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Enhanced superconductivity by strain and carrier-doping in borophene:

A first principles prediction
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By first principles calculations, we predict that the recently prepared borophene is a pristine two-
dimensional monolayer superconductor in which the superconductivity can be significantly
enhanced by strain and charge carrier doping. The intrinsic metallic ground state with high den-
sity of states at Fermi energy and strong Fermi surface nesting lead to sizeable electron-phonon
coupling, making the freestanding borophene superconduct with 7. close to 19.0 K. The tensile
strain can increase the T to 27.4 K, while the hole doping can notably increase T.. to 34.8 K. The
results indicate that the borophene grown on substrates with large lattice parameters or under
photoexcitation can show enhanced superconductivity with T, far above the liquid hydrogen tem-
perature of 20.3K, which will largely broaden the applications of such promising material.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963179]

Since the discovery of graphene,' two-dimensional (2D)
monolayer materials have gained significant attention.
Monolayer transition metal dichalcogenide MoSz,3_5 h—BN,‘s_8
silicene,”!! phosphorene,'>'? etc., were experimentally pre-
pared. Interesting properties emerge in those monolayer mate-
rials, implying the promising applications in future electronic
devices. However, among the reported remarkable properties
of most of the prepared pristine monolayer materials, super-
conductivity was rarely found. It is due to the intrinsic semi-
metal or semiconductor ground states of such materials. The
vanishing density of states (DOS) at Fermi energy (Er) pre-
vents the emergence of superconductivity. A monolayer mate-
rial showing superconductivity can be very useful in the
nanoscale superconductor devices'*™'? to achieve single-spin
sensitivity for measuring and controlling. Lots of predictions
suggested that such superconductivity can be introduced by the
metallization of those monolayer materials, such as Li atom
adsorption on graphene,’**! hole doping in fully hydrogenated
graphene,? electron doping in graphene under strain,”> mono-
layer M052,24’25 silice:ne,26 and phosphorene.”’28 However, in
the experiment, there are only a few reports on monolayer
superconductors. Superconductivity with T, of 7.4K was
reported in the liquid gated MoS, thin flake.?*>° In such a sys-
tem, the gate doped electrons are considered to be accumulated
in the first layer, so the outermost layer can be seen as a free-
standing monolayer superconductor. The monolayer FeSe
grown on SrTiOj3 exhibits an interface enhanced superconduc-
tivity>'® whose T, is greater than 100K.*® In Li-adsorbed
graphene, it seems that there is a potential superconducting
gap found by angle resolved photoemission spectroscopy
(ARPES) below 5.9 K.*” However, more solid evidence of the
intrinsic monolayer superconductors are still needed. The
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reason why other predictions are still not verified might be the
difficulty of the sample preparation. The pristine monolayer
materials with intrinsic metallic states should be more promis-
ing to realize such superconductivity.

Very recently, borophene, the 2D monolayer boron, was
experimentally prepared by different groups.*®**® Unlike the
most reported monolayer materials mentioned above, boro-
phene was not prepared by exfoliating the bulk layered mate-
rials, but was directly grown on some metal substrates.
Different structures of borophene were reported by different
groups (Ref. 38 reported the borophene with vacancy-free
structure x =0; Ref. 40 reported two types of borophene
with vacancy fraction x=1/5 and 1/6), implying that the
structures of borophene strongly depend on the preparation
conditions. Remarkable properties such as anisotropic con-
ductivity, negative Poisson’s ratio, high Young’s modulus in
a direction potentially exceeding the value of graphene,™®
high sensibility of structure stability to the strain,*' and the
potential anisotropic Dirac fermion in hydrogenated boro-
phene*? were suggested in borophene, indicating the promis-
ing applications of the monolayer material. Considering the
intrinsic metallic behavior with the high DOS at Er (N(EF))
verified by different reports,*****> one can expect the possi-
bility of superconductivity in this pristine monolayer mate-
rial. Recently, Gao et al.** and Penev er al.* predicted the
phonon-mediated superconductivity with 7. of 10-20K for
the experimentally reported structures. The borophene with
vacancy-free structure was estimated to have the highest T
compared with those with vacancy structures.*’

Here, we further demonstrate by first principles calcula-
tions that the superconductivity in the borophene with
vacancy-free structure®® could be significantly enhanced by
strain and carrier doping. The tensile strain can increase
the T, to 27.4K, while the hole doping can increase the T,
to 34.8K, which are far above the liquid hydrogen
temperature of 20.3K. Our predictions suggest that the

Published by AIP Publishing.
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superconductivity in borophene grown on a substrate with
large lattice parameters or under photoexcitation could be
significantly enhanced, which will largely broaden the appli-
cations of such a promising material.

