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ABSTRACT.

Two-dimensional (2D) honeycomb lattices beyond graphene, such as germanene, appear very
promising due to their outstanding electronic properties, such as quantum spin hall effect. While
there have been many claims of germanene monolayers up to now, no experimental evidence of
a honeycomb structure has been given up to now for these grown monolayers. Using scanning
tunneling microscopy (STM), surface X-ray diffraction (SXRD) and density functional theory,
we have elucidated the Ge-induced (\/W X \/W)R + 24.5° reconstruction on Ag(111). We
demonstrate that a powerful algorithm combining SXRD with STM allows us to solve a giant
surface reconstruction with more than hundred atoms per unit cell. Its extensive unit cell indeed
consists of 98 two-fold or three-fold coordinated Ge atoms, forming a periodic arrangement of
pentagons, hexagons and heptagons, with the inclusion of 6 dispersed Ag atoms. By analogy, we
show that the (7\/7 X 7\/7)R + 19.1° reconstruction obtained by segregation of Ge through an
epitaxial Ag/Ge(111) film possesses a similar structure, i.e. Ge pentagons/hexagons/heptagons
with a few Ag atoms. Such an organization is more stable than pure Ge monolayers and can be

assigned to the ground state of epitaxial germanene.



Following the graphene discovery, the synthesis of other monoelemental honeycomb lattices,
known as xenes,'” has been widely reported. In particular, silicene, germanene, stanene,
plumbene, which, together with graphene, form the group-IVA xenes, possess similar electronic
properties as graphene, with however a stronger spin-orbit coupling (SOC), resulting in a larger
gap in the electronic structure at the Fermi level. With a predicted SOC of 24 meV,? and with an
easy integration into current electronic devices, germanene is thus considered as a promising

material for quantum spin Hall effect observations and technological applications in spintronics.4

The synthesis of epitaxial germanene has been first reported in 2014 on Pt(111).” After room

temperature deposition of 1 ML of germanium followed by annealing at 600—750 K for 30 min, a

(\/E X \/E)RZ 3.4° reconstruction is observed by low energy electron diffraction (LEED) and
STM and attributed to honeycomb epitaxial germanene. Following this pioneering work,
germanene synthesis has been reported on various substrates, such as GePt,” Au(111)", Al(111),
MoS,,” HOPG," Sb(111),'" Cu(111),"* or Ag(111)."”” However, these findings have been
questioned and the formation of surface germanides has been also proposed in the case of
Ge/Pt(111),"* Ge/Ag(111),"'® Ge/Au(111),' " and Ge/Al(111).*>** In particular, we have
demonstrated that Ge deposited on Al(111) form surface or two-layer alloys.”'** Germanene
formation at the surface of HOPG has also been refuted,® while the possibility of germanium
intercalation between MoS, layers has been raised. Thus, the demonstration of the existence of

honeycomb germanene is still under debate.

Among all these systems, Ag(111) which is known to be well suited for the growth of
silicene,” appeared as the best substrate for germanene synthesis and is undoubtedly the most

discussed one today. The first ordered structure observed after Ge growth in the 300 K — 600 K



temperature range is a (\/§ X \/§)R30° reconstruction, attributed to a Ag,Ge surface alloy.'>***

A more precise analysis has shown that this reconstruction has a larger superstructure and form
stripes running along the <112> directions of the Ag(111) surface.?® The precise periodicity of
the striped pattern depends on the preparation conditions, since several unit cells have been
reported.’*?*>! On the basis of scanning tunneling microscopy (STM), some authors have
proposed that this stripe pattern corresponds to a pure germanene layer, highly distorted with
respect to free-standing germanene."’”° However, our recent surface X-ray diffraction
measurements demonstrate that the stripe pattern corresponds to a Ag,Ge surface alloy with an
atomic density 6.45% higher than the Ag(111) atomic density. The overall structure is formed by
stripes associated with a face-centered cubic top-layer alignment, alternating with stripes

associated with a hexagonal-close-packed top-layer alignment, in great analogy with the

(22 x v/3) Au(111) reconstruction.”

