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1. Introduction

New two-dimensional (2D) materials such as silicene and ger-
manene have been synthesized recently [1, 2]. These materials 
have a hexagonal honeycomb structure similar to that of gra-
phene [3], and are made of respectively Si and Ge atoms [4]. 
Contrary to graphene they are not flat, but have a periodically 
buckled topology [5–7].

The chemical modification of graphene, silicene, and ger-
manene with hydrogen and fluorine atoms generate other 
new two-dimensional crystals where the adatoms form 
ordered arrangements on the pristine compounds [8–10]. 

Hydrogenated graphene (graphane) [8], graphene fluoride 
[9], and hydrogenated germanene [10] were recently realized 
experimentally by following this procedure.

For the case of a complete (100%) coverage with adatoms, 
many possible metastable arrangements have been considered 
theoretically for these new compounds [11–13]. For example, 
in [12] a cluster expansion method for absorption was applied 
on hydrogen chemisorbed on graphene in order to explore 
all the possible configurations. First principle calcul ations of 
the formation energy for graphane gave, at zero temperature, 
that the chair configuration is the lowest energy configuration 
among all the possibilities but there is a very small difference 
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Abstract
The electronic and vibrational properties of germanane and fluorinated germanene are studied 
within density functional theory (DFT) and density functional perturbation theory frameworks. 
Different structural configurations of germanane and fluorinated germanene are investigated. 
The energy difference between the different configurations are consistently smaller than the 
energy of thermal fluctuations for all the analyzed DFT functionals LDA, GGA, and hybrid 
functionals, which implies that, in principle, it is possible to find these different configurations 
in different regions of the sample as minority phases or local defects. We calculate the 
Raman and infrared spectra for these configurations by using ab initio calculations and 
compare it with available experimental spectra for germanane. Our results show the presence 
of minority phases compatible with the configurations analyzed in this work. As these low 
energy configurations are metastable the present work shows that the synthesis of these energy 
competing phases is feasible by selectively changing the synthesis conditions, which is an 
opportunity to expand in this way the availability of new two-dimensional compounds.
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in formation energy with other configurations specially the 
zigzag, boat, and chair configurations [12]. The same result 
has been consistently found in the chemical modification of 
graphene, silicene, and germanene based compounds [11–13].

All these previous theoretical studies shows that although 
the chair conformation is the most stable one, the energy bar-
rier with other possible configurations is rather large, and 
therefore the other configurations are metastable [11–13]. Due 
to the extremely small energy difference between the configu-
rations, some disorder in the repartition of the alternation of 
adatoms below and above the two-dimensional plane could 
be present in the final product, as well, is also very plausible, 
the presence of islands of the other configurations in a mostly 
chair conformation material.

Nowadays, Raman spectroscopy is regarded as one of the 
main techniques for structural testing of 2D materials [14]. In 
fact, Raman spectroscopy results reported by first principles 
studies have predicted the vibrational modes of many mat-
erials which have been verified later by experiments [15, 16].

Encouraged by the recent synthesis and exfoliation of GeH 
(germanane) single layers [10, 17], we have studied the vibra-
tional properties of different configurations of germanane and 
fluorogermanene to compare them with the experimentally 
available Raman and infrared spectra [10]. Our simulated 
Raman and infrared spectra, and its subsequent comparison 
with the experiments, confirm the presence of other meta-
stable configurations as minority phases in a mostly chair 
conformation material.

We will first describe in section  2, the computational 
methods used in our work. Then, the main results obtained 
will be discussed in section 3. In section 3.1, the structural 
parameters and the phonon dispersion curve of germanene, 
GeH, and GeF will be analyzed and its phonon dispersion 
relation will be presented and discussed. In section 3.2, we 
study directly from ab initio calculations the Raman and 
infrared spectra of different configurations of germanane and 
fluorogermanene. This allows a direct comparison with avail-
able experiments in germanane. Finally, the main conclusions 
of this work will be summarized in section 4.

