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Using a three-dimensional microscopic lattice model ofarg topological insulator (T1) we study potential
impurities and vacancies in surface, subsurface, and lmgitipns. For all impurity locations we find impurity-
induced resonance states with energy proportional to tlese of the impurity strength, although the impurity
strength needed for a low-energy resonance state incredétbethe depth of the impurity. For strong impurities
and vacancies as deep as 15 layers into the material, resopaaks will appear at and around the Dirac point
in the surface energy spectrum, splitting the original Baint into two nodes located off-center. Furthermore,
we study vacancy clusters buried deep inside the bulk anazérmlenergy resonance states for both single and
multiple-site vacancies. Only fully symmetric multiplgéesvacancy clusters show resonance states expelled
from the bulk gap.

PACS numbers: 73.20.At, 73.20.Hb, 73.90.+f

I. INTRODUCTION the material! even subsurface impurities might significantly
affect the LDOS measured on the surface. In the opposite
njimit, the properties of deep subsurface impurities ouglite
closely connected to those of bulk impurities. Both ponti
impuritied® and finite sized holé8 in the bulk of a 3D TI
have previously been treated within a continuum theory fo-
sing on in-gap bound states. In the case of a finite sized
ole, it constitutes an interior surface and will thus neees
ily host a surface state in a Tl. As the hole radius shrinies, th
surface state is transformed into bound states, which are ex
pelled towards the bulk bands due to the finite hole size. This
is in striking contrast to surface single-site vacanciesctvh
produce impurity-bound states at the Dirac point.

Topological insulators (Tls) are a new class of quantu
matter, where strong spin-orbit coupling results in a bulk e
ergy gap but gapless metallic surface statem strong Tls,
a topological invariant associated with the bulk band struc
ture guarantees the existence of a single (or odd numbe
surface state with characteristic linear Dirac energy atisp
sion, where the electron spin is locked to the momentum.
The surface state is topologically protected against ang-i
reversal invariant perturbations. This is intimately cected
with the absence of backscattering for nonmagnetic impu
rities, since a spin-flip is required for 18Mackscattering.
The lack of backscattering was established theoreticallly e In this article we present a comprehensive microscopic

on within a two-dimensional (2D) continuum model for the s,dy of impurities positioned all the way from the surface
surface state® and later also confirmed in experimefits. 5 the pulk. In particular, we address the influence of sub-
The same 2D surface continuum model finds that, while &yrface impurities on the surface LDOS, how bulk impurities
local impurity-induced resonance state exists for a p@ent penave on a microscopic scale, and we show how the behavior
impurity, its weight diminish as the energy approaches they impurities in these two opposite limits are intimatelyneo
Dirac point for unitary scatterers and the Dirac point ig lef hected. More specifically we find that: i) Subsurface impuri-
unperturbed? ties and vacancies as far as 15 layers into the materialkcreat
Surface-only models, however, ignore the finite bulk gapa non-dispersive resonance peak in the surface LDOS. Thus,
thus neglecting bulk-assisted processes. Using a miqo@sco even deep subsurface impurities will affect the low-eneegy
3D lattice model for a strong Tl we recently established &éhat gion of the surface state spectrum and be visible in STS mea-
strong impurity on the surface gives rise to a large resomancsurements. i) The resonance enefgy is always inversely
peak in the local density of states (LDOS) at and around th@roportional to the impurity strengtti. However, for the
Dirac point* Consequently, the topological protection of the resonance state to enter the low-energy region, the inypurit
Dirac point is destroyed close to the impurity and it split®i  strength needs to be stronger the deeper down the impurity is
two nodes that move off-center. Recent scanning tunnelinguried. iii) Both impurities and vacancies in the bulk produ
spectroscopy (STS) resuftson Bi,Si; have confirmed the in-gap resonance states, connecting smoothly with theveeha
existence of such strong resonance peaks at and around e of surface impurities and vacancies. These low-energy
Dirac point. Other experimental data has also shown how lostates will give rise to non-insulating bulk transport. f)lly
calized bound states at defeétand step¥' do not agree with  symmetric multiple-site vacancy clusters have no in-gap re
results from a purely 2D surface continuum model. onance peaks, in agreement with continuum res6lkow-
These recent experiments warrant a close investigation aver, any small deviation from full symmetry produces low-
impurities which might give rise to surface resonance state lying resonance peaks. Any realistic microscopically txda
In particular, since the surface state extends many lapéss i hole in a 3D Tl will therefore have a resonance peak around



E = 0, mimicking the results of a single vacancy instead of (a)
that of a finite size continuum hole.