For increasing germanium coverage 0., the stripe pattern is replaced by a disordered

13,16,30

hexagonal (DH) structure, associated with an apparent ¢(v/3 X 7) reconstruction.’'* It has

1 1 ! i
33031 or as a AgGe, surface alloy.'® Further increase

been described either as a germanene layer,
of the Ge coverage results in the formation of protrusions which assemble into dimers, trimers,
tetramers, and hexamers on the surface.”® These protrusions have been assigned to Ge adatoms
on a Ag,Ge surface alloy.zg’33 Similar features have been observed after annealing, at 753K, a
thick Ag film grown on Ge(111).***> Moreover, the sequence of structures observed during
growth around 600 K is reproduced by the Ge segregation method when increasing the annealing

temperature from 630 K to 750 K,** confirming the increasing Ge coverage for the stripe, DH

and hexamer/dimer structures respectively. For the higher temperature of segregation, the surface

exhibits a (7\/7 X 7\/7)R19.1° reconstruction composed of one hexamer and three dimers per



unit cell.>* It is also described as a (3\/ﬁ X 3\/ﬁ)R10.9° reconstruction of a honeycomb
germanium layer, with a lattice constant of 0.39 nm, i.e., very close to the one of free-standing
germanene (0.397 nm).*® However, the ball-and-stick model proposed corresponds in reality to a
smaller unit cell, namely a (7 X 7) one with respect to the Ag substrate, which consequently
cannot account for the STM observation. Moreover, no additional theoretical support has been

given up to now to test the validity of this ball-and-stick model.

As concerns the electronic structure of the grown layers, a good agreement was found between
Angle-resolved photoemission spectroscopy (ARPES) measurements and DFT computation of
the band structure that clearly points to the existence of a surface Ag,Ge surface alloy at low
coverage.”* On the contrary, a less good agreement is found when comparing ARPES
measurements performed on the striped phase with a model of tensile strained germanene on
Ag(111)."” Finally, the weak signal observed by ARPES for the DH phase has been interpreted
as originating from free-standing germanene,' but it is probable that the Ag substrate should

strongly modify the electronic structure of germanene, such as what is observed for silicene.”

The lack of precision of germanene coverage in the previous experiments, the assignment to a
germanene layer given for a large variety of structures observed sequentially during growth and
having obviously a different Ge coverage made the situation incomprehensible. In this paper,
using STM, surface X-ray diffraction (SXRD) and density functional theory (DFT), we
determine the atomic structure of the hexamer phase and show that it corresponds to a 2D plane
of Ge atoms, organized in hexagons, pentagons and heptagons, without four-fold coordinated Ge
atoms and with a very small amount of Ag atoms. We show that such structure is

thermodynamically more stable than a pure Ge layer. As such configuration is obtained both



from the segregation and from the evaporation of Ge atoms, it can be considered as the ground

state of epitaxial germanene.
RESULTS AND DISCUSSION

After depositing 0.9£0.1 ML Ge on Ag(111) at 455K, the surface is homogeneously covered
with the reconstruction shown in the STM image in Fig. la. Here, 1 ML corresponds to the
density of a honeycomb Ge layer with lattice constant 0.397 nm. This reconstruction displays a
pattern of 6-petal flowers (hexamers), with a hexagonal unit-cell, and two domain orientations.
The size of the unit cell is 3.0 x 3.0 nm’, and the two domains are rotated by £25° from the
<110> axes of the Ag surface. The pattern looks similar to the one shown in the supplemental
information of ref. **. This reconstruction is observed if deposition is performed in the 400 K —

460 K temperature range.

Fig. 1:

STM images of 0.9+0.1 ML Ge deposited on Ag(111) at 455 K, acquired at 300 K after growth.



(a) 67 x 67 nm?, Vbias = 1.7 V, I = 20 pA. (b) 8.5 x 8.5 nm?, Vbias = -0.4 V, I = 2 nA. The unit

cells of the two domains are indicated by yellow parallelograms.

Below 400 K, we obtained a surface where the protrusions are disordered. Above 460 K, the
density of protrusions decreases and no ordered reconstruction is obtained. We didn't manage to
obtain the (7\/7 X 7\/7) reconstruction by evaporation, as the temperature on the STM was
limited to 520 K. Fig. 1b shows a high resolution STM image of the reconstruction. In spite of
the p3m1 symmetry of the substrate, the apparent space group of the surface reconstruction is
clearly p6. The 6 protrusions per unit cell appear ~0.08 nm above the average height of the rest

of the surface.