2. Computational details

The calculations were performed by using spin-polarized den-
sity functional theory (DFT), as implemented in the simulation 
package Quantum-Expresso [18]. Exchange and correlation 
effects were treated, in most of the calculations, within the 
generalized gradient approximation (GGA) of the Perdew–
Burke–Ernzerhoff (PBE) functional [19]. The energy differ-
ence between the chair, boat, and zigzag-line configurations 
were also calculated with the B3LYP and HSE functionals. 
An ultrasoft pseudopotential description of the ion-electron 
interaction was used together with a plane-wave basis set for 
the electronic wave functions and the charge density, with 
energy cutoffs of 70 and 760 Ry respectively. The total energy 
calcul ations were checked to be converged with a 20 × 20 × 1 
grid of k-points, smearing of 0.02 Ry was used. The two-
dimensional behavior was simulated by keeping a 14 Å   

vacuum spacing between the adjacent cells to avoid interac-
tions. All the structures were relaxed using respectively the 
criteria of forces and stresses on atoms of 0.001 eV Å  and  
0.2 GPa. The convergence tolerance of energy in the calcul-
ations was set to 0.5 meV per atom.

The sampling of the Brillouin zone needed for the conv-
ergence of the wave functions in a phonon calculation requires, 
in most cases, an equal number of discrete k-points as a a self-
consistent total energy calculation [20]. But the convergence 
of the phonon dispersion relations require a discrete q-mesh 
with a lower number of q-points. For the phonon dispersions, 
we used a 5 × 5 × 1 q-grid in the Brillouin zone. The phonon 
dispersion curves were obtained by diagonalization of the 
dynamical matrices calculated using density functional per-
turbation theory (DFPT) [20]. The convergence thresholds for 
the self-consistent calcul ation and the phonon calculations 
are 10−7 and 10−14 Ry, respectively. The Raman and infrared 
spectra were study with LDA calculations done with norm 
conserving pseudopotentials as implemented in the Quantum-
Expresso package [18]. The eigendisplacements and phonon 
modes were classified according to group theory by using the 
tools available online in the Bilbao Crystallographic Server 
[21].

3. Results and discussion

3.1. Structural parameters and phonon dispersions of ger-
manene, germanane, and fluorogermanene

To investigate the vibrational properties of germanane and flu-
orogermanene it is very useful to start by discussing the vibra-
tional properties of germanene that is their parent compound 
without coverage with hydrogen or fluorine atoms. As shown 
in table 1, our result for the lattice parameter (bond length) 
of germanene are very close to the experimental values even 
when the experiments refers to germanene on a Pt/Ge sub-
strate [22, 23]. Our results for the buckling height of Ge is 
also in good agreement with other theoretical studies [5, 22, 
24–26].

The calculated phonon dispersion of germanene is shown 
in figure 1. The low buckled honeycomb germanene is stable, 
because there are no imaginary frequencies in the phonon dis-
persion. It means that there are no soft modes and, therefore, 
there is no sign of any dynamical instability, in agreement 
with previous results [25].

An understanding of this phonon dispersion is essential 
to interpret its Raman spectra. The point-group symmetry 
of germanene, due to the buckling, is D3

3d  [27], space group 
164 Wyckof positions 2d, see table 2 for a description of the 
space group and Wyckof positions of germanene and also for 
all the other structures analyzed in this work. In germanene 
there are six phonon dispersion bands owing to the unit cell 
containing two Ge atoms. The three vibrational branches, 
with zero frequency at the Γ point, correspond to the acoustic 
modes, which can be classified as: out-of plane transversal 
acoustic mode (oTA), in-plane tangential mode (iTA), and 
in-plane longitudinal mode (iLA). The (oTA) mode shows 

J. Phys.: Condens. Matter 31 (2019) 075301



J Rivera-Julio et al

3

a q2 energy dispersion near the Γ point and the other two, 
a linear q dependence. The optical modes correspond to the 
other three frequency values. The ωΓ = 165 cm−1 frequency 
belongs to the A1g out-of plane transversal optical mode (oTO) 
(figure 2(a)). The highest optical mode at Γ belongs to the 
doubly degenerate Eg mode with a frequency of ωΓ = 279.5 
cm−1. This frequency corresponds to the in-plane longitudinal 
optical mode (iLO) (figure 2(b)) and the in-plane transversal 
optical mode (iTO) (figure 2(c)), respectively. For the case of 
graphene, these vibrational modes are Raman active and are 
associated to the G peak in the Raman spectra [28].

