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In the Comment on our publication [Phys. Rev. B 95, 180202(R) (2017)], R. A. Gordon claims that our main
conclusion is not valid, namely that gold atoms deposited in sifu on the (0001) surface of single-crystalline Bi,Se;
reside in substitutional sites, i.e., replacing bismuth atoms within the topmost quintuple layer (QL). Based on
x-ray absorption near-edge (XANES) spectra and a re-evaluation of extended x-ray absorption fine structure
(EXAFS) data above the Au Ly edge, R. A. Gordon concludes that Au resides in a twofold environment as a
result of an interface reaction leading to an Au,S-type local structure, in which gold adopts an Au(l) state and is
linearly coordinated by selenium atoms. In this Reply, we will confirm the results published in the original paper
and their interpretation that Au atoms reside in the substitutional site.
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One of the main conclusions of our study “Instability
of the topological surface state in BiySe; upon deposition
of gold” by Ref. [1] is that gold atoms deposited in situ
on the (0001) surface of single crystalline Bi,Se; reside in
substitutional sites, i.e., replacing bismuth atoms within the
topmost quintuple layer (QL).

In the Comment on our publication, an alternative model
is proposed, which suggests that Au resides in a twofold
environment as a result of an interface reaction leading to a
Au,S bulklike local structure. Here, gold is suggested to adopt
an Au(l) state and is twofold and linearly coordinated by a
single shell of selenium atoms [2]. This model is worth to be
discussed, however, we believe that the substitutional model
published in Ref. [1] fits the observed data significantly better.
In the following, we discuss the most important arguments
that lead us to this conclusion.

In general, under the given experimental conditions (ultra-
high vacuum and sample temperature 7 = 170 K) ultrathin
films grown by molecular beam epitaxy are far from ther-
modynamic equilibrium. Therefore the formation of thermo-
dynamically stable phases such as Au,S—even on a local
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length scale—cannot be expected a priori. Rather, metastable
structures may form. In the present case, such a metastable
structure is formed by the substitution of the Bi atom by metal
atoms. This “substitutional site” has frequently been observed
even in cases where the radius r of the replacing cation
(e.g., Cr, Fe, Mn, Cu) is considerably smaller (e.g., crit:
r=0.76 A, Co®": r = 0.68 A) than that of the substituted
Bi** (r = 1.17 A) and even smaller than that of the Au'*
(r = 1.29 A) or Au** (r = 0.99 A) cation [3-7]. The radii
are given for sixfold coordination [8,9].

In the Comment, it is argued—based on a qualitative com-
parison of x-ray absorption near-edge spectroscopy (XANES)
between spectra collected for the Au/Bi;Ses film, and bulk
Au,S and AuCl;—that gold is present as Au(l), rather than as
Au(Ill), which is assumed to be the formal charge state when
substituting Bi in Bi,Ses.

XANES probes the density of unoccupied states (DOS)
at the Fermi level [o(EF)], which is given by the relation
U(E) |Mf,'|2 x 0(EF), in which M; represents the tran-
sition matrix element. The conclusion, which can be drawn
from the spectra shown in the Comment, is that both Au,S
and Au/Bi,Se; exhibit a smaller “pre-edge” feature than the
reference AuCls, thus o(EF) for the AuCl; phase is larger
than for the two other phases. We think that this is not a proof
that Au is not in the Bi substitutional site. We argue that in the
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FIG. 1. Contour plot of the residuum (Ru) vs effective coordina-
tion number N; and N;}. The solid point marks the Ru for the single
shell fit, the white cross the minimum for the two shell fit. White
areas indicate values outside the interval covered by the color code.

