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Abstract: The transition metal (TM)-absorbed germanene systems enriched by strong chemical
bonding are investigated using first-principles calculations. Dedicated calculations include the
geometry, preferable adsorption sites, atom-dominated band structure, spin-density distributions,
spatial charge distribution, and the projected density of states (DOS). The strong multi-orbital
chemical bonds between TMs and Ge atoms can create seriously buckled structures and a non-
uniform chemical environment, which are responsible for the unusual electronic properties. Of
the three chosen systems, the Fe-Ge and Co-Ge ones possess magnetic properties, while the Ni—
Ge system exhibits non-magnetic behavior. The orbital-hybridization-induced characteristics are
revealed in van Hove singularities of the DOS.
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Transition-Metals-Adsorbed Following the initial discovery of graphene by mechanical exfoliation of a graphite

surface, other group-IV two-dimensional (2D) honeycomb lattice systems such as silicene,
germanene, and stanene have attracted considerable attention in theory [1-5] and ex-
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periments [6-9]. It is known that C, Si, Ge, Sn, and Pb belong to the same group 1V in
the periodic table that can generate the ¢, 77, and sp® chemical bonds because they pos-
5€ss (2S/ szl 2p]// 2PZ)/ (351 3PXI 3p]// 3pZ)/ (4S/ 4PX/ 4py/ 4PZ)/ (551 SPXI 5py/ 5pZ)/ and (6S/

6px, 6py, 6pz) orbitals, respectively. Similar to graphene, germanene and silicene have
many exceptional properties, such as high carrier mobility and ultrafast optical absorption
spectra [10,11], because of their hexagonal honeycomb lattices and Dirac-cone electronic
band structure. However, based on the calculations of density functional theory (DFT)
for structure optimization, phonon dispersion, and ab initio finite temperature molecular
dynamics, the planar honeycomb structure of monolayer silicene/germanene is its least
energetic configuration and is not stable (this may be attributed to the larger atomic radius
of 5i/Ge than that of C), whereas the low-buckled silicene/germanene are thermally sta-
ble [12]. The low-buckled honeycomb structure creates sp?>-sp> hybridization rather than
pure sp? hybridization as in graphene. The greatly enhanced intrinsic spin-orbit coupling
causes many important features to be more prominent in germanene than in graphene,
e.g., the easily tunable bandgap, quantum anomalous spin Hall effect, and strong valley
polarization [13-15]. These outstanding features make germanene and silicene potential
candidates for a wide range of applications, including field-effect transistors, batteries,
Attribution (CC BY) license (https://  Se€nsors, infrared optics, and spintronic/valleytronic devices.

creativecommons.org/ licenses /by / Although germanene has not been found in nature, it can be synthesized by a few
40/). methods, such as molecular beam epitaxial (MBE) [16] and topological deintercalation [17].
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The production of germanene by the MBE method on different substrates has been reported
in several previous studies, but this method still has several drawbacks, including limited
extensible space, vertical scale heterogeneity, and the difficulty in transferring synthesized
materials from the substrate to a free-standing form. On the other hand, topochemical
deintercalation is an effective method for producing 2D silicene and germanene in a free-
standing form, thereby overcoming the disadvantages of the MBE method. The successful
synthesis of 2D buckled germanene in free-standing form is extremely important because
this approach can avoid the interactions with the substrate that could cause unexpected
effects. This makes it easier to incorporate germanene into practical products or produce
functionalized germanene for possible applications.

In general, the electronic, magnetic, and optical properties of a material can be modified
by several techniques, such as chemical adatom adsorption/substitution, introduction
of defects/vacancies, and formation of heterojunctions, as well as by applying the gate
voltages, magnetic fields, and mechanical strain. Among these, chemical modifications
including adsorptions and substitutions are especially effective strategies when applied to
2D materials, because these materials possess a more active surface environment [18,19].

