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Half-Heusler systems host a plethora of different ground states, especially with nontrivial topology. How-
ever, there is still a lack of spectroscopic insight into the corresponding band inversion in this family. In
this work, we locally explore the half-Heuslers YTBi (T =Pt and Pd) by means of scanning tunneling
microscopy/spectroscopy. From our analysis of the (120) surface plane, we infer that the increase of the
spin-orbit coupling upon going from Pd to Pt is the main player in tuning the surface states from trivial to
topologically nontrivial. Our measurements unveil a (2 x 1) reconstruction of the (120) surface of both systems.
Using density functional theory calculations, we show that the observed different behavior of the local density of
states near the Fermi level in these two materials is directly related to the presence of metallic surface states. Our
work sheds new light on a well known tunable family of materials and opens new routes to explore the presence
of topological states of matter in half-Heusler systems and its microscopic observation.
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I. INTRODUCTION

The seminal works on the quantum (spin) Hall effect [1-3]
were crucial to definitely incorporate topology into the analy-
sis of electronic band structure of solids [4—6]. The net result
was the prediction and observation of a plethora of quantum
topological states of matter, such as topological insulators
(TIs) [6], Dirac and Weyl semimetals [5,7], and even more
exotic excitations [8,9]. Due to its unique physical properties,
in which surface states often play a decisive role [5,6], the
application of such systems can reach from spintronics to
quantum computing [10].

Despite such potential applications, two key ingredients
have been limiting factors for a broader use of TIs [10,11].
The first one is that many materials have their Fermi energy
Er located in one of the bands derived from the bulk. In
other words, experimentally the bulk is not fully insulating,
as, e.g., typically observed in layered chalcogenides [11-14].
Secondly, the Dirac point is often located sizeably away from
Er, preventing these materials from potential usage in, e.g.,
transport applications. A solution for both problems may re-
side in correlated systems, where the many-body interactions
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pin the Dirac point close to Eg, within the bulk gap [15,16].
However, their correlated phases normally appear only at low
temperatures, which implies that those topological phases
may not be suitable for applications [17-21]. As such, it is
imperative to find appropriate materials with an insulating-
like bulk and Dirac points near Er, whose properties can also
be tuned to specific requirements and even show a good match
to important semiconducting substrates [22].

One of the most versatile systems that host numerous
topological states of matter is the half-Heusler compounds
[4,23]. This family, with a simple MgAgAs-type cubic struc-
ture (space group F43m), that can be seen as a ZnS-type
structure with filled octahedral lattice sites [Fig. 1(a)] [23],
has been extensively explored due to the fact that its semi-
conducting, magnetic, thermoelectric, and strongly correlated
properties can often be tailored [4,24-28]. Earlier theoretical
calculations have suggested that the mechanism behind the
appearance of topological features in this family depends on
the band inversion, which is very similar to that observed
in the prototypical CdTe and HgTe systems [29]. In both
compounds, at the I" point near Ef, the energy bands are split
into I'g, I'7 (both twofold degenerate), and I's (fourfold de-
generate) states. This splitting originates from the zinc blende
crystal symmetry and strong spin-orbit coupling [29-32]. In
the context of band topology, CdTe possesses a normal band
order (the s-like I'g state sits above the p-like Iy state), while
in the HgTe band, inversion occurs such that I'g resides below
I's [33]. Both situations are reproduced in Y7 Bi, where for
T = Pd the normal (trivial) state is realized, while for T = Pt
a band inversion occurs and nontrivial states emerge (see
Fig. 9 in the Appendix) [29-32].

In fact, previous angle-resolved photoemission spec-
troscopy (ARPES) measurements on YPtBi have shown the
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FIG. 1. (a) Crystal structure of the half-Heusler systems. The
blue and green planes indicate the (120) planes of YBi and Pd/Pt
termination, respectively. The black lines outline the unit cell.
(b) Brillouin zone and its projection for the (111) and (120) surface
planes.

presence of unusual topological surface states [34,35]. Here,
the topological surface states are observed throughout the
Brillouin zone. This situation is different from the one typi-
cally observed, e.g., in the chalcogenides TIs, where the topo-
logical surface states emerge as a Dirac cone [33,34,36,37].
Moreover, topological features were also observed in the form
of Weyl fermions in related half-Heusler semimetals RPtBi (R
= Nd, Gd, Yb) [17,38,39]. In particular, topological features
can affect a possible superconducting state, even resulting
in triplet superconductivity for some members of the RTBi
family (R = rare earth, T = Pd or Pt) [40—46].

In an even more fundamental aspect, comparing YPtBi
and YPdBi can be an excellent platform to experimentally
tune the topological properties through the spin-orbit cou-
pling. Both systems possess very similar lattice parameters
[6.652(1) and 6.639(1) A for YPtBi [41] and YPdBi [42],
respectively], which makes the spin-orbit coupling the key pa-
rameter to distinguish between trivial (YPdBi) and nontrivial
(YPtBi) topological states [30-32,34,35]. These compounds
are particularly attractive due to the possibility of obtaining
high-quality thin films, increasing their potential applicability
[47]. Previous nuclear magnetic resonance (NMR) [48,49]
and electron spin resonance (ESR) experiments [50] pointed
toward a strong impact of spin-orbit coupling on the detailed
band structure of Y7'Bi. A direct experimental visualization
of the surface states resulting from band inversion in half-
Heuslers has not been demonstrated, yet.

