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Striped-phase germanene confirmed by photoemission final-state effect
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The formation of germanene on Ag(111) has been extensively studied and confirmed. However, the nature of
the transition stage between the initial Ag,Ge alloy phase at 1/3 monolayer (ML) and the final quasifreestanding
phase germanene phase at coverage >1 ML still remains elusive. Using angle-resolved photoemission spec-
troscopy, scanning-tunneling microscopy (STM), and low-energy electron diffraction, we confirm the existence
of striped-phase (SP) germanene in the transition stage. Along the armchair direction of SP, the period of
higher-order coincidence corresponds to 1laac = 31aag11), which accommodates four stripes on the bridge
sites of the underlying Ag(111) lattice, as manifested in STM topography. On the electronic-structure side, the
splitlike surface band of Ag,Ge centered at the surface zone boundary MAgm|> evidently evolves to a steep,
V-shaped interfacial-state band, characteristic of SP germanene. Moreover, an anomalous broad Ag bulk-state
band was observed to fully develop upon formation of SP germanene. The bulk-state band originates from the
direct transition to the final-state bands of originally d character at ~22-23 eV above the Fermi level. Because
of the strong hybridization between germanene 7 and Ag d orbitals, the unoccupied Ag bulk final-state d bands
near the interface take on p, character, inducing the direct transition from the Ag bulk occupied p,-valence band,
following the selection rule for the photoemission cross section. A germanene identity of SP is thus confirmed.
Our result indicates a very important missing segment of the evolution from the initial surface alloy phase to the

final Xene layer, which is the coexistence of both in a common stripe lattice during a continuous transition.

DOI: 10.1103/PhysRevResearch.6.043190

I. INTRODUCTION

The discovery of graphene has triggered a lot of interest
in growing a monatomic layer with a honeycomb lattice, the
analogs of which belong to the family of two-dimensional
(2D) Xenes [1] such as silicene [2,3], germanene [4-7],
stanene [8,9], plumbene [10,11], borophene [12,13], bis-
muthene [14], gallenene [15], phosphorene [16], arsenene
[17], antimonene [18], selenene [19], and tellurene [20].
Among them, silicene and germanene are more graphenelike
not only because of composite elements being in the same
group, that is, group IV, but also the covalent-bond nature of
bulk silicon and germanium crystals. Such directional bond-
ing can provide more flexibility to bear tensile strain, and
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therefore a large variety of honeycomb forms are likely to
exist. On the other hand, unlike sp? trigonal-planar bonds in
graphene, silicene and germanene adopt sp? tetrahedral bonds
[21] so their growth on a substrate is more subject to the
narrow-condition window that corresponds to a special form
in a metastable state. Compared to silicene, germanene has
been more widely seen to form on several substrates such as
Ag(111) [4-7], Al(111) [22], GePt [23], MoS; [24], etc. Lin
et al. [5] deposited Ge atoms onto Ag(111) at an elevated tem-
perature of 150° C and demonstrated two different phases of
germanene forming at different coverage, namely, the striped
phase (SP) and the quasifreestanding (QP) phase at 0.74 and
1.08 monolayer (ML), through consistent results for lattice
and electronic structures determined from scanning-tunneling
microscopy (STM), low-energy electron diffraction (LEED),
and angle-resolved photoemission spectroscopy (ARPES). SP
germanene undergoes large tensile strain along the stripe di-
rection [5,7] to match the underlying Ag(111)-+/3 x +/3R30°
lattice but partially relaxes in the armchair (AC) direction to
reach a balance with the interfacial strain. Upon further Ge
deposition, SP germanene completely relaxes its tensile strain
to become QP, with a lattice constant of 3.91 A, a bit smaller
than the calculated 4.06 A for freestanding germanene. The