In this work, we investigate Fe-/Co-/Ni-adsorbed germanenes. It is known that
TM-adsorbed/doped systems have extensive applications in catalysis, nonlinear optical
response, etc. [20-22]. Such systems possess a non-uniform chemical environment that
enriches the chemical bonds and electric properties, such as the metal/semiconductor
behavior and the ferromagnetic, antiferromagnetic, or non-magnetic properties, depending
on the type and position of the guest atom. Here, we focus on how a non-uniform chemical
environment enriches chemical bonds and electrical properties, which was not explored
in depth in previous studies [23-25]. To enhance the effects, a higher concentration of
TM adatoms is considered (TM:Ge = 1:6). The results are quite different from the results
obtained at a relatively lower concentration, e.g., TM:Ge = 1:32 [26,27]. For example, at a
lower TM concentration, the low-energy bands of Fe-, Co-, and Ni-Ge systems present a
pair of gapped linear bands around the high-symmetric K point, which are contributed by
the Ge atoms. Therefore, the systems are metal or direct-gap semiconductors. Such low-
lying linear bands are totally absent under a higher TM concentration. Instead, there exist
many low-lying oscillating parabolic subbands, which are dominated by the adatoms near
Er = 0 and co-dominated by TM and Ge atoms at higher/lower energies. These oscillating
parabolic subbands, arising from the more seriously buckled structure and the stronger
multi-orbital chemical bonds between the TM and Ge atoms, lead to metal or indirect-gap
semiconducting behaviors. The band structures presented in this work display the atom
contributions and the spin up/down states simultaneously, which make the unusual energy
dispersions easy to understand. Furthermore, the charge density distribution reveals the
asymmetrical charge accumulation of the TM-Ge bonds, indicating a non-uniform chemical
environment. Most importantly, we present a delicate atom-, orbital-, and spin-decomposed
DOS that shows the complete Ge (4s, 4px, 4py, 4pz) and TM (4s, 3dy, 3dz, 3dx, 3d 2, SdXz,yz)
orbitals; no other papers have presented this detail. We demonstrate that the four/six
orbitals of the host and guest atoms may overlap at certain energies, illustrating the multi-
orbital hybridizations in any chemical bond. The theoretical framework built from the
first-principles simulations is used to understand the significance of chemical bonds in
generating rich and unique geometrical structures as well as custom-tailored electronic and
magnetic properties. The theoretical predictions about the geometrical structures, band
structures, van Hove singularities, and charge/spin—density distributions can be verified
through high-resolution scanning tunneling microscopy/transmission electron microscopy
(HRSTM/TEM) [28,29], angle-resolved photoemission spectroscopy (ARPES) [30], scanning
tunneling spectroscopy (STS) [31], and STM spin excitation spectroscopy [32], respectively.

2. Materials and Methods

The first-principles calculations are based on density functional theory (DFT) [33,34]
implemented by the Vienna ab initio simulation package (VASP) [35,36]. The Perdew—
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Burke-Ernzerhof (PBE) generalized gradient approximation method (GGA) [37] was em-
ployed to evaluate the electron—electron Coulomb interactions, while the electron—ion
interactions were treated by the projector augmented-wave method [38]. The spin configu-
rations were taken into account to meticulously explore the effects of chemical adsorption
on the magnetic properties. The 2D periodic boundary conditions were along the x and
y-axes. To avoid the interaction between adjacent unit cells, a vacuum distance along the
z-axis was set to 15 A. The cut-off energies of the wave function expanded by plane waves
were chosen to be 500 eV for all calculations. The pristine first Brillouin zone was sampled
by 9 x 9 x 1 and 100 x 100 x 1 k-points, respectively, for the geometry optimization and for
further evaluations of the electronic and magnetic properties within the Gamma scheme.
During the relaxation process, the Hellmann-Feynman force convergence on each atom
was set to be 0.01 eV /A, and the difference of eigenvalues between two simulation steps
was less than 107> eV. Each system is in its most stable spin state.