Additionally, although this family of materials supports so
many different physical properties, which are often related
to surface states, little is known about the surface properties
of half-Heuslers. This is, at least in part, certainly related
to the fact that half-Heusler compounds with cubic struc-
ture are notoriously difficult to cleave, rendering an in situ
preparation of atomically flat surfaces from bulk samples a
challenge. As a consequence, reports employing scanning tun-
neling microscopy/spectroscopy (STM/STS) are scarce and
focused on disordered surfaces in single crystals [51] or on
the study of surface reconstructions in thin films [52]. In this
work, we report on atomically flat surfaces investigated by
STM/STS, combined with first-principles density functional
theory (DFT) slab calculations, to explore the local proper-
ties of the half-Heuslers YPdBi and YPtBi. We cleaved our
samples in situ, most likely along the (120) planes exposing a
(2 x 1) reconstructed YBi-terminated surface. From our STS
data we infer a finite local density of states (local DOS or
LDOS) n(E) at Er for YPtBi, while the trivial YPdBi com-
pound exhibits a well-defined gap around Er. We argue that
the difference in the LDOS is likely due to the formation of
metallic surface states in YPtBi, a finding corroborated by our
slab calculations. Our work establishes the possibility of using
STM as a local probe to investigate half-Heusler systems, and
it suggests that a tuning of the LDOS can be achieved through
the increase of the spin-orbit coupling upon going from Pd to
Pt.

II. METHODS

Single crystalline samples of Y(Pd,Pt)Bi were synthesized
by the Bi self-flux growth technique with starting elements
Y (99.99%):(Pd,Pt) (99.99%):Bi (99.999+%) in the propor-
tion of 1:1:10 [53]. While YPtBi samples naturally expose
(001), (110), and (111) planes in a pyramidlike shape, YPdBi
samples only expose (001) planes (all samples had a cubelike
shape). The investigated samples had an approximate size of
1 x1x1mm?.

STM/STS measurements were performed in an ultrahigh-
vacuum system at pressures p < 2.5 x 107° Pa and at
temperatures 7 = 4.6 K. A total of seven (four YPdBi and
three YPtBi) samples were cleaved in situ at temperatures
T =~ 20 K. The tunneling current / was measured using elec-
trochemical prepared tungsten tips, and a bias voltage V), was
applied to the samples. The topographies were obtained in a
constant current mode with a predefined current set point /.
Most topographies were obtained in a dual-bias mode, i.e.,
forward and backward scans along the fast scan direction were
obtained with a V}, of the same magnitude, but with opposite
signs. We did not see any differences in dual-bias mode (i.e.,
for the different values of V) when scanning the samples
along the (120) planes. The dI/dV spectra were acquired by a
lock-in technique applying a modulation voltage of typically
Viod = 0.3 mV at 117 Hz.

The first-principles density functional theory (DFT) calcu-
lations were performed using the projector augmented-wave
(PAW) potentials [54] implemented in the Vienna Ab initio
Simulation Package (VASP) code [55-57]. The calculations
containing the spin-orbit coupling (SOC) were performed
with the generalized gradient approximation (GGA) under the
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modified Becke-Johnson (mBJ) exchange potential [58-60].
The energy cutoff for the plane-wave expansion is set to
350 eV. The density of states was calculated using 12 x 12 x
12 k-point I'-centered grids in the Monkhorst-Pack scheme
[61]. The lattice constants were assumed to be equal to the
experimental values, i.e., & 6.64 A for both compounds [62].
The band structures from the DFT calculations were used
to find tight-binding models by WANNIER90 [63,64], which
allowed us to calculate surface-state spectra by WANNIER-
TooLs [65]. The theoretical simulations of STM topographies
for (120) YBi-terminated surfaces (without and with recon-
struction) were computed using the Tersoff-Hamann approach
[66]. Due to technical limitations of the mBJ potential for
slab-type calculations, these specific DFT calculations were
performed using a GGA with Perdew-Burke-Ernzerhof (PBE)
parametrization [67]. More details on the calculations are
provided in Appendix D.

III. RESULTS AND DISCUSSION
A. Topography of YPtBi single crystals

In situ preparation of clean surfaces (in the case of bulk
single crystals typically by cleaving) is of utmost importance
for STM/STS studies but often exceedingly difficult for ma-
terials of cubic crystal structure [20]. Our single crystals of
half-Heusler compounds YPdBi and YPtBi naturally expose
(001) crystallographic planes, while the (111) plane was only
found for YPtBi. Figure 1(b) shows the surface projection
of the Brillouin zone along the latter direction. In principle,
the pyramid-like shape of our YPtBi samples may open the
possibility of exploring surfaces along the (001) and (111)
planes. However, the YPdBi crystals had a more cubelike
shape, suggesting a preferred cleave along the (001) plane. We
emphasize that for a reasonable comparison between results
obtained on both compounds, it is vital to investigate identi-
cal crystallographic planes. Therefore, we focus on samples
mounted along the (001) direction in the following [further
details of measurements for cleaving YPtBi along the (111)
plane are provided in Appendix A; see Figs. 4, 5, and 6].

Atomically flat surfaces on cleaved half-Heuslers are ex-
tremely scarce and required extensive search. One example
is shown in Fig. 2(a) for YPtBi where, in principle, the
cleaving was expected to occur along the (001) plane. Before
comparing the results from two different compounds, it is
crucial to identify which planes and terminations are obtained
since surface states depend decisively on those two parameters
[34,35]. Notably, all the obtained flat surfaces show a ~30° tilt
angle with respect to the sample mounting plane (001) in this
cleaving configuration. This is a hint that the obtained surfaces
are not (001) planes. As will be argued below, the exposed
planes are likely YBi-terminated (120) planes instead, which
are highlighted in blue in Fig. 1(a).

Three crucial pieces of information are helpful to identify
the cleaving plane: (i) As mentioned, the surfaces are tilted by
~30° with respect to the sample mounting plane. This renders
the (120) plane a likely surface as it is expected 26.6° away
from the (001) plane. (ii) The distance between corrugations
and (iii) the height of the step edges can be analyzed. Fig-
ure 2(a) exemplifies the latter two in the same field of view.

