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of monolayer B,,-borophene

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 7611

Bui Dinh Hoi, (¢ Le Thi Thu Phuong,
Tran Cong Phong () *<¢

? Pham Viet Dung® and

The recently uncovered two-dimensional materials serve as versatile building blocks for electronic
devices. In this study, we methodically investigate the impact of substrate-induced strain and exchange
field effects on the electronic density of states (EDOS) and electronic heat capacity (EHC) of single-layer
Bio-borophene. Utilizing the Green's function approach, we compute these functions. The van Hove
singularities in EDOS are observed to shift with strain, and depending on the direction and strength of
the exchange field, the number of singularities increases. All these responses can be attributed to the
renormalization of the velocity of electronic bands. Additionally, the inherent Schottky anomaly (an
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1 Introduction

In recent decades, the discovery of graphene®” has led to the
prominence of two-dimensional (2D) materials in the electronic
industry. Despite graphene’s unique features, its practical use is
limited due to massless charge carriers, resulting in a gapless
electronic band structure. To address this, various other 2D
materials, such as silicene,®* germanene,’ stanene,® molybde-
num disulfide,”® and phosphorene,”'® have been introduced
with couplings between spin and orbit and anisotropy struc-
tures, creating mass for electrons and a crucial gap for industrial
applications like transistors."""> These 2D materials exhibit
remarkable properties compared to bulk materials,">** making
them promising for diverse applications across industries.
With a great attention to the world of 2D materials, boro-
phene has emerged as a fascinating subject of study."® With its
unique combination of Dirac-triplet fermions, showcasing its
capacity to host two distinct types of charge carriers simulta-
neously, and diverse metallic phases, borophene is capturing the
attention of both theoretical and experimental researchers.'®*
This unique characteristic holds significant promise for electro-
nic transport and adds a layer of complexity, but still useful, to
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temperatures and variations in the intensity of the EHC due to substrate effects.

the electronic properties of materials.>> >’ Despite the metallic

nature shared by most borophene allotropes, their electronic
dispersions vary for different arrangement of atoms. Among the
striped, P12, X3, and honeycomb allotropes, B;,-borophene
stands out as the most stable.?®*°

Various methods can be employed to modify the character-
istics of borophene. For instance, introducing an external
perpendicular electric field has been demonstrated to create a
gap, resulting in either an electron- or hole-doped semicon-
ducting phase.’**® Adamska and Sharifizadeh utilized
mechanical strain to manipulate the optical absorption
spectrum.®® Lherbier et al. explored the impact of oxidation
on borophene’s optical and electronic properties.*® The influ-
ences of strain and surface functionalization on borophene’s
optical responses were also investigated.>® A recent proposal
suggests that the longitudinal (Hall) component of optical
conductivity exhibits a redshift (blueshift) spectrum in the
presence of an inversion symmetry-breaking field.*” Simulta-
neously, the transverse optical conductivity demonstrates the
coexistence of both redshift and blueshift spectra. Moreover,
using first-principles calculations, it has been explored the
routes to localize the carriers and open the band gap of
borophene via chemical functionalization, ribbon construction,
and defect engineering.’® Another first principles density func-
tional theory calculation has verified the directional depen-
dency and found the tunable anisotropic behavior of the
transport properties in Bi,- and y-borophene polymorphs.*®

To our knowledge, the substrate-induced effects on the
electronic and thermal properties of B;,-borophene have not
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been explored. This study, particularly focusing on the electronic
density of states (EDOS) and electronic heat capacity (EHC) of
Dirac-triplet fermions, aims to understand how the interaction
between the ;,-borophene and a magnetic material as the
substrate, which induces strain and exchange field to the host
fermions, can affect the EDOS and EHC of B;,-borophene. The
extent and nature of the strain depend on the differences in lattice
parameters between the material and the substrate, while the
strength and nature of the exchange field depends on the inter-
face quality and the distance between the magnetic and host
materials. It should be noted that, in our scenario, both strain and
the exchange field originate from the influences exerted by the
magnetic substrate. The exchange field arises from the magnetic
moments of ions, whereas the strain effect is induced by the
interaction between magnetic ions and host boron atoms. This
interaction results in a direct deformation or alteration in the
shape of both systems. We are not considering the growth process
of borophene on the substrate. Instead, we place the grown and
prepared borophene on a magnetic substrate such that in prac-
tical terms their states can interact and influence each other. The
research delves into the control of van Hove singularities (both
their height and number) through induced strain and exchange
field, utilizing a tight-binding Hamiltonian model and the Green’s
function technique.