In the following, we show results corresponding with 
the four lowest energy isomers of germanane and fluoroger-
manene: chair, boat, airchair-line, and zigzag-line. For the iso-
mers name, we have used the same nomenclature as in [13]. 
However, notice that for example the zigzag line configuration 
is also referenced as stirrup configuration in other works.

Figure 3 shows the primitive cell (red line) used to 
describe the arrangement of atoms of the four analyzed con-
figurations in germanane and fluorogermanene. For the chair 

configuration the unit cell is hexagonal and achair and bchair are 
equivalent to the lattice parameter a (see table 1). In the other 
cases the unit cell is orthorhombic with aboat , azig, and aarm 
(bboat , bzig, and barm) equivalent to the cell parameter parallel 
to the x-axis (y-axis), respectively. After relaxation, different 
configurations specially zigzag-line and armchair-line appear 
highly distorted with respect to the chair configuration, as can 
be appreciated in figures 3(a)–(d).

The structural parameters for the different configurations 
of germanane and fluorogermanene are also shown in table 1. 
The notation a and b is a simplified reference to the param-
eters aboat , azig, and aarm or bboat , bzig and barm according to 
their respective configurations in figure 3.

The binding energy (EB) is defined as the difference 
between the total energy of the isolated atoms and the total 
energy of the compound. EB is therefore calculated as 
EB = (NGeEGe + NxEx − Etotal)/N , where N , NGe, Nx are the 
total number of atoms in the unit cell, the total number of Ge 
atoms, and x makes reference to hydrogen or fluorine. EGe 
and Ex  are the energies of the isolated Ge, H or F atoms and 
Etotal is the total energy of the compounds, GeH or GeF.

In [30], it was found that the ground state configuration of 
GeH is the chair with an energy difference of 0.009 eV with 
the zigzag-line, 0.012 eV with the A-line, and 0.015 eV with 
the boat configurations. Similar results were obtained for GeF. 
This was calculated by using the Perdew–Wang functional, 
which is an LDA functional. In [30], it was also studied the 
quasi-particle energies and optical excitations of hydrogen-
ated and fluorinated germanene, which we now complement 
with our study of the vibrational properties of these four con-
figurations of both compounds.

It is well known that differences in DFT calculations could 
be much larger than the computed energy differences for the 
different isomers reported in [30]. And also that hybrid func-
tionals (such as B3LYP and HSE) give much better results 
compared to non-hybrid functionals such as the PW functional. 
As the energy difference between these four configurations is 

Table 1. Structural parameters for four different configurations of germanane and germanene fluoride and their energies obtained by using 
three different exchange and correlation functionals. ∆E refers to the energy difference per atom.

Germanene GeH GeF

Teo 
(Å) Exp (Å) Exp (Å) Chair Boat Z-line A-line Chair Boat Z-line A-line

achair (Å) 4.05 4.4 ± 0.2 [22] 3.880 [29] 4.028 — — — 4.226 — — —

a (Å) — — — — 6.769 5.835 6.755 — 7.264 6.471 7.197

b (Å) — — — — 4.046 4.062 7.111 — 4.271 4.236 7.898

dGe–Ge (Å) 2.43 2.5 ± 0.1 [22] – 2.446 2.473 2.450 2.540 2.490 2.535 2.534 2.521

dGe−X (Å) — — — 1.529 1.552 1.782 1.554 1.780 1.781 1.778 1.778

buckling (Å) 0.65 0.2 [22] — 0.758 1.056 1.917 1.891 0.616 0.843 1.712 1.615

EbPBE (eV) — — — 3.709 3.695 3.698 3.689 4.339 4.327 4.323 4.317
∆EbPBE (eV) — — — 0.000 0.014 0.011 0.020 0.000 0.012 0.016 0.022
EbB3LYP (eV) — — — 3.355 3.340 3.341 3.331 4.025 4.011 4.002 3.999
∆EbB3LYP (eV) — — — 0.000 0.015 0.014 0.024 0.000 0.014 0.023 0.026
EbHSE (eV) — — — 4.427 4.411 4.416 4.363 — — — —
∆EbHSE (eV) — — — 0.000 0.016 0.011 0.063 0.000 — — —

Figure 1. Phonon dispersion curves for germanene, calculated by 
DFPT using ultrasoft pseudopotentials.