The apparent height profile Az as a function of the lateral
distance Ax (height scans) shown in Fig. 2(b) reveals a step
edge height of ~115 pm and a distance between corrugations
di2"" = 0.66(3) and 0.68(3) nm for the pink and turquoise
directions, respectively. Those distances are in agreement with
the ones extracted from the Fourier transform of larger areas,
from which we obtain d{>""*T = 0.67(3) and 0.70(3) nm
(see Fig. 7 in the Appendix).

To gain better statistics on the average step edge height,
a 100 x 100nm? area obtained on YPtBi is investigated;
see Fig. 2(c). We can clearly see the occurrence of several
step edges and a lack of adatoms. We note that the latter
observation distinguishes the surfaces observed here over
measurements on the (111) plane (compare Fig. 4 in the
Appendix). The average step edge height between different
exposed surfaces is d(,>" ~ 135 pm [Fig. 2(d)] indicating that
either exclusively YBi-terminated or Pt-terminated surfaces
are observed. Note that the theoretically expected distance
between these planes is 148 pm; see Fig. 1(a). A Pt-terminated
surface can be ruled out since a distorted hexagonal lat-
tice with distances between Pt atoms of 0.66 and 0.81 nm
would be expected, Fig. 2(h), which is in clear contrast to
the observation of Fig. 2(a). On the other hand, for a YBi-
terminated surface, a rectangular lattice with distances of 0.33
and 0.74 nm between atoms is expected. Therefore, we pro-
pose a (2 x 1) reconstructed YBi surface where half of the
atoms are missing; see Fig. 2(i). This scenario is consistent
with the observed distances between corrugations and STM
simulations obtained through slab DFT calculations.

Reconstructed surfaces, including the (2 x 1) type, are
commonly observed on both bulk samples [52] and thin
films [68—71] of half-Heusler compounds. The driving forces
behind these reconstructions were argued to be charge neu-
trality and a minimization of the number of dangling bonds
[34,35,52]. However, the (120) surface plane has not been
investigated so far. To get further insight, we conducted
first-principles slab calculations for this particular surface
termination. Specifically, the total energies for slabs without
and with (2 x 1) reconstruction were calculated. The recon-
structed slabs contained 84 sites, i.e., 28 atoms of each species
(for further details, see Appendix D). To allow comparison to
the nonreconstructed surface, two Pd/Pt atoms were removed
from one surface, but added as free atoms to the total energies.
The calculations clearly favor a reconstructed surface by about
4.1 eV in the case of YPdBIi, and about 8.3 eV for YPtBi.

From the valence situation in the half-Heusler compounds,
one may expect a YBi-terminated surface to be charge-
neutral. In line with the statement above [52], one may then
speculate about a minimum number of dangling bonds for the
reconstructed surface and hence a limited impact of dangling
bonds on the surface properties.

B. Topography of YPdBi

Naturally, also on YPdBi, atomically flat surfaces needed
to be searched for extensively. Areas of 30 x 30 nm? could
be identified, as exhibited in Fig. 2(e). However, we were
not able to find any step edges in all of our investigated
YPdBi cleaves. Importantly, within these areas we observed
the same rectangular pattern as for YPtBi. This pattern is
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FIG. 2. (a) 20 x 20 nm? topography along the (120) plane for YPtBi (bias voltage V, = —300 mV, I, = 0.7 nA, scale bar of 5 nm).
The height scans along two (almost) perpendicular directions are shown in (b) by curves of corresponding color. The step edge height is,
approximately, 115 pm. (c) 100 x 100 nm? field of view (scale bar of 10 nm). The height scan along the violet line over several step edges
is presented in (d). (e) 30 x 30 nm? STM topography along the (120) plane for YPdBi (V, = —200 mV, I, = 0.6 nA, scale bar of 5 nm).
(f) High-resolution 6 x 6 nm? field of view (scale bar of 1 nm). (f) Two perpendicular height scans from (f) are presented by corresponding
colors. View onto the topmost layer of (h) Pd/Pt- and (i) YBi-terminated surfaces for the (120) plane. In (i), the proposed (2 x 1) surface
reconstruction is indicated, where hollow circles mark empty atom positions. Theoretically predicted STM topography for (120) surfaces: (j)
unreconstructed and (k) (2 x 1) reconstructed YBi-terminated surface. The topography was simulated for a tip ~1 A above the surface of area

5.3 x 5.9 nm?. The blue (red) corresponds to high (low) charge density.

confirmed by high-resolution topographies, as presented in
Fig. 2(f), where the obtained distances between corrugations
are (2" = 0.61(3) and 0.72(3) nm [Fig. 2(g)]. These val-
ues are consistent with results from Fourier analyses obtained
on bigger areas (see Fig. 7 in the Appendix) as well as with
the YPtBi results.

Apart from the missing step edges, all of the investigated,
atomically flat areas on YPdBi appeared to be consistent with
the plane orientation and termination as observed for YPtBi
cleaves. In particular, the experimentally obtained surfaces
are again tilted by ~30° with respect to the sample mount-
ing plane (001). Hence, our observations point again toward
(2 x 1) reconstructed surfaces along the (120) plane.

Figures 2(j) and 2(k) represent STM simulations obtained
through slab DFT calculations for YBi-terminated surfaces

without and with (2 x 1) reconstruction, respectively (for de-
tails, see Appendix D 3). These results indicate that without a
surface reconstruction we would likely observe stripes along
the (100) crystallographic direction [Fig. 2(j)]. Such stripes
are absent on (2 x 1) reconstructed surfaces [Fig. 2(k)], in line
with our observations.

