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The two-dimensional, free-electron-like band structure of noble metal surfaces can be radically

transformed by appropriate nanostructuration. A case example is the triangular dislocation network

that characterizes the epitaxial Ag=Cuð111Þ system, which exhibits a highly featured band topology with a

full band gap above EF and a hole-pocket-like Fermi surface. Here we show that controlled doping of the

Ag=Cuð111Þ interface with Au allows one to observe a complete Lifshitz transition at 300 K; i.e., the hole

pockets fill up, the band gap entirely shifts across EF, and the Fermi surface becomes electron-pocket-like.

DOI: 10.1103/PhysRevLett.107.066803 PACS numbers: 73.20.At, 73.22.�f, 79.60.Jv

Band gaps are the essence of electronics, and gap en-
gineering the fundamental ability required to develop op-
toelectronic devices. On the contrary, gapless materials,
such as plain graphene, will have limited applicability in
electronics without efficient gapping of its band structure
[1]. In state-of-the-art devices gaps are tuned by control-
ling the stoichiometry at the atomic level, both in oxide
materials and semiconductor alloys. Nanostructuration of-
fers the possibility of extending tunable, gap-based opto-
electronic applications to metals. For example, plasmonic
bands and optical gaps can be tuned by nanostructuring
light-scattering metallic media with the appropriate sym-
metry and wavelength, thereby providing base materials
for the novel field of nanophotonics [2].

Nanoscale modulation can also be used to feature elec-
tronic states in metal surfaces, i.e., free-electron-like pa-
rabolas can be transformed into strongly structured, gapped
bands by nanopatterning, as demonstrated for noble metal,
(111)-oriented surfaces [3–7]. Superlattice gaps have in
fact been found at EF in Ag(111), Cu(111), and Au(111)
surfaces when these are periodically textured with molecu-
lar nanopores [3], adatoms [4], dislocations [5], or steps
[6,7]. The triangular dislocation network observed in
Ag=Cuð111Þ is a particularly attractive case. The threefold
symmetry of the array lifts completely the degeneracy at
the �K symmetry point, giving rise to a superlattice band
gap that extends over the entire Brillouin zone [5,8,9].
Although electron scattering and transport properties in
such noble metal dislocation networks have not been in-
vestigated yet, the discovery of this novel band structure,
and, in particular, the presence of gaps, has prompted the
concept of surface state nanoelectronics [8], in analogy to
nano-optics and plasmonics.

In this Letter we demonstrate that the semiconductorlike
band structure of the Ag=Cuð111Þ dislocation network can
be efficiently tuned by interface doping. The Ag=Cuð111Þ
superlattice is characterized by a Fermi surface (FS) with

hole pockets; i.e., a small fraction of the occupied surface
band leaks above the Fermi edge at the �K symmetry point.
The addition of Au atoms at the Cu interface makes the
band structure shift down rigidly, such that the band gap
moves entirely across the Fermi energy, and the �M point
becomes barely occupied. Such radical Lifshitz transition,
where a hole-pocket-like Fermi surface of Ag=Cuð111Þ
turns electron-pocket-like, is shown in Fig. 1. Moreover,
during this transition the surface electron lifetime is pre-
served, in contrast to surface doping with alkali metals,
which significantly increases inelastic scattering [8]. This
difference is likely connected to the formation of a homo-
geneous Au-Cu alloy at the substrate, leaving the surface
free of scattering centers.
Angle resolved photoemission spectroscopy (ARPES)

