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Topological insulators (TIs) are said to be stable agaiastmagnetic impurity scattering due to suppressed
backscattering in the Dirac surface states. We solve adattiodel of a three-dimensional Tl in the presence of
strong potential impurities and find that both the Dirac paind low-energy states are significantly modified:
low-energy impurity resonances are formed that producealt pethe density of states near the Dirac point,
which is destroyed and split into two nodes that move offteeThe impurity-induced states penetrate up to 10
layers into the bulk of the TI. These findings demonstratertimrtance of bulk states for the stability of TIs
and how they can destroy the topological protection of thigase.

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

Topological insulators (TIs) belong to a new state of mat-a lattice model but they do not discuss any intragap conse-
ter, which is insulating in the bulk but with a conducting-sur quences of impurity scattering.We find that i) Impurities
face, where a Dirac-like energy spectra lock spin and momerereate localized resonance states which appear at ever lowe
tum together into a spin-helical staté.In strong TIs there energies when the impurity strength is increased, with
are only a single (or odd number of) Dirac surface state, and,.s ~ —1/U. For weak impurities, the resonance peak and
this band topology protects the surface state against any pehe Dirac point are well separated in energy, but the impuri-
turbation that preserves time-reversal symmét®ne sim- ties nonetheless move the Dirac point due to an overall effec
ple way to test the topological stability is to probe the spective doping of the system. For strong scatterers the res@nan
tra in the presence of impurity scattering. Theoreticaliitss peak move past the location of the unperturbed Dirac point
for non-magnetic impurities using a continuum model for theand, instead, two new Dirac points emerge on both sides of
Dirac surface state have indeed shown on both absence tife resonance peak. Thus, the topologically protectedcDira
backscattering as also confirmed experimentallgnd how  surface state spectrum with a single apex, or Dirac point, is
these impurities never destroy, even locally, the low-gpner at least locally, destroyed by these strong potential sieat;
spectrum, including the Dirac poifitThis is in contrast to ii) Both the surface state and resonance peak penetrate many
magnetic impurities, which have theoretically been shown t (= 10) layers into the sample. In combination with a finite
open a gap in the surface spectréimiaken together, these bulk gap, this impurity induced cross-talk between surface
results make Tls intriguing candidates for both spintratége = and bulk causes the observed disruption of the Dirac spec-
vices and topological quantum computatfon. trum by permitting second-order bulk-assisted scattepitog

We start here with the observation that the argument foeesses. In fact, the resonance states in a Tl are similaattsst
topological protection in a Tl is based on the first-ordetsca found in both grapher&™® and d-wave high-temperature
tering amplitude having a node for 18Backscattering. As superconductor¥ two other materials with Dirac-like low-
such, this argument is only a first-order effect, effectivadt ~ energy spectra, thus making a strong argument for a unified
by the size of the bulk gap. Therefore, we ask a simple butocal response to impurities for all “Dirac” materidispnce
very reasonable question: how stable is the TI surface sta®@ny topological protection is lost.
against strong perturbations? Since a single impurityaer v Model.—For a simple, but realistic, model of a strong Tl we
cancy, can provide an energy perturbatign { eV) easily  use a tight-binding model on the diamond lattice with spin-
exceeding that of the bulk gap in a (0.3 eV), there is no  orbit coupling (SOC}
symmetry argument that prevents backscattering from eccur
ring through virtual spin-flip excitations in the bulk. Inete  H, = tzcjcj + MZCIQ‘ +4ix/a® ) cls- (dj; x d3))c;.
some recent experimental results have pointed to the impor- (i) i (i)
tance of bulk-assisted processes, both in terms of linéwidt 1)
broadenind and producing localized bound states at defects,
not agreeing with results from a surface continuummoti&l.  Herec; is the annihilation operator on sitewhere we have
In the latter case, a theoretical analysis of a step deféabes suppressed the spin-indekthe nearest neighbor hopping,
lished that finite surface gradients induce bulk interfeegfi u = 0the chemical potential = 0.3t the next nearest neigh-