Published by the American Physical Society
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o band centered at the zone boundary IZQP was observed [5],
indicating less interfacial interaction with Ag(111). A list of
distinct energy band structures characterizing Ag,Ge, SP, and
QP germanene are shown in Fig. S1 of the Supplemental
Material [25]. Chen et al. [7] showed that addition of extra Pb
instead of Ge atoms to SP could not only lead to the transition,
but also evidently improved the lattice and electronic quality
of QP germanene due to the interaction with the side-by-side
Pb layer. Although SP structure is also observed in other Xene
such as borophene [26] and beryllene [27], the existence of
SP germanene has not been universally accepted. Using STM
to measure the advance of Ag step edges, Zhang et al. [28]
determined the Ag concentration when Ge was deposited onto
Ag(111) in the 380430 K temperature range and concluded
that for 1/3 ML, the substitutional Ag,Ge alloy formed a
striped phase. Up to a coverage of 0.6 ML, a disordered
hexagonal structure is obtained, which is also interpreted as
an alloy with a larger proportion of Ge atoms. They further
proposed the c(31 x ﬁ) lattice model [29] for the striped
Ag,Ge alloy, which was deduced from the measurement of
surface x-ray diffraction and backed up by density-functional
theory (DFT) calculation. Kesper et al. [4] employed low-
energy electron diffraction (LEED) and x-ray photoelectron
spectroscopy, together with x-ray photoelectron diffraction to
investigate the structural evolution of germanene on Ag(111)
and claimed that above 1/3 ML, the Ag,Ge /3 x /3R30°
surface alloy turns into a more complex superstructure of
Rec(+/3 x 17) due to a tensile strain of the uppermost layer of
the surface alloy and at 0.6 ML, a mixed phase—the transition
phase before the formation of QP germanene—takes place
as a superposition of the coexisting surface alloy and the
Rec{c(\/g x T)} reconstruction of the germanene formation.
The conclusions of the preceding studies, however, cannot
rule out the possibility that Ag,Ge surface alloy and ger-
manene intermix in the common stripe lattice; the former
diminishes and the latter grows as the coverage increases
from 1/3 to 0. 74 ML. The best way to clarify the picture is
by carefully investigating the evolution of distinct electronic
structures, especially valence bands, characterizing Ag,Ge
surface alloy and SP germanene, respectively, in this cover-
age range. In this paper, we first apply a model to simulate
the atomic arrangement of SP germanene on Ag(111), which
matches the corresponding STM-resolved honeycomb lattice
very well with the lattice constant verified by precise LEED
analysis. We then systematically investigate the electronic-
structure evolution during the transition to SP germanene.
Finally, the anomalous direct-transition band upon SP forma-
tion was measured and carefully analyzed to further confirm
the existence of SP germanene.

II. EXPERIMENTAL PROCEDURES AND CALCULATION
METHODS

A. Germanene growth

The germanene samples were prepared on a Ag(111) single
crystal, with Ge evaporated from an effusion cell kept at
965° C and with the substrate kept at 150° C. The deposition
rate is approximately 0.01-0.02 ML per minute. Here 1 ML
refers to the number density of atoms of the top Ag(111) layer.

The silver crystal was cleaned by repeated sputter-anneal
cycles and its cleanness was verified by sharp LEED diffrac-
tion spots and by direct STM imaging. Although the range
of conditions for germanene formation has not been explored
fully, a slower Ge deposition rate along with a moderately
heated substrate facilitates better germanene growth, likely
due to reduced random nucleation and enhanced Ge adatom
mobility [5].

B. STM measurement

All STM/STS scans were performed on a commercial omi-
cron low temperature scanning tunneling microscopy (RHK
SPM-1000 control system) in ultrahigh vacuum at liquid
nitrogen temperature, 77 K, and with homemade chemical-
etched tungsten tips.

C. Photoemission measurement

Core-level and valence-band photoemission spectra were
measured with a Scienta R4000 (R3000) energy analyzer
and p-polarized synchrotron radiation from the beamline
21B1-U9 (08A1-LSGM) at the National Synchrotron Radi-
ation Research Center in Taiwan. The energy and angular
resolutions were 10meV and 0.3°, and 50 meV and 0.3°,
respectively.

D. LEED simulation

Throughout all the LEED simulation results shown in this
paper, we use a lattice constant of 2.889 A [30] for the bulk
Ag(111) crystal surface. The muffin-tin internal energy was
adjusted in each simulation to produce all of the kinemati-
cally allowed spots which correspond to those observed in the
LEED images.

