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A simple electron counting model for
half-Heusler surfaces
Jason K. Kawasaki,1,2* Abhishek Sharan,3 Linda I. M. Johansson,2,4 Martin Hjort,5 Rainer Timm,5

Balasubramanian Thiagarajan,6 Brian D. Schultz,7 Anders Mikkelsen,5

Anderson Janotti,3,8 Chris J. Palmstrøm2,7*

Heusler compounds are a ripe platform for discovery and manipulation of emergent properties in topological
and magnetic heterostructures. In these applications, the surfaces and interfaces are critical to performance;
however, little is known about the atomic-scale structure of Heusler surfaces and interfaces or why they reconstruct.
Using a combination of molecular beam epitaxy, core-level and angle-resolved photoemission, scanning
tunneling microscopy, and density functional theory, we map the phase diagram and determine the atomic
and electronic structures for several surface reconstructions of CoTiSb (001), a prototypical semiconducting
half-Heusler. At low Sb coverage, the surface is characterized by Sb-Sb dimers and Ti vacancies, while, at high Sb
coverage, an adlayer of Sb forms. The driving forces for reconstruction are charge neutrality and minimizing the
number of Sb dangling bonds, which form metallic surface states within the bulk bandgap. We develop a simple
electron counting model that explains the atomic and electronic structure, as benchmarked against experiments
and first-principles calculations. We then apply the model to explain previous experimental observations at other
half-Heusler surfaces, including the topological semimetal PtLuSb and the half-metallic ferromagnet NiMnSb.
The model provides a simple framework for understanding and predicting the surface structure and properties
of these novel quantum materials.
INTRODUCTION
The properties at surfaces and at the interfaces between two different
materials are often inherently different from that of their bulk constitu-
ents. This idea lies at the heart of quantum material heterostructures,
whereby newphenomena emerge at the interface between twomaterials
with different functionality (1) or at the interface between amaterial and
the vacuum [that is, a surface (2, 3)]. Among these quantum materials,
the family of so-called full- and half-Heusler intermetallic compounds
(stoichiometry X2YZ or XYZ, respectively) is a particularly promising
platform. These materials exhibit a diverse range of tunable properties
including topological states (2–4), half-metallic ferromagnetism (5),
superelasticity (6), shape memory effect (7), novel superconductivity
(8), and Weyl fermions (9); and they are well lattice- and symmetry-
matched to technologically important compound semiconductor sub-
strates (10). The properties at these surfaces and interfaces are inherently
tied to their atomic structures,making knowledge and control of surface/
interface structure a necessary prerequisite to determining real properties.
However, despite the growing body of experimental evidence that
Heusler surfaces and interfaces reconstruct (11–15), their origins, atomic
structures, and direct effects on properties are not understood.

The challenges are twofold. First, measuring the surface/interface
structure requires the ability to reproducibly fabricate and control a
particular structure and to couple the sample fabrication with surface-
sensitive probes. Second, from a theoretical viewpoint, the low-energy
structure is often too difficult to determine from first principles alone:
At surfaces/interfaces, the symmetry is reduced, atoms have increased
degrees of freedom, and unit cells can be many times larger than that
of the bulk. For these reasons, most theoretical treatments of Heusler
heterostructures rely on idealized slabs with (1 × 1) periodicity (16, 17).
Direct measurements of atomic structure, as well as simple models to
explain their behavior, are needed to guide among all possible atomic
configurations.

One powerful framework for understanding surface reconstructions
is electroncounting,which successfullypredicts the stable atomic structures
ofmany group III-V and II-VI compound semiconductor surfaces (18).
These surfaces tend to reconstruct such that the number of energetically
unfavorable dangling bonds is minimized. The remaining dangling
bonds on the more electronegative species (V or VI) are expected to
be doubly occupied, while dangling bonds on the electropositive species
(III or II) are expected to be empty (18). These simple arguments pro-
vide a powerful means to quickly and efficiently screen among possible
structures. Select candidates can then be analyzed more in depth by
perturbative density functional theory (DFT)–based methods (19).
However, it is not clear whether a similarly simple framework could
apply for Heuslers. Heuslers are ternary compounds with even more
configurational degrees of freedom than binary semiconductors, their
crystal structures are more complex, and their bonding interactions are
p-d as opposed to simple s-p. But it is precisely this configurational
complexity that wouldmake a simple and intuitivemodel evenmore val-
uable for Heuslers than it has been for compound semiconductors, as a
method to screen over an even greater landscape of potential structures.

Here, we present a combined experimental and theoretical study of
the half-Heusler CoTiSb (001) surface. CoTiSb is a semiconducting,
high figure-of-merit thermoelectric material and building block for
all-Heusler–based spintronic and topological heterostructures.We exper-
imentally map the surface phase diagram and determine the atomic and
electronic structures for the c(2 × 4), (2 × 1), and (1 × 4) reconstructions
of our molecular beam epitaxy (MBE)–grown films. These surfaces are
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characterized by Sb-Sb dimers and Ti vacancies at low Sb coverage and
an adlayer of Sb at high Sb coverage, as revealed by in situ x-ray photo-
emission spectrsoscopy (XPS) and scanning tunneling microscopy
(STM) and synchrotron-based core and angle-resolved photoemission
spectroscopy (ARPES).Wedevelop a simple electron countingmodel that
captures the atomic and electronic structure of CoTiSb (001), as bench-
marked against experiments and first-principles DFT calculations. The
accuracy of the model is quite remarkable, given the more complicated
stoichiometry, bonding, valence structure, and crystal structure ofHeuslers
as comparedwith group III-V semiconductors. Finally,we apply themodel
to explain previously observed changes in stoichiometry, spin polariza-
tion, and electronic states at other half-Heusler surfaces, including the
half-metallic NiMnSb and the topological semimetal PtLuSb. Our model
provides a simple framework to understand and predict surface struc-
ture and properties in these novel quantum materials.