In this Rapid Communication we investigate the consebor SOC,\/2a the cubic cell sizes the Pauli spin matrices,
guences of interplay and coupling between surface and bulkndd;’.2 the two bond vectors connecting next nearest neigh-
in a Tl in the presence of non-magnetic impurities. Webor sites; and;. In order to access a surface we create a slab
do this by studying strong potential impurities in a modelof Eq. (1) along the (111) direction with ABBCC ... AABBC
three-dimensional (3D) strong TI, explicitly focusing an i  stacking terminations on each side, respectively. We fiat th
tragap properties. Some earlier theoretical results exist for 2> 5 lateral unit cells there is minimal cross-talk between



the two surfaces. By further distorting the hopping amplétu

to 1.25¢ along one of the nearest neighbor directions not par-
allel to (111), this system becomes a strong TI, with a single
surface Dirac cone located at one of the M points in the sarfac
Brillouin zone® We use an energy scale such that the slope of
the surface Dirac conkvr = 1, which is achieved by setting

t = 2 throughout this work. In order to study the effect of
a local potential impurity we create a rectangular-shaped s
face supercell withn sites along each direction. This gives a
supercell surface area Qf§n2a2/2 where we use. = 1 as

the unit of length. We create an impurity on siten the sur-
face by adding the termil;,,, = Uc;rci, whereU > 0 is the
impurity strength, to the Hamiltonian in Eq. (1). We notettha
by adding Hin,p We break particle-hole symmetry and thus E
our model, even withu = 0, corresponds to a quite general

situation. We solvé! = Hy+ Hiny, in the supercell using ex- FIG. 1: (Color online) (a) Average LDOS per energy and areia un
act diagonalization. We find that® x 50 k-point grid gives ~ On nearest neighbor surface sites tpr:lo (thick red), 20 (Qash
sufficient resolution, while at the same time using a Gaussiadetted red), 40 (dotted black) impurity and vacaridy; oo (thick

; _ : .. dashed black) for. = 10. (b) LDOS far from impurity. (c) Depen-
broadening o = 0.005 when calculating the local density - . .
of states (LDOS). dence onl /U for peak position (blackd) and Dirac point, (red).