To gain more insight into the periodicity of the surface reconstruction, in-plane diffraction
maps of the surface were obtained using surface X-ray diffraction (SXRD) at 300K, as shown in
Figure 2a, after evaporation of 0.85+0.05 ML of Ge at 420 K. In addition to the intense spots at
the node of the primitive unit cell of the Ag(111) surface, a high density of less intense spots is
visible. They can be indexed on the basis of a (\/W X \/W)R + 24.5° reconstruction. This
structure, with two possible domain orientations and with a lattice parameter of 3.02 nm,
corresponds thus perfectly to the structure observed by STM. From the measured in-plane
structure factors, we have computed the 2D Patterson map for the (\/m X \/@)R —24.5°
orientation, shown in Figure 2c, which is given by:*’ P(x,y) = 2 Yx|F(H, K)|?*cos (ZH(Hx +
Ky)), where the (H,K,L) indices refer to the (V109 x v/109) basis and F(H,K) are the
structure factors specific of this reconstruction, and measured for L = 0.11. This Patterson map,

an approximation of the electron density autocorrelation function, displays a complex pattern.



For comparison, we show in Fig. 2d the Patterson map obtained for honeycomb germanene,

corresponding to the matching between the (\/5_2 X \/52) and (\/ 109 x \/109) unit cells of
germanene and silver respectively. These two maps differ markedly, showing that the

reconstruction observed is much more complex than any honeycomb layer.




Fig. 2: (a) Diffracted intensity for in-plane conditions (L = 0.11) after evaporation of 8. = 1 ML
on Ag(111) at T = 420 K. (b) Schematic of the diffraction pattern. The black parallelogram

corresponds to the Ag(111) surface unit cell. The red and green parallelograms correspond to the
(\/ 109 x 109)R + 24.5° supercells. (c¢) Experimental Patterson map of the ( 109 x

V109)R — 24.5° structure. (d) Theoretical Patterson map of honeycomb germanene.

In order to determine the atomic structure of the (v109 x v/109) reconstruction, it is not
possible to explore a priori all possible models, due to the large number of atoms expected in the
unit cell (more than 100 in the first layer). We have first determined the in-plane positions of the
atoms in the surface layer by assuming a p6 symmetry as suggested from both SXRD and STM
observations. For this purpose, we have used an iterative method to obtain the projected charge
density from the in-plane structure factors.”® The procedure is described in detail in the
supporting information (SI). For the first estimate of the charge density, we have used the
positions of the 54 protrusions per unit cell observed on STM images, assuming that they
correspond to Ge atoms (see Fig. S1). After three iterations of the procedure, we obtained the
configuration shown in Fig. 3a. It corresponds to a GegsAgs layer, organized in hexagons,
pentagons and heptagons. The agreement with the in-plane structure factors, shown in Fig. 3b, is
excellent. In a second step, we have fitted the whole set of structure factors, i.e. in-plane and out-
of-plane structure factors. For this purpose, we have added the Ag(111) substrate to the GegsAgs
layer and allowed all atoms of the GegsAgs layer and first three substrate layers to move along
in-plane and out-of-plane directions, taking into account a p3 space group for the system (see SI
for details of the procedure). We obtained a perfect fit of the data with the fitted model of
GeggAgs/Ag(111), corresponding to a reduced chi-squared y? = 1.5. The impressive comparison

between experimental and simulated structure factors is shown in Fig. S2. As can be seen, all the



variations of the structure factor amplitude along the 397 reconstruction rods analyzed are nicely

reproduced.
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Fig. 3. (a) Top view of the GeggAgs model of the (V109 X+V109) reconstruction. (b)
Corresponding non-equivalent in-plane structure factors, assuming a p6 symmetry. The
measured and simulated structure factor amplitudes are shown by the radius of the red and black

half disks respectively. (c-d) Top and side view of the GeogAgs/Ag(111) fitted model. Ge atoms
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are colored from dark red to yellow according to their height, Ag surface atoms are colored in
light grey. (e-f) Comparison between experimental (red dots) and simulated (black line) structure

factors along the (-5,19, L) and (14, 5, L) rods respectively.