E. DFT calculation

The ab initio simulations were performed by the Vienna
ab initio simulation package (VASP) code [31-33] based on
density-functional theory (DFT). The exchange-correlation
functional used the Perdew-Burke-Ernzerhof (PBE) type of
generalized gradient approximation (GGA) [31].

For simulation of bulk silver electronic properties, a 24 x
24 x 24 Monkhorst-Pack k mesh and an energy cutoff 400
eV were used in the self-consistent field calculations. The
total energies are converged to within 10~* eV. To simulate
the surface-state electronic states, the 3 x 4 supercell SP ger-
manene monolayer cover at a 2 x 8, 6-ML Ag (111) slab are
considered. The size of the vacuum region used is 23 A. The
2 x 8 x 1 Monkhorst-Pack k£ mesh in the 2D Brillouin zone
and a cutoff energy of 250 eV are used in the self-consistent
field calculations. The total energies are converged the same
as bulk silver calculation. To compare with the experiment
results, we unfold the band structures of the SP/Ag (111)
supercells to the first Brillouin zone of Ag (111) unit cell by
using the BANDUP package [34,35].

III. RESULTS AND DISCUSSION

Figures 1(a)-1(h) show a series of LEED patterns, taken
at 50 eV, for the step-by-step deposition of Ge atoms onto
Ag(111) at the temperature of 150°C. Before deposition
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FIG. 1. Step-by-step time dependence of Ge deposition onto Ag(111) at 150° C for (a)—(h) LEED patterns taken at 50 eV, (i) Ge 3d core-
level spectra taken at 80 eV, and (j) the LEED intensities of QP single scattering (red) and Ag(111)-+/3 x +/3R30° spots (blue), respectively.
The electron energies employed correspond to LEED spots which are more distinguishable.

begins (¢ = 0 min), the LEED pattern of Fig. 1(a) shows
the 1 x 1 spots of Ag(111). At 20 min, the Ag(lll)-«/g X
V3R30° spots appear at the (% %) positions, indicating the
formation of Ag,Ge surface alloy [36]. At 25 min, satellitelike
spots emerge around the (10) and (% %) positions. This was
ascribed to the development of striped lattice structures of
Ag,Ge surface alloy in three rotational domains spaced at
120° from each other [37]. When deposition time surpasses
35 min, one can see the new spots developing outside of (% %).
They are single scattering spots of QP germanene. At 50 min,
all the spots related to striped structures are nearly gone and
QP-related spots remain. The corresponding Ge 3d core-level
spectra concurrently measured for the same time points are
stacked together in Fig. 1(i). The dashed rectangular frame
encloses the stage where each spin-orbit splitting peak, Ge
3d3)> and 3ds),, becomes broader to infer the coexistence of
alloy and germanene component [7]. In other words, the deal-
loying process occurs in the deposition period from 30 to 40
min, the so-called transition stage. We integrate the intensities
of QP single scattering spots as enclosed by the red circle,
and Ag(lll)-\/g x v/3R30° spot clusters at (% %) positions
as enclosed by the blue circle with increasing deposition time.
As shown in Fig. 1(j), while the former increases in a linear
manner through the transition stage enclosed by the dashed
frame, the latter decreases rapidly from 25 to 30 min and then
obviously more slowly in the transition stage from 30 to 40

min. A plausible explanation is that within this stage, striped
Ag,Ge alloy is dealloyed to SP germanene with the same
stripe lattice, which serves as the precursor for the formation
of QP. If the 50 min deposition time corresponds to 1 ML ger-
manene, then SP germanene with the surface density of 0.74
ML falls in the 35-40 min period, where LEED intensities at
the (% %) positions plateau.