The calculations based on the density functional theory
(DFT) were carried out using the QUANTUM-ESPRESSO
package.*® The ultrasoft pseudo-potentials*’ and the generalized
gradient approximation (GGA) according to the Perdew-Wang
91 gradient-corrected functional®® were used. To simulate the
monolayer, a vacuum layer of 15 A was used. The energy cutoff
for the plane wave basis was set to 35 Ry. The Brillouin
zone was sampled with a 32 x 20 x 1 mesh of k-points. The
Vanderbilt-Marzari Fermi smearing method with a smearing
parameter of ¢ = 0.02 Ry was used for the calculations of the
total energy and the electron charge density. The phonon disper-
sion and the electron-phonon coupling constants were calcu-
lated using the density functional perturbation theory (DFPT)*
with a 16 x 10 x 1 mesh of g-points. The double Fermi-surface
averages of the electron-phonon matrix elements were calcu-
lated using 96 x 96 x 1 k-points.

Our investigation starts from a hypothetic freestanding
borophene. As shown in Fig. 1, borophene has a highly aniso-
tropic crystal structure with a rectangular unit cell. There are
corrugations along the b direction, while no pucker in the a
direction is found. The fully optimized lattice parameters of
freestanding borophene are @ = 1.611 A and b = 2.872A,
which are smaller than the reported experimental values,*®
indicating the real lattice parameters are strongly dependent
on the substrates.

Figure 2(a) shows the calculated band structure, which is
in good agreement with the previous calculations.*®***5 We
denote the two bands crossing Ef as o and f§ bands, respec-
tively. One can note that both these two bands do not cross Ep
in the I' — Y and S — X directions, which are parallel to the b
direction, indicating the strong highly anisotropic electronic
properties. Clearly, the out-of-plane corrugations along the b
direction open a band gap along the I' — Y and S — X direc-
tions. The two bands form the Fermi sheets symmetrical to
I' — Y (Fig. 2(c)). The calculated DOS is shown in Fig. 2(b).
The large N(EF) of 0.36 states/eV per unit cell indicates a
good metallic behavior. A DOS peak locates at about 1eV
below Ep, indicating that hole doping should significantly
increase N (EF).

Figure 3(a) shows the calculated phonon dispersion of
borophene based on DFPT. We found the instability is very
close to I', which was also reported by the previous

FIG. 1. Crystal structure of borophene. (a)—(d) The structure view from dif-
ferent directions. The unit cell is denoted with the blue rectangle in (b).
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FIG. 2. Electronic properties of borophene: (a) band structure, (b) density of
states, and (c) Fermi surfaces. The bands crossing £ and their related Fermi
surfaces are denoted as o (red color) and /3 (blue color).

calculations.®*!'** Such instability is consistent with the
instability against long-wavelength transversal waves, which is
suggested to be fixed by defects, such as ripples or grain bound-
aries.>® Besides, we found three notable softened acoustic
modes (denoted with A, B, and C in Fig. 3(a)). The softened
mode A close to X point was observed in the previous calcula-
tions.*®*!**%> However, the mode B located at the approximate
center of I' — X was absent in the previous calculations using
the supercell method.*®*!** The stability of the phonon modes
we calculated permits us to estimate the electron-phonon cou-
pling and the superconductivity in borophene accurately.