experiments were carried out using the He I line
(21.2 eV) of a gas discharge lamp as the photon source,
and a SPECS Phoibos 150 electron analyzer, with energy
and angular resolution of�40 meV and 0.1�, respectively.
Scanning tunneling microscopy (STM) measurements
have been performed in a different Omicron setup. All
ARPES and STM measurements have been taken at
300 K. The Cu(111) substrate temperature was kept at
300 K during Au evaporation, and then annealed to
650 K for 1 min. The Ag film was evaporated onto the
Au-covered Cu(111) substrate at 300 K and postannealed
to 500 K. Interestingly, the reverse sequence of deposition,
i.e., Ag followed by Au, lead to analogous results, suggest-
ing that Au atoms diffuse across the Ag overlayer
and incorporate into the Cu(111) surface. As sketched in
Fig. 2(a), ARPES measurements were performed on spots
of different coverage by using a light beam with�0:5 mm
diameter. The influence of interface doping on the band
structure of the surface state was studied by taking mea-
surements along the Au wedge (� 0:2 to �1:0 ML). The
Ag wedge (0.7 to 1.2 ML) allowed for the accurate deter-
mination of a Ag coverage of 1 ML [arrow 2 in Fig. 2(a)].
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Figure 1 shows the deep transformation of the free-
electron-like Cu(111) surface state and its ringlike FS
(see, for example, [10]) in the presence of the 2D triangular
dislocation network. For the nondoped Ag=Cuð111Þ sys-
tem the network periodicity (2.4 nm, [5]) allows nesting of
the FS ring at �M. A gap is observed at �M in Fig. 1(a),
extending over a large portion of the Brillouin zone edge,
and giving rise to quasiparabolic hole pockets at �K. The
hole pocket radius (kF ¼ 0:22 nm�1) and its effective

mass (m� ¼ 0:24me) are determined from the �K band
dispersion in Fig. 1(b). For a Au-doping level of 0.4 ML the
surface state band minimum shifts �50 meV down to
�241 meV [Fig. 1(d)]. The upper edge of the �M gap for
the undoped Ag=Cuð111Þ lies 45 meV above the Fermi
level [5,8,9], such that Au doping moves this upper edge
barely below EF (see also Fig. 2). As a result, hole pockets
at �K [Fig. 1(a)] become electron pockets at �M [Fig. 1(c)].
The latter exhibit a clear asymmetry, namely, a low effec-

tive mass in the �M direction (m� � 0:03me) and a heavy
mass in the MK direction (m� � 0:58me). As we shall see
in Fig. 4, the exotic topology of the Ag=Cuð111Þ 2D band
structure derives from the shape of the nanoscale disloca-
tion network potential.

A straightforward comparison of Figs. 1(a)–1(d)
suggests that Au doping keeps the basic band structure
features of the Ag=Cuð111Þ system, in particular, the su-
perlattice band gap. This is expected from the structural

properties of the Au-doped system, shown in the STM
image of Fig. 3, which do not alter the triangular network
in the Ag overlayer. Figures 2(b) and 2(c) depict the
surface band shift as a function of Au doping for both
the Cu(111) and the Ag=Cuð111Þ surfaces. Figure 2(b)
corresponds to a series of ARPES spectra along line 1 on
the Au=Cuð111Þ wedge sketched in Fig. 2(a). The data
points represent the band minima after fitting the corre-
sponding energy-distribution curve (EDC). For a Au dop-
ing up to 0.3 ML, the surface state moves quickly down,
saturating at a higher Au coverage. This suggests that Au
alloying is restricted to the surface up to 0.3 ML, and then
diffusion inside the bulk takes place at higher Au doses.
The scan across the Au wedge has been repeated for 1 ML
Ag [arrow 2 in Fig. 2(a)]. The corresponding data points
are shown in Fig. 2(c). Compared to Fig. 2(b), the surface
band minimum shifts down at a lower rate. The shift is
similar to the one induced by K adsorption on the
Ag=Cuð111Þ surface [8]. However, interface Au doping is
much better than K surface doping regarding the inelastic
scattering lifetime. For 0.4 ML Au we determine only a
slight increase of the half width at half maximum
(HWHM) of 6 meV (17%) [lower panel in Fig. 2(d)],

FIG. 2 (color online). (a) Schematic representation of the
Au=Ag wedge used in this work. (b),(c) Fits of the energy-
distribution curves (EDC) at band minima across the
Au=Cuð111Þ wedge for 0 ML (arrow 1) and 1 ML Ag (arrow 2).
The inset in (b) shows EDCs at the band minima for Cu(111)
[dark gray (blue)] and 0.4 ML Au=Cuð111Þ [light gray (red)],
whereas the inset in (c) shows the same for 1 ML Ag=Cuð111Þ
[light gray (red)] and 1 MLAg=0:4MLAu=Cuð111Þ [dark gray
(blue)]. Surface states shift in the Au-doped interfaces, although
the linewidth does not significantly change, as shown in the
lower panel of (d). Top panel: upper and lower edges of the �M
gap as a function of Au doping, after EDC fitting. The arrows
indicate the �M edges for the undoped system at different tem-
peratures.
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FIG. 1 (color online). Fermi surface map of (a) 1 ML
Ag=Cuð111Þ that significantly changes after doping with
(c) �0:4 ML of Au. Data are taken at room temperature with
angle resolved photoemission. The dotted lines mark the zone
boundary edges and the solid lines define hole and electron pockets
at �K and �M, respectively. The corresponding surface bands are
shown along (b) �K and (d) �M symmetry directions. All images
show the second derivative of the photoemission intensity.
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whereas HWHM of the surface peak increases by 300% for
0.2 ML of K [8].