The rest of the article is organized as follows. In Sec. Il we
introduce a general microscopic lattice model for studyiag
fects and vacancies in a strong 3D TI. In Sec. Ill A we discuss
the surface LDOS and impurity-induced resonance peaks for
surface and subsurface impurities and vacancies. In partic
lar, we focus on the dependence of the resonance energy on

layer position and impurity strength. In Sec. Il B we dissus
multiple-site bulk vacancy clusters. We conclude in Sec. IV

by summarizing our results and discussing experimental corf!G. 1: (Color online) (a) Stacking structure for the (11idtion in
sequences. the diamond lattice. 1st and 2nd A layers (filled circles) &nd 4th

B layers (crosses), 5th and 6th C layers (squares). In-planeest
neighbor distance i8 = 1. Layer separations arg3a/+/8 for AA
layers andz:/+/24 for AB layers. (b) 5-site nearest neighbor cluster
with center site (black) and nearest neighbor sites (blde).11-
site nearest neighbor and in-plane next-nearest neigtlistec with
next-nearest neighbor sites (cyan). (d) 17-site nextestareighbor
cluster.

1. MODEL

We create a strong Tl by using a four barebrbital
tight-binding scheme on the diamond lattice with spin-brbi
coupling?

Hy = th;fcj —i-,chch
(i) g
43\ 1
+? Z CIS'(dij Xd?j)Cj.
((2.4))

by adding the term

(1) Himp = UZCZCZ'.

)

to the Hamiltonian in Eq. (1). Her& > 0 is the impurity
strength and the summation is over all impurity sites in the
supercell. We note that by addif,,, we break particle-hole

Herec; is the annihilation operator on sitewhere we, for
simplicity, have suppressed the spin-index. Furthermboise,
the nearest neighbor hopping,= 0 the chemical potential,
X = 0.3t the next-nearest neighbor spin-orbit coupliné@a
the cubic cell sizes the Pauli spin matrices, anif;” the two
bond vectors connecting next-nearest neighbor sitesd 5.
By further distorting the hopping amplitudet®5¢ along one
of the nearest neighbor directions not parallel to the (1l-1)

rection, this system becomes a strong TI, with a single sarfa

symmetry and thus our model, even wijth= 0, corresponds
to a rather general situation.

We solve H = Hy + Himp = X'HX, whereXT =
(cit, ciy), in the supercell using exact diagonalization. From
the eigenvalue&’} and eigenvector§, of #, the LDOS re-
solved at every sitéis calculated as

Di(E) =Y (UL D) + UK (N +)*)5(E - EY), (3)
kv

Dirac cone?® In order to access a surface we create a slab of

Eq. (1) along the (111) direction, see Fig. 1(a). We are mgainl whereN is the total number of sites and the summation is over
studying slabs with ABBCC...AABBC stacking terminations, all k-points in the supercell Brillouin zone and all eigenvalues
hereafter labeled AB termination, but will also comparesthe indexed byv. The two different terms in Eq. (3) are for spin-
results with AABBCC...AABBCC terminated slabs, labeled up and spin-down electrons, respectively. We will mainly be
AA termination, in order to generalize our results. We cteoos concerned with the layer-resolved LDOS on nearest neighbor
an energy scale such that the slope of the surface Dirac corsées to the impurity, which is the average of the site-nesol
hvp = 1 for an AB slab, which is achieved by setting= 2~ LDOS in Eqg. (3) on nearest neighbor sites in each layer. We
throughout this work. We find that for slabs with> 5 lateral ~ find that 850 x 50 supercelk-point grid gives sufficient reso-
unit cells, where each lateral cell contains six atomic faye lution, while at the same time using a Gaussian broadening of

there is only a minimal amount of cross-talk between the twor = 0.005 when calculating the LDOS.

