aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

High surface conductivity of Fermi-arc electrons in Weyl
semimetals
Giacomo Resta, Shu-Ting Pi, Xiangang Wan, and Sergey Y. Savrasov
Phys. Rev. B 97, 085142 — Published 22 February 2018
DOI: 10.1103/PhysRevB.97.085142


http://dx.doi.org/10.1103/PhysRevB.97.085142

High Surface Conductivity of Fermi Arc Electrons in Weyl semimetals

Giacomo Restal, Shu-Ting Pif, Xiangang Wan*, Sergey Y. Savrasov'
t Department of Physics, University of California, Davis, California, USA and

* National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing, China

Weyl semimetals (WSMs), a new type of topological condensed matter, are currently attracting
great interest due to their unusual electronic states and intriguing transport properties such as
chiral anomaly induced negative magnetoresistance, a semi—quantized anomalous Hall effect and the
debated chiral magnetic effect. These systems are close cousins of topological insulators (TIs) which
are known for their disorder tolerant surface states. Similarly, WSMs exhibit unique topologically
protected Fermi arcs surface states. Here we analyze electron—phonon scattering, a primary source of
resistivity in metals at finite temperatures, as a function of the shape of the Fermi arc where we find
that the impact on surface transport is significantly dependent on the arc curvature and disappears
in the limit of a straight arc. Next, we discuss the effect of strong surface disorder on the resistivity
by numerically simulating a tight binding model with the presence of quenched surface vacancies
using the Coherent Potential Approximation (CPA) and Kubo-Greenwood formalism. We find that
the limit of a straight arc geometry is remarkably disorder tolerant, producing surface conductivity
that is one to two orders of magnitude larger of a comparable set up with surface states of TI. This
is primarily attributed to a significantly different hybridization strength of the surface states with
the remaining electrons in two systems. Finally, a simulation of the effects of surface vacancies on
TaAs is presented, illustrating the disorder tolerance of the topological surface states in a recently

discovered WSM material.

PACS numbers:

I. I.INTRODUCTION

While Weyl semimetals have long been studied for
their condensed matter realization of relativistic mass-
less (Weyl) fermions!, and related particle physics phe-
nomenon such as the chiral anomaly?, only recently have
they attracted great interest®® for extending concepts of
Topological Insulators!®*2 (TI) to gapless systems.

Topological Insulators (TIs) are time-reverse symmet-
ric states of matter characterized by an insulating bulk
which exhibits unique highly conductive metallic surface
states. In the case of 3D TIs, the surface states consist
of a massless 2D Dirac fermion dispersion relation with
characteristic helical spin—-momentum locking and a cir-
cular Fermi surface (Figure la). This spin-momentum
locking results in the suppression of backscattering (k to
~k) from non—magnetic impurities since states with op-
posite spin and momentum remain orthogonal as along
as time-reverse symmetry is respected. As a result, the
surface transport of 3D TIs is uniquely robust to non—
magnetic disorder.

In contrast, Weyl semimetals can only occur if either
time-reversal or inversion symmetry is broken and are
characterized by a bulk band structure which is fully
gapped except at isolated points where the electronic
structure is represented by the 2x2 Weyl Hamiltonian.
Each Weyl point acts as a positive or negative monopole
of Berry flux depending on whether its chirality is +1 or
-1. Since the total Berry flux through the WSM Brillouin
Zone must be zero, Weyl points always appear in pairs
of opposite chirality'®. The surface electronic states of
WSMs are subsequently described by arc states (Figure
1b) which are topologically protected as long as the bulk
3D Weyl points remain intact?.

The topological protection in WSMs means that the
Weyl points cannot be gapped by infinitesimal pertur-
bations and can only disappear by merging with a Weyl
point of opposite chirality in which case they form a dou-
ble degenerate Dirac point'* that is generally susceptible
to small perturbations. Depending on the path the Weyl
points take in reciprocal space, the arc states can either
collapse to a point, or form a closed contour, where gap-
ping the resulting Dirac points may result in either a
trivial or topological insulator phase.

There are always two arcs that connect each set of Weyl
points due to the existence of two (top and bottom) sur-
faces of the material. They can, for example, manifest
themselves in quantum oscillatory techniques'®. While
there is no general spin-momentum locking mechanism
for the Fermi arc states, backscattering of electrons from
the arc associated with the top surface to the arc associ-
ated with the bottom surface is forbidden due to zero spa-
tial overlap between the corresponding electronic states.
Hence, considering transport perpendicular to the orien-
tation of the arcs, the situation is similar to the case of
TIs.

The unique electronic states in Weyl semimetals, along
with their topological origin, makes it appealing to study
their charge transport mechanism. This was the sub-
ject of intense study lately®1622 where Weyl points have
been found to be robust against weak bulk disorder al-
though it was argued that going beyond perturbative RG
approaches may induce a small density of states even
at weak disorder?®2*. With the bulk density of states
disappearing as g(€) ~ €2/v3 where € is the energy of
the Weyl points away from the nodal point and vg is
the velocity of the Fermi electrons, the bulk DC con-
ductivity o in a clean free fermion limit is expected to
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FIG. 1: (a) Dirac cone surface state of an idealized topologi-
cal insulator where the spin of the particle is tangential to the
momentum, a phenomenon known as spin—-momentum lock-
ing. (b) The bulk and surface states for a Weyl semimetal.
The bulk band structure is fully gapped except at a pair of
Weyl nodes of opposite chiralities distinguishing varying spin
orientations. The surface state spans between the bulk Weyl
cones with its spin states veering from one cone to another.
With the Fermi energy pinned at the Weyl nodes, the surface
state produces a Fermi arc connecting two Weyl nodes.

be zero® at zero temperature T and e¢ = 0, although

disorder, interactions, and thermal excitations modify
this result. With a characteristic strength of the im-
purity potential Vi, the scattering rate for the elec-
trons Im3(e) ~ Vippg(€) in Born approximation and the
conductivity o ~ v.g(e)/Im¥(e) remains finite even at
e = 0°. Interactions alone were found ¢ to acquire a
linear temperature dependence'® and reproduce a clean
fermion limit. A more complete study of bulk dc trans-
port and ac optical properties of 3D Dirac and Weyl
semimetals including their temperature dependence and
doping away from the nodal point was recently elabo-

rated in details??.

The existence of the topologically protected surface
states leads to another set of interesting phenomena. For
example, the surface conductivity in 3D TIs was exten-
sively investigated?” 32. The Fermi arcs in WSMs gives
rise to a non—zero anomalous Hall effect with a semi-
quantized value of the Hall conductivity proportional to
the distance between the Weyl points®®. The impurity
scattering via the Fermi arcs has been studied in dilute
bulk disorder limit using Born approximation in a most
recent work?® where the dissipative nature of the surface
currents in WSMs has been highlighted and the effect of
surface-to—bulk scattering was emphasized.