Figure 2 summarizes the structural information for the
SP phase obtained from modeling and fits to LEED and
STM data. In Figs. 2(a)-2(c), an example of the LEED
data is shown side by side with a simulation based on
Ag(111) and the three aligned domains of SP. The Ag(111)-
/3 x A/3R30° model with the AC direction compressed by
6% (1lasc = 3laaga11)) fits all observed spots for both
Ag(111) and SP equally well (see Fig. S2 of the Supple-
mental Material for details [25]). Magnified examples of
the details are included in Fig. 2(c). The STM topogra-
phy image shown in Fig. 2(d) reveals the three rotational
domains of the SP germanene. Figure 2(e) illustrates the
spatial relation among the three domains of stripe orien-
tations, and defines the photoemission scanning directions,
['Magi11) and TKag111), parallel and perpendicular to the
one of the stripe domains. The atomic-resolved STM image
in the top of Fig. 2(f) shows both SP’s honeycomb atomic
structure and periodic stripes due to its mismatch with the
underlying Ag(111) surface. The brighter regions indicate
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FIG. 2. (a) Measured LEED pattern of SP germanene on Ag(111) at 60 eV. (b) Simulation of (a) based on the (31 x V3) Qag(111) UNIt
cell. (c) Magnified LEED patterns with simulation spots superimposed. (d) STM topography (Junneting = 0.78 nA, Viunneling = —0.62 V) of
large-range SP germanene on Ag(111). (e) Schematic illustration of the three domains of SP germanene and the definition of the photoemission

symmetry direction with respect to one of the stripe domains. (f) Atomic-resolved STM topography (Zunneting = 0.96 nA, Viunneling =

—0.0073

V) of the SP germanene honeycomb on Ag(111) at the top and the corresponding simulation using FK relaxation at the bottom. (g) Data from
the same STM scan shown in (f) but with a low-frequency stripe pattern subtracted. (h) Height profiles from line scans in three symmetry

directions, extracted from (g).

the stripes on the bridge sites of Ag(111) while the darker
regions between the stripes are on the hollow sites. The
origin of the topological stripes and their period can be easily
explained phenomenologically with a simple 2D Frenkel-
Kontorova (FK) relaxation of a honeycomb net of atoms on
a hexagonally periodic surface potential, with a fixed higher-
order-coincident (HOC) unit cell of (31 x +/3) Aag(111), aS
marked by the red rectangular frame. A Hooke’s law bond
energy u;j = — f(|x;—x; |-ao)? is defined by magnitude f and
equilibrium distance ag, and the threefold-sinusoidal surface
potential is the normalized sum of three plane waves at 0°
and +120°. A full row of 44 atoms is modeled, and the re-
laxation naturally converges to a simpler centered-rectangular
arrangement with its associated symmetries. Results are quite
insensitive to the values chosen so long as ag does not exceed
the average unrelaxed interatomic distance, which is easily
satisfied since this upper limit is roughly 20% longer than
that for freestanding germanene (see the Frenkel-Kontorova
model section of the Supplemental Material for details [25]).
For simplicity we chose to use the unrelaxed distance for the
illustration in the figure. The relaxation result is shown in the
bottom of Fig. 2(f). The color of the individual atom repre-
sents its final surface potential, which represents proximity to
a top site of the Ag(111) atomic lattice, and is taken as a proxy
for final height; i.e., atoms resting in the centers of hollow sites
presumably end up lower topographically than those at bridge
sites. As shown in Fig. 2(f), the result agrees with the STM
image very well, not just the lateral displacements but also the
height variation. It is important to point out that while molec-

ular dynamics with optimized force fields and first-principles
calculations can be used to quantitatively address the energies
involved, results of a simple ball-and-spring implementation
of the nearly century-old FK model closely reproduce atomic
positions from STM in all three dimensions very faithfully.
The only feature of the STM image that could not be repro-
duced by this model is the pronounced honeycomb buckling,
clearly visible in Figs. 2(g) and 2(h), where the STM image of
the SP honeycomb has had a long-period wave (4 cycles/HOC
unit cell) subtracted, making the remaining atomic buckling
more prominent. This up/down buckling pattern is coherent
across the entire 80 x 80 A STM image. According to the
three profiles extracted from three directions in Fig. 2(g), the
buckle height is about 0.08 A with the period of axc. In Fig.
S3 of the Supplemental Material [25], we adopt the x, y, z
coordinates of 12 even-numbered rows of honeycomb atoms
from the STM data, a single row from the FK relaxation
of SP germanene, and the DFT solution provided by Zhang
et al. [29] based on the honeycomblike Ag atoms in Ag,Ge
alloy for the scatter plot of y and z as a function of x. It
indicates that both theoretical approximations, FK and DFT,
result in configurations similar to the measured data except
for the buckling. It is this buckling that causes height z as
a function of x in the STM image to be less sinusoidal as
shown in Fig. S3(b). The buckling already strongly suggests
the germanene nature. It is also important to note that both
theoretical approximation models based on germanene and al-
loy give rise to the same diffraction pattern shown in Fig. 2(a)
because of the common stripe-lattice structure of (31 x V3)
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FIG. 3. Measured energy band structures of (a), (b) Ag,Ge surface alloy and (c), (d) SP germanene in two symmetry directions, I, Ag(111) =
1.256 A" and T Kagainy = 1.45 A", The red dashed lines mark the broad and diffused energy bands dispersing about the surface zone center.