Dashed lines mark position of right-hand side subpeak téhéend
Dependence on U.\We first focus on the change in the side Dirac point, with gray shaded area indicating whereldtter
LDOS as function of impurity strengtti. Figure 1(a) shows !s present as a zero DOS point. Horizontal/vertical thirhéddines
the LDOS on the nearest neighboring surface sites to the injndicates = 0.
purity for a sequence of different valuesiéfat fixed impurity
concentration. For very weak impuritie§ (< 10) the im-
purity resonance resides inside the bulk valence band. WitRn the left-hand side of the impurity peak, such that at uni-
increasingl, the resonance peak moves to lower energiedary scattering the negative energy Dirac cone terminates i
and enters the bulk gap region where it becomes clearly vis2 point to the left of the resonance peak, whereas the posi-
ible amid the Dirac surface spectrum. Eventually, for largetive energy Dirac cone terminates in a point to the right ef th
enoughU the resonance peak moveastE = 0, where the peak. Thus for very largé/, the resonance peak is situated
Dirac point of the unperturbed system is located. With in-between the apices of the valence and conduction band Dirac
creasingl the peak does not significantly change its heightcones. In Fig. 1(c) the development of the two Dirac points
or width, although a second subpeak develops on the righvith respect tol /U is plotted in red. The shaded gray area
hand side for largé/-values. This subpeak even comes toindicates approximately the region of larlewhere the sec-
slightly dominate the original peak whéh — co. We be-  ond, left-hand side, Dirac pointis present. Beyond thisoreg
lieve the origin of the double-peak is the overlap of impu-there is no real second Dirac point, only a non-zero dip in the
rity states at large impurity concentration, when the ingur DOS. Below we will in detail analyze separately the case of
states start forming a band and the resonance peak broadétgak scattering, when the resonance peak and the Dirac point
due to overlap. Indeed, the peak-peak splitting goes doware well separated, and the case of strong scattering, \een t
when increasing:, see Fig. 2(a). The whole peak structure Peak structure is in close proximity to the Dirac point.
is non-dispersive in energy over the whole supercell and in Weak impurities.-~or a weak impurity we find that the res-
Fig. 1(c) we see that the position of the impurity resonancenance peak moves to slightly lower energies when the impu-
scales a¥i..s ~ —1/U. In a 2D continuum model for the rity concentration decreases. At the same time the righttha
surface state, the samhedependence was established but theside subpeak clearly diminishes, such that the center o§ mas
resonance peak was found to get narrower and taller witlof the peak is still approximately constant. More distisdtie
increasing impurity strength and finally disappear at uiita development of the position of the Dirac point when changing
scattering® We further find that the peak height decays with impurity strength and concentration. Not only the Diraayoi
distance approximately d§ R 3 for all values ofU, a faster  shifts to positive energies, but also the high-energy feataf
decay than found previousiThis difference could either be the DOS closes linearly to the, now shifted, Dirac point. Wit
related to the inherent 3D nature of the state or to the fatt th the overall chemical potentiglset to zero, one could imagine
we are only looking at the short distance behavior. The finitean overall shift in the Dirac point directly related tt/n?, as
resonance peak at low energies for strong scattering rtises there aren? surface sites antl acts as a local doping source.
guestion of stability of the Dirac point. Figure 1(b) sholwet Now, this argumentis too simplistic since it does not e keta
LDOS at surface sites far from the impurity and we see thainto account any of the sub-surface sites, nor how the effec-
with increasing scattering strength, the apex of the Dipgcs  tive dopingU spreads over the surface. Despite this, we still
trum, i.e. the Dirac point, moves to positive energies afmd th see a shift of the Dirac point to positive energies which is ap
the resonance peak never moves past this point. However, fproximately linear inU. Moreover, forU = 14 the Dirac
largeU we also see the development ofecondDirac point  point position is roughly proportional ta—'->, whereas for
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U = 40 the concentration dependence has weakenedtd.  system size. The gap region covers what would have been a
We therefore attribute the shift of the Dirac point to pasiti  finite DOS due to both the resonance peak and the Dirac sur-
energies to an effective and uniform surface doping by the imface spectrum. We have carefully checked that such a finite
purities, which, in the limit of an isolated impurity disaggrs.  cross-talk gap does not change neither resonance peaktweigh
Strong impurities.-Now, let us concentrate on the strong nor the high-energy spectrum features. We also note that wit
scattering regime, where the resonance peak and the Diratecreasing impurity concentration the high-energy spectr
point can no longer be thought of as separate entities. Ibecomes smoother. In the lowest concentration sample, the
Fig. 2 we plot the LDOS for a vacancy/( — oo) at dif-  high-energy Dirac spectrum has become smooth enough to
ferent impurity concentrations. We see directly in Fig.)2(a distinguish a clear kink at around = +0.3. Below this
that for decreasing impurity concentration, the impuréga-  kink the linear spectra on each side closes at the two Dirac
nance becomes significantly sharper, the impurity peak-pegpoints at the base of the resonance peak. However, above the
splitting diminishes, and the prominent dip inbetweenth@ t kink, both the positive and negative linear Dirac spectra in
peaks, at arountl = 0.5, disappears. The inset further shows stead have their apices &t = 0. Moving closer to the im-
how the total number of states within the peak does not signifpurity site, the kink position does not change, but the slope
icantly change witlm and also seems to converge to a valueabove, at higher energies, starts to coincide with the dbepe
of ~ 0.4 states per unit area for low concentrations. Thus, fodow, at lower energies. Therefore, close to the impuritg th
the dilute impurity case — oo, we expect a single resonance two Dirac points at the base of the resonance peak are still
peak to be present in the low-energy spectrum, contrary to 2Ehe only defining parameters for the whole energy spectrum
surface state continuum model res(itle attribute this dif-  of the surface band. This is true for any impurity concentra-
ference to the 3D dimensionality of the problem. In Fig. 2(b)tion, including the case of an isolated impurity. Howevar, f
from the impurity, the surface state spectrum located alove
107 kink is “healed” back to its unperturbed state, i.e. its slop
indicates closing at a single Dirac point&t= 0. We find
that the kink moves to somewhat lower energies as the im-
purity concentration decreases, such that this “healibgVa
the kink takes place at lower energies for more dilute impu-
rities. Since we are unable, at the present moment, to model
significantly larger systems than those reported in Fig.&, w
cannot say anything definitive about the low-energy spettru
far away from a single isolated impurity. This will depend on
the kink position as the impurity concentration decreases.
would be reasonable to expect that the kink eventually resach
down towardsZ = 0 for an isolated impurity, thus leaving lit-
FIG. 2: (Color online) (a) Average LDOS per energy and areif un tle, if any, trace of the impurity resonance and its doubleDi
on nearest neighbor surface sites to a vacancy for supsizet = points very far from an isolated impurity in any part of the en
4 (thick red), 6 (dash dotted red), 10 (dotted black), and h&Kt  ergy spectrum.
dashed black). Inset shows the resonance peak weightes(gtat
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area unit) as function of supercell size(b) LDOS as far away from Bulk penetration.—_\A/e have above establishe_d tha_t a Iarge
the impurity as possible. Finite gap far = 18 is due to only 3  resonance peak resides inbetween two emerging Dirac points
lateral unit cells. for strong potential impurities. Thus, the topologicallop