In order to examine the conductivity of the Fermi arc
electrons in Weyl semimetals, we need to introduce a
notion of surface conductivity in general. In a standard
setup, a homogeneous electric field is applied across the
sample, and the conductivity relates the current density
as a linear response to the applied field. We now wish
to find the current density that appears as the response
to the electric field existing in a part of space, such as a
sample surface. A general linear response relationship is
given by

Jo(r,w) = Z/ Ufysgrj)(r,r’,w)Eg (r',w)dr’

3 surface

where we restrict the field Eg (r,w) by the surface only.
A standard Kubo—Greenwood approach applies for very

general perturbations?®. This results in the same techni-

calities in computing J{%"Tf ) as for the bulk conductivity

with the matrix elements of electron velocity operators
now restricted by the area where Eg (r,w) # 0. For an
insulator, such as the 3D TI, this brings nothing new,
since the current in the system with bulk energy gap can
only be carried by the surface Fermi electrons, and there
is no need to restricting the applied fields. However, in
a WSM, spatially homogeneous fields will always pro-
duce a non—zero bulk current due to thermal excitations,
disorder and electronic correlations even in ideal scenar-
ios with the Fermi level pinned at the Weyl points®16.
In thermodynamic limit, such current will overwhelm all
surface effects. Physically, however, we expect that the
Fermi arc electronic states extending well into the bulk
near the Weyl points, are capable of supporting strong
surface currents, therefore understanding their scattering
cross sections both within the surface and into the bulk
is an important problem that we address in the present
work.

An experimental setup that can probe surface conduc-
tivity can be easily sketched. We imagine a double—tip
Scanned Tunneling Microscope (STM) design®® as illus-
trated in Figure 2. Two STM tips are scanned across the
surface of the WSM sulfficiently close to each other so that
the temperature dependent part of the mean path Ly, r
of the electrons at the surface is comparable with the dis-
tance between the tips but much larger than the average
distance between surface impurities L;p,,. This can al-
ways be achieved at sufficiently low temperatures. The



FIG. 2: Double-tip STM design®® allows one to measure sur-
face charge transport at low temperatures. Two STM tips are
scanned sufficiently close to each other so that their distance
is comparable to the temperature dependent part of the mean
free path Lysr, but much larger than the distance between
surface impurities Limp. A sufficiently small voltage should be
applied so that only a small layer near the surface contributes
to the current.

applied voltage between the tips has to be sufficiently
small, so that the corresponding electric field decaying
quickly into the bulk will disturb only a thin layer close
to the surface. As two tips traverse through the WSM
surface, the local disorder affects the mean free path of
the surface states, and the robustness of the Fermi arc
electrons can be directly probed.

Here, we focus on the surface charge transport in
WSMs and discuss two major relaxation mechanisms
contributing to it. We first present a qualitative dis-
cussion of electron—phonon scattering where we find that
its contribution strongly depends on the shape of the
Fermi arc and becomes vanishingly small in the limit
of a straight arc. This conclusion is virtually indepen-
dent of the particular form of the electron—phonon ma-
trix elements, but results from the fact that, in the limit
of a straight arc, scattering only occurs between states
with the same velocity along the direction of the current.
Next, we perform numerical studies of the effect of strong
surface disorder on the surface conductivity in WSMs.
Using a tight—binding model in the slab geometry, we
utilize a Coherent Potential Approximation (CPA)33, a
self—consistent theory that has been widely used for stud-
ies of substitutional alloys at arbitrary concentrations, to
investigate the effect of quenched surface vacancies on the
electronic spectral functions. We then calculate the slab
conductivity using the Kubo—Greenwood formalism. Our
model takes into account the scattering processes within
the arc and from the arc to the bulk Weyl points. We
find that the WSM model with a straight Fermi arc is
remarkably disorder tolerant, producing a surface con-
ductivity that is one to two orders of magnitude larger
than the comparable set—up with circular surface states of
the 3D TT model. This is primarily due to a large differ-
ence in hybridization strength of the surface states with

the remaining electrons in two systems. By computing
the optical reflectivity, we also find that our WSM model
with straight arc behaves as an ideal polarizer for inci-
dent light. Finally, a discussion is given for the applica-
bility of our results to real WSMs discovered recently%".
We apply the CPA technique to study the effect of sur-
face vacancies in TaAs where we find that the topological
Fermi arc states display a robustness to disorder in a real
material setting.

II. II. ELECTRON-PHONON SCATTERING

The electron—phonon contribution to the resistivity of
metals has long been understood both qualitatively®
and using first principle electronic structure calcula-
tions based on the density functional linear response
approach®”. In the linear temperature regime, the
electron—phonon resistivity can be written as pe_pp (1) x
AT, where effects due to the Fermi electrons and their
interactions with phonons is contained in the transport
electron—phonon coupling constant A¢-, which is given by

the following integral over the Brillouin Zone3°,

Atr - ZAtr(q))
qa

(1)

Yl = St r)

Here, € and vy, are the energies and velocities of Fermi
electrons, and Vj5_ fg is the matrix element of the poten-
tial induced by the displacement of atoms from their equi-
librium positions associated with a phonon of wavevector
q (we omit summations over phonon branches for sim-
plicity).

Although electron—phonon resistivity calculations can
be carried out for real materials using first principles
methods?”, to gain physical insight into how the Fermi
arc geometry influences the resistivity, we first consider a
minimal model for a single arc consisting of a segment of
a circle of radius rp that carries a fixed density of states
Jare = 8¢/ (47%vE) where sp = rgpf is the length of the
arc, 6 is the angle the arc spans along the circle and v is
the velocity of the arc electrons which is assumed to be
the same as the Fermi velocities of the bulk Weyl points.
The limit of a straight arc is obtained by sending rg to
infinity, 6 to zero and keeping the length sg fixed, while
the circular Fermi surface characteristic of 3D TIs is re-
covered when rp is equal to the Fermi wavevector kp,
0 = 2w, and gr; = kr/(2mvF). We assume the arc to be
symmetric with respect to y axis, and consider the ap-
plied electric field along y—axis. Note that although this
model reproduces a smooth transition from the circular
surface states of T1 to the case of a straight Fermi arc,
it should not be interpreted as modeling a literal transi-
tion between a WSM and TT since in an actual material,
merging the Weyl points may collapse the arc.

>k (Vka — Uk+qa)2|vlf1:fg‘26(6k — €r)0(extq — €F)
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FIG. 3: Contributions to electron—phonon transport from the
scattering wavevector q for an arc with angles (a) § = /2
and (b) 6 = 27 (a complete circle representing the limit of 3D
TT). Note difference in scales in two figures. Note that contri-
butions by 90 degree scattering processes are suppressed (line
corresponding to ¢, = 0) because initial and final states have
the same velocity along the direction of the current (y-axis).
Also note that in (b) 180 degree backscattering processes with
scattering wavevector ¢ = (0, +2kr), where kr = 0.25, are
forbidden due to the orthogonality of states with opposite
spins.