aag(111y- Therefore, to gain deeper insight, measurement of the
electronic structures is indispensable.

Figure 3 shows the measured energy band dispersions of
Ag,Ge surface alloy and SP germanene on Ag(111) in two
symmetry directions, I'Mag(111) and ['Kagi11), respectively.
One can clearly see the distinct electronic structures between
the two. For the former, there are two downward surface-state
bands, S; and S,, centered at the surface zone center [", and
a splitlike surface-state band S5 centered at the surface zone
boundary Mag(i11). The three surface-state bands have been
investigated in detail previously [36-39]. For the latter, there
is a broad and diffused energy band dispersing around T'.
Centered at the surface zone boundary M, Ag(111) 18 a V-shaped
band with steep dispersion at —3 eV within the bulk Ag band
gap projected to the (111) surface. Lin ar al. [5] indicated
that this band was actually an interface-state band between
SP germanene and Ag(111) according to first-principles cal-
culation. The broad energy band around " seems pertinent to
the direct transition of bulk Ag states; however it does not
emerge for Ag,Ge surface alloy on Ag(111). Upon a close
examination, the dispersion appears asymmetric with respect
to T, especially in the T'Kag(111) direction, which should be
completely symmetric in light of the fcc bulk Brilliouin zone.

Figures 4(a)—4(d) elucidate the step-by-step evolution from
the Ag,Ge surface alloy to SP germanene by checking the
energy band structure centered at MAg(m). As shown, the
splitlike S3 band characterizing the Ag,Ge surface alloy de-
cays in intensity as the Ge coverage increases from 1/3 ML,
while the V-shaped band emerges and increases in intensity
until the full coverage for SP germanene (0.74 ML) is reached.
Figure 4(g) shows the dependence of the energy distribution
curve (EDC) at MAg(m) on Ge coverage. Peaks A, B, and C

denote the bottom of the V-shaped band for SP germanene,
the crossing point of the splitlike S3 band for the Ag,Ge
surface alloy, and the top of the Ag bulk band edge, respec-
tively. The evolution of peak intensities for A and B further
manifests the behavior depicted in Figs. 4(a)-4(d). For peak
C, the intensity gradually goes lower with the increasing Ge
coverage, indicating the covering of the Ag(111) substrate sur-
face by SP germanene. Figure 4(f) exhibits the corresponding
change of the Ge 3d core-level peak. As is evident, there
is an abrupt energy shift, ~ —0.25¢eV, from Ag,Ge to SP,
inferring a dealloying process [7]. The double-peak line shape
of each spin-orbit splitting component in the blue curve ex-
hibits the coexistence of Ag,Ge and SP, corresponding well
to the peaks B and A in Fig. 4(g). It is important to note
that a similar process also occurs for Bi atoms deposited on
Ag(111); the Ag,Bi surface alloy completing at 1/3 ML of Bi
begins dealloying to the (p x +/3) overlayer with increasing
Bi [40]. The length of the lattice vector in the Ag(112) direc-
tion (TMagi11)) is v/3aag11), exactly the same as that of SP