tected Dirac surface state spectrum with a single Diractpoin
we plot the LDOS as far away from the impurity as the su-is, at least locally, destroyed by such strong potentiatsca
percell construction allows, in order to focus on the depelo ers. This might seem surprising as the surface state is topo-
ment of the Dirac points with impurity concentration. Theselogically protected from any perturbation that is timeeesal
Dirac points are located on both sides of the resonance peaivariant. However, often forgotten in this line of reasamis
symmetrically with respect to the center of the peak stmgctu both the finite size of the bulk gap and the fact that the sarfac
These are not only the points where the DOS reaches dowand bulk states have a finite spatial overlap in any realistic
to zero, but they are also the points where the high-energyogether these two effects open up the possibility of virtua
negative and positive Dirac cone spectra close, i.e. witere t excitations to the bulk of the TI. With spin-flips allowed et
Dirac apices associated with the slopes at higher energges abulk, virtual spin-flip bulk excitations give rise to, thehet-
located. This verifies the nature of these two points as Diraavise absent, backscattering on the surface and, thus,jibe to
points. With decreasing impurity concentrations the twi@bi  logical protection of the Dirac point is lost. Since the ¢lee
points move closer together since the resonance peak then tstatic energy for strong scatterers can easily surpasefttias
comes narrower. Thus, for very low impurity concentrationsbulk gap in real Tls, these bulk-assisted processes camigco
the apices of the negative and positive high-energy spaiitra very common, granted that there is also a sizable spatial ove
almost converge to a single point at the center of the resdap between the bulk and surface states. In Fig. 3 we plot the
nance peak. The finite gap in the lowest concentration sam-DOS on nearest neighbor sites to the impurity across all lay
ple (» = 18) is due to cross-talk between the two surfacesers of the slab for both a weak impurity (a) and a vacancy (b).
of the slab, because of computational limitations in thaltot On the opposite surface (layer 40) we see the LDOS pattern
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results for a general model of a 3D Tl show that both a finite
bulk gap and a finite and sizable penetration depth for the sur
face state (and the resonance peak) are present, togefingr gi
rise to bulk-assisted scattering. Since the argument oo+ top
logical protection for the surface state relies on supgess
180 backscattering in the case of 2D scattering, it totally ig-
nores the contributions of 3D scattering processes thatgng

1 bulk states. Therefore, there is no inherent protectidrféef
”m“ the original Dirac point from strong non-magnetic impuas;
0 20 30 40 0 20 30 40 and the resonance peak at low-energies, with the accombar_wle
layers layers two Dirac points, are simply a consequence of bulk-surface i

teraction in the system. These results show that any realist
FIG. 3: (Color online) Average LDOS on nearest neighborssitea ~ Solution of the impurity problem in TlIs has to include a re-
U = 7 impurity (@) and a vacancy (b) for = 10 plotted for each  alistic calculation of the bulk contribution, and conseqjile
layer across a 7 lateral unit cell wide slab. Zero (white}, (lack)  the argument for suppressed backscattering also needs to be
states per energy and area unit. Dotted line mafks 0. modified to include bulk-assisted scattering. We also raie t