J. Phys.: Condens. Matter 31 (2019) 075301
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a central subject of the present study we extend the previous 
computations of [30] to more accurate functionals such as the 
PBE, B3LYP, and HSE. The results are summarized in table 1.

The energetically most favorable crystal configuration for 
the PBE, B3LYP, and HSE functionals is also the chair config-
uration. The next lowest energy configurations for germanane 
(fluorogermanene) are zigzag and boat (boat and zigzag), 
respectively depending of the functional, with a very small 
energy difference less than 0.015 eV per atom compared to the 
chair configuration. This is in disagreement with the calcul-
ations from [30] where it was found that the A-line configura-
tion has less binding energy than the boat. This is expected 
because the LDA functional used in [30] is usually less accu-
rate that B3LYP, HSE. and PBE.

As we can appreciate, there is a very small energy dif-
ferences between the different isomers by using four dif-
ferent DFT functionals. The energy differences between the 
isomers computed with LDA, GGA, and hybrid functionals 
B3LYP and HSE are consistently smaller than the thermal 
energy at room temperature, 0.025 eV. Of the four configura-
tions the zigzag and boat configurations are the energetically 
more stable configurations for both systems. We therefore 

concentrate the study of the vibrational properties on these 
three configurations.

From table 1, we can also notice that the buckling height 
and Ge–Ge bond length (dGe–Ge) in GeH and GeF are slightly 
higher compared with pristine germanene because of the pres-
ence of the GeH and GeF bonds. If we compare the average 
buckling height and bond lengths of germanene with ger-
manane and fluorogermanene, we can see that both param-
eters increase due to the presence of the adsorbates in these 
systems. The large variations in these two parameters will 
have an important influence in the vibrational behavior of the 
different configurations by generating large differences in the 
Raman and infrared frequencies as will be discussed later.

Figures 4(a) and (b) display the calculated phonon dis-
persion relation (left hand side) and the phonon DOS (right 
hand side) for the chair configuration of both germanane and 
fluorogermanene, respectively. As in the case of germanene, 
figures 4(a) and (b) do not depict soft modes, and thus there is 
no sign of any dynamical instability. As shown in figure 4(a) 
(figure 4(b)), germanene functionalized with hydrogen (fluo-
rine) presents twelve phonon dispersion bands because the 
unit cell of germanane (fluorogermanene) contains two Ge 
atoms, and two H (F) atoms. By comparing the dispersion in 
figures 1 and 4(a), we can find that the low frequency branches 
are mainly due to the vibrations of Ge atoms.

A remarkable difference between fluorinated germanene 
and germanane is the value of the frequency of the highest 
frequency modes. The mass of the H and F atoms are smaller 
than Ge atom; thus, the contribution to high-frequency modes 
mostly consist of the out of plane vibration of the H or F atoms 
because the amplitude of the oscillations of the H (F) atoms 
is larger than the corresponding amplitude of the Ge atoms. 
The hydrogenation (fluorination) introduces two out of plane 
stretching modes (oS) [31, 32]. For the chair configuration, the 
antisymmetric infrared active A2u mode (shown in figure 6(a)) 
consist of counter phase oscillations of the two GeH bonds of 
the unit cell. The other high frequency mode is the A1g Raman 

Table 2. Space group and Wyckof positions for germanene and also for different configurations of GeH and GeF. These parameters were 
obtained from the relaxed structures and used as inputs for the Group Theory analysis of the Raman and infrared modes obtained from the 
Bilbao Crystallographic Server [21].