The simulations also help to explain the subtle differences
in the topographies upon going from Pd to Pt samples. For
a (120) termination, the Pd/Pt atoms reside only 74 pm be-
low the topmost YBi layer, and hence the Pd/Pt atoms may
also contribute to the topography, as suggested by the yellow
contributions in Figs. 2(j) and 2(k). The radial extent of the
4d orbitals is smaller than the 5d ones [72,73]. Therefore, the
second-to-topmost layer may have slightly different contribu-
tions to the topography depending on whether it is Pd or Pt.
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FIG. 3. (a) Topography of YPtBi as in Fig. 2(a) with areas marked within which d1/dV spectra were averaged (in addition to the total area).
(b) d1/dV spectra within the purple and green rectangles as well as for the total area (black) presented in (a). Also, the calculated bulk DOS
(dashed line) is included. The latter is normalized at negative bias to the experimental value to improve the visualization. (c) Slab calculated
electronic band structure for a YBi-terminated (120) plane of YPtBi. (d) 6 x 6 nm? topography for YPdBi (V, = —200 mV, I, = 0.6 nA, scale
bar of 1 nm). (e) dI/dV spectra averaged over the magenta, orange, purple, and the whole area shown in (d). Again, the calculated bulk DOS
for YPdBI is included for comparison (dashed line). (f) Slab calculated electronic band structure for the YBi-terminated (120) plane of YPdBi.

C. Bulk properties of Y7'Bi (T = Pd, Pt)

Before discussing our spectroscopic results of the surface
properties of YPdBi and YPtBi, we address possible differ-
ences in the bulk DOS near Er for these two materials as
this may easily influence the spectral weight measured at the
surface.

As already mentioned, half-Heusler systems have a three-
dimensional character, and, as such, bulk states might be
relevant [74,75]. In fact, previous specific-heat studies have
obtained very similar Sommerfeld coefficients y for both
systems. While for YPdBi y = 0.3(1) mJmol~'K~2 was
reported [53], results for YPtBi ranged from ~0.1 to 0.4
mJ mol~'K~2 [43,76]. Assuming a free conduction electron
gas model with y = (2/3)mkzn,(Er), where kg is the Bohr
magneton and 7n;(Er) denotes the spin-resolved DOS at Ef,
one obtains 7,(Ep)Y 4 = 0.06(4) eV~' mol~! spin~! for
YPdBi, and n,(Ep)Y"® = 0.04(4) eV~' mol~! spin~! for
YPtBi. Such a negligible electronic contribution to the specific
heat is consistent with previous transport measurements for
both systems, which reported a semiconductor/semimetal-
like behavior [41-44,53,76-78].

It is worth noting that Pd/Pt and Bi-based compounds are
known for hosting impurity phases, such as Bi and/or Pd/Pt-
Bi binary phases [73]. Such impurity phases may affect the

macroscopic properties, especially transport measurements.
Consequently, it is highly desirable to have an experimental
confirmation of the insulating bulk nature from a microscopic
technique. Indeed, previous electron spin resonance measure-
ments for rare-earth substituted YPdBi and YPtBi clearly
indicate an insulating bulk behavior. This establishes the pres-
ence of a small gap in the bulk DOS at Er of both systems
[53,76], in agreement with our DFT results discussed below.

D. Spectroscopic results on YT'Bi (T = Pd,Pt)

Having identified identical surface terminations and estab-
lished negligible bulk contributions to the DOS near Ef for
both materials YPdBi and YPtBi, we can now compare their
surface electronic properties. In Figs. 3(b) and 3(e) the STS
results, i.e., dI/dV spectra, are presented. We note that, within
simplifying assumptions, d1/dV o n(E). The topographic ar-
eas over which the spectroscopy curves were averaged are
shown in Figs. 3(a) and 3(d), respectively, with the black
curves in (b) and (e) obtained within the total areas of (a)
and (d). Clearly, there are only minor differences between
spectra obtained in different areas of a given compound. In
particular, for YPdBIi also spectra obtained at different defects
are included [see the orange and pink rectangles/curves in
Figs. 3(d) and 3(e)], which do not significantly deviate from
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the spectra in a clean (violet) or the total area. Consequently,
the spectra are not significantly influenced by these defects.

The dI/dV spectra of YPtBi are mostly featureless, with
a V-like shape near Er and a minimum at around —10 meV.
Most importantly, we obtain a finite LDOS around Eg, which
is a clear indication for a considerable amount of surface states
closing the bulk gap.

This experimental result is to be contrasted with the bulk
DOS as calculated by DFT [black dashed line in Fig. 3(b)
and Fig. 9(b)], which predicts a gaplike behavior near Ef.
The calculations also find a mostly featureless spectrum and,
for negative bias away from Ep, qualitatively agree with our
dl/dV data. However, a proper analysis, and specifically
insight into the details near Ef, requires a slab calculation,
the result of which is put forward in Fig. 3(c). The calcu-
lations were conducted with the Green function technique
for semi-infinite systems assuming a (120) surface represent-
ing our experiments in a more realistic way. As discussed
in Appendix D 3, with the modified Becke-Johnson (mBJ)
pseudopotential [S8—60], it is not possible to perform slab cal-
culations using reconstructed surfaces or to obtain the LDOS
properly. Nonetheless, we are able to obtain important pieces
of information to understand our STS results. As shown in
Fig. 3(c), a mixture of surface states (nontrivial and trivial
ones) contributes significantly to the spectral weight within
the bulk gap, which is consistent with previous angle-resolved
photoemission spectroscopy results [34,35]. In other words,
surface states dominate the LDOS near Eg, which clearly
indicates that the increase of the LDOS in YPtBi, compared
to the bulk DOS, stems directly from those surface states. As
shown in Fig. 3(c), near the I" point at ~300 meV we obtain a
high surface spectral weight of dangling bonds. Those trivial
surface states are very similar to the van Hove singularity at
approximately —100 meV that is found for LuPtBi [31,79,80].