3. Results
3.1. Geometric Structures

The TM-adsorbed germanene systems were modeled by a v/3 x 1/3 germanene super-
cell, corresponding to TM:Ge = 1:6, as shown in Figure 1. Figure 2 shows the four possible
adsorption sites usually considered in a buckled honeycomb lattice structure [39,40]; they
are the top site (on the top of the upper Ge atom), the valley site (on the top of the lower
Ge atom), the hollow site (above the center of the honeycomb structure), and the bridge
site (on the top of the middle Ge-Ge bond). However, it has been found that if the TM
atoms are placed on the bridge site, they always move to the valley position after structural
relaxations. Therefore, bridge site adsorption is not achievable in a germanene system.
The absorption energy is calculated by E ;s = Erym + Ege — E(Ges+TMm)s where Erpy, Ege,
and E .,y are the total energies of an isolated TM atom, the germanene supercell,
and the TM-adsorbed germanene system, respectively. A larger E,;; implies that the site
is more favorable for the absorption of the TM on the germanene. Table 1 shows the E 4,
of the valley, hollow, and top sites. Obviously, the hollow site is the most favorite site for
all three TMs, while the valley site is the second-most-preferable one for Fe, and the top
site is the second-most-favorable for Co and Ni. In general, the adsorption energies of
the TM-adsorbed germanene systems are larger than those in TM-adsorbed graphene and
silicene [39]. This suggests that germanene might be the better candidate to accommodate
TM atoms.

Table 1. The optimal geometric structures of iron-, cobalt-, and nickel-adsorbed germanene systems
for the adsorption energies E,;,, the distance of adatom to germanene layer /1, X-Ge bond lengths
(X = Fe, Co, Ni), Ge-Ge bond lengths, magnetic moments, and the buckling height.

Adatoms Sites E 45 (eV) h (A) X-Ge (A)  Ge-Ge (A) Magnetic Moment (ug) Buckling Height (A)

Pristine 2.42 0.66
Valley 3.06

Iron Hollow 3.43 1.02 2.454,2.710 2.651 2.73 1.13
Top 2.65
Valley 3.60

Cobalt Hollow 4.20 1.05 2.437,2.718 2.595 1.75 1.12
Top 3.75
Valley 1.19

Nickel Hollow 1.85 0.95 2.436,2.649 2.552 0 1.35
Top 1.50
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(a) Pristinc Germanene (b) Fe:Ge=1:6
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Figure 1. The side and top views of optimal geometric structures for (a) pristine germanene, (b) iron-,
(c) cobalt-, and (d) nickel-adsorbed germanenes.

@ 1. Top
° & 2. Hollow
3. Bridge

Figure 2. Four possible adsorption sites: top (1), hollow (2), bridge (3), and valley (4).

The geometrical parameters of TM adatoms on the hollow site (the most energetically
favorable) are shown in Table 1. These include the adatom heights over the germanene
surface (h), the bond lengths between the adatom and its neighboring Ge atoms (X-Ge)
and between two Ge atoms (Ge-Ge), and the buckling heights of the adsorption systems.
In general, the Ge-Ge bond lengths and the buckling heights are increased compared
to pristine germanene. The adatom height h reveals that among the three TMs, the Ni
adatom is the nearest to the germanene surface, leading to the largest buckling (1.35 A).
Because of the buckling structure, there are two values of X-Ge bond length for each
adatom. Among the three TMs, Co has the longest X-Ge bond length, while Fe has the
longest Ge-Ge bond length. The latter possesses the largest magnetic moment (i = 2.73 up).
Obviously, the presence of TM atoms causes significant lattice distortions and creates highly
asymmetric chemical environments, as shown by the TM—Ge/Ge-Ge bond lengths and
the increased buckling. The highly asymmetric chemical environments are expected to
generate complicated charge distributions and enrich the electronic properties.