in the stripe direction. Bi/Ag(111)-(p x V3) finally relaxes
to a Bi(110) layer at about 1 ML, similar to SP relaxation
to QP germanene. Figures 4(d) and 4(e) show the measured
energy band structures of SP in the ['Mag111) and I'Kagai11)
directions within the bulk Ag projected band gap near the
surface zone boundaries, MAg(m) and kAg(111)~ Figures 4(h)
and 4(i) show the calculation counterparts adopting the ap-
proximate lattice ratio of 3asc = 8aag11) [5] (see Fig. S4
of the Supplemental Material [25] for the calculated energy
band structures in all symmetry directions of Ag(111)). The
match between the measurement and calculation is qualita-
tively agreeable. Comparing the V-shaped feature centered at
M ag(111) of both, the calculated one is about 0.9 eV higher,
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and is less dispersed and steep. The calculation shows that the
orbital composition of the V-shaped band at M, Ag(111) is about
50% from Ag and Ge each, reflecting the strong electronic hy-
bridization between SP germanene and Ag(111) [5]. There are
no other electronic features discovered related to the lateral
quantum confinement effect as in graphene nanoribbon [41]. It
is because unlike graphene nanoribbons, SP germanene does
not have definite lateral width except for the domain bound-
aries separating three different domains of SP germanene, as
shown in Fig. 2(d), and the substantial interaction between SP
germanene and Ag as indicated from the V-shaped interfacial-
state band can smear out the confinement effect. It is likely
that before the coverage increases to the full coverage of
0.74 ML for SP germanene, the stripe structure has been
established, but mixed with alloys and germanene in different
domains.

As mentioned in the previous paragraph, the broad and
diffusive bulklike energy band appears simultaneously with
the formation of SP germanene. However, it has no counter-
part in the calculated electronic structure of SP (see Fig. S4
of the Supplemental Material [25]). Figures 5(a)-5(e) exhibit
the measured energy band structures of clean Ag(111) in
the T'Kag(111) direction at photon energies from 23 to 27 eV.

Figures 5(f)-5(j) exhibit the corresponding measurements for
SP germanene. The EDCs at T" extracted from Figs. 5(f)-5(j)
are stacked in Fig. 5(k) for direct comparison. It is evident that
the anomalous broad band shifts away from the Fermi level
from ~ —1.5 to ~ —2.5eV with increasing photon energies,
revealing that it originates from a direct transition in k, . Note
that the faint S; surface-state band of AgGe, residue, which
does not shift in energy, serves as a contrast. However such
a direct-transition band is completely absent for Ag(111),
which only shows a sharp Ag(111) surface-state band near the
Fermi level. It is likely that SP germanene on top of Ag(111)
strongly modulates the final-state effect for direct transition.
This has been previously observed from the adsorption of
organic molecules on metal surfaces [42—44]. The peak line
shapes of all EDCs in Fig. 5(k) are very broad, whereas those
at the photon energies of 24 and 25 eV are more pronounced,
implying that direct transition from initial to final bulk Ag
states excited at these two photon energies is more efficient.
Figures 6(a)-6(c) show the calculated Ag bulk bands, E
versus k, pro_]ected to the (111) surface at k; positions of
0, 0.15, and 0.3 A! , respectively, in the I"KAg(m) direction.