We decorate the calculated electron-phonon coupling
strength at each mode (44,) in phonon dispersion in Fig. 3(a),
which is defined by

Mw)
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FIG. 3. (a) Phonon dispersion, (b) the imaginary part of the electron suscep-
tibility ", (c) Eliashberg function «>F(w) and integrated electron-phonon
coupling strength A, and (d) the possible nesting vectors of borophene. The
phonon dispersion in (a) is decorated with red ribbons, proportional to the
partial electron-phonon coupling strength /.
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. Yoo
= 1
a0 = TN (Er)wg, M

The phonon line width y, is defined by

dk ..
'y = zanLZJg—Mlgqv(kalaj)|2

y

X 0(ex; — Er)o(ekrqy — EF), 2

where g, (K, 7,) is the electron-phonon coupling matrix ele-
ment. Since Fermi surface nesting can be reflected by the
imaginary part of electron susceptibility,

7'(@) = S(ex — Er)d(exiq — Er)- )
q

According to such definitions (Eqs. (1)—(3)), the strong
Fermi nesting will significantly enhance the electron-phonon
coupling. As shown in Fig. 3(a), the softened modes A, B,
and C predominately contribute to the electron-phonon cou-
pling. At the locations of the modes B and C, there are sharp
%" peaks of -8 band (Fig. 3(b)), indicating that the strong
electron-phonon coupling is contributed by the nesting
between the Fermi sheets formed by the band f-f, as shown
in Fig. 3(d). On the other hand, at the location of the mode
A, no substantial peak of y” can be found. Therefore, the
electron-phonon coupling contributed by the mode A is
mainly from the intrinsic large gq,(k,7,/). In addition, two
acoustic modes around Y point also contribute to the sizeable
electron-phonon coupling, which is due to the nesting
formed by the band a-o (Figs. 3(b) and 3(d)). The contribu-
tion from the lowest optic mode around I is related to the
intra-sheet nesting.

The total electron-phonon coupling constant A can be
obtained by

, o?F(w)
z:;Aquzj ~—do, 4)
where the Eliashberg spectral function is

2 F (o) Zéw a)qb })ql ) (3)

27rN

We plotted «>F(w) and integrated / in Fig. 3(c). One
can note that the large contribution of the electron-phonon
coupling from modes A, B, C, and acoustic modes around Y
point lead to a broaden peak from 100cm ™' to 300cm ™"
Such modes contribute about 70% of the total 1. The lowest
optic mode around I' leads to small peaks of o*F(w). We
estimated the superconducting transition temperature 7.
based on the Allen-Dynes-modified McMillan equation™

Wiog 1.04(1 + A)
T. = exp| —————+—,
1.2 A=t —0.62Au*
where the Coulomb pseudopotential p* is set to a typical

value of 0.1.*°' The logarithmically averaged characteristic
phonon frequency w;,, is defined as

(6)

2
Wlpg = €XP (zj%uoczF(w)log w) (N
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The calculated 4=0.79 and w;,,=421.3K lead to T.
=19.0K. Such estimation indicates that borophene is a pris-
tine monolayer superconductor, which coincides with the
previous prediction.*’

Due to the Coulomb screening and strong bonding
between FeSe and SrTiO;,°** the monolayer FeSe grown
on SrTiO; exhibits an interface enhanced superconductivity.
However, if such bonding is weak, for example, in FeSe/gra-
phene system, no enhanced superconductivity has been
found.’® In the present system, the interaction between boro-
phene and the substrate is very weak according to the experi-
ments.*®*" Therefore, the substrate may have weak effects
of Coulomb interaction and phonon coupling on borophene.
Here, we considered only the strain effect on superconduc-
tivity introduced by the substrate. Therefore, we calculated
the borophene under different strains to simulate the samples
grown on the substrates with different lattice parameters. We
found that borophene is stable under the strain range of
—2% < & < 3% (positive value means tensile train, while
negative value means compressive strain). Figure 4(a) shows
the DOS of borophene under strain of —2% and +3%. One
can note that the tensile strain moves the DOS peak up
toward Ep, while the compressive strain moves the DOS
peak away from Er. Figures 4(b) and 4(c) show the phonon
dispersions of borophene under strain of —2% and +3%,
respectively. It can be found that the mode A is softened
under compressive strain, while the modes B and C are hard-
ened. On the other hand, the tensile strain hardens the mode
A and significantly softens the modes B and C. We presented
the variations of some superconductivity-related parameters
in Figs. 4(d)—4(j). Generally speaking, the tensile strain
enhances the electron-phonon coupling remarkably, and the
compressive strain weakens electron-phonon coupling
largely. The variation trend of A coincides with that of
N(EF), which is corresponding to the BCS theory.”* >
Moreover, according to Eq. (1), a mode with lower fre-
quency will strongly contribute to the electron-phonon cou-
pling. In the present case, the variation of electron-phonon
coupling with strain is predominately contributed by the
modes B and C, since the changes of the frequencies of such
modes are more notable than those of mode A (Figs.
4(e)-4(g)). Figure 4(j) shows the estimations of T, of boro-
phene under different strains. According to the calculations,
we can conclude that the substrates with larger lattice param-
eters will favor the superconductivity. For the sample under
the tensile strain of 3%, for which the lattice parameters are
very close to the reported experimental values,® T, of
27.4K is estimated, which is remarkably higher than the lig-
uid hydrogen temperature of 20.3 K.