The bulk MgAgAs-type (half-Heusler) crystal structure consists of
three interpenetrating face-centered cubic (fcc) sublattices with elements
X (Co), Y (Ti), and Z (Sb) at 1

4 ;
1
4 ;

1
4

� �
, 1

2 ; 0; 0Þ
�

, and (0, 0, 0), respectively,
where Z is typically the most electronegative species, and Y is the most
electropositive species (Fig. 1). This structure can be viewed as a zinc-
blende XZ (CoSb) sublattice that is “stuffed” with Y (Ti) at the octahe-
dral sites (20, 21) or as a rocksaltYZ (TiSb) sublattice stuffedwithX (Co)
at the tetrahedral sites (22).

Real-space electronic structure calculations suggest that bonding
interactions within the zincblende sublattice are covalent (20), while in-
teractionswithin the rocksalt sublattice are ionic (22). By contrast,many
of the closely related full-Heuslers (related by addition of a fourth fcc
sublattice X′) are well described by a metallic bonding picture (23). For
half-Heuslers, the valence electron count is important: While these
compounds exist over a range of electron counts, those with 18 valence
electrons per formula unit (s2 + p6 + d10, ; that is, filled orbitals) are in
greatest abundance and tend to have a semiconducting bandgap. Those
with greater or fewer valence electrons tend to bemetallic andmagnetic
(20). In (001) orientation, the structure consists of alternating atomic
planes of X (Co) and YZ (TiSb). Hence, an unreconstructed CoTiSb
surface is expected to be either Co- or TiSb-terminated.
RESULTS
Reconstruction phase diagram
Experimentally, we observe a number of reconstructions that deviate
from the simple bulk-like termination. Figure 2 presents an experimen-
Kawasaki et al., Sci. Adv. 2018;4 : eaar5832 1 June 2018
tal phase diagram and low-energy electron diffraction (LEED) patterns
for our MBE-grown CoTiSb (001) films as a function of postgrowth
anneal temperature and Sb flux (see Materials and Methods and
fig. S1). Starting from the (2 × 1), which is the reconstruction observed
during growth, a c(2 × 4) appears for high-temperature/low–Sb-flux
conditions and a progression to a (1 × 4), and then, an Sb-capping
regime appears at lower temperature/higher Sb flux. The (2 × 1) →
c(2 × 4) phase transition occurs only in one direction upon heating,
suggesting that in some regions of the apparent experimental phase
diagram, the (2 × 1) may be metastable, with the c(2 × 4) being the
true minimum.

This strong dependence of CoTiSb (001) surface reconstruction on
Sb flux and anneal temperature is surprisingly similar to the behavior of
zincblende III-V semiconductors, for example, GaAs and GaSb (001),
for which the temperature and groupV flux determine the relative rates
of group V adsorption or desorption. For GaAs and GaSb, the 2 ×
periodicity at low groupV flux results fromSb-Sb orAs-As dimerization
(18), and a similar Sb-Sb dimerizationmay be responsible for the c(2 × 4)
and (2 × 1) reconstructions of CoTiSb. At higher groupV flux and lower
temperature, GaAs and GaSb surfaces are characterized by an adlayer
of As or Sb on the surface (24), and similar behavior may occur for the
CoTiSb (1 × 4).

Here, we will show that the mechanisms for reconstructions are
indeed similar. Despite the more complicated stoichiometry, bonding,
and crystal structure for half-Heuslers, the reconstructions can be de-
scribed in similar terms of electron counting in a “stuffed zincblende”
lattice. This treatment yields new conditions for the surface stoichiom-
etry at the “stuffing” Y (Ti) site and for the filling of Z (Sb) site dangling
bonds.

Stoichiometry and bonding
Photoemission spectroscopy measurements support the picture of Sb-Sb
dimerization for the c(2 × 4) and (2 × 1) and an Sb adlayer for the (1 × 4).
Figure 2C shows the integrated intensity ratios (Ix/ICo2p)(n ×m)/(Ix/ICo2p)(2 × 1),
a
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Fig. 1. Crystal structure of CoTiSb. (A) Unrelaxed (001) slab of CoTiSb with TiSb
termination. The conventional bulk unit cell is marked by dashed lines (edge
length a), and the (1 × 1) surface unit cell is marked by a solid line. (B) Conventional
cubic unit cell consisting of a CoSb zincblende sublattice that is stuffed with Ti.
Fig. 2. Surface reconstructions ofCoTiSb (001). (A) LEED patterns for the c(2 × 4),
(2 × 1), and (1 × 4) reconstructions (Qx jj½1�10�, Qy||[110]). (B) Experimental phase
diagram as a function of sample anneal temperature and Sb flux. (C) Photo-
emission intensity ratios Sb3d/Co2p and Ti2p/Co2p, normalized to the ratio for
the (2 × 1).
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as extracted from in situ photoemissionmeasurements (where x = Sb
3d or Ti 2p; raw data in fig. S1). We use a ratio of ratios to cancel out
the photoemission cross section and instrument-dependent factors
(see Materials and Methods). Hence, this ratio of ratios describes a
relative change in Sb or Ti stoichiometry from the as-grown (2 × 1)
surface. Fitting the relative changes to a layer attenuation model (see
Materials and Methods), we find that the (1 × 4) is characterized by
an excess≈ 1.5 monolayer (ML) of Sb on the surface, as compared to
the nominally TiSb-terminated (2 × 1). The c(2 × 4) has a similar Sb
stoichiometry as the (2 × 1) but has ≈ 0.3 MLs less Ti at the surface
(that is, more Ti vacancies).

For a clearer understanding of the surface bonding, we perform
higher-resolution synchrotron photoemission measurements at beam-
line I311 ofMAX-LAB, using an Sb-capping scheme to protect the sam-
ple surfaces during transfer (see Materials and Methods). Figure 3A
presents measurements of the Sb 4d core level for a c(2 × 4) sample.
At hn = 950 eV, we observe the two spin-orbit split Sb 4d5/2 and 4d3/2
core levels at 31.9 and33.2 eV, respectively.As the incident photon energy
is decreased and the measurement becomes more surface-sensitive, we
observe a screened secondary component at lower binding energy. We
attribute this secondary component to surface Sb-Sb dimerization, con-
sistent with the binding energy shift observed for the Sb-Sb (As-As)–
dimerized surfaces of GaSb (GaAs) (24).