slab surfaces, resulting in a negligible surface energy 9&p
label the different layers in the slab starting with layert f

the surface layer. Around layer 15, the remnant DOS of the

surface state is becoming negligible and also located ¢tose

the bulk gap® and we are thus approaching bulk conditions at

this depth.

In order to study the effect of potential impurities we ceeat
a rectangular-shaped surface supercell wilites along each
direction. This gives a supercell surface area/@nh2a?/2

I11. RESULTS

A. Subsurfaceimpurities

We start by studying single-site, isolated, potential imu
ties with varying impurity strengtly including the case of a
single vacancyl{ — oo), which represents the unitary scat-

where we user = 1 (the nearest neighbor distance on thetering limit. Here we study impurities located from the s
surface) as the unit of length. We add impurities to our modeéll the way down to the bulk. Figure 2 shows nearest neigh-
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two Dirac points are the termination points of the valena an

1 16 ) : conduction Dirac surface states, respectively. The loeal d
E struction of the topologically protected low-energy Disag-
o™ .. e face state spectrum, and its Dirac point, is due to surfatie-b

interaction always present in Tls with a finite bulk band gap.
The width of the resonance peak decreases as the impurity-
i i impurity distance increases with supercell sizeHowever,

the total weight of the peak approaches a constant value as
increases! corroborating the existence of a finite resonance
peak even in the limit of a fully isolated impurity. The doabl
peak structure is also less visible as the impurity-imgurit
overlap decreases and the center of the peak remains fixed.
In fact, the resonance peak is non-dispersive througheut th
whole slab for all impurity concentrations and positions.

Since the surface state penetrates relatively deep into the
material, by reciprocity argument, impurities positionied
subsurface layers might also have a profound effect on the su
face LDOS. Figures 2(b-f) show single vacancies positioned
in layer 2, 3, 4, 7, and 20 respectively. There is some oscil-
lation in the energy of the peak as function of layer position
but for all subsurface layer positiotss 15, there is still a fi-
nite sized resonance peak located at or araking 0 in the
surface LDOS. Thus, the original single Dirac point on the
surface is destroyed even for vacancies positioned deep int
the TI. We also find a single-double peak oscillation where
double peaks only appear for vacancies in every other layer,
but this layer position difference diminishes with incriegs
impurity-impurity distance. When approaching the bulk-lay
ers, the resonance peak centers firmlizat 0, and its impact
on the surface state diminishes as the distance to the surfac
increases. In Fig. 2(f), the vacancy is positioned deepiwith
the bulk, and there is a narrow, but tall, impurity resonance
peak atEy = 0, but it does not penetrate to the surface. This
result can be understood rather straightforwardly by apgly
the T-matrix formalism to an idealized, but normal, insula-
tor. In the presence of a scattering potentialthe Green'’s
functiond is determined by

G=G"+G'TGY, (4)

where GO is the bare Green’s function and tdematrix is
given by

FIG. 2: (Color online) Layer-resolved LDOS averaged oveplane

nearest neighbor sites to a vacancy (a-f) an@aa 40 impurity (g- T = (1- V@O)_lﬁ. (5)