This paper is structured as follows. Section 2 focuses on the
effective tight-binding Hamiltonian model of B,,-borophene in
the absence and presence of magnetic substrate. Section 3 is
dedicated to the exploration of the EDOS and EHC of f;,-
borophene. Section 4 presents the results, and a comprehensive
conclusion is provided in Section 5.

2 Tight-binding Hamiltonian model

To explore the EHC of B,-borophene, it is crucial to monitor
the behavior of the EDOS. Initially, a Hamiltonian model must
be constructed to describe the states in EDOS. It is well-
established that the electronic dispersion of graphene lattice
arises from the orbital degrees of freedom along the z direction,

Fig.1 The structural configuration of Bi,-borophene consists of five
atoms, denoted as {a, b, ¢, d, e}, with a lattice constant of L. ~ 2.926 A
on top of a magnetic substrate.?>~>’ The shaded region outlines the
rectangular unit cell. The substrate induces strain and exchange field h
to the boron atoms.
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i.e., p.. Given the structural similarities between graphene and
B12-borophene, one expects that the electronic properties of 3,-
borophene are predominantly influenced by the p, orbitals of
boron atoms.>*™>” For five atoms a, b, ¢, d, e in the unit cell of
B1o-borophene and a lattice constant of L. ~ 2.926 A,>>? as
shown in Fig. 1, the proposed pristine model is as follows:

Hoy = ; 8((‘;(‘[ + %; l‘[kCZCk +H.c., (1)

where ¢ creates an electron at site /. Without the presence of

the substrate, the pristine Hamiltonian is represented by a 5 x
5 matrix, as follows:*®

&a Labhin tac/;‘ 0 taef/;
tawhiy & fechin  toaf} 0
Ho (/g) = lacf/; lbchTz &c teahin lcefg s (2]
0 todfp  leah]; & taehin
laef ! 0 leefp  taehiy; &

where k = (ky,ky) represents the momentum, h;, = 2f% cos(k.Lc/2),
¢/« denotes the hopping energy, ¢, stands for the on-site energy, and
f7 = explik,Lc/2+/3] according to previous works.”*® The hop-
ping parameters leverage the inversion symmetry among boron
atoms in B;y-borophene,®*?® resulting in specific values: &, =
e = 10.196, ¢, = &q = —0.058, o = —0.845, typ = fge = —2.04,
bae = tee = —1.79, tpe = teg = —1.84, tpq = —1.91, and t,. = —2.12
(all in units of eV).

When f,,-borophene is placed on top of a substrate, we
move forward by inducing strain in the lattice of atoms, which
includes orbital hybridization. The strain effect is induced by
the interaction between magnetic ions and host boron atoms.
This interaction results in a direct deformation or alteration in
the shape of the substrate. It commonly involves varying bond
lengths. This alteration, in turn, causes a modulation in the
hopping energies t,.****' Consequently, the strained Hamil-
tonian for B;,-borophene can be defined by substituting ¢, —
i1, where Z,; denotes the strain-induced hopping constants. In
this context, the coordinates of unstrained atomic sites 7,
denoted as r,, for a = x, y, z, undergo modulation due to strain,
following r/, — s, = 1,,(1 + &,), where ¢, represents the strain
modulus along the a-direction. Inspired by the Harrison rule*?
within a linear deformation regime (¢, oc 1/r,,”), the transfor-
mation is given by:

tir =t ~ tl — 2¢,).