Figures 3(a) and 3(b), respectively, show STM images
taken at Cu(111) and Ag=Cuð111Þ surfaces, both previously
exposed to the 0.5MLAu evaporation and annealing process.
The Au-covered Cu(111) substrate reveals a quasihexagonal,
�4 nm moiré pattern, which suggests the presence of a
homogeneous Au-Cu alloy restricted to the surface plane
[11]. On top of this alloyed substrate, the Ag monolayer
presents an hexagonal network of triangular dislocations
with a periodicity of �2:5 nm. This value agrees, within
error limits, with the one obtained by low energy electron

diffraction and ARPES [from the �M distance in Fig. 1(d)],
and it is coincident with the periodicity measured for the
undoped system. Thus, the same substrate atom removal
mechanisms claimed to originate the triangular dislocations
in Ag=Cuð111Þ appear to apply also at the interface doped
with Au [12], which therefore alloys with Cu without effec-
tively affecting its lattice constant.

The top panel of Fig. 2(d) shows the position of the
upper and the lower band gap edges at �M as a function of
Au doping. Data are obtained from individual fits to EDC
spectra at �M (1:47 nm�1), using two Lorentzian lines for
the lower and the upper band edges, respectively, and a
Fermi edge. The gap width at �M (80� 10 meV) is nearly
independent of Au doping. Moreover, both the lower and
upper edges of the gap shift down at almost the same rate as
the band minimum in Fig. 1(c), further proving that
Ag=Cuð111Þ bands shift rigidly. We conclude that Au
doping only changes the substrate crystal potential that
defines the surface state energy, but not the triangular
superlattice potential that opens the gap.

In order to explore the band topology of the
Ag=Au=Cuð111Þ system in more detail, we have per-
formed a Lorentzian line fit analysis to EDC spectra along

the �MK� direction for 0.4 ML Au doping. The result is
shown as data points in Fig. 4(a). Because of thermal
occupation, bands within �2kBT above EF can be probed
in ARPES, i.e., up to about þ50 meV. This allows us to

reliably define the gap edges along the MK region. The
solid red lines are a single fit to the data using a plane wave
(PW) calculation to solve the Schrödinger equation:

�
r2 þ k2 � 2m�

@
2
V

�
� ¼ 0; (1)

with the 2D surface potential V shown in Fig. 4(b). V is
divided into three different regions, which correspond to
Ag atoms on fcc and hcp sites of the fcc Cu(111) crystal
(fcc1 and fcc2, respectively), and Ag on the Cu hcp-packed
triangles (hcp) [12]. The PW fit uses the measured effective
mass of Ag(111) (m� ¼ 0:41me) and two fitting parame-
ters, namely, the potential energy within hcp triangular
dislocations (Vb ¼ Vhcp � Vfcc1) and at fcc2 sites (Vc ¼
Vfcc2 � Vfcc1). The latter is justified from the potential step
found between hcp-like and fcc-like packing, which gives
rise to different contrast in STM images of dislocation
patterns on (111) surfaces [13–15]. We obtain Vb ¼
0:65 eV and Vc ¼ 0:3 eV. The triangular step barrier is
the same found for the undoped system [8], although Vfcc2

is much larger than the fcc-hcp surface state offset
(30 meV) observed in Au(111) [13].