The results of our d//dV measurements for YPtBi become
even more intriguing when compared to those of YPdBi,
Fig. 3(e). There are two striking distinctions in the dI/dV
data of YPdBi: (i) Qualitatively, the LDOS exhibits more
features, with a prominent peak at approximately 115 meV.
(i1) Importantly, there is a clearly observable gap of width
A ~ 100 meV around Er. We should note, however, that the
dI/dV data for YPdBi do not strictly go all the way to zero,
but remain finite at a very small value, possibly caused by
thermal effects.

A comparison of the experimental data with the calculated
bulk DOS is only partially possible, Fig. 3(e). On the one
hand, the band gap AM°" ~ 0.15 eV [see Fig. 9(a)] in the
projection to the (120) plane is comparable to the experimen-
tal value. This gap once again confirms the trivial nature of
YPdBi, in which the conduction and valence bands are not
inverted. Moreover, there appear to be no surface states near
Er in this case. Most of the spectral weight coming from
surface states is located above Eg, which is consistent with
our dI/dV being almost featureless at negative bias.

E. Comparison between YPtBi and YPdBi

The differences observed in the dI/dV spectra of YPtBi
and YPdBi are intriguing given the facts that identical surface
terminations were investigated (thereby ruling out the surface

reconstruction as the main cause of the differences), and both
compounds have very small bulk contributions to the DOS
near Eg. The slab calculated electronic band structures for
the YBi-terminated (120) surface plane, Figs. 3(c) and 3(f),
suggest a considerable admixture of nontrivial surface states
to the DOS near Er in case of the YPtBi surface, which
is absent for YPdBi. In such a case, it is a likely scenario
that the topological surface states are the key component for
the differences in the dI/dV spectra near Er. The minimum
observed close to V, ~ —10 meV in the case of YPtBi may
then be linked to the Dirac point.

Itis also interesting to note that the peaklike feature at V,, =
4115 meV is only observed for YPdBi. Two different origins
could be at play to cause this peak. In the first scenario, which
is suggested by our slab calculations, this feature coincides
with the bottom of the conduction band, as shown in Fig. 3(f)
and discussed in Appendix D 3 and Fig. 12. Here, the lack of
this peak for YPtBi could naturally be explained by the band
inversion in this compound. As discussed in the Introduction,
nontrivial surface states emerge thereupon.

An alternative scenario involves the presence of the surface
reconstruction. Here, the peak would be a direct conse-
quence of the enhancement of trivial surface states. However,
in this scenario one should also expect such a peak for
YPtBi, which is not observed experimentally. We empha-
size that such a comparison is only possible since results
obtained on identical surface terminations (concerning the
type and arrangement of the surface atoms as well as the
orientation of the terminating plane) are compared. The clear
difference between the LDOS of both systems near Ep fa-
vors the increased spin-orbit coupling (upon going from Pd
to Pt) as the source of the appearance of surface states
with topological character. The predicted, strong modifica-
tion of these surface states, to the best of our knowledge,
has not been demonstrated by STM/S before and suggests
a systematic tunability of topology in half-Heusler systems.
Likely, by choosing the proper surface plane, these properties
also may be accessed through macroscopic (e.g., transport)
measurements.

Finally, our results, even though they were obtained at T =
4.6 K, may also shed some light on superconductivity in half-
Heusler systems. A well-defined gap was found for the trivial
insulator YPdBi. This compound has been reported to have
one of the highest superconducting transition temperatures
(T; ~ 1.6 K) among the RPdBi family [44]. If the supercon-
ductivity is intrinsic, it would be interesting to understand how
a gapped system can develop a superconducting phase. In this
respect, it is interesting to note that, at least for YPtBi, some
reports discuss the possibility of superconductivity being a
bulk or a surface property [41,47]. Yet, a finite LDOS, pos-
sibly with Dirac point(s), for YPtBi is not inconsistent with
a topological superconductivity scenario [40-43,45-47,81]. It
would be interesting to conduct further experiments at mK
temperatures to investigate the origin of superconductivity and
its nature in half-Heusler systems.

IV. CONCLUSION

In summary, we performed
microscopy/spectroscopy on the

scanning
half-Heusler

tunneling
systems
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YPtBi and YPdBi. By in situ cleaving the single crystals at
low temperatures, we were able to investigate atomically flat
areas. Both materials very likely expose (120) YBi-terminated
surfaces with (2 x 1) reconstructions, which induce
additional surface states and hence may complicate surface
spectroscopy. Using STM, we can compare identical surface
terminations, thereby ruling out the reconstructions as the
main cause for differences in the spectroscopic results
between the two materials. However, we do observe a
clear difference in the LDOS of these compounds: While
YPdBi exhibits a gap of ~100 meV around Ef, surface
states are found for YPtBi without indication of a gap. Such
distinct behavior was not seen by macroscopic measurements
reported in previous studies. Our result provides evidence for
the targeted realization of unusual surface states. DFT
calculations are consistent with such a change in the
LDOS.

In a more general way, our result can very likely be linked
to a spin-orbit tuning of topology in half-Heusler systems.
More importantly, our results emphasize the key role of sur-
face states near Ef in these systems. Exploring planes such as
the (120) surface termination [or even the (001) plane in thin
films] appears to be an extremely promising route to obtain
a versatile TI with an insulating bulk, and it increases the
potential of half-Heusler systems for applications.
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APPENDIX A: (111) PLANE IN YPtBi
1. STM/STS results

In YPtBi crystals with a pyramidlike shape, we are also
able to cleave along the (111) plane; the results are summa-
rized in Fig. 4. In this plane, the height difference between
Y and Bi layers is twice as large as the Y-Pt or Pt-Bi layer
spacing; see Fig. 4(a). Furthermore, fewer chemical bonds
need to be broken between Y and Bi layers compared to
cleaves involving Pt layers, which should result in cleaves