The fitted atomic structure is shown in Fig. 3c. In the GeyggAgg layer, 6 Ge atoms (in yellow) per
unit cell sit at a higher distance (0.341 nm) from the average Ag(111) plane position than the
other Ge atoms that are located between 0.216 nm and 0.257 nm above the Ag(111) plane. These
6 Ge atoms correspond to the hexamer pattern seen on STM images and the height difference
between these 6 atoms and the other Ge atoms of the surface is very close to the value measured
on STM images. As for the other Ge atoms, the highest ones (colored in light red) correspond
also to the other protrusions seen on STM images. Fig. 3(e-f) shows the comparison of the
structure factor amplitude along the (-5,19, L) and (14, 5, L) rods, which are equivalent for a 6-
fold symmetry, but not equivalent for a 3-fold symmetry. They strongly differ, for L # 0, which
shows the importance of substrate relaxations as only the substrate layers display a 3-fold
symmetry instead of a 6-fold one. Indeed, sharp variations along the reconstruction rods, for
example at L=/ or L=3.8 along the (14, 5, L) rod shown in Fig. 3f, are the signature of the elastic

relaxations penetrating into the substrate.’”*

We have also fitted other configurations obtained by changing the chemical nature of atoms of
the first two layers, resulting in 39 non-equivalent configurations. We have always obtained a
worse agreement than the one obtained for GeogAge/Ag(111) (x? = 1.5). Among those
alternative configurations, the best agreement correspond to a pure germanium surface layer, i.e.
Gejos/Ag(111), with y2 = 3.1 and to a two-layer surface alloy such as the one observed for

GC/AI(I 1 1),21 1.e. GeggAg6/Ge6Ag103/Ag(1 1 1), with ){2 = 2.7.
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We have then used DFT calculations to relax the GeggAgs/Ag(111) structure derived from the
SXRD measurements and these two alternative structures. For comparison purpose, we have also
relaxed two honeycomb models. The first one corresponds to the matching between (\/5_2 X
v/52) and (\/W X \/W) unit cells of germanene and silver respectively, whereas the second
one, corresponds to the matching between (3\/§ X 3\/5) and (7 X 7) unit cells of germanene and

silver respectively, i.e., to the model of germanene proposed by Yuhara et al.**.
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Fig. 4. (a) LDOS image of the GeggAge/Ag(111) model relaxed by DFT, taken between
E; = —0.4 ¢V and E; = 0 €V. (b-c) top and side view of the corresponding atomic structure.
Ge atoms are colored from dark red to yellow according to their height, Ag surface atoms are

colored in light grey.

The relaxed structure for the first model is displayed in Figs. 4b and 4c, while the structure for
the other models are presented in the SI (Fig S3). There are 6 protruding Ge atoms per unit cell,
lying at a distance of 0.355 nm above the Ag surface, while for the other Ge atoms, the distance
to the Ag surface is in the 0.216-0.269 nm range. In other words, the structure derived from the
DFT calculations is quite close to that obtained from the SXRD measurements. In the first layer,
the root mean square (rms) displacements between SXRD and DFT positions is of 0.01nm only.
Fig. 4 indicates that every protruding Ge is located above a Ag atom from the substrate; it
appears that the latter lies at 0.027 nm higher than the other Ag atoms of the first Ag(111) plane.
DFT calculations indicate that Ge-Ag distances are in the 0.265 — 0.288 nm range, and that the
mean bond length between a protruding Ge and another Ge is equal to 0.257 nm, while being in
the 0.248 — 0.257 nm range for the other Ge-Ge bonds. Since the atomic structure does not
correspond to a honeycomb lattice, various bond angles are measured. The Ge-Ge-Ge angle is
equal to 120° for the central hexagon in the flower motifs. It is equal to 95° for the protruding Ge
atoms, and varies between 91° and 140° for the other Ge-Ge-Ge angles. On average, the value
found is equal to 115°, which is very close to the one of freestanding germanene (113°). This
justifies the extension of the Xene concept to the present layer. Finally, the Ge-Ag-Ge bond
angles are in the 83°-96° range. Indeed, it can be seen in Fig. 4 that every Ag atom in the

GeggAgg layer is surrounded by four Ge atoms almost forming a square. Very similar parameters

13



have been obtained from the fit of the SXRD data. The detailed comparison is given in Table 1

in the SI.