To further assess the bonding and formal charges on each species,
we perform an angle-integrated photoemission measurement of the
valence bands (Fig. 3B, black dots). The energy positions are in good
agreement with the DFT-projected densities of states (DOSs) for
bulk CoTiSb (shaded) using the generalized gradient approximation
(GGA) (see Materials andMethods). The low-lying states from 6 to
3 eVhave primarily Sb 5p character, the states in the upper valence band
from 2.5 to 0.6 eV have primarily Co 3d character, and the unoccupied
conduction bands have primarily Ti 3d character. From the orbital
projected DFT band dispersions (fig. S2), we find strong hybridization
of Sb-Co p-d and Co-Ti d-d. Together, our calculations and measure-
ments support a nominal picture of the Co and Sb states being fully
occupied (Sb s2p6, andCo d10) andTi unoccupied (d0), leading to a bulk
bandgap at the Fermi level and formal charges of Sb3−, Co1−, and Ti4+.
These formal charges support the picture of a zincblende CoSb4− sub-
lattice that is isostructural and isoelectronic with zincblende GaSb and
stuffedwith Ti4+, consistent with previous theoretical studies (20). Here,
Kawasaki et al., Sci. Adv. 2018;4 : eaar5832 1 June 2018
CoTiSbmay be viewed as a ternary cousin to groups III-V such as GaSb
but where the gap is across d states rather than s-p states (further dis-
cussion in note S1 and fig. S2).

In addition to these bulk features, we also observe finite spectral
weight at the Fermi level (0 eV) within the bulk bandgap. We attribute
these features to metallic surface states, as our measurement at hn =
70 eV is extremely surface-sensitive (lIMFP≈ 5 Å), and ARPES mea-
surements reveal that they have two-dimensional dispersion.

Atomic structure and comparison with theory
We verify the structure of proposed Sb-Sb dimer and adlayer reconstruc-
tions using a combination of real-space imaging and first-principles
calculations. Figure 4 (A and B) shows in situ filled-state STM images of
(i) a sample with (2 × 1) and c(2 × 4) termination and (ii) a sample with
(1 × 4) termination. The real-space topography of the (2 × 1)/c(2 × 4)
surface is consistent with Sb-Sb dimerization. Here, the surface is char-
acterized by clusters that are 8.2 Å in width along ½1�10�, the same direc-
tion and 2 × spacing expected for Sb-Sb dimers. The (2 × 1) regions are
characterized by [110]-oriented rows of this structure, while the c(2 × 4)
regions are a checkerboard pattern of this structure.

The (1 × 4) surface (Fig. 4B), which is produced under Sb-rich
conditions, is characterized by rows of three atoms, followed by a
trench, suggesting an Sb adlayer coverage of 0.75 ML. The measured
step height of this adlayer is also consistent with 0.75 ML Sb coverage:
At some step edges, the sample contains small regions of (2 × 1) ter-
mination. The measured step heights across (1 × 4) and (2 × 1) phase
boundaries are 1.5 Å (≈ a/4), the same height expected for single-layer
Sb/TiSb steps (fig. S4).

To investigate the stability of the proposed Sb dimer and adlayer re-
constructions, we performDFT calculations using 4 × 4 slab supercells
with a thickness of 13 atomic layers, separated by 12 Å of vacuum (see
Materials andMethods).We perform relaxation of four layers near the
surface, allowing the Sb atoms on the surface to dimerize and look for
changes in the reconstruction and dimer formation by varying the Ti
content in the top-most TiSb layer, with Ti coverage varying from zero
(nTi = 0) to full occupancy (nTi = 1), in steps of DnTi = 1/16. For each
value ofnTi, we sample all symmetry-unique Ti vacancy configurations
available in the 4 × 4 supercell. We also consider an Sb adlayer for vary-
ing Sb adlayer coverage and varying nTi.

The calculated phase diagram is shown in Fig. 4E, along with several
corresponding structuralmodels and simulated filled-state STM images
(Fig. 4, D and C). Models for the remaining (not experimentally ob-
served) reconstructions are shown in fig. S5. For high Ti chemical
potential, we find a fully stoichiometric TiSb-terminated surface, the
b − (1 × 1), in which there are no in-plane displacements and only
minor (< 20 pm) out-of-plane bucklings. The a − (1 × 1) has two
missing Ti per 4 × 4 cell, with slight (< 20 pm) in-plane displacements
of Sb nearest neighbors to the vacant site. Decreasing mTi even further,
Sb-Sb dimerization becomes energetically favorable, as exhibited by the
(2 × 1) and c(2 × 4) reconstructions. Finally, at a very high Sb chemical
potential, a 0.75 Sb adlayer (1 × 4) is stable.

In the naming of these calculated reconstructions, particularly, the
(2 × 1), we ignore the apparent ordering of Ti vacant sites for two
reasons. First, our calculations reveal that ordered rows of Sb-Sb dimers
are stable over a range of Ti compositions. Second, for a given value of
nTi, the differences in formation energy between different Ti vacancy
configurations are quite small, suggesting that the real structures have
disordered arrangements of Ti vacancies. For example, the two lowest-
energy configurations for nTi = 3/8 differ by only 4 meV per surface Sb
Fig. 3. Bonding and electronic structure of the c(2 × 4) as revealed by higher-
resolution synchrotron photoemission. (A) Sb 4d core level as a function of
decreasing incident photon energy from hn = 950 eV [inelastic mean free path
lIMFP ≈ 20 Å] to hn = 90 eV (lIMFP ≈ 5 Å). a.u., arbitrary units. (B) Surface-sensitive
measurement of the valence band (hn = 70 eV; black dots) showing good agreement
with the DFT-projected DOS (shaded). We observe finite spectral weight at the Fermi
level (0 eV) within the bulk gap, which we attribute to surface states (ss).
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atom, much smaller than the thermal energy kBT≈ 25 meV at room
temperature. Therefore, we expect most real structures at finite tem-
perature to have a disordered arrangement of Ti vacancies, and the ap-
parent order in slab calculations results only from the use of a finite
supercell with periodic boundary conditions.

The calculated reconstructions are in agreement with all experimen-
tal data, both in terms of their structure and their relative positions in
the phase diagram. The (1 × 4), which is experimentally observed for
Sb-rich annealing conditions, appears in the calculated phase diagram
at high mSb. The 0.75 ML adlayer of Sb in the DFT calculations is con-
sistent with the 0.75 ML estimate from STM and the 1.5-ML estimate
from photoemission. We attribute the overestimate from photoemis-
sion to spatial inhomogeneities in the sample, for example, regions
of excess Sb capping on an otherwise nominally (1 × 4) reconstructed
surface.