We can consider the scattering phase space which
contributes to the transport coeflicient by taking the
electron—phonon scattering matrix element V5 fZ to be
a constant in the expression for \;-(q). However, to en-
sure that spin—-momentum locking is recovered in the TT
limit where § = 27, we assume that the spin is always
tangential to the arc. For the isotropic Weyl model illus-
trated in Figure 1b this is approximately the case near
the middle of the arc. With this spin arrangement, the

spin dependent part of the matrix element Vj;,__ fg is given

1.0 4 - [Val*=q
A~ [Val® = a|Vaebye|
]vq‘z = ql\/caulomﬂ2
-8~ [Val* = a|Vepin|®
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FIG. 4: Transport coupling constant ;. describing intra—
arc scattering processes as a function of the curvature of the
Fermi arc for various choices of the electron—phonon interac-
tion matrix elements: a constant, a Debye screened and bare
Coulomb interactions as well as incorporating the spin depen-
dence of the arc states assuming an approximate tangential
arrangement. The normalization is chosen such that Ay = 1
for the complete circle representing the limit of 3D TI in the
absence of the spin structure.

by,
spin 175 o
V=5 (k- F+a) +1), (2)

which reflects the overlap between spinor states at k and
k + q. The g—dependence of the phase space integral
D k(Uka = Ukiqa)*|Vikyql*d(ex — €p)d(exsq — €r) can
be evaluated numerically. Figure 3 shows the result for
an arc with § = 7/2 (Figure 3a) and a complete circle
with @ = 27 (Figure 3b). A remarkable observation is
that in the limit of a straight arc, the phase space col-
lapses as contributions by 90 degree scattering processes
are all suppressed since electrons are scattered between
states with the same velocity along the direction of the
current. This makes the factor vkq — Vkyqa = 0 in the
expression for A.(q) (where for the transport along the
y—axis we take @ = y). In the TT limit of the Fermi
circle, one sees that 180 degree backscattering processes
with wavevector q = (0, £2kp) are forbidden due to the
orthogonality of spinor states with opposite spin orien-
tations and that contributions by 90 degree scattering
processes (described by ¢, = 0 in Fig 3b) are similarly
suppressed since the velocity of the electrons projected
onto the direction of the current remains the same after
scattering.

To provide a more realistic wave vector dependence for
the electron—phonon matrix elements we can consider a
deformation potential type model with |V fg|2 = D%
and additionally include a Debye model for screening in
2D

1
q+kp’

3)

where the Debye screening constant is assumed to be
kp = 2me?gare (for simplicity we choose the case of a

VDebye (q) ~



free relativistic electron gas in 2D*® although one can
also introduce the static dielectric constant of the sub-
strate material such as the bulk TT). Figure 4 illustrates
our calculated transport coupling constant A as a func-
tion of the arc curvature described by the angle 6 for
several choices of the electron—phonon matrix elements
Ve f_’g which we represent it as a product of the spin

and spatial parts: Vi f_’g = lflfianSpace (q). We distin-

guish the case with V'), = 1 and the case given by
equation (2) to account for the spin structure of the elec-
tronic states along the arc. We also distinguish cases
with |VSpace<q)|2 =q, |VSpace(q)|2 = Q|VDeby6(Q)‘2 and
[Vspace(@)]? = q|VBare(q)|? as the extreme limit of the
2D bare Coulomb repulsion. The transport coupling con-
stant is normalized to unity in the limit of a complete
circle (¢ = 27) when using V7' = 1.

A few observations can be made. First, the trans-
port coupling constant is very small for arc geometries
where 6 < 7/2 and completely disappears in the limit
of a straight arc. Second, the spatial dependence of the
electron—phonon matrix elements as given by the con-
stant, the Debye screening and the bare Coulomb mod-
els, only weakly influences this result. Third, the spin
structure of the arc states leads to a reduction of the
scattering by a factor of 2-8.

We now discuss the low temperature dependence of the
surface resistivity. The 2D surface states of WSM should
result in a T behavior which becomes linear in T once it
raises above the characteristic Debye energy of phonons
hwp. This is primarily due to the observation that the en-
ergy of Fermi electrons in a metal is normally much larger
than Awp. In the opposite limit, the crossover occurs at
the so called Bloch—Griineisen temperature, which was,
for example, a well established case for graphene343> and
could be realized for the WSMs with anomalously small
Fermi arcs. We provide complete analysis of the temper-
ature dependent electron—phonon scattering in Appendix
A.

Our general conclusion is that the intra—arc contribu-
tion to the electron—phonon resistivity in WSMs may
become vanishingly small in the limit that the arc ap-
proaches a straight line which makes this transport mech-
anism more effective than the circular Fermi surfaces of
the TIs.

III. III. IMPURITY SCATTERING

The contribution to the resistivity by electron—
impurity scattering is another important mechanism of
charge transport in metals, and the influence of bulk im-
purities on electronic scattering in Weyl systems has been
extensively studied in a number of recent works'6 21,25,
Since Weyl points remain intact in the presence of weak
bulk disorder, an important question arises on the influ-
ence of surface disorder, which is known to have a signif-
icant impact on the surface transport properties of such

well-studied topological insulator system as BisSes3339.

In a real sample, surface disorder can be substantially
strong, hence the Born approximation which is typically
used in the analysis of impurity scattering may not be
adequate. We therefore utilize the Coherent Potential
Approximation (CPA)33, a self-consistent theory of al-
loys that simulates random disorder up to arbitrarily
strong concentrations. In particular, the method allows
us to simulate quenched surface vacancies which is one of
the primary forms of surface disorder in many materials.
The method explicitly incorporates scattering events be-
tween states within the arc and from the arc to the bulk
Weyl points which are slightly affected by the presence
of strong surface disorder. Note however that when the
vacancy concentration reaches 100% (a complete removal
of a single surface layer), the electronic states should re-
cover their values at zero concentration. One of the ma-
jor limitations of the CPA approach is the treatment of
Anderson localization. This may be not a serious issue
when considering massless fermions in 2D%° although a
strong bulk disorder may lead to localization for 3D Dirac
fermions2%:2!,

For the WSM, we consider a tight-binding model with
only two bulk Weyl points*'. Using a slab geometry
that is infinite in xy directions and finite in the z di-
rection (c—axis) this model shows a single straight Fermi
arc that is extended between the Weyl points located at
kw = (£0.25,0)27/a . To compare the result of our sim-
ulation with the limit of a circular Fermi surface, we also
consider a tight-binding model of TI*? which shows a
surface Dirac cone located around the I" point. The pa-
rameters of both models are adjusted so that the Fermi
velocities and densities of states remain the same in both
simulations (See Appendix B for details). This setup
allows us to directly compare the effect of the arc geom-
etry on the conductivities which we determine using the
Kubo-Greenwood formalism.