YPtBi (111) plane

(d)
20 . . . . 0.15
10 .
’ NAAAR'S AV, z
A O O o7em o 00t 2 3 4 5 8 5q0f
95.8 S £
pm 5 10 18
>
_ 0 . . . . ! f
©Y O(Pd, Pt) @B ol 1 2 3 4 5 6 7 % 0.05
10
total area
0 1 1 1 1 1 1
o 1 2 3 4 5 6 7 000 . . !
Ax (nm) -400 200 0 200 400
V, (mV)

FIG. 4. (a) The triangular lattice of the (111) plane of the half-Heusler systems and the height difference between distinct termination
planes. (b) 200 x 200 nm? STM topography of the (111) plane of YPtBi (V, = —300 mV, I;, = 0.6 nA, scale bar of 50 nm). (c) Atomically
resolved 20 x 20 nm? topography on YPtBi along the (111) surface (scale bar 5 nm). The lower right inset shows the Fourier transform.
The magenta, blue, and orange solid lines represent the direction of the height scans presented in (d). (e) dI/dV spectra averaged over the
rectangular areas of corresponding colors as well as over the total field of view in (c) [black line in (e), obtained on a 35 x 35 grid].
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exposing mostly Y or Bi layers [34]. We found more easily
atomically flat surfaces along the (111) plane when compared
to the cleaves along the (120) plane for YPtBi. Yet, atomically
flat surfaces needed to be extensively searched for, which
is not surprising in a cubic system. Importantly, however,
despite great efforts, atomically flat areas on a (111) plane
could not be found on YPdBi, and therefore the compari-
son of the LDOS for both compounds was focused on the
(120) plane.

The cleave along the (111) plane should expose either Y-
or Bi-terminated triangular lattices, as shown in Fig. 4(a).
Figure 4(b) exhibits a 200 x 200 nm? topography. Although
we were able to locate such large atomically flat areas, there
was quite an amount of adatoms on top of such surfaces. The
topography in Fig. 4(c) zooms into an area of 20 x 20 nm?.
In this case, it is possible to observe in more detail the
triangular lattice, which is confirmed by the Fourier trans-
form presented in the lower right inset. Again, we obtain a
moderate amount of adatoms, which are expected on an unre-
constructed surface due to its polar nature. The establishment
of an unreconstructed surface is further corroborated by the
distance between corrugations, as highlighted in the height
scans of Fig. 4(d). We obtain a distance between corrugations
of dg;l’ = 0.43(2), 0.46(2), and 0.44(2) nm for the magenta,
blue, and orange lines, respectively, which is in excellent
agreement with the theoretical distance between Bi/Y atoms
of d{'VY®' = 0.47 nm along the (111) plane. As we will
discuss in more detail below, the exposed surface is likely an
unreconstructed Bi-terminated surface.

In Fig. 4(e) we present dI/dV spectra, which were ob-
tained within the total field of view of Fig. 4(c) (black line)
as well as within the areas marked by colored rectangles
(with the colors corresponding to those of the spectra). Ear-
lier theoretical calculations indicated a Dirac point buried in
the bulk DOS for either Y- or Bi-terminated surfaces, which
was confirmed by angle-resolved photoemission spectroscopy
[34,35]. Nonetheless, trivial Rashba-like surface states can
be expected due to the presence of dangling bonds [34,52].
The observed dI/dV spectra are almost featureless, with a
finite DOS at the Fermi level Ep. Interestingly, the LDOS
obtained at two adatoms [yellow area in Fig. 4(c)] or at defects
[blue area in Fig. 4(c)] does not change significantly when
compared to the LDOS obtained on clean surfaces (green and
purple areas and spectra) or even to the spectrum averaged
over the total field of view. This is an indication that the
surface states are not affected locally by small amounts of
disorder.

To provide further evidence for the (111) assignment of
the terminating plane observed in Fig. 4, we experimentally
explored the presence of step edges and adatoms. Figure 5(a)
shows a typical 100 x 100 nm? topography along the (111)
plane with two step edges. As can be seen in Fig. 5(b), the
height difference between each exposed surface is hlyD ~
370 pm. Such a distance is consistent with either Y-Y, Bi-Bi,
or Pd-Pd/Pt-Pt surface terminations for which ht(ﬁelolr) =383
pm is expected. It is worth noting that there is an accumulation
of adatoms along the edges of the exposed surfaces (small
peaks in the height scan), which reinforces our assumption
above that such adatoms play a role in neutralization of the
exposed polar surfaces.

60 80

= I V,=03V
\g./ 40
2 20
0 J\/v\‘/\\/\/.\\. | .L/\.\/\/\
0 2 4 6
Ax (nm)

FIG. 5. (a) 100 x 100 nm? STM topography along the (111)
plane of YPtBi (V, = 200 mV, I, = 0.3 nA, scale bar of 20 nm). The
purple line represents the line along which the height scan in (b) was
obtained. (c) 10 x 10 nm? field of view (V, = —300 mV, I, =03
nA, scale bar of 2 nm). Here, the three most dominant defects can
be recognized, which likely are a triangular vacancy [defect (1)], a
triangle which could be related to a substitution [defect (2)], and
adatoms [defect (3)]. The latter is supported by the violet and blue
height scans in (d) obtained for opposite bias voltages along the lines
indicated in (c).

Such an assumption is also corroborated by different ap-
parent heights of the adatom if measured with different bias
V. Figure 5(c) shows a 10 x 10 nm? topography taken with
V, = —300 mV. We can observe the three most numerous
defects obtained on these surfaces: a triangular one likely
related to a vacancy [defect (1)], a small triangle which
could be related to a substitution in a sublayer underneath
the exposed surface [defect (2)], and the already mentioned
adatoms [defect (3)]. Figure 5(d) provides the height scan
across the adatom position in Fig. 5(c) with different values of
the applied V}, obtained in dual-bias mode (i.e., at exactly the
same position). We systematically observe higher heights at
the adatom sites for negative Vj,. For negative (positive) Vj, the
tip will have a positive (negative) potential with respect to the
sample. In this scenario, the tip gets farther away from (closer
to) the adatom if it has a more positive charge compared to
the surrounding bulk. We expect a valence of 34 for Y, while
the other constituents in YPtBi should have a more negative
valence. Consequently, an adatom is much more likely to be
more positive than its surrounding on a Bi- or Pt-terminated
surface. Since a cleave exposing Pt is unlikely from the chem-
ical bonding situation discussed above, we speculate that we
obtained a Bi-terminated surface in Fig. 5.