large impurity resonance peaks close to the Fermi level are

going to be sensitive to strong Coulomb interactions, which
of an unperturbed Dirac cone centered at the chemical poteian |ead to spin-polarized splitting and thus spontaneous |
tial = 0. This state slowly joins the bulk states, present afca| time-reversal symmetry breaking. However, we leave a
E ~ £0.6, when penetrating into the slab. At 10 layers depthdetailed analysis of interaction effects for future work.
the remnant DOS from the surface state is less than 0.002 and
also only located at energies close to the bulk gap. On the Note added.-After the completion of this work scanning
surface with the impurity (layer 1) we see how the resonanceunneling spectroscopy (STS) results on non-magnetic impu
peak significantly modifies the spectrum. A weak impurityrities in Bi,Se; appeared, confirming the existence of strong
markedly enhance the LDOS around its resonance peak, hefésonance states at the Dirac pdfht.
at £ ~ —0.4, but, to some degree, the LDOS is enhanced
over the whole energy spectrum in the surface layer. At ener- *.—Acknowledgments We are grateful to Z. Alpichsheyv,
gies far from the resonance peak, the unperturbed Dirac speR. Biswas, T. Hanaguri, D. H. Lee, A. Kapitulnik, H. Manoha-
trum is recovered in subsurface layers. However, closedo thran, T. Wehling, and S. C. Zhang for discussions. AMBS ac-
resonance peak the LDOS is enhanced even deep below tkeowledges support from the Swedish research council (VR).
impurity, with traces of the peak found somewhat deeper thaiVork at Los Alamos was supported by US DoE Basic Energy
the unperturbed surface state. For a vacancy the bulk genetrSciences and in part by the Center for Integrated Nanotech-
tion is rather similar, but with the notable difference thi@  nologies, operated by LANS, LLC, for the National Nuclear
resonance peak now sits closeHo= 0 and two new Dirac  Security Administration of the U.S. Department of Energy un
points have emerged on either side of this peak. Thus, ouwter contract DE-AC52-06NA25396.

1 M. Z. Hasan and C. L. Kane, Rev. Mod. Phgg, 3045 (2010). pitulnik, Phys. Rev. B84, 041104 (2011).

2 X.-L. Qi and S.-C. Zhang, arXiv:1008.2026 (unpublished). 11 7. Alpichshev, R. R. Biswas, A. V. Balatsky, J. G. AnalytisHl

3 L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. L&&, 106803 Chu, I. R. Fisher, and A. Kapitulnik, arXiv:1108.0022 (utypu
(2007). lished).

4 W.-C. Lee, C. Wu, D. P. Arovas, and S.-C. Zhang, Phys. Rev. B'? Q.-H. Wang, D. Wang, and F.-C. Zhang, Phys. Re81B035104
80, 245439 (2009); X. Zhou, C. Fang, W.-F. Tsai, and J. Hu, Phys. (2010).
Rev. B80, 245317 (2009); H.-M. Guo and M. Franz, Phys. Rev. 13\, M. Pereira, F. Guinea, J. M. B. Lopes dos Santos,
B 81, 041102 (2010). N. M. R. Peres, and A. H. Castro Neto, Phys. Rev. L&,

5 P. Roushan, J. Seo, C. V. Parker, Y. S. Hor, D. Hsieh, D. Qian, 036801 (2006).
A. Richardella, M. Z. Hasan, R. J. Cava, and A. Yazdani, Na-** T. O. Wehling, A. V. Balatsky, M. |. Katsnelson, A. . Lichtstein,
ture 460 (2009); T. Zhang, P. Cheng, X. Chen, J.-F. Jia, X. Ma, K. Scharnberg, and R. Wiesendanger, Phys. Re¥5,B125425
K. He, L. Wang, H. Zhang, X. Dai, Z. Fang, et al., Phys. Revt Let (2007).
103, 266803 (2009); Z. Alpichshev, J. G. Analytis, J.-H. Chu, ® M. M. Ugeda, |. Brihuega, F. Guinea, and J. M. Gémez-

I. R. Fisher, Y. L. Chen, Z. X. Shen, A. Fang, A. Kapitulnik,JBh Rodriguez, Phys. Rev. Let04, 096804 (2010).
Rev. Lett.104, 016401 (2010). 16 AV Balatsky, I. Vekhter, and J.-X. Zhu, Rev. Mod. Phy8, 373
® R. R. Biswas and A. V. Balatsky, Phys. Rev8B 233405 (2010). (2006).
7 G.-Z. Liu, W. Li, and G. Cheng, Phys. Rev.7, 205429 (2009). ’ T. 0. Wehling and A. V. Balatsky, (unpublished).
z L. Fuand C. L. Kane, Phys. Rev. LetD0, 096407 (2008). 18 M. L. Teague and H. Chu and F.-X. Xiu and L. He and K.-L. Wang

S. R. Park, W. S. Jung, C. Kim, D. J. Song, C. Kim, S. Kimura, and N. C. Yeh, arXiv:1201.5618 (unpublished).
K. D. Lee, and N. Hur, Phys. Rev. &, 041405 (2010).
0 7. Alpichshev, J. G. Analytis, J.-H. Chu, . R. Fisher, andk-

=