The calculated Ag bulk bands along &k, are folded by %G 1
so that the direct transition between the initial and final states
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can be easily realized. The main orbital composition of each
bulk band is denoted by various colors. As one can see, to
fulfill the observed direct transitions in Fig. 5, the final-state
band has to be the unoccupied one (denoted by pink) with
dominant d character at an energy of about 22-23 eV above
the Fermi level via the simple relation E; — E; = hv. The
matrix element for the photoemission transition rate (or
intensity) can be written as My; = (Y |X - pl¥;), where A s
the vector potential and p is the momentum of the electron
state. The symmetry of the initial state y; with respect to the
photoemission-mirror plane can be even or odd. Our probing
beam is p polarized so A- p is even with respect to the
mirror plane. If the electronic state is 2D, the final-state 1/ is
considered as a plane wave for the photoelectron, which has to
be even with respect to the mirror plane. However, for a three-
dimensional electronic state undergoing the photoemission
process, the final-state ¥, is subject to the bulk crystal and
possesses the orbital character of the unoccupied final band.
For the present direct-transition case, the initial states of bulk
Ag are the s and p, type (denoted by red and blue). Normally,
the transition would go to the unoccupied band with the same
s and p, type, as is indicated by the dashed arrow in Fig. 6(a).
Such a direct transition has been widely identified from a
clean bulk Ag(111) surface [45]. When SP germanene forms
on top of Ag(111), the transition changes to the unoccupied
band with dominant d orbitals, as indicated by the solid
arrows in Figs. 6(a)-6(c). In light of the transition matrix
element, this is unfavorable unless the unoccupied final-state
band takes on substantial s and p, character. Germanene, like
graphene, consists of covalent bonding between composite
atoms. The 7 bonds that stick out of the honeycomb planes
are very likely to interact with the underlying substrate atoms,
namely, the hybridization between 7 bands of germanene
and the bulk bands of Ag. As a result of such interaction,
the wave functions of the Ag bulk states near the SP
germanene/Ag(111) interface can possess more pronounced
p. character. In order to confirm this, we calculated the density
of states (DOS) for bulk Ag projected to the (111) surface,
freestanding SP germanene, and SP germanene on Ag(111),
as shown in Figs. 6(d)-6(f), in the energy range between 21
and 25 eV above the Fermi level. For bulk Ag, in the energy
window (22-23.5 eV) enclosed by the dashed frame, one
can see the d,, orbital dominates the DOS in Fig. 6(d). This
energy window is also expressed in Figs. 6(a)-6(c) by the
dashed frame enclosing parts of the d bands denoted by pink.
In this energy window of Fig. 6(e), the p, orbital dominates
for the valence electrons of freestanding SP. Figure 6(f)
shows that the p, orbital of SP germanene is substantially
enhanced on Ag(111), inferring the hybridization between the
SP germanene 7w band and the Ag d band in the unoccupied
level. The direct transitions indicated by the solid arrows
in Figs. 6(a)-6(c) become understandable because Ag d
bands near SP germanene/Ag(111) interface convolute
with the p, orbital. It is noteworthy that the change of Ag
occupied d-band states ranging from —4 to —8 eV due to the
adsorption of organic molecules with = bonds was commonly
observed [43]. Strong hybridization can smear out 7 orbitals,
making germanene more sp’- and metal-like as revealed
by Kesper et al. [4] from their structure determination.
Figures 6(a)-6(c) illustrate how the initial energy of this