Meanwhile, the (2 × 1) and c(2 × 4), which appear experimentally
during growth or during annealing at high temperature/low Sb flux,
Kawasaki et al., Sci. Adv. 2018;4 : eaar5832 1 June 2018
appear at lower mSb in the calculated phase diagram. The stable
structures in DFT are characterized by Sb-Sb dimers, consistent with
the Sb 4d core-level shift in photoemission (Fig. 3) and clustering in
STM. The difference between these two dimer reconstructions is the
long-range ordering: rows of dimers for the (2 × 1) and a checkerboard
for the c(2 × 4). For CoTiSb, the c(2 × 4) is energetically favored for
0 Ti coverage in the top layer (Fig. 4D), while a (2 × 1) exists over a
range of Ti compositions. This is consistent with photoemission
measurements suggesting that, while the Sb composition of the two re-
constructions is comparable, the c(2 × 4) ismore Ti-deficient (Fig. 2).
More detailed comparisons between the measured STM line profiles
and the proposed models are shown in fig. S4, which also show ex-
cellent agreement.

Aminor discrepancy is that DFT predicts the c(2 × 4) will form in
more Sb-rich conditions than the (2 × 1) (Fig. 4E), while the opposite
apparent trend was observed experimentally (Fig. 2). We attribute this
discrepancy to a combination of kinetics, disorder, and finite temperature
Fig. 4. Real-space imaging of the CoTiSb (001) surface. (A and B) Filled-state STM images of the reconstructions (−1.5-V sample bias, 300-pA tunnel current, 350 ×
184 Å2). The (2 × 1)/c(2 × 4) sample was grown using an ErAs diffusion barrier; hence, there are 90° rotational domains. The (1 × 4) sample was grown directly on InAlAs,
and hence, there are no rotational domains. The middle inset shows differential conductance spectra for (1 × 4) and c(2 × 4) regions, with both spectra showing a finite
minimum of metallic surface states at the Fermi level (0 V). VB denotes valence band, CB denotes conduction band. (C and D) Simulated STM images (C) and the
corresponding relaxed atomic models (D) as calculated by DFT. Open circles denote Ti vacancies. For the purposes of comparison to experiment, in our naming of the
reconstructions, we do not consider superstructure ordering on the Ti vacancy sites. (E) Surface reconstruction phase diagram calculated by DFT as a function of Ti and
Sb chemical potential.
4 of 10
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effects that are not accounted for in a DFT-based equilibrium phase
diagram. Our calculations reveal that, within the nominal c(2 × 4)
stability region, the c(2 × 4) is lower than the (2 × 1) by only 8 meV
per surface functional unit (fig. S5B). This small energymay explain two
sets of experimental observations. First, the real system annealed at
finite temperature is often a mix of (2 × 1) and c(2 × 4) regions, as ob-
served in our STM measurements (Fig. 4 and fig. S4). Second, our an-
nealing experiments revealed that a (2 × 1) to c(2 × 4) phase transition
is observed only in one direction upon heating, and the reverse is not
observed upon cooling. The very small calculated energy difference be-
tween the two reconstructions across a range of chemical potentials sug-
gests that in some regions, the (2 × 1) may actually be metastable,
requiring additional energy to overcome kinetic barriers and fall
into the lowest-energy c(2 × 4) structure. Therefore, the experimen-
tally constructed phase diagram likely overestimates the true size
of the (2 × 1) region and underestimates the size of the c(2 × 4)
region. These kinetic factors likely explain the apparent reordering
of the c(2 × 4) and (2 × 1) in the experiment, in which the c(2 × 4) is
better viewed as a high-temperature reconstruction, rather than as an
Sb-rich reconstruction.

Surprisingly, our DFT calculations suggest that Sb-Sb dimers are
only stable for surfaces with a significant fraction of missing Ti in the
top layer and are unstable for full Ti coverage. This indicates that there
must be a strong driving force both for Sb dimerization and for
decreasing the surface Ti composition.

Electron counting model
We argue that the driving forces for these reconstructions are (i) mini-
mizing the number of energetically unfavorable dangling bonds and (ii)
maintaining charge neutrality at the surface. We explain these trends
using a simple electron countingmodel. In the bulk, we treat each species
as having formal charges Co1− (d10), Sb3− (s2p6), and Ti4+ (d0), consistent
with our valence band photoemission measurement and DFT-projected
DOS (Fig. 3B and fig. S2). This is also consistent with the familiar 18 va-
lence electron condition commonly applied to bulk half-Heuslers (20).
Now focusing on the surface, stability and charge neutrality dictate that
the number of electrons at the surface required by the structure (bonding)
equals the number of electrons available from the stoichiometry.

We first apply the count to an unrelaxed, stoichiometric TiSb-
terminated surface to show that this surface is unstable; that is, it does
not satisfy the electron count. In (001) orientation, CoTiSb consists of
alternating atomic layers of TiSb andCo (Fig. 1), with formal charges 1+
and 1−, respectively. Here, the TiSb layers formally donate half an elec-
tron each to the Co layers above and below. This results in an excess of
half an electron per formula unit at a TiSb-terminated surface, which is
energetically unfavorable. In a bonding picture, there are two dangling
bonds per Sb atom at the surface (Fig. 5B), which is also energetically
unfavorable.