First, we discuss how the presence of surface disor-
der affects the spectral functions. Figure 5 shows the
imaginary part of the self-energy I'm3>. describing the life
time effects of the surface states that is obtained from
our CPA simulation for both models as a function of
vacancy concentration ¢ on the top and bottom layers.
We find that Im> for the WSM model is approximately
two orders of magnitude smaller than the imaginary part
of the self-energy for TI. This is primarily due to the
fact that the hybridization strength of the surface atomic
states with the remaining electrons is significantly dif-
ferent for the two systems. Appendix B presents our
detailed comparisons of the hybridization functions for
the TT vs WSM models that exhibits a factor of 100 dif-
ference between the two, and highlights the fragility of
the linearly dispersive states to the vacancies, which are
known for their singular contribution to the density of
states in the low—frequency regime. This effect has al-
ready been discussed for a long time in the literature,
starting from heavy fermion superconductors*® and spin
waves of diluted antiferromagnets** to graphene® and
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FIG. 5: The imaginary part of the self-energy correspond-
ing to the surface of the material for WSM and 3D TI as
a function of the vacancy concentration at the surface layer.
The imaginary part of the self-energy for the WSM is ap-
proximately two order of magnitude smaller than that for the
3D TI when using models with the same Fermi velocities and
densities of states. (The position of the Fermi level for the TI
should be at €; = 0.02 to match the density of states of the
WSM but we find a similar result for a range of values up to
ey = 0.05)

10° - 3
B-a WSM
— oo Tle=0.02
- a4 Tle=0.05
L1008 3
e 4 s w

e

0.0 0.1 0.2 0.3 0.4
Vacancy Concentration

FIG. 6: Zero temperature DC conductivity as a function of
surface vacancy concentration along the axis perpendicular to
the straight arc of the WSM slab as well as a similar calcula-
tion for the TI slab for two values of the Fermi level (e; = 0.02
and ef = 0.05).

the topological insulators themselves?®.

Our result implies that the mean impurity scattering
rate of the WSM surface is significantly smaller than in
TI. The Fermi level for the TI should be placed at 0.02
to match the density of states of the WSM. However,
the imaginary part of the self-energy is essentially inde-
pendent of the Fermi level in TI as long as we stay in
the vicinity of the Dirac point (we show two results for
er = 0.02 and ez = 0.05 on Figure 5) as was discussed
in a recent work32.

To provide a direct comparison between the charge
transport properties in the WSM and TI cases, we
have used the Kubo—-Greenwood formalism with the self—
energies obtained from our CPA simulation to calculate
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FIG. 7: Optical reflectivity for the WSM slab model with a
surface vacancy concentration of ¢ = 0.1 for light which is
linearly polarized along the x-axis and y—axis. The Fermi arc
state is parallel to the x-axis.

the slab conductivities for both models. Figure 6 gives
the zero temperature DC conductivity for the WSM as a
function of surface vacancy concentration for an electric
field perpendicular to the orientation of the arc as well
as the conductivity for the TI. As a result of the smaller
imaginary part of the self-energy, and the suppression
of scattering contributions for the straight arc, the zero
temperature DC conductivity of the WSM is much less
affected by surface vacancies than that for TI. We notice
that both conductivities decrease quickly once disorder is
introduced, and, for the case of the TI, its conductivity
drops sharply at very small concentration of vacancies.
This is in accord with recent exact diagonalization stud-
ies of the surface disorder??, where it was argued that the
existence of the topological protection for the 2D Dirac
states of the TIs is only operative for disorder strengths
which are small compared to the bulk energy gap. In
this regard, localized defects such as vacancies represent
an extreme scenario (infinite strength of disorder) where
topological protection for the TI surface states disappears
even for minute concentration of surface vacancies. This
is in contrast to the Fermi arcs surface states.

We generally find one-to—two orders of magnitude dif-
ference between the two conductivities depending on con-
centration. This result advances the idea of realizing a
more disorder tolerant surface charge transport than that
proposed for TIs as it appears that, in the limit of weak
bulk disorder, the Fermi arcs of WSMs are more robust to
the presence of surface vacancies than the surface states
of Tls.

Recently, the behavior of optical response functions
for the bulk Weyl and Dirac cone states has been stud-
ied in great detail??>*" %% A linear increase of optical
conductivity as a hallmark signature of bulk 3D Dirac
band dispersions was shown to be modified at low fre-
quencies by the Drude response which was analyzed for
two scattering models of the bulk impurities assuming
ImY(w) = const. and Im¥(w) ~ w??2 and the dif-



ference between this and the ordinary Drude result of
metal theory was emphasized. A distinct scaling behav-
ior for the optical conductivity was shown to exist across
disorder—driven semimetal-metal quantum phase transi-
tion as well as inside a quantum critical regime support-
ing a non—Fermi liquid*”. Recent experimental results for
ZrTes*® revealed that the optical conductivity increases
linearly with frequency below normal interband transi-
tions, which provides optical spectroscopic proof of a 3D
Dirac semimetal. The peaks of measured o(w) spectra
for tantalum pnictides Weyl semimetals*” in the photon
energy range above 300 meV have been roughly explained
by electronic band—structure calculations without the ef-
fects of renormalization and electron correlation.

The unique geometry of the straight arc with its Fermi
velocities in the perpendicular direction results in in-
teresting consequences for the optical properties of our
WSM slab model. As we incorporate surface disorder
only, this does not modify the contribution from the bulk
Weyl cones but alters the response functions at low fre-
quencies and results in strongly anisotropic optical re-
sponse due to the appearance of the arc-to—bulk optical
transitions and the Drude part from the Fermi arc surface
states.

Using the Kubo-Greenwood formalism, we have cal-
culated the optical (AC) conductivity for our WSM slab
setup with a surface disorder of ¢ = 0.1 for light po-
larized along the arc (x—axis) and in the perpendicular
direction (y—axis). The scattering in our model is ap-
proximately viewed as ImX(w) = &y + d1w? at low fre-
quencies, and naturally incorporates the smearing of the
Drude contribution. Our obtained optical conductivity
for the x—polarized light exhibits a response characteristic
of the bulk WSM in accord with the recent studies??48.
However, the y—polarized light allows the contribution
from the surface states and results in a classical metallic
behavior. We illustrate these consequences on Figure 7
which shows the calculated optical reflectivity for both x
and y—polarizations. Thus, a single straight arc acts as
an ideal polarizer for reflected light (for frequencies above
phonons), an interesting effect with possible applications
in optics.