metastable substitutional site, the unoccupied DOS at Ef is
not necessarily similar to that in a bulklike structure, which is
used as reference, i.e., in this case the “fingerprint technique”
may not work. This is especially important here, because as
a reference for the Au’" state, the bulk compound AuCls
is used, in which Au is bonded to highly electronegative Cl
atoms, which strongly attract electrons from the Au atom. By
contrast, the electronegativity of both Se and S is considerably
lower (=2.5 for Se versus 3.2 for Cl). It is questionable to
use the “fingerprint technique” in the case here, where the
compounds that are compared are so different in their ability
to attract electrons, which may significantly influence the
charge density distribution and the empty DOS. Finally, it is
not clear whether gold in the substitutional site necessarily
adopts the Au(Ill) state. For instance, multivalent Cr and
Mn are also known to substitute Bi** [3=5,7], but so far no
consensus regarding the charge state (24 or 3+) has been
found (see e.g., Refs. [6,7,10]).

One of the main arguments in the Comment is that the
single shell fit gives a better agreement with the data in terms
of the unweighted residuum (Ru) than the one obtained for
the two-shell fit derived for the substitutional model (Ru=
1.5% versus 2.3% and 4.3% in Ref. [1] for E; and E|,
respectively). The Ru value for our substitutional model is
worse, because in these fits we have fixed the effective co-
ordination numbers N and N; for the first and second shell
to the calculated values assuming complete coordination of
selenium atoms around the gold atom in the substitutional
site. Allowing these to vary drastically improves the fit to
values in the 0.7% range, which is at least a factor of two
better than that obtained for the single shell fit. This is shown
in Fig. 1. For direct comparison, we have used the same
integration limits for the Fourier transformation (FT) and the
same parameters for the peak filtering in R space as quoted
in the Comment. First of all, using the single shell model, we
can fairly well reproduce the corresponding fit results with
regard to distance R, the effective coordination number N},
the mean squared relative displacement o2, and the energy

shift AE, quoted in the Comment. In Fig. 1, the solid point
represents the Ru (=2.0) obtained for this model, i.e., for
Ny = 0. However, we find that allowing for a second shell,
i.e., Ny #0, drastically improves the fit, which drops to
Ru = 0.70.
The minimum is located near NJ &~ 1.5 as indicated by the
white cross, but a similar fit quality can also be achieved with
5 & 2.5-3.0, i.e., it adds to a total effective coordination in
the range of Ny, = 3.5 t0 5.0. In agreement with Ref. [1], dis-
tances were found to be Ry = 2.44 A and R, =2.65 A with
an error bar of AR, = 0.03 A and AR, =0.10 A. Also, the
energy shifts AEj are below 1 eV, while the magnitudes for

o2 are 0.002 and 0.015 AZ for the first and second shells,
respectively.

At this point, it appears as important to emphasize that
the dramatically improved fit quality for the two-shell model
relative to the one-shell model also holds if the goodness
of fit (GOF), i.e., the normalized x> parameter, is taken
as a measure for the fit quality. It is given by GOF =
\/1/(N — P) Y [(obs — Lcarc)*/0?] [11], where the differ-
ence between observed and calculated intensities is normal-
ized to the uncertainties expressed by the standard deviation
o and (N — P), i.e., the difference between the number of
data points N and the number of parameters P, which are
varied. We obtain GOF= 2.52 and 7.06 for the two- and
one-shell fit, respectively. Thus the fact that the two-shell fit
uses more parameters does not play any role, too large is the
improvement of the fit by using two shells.

The interpretation of the two-shell model is that gold atoms
reside in the substitutional site, while the selenium atoms relax
inward to accommodate the smaller cation [10]. The presence
of two nearby selenium shells around a substitutional gold
atom comes not unexpected: we recall that in the bulk Bi,Ses
structure, bismuth atoms in the second and fourth layer of each
QL reside in an asymmetric environment with three selenium
atoms (first and fifth layer) being closer (R = 2.87 A) than
the three selenium atoms in the third layer (R = 3.07 A). Thus
one may expect that this asymmetry is also experienced by the
gold atoms in this site, even after some structural relaxation.