Structure Symmetry Element Wyckof positions

WP x y z

Germanene D3
3d  (P-3m1, #164) Ge 2d 0.333 33 0.666 66 0.013 58

Chair D3
3d  (P-3m1, #164) Ge 2d 0.333 33 0.666 66 0.463 11

H 2d 0.333 33 0.666 66 0.384 92
Z-line D7

2h  (Pmna, #53) Ge 2h 0.000 00 −0.061 57 0.369 19

H 2h 0.000 00 0.855 58 0.517 71
Boat D13

2h  (Pmmn, #59) Ge 4f −0.067 31 −0.037 78 0.250 00

H 4f 0.001 51 0.855 45 0.250 00
Chair D3

3d  (P-3m1, #164) Ge 2d 0.333 33 0.666 66 0.100 43

F 2d 0.333 33 0.666 66 0.014 44
Z-line D7

2h  (Pmna, #53) Ge 2h 0.000 00 −0.051 46 0.357 57

F 2h 0.000 00 0.856 40 0.496 63
Boat D13

2h  (Pmmn, #59) Ge 4f −0.014 67 0.144 61 0.250 00

F 4f −0.073 91 0.028 34 0.250 00

Figure 2. Optical phonon modes of germanene at the zone center of 
the Brillouin zone, Γ Point. (a) A1g out-of plane transversal optical 
mode (oTO), (b) Eg in-plane longitudinal optical mode (iLO), 
and (c) Eg in-plane transversal optical mode (iTO). Each mode is 
accompanied by a top and a side view of the atomic displacements.

J. Phys.: Condens. Matter 31 (2019) 075301
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active mode where the two GeH bonds oscillate in phase. In 
GeH, both oS modes occurs at a frequency of ∼2100 cm−1, 
see table 3 and figures 4(a), 5 (infrared), and 8 (Raman). As 
fluorine atoms are heavier than hydrogen, for GeF-chair, this 
mode occurs at a lower frequency of ∼650 cm−1, see table 4 
and figures 4(b), 9 (Raman), and 10 (infrared).

A similar analysis can be done for the high-frequency out 
of plane stretching oS modes of the z-line and boat configura-
tions, see table 3 and figures 6(b) and (c).

From the phonon DOS depicted in figures 4(a) and (b), we can 
see that there is a gap between the high-frequency region and the 
medium-frequency region, 637–2107 cm−1 (278–620 cm−1)  
in GeH (GeF). This gap is larger in the GeH than in the GeF 
system. This is due to the fact that fluorine atoms are heavier 
than hydrogen atoms. A similar behavior was reported for gra-
phene fluoride and graphane [33].

There is another gap between the minimum optical phonon 
frequencies and the maximum acoustic phonon frequencies 
at Γ point (figures 4(a) and (b)). This gap is smaller in the 
GeF than in the GeH system. The formation of the gap in 
this zone is attributed to the increase of the buckling height 

after functionalization [32, 34]. As shown in table 1, the buck-
ling height for the chair configuration of GeH is larger than 
its counterpart in GeF, which stiffens the oTO modes and 
enhance the iLA-oTO frequency gap. This was also discussed 
for graphene fluoride and graphane [32].

Similar phonon dispersions for germanane in the chair 
configuration were obtained in [31, 35, 36]. Our analysis and 
symmetry considerations for germanene, germanane, and fluor-
ogermanene obtained by group theory are also in good agree-
ment with results obtained for other buckled 2D materials like 
black phosphorus, silicene, and stanene [37]. To our knowl-
edge, there are no previous studies of the phonon dispersion of 
fluorogermanene, neither experimentally nor theoretically.

3.2. Infrared and Raman spectra for germanane and fluorog-
ermanene

In this section, we analyze the infrared and Raman active 
modes of the chair, zigzag-line, and boat configurations of 
GeH and GeF. We also compare our results with available 
experimental data for germanane [10, 38].

Figure 3. Germanane structures for four different configurations: (a) chair, (b) boat, (c) zigzag-line (Z-line), and (d) armchair-line (A-line). 
Germanium and hydrogen atoms are represented by gray and blue spheres, respectively. The red boxes represent the primitive cell. 
Fluorogermanene has similar crystal structures.

Figure 4. Calculated phonon dispersion and phonon DOS for the chair configuration of (a) germanane, and (b) fluorogermanene. We are 
labeling the most important phonon modes, where R stands for Raman and IR for infrared active modes.

J. Phys.: Condens. Matter 31 (2019) 075301
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The most intense infrared and Raman modes are shown in 
table 3. Similar information is shown graphically in figures 5–
10, where we calculated the IR and Raman spectra for a better 
comparison with the experiments. The calculated phonon 
dispersion curves obtained from ab initio DFPT calcul ations 
are always for 0 K, this should kept in mind while comparing 
it the experimental results. In all the figures, the Raman and 
infrared intensities were normalized to the peak with the 

highest intensity of each spectrum [39, 40] and frequencies 
were expressed in cm−1.