I) positioned in layer 1, 2, 3, 4, 7, 20 (counted from the toj}ted

for each layer acrossa = 7 lateral unit cell wide slab with AB  Sjnce the poles of the Green’s function give the energy spec-
termination withasupercellsiz_e of= 10. Zero (white),O._l (bl_ack) trum for single-particle excitations, we can find the energy
states per energy and area unit. Red/Grey dashed vertiealihark 1 "t a0y impurity-induced resonance state by searching for
impurity layer, whereas horizontal dotted lines mafk= 0. poles in theT-matrix. For an atomically sharp impurity, de-
scribed by thé-function potentialz|U|z) = Ué(x), the res-

bor layer-resolved LDOS for both a vacancy (left column) andonance energy is given by

aU = 40 impurity (right column), positioned in different 1 0

layers. Starting with a surface layer vacancy (topmos}, left 7 = RelG(Bres)], (6)
there is a wide, double-peak resonance roughly centered at

the Dirac point at? = 0. As carefully analyzed in Ref. 11, as long adm[G°(E..)] is sufficiently smalt’ Using an ide-

a surface vacancy creates a resonance peak firmly situated afized insulator withk-independent valence and conductions
top of the original Dirac point, which splits into two Dirac bands separated by a band gap the bare Green’s function
points situated on either side of the resonance peak. Thes®G’(w, k) = (w—FE,/2+in) '+ (w+E,/2—in)~!, withn



infinitesimal small. Thus Eq. (6) gives,.; — 0 asV — co.

If, on the other hand, the Tl has a finite doping such that the
Fermi energyr = Ep + « = 0, whereEp is the energy of
the Dirac point andz| < E,/2 for Er to still be inside the
bulk gap, the same argument gives; = —z = Ep. That

is, the resonance will always be situated at the Dirac poin
for a unitary impurity, independent of the doping of the sys-
tem. We have confirmed this result numerically by including
a finite chemical potential in Eq. (1). The above derivat®n i
dependent on the valence and conduction bands being mirrc
symmetric with respect té'p for all k-values. While this is
true in our model Tl, it is in general not true in a real materia
However, as long as valence and conduction bands are apprc
imately mirror-symmetric infp in the part of the Brillouin
zone where the band gap is as smallest, we expect our resu
to still be qualitatively correct. If on the other hand, the e

0 0.01 0.02 0.03

ergy differencer. between conduction band and Dirac point, Layer 1
and E,, between valence band and Dirac point are different,
the resonance energy is insteBids = —» + (E. — E,)/2  FIG. 3: (Color online) (a) Impurity resonance peak positisrfunc-

which is located away from the Dirac point. THISmatrix  tion of layer position for AB surface termination (thick ¢is, x) and
calculation is also important as it shows that our resukés ar AA surface termination (thin lines;) for a vacancy {/ = o) (solid
independent of the particular lattice model. black), U = 80 (solid red),U = 30 (dashed black), ant/ = 14

_ . . o (dashed red) impurities, where the last set of results ahe dis-
The LDOS for a finitel/-impurity are very similar to those played within the bulk gag, ~ 0.6. (b) Impurity resonance peak

of a single vacancy. The main difference is that the resaanq, osition as function of the inverse impurity strengft for AB sur-
peak in general do not appear at or aroune= 0, unlessU  face termination (thick linesx) and AA surface termination (thin
is large, and thus do not destroy the low-energy features afnes, o) for impurity layer position 1 (solid black), 2 (solid red,
the Dirac surface state. There is also a clear trend that th@ashed black), 4 (dashed red), and bulk (thickest black).
deeper the impurity, the larger tihéneeded for a low-energy