FIG. 3 (color online). (a) STM image of Cu(111) for a cover-
age of 0.5 ML of Au showing a quasihexagonal moiré pattern
(�0:05 V; 3:2 nA). (b) The subsequent deposition of 1 ML of
Ag results in the formation of a triangular dislocation
network that is also observed for undoped Ag=Cuð111Þ
(�1:00 V; 1:0 nA).
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FIG. 4 (color online). (a) Surface band dispersion of
1 MLAg=0:4 MLAu=Cuð111Þ along the �MK� direction.
Data are obtained from fits to individual EDC spectra. The solid
lines represent the band structure derived from a model calcu-
lation using the surface potential shown in (b). The dotted lines
are the theory fit to data of the undoped Ag=Cuð111Þ network
making Vfcc2 ¼ 0 eV [9]. (c) Local density of states (blue is
high, red is low, in correspondence with the color bar) at the
lower �M (�80 meV) and �K (�30 meV) and the upper �M (þ
2 meV) and �K (þ16 meV) edges, as determined using the BEM
approach and the surface potential in (b).
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The photoemission data in Fig. 4(a) indicate that the gap
of the Au-doped Ag=Cuð111Þ superlattice is indirect, with
the lower edge at �K in the first band (�30 meV in both
data and fit), and the upper edge at �M in the second band
(�2 meV in the data and þ2 meV in the band fit).
Interestingly, if Vc is made equal to zero in the PW calcu-
lation, the �K point of the second band falls slightly below
the �M point, making the gap direct at �K. This is shown by
the dotted lines in Fig. 4(a). These lines correspond to the
calculated band structure proposed for the undoped
Ag=Cuð111Þ network in Ref. [8]. The data in Fig. 4(a)
prove that the Vfcc2 discontinuity is required in Eq. (1)
for a good fit, and in turn explains why electron pockets
shift to �M in Fig. 1(c).

The sensitivity of the upper �K point to the fcc2 potential
is actually expected from the real space properties of the
surface state wave function at �K, which in turn are derived
from the triangular symmetry of the surface potential [9].
To gain more insight into the surface state wave function
for the particular case of the Au-doped interface, in
Fig. 4(c) we show local density of states (LDOS) maps at
different energies. They have been calculated from the 2D
potential of Fig. 4(b) using the boundary element method
(BEM), which can be directly taken from a scalar 2D
electromagnetic solver, as explained in Refs. [8,16]. The
energies correspond to the lower �M (�80 meV) and
�K (�30 meV) and to the upper �M (þ2 meV) and
�K (þ16 meV) points. The 2D potential of Fig. 4(b) ap-
pears superimposed. At �K, we observe changes in the
LDOS analogous to those probed with STM in the undoped
system [9], i.e., the probability density maxima shift from
the fcc1 (�30 meV) to the fcc2 (þ16 meV) sites when
crossing the gap. At �M, the orthogonality is also observed
at both sides of the gap.

The pocketlike FS of the undoped Ag=Cuð111Þ super-
lattice is analogous to the FS in epitaxial graphene [17],
which is in fact linked to many of its exotic properties. A
Lifshitz transition similar to the present one has recently
been observed in magnetic semiconductors [18], where
hole-pocket filling leads to a radical ferromagnetic-to-
superconductor transition. In Ag=Cuð111Þ the surface state
belongs to a projected bulk band gap; i.e., the supporting
system is metallic, and hence any exotic surface excitation
would be screened. We still expect a different behavior in
hole lifetimes of the present dislocation lattice with respect
to a standard noble metal surface. Intraband transitions
contribute to �80% of the hole screening near EF [19],
and hence a strongly featured Fermi surface may lead to
significant lifetime changes. In this context, the fact that
Au doping allows superlattice Fermi surface tuning with-
out introducing additional inelastic scattering appears of
obvious importance.

The search for exotic electron scattering properties
and plasmonlike surface nanoelectronic effects [8] in the
Ag=Cuð111Þ superlattice will require sophisticated

techniques, such as four-probe STM and cryogenic tem-
peratures. The size of the gap (�30 meV) closely matches
kT, attenuating fine FS features. For example, in Fig. 1(c)
electron pockets exhibit signs of thermal broadening at �K,
i.e., emission from the lower �K band edge at�30 meV. We
expect surface states to also shift to higher binding energy
as a function of temperature. In Fig. 1(d) we have marked
the �M gap edges for the undoped Ag=Cuð111Þ dislocation
network measured at different temperatures [20]. The ther-
mal shift is actually equivalent to that caused by Au
doping. Hence, both temperature and doping can be com-
bined to fine-tune hole- or electron-pocket occupation, and
hence to investigate the consequences of the Lifshitz tran-
sition in the Ag=Cuð111Þ superlattice.
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