The surface can lower its energy by hybridizing half of the dangling
bonds into Sb-Sb dimers. Charge neutrality can be satisfied by decreasing
the surface Ti coverage, since Ti4+ is a donor to the zincblende CoSb4−

sublattice. Consider a dimerized surface (Fig. 5A) in which we allow for
a fractional coverage of Ti (nTi) in the top-most TiSb layer. We now
apply the count to the smallest surface unit cell that can support a dimer,
a (2 × 1). Note that the same count applies to c(2 × 4) cell since the two
reconstructions are staggered variants of one another. The (2 × 1) cell
contains one Sb-Sb dimer bond, two Sb dangling bonds, and fourCo-Sb
back bonds. This tetrahedral bonding picture for the p-d hybridized
CoSb4− sublattice is consistentwith real-space electronic structure calcu-
Kawasaki et al., Sci. Adv. 2018;4 : eaar5832 1 June 2018
lations (20). Filling up these bonds requires a total of 2 (Sb dimer) +
8 (CoSb back) + 4 (Sb dangling) + 10 (Co d10) = 24 electrons per (2 × 1)
cell, assuming that each Sb dangling bond is fully occupied (2 electrons)
since Sb is the most electronegative species. This condition is analogous
to thewell-studied III-V semiconductor surfaces such as theGaAs (001)−
(2 × 4) (18) and results in a formally charge neutral surface that is
expected to be semiconducting. Alternatively, allowing for Jahn-
Teller–like distortions that would split the degeneracy of Sb dangling
bond states on either side of the dimer (for example, by dimer buckling),
this would require half-filling of the Sb dangling bonds, for a total of
22 electrons required per cell. This is analogous to the out-of-plane
dimer buckling observed in the Si (001)–(2 × 1) (25). The bond filling
can also be visualized in our schematic surface DOS (Fig. 5E), in
which filled bands (bonds) are below the Fermi level.

Now, consider the number of electrons available: 2 × 5 from Sb at
the top layer, 2 × 4 × nTi from Ti at the top layer (nTi is the fractional
occupancy of Ti at the surface), and 2� 9

2 from Co at the second layer,
where we have divided by two to avoid double counting the Co, which
formally contributes half of its electrons each to the layer above and the
layer below. This results in a total of 19 + 8nTi electrons available. Equat-
ing the numbers of electrons required and available, we find that the
count is satisfied and that dimerized surfaces should be stable for a Ti
coverage of nTi = 3/8 for half-filling of the Sb dangling bonds and nTi =
5/8 for complete filling of the Sb dangling bonds. For higher Ti occu-
pancies, the excess electrons are expected to destabilize the dimers and
favor dehybridization into two dangling bonds per Sb atom: For this
undimerized case with filled dangling bonds, the electron count predicts
stability for nTi = 7/8.

Benchmarking the model
WeuseDFT calculations to test the predictions of the electron counting
model: namely, that (i) surface dimers are stabilizing and (ii) a non-
stoichiometric coverage of Ti is expected. First, we test the stabilizing
effects of Sb-Sb dimerization. Figure 5B compares the DOS for two
slabs with nTi = 0: one slab with atoms in their unrelaxed (undimerized)
positions and the other where the structure is relaxed by dimerization.
The DOS of the unrelaxed structure exhibits a sharp peak at the Fermi
level, which we attribute primarily to Sb dangling bond states, and
indicates an electronic instability. The stabilizing effect of dimerization
is to reduce the DOS at the Fermi level (EF) by hybridizing half of the
dangling bonds into lower-lying Sb-Sb dimer states, resulting in a lower
DOS at EF for the dimerized surface. Dimerization is also character-
ized electronically by a splitting of the surface Sb 5s state near −9 eV,
which by contrast, is singly peaked for undimerized surfaces. We ex-
plain this trend in terms of dehybridizing the dangling bonds into
out-of-plane dangling orbitals (p) and in-plane bridge orbitals (s)
(note S2).

We now test the effects of Ti occupancy, for which our electron
counting model predicts dimer stability at nTi = 3/8 (for half-filled
dangling bonds). Figure 5C shows a histogram of the surface Sb-Sb
nearest-neighbor distances versus nTi for the relaxed slabs, and Fig. 5D
shows the corresponding projected DOSs. We find that our simple elec-
tron counting is in excellent quantitative agreement with the DFT
calculations: For nTi > 3/8, the Sb-Sb length is near that of the bulk
value (4.16 Å), and the low-lying Sb 5s states are singly peaked, indi-
cating undimerized surfaces. But for nTi ≤ 3/8, the electron counting
condition for half-filled dangling bonds, there is a sharp cutoff below
which the bond length drops to 3.3 Å and the Sb 5s states become
doubly peaked, indicating the formation of stable Sb-Sb dimers.
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Beyond the simple electron count, our DFT calculations also reveal
that the Sb-Sb dimerization depends strongly on local Ti vacancy co-
ordination. Each Sb-Sb pair can be coordinated with 0, 1, or 2 filled
nearest-neighbor Ti sites along the [110] direction (Fig. 5A). The
calculated Sb-Sb bond lengths cluster around discrete values based
on this coordination: Sb-Sb pairs with twofold coordination have a pair
length around 4.0 Å and are undimerized (Fig. 5C, red circles), pairs
with onefold coordination have a bond length of 3.3 Å and are dimerized
(green), and pairswith zero coordination have a bond length of 3.0Å and
are dimerized (blue). These trends can be seen directly in the relaxed
atomic structures (fig. S5).

This strong dependence on local coordination may explain why
nTi = 3/8 (half-filled dangling bonds) is the criteria for dimerization
rather than nTi = 5/8 (filled dangling bond). For a given nTi, calculations
over the variousTi coverage configurations reveal (i) that configurations
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with large separation between occupied Ti sites are energetically most
favorable (to minimize the Coulomb repulsion ~ S(1/r); fig. S5) and (ii)
that Sb-Sb pairing favors sites coordinated with one Ti (to satisfy the
local electron count). This presents a challenge for dimer formation
on surfaces with nTi > 1/2. For example, for nTi = 1/2, the low-energy
structure that minimizes the Coulomb repulsion consists of alternating
[110]-oriented rows of occupiedTi sites and vacant Ti sites (fig. S5).Here,
the Sb-Sb pairing prefers sites with nonzero Ti coordination, yet these
sites with coordination 2 are too electron-rich to support a dimer
and, instead, dehybridize into dangling bonds to accommodate the ex-
cess electrons. Hence, dimers in this configuration are not stable.
Decreasing to nTi≤ 3/8 allows the conditions for (i) Coulomb repulsion
and (ii) local coordination to be satisfied simultaneously. A summary of
benchmarks between the electron counting model, experiment, and
DFT is found in table S1.