IV. 1IV. RESULTS FOR REAL MATERIALS:
TAAS WEYL SEMIMETAL

Physical insight gained from our simulations on mod-
els are now discussed in the context of real materials that
have been discovered in the past few years to show WSM
behavior. This broad class of solids includes systems such
as TaAs®720 NbP?! TaP®2, NbAs®3, as well as so called
type-II WSMs such as MoTey%*, MoPy, WP5°, WTey%,
and LaAlGe®”. Despite sharing many common proper-
ties, such as a chiral anomaly induced negative magne-
toresistance effect®®, their detailed topological properties
are very different. LaAlGe has 40 Weyl nodes and TaAs
has 24 nodes while TalrTes%? shows only 4, the mini-

mal number allowed in an inversion symmetry breaking
system. In addition, some WSMs such as TaAs® and
NbAs®® show very short and curved Fermi arcs, while
HgTeclass of WSM shows large circular Fermi arcs®? and
WSMs such as TagS6t, TalrTes%° and Mo, W _,Tey52
show very long and straight Fermi arcs. A large diver-
sity here offers a unique platform to develop topological
electronic devices®?, and the guiding principles how the
arc geometry affects its transport properties can be very
useful in real world scenarios.

Recently, several approaches have been proposed to
engineer the shape and length of the Fermi arcs by in-
troducing appropriate doping®?. While bulk doping may
lead to more significant contributions from arc—to-bulk
scattering and the multiplicity of arcs would necessar-
ily assume inter—arc scattering of the electrons, project-
ing the surface states onto certain crystallographic direc-
tions or manipulating the arcs spin structures by varying
strength of spin—orbit coupling using substitutions®* are
possible ways to suppress those effects. All this makes
control of topological surface transport a promising re-
search direction.

To illustrate the robustness of the Fermi arcs to sur-
face disorder in a real material setting, we consider TaAs
as an example. We perform ab initio electronic structure
of TaAs surface in a 6 unit—cell-long slab geometry us-
ing Density Functional Theory in its Generalized Gradi-
ent Approximation. We subsequently simulate the effect
of quenched surface vacancies using self-consistent CPA
theory which we run for a range of concentrations to ex-
plore the evolution of the electronic spectral functions
(See Appendix C for complete details). TaAs is a com-
plex system and exhibits a variety of states in the vicin-
ity of the Fermi level including regular bulk Fermi states,
doped Weyl points as well as ordinary surface states and
the Fermi arcs. They all have been carefully mapped
out by recent ARPESS7 and quasiparticle interference®
experiments.

Figure 8 shows evolution of the Fermi states of the
TaAs slab structure that are projected onto the As termi-
nated surface for various concentrations of substitutional
vacancies that we impose at topmost As layer of the slab,
ranging from x=0.05 to =0.3, Figs.8(a—d). For smaller
concentrations of vacancies, x=0.05-0.1, 8(a,b), we note
well defined (horseshoe-like) Fermi arcs connecting bulk
Weyl points that we call type 1. They have been widely
discussed in recent TaAs literature”%®. Also, there are
other states (stretching along I'’X and T'Y lines) which
are composed from the bulk Fermi electrons that are pro-
jected onto the surface Brillouin Zone, as well as bow—
tie looking surface states seen at the endings of those
structures (in the vicinity of X and Y points). There
should exist another set of Fermi arcs around X and Y
points which originate from the Weyl points called type 2.
Unfortunately, there is some discrepancy in the current
literature related to the position of these arcs. Some-
times they were associated with straight lines connecting
the points 1 and 2, or with very short lines connecting
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FIG. 8: The electronic states of the TaAs slab around the
Fermi level in the presence of x = 0.05 (a), x=0.1 (b), x=0.2
(c), and x=0.3 (d) of surface vacancy concentrations at top
As layer obtained using Coherent Potential Approximation.
We note that despite the presence of surface vacancies the
Fermi arcs are more disorder tolerant than regular surface
states especially in the vicinity of Weyl points. The regular
bulk Fermi states projected on the surface Brillouin Zone also
remain largely unaffected by the surface disorder.

the only points 2 or with the bow-tie shaped structure
around points X and Y576%  Nevertheless, it is clear
that, as the disorder at the surface increases, the surface
states get broadened by the self-energy effects which is
seen for both regular surface states as well as for the arc
states. However, since the arc electrons are continuously
connected to the bulk Weyl points, the areas in the vicin-
ity of the Weyl points remains largely unaffected by the
surface disorder. This is in contrast to the regular sur-
face states which are expected to be more susceptible to
this disorder. As there is no bulk disorder in our simula-
tion, the bulk states are largely unaffected by the surface
vacancies.

Finally, we try to evaluate disorder affected conductiv-
ity of TaAs. It is a complex problem due to the appear-
ance of the variety of one—electron states in the vicinity of
the Fermi level, such as regular bulk Fermi states, surface
states and the Fermi arcs. As density functional calcu-
lations deal with free fermions in the bulk at T=0, their
volume conductivity is just infinity. For a finite sized slab
of TaAs that we consider here, we generally expect the
slab conductivity to grow proportional to the slab size
and quickly become insensitive to the amount of surface
disorder. This is confirmed by our calculation of the to-
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FIG. 9: Calculated surface conductivity for TaAs as a func-
tion of surface vacancy concentration using Kubo-Greenwood
formalism and Coherent Potential Approximation. We note
that despite the presence of surface vacancies the conductiv-
ity displays no significant dependence on the strength of the
disorder.

tal (6 unit cell) slab conductivity using Kubo Greenwood
formalism where we treat one—electron states at the sur-
face as affected by the surface disorder via addition of the
CPA deduced self-energy ¥,,,¢(w), while we force the
electrons at the bulk to acquire a constant broadening §
that simulates I, Our calculated slab conductivity
grows as 1/§ and is insensitive to the surface disorder
effects.

We next evaluate the surface conductivity of the As
terminated surface of TaAs as a function of vacancy con-
centrations which we measure by applying electric field
in the first four surface layers of this material. Figure 9
shows the result of our calculation, where it is seen to
be insensitive to the amount of surface vacancies. Al-
though, at the absence of any disorder, the surface part
of conductivity is expected to diverge, the effect of its
insensitivity at wide range of surface vacancy concentra-
tions can be interpreted as driven primarily by the dis-
order tolerant Fermi arc electrons. (Of course, when the
amount of vacancies will approach 100% resulting in slic-
ing off the topmost As layer, we would have to see the
surface conductivity to become divergent again as this
limit corresponds to a pure system with Ta terminated
surface.)