resonance peak. This is clearly seen in in Figs. 2(g-l) where

aU = 40 surface impurity is seen to destroy the original neak position but it quickly dies out as the impurity positio
Dirac point, but where the same impurity in subsurface lsyer pnroaches the bulk. We have here also included results for
produces an impurity-induced resonance away fi8re- 0. 5 AA terminated surface (thin lines) alongside the AB sur-
Figure 2(I) shows how a bulkl = 40 impurity clearly pro-  face results (thick linesx). We note that the specifics of the
duces an in-gap resonance peak, associated with a statg tighjayer oscillations are somewhat surface dependent as the AA
bound to the impurity site. It was recently argued, base@enr g tace termination produces slightly different resuits, in
sults from a continuum model, that a non-magnétianction  general, both surface terminations display remarkably-sim
impurity cannot produce in-gap bound states in a3|?_)50ur lar results. In Fig. 3(b) we plot the peak position as functio
results, however, show that the closest lattice equivaiBat  of the inverse impurity strength/U. For all impurity layer
d-function, i.e. the single-site impurity, clearly prodsde-  nqsitions, including both the surface and the bulk, the peak
gap bound states. This result is true as long as the 'mpU”tMosition is proportional td /U, with E,es = k/U + m. For
strength is large enough to put the resonance peak within thgg gyrface termination, the slopds approximately constant
bulk gap. In our model system that mealiisZ 20. For  petween different impurity layer positions but the off-set
smallerU there is still a resonance state but it is located at aries for impurities close to the surface. For AA surfage te
energies above the bulk gap. mination there is also some variation of the sldpleetween

In Fig. 3 we analyze in more detail the resonance energjayer positions. However, already for impurities in layer 4
peak positionF..s, extracted from the layer-resolved LDOS the peak position is largely set by the bulk behavior (thétke
surface spectra, as function of both impurity layer posif®)  line). Thel/U-dependence for the resonance peak position
and impurity strength (b). Since the resonance peak is nonn the bulk follow directly from the sam&'-matrix argument
dispersive, the peak energy position is the same in all laygiven above and thé/U-dependence for surface impurities
ers. As clearly seen in Fig. 3(a), the resonance peak appearlaas been established using a 2D continuum model for the sur-
larger (negative) energies, i.e. farther from the low-ggpee-  face staté® However, the resonance peak was in the latter
gion, for subsurface impurity positions. Thus for an impuri case found to disappear at unitary scattering, something we
to influence the low-energy region of the surface Dirac specmost notably do not see in our microscopic lattice model. To
trum it needs to be stronger the farther it is from the surfacesummarize this section, we conclude that subsurface ad bul
It is also clear that the resonance peak move toward the lowmpurities, behave very similar to surface impurities,hnét
energy region from larger (negative) energied/amcreases. 1/U resonance peak energy dependence, although a stronger
This is equally true for both surface and subsurface pastio impurity is needed in subsurface positions in order to oleser
Apart from these trends, there is also a layer oscillatiaihén  in-gap resonances. The non-dispersiveness of the resmnanc



peak means that for any finite impurity-surface coupling, a (@)
resonance peak will also be presentin the surface energy spewn
trum. We find that resonance peak traces are clearly prese8
in the surface LDOS for impurities as far down-asl5 lay- - 0.005
ers below the surface. Moreover, both finite strength impuri 4 ]
ties and vacancies in the bulk produce low-energy resonanc
states, a result which connects smoothly with the behayior ¢ 2

impurities close to the surface. n

B. Bulk vacancy clusters

DOS
[

The E = 0 resonance peak present for a single-site bulk— 0.005
vacancy is associated with a very tightly bound state aroun |
the vacancy site. As Eq. (6) showed, the; = 0 peak is the 051 || |
same as that of a vacancy in an idealized normal insulatdr, ar |lj\ ,

is thus a very robust result. On the other hand, Shah'® re- |
cently used a continuum model to demonstrate the existenc
of bound states for a finite sized hole in a Tl. In that case the -0.5 0 05 -0.2 0 0.2
bound states are simply a manifestation of the fact that&fini E E

sized hole creates an interior surface in the TI. Holes with a

very large radiug? possess a surface state very similar to thafFIG. 4: (Color online) LDOS averaged over in-plane nearegjim
of a planar surface, although, technically, the surfade stdl ~ bor sites in layer 17 (a, b) and layer 1 (c, d) for differenttityg

have to obey periodic boundary conditions around the holgSYmmetric vacancy clusters centered at layer 17. (a, cjteSear-
As the radiusR becomes finite, the surface state turns into€St neighbor vacancy cluster with radivSa/(2v/2) (thick black),

bound states with an energy separation which gets larghr Wit5-3|te nearest neighbor cluster with 1 next-nearest neighbbsti-