The Ti occupancy also has a strong effect on the position of the
Fermi level and pseudogap formation (Fig. 5D). With increasing nTi
(electron doping), the Fermi level increases as expected, from the valence
band edge for nTi = 1/8 to the conduction band edge for nTi = 1. For nTi =
3/8 (electron counting condition for dimerization), the Fermi level cuts
through a band of Sb 5p dangling bond states, consistent with the finite
spectral weight observed at EF in our angle-integrated valence band
measurements (Fig. 3B) and scanning tunneling spectroscopymeasure-
ments (Fig. 4). Hence, this surface is metallic. These metallic surface
states persist for nTi = 5/8. At nTi = 7/8 a pseudogap appears atEF, where
the DOS goes to a sharp but finite minimum.

Electronic surface states
ARPESmeasurements on a c(2 × 4) sample confirm that the stateswith-
in the bulk bandgap are two-dimensional metallic surface states, rather
than defect states. Figure 6 (A and B) shows the measured in-plane dis-
persions at a fixed photon energy of 100 eV. This photon energy
corresponds approximately to a slice at constant out-of-plane momen-
tum kz = 4.96(2p/a), as determined from photon energy–dependent
scans and using a free electron–like model of final states (see Materials
and Methods and fig. S6). Peak fitting of the energy distribution curve
(EDC) and momentum distribution curve (MDC) is shown in Fig. 6B
(bottom). The measured dispersions below 0.6 eV are in general
agreement with DFT-GGA calculations for bulk CoTiSb, both in
terms of their qualitative dispersion and measured bandwidth (within
10%). Within the bulk gap (above 0.6 eV), we observe metallic states
that are highly dispersive with in-plane momentum. Measurements
at varying photon energy confirm that they are two-dimensional as they
do not disperse with out-of-plane momentum (Fig. 6E and figs. S6
and S7). Hence, these in-gap states are surface states, rather than de-
fect states that would be disordered (dispersionless).We attribute the
metallic surface states to Sb dangling bonds, as identified by our slab
calculations (Fig. 6C) and predicted by our electron counting model at
half–Sb dangling bond filling (nTi = 3/8; Fig. 5E). The measured Fermi
surface shown in Fig. 6D is characterized by hole pockets at (1, 0),
(1, 1), and (0, 1/2) and, hence, follows the c(2 × 4) periodicity of the
surface reconstruction, again confirming that the surface states
are reconstruction-derived.

Implications for other Heuslers
The general framework used to unravel the atomic and electronic
structure at the CoTiSb (001) surface provides an explanation for the
structure and properties observed in other half-Heusler systems with
the general formula XYZ. Half-Heuslers can generally be expressed as
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Fig. 5. Electron counting model. (A) Top-down and side views of a dimerized
surface showing Ti vacancies (dashed circles), occupied Ti sites (filled green
circles), and three types of bonds: Sb dangling, Sb-Sb dimer, and CoSb back.
A (2 × 1) cell is outlined. (B) DOSs for unrelaxed versus dimerized slabs (red
curves). The bulk DOS is shown for comparison (shaded gray). (C) Histogram
of Sb-Sb bond length along the Sb dimer bond direction versus Ti occupancy
(bin increment, 0.01 Å̊). The size of the symbol corresponds to occurrence of that
bond length. (D) Projected DOS in the top two layers versus surface Ti occupancy,
showing a splitting of Sb 5s states and rigid band shifts with Ti occupancy. (E)
Schematic surface DOS. The Fermi level is sketched at half-filling of the Sb dangling
bond states (nTi = 3/8).
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an XZn− zincblende sublattice, stuffed with electropositive Yn+. The
Yn+ acts as a highly localized donor, whose concentration at the sur-
face changes to maintain charge neutrality. The most electronegative
Z atoms tend to dimerize tominimize the number of dangling bonds,
and the filling of these dangling bonds is subject to the local electron
count.

We first apply the framework to explain the surface behavior of
NiMnSb (001), the canonical half-metallic ferromagnet. In the bulk,
experiments confirm that NiMnSb is half-metallic with near 100%
measured spin polarization (26). However, at the surface and at inter-
faces with III-V semiconductors, the spin polarization is often more
than a factor of two smaller due to the presence of non–spin-polarized
surface and interface states (27), which severely limits the performance
of spin injection and magnetic tunnel junction–based devices. Experi-
mentally, the (001) surface forms a (2 × 1) reconstruction, as measured
by reflection high-energy electron diffraction (RHEED) during MBE
growth (11), but depending on the postgrowth annealing conditions,
the surface Mn concentration, reconstruction, and spin polarization
can vary markedly (12).

We explain the origins of Mn nonstoichiometry and non–spin-
polarized surface/interface states using our electron countingmodel.Here,
NiSb3− forms the zincblende sublattice and the magnetic ion Mn3+

“stuff” at the octahedral sites. Therefore, the most electronegative
Sb is expected to dimerize, and charge neutrality drives the formation
of surface Mn vacancies. Application of the count suggests a stable
Sb-Sb–dimerized surface for Mn coverage of nMn = 1/7 (half-filled
dangling bonds) or nMn = 2/7 (filled dangling bonds). The combination
of Mn vacancies and the existence of near EF Sb dangling bond states
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then lead to decreased surface spin polarization, as the magnetic mo-
ment is carried onMn3+ sites (28). Recent experiments have shown that,
by intentionally depositing an excess ML of Mn on the (001) surface of
the related full-Heusler Co2MnSi, the spin polarization increases to
nearly 90 % (29).

For the topological half-Heuslers PtLnV (Ln = lanthanide metal,
V = Sb or Bi), recent ARPES measurements confirm the existence of
topological surface states (4), whose novel spin momentum locking
is promising for applications in spintronics and quantum computing.
Yet, the (001) surface also exhibits trivial surface states near the Fermi
energy (4), which may act as parasitic conduction channels or even hy-
bridizewith topological states (30). Applying themodel to the topological
semimetal PtLnV (001), PtV3− makes the zincblende sublattice and
Ln3+ stuffs.We expect groupV dimer stability for nLn = 1/3 (half-filled
dangling bonds) or nLn = 2/3 (filled dangling bonds). This is consistent
with the c(2 × 2) surface of PtLuSb, for which recent x-ray photo-
electron spectroscopy (XPS) measurements found evidence for Sb-Sb
dimers (31). The previously observed trivial surface states (4) are likely
of group V dangling bond origin but could be pushed significantly
belowEF via control of the surfaceLn concentration or surface electron
doping, for example, via alkali metal deposition.