V. V. CONCLUSION

In conclusion, we have analyzed the effects of electron—
phonon scattering and quenched surface vacancies on the
surface charge transport properties via the Fermi arcs.
Our simulations on models showed that in the limit of
a straight arc and disorder free bulk, the contributions
of both scattering mechanisms to the resistivity are sig-
nificantly suppressed and the Fermi arcs can support a
near dissipationless surface current. This allows us to



bring interesting parallels between 3D topological insu-
lators and ideal Weyl semimetals: The former are non
conductors in the bulk and exhibit metallic conductivi-
ties at the surface, while the latter show a bad metallic
conductivity at the bulk but high charge conductivity at
the surface.

At the end, by calculating surface one—electron spec-
tral functions and their corresponding contributions to
the conductivity, we also demonstrated that the Fermi
arcs remain disorder tolerant in TaAs. Although it is
challenging to discuss the part of conductivity connected
to the Fermi arcs due to multiplicity of other effects, such
as thermal excitations, finite bulk disorder as well as
contributions from regular Fermi electrons, we suggest
that either thin films samples or experimental double—
tip STM design can be useful for studying surface charge
transport mechanism in real Weyl semimetals.
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VII. APPENDIX A. SEMICIRCULAR ARC
MODEL

Here we consider contributions to electron—phonon
coupling arising from scattering within a minimal model
for a single Fermi arc illustrated in Figure 10. The model
consists of a segment of a circle of radius kgre = Sarce/Oarc
which subtends an angle 6,,. and ends at a pair of the
Weyl points. For our calculations, the length of the
arc Sqrc is assumed to be constant. Hence, the angle
Ourc is related to the curvature of the arc. The parti-
cle is assumed to have the relativistic dispersion relation
ey = vpkqyr. along the arc. Hence, the velocity of the
particle has a constant magnitude vy = vr and is orien-
tated perpendicular to the arc. For the Weyl point, we
assume they are located at the ends of the arc with each

having the dispersion €}/ ” = vp|k — ky p|.

Consider electric field along the y axis which is the axis of symmetry for the arc. Recall that within the Boltzman

theory, the electron—phonon resistivity

AT
T = TN er )ity /

w/2T ))2

dw
Ia Wi
w (@) (sinh(w/2T

is expressed via the so called transport spectral function o?. F(w) as follows (we use atomic units with e = i = m, = 1)

2 _
atrF(w) - E 1}
F Fy v kjk’j’
h
where wy_y/,, are the phonon frequencies, | kejkl,’ |2
and

< EF va

Z Z Vykj — Uykrjr)|

Vi 2o ey — er)d(ewryr — €7)8(w — wie—xer)

are the absolute squares of the electron—phonon matrix elements

Z Uykj ekj F)

are the mean squares of the Fermi velocities. In the following assume the Debye approximation with wq, = vsq for
0 < ¢ < @max with the maximum wavevector gmax = wp/vs determined by the Debye frequency wp and the sound
velocity vs. Also assume that the matrix element of the electron—phonon scattering depends only on the transferred
momentum

e—ph e—ph
ijkej/ == ijl P (k - k/)

as this is the case for the deformation potential type model where

Vi) = VPP (k= ) = D(k — k)"/?
or including the Debye screening
Ve—ph _ D(k - k/)1/2
Kik'3" |k — K| + kY,
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FIG. 10: Model for computing the transport coefficient Asy
along a curved arc of length s. The path consists of a segment
of a circle of radius r = s/6. The velocity of the particle is as-
sumed to have a constant magnitude vr and to be orientated
perpendicular to the arc as illustrated (dotted red arrows).
The spin of the particle (solid green arrows) is assumed to be
tangential to the arc.

where n =1 or 2 for 2D /3D cases respectively. With these approximations we obtain

2 _ 30(wD B W) W— v e—ph 2
atrF(w) - <N(6F)’IJI2;~y> ;5( GQ)|V (q)| Pt?“(q)

where the transport phase space Py.(q) is the integral over the Brillouin Zone

Po(@) = Y (vyk — Vykia) d(ex — €p)d(exciq — €r)
k

We can include spin dependence of the matrix elements assuming, for example, that the spins are tangential to the
arc. By representing

Vefph(q) — VSpace(q)Vspin (q)

we assume that

Although this may not be the case for the straight arc with isotropic bulk Weyl points of opposite chirality, such
alignment will result in a correct limit when the arc turns into the full circle with the spin momentum locking
characteristic of a 3D TI.

Consider now three cases of intra—arc scattering, scattering within the Weyl points and arc—to-bulk scattering.
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A. Intra—arc scattering.

All integrals are taken in 2D. The area unit cell is given by A.. We first obtain

j : Ae karclare Ac Sarc
N = — = =
ter) k = er) (2m)*  wp (2m)2 vp
Z Ac . Oarc A . Barc
<N(6F)Uy> = a ’Ukyfs(ﬁk — EF) = W2]€arc Sin 5 = WSQTCJO(T)
A 1 1 A 1
2\ __ 2 _ c . o c .
<N(€F)Uy> = Ek Uky(s(ek - eF) = W”Fkarc |:20arc + 5 sinfgre | = (ZT)QUFSarci [1 + JO(Garc)}

For the transport phase space integral we obtain in polar coordinates where ¢, is the angle with respect to x

A, gsin® ?q 1

P (q,¢4) = (2m)2  kare 1_( q )2

H(Qk‘arc sin earc/2 - q)

2kare
[0(Pmax(q) — ?q)0(0q + Pmax(q)) + 0(Pmax(q) + 7 — ¢¢)0(dg + Pmax(q) — )]

where the maximum scattering angle is given by

9(17'0 .
Gmax(q) = 5 — arcsin 2]@(;@

The expression is valid for 0,,.. < 7. For the transport spectral function we obtain

2 a2 Oarc
Oz?rF(w) == AC 1 aarc 6w3 D cos (g 22)a’rcvs)
(2m)? Lvpsare [1+ jo(Oarc)] Visare won. \2 (Whare/28arcvs) + KD
1 o (23a7*cbs>
0 1 0
9TC _ arcsin —28re _ - sin(f,rc — 2 arcsin WWare )} O(wp — w)O(Sarcvsio(lare/2) — w)
28arcls 2 SarcUs

where the expression in square brackets assumes possible forms of the electron phonon matrix elements.
The resistivity behavior can be analyzed for the two regimes T' > Tpg and T < Tgg set by the Bloch Griineisen
temperature (0g. < )

TBG = min(wDa Sarcvst(aarc/2))
For the regime T > Tsq, we obtain the resistivity linear in T'
p(T > TBG) ~ )\trT

with the transport constant
oo
At :/ dwo? F(w)/w
0

Note that A (0are) ~ 02, and disappears in the limit of the straight arc.
3

For the regime T' < Tgg, the resistivity behavior is determined by the low frequency expansion of o, F(w) ~ w?.
We obtain the resistivity

p(T < Tpg) ~T*

The generalization for the angles m < 6,,. < 27 is straightforward. In particular, we give the answers for the case
of the circle with the radius kr. We obtain