Fig. 4a displays a local density of states (LDOS) image of the GeggAgs/Ag(111) system for
energies between -0.4 and 0.0 eV. The comparison between the experimental STM image and
the LDOS for all computed models is shown in Fig. S3. It can be seen that the calculated image
in Fig. 4a is very close to the experimental STM image of Fig. 1. (see Fig. S3 for direct
comparison). In particular the flower pattern is properly reproduced. The groups of 6 atoms
(indicated by a red circle in Fig. S3 a,b) around each threefold rotation axis are also well
reproduced. All atoms that are visible in the STM image are visible in the theoretical LDOS
image. On the contrary, the agreement is less good with the Gejps/Ag(111) and
GeggAge/GesAgios/Ag(111) structures. Although the LDOS of these structures present the same
flower patterns, they also exhibit bright spots, forming a hexagon around the hexamers, that are
not visible in the experimental image. The honeycomb model of the (v/109 x v109)
reconstruction (Fig. S3k) displays a completely different pattern. Thus, only the LDOS image for
the GeggAges/Ag(111) model is in agreement with our STM measurements. Note that the LDOS
computed from the honeycomb model proposed by Yuhara et al. does not give a good agreement

with their STM images (see Fig. S3e).

Eventually, we have compared the thermodynamical stability of the different models studied.

We present in Fig. 5 the formation energy of the various (V 109 x V109) models relaxed by
DFT, as a function of Auge, that is the deviation of pge with respect to Ege puik - Even if the

chemical potential pg. of the Ge atoms during growth is unknown, we expect that it becomes

close to the one of bulk Ge at the completion of the (v109 X v109) reconstruction. This is

14



demonstrated by the coexistence of the (v 109 x \/109) reconstruction and 3D Ge islands

observed for larger Ge coverage (See Fig. S4).

The formation energy v is calculated as follows:

Yy = (EGe—Ag — Epack—side Ag — Ngellge — NAgEAg bulk)/A (1)

where Ege_ag is the total energy of the considered model, Npg is the number of Ag atoms in the

slab, while A is the area of the (V109 X v109) Ag(111) surface mesh. Ep,ck—side ag 1S the

surface energy of the back-side of the Ag slab:

Epack—side Ag = (Ebare Ag — NAgEAg bulk)/2 ()

where Epare g 18 the energy of the bare Ag slab, formed of 4 layers of 109 atoms, and which

exhibits two faces. A similar computation has been done for the (7 X 7) reconstruction.
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Figure 5: Formation energy as a function of Auge = Hge — Ege puik for the models of (v/109 X

v109) and (7 X 7) reconstructions. Continuous gray line: bare Ag(111) surface; red continuous
line:  GeggsAge/Ag(111); green dotted line: Gejps/Ag(111). Blue dashed line:
GeggAgs/GesAgioz/Ag(111); black dash-dotted line: Gejps/Ag(111) honeycomb structure, orange

dash-dot-dot line: Gess/Ag(111) honeycomb structure relaxed from the model of Yuhara et al. 3

The most favorable system corresponds to GegsAge/Ag(111) (red continuous line), for Auge
varying from -0.14 eV to 0.27 eV. Below -0.14 eV, the bare surface is preferred, while above
0.27 eV, the Gejps/Ag(111) model (green dotted line) is preferred. The formation energies

computed for honeycomb models are always higher.

Therefore, experiments and simulations demonstrate that the (\/W X \/W)R24.5°
reconstruction observed after deposition of ~1 ML Ge on Ag(111) at 455 K corresponds to a
GeoggAge layer where atoms are organized in pentagons, hexagons and heptagons. There is a very
good agreement between the atomic structure derived from the fit of the SXRD data and the one
relaxed by DFT. The comparison with nearby models, corresponding to either pure germanene
surface layers with similar or honeycomb structure or to alloyed bilayers (GeggAgs/GesAgios)
shows that the GeggAgs model is energetically favored and much better reproduces the STM

observations.

One may wonder if this structure presents some similarities with the one obtained by the

segregation method by Yuhara et al.** Indeed, after 750 K annealing of a thick Ag/Ge(111) film,
they obtained a surface entirely covered by a (7\/7 x 7\7 )R 19.1° reconstruction composed of

one hexamer and three dimers per unit cell. Fig. 6a shows the corresponding LEED pattern they

acquired. Apart from the spots corresponding to Ag(111), the most intense spots could be