For the thermoelectric semiconductor NiTiSn, RHEED and LEED
studies show that (001) surfaces exhibit a number of 2× reconstructions
as a function of anneal temperature and Ti stoichiometry (13, 32),
consistent with Sn-Sn dimerization. Here, NiSn4− forms the zincblende
sublattice, and Ti4+ stuff. Applying the electron count, we find stable
surfaces with Sn-Sn dimerization for nTi = 1/2 (half-filled dangling
bonds) and nTi = 3/4 (filled dangling bonds). An interesting feature
Fig. 6. In-plane dispersions and metallic surface states for c(2 × 4)-terminated CoTiSb (001). kx||[−110] and ky||[110]. (A) Energy dispersion curves at fixed photon
energy of 100 eV. (B) Top: ARPES intensity map following the same dispersion as in (A). Bottom: MDC and EDC fitting of the ARPES dispersions (red dots) and com-
parison with DFT at constant kz = 4.96(2p/a) (black curves). Dashed black lines show the zone-folded DFT bands expected from surface Umklapp scattering. (C) Bulk and
slab (nTi = 3/8) DFT DOSs. (D) Fermi surface measured at hn = 100 eV showing a c(2 × 4) periodicity, overlaid with a schematic Fermi surface. (E) EDC and MDC fitting of
the surface states at several photon energies demonstrating their two-dimensional dispersion.
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of this system is the coexistence of the full-Heusler phase Ni2TiSn with
half-Heusler NiTiSn and a fairly large solubility of Ni in Ni1+dTiSn for
d up to 0.05 (32). We explain these features in an electron counting pic-
ture: In the compound,Ni has formal valence occupancy 3d10 and, hence,
is charge-neutral (Ni0). Therefore, adding excess Ni to the lattice does
not change the total charge of the compound, andNiTiSn is expected to
be more tolerant to changes in Ni stoichiometry than other Heusler
systems for which the X site is not charge-neutral.

Finally, we caution that, while our electron countingmodel is simple
and predictive, it is not deterministic. The choice of structure that satis-
fies electron counting is not unique, and there can bemultiple structures
that satisfy the criteria. Therefore, the model is best used as a simple
procedure to efficiently screen among possible surface structures that
are constrained by experimental data. It is then possible to check and
refine select candidate structures with perturbative DFT methods. The
guidance and physical intuition provided by our model are especially
important since half-Heuslers are ternary compounds, withmanymore
configurational degrees of freedom than simple binary semiconductors.
DISCUSSION
On the basis of a combination of experiment and first-principles calcu-
lations, we showed that the half-Heusler CoTiSb (001) surface exhibits a
wide range of reconstructions as a result of two driving forces: (i) mini-
mizing the number of energetically unfavorable dangling bonds and (ii)
maintaining charge neutrality at the surface. The former occurs via
Z site (Sb) dimerization or a Z adlayer, while the latter charge neutrality
ismaintained by reducing the electropositiveY site (Ti) stoichiometry at
the surface.We developed a simple electron countingmodel thatmakes
quantitatively accurate predictions for the CoTiSb surface, as bench-
marked against experiments and DFT. This is somewhat surprising
since CoTiSb is a p-d hybridized system, in contrast with the simple
s-p bonding of conventional III-V and II-VI compound semicon-
ductors. Our simple model also explains the previously observed be-
havior at other half-Heusler surfaces and provides a simple framework
for understanding and predicting the atomic structure and properties
of these novel quantum materials.
MATERIALS AND METHODS
MBE growth and surface termination
CoTiSb films with thickness of 20 to 40 nm were grown by molec-
ular beam epitaxy (MBE) on In0.52Al0.48As (400 nm)/InP:S (001).
The InAlAs buffer layer was doped with approximately 1019 Si atoms/cm3

to yield a conductive buffer for STM and photoemissionmeasurements.
The CoTiSb layer was grown at 400°C by codeposition fromCo, Ti, and
Sb effusion cell sources in a 1:1:1.2 flux ratio, as calibrated by beam flux
ionization gauge and Rutherford backscattering spectrometrymeasure-
ments. Here, we used the high relative volatility of Sb to enable growth
with excess Sb in an adsorption-controlled regime. Further growth de-
tails are provided elsewhere (14). On some samples, a 3-nm ErAs diffu-
sion barrier was grown between the CoTiSb and InAlAs layer to prevent
interfacial reactions between the CoTiSb and InAlAs at elevated anneal-
ing temperatures.

After growth, the Co and Ti effusion cells were shuttered, and the
samples were annealed as a function of temperature and Sb flux. We
chose to anneal with an Sb flux because of the high relative volatility
of Sb above 300°C. By contrast, the sticking coefficients for Ti and Co
were near unity for growth and anneal temperatures below 1000°C. The
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periodicity of the reconstruction during the anneal procedure was
monitored by reflection high energy electron diffraction (RHEED)
(fig. S1). Following the anneal, the Sb cell was shuttered, and the sample
was rapidly quenched to room temperature while monitoring the
RHEED pattern to retain the desired surface reconstruction.

In situ LEED, STM, and XPS
In situ LEED, XPS (Al Ka source, hn = 1486.3 eV), and scanning
tunneling microscopy and spectroscopy (STM/STS) (Omicron VT-
STM) were performed in an interconnected MBE surface analysis sys-
tem such that growth and characterization were performed without
removing samples from ultrahigh vacuum (< 2 × 10−10 torr). These
measurements were performed at room temperature. STMmeasure-
ments were performed using electrochemically polished W tips.
Upon loading into vacuum, the W oxides were cracked by electron
bombardment. Tunneling point spectroscopy was performed using
a stabilization bias of −2 V and a stabilization current of 1.5 to 2 nA.
The dI/dV(V) curves were obtained by numerical differentiation of
averages of at least 10 raw I(V) curve (fig. S4).