A. 2q  cos® g,
om)2 kp 2
(27)% kp L (L)

2kp

P (g, ¢q) = 0(2kr — q)
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A 2 w3 D2 COSQ(E%)

2 ¢ 2 2s v

o Fw) = e O(wp — w)0(2kpvs —w

tr ( ) (27‘()2 k%vpvﬁ 17( " )2 l(wgam/zsarcvs)_'_‘%l) ( D ) ( F )
Qkpvs

Here the Bloch—Griineisen temperature is set by

TBG = min(wD, 2]4)1:‘1]8)
In the limit T > T we obtain the resistivity linear in T'
p(T > Tpag) ~ AT

Note here that the inclusion of the spin dependence set by Vpin (g) in the matrix element reduces the coupling constant
At by 2-5 times depending on a particular form of the spatial matrix element.

For the regime T' < Tgq, the resistivity behavior is determined by the low frequency expansion of o, F(w) ~ w?.
We again obtain the resistivity p(T < Tgg) ~ T*.

B. Weyl Point Scattering

All quantities are now referred to the unit cell Q. of the 3D solid. For the bulk scattering within a single Weyl

point set by the isotropic dispersion eKV P — ypk in 3D we obtain
N (er) Q. 47rk;%7
€ =
r (27)% v
(N(er)vy) =0
Q. 4w
2, _ c 2
<N(€F)Uy> - (271_)3 ?’UF]CF

Here the Fermi wave vector kr assumes a doping away from the nodal point. The transport phase space integral in
spherical coordinates with 6, measured away from z axis we obtain

P (q,0,) = (2(27:)3271'(1 cos? 0,0 (2kr — q)
For the transport spectral function a?.F(w) assume for simplicity the deformation potential electron—phonon matrix
element |V~ P"(g)|? = D2?q. The result is given by
Q. 6rD3w*
(27)? vsvpk%

a? F(w) = 0(2kpvs — w)f(wp — w)

The Bloch—Griineisen temperature is set by

Tpe = min(wp, 2kpu;)
In the limit 7' > Tpe = min(wp, 2kpv,) we obtain for the bulk resistivity per volume

67T D? . 4
p(T) = Tm[mln(WD’2kas)]
It shows the behavior linear in T
Note that if the 2kr < wp/vs (in the vicinity of the nodal point) we obtain kr independent behavior
D2U3
T) = 5247 T
p( ) U% u

In the limit 7' < min(wp, 2kFv,), the sinh is very large for w >> min(wp, 2krv,) and we obtain the T° behavior of
the resistivity

p(T) = 67T°

16D? /°° xodx
vURkE Jo  sinh®(z)

Note the resistivity grows as kr approaches the nodal point.
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C. Arc—To—Bulk Scattering.

Here we have to either assume that we measure the conductivity within a finite slab of the width N,a, or we
define the current within a thin surface layer N,a, by applying electric field only within this layer, since in the bulk
thermodynamic limit (N, — oo) the bulk conductivity will scale proportional to N, and overwhelm all surface effects.
The transport spectral function

af Flw) = Z D (v — vyie ) * Vil ?0 (exy — er)d( ey — €m)S(w — wic 1)

Ner UFy v kjk'j’

= [Q?TF(W)]WP + [atrF(W)}arc + [a?rF(w)]amHWP

includes transitions kj — k’j’ within the Weyl points projected onto the slab Brillouin Zone, [a2,. F(w)]w p, within
the arc, [, F(w)]wp, and the arc-to-WP transitions, [a?.F(w)]areeswp- Note that the normalization factor here
is proportional to the slab size

N Q. 4r
(2m)3 3

<N(€F)U%‘y> FkF + [1 + Jo(Oarc)]

A,
(2 ) UFSarc 2

where we approximate the contribution from the Weyl point by its bulk value per unit cell times the number of unit
cells in the slab given by N, We note that [a?.F(w)]wp includes the transitions j — j’ between various projections
of the same bulk state |k)y p now appeared in the surface Brillouin Zone, but they are orthogonal to each other.
This will collapse the double sum to a single sum over j which is proportional to N,. At the absence of the surface
scattering, such scaling in the numerator will be cancelled with N, appeared in the denominator and [a?.F(w)]wp
will not depend on N. The resistivity has additional prefactor of 1/(N(ep)vE,) therefore will scale as 1/N. which
simply gives the result that the conductivity of the slab is the conductivity per unit cell volume times the number
of unit cells in the slab. For the finite N, the transitions |kj)wp — |k’j)wp within the Weyl point will disappear
when kr — 0 and so will the arc-to—-WP transitions. Therefore the resistivity will be determined by the intra—arc
scattering alone. This result will hold as long as IV, is finite.

VIII. APPENDIX B. LATTICE MODELS FOR
WEYL SEMIMETAL AND TOPOLOGICAL
INSULATOR

chirality of the Weyl node is the product m;m,m,. Usu-
ally, isotropic case is discussed, where m, = m, = m,
the electron spin along the arc must change its orienta-
tion (at least once) while traversing between the Weyl
nodes of opposite chirality ( see Figure 11a). However,
our minimal model assumes a more general anisotropic
case where spin retains the same orientation along the
entire length of the arc (see Figure 11b).

The following minimal four-band model is used to sim-
(4) ulate a 3D Topological insulator on a simple cubic lattice
with nearest—neighbor hopping*?

We consider the following minimal two—band 3D Weyl
semimetal model on a simple cubic lattice*!

Hweyi (k) = 2t5(cos(kgaz) — cos(koas))
+ m(2 — cos(kyay) — cos(k.a;))o,
+ 2t, sin(kyay, )6y + 2t, sin(k.a,)6 .,

The model breaks time reverse symmetry and contains

two Weyl nodes of opposite chirality at k = (+kw, 0, 0).
For all of our calculations we again set the lattice con-
stants to unity, a; = 1, and use the parameters m = 0.1,

= —0.05, t, = t. = 0.05, and kw = w/4. To simu-
late the Fermi arc surface states we use a cubic lattice
which is infinite along xy—axis but which has N = 41
layers along the z—axis. The Fermi arc is the straight
line which connects the two Weyl nodes at ky = +m/4
in momentum space.

In the vicinity of a Weyl point the Hamiltonian can be
written in a general form%”

Z Ma|ValkaCa, (5)

ac{z,y,z}

HWeyl =

where m,, is either positive or negative unity, v, is the
velocity of the particle along the respective axis, and the

Hrik)=A Z sin(k;a;) oy
1=x,Y,2
+]a-4B| Y sin? ka5 (o)
1=x,Y,2 2 7

where the Dirac matrices are given in terms of the Pauli
matrix via the relations,

o =0, ®0;,3 =0, 0.