2. Coexistence of Pt- and Bi-terminated surfaces

As already pointed out, the majority of the YPtBi samples
which successfully cleaved along the (111) plane exposed the
same termination within the field of view (even when step
edges were included, cf. Fig. 5). However, in one particular
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FIG. 6. (a) 100 x 100 nm? STM topography along the (111) plane for YPtBi (V, = —200 mV, I, = 0.3 nA, scale bar of 20 nm). (b)
Height scan along the blue line shown in (a). The A and B labels denote the surfaces A (Bi-terminated) and B (likely Pt-terminated). (c)
Tunneling current / as a function of the tip-sample distance Az for the two different surfaces A and B. The red solid lines are exponential fits as
described in the text. (d) Zoom of 20 x 20 nm? into the magenta box shown in (a) (scale bar of 5 nm). (e) Height scan along the magenta/black
line shown in (d) and for different Vb. The lines cross an adatom located in surface B. (f) Averaged dI/dV-spectra of both surfaces A and B.
The averages were taken over areas of 4 x 4 nm? at equally spaced positions on 50 x 50 grids.

field of view we were able to observe the coexistence of
two differently terminated surfaces. Figure 6(a) shows this
100 x 100 nm? topography. In the height scan explored in
Fig. 6(b) we obtain a step height between two consecutive
surfaces (labeled A and B) of ~95 pm. This value is much
smaller than the expected step height hf}ielolr) = 383 pm for
identical terminations. Indeed, it is close to the Pt-Bi (or Pt-Y)
layer distance, which is 95.8 pm [Fig. 4(a)]. Such a step height
necessarily implies that one of the surfaces has to have a Pt
termination.

The difference between those two surface terminations is
also manifested by two different heights of the tunneling
barrier ®, which is closely related to the work function ®;
of the sample (note that also the tip work function ®; en-
ters into ®). ® can be obtained from an analysis of / as a
function of the tip-sample distance Az. For clean surfaces,
I(Az) o< exp(—2k Az) with k2 = 2meCI>/h2, where m, is the
bare electron mass and V, < &;,. Figure 6(c) represents
I(Az) curves for surfaces A and B, which are identified in
Figs. 6(b) and 6(d). By fitting the I(Az) curves [red lines
in Fig. 6(c)], we obtain &4 ~ 4.9 eV and o3~ 5.5 eV. A
fair comparison here is to look at the values of the elemental
materials. For Y, Bi, and Pt, ®; = 3.1, 4.22, and 5.65 eV,
respectively. Comparing to our obtained results, one may
speculate that the highest obtained value, i.e., ®p, is unlikely

from a Y-terminated surface, and conversely the lower value
®, does not stem from a Pt-terminated surface. As one of
the two surfaces (A or B) has to be Pt-terminated, it is likely
surface B.

A closer look at height scans across defects can also be
informative with respect to the assignment of those two dis-
tinct surfaces. A zoom into the magenta box of Fig. 6(a) is
given in Fig. 6(d). According to Fig. 6(b), we identify the
differently terminated surfaces as A and B in the 20 x 20nm?
topography. The height scans across a defect at surface B for
opposite V,, signs are shown in Fig. 6(e). They were taken at
the positions highlighted by the magenta and black lines in
Fig. 6(d). It is straightforward to note that the difference of
the defect height for opposite Vj-values is much smaller on
this surface when compared to the adatom height at surface
A (which was assigned as Bi-terminated), cf. Fig. 5(d). As a
consequence, the defect investigated in Fig. 6(e) is very likely
located in a subsurface layer, i.e., in a layer underneath the
exposed surface.

Finally, Fig. 6(f) represents d/dV spectra as a function of
V,, for both surfaces. Surprisingly, there is only a small dif-
ference at higher positive V,-values between the spectra of the
two differently terminated surfaces, suggesting that the LDOS
is dominated by bulk and trivial surfaces state contributions in
both cases.
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YPtBi

YPdBi

FIG. 7. (a)25 x 39 nm? and (b) 30 x 30 nm? topographies along
the (120) plane for YPtBi (V, = —300 mV, I, = 0.7 nA, scale bar
of 10 nm) and YPdBi (V, = —200 mV, I, = 0.6 nA, scale bar of
5 nm), respectively. The right insets show the Fourier transform of
the respective topography.

APPENDIX B: FOURIER TRANSFORM
OF THE (120) PLANES

A more accurate extraction of the distance between corru-
gations can be achieved by analyzing the Fourier transform of
larger areas. In the case of YPtBi, one large flat area that we
were able to obtain is shown in Fig. 7(a). From the Fourier
transform (inset), we obtained dggo)P‘ = 0.67(3) and 0.70(3)
nm. For YPdBi, a large, atomically flat area is presented
in Fig. 7(b). Here, the Fourier transform yielded d{[?9" =
0.61(3) and 0.72(3) nm. It is worthwhile to notice that the
Fourier transforms even have a slightly rectangular shape [see
also Fig. 2(i)], consistent with the asymmetry between the
distance of corrugations.