3.2. Energy Bands

The band structures of pristine germanene and the three TM-adsorbed (on hollow
sites) germanene systems are presented in Figure 3. In pristine monolayer germanene
(Figure 3a), the band structures are characterized by 7, o, and sp® bonds. The system
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exhibits a modified Dirac cone structure at the K point. At low energies, the valence and
conduction bands are generally symmetric about Er = 0 with a narrow gap of about
23.9 meV caused by the spin-orbit coupling. The 7t/ 7* band generated by the 4p, orbital
is initiated at the I' — M valley and displays a saddle M-point at —1.15/0.7 eV. On the
other hand, the ¢ band, mainly created by (4px,4py) orbitals, exhibits a parabolic energy
dispersion beginning at —0.6 eV at the I' point and shows a saddle M-point at —2 eV.
An observable mixing of 7r and o bands in both the I' -+ M and I' — K paths demonstrates
a weak but significant sp> bonding (nonorthogonality of 7w and ¢ bonds). It is noted that
the coordinates of the high-symmetry points in the Brillouin zone are expressed by the
linear combinations of the reciprocal lattice vectors : k = x1b1 + xbz + x3b3; therefore,
I'=(0,0), M = (0.5,0), and K = (0.67,0.33).

(a) Pristine Germanene (b) Fe:Ge=1:6 (c) Co:Ge=1:6 (d) Ni:Ge=1:6
— | S = -
S TR | S =2 = ]
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Figure 3. Band structures with the atom contributions for (a) pristine germanene, (b) cobalt-, (c) iron-,
and (d) nickel-adsorbed germanenes.

Compared with the pristine germanene, the Fe-adsorbed system presents an unusual
electronic band dispersion, as shown in Figure 3b. The low-lying energy bands are mainly
contributed by the greatly distorted 77 bonding on the germanene surface. The original
Dirac cone is completely destroyed along with the highly asymmetric conduction and
valence bands against Er = 0. The lowest unoccupied states are located at the K point,
while the highest occupied states are located between the I' and M points. Therefore,
the system is an indirect-gap semiconductor with E¢ = 0.22 (GGA could underestimate the
bandgap due to the limitations of Kohn-Sham DFT [41]). Apparently, these novel features
result from the complicated multi-orbital hybridizations of the non-uniform chemical bonds.
It is noteworthy that Fe-adsorbed germanene exhibits a ferromagnetic configuration that is
characterized by the two spin-split valence and conduction subbands near Er = 0. These
subbands exhibit non-monotonic wave-vector dependencies that might be closely related
to the different contributions of the guest adatom and host atoms. In general, the subbands
around Er = 0 are mainly dominated by the Fe atoms, and those at higher/lower energies
are co-dominated by Fe and Ge atoms.

Similar spin-split energy subbands are also observed in Co-adsorbed germanene,
as shown in Figure 3c. However, these subbands cross the Fermi level and create numerous
valence holes/conduction electrons. The system exhibits metallic behavior, and the Dirac
cone structure is totally absent. This indicates that the original 7t bond in pristine germanene
has undergone a drastic transformation. The Co atoms (orange triangles) completely
dominate the subbands near Er = 0, while Ge atoms (blue circles) contribute to the lower
subbands. There are several weakly oscillating and partially flat subbands in the region
of —1 eV< E?” <0 eV. These subbands will cause prominent structures in the van Hove
singularities in the density of states (DOS) (discussed in Figure 6).

The Ni-adsorbed germanene is an indirect-gap semiconductor with E; = 0.36 eV,
as shown in Figure 3d. The asymmetry between valence and conduction bands about
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Er = 0 is extremely enhanced after Ni adsorption. The lowest unoccupied states are
located at the K valley, while the highest occupied states are located in the K — I path.
The Ni-adsorbed germanene system is a non-magnetic material regardless of the position of
the adsorbed adatom. In short, TM-absorbed germanene can create a non-uniform chemical
environment with complex chemical bonds and unique band structures. It is difficult to
distinguish the initial, middle (saddle-point structures), and final 7t and ¢ bands. Therefore,
these results could not be well described by using a tight-binding model with complex
multi-orbital hopping integrals, site energies, and the Hubbard-like spin-induced on-site
Coulomb interactions [42].