For all of our simulations we set the lattice constants to
unity, a; = 1 and use the parameters A = B = A =
0.1. To simulate surface states, we use a cubic lattice
which is infinite along the zy—axis but which has N = 40
sites along the z—axis with two spins per each site. The
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FIG. 11: The velocity (red arrows) and spin (green arrows)
distribution for the surface states of two different WSM states
which have a Fermi energy slightly above the Weyl points.
In the case of WSM (a), the Weyl points (blue circles) have
different values for m, and m, in the Weyl Hamiltonian, Eq.5.
Since the Fermi arc (purple lines) must smoothly merge with
the Weyl points, the spin orientation of the Fermi arc near
each Weyl point must approach the spin orientation at the
Weyl point. In the case of WSM (b), the Weyl points have
different values for m, and the same values for m,. In the
limit of a straight Fermi arc, the states along the entire length
of the arc can have the same spin orientation.

band structure contains a doubly degenerate 2D Dirac
cone centered at the I' point consisting of states that are
exponentially localized on opposing surfaces of the slab
structure. The bulk band structure is fully gapped.

These parameters were chosen to insure that the ve-
locity of the TI Dirac cone and the velocity of the WSM
Fermi arc are approximately equivalent. In the case of
TI, the Fermi level matches the density of states of WSM
at ep = 0.02. We explored two levels close to the Dirac
point (ep = 0.02 and er = 0.05) while in the case of
WSM the Fermi level was taken to be pinned to the Weyl
nodes (e = 0.0).

For the simulations with disorder a complex energy—
dependent self-energy is obtained by using a Coherent
Potential Approximation, a self-consistent method that
allows to determine Yo pa(w) by reducing the problem
to a single scatterer problem embedded into the effective
medium. It relies on separating the single particle Hamil-
tonian onto the hopping term T and on-site scattering
term V. For two pure systems A and B this implies the
forms

H*(A) =T* +V(A)

H*(B) =T* + V(B)
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With a given initial guess for self-energy Yo pa(w), the
local Green function of the disordered medium A;_,B,
is computed
-1
Gloc(w) =Y (w1 = T* = Scpa(w))
k

It defines the so called bath Green’s function
G7Hw) = Gpew) + Sepa(w)

containing hybridization effects of the local scatterer with
the medium. The scatterers A and B embedded into
the medium are now described by the "impurity” Green
functions

Ga/pw) =[G (w) - VA/B]_1

from which the effective scatterer of the disordered
medium is simply viewed as the weighted average

(1-2)Ga(w) +2Gpw) = [ (w) — Zcp,q(w)]71

This equation defines new self-energy Yo pa(w) at the it-
eration that is then used to compute new ¥;,.(w) and the
entire procedure is repeated until self-consistency over
Yeopa(w) (or equivalently over G(w)) is reached.

We define scattering potentials V4 and Vp in reference
to pure systems. For the problem at hand, we treat the
original slab structures of both models as a pure system
A, and the same slab structure with top layer removed
as a pure system B. This can be achieved by adding a
very large potential to each surface atom that effectively
un-hybridizes the top layer from the rest of the slab.
The vacancy induced self-energy Ycp4 is viewed as the
correction to the Hamiltonian of pure system A, hence
we set V4 = 0, and Vp = oo (technically, a very large
number, 10,000).

We note that despite both TI and WSM models are
chosen to resemble the same densities of states and the
Fermi velocities of their surface states, the correspond-
ing hybridization functions that are in the heart of the
CPA impurity problem display a very different behavior.
Fig. 12 shows our calculated imaginary part of the hy-
bridization functions A(w) = w — G, (w) of the surface
atoms with the bath of remaining electrons that shows a
factor of 100 difference in scales between the two models.
This primarily explains the difference in scale of the cal-
culated life times of the disorder affected states that we
report when comparing imaginary self-energies of the T1
vs WSM model in Fig. 5 of the main text.

Using the CPA obtianed self-energies, the conductiv-
ities are calculated using Kubo—Greenwood formalism.
For integrals over the Brillouin Zone, that appear in
Kubo-Greenwood calculation, we use two complemen-
tary methods, a simple k—point summation and a tetrahe-
dron method. For simple k—sums, we found that we need
to use enormous numbers of grid points, up to 4000x4000,
to reach complete convergency of the calculated conduc-
tivities. We also developed a tetrahedron method for
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FIG. 12: The surface state hybridization functions
—ImA(w)/m for the TI (blue) and WSM (red) tight-binding
models that show large difference in scales (left vs right axis).

integrating products of two Green functions exhibiting
two poles in a complex plane. The method has been
previously used in its simplified version®%9 to calculate
transport and optical properties for strongly correlated
systems, and is now generalized for arbitrary cases of en-
ergy band degeneracies at the corners of the tetrahedron.
We found that the tetrahedron method allows us to use
much coarser grids, 120x120, in order to reproduce the
results obtained from the fully convergent k—sum inte-
gration.

IX. APPENDIX C. SIMULATION OF SURFACE
VACANCIES FOR TAAS USING COHERENT
POTENTIAL APPROXIMATION

We determine the one—electron energy states of 6 unit—
cell (24 atomic layers) slab structure using density func-
tional theory (DFT) with generalized gradient approxi-
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mation (GGA) for the exchange—correlation potential™
as implemented in the full potential linear muffin—tin or-
bital (FP-LMTO) method”. In order to perform simula-
tion of vacancies on the topmost As layer, we implement
a coherent potential approximation, a self—consistent dy-
namical mean field approach that allows to extract disor-
der induced self-energies cpa(w) from the FP-LMTO
calculation.

Our implementation of the CPA equations is based on
their combination with Density Functional Theory using
a projector operator technique similar to as strongly cor-
related materials are studied using a combination of DF'T
and dynamical mean field theory (DMFT) methods™. To
set up the DFT+CPA method, we define a site 7 depen-
dent projector operator

Z ‘¢a7><¢ﬁ‘r|

apB

with help of radial solutions |¢,) of the one—electron
Schroedinger equation taken with a spherically symmet-
ric part of the full potential. The disorder induced dy-
namical self-energy at site 7 is now defined with help of
the projectors

Scpa(w) =Y ¢ar)Ths(w){dsr]
aB

and used to construct local Green’s function of the lattice
- -1
To(@) = 3 [(0Kwl — H - Sepa@)®)];

k

where the matrix elements of the H + Xcpa are taken
using the LMTO basis set |xX). The self-consistent CPA
procedure is then utilized after which the surface Greens
functions (slab Green functions projected onto 4 topmost
atomic layers) are visualized on Fig. 8 of the main text.
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