3

It is worth noting that the dimensionless geometrical coeffi-
cients including the effects of buckling resulting from the
application of strain (usually less than 1 and averaging 1/2 in
our phenomenological model) are already accounted for in ¢,.*°
This modulation influences the electronic properties of B;,-
borophene, yielding a new 5 x 5 matrix for the Hamiltonian
with f/k.

The exchange field, however, arises from the magnetic
moments of ions. In exploring the magnetic proximity effect,

This journal is © the Owner Societies 2024



PCCP

the substrate is chosen to be a magnetic material characterized
by magnetization,”*™** as illustrated in Fig. 1:

h = h(sin 0 cos ¢,sin 0'sin ¢,cos 0). (4)

Here, h represents the strength of the exchange field, and 0 (¢)
denotes the polar (azimuthal) angle with respect to the z axis
and the x—y plane. The interface between the two materials has
the potential to induce magnetism in a non-magnetic material
when near a magnetic counterpart. Consequently, this process
leads to the renormalization of the velocities of bands. The in-

plane vector potential for the induced exchange field 4 is

- hy  hy
represented by the gauge field 4 = (;—ﬂ —;—) , and the follow-
o Lok
ing change is made to the momentum space of the system:

. h,
=g 4 (5a)
X to

- hy
K = key — .

5b
Lok ( )

On the other hand, it is established that the exchange field
along the z direction can be seamlessly integrated into the
Hamiltonian as a mass term 7%, in the diagonal elements.
Nevertheless, owing to the inversion symmetry existing between
{a and e} or {b and d} atoms (see Fig. 1), the influence of the
substrate on the central ¢ atoms is disregarded. This is because
the wave functions of these atoms adequately cancel each other
out in the final responses.

Thereby, the following Hamiltonian is achieved in the presence
of the substrate-induced strain and exchange field effects:

ea+h:  Lwhi iad(g 0 facf
twhly & +h:  fchin fbdff 0
HE) = | fafz Bkl & i if! | ©
0 foaf;  leahly e —h: lachi
Eaefg 0 fcef; fdehTz & — h-

3 Electronic density of states and heat
capacity

Moving closer to the EDOS and EHC,*® which are the main
focuses of this paper, we compute the EDOS for 3,,-borophene
both in the absence and presence of the strain and exchange
field.*” To achieve this, we utilize the Green’s function method,
leveraging the Hamiltonian provided in eqn (6):

= 1
6(k.9) EEG) o)

where the phenomenological energy factor # = 2 meV serves as a
tuning parameter regulating the visibility of singularities. The
main origin of the energy factor » lies in the Matsubara
frequency employed in Green’s functions approach.*” In this
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context, the analytical continuation in the complex plane is

achieved by transforming i& to & + in. To derive EDOS, we start

with the usual definition of DOS of a system, which is com-

monly described by %(&) = 3. 6(6 — &,),*" with &,, being
m

the normalized eigenvalues supposed to be countable for

simplicity with m counter (m = 1-5 in our system). Using the

definition of the Dirac delta function d(x) = lir% [a/m(x* 4+ d*)],
e

DOS can be quickly deduced as:

9(6) = %Trz m— (8)

= (§+in—%<l€>

Hence, the impact of the substrate and boron electrons’ pro-
pagation on a particular place within the lattice is encompassed
in the diagonal elements of eqn (7).

Subsequently, we continue with the computation of the
EHC, which is commonly introduced when the heat is added
to (or removed from) the material to change the temperature. In
general, there are two mechanisms, phononic (from lattice
degrees of freedom) and electronic (from charge degrees of
freedom), influencing the thermal characteristics of matter in
response to temperature changes. However, if the electron
concentration is high, the charge contribution tends to be
dominant. Therefore, EHC essentially focuses on the details
of the charge excitations.>® To achieve this, we initially deter-
mine the energy change at finite temperatures:

AU = rdé@g@(é@)f(g, T) - F'Fdw@(@@), (9)
0 0

in which f(&,T) = 1/[exp(&/ksT) — 1] (kg being the Boltzmann
constant) represents the Fermi-Dirac distribution function,
and 2(&) denotes the EDOS as given by eqn (8). The

total number of electrons, N = .J”ng(f,@(cf), facilitates the
rewriting of the equation as follows: AU:( 3F+J";°F)

d6(& — ER)D(E)f(8,T) — [3Fd8(& — 6F) (&) = [FdE(6 — &)
D) (6, T) = 1]+ [, dé(6 — Ex)Z(E)f(6,T). Consequently,

the derivative with respect to temperature at & = 0 yields:**™”
+00 & T
(1) = J M(ﬁ)%df. (10)

4 Results

Examining eqn (3), the strength of strain modulus on the host
boron atoms gains significance, anticipating diverse electronic
and thermal responses. In the following analysis, we only focus
on the strain scenario: uniaxial strain and biaxial strain. Based
on the previously discussed hopping energies and the inversion
symmetry between boron atoms in f;,-borophene, similar
responses are expected for individual uniaxial ¢, and ¢,. Moreover,
we utilize &5, > 0 to denote tensile strain and e,, < 0 for
compressive strain.

In Fig. 2, we present a comparison between pristine and
strained B;,-borophene. The black curves near zero energy
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indicate that the clean system exhibits a metal, characterized by
a non-zero EDOS.>>*” By calculating eqn (6), we identify nearly
ten van Hove singularities (vHs) in the EDOS, providing accu-
rate broadness and flatness for the electronic band. The height
of vHs correlates with the overlap strength of atomic orbitals,
with high (low) heights corresponding to weak (strong) orbital
overlap for flat (curved) bands. Notably, the vHs at energy —2 eV
originates from triplet fermions, as it is established in ref. 25,
26 and 30, while Dirac fermions are responsible of the metallic
phase at zero energy. Equipped with this understanding of the
pristine lattice, we proceed to explore two strain scenarios
mentioned above. The uniaxially strained EDOS results are
illustrated by the other color lines for P;,-borophene in
Fig. 2(a). In the case of uniaxial strain, the system stays metal
(see the inset panel) with almost the same number of vHs in
both valence and conduction bands, compared to the pristine
case. This suggests a strong overlap between boron atoms
themselves with uniaxial strain. As a result of the uniaxial
strain effect, the electronic bands are narrowed and broadened
with ¢y, > 0 and &, < 0. A similar analysis is applied to the
biaxially strained EDOS, as shown in Fig. 2(b), but both
compression and tension rates are higher compared to the
uniaxial case. The modulation of the EDOS due to strain has
been firmly established through first-principles studies.*®
Turning to the EHC behavior, without substrate, the tem-
perature dependency of EHC of B;,-borophene is illustrated by

ILELENL R L ]
10F (a) ]
N A L) :
3_ 8: —0—5 51
S o6E ]
%) C i
O af -
zzi)}kl,w, :
Ogj...l...- :

LI R BN L L B B B L B
10F (b) , ]
saf w0l o
S oF ]
N C N
O 4F ]
o C ]

Energy [eV]

Fig. 2 The electronic density of states of Bi>-borophene is depicted for
(a) uniaxial and (b) biaxial strain scenarios. Broadening and narrowing the
EDOS spectrum is a result of tensile and compressive strain, respectively.
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the black line in Fig. 3 using the pristine tight-binding Hamil-
tonian. The EHC exhibits two inversely correlated acts at low
and high temperatures, corresponding to the critical thermal
energy kgT. ~ 1 eV, known as the Schottky anomaly. This
anomaly is termed so because, under normal circumstances,
heat capacity typically increases or remains constant with
temperature,*® whereas a solid’s heat capacity has a peak at
low temperatures. The critical temperature is explained by the
fact that the probability of transition increases with tempera-
ture due to quantum effects at low temperatures, reaching a
maximum at 7. when the states are filled. Beyond 7., EHC
starts to decrease with temperature due to a reduction in the
probability of transition and the influence of thermal effects at
higher temperatures.