Furthermore, our model with Au in a highly symmet-
ric environment such as the quasi-octahedral substitutional
site naturally explains the polarization independence of the
EXAFS and NEXAFS amplitude as observed, while for the
linear Se-Au-Se environment proposed in the Comment a very
strong polarization dependence of the EXAFS and NEXAFS
amplitude would be observed: N* = 1.4 for £, and N* = 3.2
for Ey, i.e., the difference is more than 100%. The only way
to explain the discrepancy is to assume a spatial averaging of
the Se-Au-Se chain orientation. The model must assume that
the Se-Au-Se chains are arranged vertically and parallel to the
surface plane with the same probability. Another possibility
is a completely random orientation. But, in view of the in-
trinsic high anisotropy of the Bi,Se; structure composed of
alternating Se-Bi-Se-Bi-Se layers only parallel to the surface,
such a formation of differently oriented domains with the same
volume fraction appears as very unlikely, especially when
one recalls that the gold deposition was carried out at 170 K
substrate temperature.
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FIG. 2. The electronic structure of Bi,Se;(0001) calculated for different structure models: (a) Au in substitutional sites, (b) AuSe complexes
on the Bi,Se; surface, and (c) AuSe complexes embedded into the Bi,Se; surface.

The Comment [2] does not refer to the second major
experimental and theoretical part of the publication, namely,
the experimental photoemission spectra shown in Fig. 3 and
the theoretical spectra shown in Fig. 4 of Ref. [1]. The
experimental spectra are almost perfectly reproduced by the
calculation of the band structure, which exactly takes into
account the Au substitutional site model.

In the following, we compare the band structures calcu-
lated for (i) the structural model with Au substituting Bi [1],
(i1) the model with Se-Au-Se chains orientated randomly [2],
and (iii) the model in which the Se-Au-Se structural unit is
embedded into the surface. The last case was not discussed in
the Comment [2], but this demonstrates how sensitively the
band structure depends on the structure model. The calcula-
tions were carried out with the same methodology [12-14] as
used in Ref. [1]. The amount of Au was set to 0.05 ML. The
Se-Au-Se unit was constructed using the structural data taken
from Ref. [15]. In the model (ii), Au atoms were assumed

to occupy the hcp hollow site, while Se atoms were placed
either in the Au plane in the fcc hollow sites or outside the Au
plane. In the model (iii), the same Se-Au-Se structural unit
was embedded into the surface with Au replacing surface Se
atoms. We have carried out the randomization of the Se-Au-Se
structural unit within the surface plane using the coherent
potential approximation [14,16].

The obtained results are shown in Fig. 2. As it was reported
in our previous study [1], the presence of Au in Bi substi-
tutional sites leads to opening the band gap [see Fig. 2(a)]
in agreement with our photoemission measurements. This
can be explained by the formation of Au impurity states
of 5d character [see Fig. 3(a)], which are located at the
Fermi level and which penetrate deep into the bulk states
significantly modifying the surface electronic structure [17—
22]. There, the Dirac cone is not fully destroyed, which is
also seen in the reported photoemission spectra [1]. Assuming
the structural model with Se-Au-Se chains and carrying out
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FIG. 3. The density of states of Au atoms in Bi,Se;(0001) calculated for different structure models: (a) Au in substitutional sites, (b) AuSe
complexes on the Bi,Se; surface, and (c) AuSe complexes embedded into the Bi,Se; surface.
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the domain averaging, we find a strong modification of the
surface band structure [see Fig. 2(b)]. The Dirac cone is
completely destroyed due to the presence of Au-sp states
at the Fermi level [see Fig. 3(b)]. The related states are
shifted down in energy into the bulk states. This is not
observed in the photoemission experiment (see Fig. 3 in
Ref. [1]). Thus we can exclude the formation of Se-Au-Se

structural units on the Bi,Se;(0001) surface. Embedding of
the complexes into the surface QL neither destroys the Dirac
cone nor does it lead to an opening of the band gap [see
Fig. 2(c)], which also contradicts our experimental observa-
tion. In this case, Au sp states are located above the Fermi
level [Fig. 3(c)] and thus only marginally affect the surface
state.
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