16



assigned to a (1.35x1.35)R30° hexagonal lattice. This LEED pattern is very similar to the one we

obtained after evaporation of 6ge = 1 ML on Ag(111) at T = 420 K, shown in Fig. 6b. In this
case, the most intense spots of the (\/109 X \/109)R + 24.5° substrate reconstruction can be

associated with a (1.38%1.38)R+29° hexagonal lattice. This shows the similarity of the local

atomic arrangement between these two reconstructions. Fig. 6¢ shows the STM image obtained
by Yuhara et al.** for the (7\/7 X 7\/7)R19.1° reconstruction. We have mentioned above that
this reconstruction cannot correspond to a (3\/ﬁ X 3\/ﬁ)R10.9° reconstruction of a germanene
monolayer, as suggested by these authors since the coincidence cell would be smaller and equal
to (7 X 7)ag, that would coincide with (3\/§ X 3\/§)R30°Ge. Moreover, the LDOS computed
after relaxation of the honeycomb model proposed by Yuhara et al.** (see Fig. S3e) does not
show any similarity with their STM observations. On the contrary, the (7\/7 X 7\/7)R19.1°
reconstruction presents many similarities with the (\/W X \/W)R24.5° one. Besides the motif

of hexamers, which is clearly recognizable, and the dimers that appears as one third of a

hexamer, other motifs are identical on both reconstructions such as the three-branches motif
drawn in blue in Fig. 6. In the (\/109><\/109)R24.5° reconstruction, they correspond
respectively to a Ge atom connected to 3 Ge pentagons. This suggest that the (7\/7 X

7+/7)R19.1° should be also built with Ge pentagons, hexagons, heptagons and Ag atoms. Using
these building blocks, we have searched for a possible atomic structure and we have constructed
"by hand" the ball-and-stick model of a GesosAgo4 layer, shown in Fig. 6. As can be seen, the

protrusions seen in the STM images correspond nicely to the Ge atoms of the model.

A direct comparison of the two models is shown in Fig. S5, evidencing the similarity of the

atomic structures. The atomic structure around the hexagons is identical. Both structures differ

17



by the presence of Ge dimers, derived from the hexamers by removing their central part, and by
the larger density of pentagons for the (7\/7 x 7\7 ) reconstruction. The Ag concentration in the
surface layer is also slightly higher for the (7\/7 X 7\/7) reconstruction (7.2%) than for the

(\/ 109 x v 109) reconstruction (5.8%). We attribute the small differences observed between the

two reconstructions to the large difference of temperature during the preparation of the surface.

Fig. 6. a) LEED pattern (£ = 63 eV) of an epitaxial Ag(111) thin film on Ge(111) after

annealing et 753 K. (b) LEED pattern (£ = 57 ¢V) obtained after evaporation of 6. = 1 ML on

18



Ag(111) at T =420 K. c¢) Comparison between the STM image of germanene epitaxially grown
on a Ag(111) thin film by the segregation method, from ref.>* and the ball-and-stick model of
GesosAgyq layer that we propose. Top Ge atoms are drawn in yellow, other Ge atoms in red, Ag
atoms in grey. Ag atoms of the second plane are drawn with a smaller size. Some three-branches
motifs are shown in blue. (a) and (c) adapted with permission from Yuhara et al. ACS Nano
2018, 12, 11, 11632-11637 doi:10.1021/acsnano.8b07006. Copyright 2018 American Chemical

Society.

In conclusion, we have shown that the vacuum deposition of around one monolayer of Ge on

Ag(111) results in the formation of a (\/W X \/W)R24.5° structure, with one hexamer of
protrusions per unit cell. By using an original combination of STM and SXRD measurements,
we have, at the atomic scale, completely determined the structure of this layer, which involves
104 surface atoms (98 Ge atoms and 6 Ag atoms), and is built with Ge pentagons, hexagons,
heptagons and Ag atoms. The stability of this layer is confirmed by DFT calculations. We show
that the protrusions seen by STM correspond to Ge atoms on top of Ag substrate atoms, and not

16,28,33

to Ge adatoms above a Ag,Ge or AgGe, surface alloy. Thus, in contrast to the conclusion

drawn by some of us in ref. '°, it appears that germanene can be grown on a Ag(111) substrate.

Interestingly, we show that the (\/ 109 x \/109)R24.5° reconstruction is very similar to a

previously observed structure, corresponding to a (7\/7 X 7\/7)R19.1° surface reconstruction,
obtained after segregation of Ge through a thick Ag/Ge(111) film, and formed by one hexamer
and three dimers per unit cell. The latter was associated to honeycomb germanene by use of a
ball-and-stick model.** However, the proposed model corresponds in reality to a smaller unit cell

and is clearly to be rejected. This giant reconstruction, whose area is four time the one of the
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(7 X 7) reconstruction of Si(111), was thus destined to remain misunderstood for a long time,

because its size was too large to be determined by DFT methods. By analogy with the obtained
atomic structure of the (V 109 x v 109) reconstruction, we have been then able to determine the

atomic structure of the (7\/7 X 7\/7) reconstruction, which involves as much as 332 surface
atoms. Beyond the challenge of solving such large structures, never done before, we finally show
that the ground state of a germanene layer on Ag(111) is not a honeycomb Ge structure, but a
complex organization of Ge pentagons, hexagons and heptagons, with a small quantity of Ag

atoms.