direct transition disperses upward toward the Fermi level
with increasing kj in T'Kagi11) for a photon energy of 24
eV; however, extra care needs to be taken when simulating
the measured energy dispersions in Figs. 5(f)-5(j). The
final-state effect mostly refers to the umklapp scattering with
the extra reciprocal vector imposed from the adlayer such that
];f” = l;i|| + Gs + f}adlayer [43,44]. In the present case, Gs and
éadlayer are those of the Ag(111) surface and SP germanene.
Since we only focus on the energy band structures within the
first Brillouin zone of Ag(111), GY = 0. Marchenko et al. [44]
successfully reproduced the measured anomalous band at the
surface zone center for Cgy/Cu(111) by backfolding of the Cu
bulk band edge around the zone boundary M via the Gad]ayer
of the (4 x 4) superstructure of Cgy. However, as shown in
Fig. S6 of the Supplemental Material [25], this scenario does
not apply to SP germanene/Ag(111), and SP germanene,
except for the stripe direction, is incommensurate with the
Ag(111) substrate so we only consider the umklapp effect
corresponding to the HOC period. As shown in Figs. 2(d) and
2(f), SP germanene forms as a uniform array that renders a
long-range order in the AC direction with the HOC period
1laac = 3laaguiny. The corresponding HOC reciprocal
vector is 0.078 A~!. Electronic-structure modulation induced
by the moiré-umklapp-scattering effect has often been
observed in 2D materials, which have lattice mismatches with
the underlying substrates, e.g., graphene/Ir(111) [46,47]. By
the same token, we applied such umklapp-scattering effect
in simulating the measured direct-transition bands in Fig. 5
just by offsetting the k; values, e.g., 0, 0.15, and 0.3 Al
in Figs. 6(a)-6(c), by :bléHoc| for the initial-state band
that fits the direct transition. Note that the effective HOC
period changes with the direction relative to the AC direction,
s0 a general expression for the HOC reciprocal vector is
|GHOC| = m. |aHocl = 31aAg(lll) sec 9, where 6
is the angle between the AC direction and that of HOC (see
Figs. S2 and S5 of the Supplemental Material for details [25]).
Referring to Fig. 2(e), the T'Kag111) (TMag(i11)) direction
passes the bottom domain of SP with 8 =0° (6 =90°)
and another two top domains with 8 = 60° (6 = 30°). It is
noteworthy that along the T'Ma,(111) direction, the inversion
symmetry between positive and negative k momentum is
maintained in light of the stripe orientations of the three
domains; however, such symmetry is broken in the I_'IZAg(m)
direction. Therefore, the observed lower symmetry of the
direct-transition band in ['Kagip) in Fig. 3(d) can be
understood. |Groc| = 0.078 A= corresponding to 6 = 0°
is used for the measured bulklike band in the fKAg(lll)
direction, and |GHOC| = 0.068 A~! corresponding to 6 = 30°
is used for the measured one in the I'Mag(111) direction. The
umklapp-scattering effect is applied in the bottom SP domain
(neglecting that from the top two domains for simplicity)
in the former, and in the top two SP domains (neglecting
that from the bottom domain due to being commensurate)
in the latter. The simulation results, sampling more k|
points than the three values illustrated in Figs. 6(a)-6(c), are
superimposed onto the measured direct-transition bands taken
at the photon energies of 24 and 25 eV in both symmetry
directions, as shown in Fig. 7. The match is reasonable. It
is noteworthy that as kj increases, the final-state d band
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FIG. 7. Measured energy band structures of SP germanene on Ag(111) and the simulated counterpart in the f‘I?Ag(m) direction at the
photon energy of (a) 24 and (b) 25 eV, and in the f‘MAg(m) direction at the photon energy of (c) 24 and (d) 25 eV.

separates to two branches as seen in Figs. 6(b) and 6(c),
causing the measured direct-transition band to be more
diffusively broadened. The filled and hollow circles indicate
the transitions to two different final-state branches. In short,
we have demonstrated a method to judge the intrinsic identity
as a 2D overlayer or an alloy layer by probing the final-state
effect on the bulk electronic structures of an underlying
substrate.

IV. CONCLUSION

Using a model of relaxed 2D honeycomb germanene with
a (31 x ﬁ) aag111y HOC period on a hexagonal (three-
fold sinusoidal) surface potential for the Ag(111) surface, we
reproduce the STM atomic configuration for SP germanene
on Ag(111). This lattice structure perfectly fits LEED spots
of SP germanene. From the perspective of electronic struc-
tures, the step-by-step evolution from the S3 surface state
of Ag,Ge to the V-shaped interface-state band characteriz-
ing SP germanene at the surface zone boundary MAg(l 1)
with increasing Ge coverage was carefully examined. The
corresponding Ge 3d core-level state also exhibits the con-
sistent behavior. Finally, the anomalous bulklike broad band
emerging upon the formation of SP germanene was demon-
strated to derive from the direct-transition photoemission from
the bulk Ag occupied sp band to the unoccupied d bands,
which survives the symmetry-selection rule due to the strong

hybridization between the 7 bonds of SP germanene and
the d electrons of bulk Ag near the SP germanene/Ag(111)
interface. The existence of SP germanene is therefore further
confirmed. The transition from Ag,Ge alloy to QP germanene
on Ag(111) goes through not only a chemical decoupling, but
a subsequent balancing between tensile and interfacial strain.
During the balancing process, Ag,Ge alloy and SP germanene
can coexist in the common stripe configuration. The former
diminishes while the latter grows with the increasing Ge cov-
erage to reach a continuous transition and final relaxation to
QP germanene. Our results indicate that Ag(111) provides an
excellent platform for growth of germanene that accommo-
dates various forms under different conditions because of its
covalent-bond nature, providing deep insight into the subtle
growing mechanism of a tetrahedrally bonded Xene on an
incommensurate substrate.
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