The necessity of studying other configurations, besides 
the chair that is the lowest energy configuration, is evident 
from the infrared data. None of the IR experimental peaks 
observed in figure 3(a) of [10] and summarized in table 3 can 
be explained from the expected behavior of the chair configu-
ration. For example, the experimental IR peaks at 475, 507, 
and 570 cm−1 are easily associated with the z-line and boat 
configurations but are absent for the chair. On the other hand, 
the experimental peaks at 770 and 825 cm−1, which cannot be 
associated with any of the studied configurations where iden-
tified in [10] as GeH2 bond bending modes at the edges of 
each germanane sheet. This was confirmed by preparing deu-
terated GeD samples, where it was observed that the behavior 
of these two modes was consistent with the change of the 
reduced mass upon deuteration [10].

There is a striking similarity between our simulated IR 
spectra for the zigzag-line and boat configurations and the 
experimentally observed spectra. Not only the frequency of 
the z-line and boat IR active modes agree with the experi-
ments, the amplitude and the shape of the ab initio simulated 
spectra agrees with the available experimental spectra as well, 
compare figure 5 with the available experimental spectra of 
figure 3(a) of [10]. In the 400–3600 cm−1 wavenumber region 
measured in the experiments, the main infrared active contrib-
ution for zigzag-line (green line) is at 484 and 548 cm−1 and 
at 445 and 534 cm−1 for the boat configurations (blue line), 
while experimentally there are equivalent peaks at 475, 507, 
and 570 cm−1.

Close to the 2000 cm−1 there is another appreciable infrared 
active peak which can be associated with the zigzag-line and 
boat configurations but also to the chair, this is the previously 
analyzed oS mode. Although in the case of the chair is slightly 

Figure 5. The simulated infrared spectra of GeH for (a) zigzag-line 
(green dashed-line) and (b) boat (blue dot-dashed line) and chair (red 
line) configurations, respectively. The frequency range from 3600 
to 400 cm−1 was chosen to coincide with the experimental range of 
[10]. In all of the figures, the Raman and Infrared intensities were 
normalized to the peak with the highest intensity of each spectrum.

Table 4. List of Raman active and infrared phonon frequencies for 
GeF systems at the Γ point.

Infrared GeF (cm−1)

Chair Z-line Boat

75(Eu) — 79(Au)
79(Eu) 122(B1u) 82(B2u)
— 138(B3u) 140(B3u)
— 623(B2u) —
650(A2u) 654(B1u) 651(B1u)
— — —
— — —
Raman GeF (cm−1)

Chair Z-line Boat
114(Eg) 75(B1g) 44–78(Ag)
169(A1g) 89(Ag) 90–96(Ag)
278(Eg) 94(B2g) 114(B3g)
644(A1g) 129(B3g) 152–158(B2g)
— 296(Ag) 282(Ag)
— 297(B1g) 291(B1g)
— 653(Ag) 645(Ag)

Table 3. List of Raman and infrared active phonon frequencies for 
GeH systems at the Γ point. The experimental values (Exp) were 
taken from [10].

Infrared GeH (cm−1)

Exp. Chair Z-line Boat

— 365(Eu) — —
475 — 484(B3u) 445(B2u)
507 — — 534(B3u)
570 — 548(B2u) –
770a — — —
825a — — —
2000 2123(A2u) 2009(B1u) 2017(B1u)
Raman GeH (cm−1)
Exp. Chair Z-line Boat
228 223(A1g) 159(Ag) 163(B3g)
302 286(Eg) 277(Ag) 289(Ag)

637(Eg) 295(B1g) 608(Ag)
— 642(B1g) 674(B1g)
— 678(B2g) 1988(B2g)
— 1979(B3g) —
2107(A1g) 1997(Ag) 2003(Ag)

a These two vibrations correspond to Ge–H2 bond-bending modes at the 
edges of each crystalline germanane sheet, as was discussed in [10, 38]. 
Ge–H2 bonds are not present in our configurations and notice that there are 
no modes at these frequencies in any of the investigated structures.
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shifted respect to the former configurations and also from the 
value observed in the experiments.