3.3. Spatial Charge Density Distribution

The charge density distribution (p) (the left panels of Figure 4) is closely related to
the electron orbitals of each atom and is very sensitive to the distance between nearest
neighbor atoms. It can provide very useful information about multi-/single-orbital hy-
bridizations due to various chemical bonds and charge transfer phenomena between atoms.
The three absorption cases show that the charges are concentrated around the TM atoms
(the red areas in Figure 4b-d), indicating the asymmetrical charge accumulation of the
TM-Ge bonds. On the other hand, the bond strength between Ge-Ge atoms is decreased
in the presence of TM atoms, as reflected by the reduced red area compared to that of
pristine germanene (Figure 4a). The distinct bond lengths/strengths and the charge density
distributions between TM—-Ge and Ge-Ge atoms demonstrate the highly non-uniform
chemical environment that can be classified into light-green, yellow/light red, and red
regions, which mainly correspond to 4p;, (4s, 4px, 4py), and (3dx2,y2, 3dxy, 3dyx, 3dxz, 3d:2)
orbitals, respectively.

(a) Pristine Germanene

Charge density and charge density difference

o o O o

Ge Fe Co Ni

(b) Fe:Ge=1:6 (e) Fe:Ge=1:6

(c) Co:Ge=1:6 () Co:Ge=1:6

b ol - |
(d) Ni:Ge=1:6 () Ni:Ge=1:6

0 /A? 0.07  _o.4 /A 0.025

Figure 4. Spatial charge density (a-d) and charge density difference (e-g) for pristine germanene,
iron-, cobalt-, and nickel-adsorbed germanenes, respectively.
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The charge density difference, which is calculated by the charges of adatom-adsorbed
germanene systems minus the charges of pristine germanene and isolated adatoms, is very
useful for understanding the electron transfer due to the adsorption process. The charge
redistribution is characterized by the loss or gain of electron carriers in different degrees,
as shown in Figure 4e—g. Clearly, the charges are transferred from the bottom (blue) to
the top (red) of the Ge atom and to the TM atoms, leading to the decreased/enhanced
bond strength between Ge-Ge/TM-Ge atoms and the non-uniform chemical environment.
The complex charge density distributions are responsible for the unique band structures
and the interesting magnetic properties.

3.4. Spin Density

The configuration of the spin density distribution can provide more information
about the magnetic properties, as shown in Figure 5a,b. Ferromagnetic behavior exists
for all adsorption sites of Fe on germanene. In contrast, Ni-adsorbed germanene systems
exhibit non-magnetic features for all the adsorption sites. It is important to note that the
magnetic phenomenon occurs only in the hollow and top sites of Co—Ge systems. In general,
the spin—density distribution is non-uniform and anisotropic. The spin-up density (red)
is primarily produced by the TM atoms, and it is symmetric about the centers of these
guest atoms. However, the spin-up density only partially appears in the upper host atoms
and presents a strong directional dependence. On the other hand, spin-down density
(yellow) is mostly concentrated in the lower half-plane (z < 0) of the host atoms and is
partially located around the TM atoms. The highly asymmetrical spin distribution about
the z = 0 plane can result in ferromagnetism. The spin-up density (red) produced by
Fe/Co atoms is comparable to or greater than that contributed by germanene atoms. That
is, both host and guest atoms make important contributions to the magnetic properties.
The results are closely related to the Fe-/Co-dominated spin-split subbands near Er = 0
(Figure 3b,c). On the other hand, the spin-down density is quite small compared to the spin-
up density. The difference between the two spins corresponds to the significant magnetic
moments in Fe- and Co-adsorbed germanene systems. The theoretically predicted results
of the spatial ferromagnetic configuration and the spin magnetic moment can be verified
by high-resolution spin-polarized scanning tunneling microscopy (SP-STM) [43,44] and
superconducting quantum interference device (SQUID) [45,46] measurements, respectively.

(a) Fe:Ge=1:6 (b) Co:Ge=1:6

! Spin down

Figure 5. The spin—charge distributions of (a) iron- and (b) cobalt-adsorbed germanenes. Red and
yellow correspond to spin up and down, respectively.