Our result opens new perspectives related to the understanding of the complex structures
observed after growth of Ge or Si on metal surfaces, such as the (V 19 x v 19) reconstruction of

Ge/Pt(111),” or the various reconstructions observed for Si/Au(111),*' that have been initially

described as silicene or germanene honeycomb layers.

METHODS

STM experiments have been performed in an ultra-high vacuum (UHV) system with a base
pressure less than 1x10™° mbar equipped with an Omicron variable temperature STM. The
Ag(111) single crystal was prepared by several cycles of Ar ion sputtering (p = 7x10™ mbar,
600 eV) and annealing (T = 870 K). Germanium was evaporated from a graphite crucible using a
Focus GMBH e-beam evaporator installed in front of the STM with a flux F ~ 0.16 ML/h,
where 1 ML corresponds to a germanene layer. All coverages have been calibrated using the

completion of the striped phase as a reference,” associated with a Ge atomic density of 4.91 10**
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at/cm?, or 0.335 ML. All STM images presented here have been acquired at room temperature
after growth. The absence of oxygen and carbon contamination has been checked after growth by

Auger Electron Spectroscopy (AES) (see Fig. S6).

SXRD experiments were performed at the SIXS beamline of SOLEIL synchrotron. The
Ag(111) sample was prepared in a similar way as for STM experiments. Ge was evaporated in
the diffraction chamber from a crucible using a Knudsen cell with a sample kept at ~ 420 K with
a flux of 0.44 ML/h. After evaporation, the sample was analyzed at room temperature with 18.46
keV X-rays at a grazing incidence angle of 0.2°. Scattered X-rays were detected with a 2D
detector in continuous acquisition mode, and the detector was kept in its best dynamic range by
constantly adapting the beam attenuation.** Diffracted intensity was measured by performing a
series of wide rocking scans for various values of the in-plane and out-of-plane momentum
transfers. We used the "BINoculars" software to produce three-dimensional (3D) intensity data in
the reciprocal space from the raw data*’. The intensity was further integrated along the direction
parallel to the surface to obtain the structure factors.** For this purpose, the data were fitted with
the product of a lorentzian lineshape in one direction with a gaussian lineshape convolved with a
square wave in the other direction, using a home-made software, and the fitted function has been
analytically integrated (details are given in the SI). We finally obtained a set of 404 non-
equivalent in-plane structure factors and a set of 15154 structure factors along 397 inequivalent

reconstruction rods. The (H, K, L) indices used for indexing a reflection in reciprocal space refer
to the Ag(111) —(¥109 X v109) reconstruction basis (a = b = 3.0157 nm, ¢ = 0.7075 nm,

a=p =90°y = 120°).

21



The calculations have been carried on with the VASP (Vienna Ab initio simulation package)

45-48 d,* within the GGA

code with the projector augmented-wave (PAW) metho
approximation. The PBE (Perdew, Burke and Ernzerhof) functional has been used,’’ and the
van der Waals interactions have been taken into account using the D2 correction of Grimme, due
to the large size of the unit cell.™* The plane wave cut-off energy is 450 eV, and the models are

relaxed until the final atomic forces are lower than 0.2 eV.nm™. The surface unit cell corresponds
to a (v/109 x v/109) mesh with respect to the Ag(111) substrate, and the calculation slab
consists of three layers of 109 Ag atoms, one layer of 109 atoms (only Ag atoms or Ag and Ge
atoms), and one adsorbate layer of pure Ge or a mixing of Ge and Ag atoms, containing 104
atoms. As a result, the supercell contains 540 atoms, and the slab size is (3.064 x 3.064 x
2.7nm’). The bottom Ag layer is kept fixed during calculations, and the Brillouin zone is
described by (1x1x1) k-points. The optimized Ag lattice constant is 0.4150 nm (while the
experimental one is 0.4085 nm). The local density of states (LDOS) images have been carried on

within the Tersoff Hamann approximation.™.
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