With individual strain effect induced by the substrate, the
Schottky anomaly undergoes a shift to lower (higher) thermal
energies with tensile (compressive) strains - specifically, to
1.5 eV and 1.3 eV with tensile uniaxial and biaxial strains,
respectively, and 0.7 eV and 0.6 eV with compressive uniaxial
and biaxial strains. At the same time, although the intensity of
the EHC increases with the compressive uniaxial and tensile
biaxial strains, it decreases with the compressive biaxial and
tensile uniaxial strains. The shift of T, and increase/decrease of
the ECH are attributed to the broadening and narrowing of the
EDOS with compressive and tensile strains. As the temperature
increases, thermal effects become dominant, causing all responses
to converge, independent of the specific strain modulus.

Regarding the exchange field effect on EDOS, depicted by
Fig. 4(a), an electron-doped semiconducting phase emerges.
Notably, the minimal orbital overlap is specifically attributed to
the higher conduction band as the height of vHs is higher than
the valence band. In contrast to the earlier strain configuration,
additional vHs are observed with #, dispersed across various
energy levels. Likewise, there is also a sharp vHs at the
conduction side providing a semi-flat electronic band. Apart
from these changes, the whole spectrum is broadened with the

»

kT [eV]

Fig. 3 Similar to Fig. 2, but depicting the strain effect on the EHC of Bi»-
borophene. The EHC is tuned when strain is applied, coinciding with the
shift of the Schottky anomaly and increase/decrease of the EHC intensity.
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Fig. 4 Similar to Fig. 2, but for the exchange field effect on the (a) EDOS
and (b) EHC of Bio-borophene. The Schottky anomaly experiences a shift
with h, and the intensity of EHC is also increased (decreased) with weak
(strong) h.

exchange field. In the presence of an exchange field along the
directions 0 = 0 and ¢ = 0, as shown in Fig. 4(b), the EHC
intensity experiences a decrease upon the application of the
exchange field. The contribution from % = 1 eV persists for the
slight change of the EDOS. Intriguingly, our conclusion about
the shift and the intensity of the Schottky anomaly at low
temperatures holds such that T, shifts to the higher thermal
energies, and the height of its peak decreases with the exchange
field due to the broadened EDOS.

To ensure a comprehensive analysis, we ultimately investi-
gate the effect of the polar angle of the exchange field at 7 =3 eV
and ¢ = m/6 on the EDOS and EHC of f;,-borophene. In
Fig. 5(a), we observe qualitatively similar EDOS compared to
the effect of the exchange field with zero angles, particularly the
number of vHs. This suggests that the metallic phase of the
system remains unresponsive to the direction of the exchange
field. The primary reason for this behavior lies in the inversion
symmetry of the Hamiltonian model, leading to the cancella-
tion of overlapped orbitals along different directions. As a
result of this, we again find a broadened electronic spectrum.
It should be noted that ¢ behaves in the same way and to avoid
repetition, we have not included it in the present work.

As for the EHC behaviors with 6 under the same conditions,
see Fig. 5(b), there is a nontrivial phenomenon where the EHC

This journal is © the Owner Societies 2024
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Fig. 5 The evolution of (a) EDOS and the (b) EHC of B;,-borophene with
the direction of the substrate-induced exchange field.

begins with non-zero intensities at 0 = m/6 rather than the
expected zero intensity. Our analysis suggests that having both
0 and ¢ equal to m/6 contribute differently to the hopping
parameters and it mainly can be attributed to role of {b and d}
atoms in the model with smallest on-site energies. This implies
that the probability of transition from the lowest energy states
in the system at low temperatures remains high.

5 Summary

We have provided a comprehensive study for the effects of
substrate-induced strain and exchange fields on the electronic
density of states and electronic heat capacity of f,,-borophene
using Green’s function approach. Strain-induced shifts in the
van Hove singularities and an increase in the number of
singularities depending on the direction and strength of the
exchange field are observed, attributed to the renormalization
of electronic band velocities. The electronic heat capacity’s
Schottky anomaly experiences a notable temperature shift with
substrate effects. Our work establishes that the sensitivity of the
special fermions in Bi,-borophene to substrate effects under-
scores the vital role of orbital hybridization in determining the
physical properties of low-dimensional materials.

Phys. Chem. Chem. Phys., 2024, 26, 7611-7617 | 7615
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