APPENDIX C: REPRODUCIBILITY OF THE SPECTRA

As mentioned in Sec. II, four YPdBi and three YPtBi
samples were cleaved in situ and subsequently investigated by
STM/STS. To provide support for the reproducibility of our
data, specifically the spectra, we exemplify here the results
obtained on different samples of YPtBi as well as YPdBi.
For comparison, we also reproduced in Fig. 8 the spectra of
Fig. 3, marked S1 and S3, respectively. Clearly, the spectra of
different samples of a given material compare well, and all the
main features are reproduced. Most importantly for the main
conclusion of our investigation, the reduction of the LDOS at
Er is clearly reproduced upon going from YPtBi to YPdBi.

APPENDIX D: DETAILS OF BULK AND SURFACE
BAND-STRUCTURE CALCULATIONS

1. Bulk band-structure calculations

We were able to reproduce the bands at the ' point us-
ing the modified Becke-Johnson (mBJ) pseudopotential, see
Fig. 9, as given in [29,30]. Here, the topological properties
can be described by AE = Er, — Er,, which is negative for
systems with band inversion [29] (as mentioned in the Intro-
duction). Indeed, for YPdBi we find AE ~ +0.35 eV, while
for YPtBi we obtain approximately —0.79 eV. In other words,
our calculations specify YPtBi as a zero-gap semiconductor.
Both values are similar to those reported earlier [29-31]. It
is worth pointing out that even though different pseudopo-
tentials might result in similar densities of states, some of

0.3
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FIG. 8. Comparison of results obtained on different samples of
(a) YPtBi and (b) YPdBi. Clearly, the dI/dV curves of a given
material are well reproduced. All spectra are averages over certain
areas; for S1 and S3 they are described in Fig. 3. The averages were
taken within a 20 x 10 nm? field of view (V, = —300 mV, I, =0.7
nA) for spectra S2, and a 4 x 4 nm? field of view (V, = —200 mV,
I, = 0.6 nA) for S4.

those pseudopotentials do not reproduce correctly the band
inversion [82]. Finally, these results depend strongly on the
lattice constant [31].

2. Slab calculations for the (111) plane

The surface spectral functions, calculated within the Green
function technique for semi-infinite systems, for the (111) sur-
face planes of YPdBi and YPtBi are presented in Figs. 10(a)
and 11(b), respectively [cf. Figs. 3(c) and 3(f) for the (120)
plane]. In the case of a Bi-terminated (111) surface of YPdBIi,
there is no Dirac point at the T point, as expected [Fig. 10(a)].
In the YPtBi case, the Dirac point appears below the Fermi
level Ef, as seen in Fig. 10(b). This result is consistent with
previous DFT calculations and ARPES experiments [34,35].
It is worth noting that our slab calculations improve our un-
derstanding of the lack of changes in the LDOS near defects
in this plane; cf. Fig. 4(e). As discussed in Sec. III D, the bulk
LDOS has some impact in our data. Near Ex, we find trivial
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(a) 2

DOS (arb. units)

K T X ‘W DOS (arb. units)

FIG. 9. Electronic band structures and density of states (DOS)
for bulk (a) YPdBi and (b) YPtBi. The I'q and I'g bands are marked in
the figure. The light-blue stripe in (a) visualizes the gap of ~0.15 eV
width.

(a) YPdBi (111)

M r K

FIG. 10. Surface spectral functions of (a) YPdBi and (b) YPtBi
for the (111) surface planes.

1 1

1
K r L w X

FIG. 11. The electronic band structure of (a) bulk YPdBi and
(b) YPtBi obtained from DFT GGA PBE calculations.

and topological bands, which may complicate the scattering
process even further. Therefore, the change in the LDOS due
to trivial surface states may be hard to detect within this
energy window.

3. Direct slab band-structure calculations

Due to the technical limitations of the mBJ potential
implemented in VASP, it cannot be used directly to study
the slab band structure. As such, to present the main im-
pact of the surface reconstruction on the electronic band
structure, we performed DFT calculations using GGA with
Perdew-Burke-Ernzerhof (PBE) parametrization [67]. Here,
we should emphasize that this approach (DFT with GGA +
PBE) does not correctly reproduce the bulk band structure
of half-Heusler compounds, a problem well reported in the
literature [58—60]. This is reflected in the absence of the band
gap for YPdBI [cf. Figs. 9(a) and 11(a)] or incorrect band cur-
vatures around the I" point in the band structure of YPtBi [cf.
Figs. 9(b) and 11(b)]. Nevertheless, this type of calculation
can be used to present the main features of the band structure
of (120) surfaces with reconstruction.
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FIG. 12. The electronic band structure of slab YPdBi (top panels) and YPtBi (bottom panels) obtained from DFT GGA PBE calculations.
Left and right panels correspond to the (120) surface without and with surface reconstruction, respectively.

For the simulation of the (120) surface band structure,
we constructed slab models containing three layers of the
discussed compounds (mostly 28 formula units). The re-
construction of the surface was introduced “by hand,” i.e.,
by removing some atoms from the surfaces. From the self-
consistently found charge distributions, the STM simulations
were computed [see Figs. 2(j) and 2(k)]. Similarly, the elec-
tronic band structures for both compounds are presented in
Fig. 12, where the results obtained for surfaces without and
with surface reconstruction are presented on the left and
right panels, respectively. For both YPdBi and YPtBi (120)
surfaces without reconstruction (left panels in Fig. 12), we

observed the realization of the surface states above Eg. The
introduction of surface reconstructions on the (120) surface
led to a multiplication of the surface states, an effect that is
well visible at the M points in the right panels of Fig. 12.
The additional, “extra” surface states come from the hang-
ing (nonbonded) orbitals in the surface plane, due to the
absence of some atoms on the surface (i.e., the surface re-
construction). This main feature of the band structure for the
reconstructed surface, i.e., the surface states multiplication,
is expected to also be present in the case of a ‘“cor-
rectly” obtained band structure, i.e., if calculated with mBJ
potential.
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