3.5. The Projected Density of States

The atom-, orbital-, and spin-decomposed DOS are useful to understand the orbital
contributions and hybridizations. Various band-edge states of the electronic energy spectra
can create diverse 2D van Hove singularities, as shown in Figure 6a-j. The critical points
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in the energy-wave-vector space (Figure 3a—d) cover the Dirac-cone bottoms, the extreme
states of the parabolic dispersions, the saddle points/flat or partially flat subbands, and the
constant-energy loops. Such electronic states generate V-shaped structures, shoulders,
logarithmically symmetric peaks, and square-root-form asymmetric peaks, respectively,
in the DOS. In pristine germanene, the asymmetric V-shaped structure is created by the
modified Dirac cone in —0.5eV < E < 0.5 eV eV due to the Ge-4p, orbitals (Figure 6a).
However, the V-shaped structure completely disappears when TM atoms are adsorbed.
The Fe-Ge and Ni-Ge systems exhibit zero DOS at Er = 0, demonstrating semiconductor
behavior. As for the Co-Ge system, a high value of DOS appears at Er = 0 due to the
crossings of partially flat subbands, suggesting the metallic character.

1.2

(a) ; ; ;
ey Pristine Ge { Orbital-projected density of state of X-adsorbed germanene
0.84 i i (X = Fe, Co, and Ni)
— X-ds
o ((Ee " :S X - 3dy, - Total of Ge
je-dp, X - 3dy;
—— Ge-dp, —X-3d, i
— Ge-4p, X -3dy L
——X-3dey

-

DOS (states/eV .atom)

bdhbblbiloapuwsnodbhbbblioornmuasoo
e R g righe B o AT U o T AT

—_—
=
S

O = N Wb OO~ ®O O =
' T N T S i P P

Energy (eV)

Figure 6. The atom-, orbital-, and spin-projected density of states for (a) pristine germanene,
(b—d) iron-, (e-g) cobalt-, and (h-j) nickel-absorbed germanenes.

The prominent van Hove singularities near Ep = 0 arise from the multi-hybridizations
between the (4s, 4px, 4py, 4p-) orbitals of Ge and the (3dy2 2, 3dxy, 3dyx, 3dxz, 3dz2)
orbitals of TM atoms for TM—Ge bonds. Single-orbital-dominated subbands do not exist
in any of the adsorbed germanene systems. The four/six orbitals of the host and guest
atoms might overlap at certain energies, illustrating the multi-orbital hybridizations in any
chemical bond. The spin-split DOS (the spin-up and-down states are plotted in DOS < 0
and DOS > 0, respectively) show that the strong ferromagnetic configurations occur near
Er = 0. Atlower/higher energies, the spin-up and spin-down states coexist for the Ge DOS,
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but the opposite is true for the TM DOS. When E < —3 eV, the contribution of TM atoms
to the DOS becomes negligible, and the spin-polarization totally disappears. The main
features of the DOS could be validated by STS measurements (tunneling conductance
d1/dV) [47,48]. This powerful tool has been successfully used to explore diverse electronic
properties in graphene-like systems [49,50].

4. Conclusions

The geometric and electronic properties of Fe-/Co-/Ni-adsorbed germanene were in-
vestigated using the first-principles calculations. The multi-orbital hybridizations between
the (4s, 4px, 4py, 4pz) orbitals of Ge atoms and the (3dx2_y2, 3dxy, 3dyx, 3dxz, 3d;2) orbitals of
Fe/Co/Ni adatoms create a non-uniform chemical environment that enriches the electronic
properties. The low-energy bands are mainly dominated by the TM atoms and present un-
usual energy dispersions, such as flat or partially flat subbands, with metallic or indirect-gap
semiconductor behavior. Furthermore, the spin-split subbands around Er = 0 demonstrate
the ferromagnetic configurations of Fe-Ge and Co—Ge systems. The feature-rich energy
bands are reflected in the van Hove singularities in the DOS, such as shoulders, logarithmi-
cally symmetric peaks, and square-root-form asymmetric peaks. The orbital-decomposed
and spin-split DOS provide critical information about multi-orbital hybridizations and the
distinct spin polarizations between TM and Ge atoms. The simulation and analysis can
be extended to more complex functionalized germanene systems, such as double-sided
adsorption or doping with two or more types of guest adatoms simultaneously. In addition
to adsorption, several events can occur during experimental growth, such as guest atom
substitutions, defects, and heterojunctions, which are also worthy of careful investigation.
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