. . tution (thin black), and 2 next-nearest neighbor substitist (red),
decreasingr. Finally, for small enough holes the t_)ound states; gjte single impurity (dashed). (b, d): 17-site next-esaneigh-
are expelled to the bulk bands. Most notably, this continuuny,or yacancy cluster with radius thick black), 17-site next-nearest

model donot produceE = 0 bound states for any size holes, neighbor cluster with two different 1 next-next-nearesghbor sub-
unlessR — oo. Clearly this result is at odds with our micro- stitutions (thin black and red), 11-site cluster consgptof the 4

scopic result for a single-site vacancy. To further shelltlig nearest neighbors and the 6 in-plane next-nearest nefgttashed).

on this discrepancy we have studied highly-symmetric bulkSmall finite gap af? = 0 in the surface state is due to the finite width
vacancy clusters, invo|ving as many as 17 sites, in order t@f the slab ¢ = 6). Surface termination is AB and the supercell size
increase the effective radius of our microscopically adat 'S7 = 10.

hole. Figure 4(a) shows the LDOS on nearest neighbor sites

to both a single-site vacancy (dashed line) and three difiter

5-site vacancy clusters. The diamond lattice has four near-

est neighbors situated at the corners of a tetrahedron-a diaroundE = 0.4 (thick line). However, distorting this 17-
tanceyv/3a/+/8 ~ 0.6a from the center site, see Fig. 1(b). For site cluster by exchanging only one next-nearest neigtdror f
such a 5-site nearest neighbor vacancy cluster, the resenana next-next-nearest neighbor again produces peaks in thie ve
peak move up close to the bulk band gaprate 0.6 (thick  low-energy part of the spectrum (black and red/grey lines).
line). However, if we replace one of the nearest neighbordVe thus find that fully-symmetric vacancy clusters invotyin
with a next-nearest neighbor, the impurity-bound stat@+ea all nearest and next-nearest neighbor sites expels theitypu
pears close t& = 0 (black line). Further distortion by replac- bound states to high energies, in accordance with earlier co
ing two nearest neighbors with next-nearest neighbordesea tinuum model results. Also, when increasing the radius from
a resonance state & = 0 (red/grey line), the same result 0.6a for the nearest neighbor clusterddor the next-nearest
as for the single-site vacancy. We see in Fig. 4(c) how thesaeighbor cluster, the resonance peak moves to slightlyrlowe
peaks also show up as extremely small impurity resonances energies, in agreement with the continuum results. However
the surface LDOS at the same energies when these vacancesen the smallest possible distortion of either of these two
are centered around layer 17. In Fig. 4(b, d) we show the samausters produces results more resembling those of a single
result for even larger vacancy clusters. The diamond (1113ite vacancy, where the resonance peak sits firmly at 0.
slab has six in-plane next-nearest neighbors and an adalitio Thus, despite the topological origin of the surface stata in
six next-nearest neighbors out-of-plane, situated amtista  TI, there is a surprisingly large sensitivity to small deigas
from the center site, see Figs. 1(c,d). An 11-site cluster inin the cluster shape. Since any microscopically sized hole i
cluding the four nearest neighbors and the six in-plane-nexta TI will likely have some asymmetry, we conclude that even
nearest neighbors creates a resonance aréuad0 (dashed for fairly large such holes, the continuum limit will not be
line). When including all next-nearest neighbors into &ful reached, but a resonance peak will be present at or around
symmetric 17-site cluster, the resonance peaks move up t& = 0.