By analyzing the eigendisplacements of the IR active 
modes in the three different configurations is evident how 
the buckling change the direction of the eigendisplacements 
and, in this way, change the IR behavior of the isomers, see 
figures 5 and 6. In table 1, we can notice a large increase in 
the buckling height that jumps from 0.741 Å  in the chair to 
1.056 Å  in the boat and 1.917 Å  in the z-line configurations. 
The associated distortion that this generates in the structures 
is large enough to be visually appreciated. This has an impact 
in the frequencies, the intensities, and the eigendisplacements 
of each mode. The consequences of the buckling is implicitly 
incorporated in the symmetry analysis of other buckled 2D 
materials like black phosphorus, silicene, and stanene, see for 
example [37].

The first and second columns of figure 6(a) correspond to 
in-plane Eu optical modes of the chair configuration. The third 
column is the A2u mode, an out-of-plane optical mode. As 
shown in figures 6(b) and (c), the distortion associated with 
the strong buckling and the different space groups of the z-line 
and boat configurations generate out-of-plane components of 

the eigendisplacements in these two configurations with the 
corresponding change in frequency.

While the infrared activities seems to be dominated by 
the z-line and boat configurations the situation is different 
with the Raman active modes. The more intense peaks of 
the Raman for the z-line and boat configurations are around 
600 cm−1, see figure 7. However, in the experimental Raman 
spectra there are only small peaks in this region, which can be 
well differentiated from the noise.

The experimental Raman spectra resembles the behavior 
of the ab initio simulated spectra of the chair configuration, 
see and compare figure 8 with figure 3(b) of [10]. Notice that 
in the chair, and also in the experiments, there are two main 
Raman active peaks. One peak belongs to a doubly degen-
erate Eg mode, symbols †,∆ in figure 8, which corresponds 
to the degenerated iTO and the iLO modes with a frequency 
of ωΓ = 286 cm−1. The vibrational mode A1g represented by 
the symbol ∗ in figure 8 corresponds to the oTO, and occurs 
at ωΓ = 223 cm−1. In figure 8, at a frequency of 2107 cm−1 
occurs another active vibrational mode, which corresponds to 
the GeH oS mode, due to the perpendicular restoring forces on 
the GeH bonds. In the boat (zigzag-line) GeH configuration, the 
highest intensity Raman active peak occurs at ωΓ = 2003 cm−1  
(ωΓ = 1997 cm−1). This peak corresponds to the GeH out 
of plane stretching mode and has a similar frequency in all 
the configurations. In figure 8, there is also a Raman mode 
at 637 cm−1 but this peak is not as intense as the previously 
discussed peaks of the chair configuration.

As we previously discussed, the presence of various iso-
mers is expected due to the very small energy difference 
between the chair, z-line, and boat configurations. This can 
explain the overall behavior of the sample in the experiments 
that includes both the Raman and IR activities. Even when 
the Raman intensities and frequencies of the experiments [10] 
seems to confirm that the majority configuration is the chair, 
from the experiments, however, the presence of other minority 

Figure 6. The eingendisplacements of the IR active modes in GeH 
configurations at the Γ Point. (a) Chair, (b) zigzag-line, and (c) boat. 
Each mode is accompanied by a top and a side view of the atomic 
displacements.

Figure 7. Raman spectra for germanane at the Γ point obtained 
by convoluting the calculated vibrational spectrum with a uniform 
Gaussian broadening having 10 cm−1 width. The Zigzag-line (green 
dash-line) and boat (blue dot–dash line) configurations are shown.
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configurations with appreciable Raman contributions around 
600 cm−1 can not be discarded. In fact, in figure 3(b) of [10], 
besides the two main peaks at low frequencies, there are 
modes in the range between 500 cm−1 and 600 cm−1, which 
could be associated to the presence of minority phases in the 
sample such as the zigzag and boat, see figure 7. This is fur-
ther confirmed by the dominance of the z-line and boat peaks 
in the IR spectra as we previously discussed. In general, the 
overall behavior is consistent with a sample composed by a 
dominant chair isomer with a small portion of other phases 
such as the z-line and the boat.

All the frequencies corresponding to the Raman active 
modes for the GeF-chair, boat, and zigzag-line configurations 
are shown in figure 9. The highest intensity Raman peaks for 
the boat, zigzag-line, and chair GeF configurations appear in 
the medium frequency region, exactly at 291 cm−1, 297 cm−1,  
and 278 cm−1, respectively. This shows that the difference 
between the behavior of the Raman spectra of the three iso-
mers is smaller in this case than for hydrogenated germanene.