Synchrotron photoemission
High-resolution core-level photoemission spectroscopy and ARPES
measurements were performed at the MAX-LAB Synchrotron facility
in Lund, Sweden (beamlines I311 and I4, respectively). Core levels
were measured at room temperature using a Scienta SES 200 analyzer,
and ARPES band dispersions were measured at 80 K using a SPECS
Phoibos analyzer. To protect the sample surfaces, immediately following
growth, an approximately 100-nm-thick Sb cap was deposited on the
CoTiSb films at 200°C in theMBE chamber. Capped samples were then
unloaded from the MBE and transported through air to the beamline.
Upon reloading them into the vacuum at the beamline, the Sb cap was
thermally desorbed at 450°C until the appearance of a c(2 × 4) recon-
struction in LEED. The stoichiometry and surface cleanliness (lack of
carbon and oxygen) were confirmed by core-level measurements and
the sharpness of the LEEDpattern. All binding energies were referenced
to the Fermi level, as determined bymeasuring the Fermi level of a tan-
talum or gold foil that was in electrical contract with the sample.

XPS intensity calculation
The photoemission intensity Ix of an elemental core level xwasmodeled
as the sum of exponentially attenuated intensities emanating from each
atomic layer i (33). In the limit of a constant interlayer spacing di and
uniform attenuation length lx through the material, the intensity is

Ix ¼ f xsx ∑
N

i¼0
nx;iexp

�Zi

lxcosf

� �
ð1Þ

where fx is an instrument-dependent factor, sx is the photoemission
cross section, nx,i is the two-dimensional atomic density of element x
in layer i, Zi = i × di is the depth from the surface, f is the emission angle
off the surface normal, i = 0 indexes the surface, andN→∞ is the total
number of atomic layers. Our measurements were performed at fixed
f = 55°. The attenuation lengths for the Co 2p, Ti 2p, and Sb 3d were
calculated to be 11.1, 15.1, and 14.2 Å, respectively, using the empirical
TPP-2M model (34). In (001) orientation, bulk CoTiSb consists of
alternating layers of TiSb and Co, that is, nodd,Co = neven,Ti = neven,Sb =
nML,neven,Co =nodd,Ti =nodd,Sb = 0, and di = a0/4, where a0 = 5.88Å is the
lattice constant andnML ¼ 2=a20 is the elemental atomicML density. In
8 of 10



SC I ENCE ADVANCES | R E S EARCH ART I C L E
our fits, we considered the case of Ti vacancy formation in the top-most
TiSb layer, that is, n0,Ti < nML, as well as an Sb adlayer on top of the TiSb.

For comparison with experiment, we canceled out the instrument-
dependent factors, fx , by considering the ratio of ratios, that is

ðIx=ICoÞn�m

ðIx=ICoÞ2�1

¼ ðf x=f CoÞ∑ð⋅⋅⋅Þn�m

ðf x=f CoÞ∑ð⋅⋅⋅Þ2�1

ð2Þ

where we first normalized to the intensity of Co, since Co is expected to
be subsurfaced and less subjected to stoichiometry changes than the
top-most, nominally TiSb-terminated layer. This is consistent with
the MnSb (TiSn) termination for (001) surfaces of NiMnSb (NiTiSn)
(11, 13).We then normalized the Ix/ICo ratio for the (n ×m) reconstruc-
tion to that of the (2 × 1) to eliminate the instrument factor fx/fCo.
Hence, the ratio of ratios represents the relative change in composition
of species x in the (n ×m) reconstruction compared to that of the (2 × 1).

ARPES free electron–like model
The out-of-planemomentumwas determined using a free electron–like
model of final states, kz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m=ℏ2

p
ðEkincos2qþ U0Þ1=2. This model

contains a single adjustable parameter of the inner potential U0, which
we determined to beU0 = 12 eV bymatching the periodicity of the bands
(fig. S6). This value is in agreement with typical values observed for fcc
transition metals and III-V semiconductors [U0 = 10 to 15 eV (35)].

Density functional theory
DFT calculations were based on the generalized Kohn-Sham theory
(36) with GGA of Perdew, Burke, and Ernzerhof (37), as implemented
in Vienna ab initio simulation package (38) and in Wien2k (39). The
electronic structure of bulk CoTiSb is in agreement with previous studies
(40). Tests using a hybrid functional to correct the bandgap indicated
that the shape of the bands remained unchanged, except that the
bandgap increased by 0.36 eV compared to the DFT-GGA calculations
(fig. S3). The surface calculations were carried out using a slab model
using 2 × 2 × 1mesh of special k-points in the Brillouin zone and 268-eV
energy cutoff for plane wave expansion. The interactions between the
valence electrons and the ionic cores were treated using the projector-
augmented wave potentials. A 4 × 4 supercell with atomic 13 layers was
used with two equivalent surface (top and bottom) rotated 90° from
each other due to the symmetry of the zincblende sublattice. In all
the calculations, the positions of the atoms in the innermost five layers
of the slab were fixed to that of the bulk CoTiSb. The atoms near the
surface in four layers of top and bottom surface were allowed to relax.
We focused on nominally TiSb-terminated surfaces so that the ideal
surface contains 16 Sb and 16 Ti atoms in the supercell, and we varied
the composition and configuration of Ti vacancies in the top-most TiSb
layer from nTi = 0 (all vacancies) to nTi = 1 (full occupancy). For nTi < 1,
the energy was minimized when the distances between occupied Ti-Ti
sites were maximized.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaar5832/DC1
note S1. Orbital hybridization.
note S2. Dimer splitting of the Sb 5s states.
note S3. Band bending and Fermi-level pinning by surface states.
table. S1. Summary of benchmarks for the electron counting model, focusing on the Sb dimer
(2 × 1) and c(2 × 4) reconstructions of CoTiSb (001).
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fig. S1. RHEED, LEED, and raw XPS spectra.
fig. S2. Bulk bonding and band character for CoTiSb.
fig. S3. Comparison between experiment (valence band photoemission) and two levels of DFT:
the GGA and a hybrid functional Heyd-Scuseria-Ernzerhof.
fig. S4. STM, line cuts, and raw I-V spectra.
fig. S5. DFT phase diagram and relaxed Ti configurations.
fig. S6. Out-of-plane kz dispersions for c(2 × 4)-terminated CoTiSb (001) for photon energies
from 14 to 180 eV.
fig. S7. Low-energy ARPES measurements of surface states, with increased surface sensitivity.
fig. S8. Application of electron counting to screen possible (2 × 1) structures.
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