IV. CONCLUDING REMARKS fact, both the bulk vacancl,.s = 0 resonance state and the
1/U bulk impurity energy dependence are independent of the
topological index and also present in a trivial band insrlat

have shown that strong potential impurities and vacances ¢ as we show by a S|mple T-matrix palcul_a.tlon. A.S a conse-
guence, these conclusions for bulk impurities are independ

ate low-lying impurity-bound resonance peaks, withigty- an the specifics of the lattice model. The low-energy reso-

dependence for the resonance peak energy for impurities _ .
any layer, including the bulk. Impurities as far as 15 Iayersnance peaks for deep subsurface and bulk impurities can have

below the surface have resonance peaks visible in the surfad prlofougdlsffect don thg COEdUCtiViti’. as tI:ley ca}n give mse t
LDOS. This is also approximately the penetration depth ef th 92P'€SS bulk conductivity, thus masking the surface trarsp

surface state into the interior of the TIl. Thus any vacancy O{Jropertles]; More(()jvEr,nl(n the presetncie Ofﬂ? f|n|tef overllap tbe-
unitary impurity, within the penetration depth of the Tl sur Ween surlface and bulk vacancy states, the surtace eisctron
can be scattered by these zero-energy resonance states. In t

face state, produces a peak in the LDOS at or very near th| it of d ; band f
Dirac point, which is subsequently destroyed and split intg' "t OF dense vacancy concentration, vacancy-band forma-

two nodes that move off-center. Recent STS Hatm non- 10N will aII(_)W edge-edge transitions, thus opening a gap in
magnetic unitary impurities in BEe; has shown sharp energy the topologically protected surface state.

resonance peaks at the Dirac point, with diverging streagth
the Fermi level approaches the Dirac point. Our results show
that the impurities do not necessarily have to be located on
the surface, but also subsurface impurities can generate su )
surface resonance peaks. The experimental presencemgstro We are grateful to R. Biswas, Z. Hasan, D.-H. Lee,
resonance states at the Dirac point confirms the need for a 33- Manoharan, N. Nagaosa, A. Wray, S.-C. Zhang for dis-
model, which explicitly includes bulk states, since 2D con-Cussions. AMBS acknowledges support from the Swedish
tinuum results do not find any strong resonance peaks ne&gsearch council (VR). Work at Los Alamos was supported
the Dirac point® For surface impurities the resonance peakdy US DOE Basic Energy Sciences and in part by the Cen-
decays quickly, approximately a¢ R* with distance on the ter for Integrated Nanotechnolo_gles, op_e_rated_ by LANS, LLC
surface'! and we find a similar dependence for subsurfacdor the National Nuclear Security Administration of the U.S
impurities in the surface LDOS. This fast decay should bePepartment of Energy under contract DE-AC52-06NA25396
contrasted with a rather extended spread perpendiculbeto t and by UCOP.

surface. Experimentally, the resonance peaks were found to

decay within as little asR, which is in gualitative agreement

with our results. Such fast decay signals a quick healingef t

single Dirac point spectrum, as would be expected for a topo-

logically protected surface. The impurity-induced resurea

peaks in the surface state in a Tl are, in fact, similar to im-

purity resonances in graphéfiandd-wave high-temperature

superconductor¥, two other materials with Dirac-like low-

energy spectra. Thus, once any topological protectionsis lo

due to strong scattering, there is a strong argument for-a uni

fied local response to impurities for all “Dirac” materiafs.

This unified response corroborates the model-independence

of our numerical results, as it is only the Dirac-like sudfac

state, in combination with a finite bulk gap, that is impottan

Closely connected to the behavior of near-surface impuri-
ties are that of bulk impurities, where we filkl.s = 0 peaks
for single-site vacancies in the bulk. This result does gota
with continuum model results for finite holes in a*ITo ex-
pand on this discrepancy we have studied extended bulk va-
cancy clusters. We find that, while fully-symmetric 5- and
17-site clusters do not have any low-energy resonancestate
agreement with continuum results, any asymmetry in the clus
ters produce#,.s ~ 0 resonance peaks. Since any vacancy
cluster of microscopic origin is likely to not be fully symtae
ric, we conclude that a microscopic approach is required for
such holes. For a finite strength bulk impurity, we similarly
find contradictions with continuum model results. The/-
dependence for the resonance energy produces in-gap reso-
nances for strong impurities, in contrast to the absence-of i
gap states fof-potential impurities in continuum model3In

Using a 3D microscopic lattice model of a strong Tl we
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