In the 2D monolayer systems, charge carrier doping is
an easy way to control the electronic properties. Controls by
using the gate-related methods to introduce electrons and
using photoexcitation to dope holes are realized in many 2D
systems.””? In the present case, since N(Er) is closely
related to the electron-phonon coupling and can be easily
tuned by the carrier-doping, which induces the change of Er,
we also investigated the carrier doping effects on borophene
(Fig. 5). As expected, N(EFp) decreases with the electron
doping and increases with the hole doping (Figs. 5(a) and

¥0:0%:20 9202 1890100 L}
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5(d)), since the carrier doping changes the distance between
Ey and the DOS peak as mentioned above. However, unlike
the strain effect, we found that the variation of A is not the
same as that of N(Er). As shown in Figs. 5(d) and 5(i), the
hole doping increases N(Er) and A. On the other hand, elec-
tron doping decreases N(Er) but increases A, which can be
understood from Figs. 5(e)-5(g): upon hole doping, the fre-
quency of mode A changes slightly, while modes B and C
are softened largely and mainly contribute to the increase of
A. On the contrary, upon electron doping, the frequencies of
modes B and C slightly change, while mode A is signifi-
cantly softened. Therefore, the electron doping increases A
and also decreases w;,, remarkably (Figs. 5(h) and 5(i)).
Therefore, from Fig. 5(j), we can conclude that the electron
doping by an external gated electric field might be harmful
for the superconductivity, while under photoexcitation, the
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superconductivity of borophene can be significantly
enhanced. With a low doping level of 0.1 hole/cell (equal to
the doped hole density of 2.16 x 10~'* cm™?), the predicted
T, is as high as 34.8 K. Higher doping concentration will
lead to phonon instability.

In conclusion, based on the first principles calculations,
we demonstrate that the superconductivity in borophene with
vacancy-free structure could be significantly enhanced by
the tensile strain and hole doping. The intrinsic metallic
ground state with high N(Er) and the strong Fermi surface
nesting leads to the sizeable electron-phonon coupling, mak-
ing the freestanding borophene superconduct with 7, of
19.0 K. The tensile strain can increase T to 27.4 K, while the
hole doping can increase 7T to 34.8 K, which is far above the
liquid hydrogen temperature of 20.3 K. Our predictions sug-
gest that the superconductivity of borophene grown on a

14 -2
n,, (10"cm™)
-1 0 1 2

T T T T |o
(d) L e
¢/°/+ —9—N(E,)
] Q——
(e 9 °
O/° : +0)A
1 | 1 1
! FIG. 5. (a) DOS of borophene doped
o |
N \¢/0\ O by 0.1 electron (red) and 0.1 hole
® ! ) (blue). DOS of pristine freestanding

borophene (grey) is presented for com-
parison. (b) and (c) are phonon disper-
sions of borophene of such samples,
b4 respectively. (d)—(j) show the carrier

|
|
3
(h) 1 ~ doping effects on N(Er), w4, wp, ¢,
I 9
/ I Wiog, 4, and T, of borophene,
| —— o ¢ .
) . | ) | log respectively.
F . ! [*]
(@ : /
- |
\ | PY
| qu f L A
1 )
0) L o
- —
? Q/? ——T
-0.10 -0.05 0.00 0.05 0.10

Charge (e/cell)

¥0:0%:20 9202 1890100 L}



122604-5 Xiao et al.

substrate with large lattice parameters or under photoexcita-
tion could be enhanced significantly, which will largely
broaden the applications of such promising materials.
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