The peak with the second highest intensity shows a larger 
frequency difference and is also an opportunity to differentiate 
experimentally between the three isomers. The Raman active 
mode Ag, which is an out-of-plain transverse optical mode 
(oTO), appears at ωΓ = 169 cm−1 for the chair configura-
tion. For the z-line configuration the second-highest intensity 
peak occurs at 75 cm−1, while for the boat there are no other 
appreciable peaks except the highest intensity one. For the 
GeF-chair configuration, another important peak is the doubly 
degenerate Eg mode, which corresponds to the doubly degen-
erated iTO and iLO modes and appears at ωΓ = 114 cm−1.

Similar to the case of GeH configurations, the peaks corre-
sponding to the oS modes in GeF system are relatively close 
in frequency for all the configurations. These peaks occur 

at ωΓ = 645 cm−1 and ωΓ = 653 cm−1 for the boat and the 
zigzag-line configuration respectively, while for the GeF chair 
it occurs at ωΓ = 644 cm−1.

The infrared spectra for the three GeF isomers are also very 
similar between them, see figure 10. As we can see, the main 
active peak contributions for all the configuration is around 
100 cm−1. There are also another appreciable infrared active 
peaks around 650 cm−1 with similar intensity for the chair 
(red line) and boat (blue dot–dash line) configurations, origi-
nated by the stretching vibrations of the fluorine atoms. The 
expected IR behavior of the three isomers is even more similar 
than the previously analyzed Raman spectra of figure 9.

To our knowledge, at present, there are no Raman or 
infrared experiments that could be compared with our theor-
etical results for GeF. Due to the small energy differences 

Figure 8. Computed Raman spectra for germanane in the chair 
configuration (red line), obtained by a convolution of the calculated 
vibrational spectrum with a uniform Gaussian broadening having 10 
cm−1 width. The eigendisplacements of the lower frequency modes 
are also included.

Figure 9. The Raman active frequencies for GeF system at the Γ 
point. Chair (red line), zigzag-line (green dash-line), and boat (blue 
dot–dash line) configurations.

Figure 10. The simulated infrared spectrum for GeF system at the 
Γ point. Chair (red line), zigzag-line (green dash-line), and boat 
(blue dot–dash line) configurations.
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between the different isomers of GeF is also expected to 
find experimentally a coexistence of various isomers at least 
locally in several regions of the sample.

4. Conclusions

We investigated from ab initio calculations different possible 
configurations for germanane and fluorinated germanene. The 
lowest energy configuration in both cases was found to be the 
chair configuration. However, the presence of various isomers 
in a mostly chair conformation material is expected due to 
the very small energy difference between the chair, z-line, and 
boat configurations.

This can actually explain the experimental behavior of 
germanane samples including both the Raman and IR activi-
ties. We found that none of the IR experimental peaks can be 
explained from the expected behavior of the chair configura-
tion. While, there is a striking similarity between our simulated 
IR spectra for the zigzag-line and boat configurations and the 
experimentally observed spectra. Not only the frequency of 
the z-line and boat IR active modes agree with the experi-
ments, the amplitude and the shape of the ab initio simulated 
spectra agrees with the available experimental spectra as well.

While the infrared activities of germanane seems to be 
dominated by the z-line and boat configurations the situation 
is different with the Raman active modes. The experimental 
Raman spectra resembles the behavior of the ab initio simu-
lated spectra of the chair configuration.

In general, the overall behavior is consistent with a sample 
composed by a dominant chair isomer with portions of other 
phases such as the z-line and the boat.

Our results can also be used to identify the different atomic 
configurations of GeF when Raman and IR spectra will be 
experimentally available for this compound.

As these low energy configurations are metastable the pre-
sent work shows that the synthesis of these energy competing 
phases is feasible by selectively changing the sinthesis condi-
tions, which is an opportunity to expand in this way the avail-
ability of new two-dimensional compounds with applications 
in electronic devices.

In fact, germanane is already showing to be a promising 
material for applications. For example, the first realization 
of germanane field-effect transistors was reported recently 
to have a great potential for (opto)electronics applications 
[41]. Germanane is also a promising material for Lithium-ion  
batteries [42].
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