these half-Heusler thin films. At Ey only a little spectral
weight around the I'" point was observed, corresponding to
a pseudogapped surface band structure. This corroborates
the identification of the spin-polarized linearly dispersing
branches as topologically protected surface states. As the Dirac
cone dominates the surface density of states of YPtBi(110) at
Er, further effort may result in novel spintronic devices with
industry and environmentally compatible components beyond
what is achievable with the currently available materials.

This work was partially supported by the DFG via the
priority program Topological Insulators (E1172/18-1) and via
project Jo404/9-1.
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