Materials Today Physics 32 (2023) 101012

ELSEVIER

Contents lists available at ScienceDirect
Materials Today Physics

journal homepage: www.journals.elsevier.com/materials-today-physics

materialstoday
PHYSIES

materiastoday

L)

Check for

Unlocking the potential of hexagonal boron sheets: Giant improvements in &
thermal conductivity and mechanics through molybdenum intercalation

Mohammad Alidoosti *, Davoud Nasr Esfahani®™ ", Shahram Yalameha ¢, Daryoosh Vashaee ® "

2 Pasargad Institute for Advanced Innovative Solutions (PIAIS), Tehran, 19916-33361, Iran
b Department of Converging Technologies, Khatam University, Tehran, 19916-33357, Iran
€ Faculty of Physics, University of Isfahan, Isfahan, 81746-73441, Iran

4 Department of Electrical and Computer Engineering, North Carolina State University, Raleigh, NC, 27606, USA

ARTICLE INFO ABSTRACT

Keywords:

Lattice thermal conductivity
Mechanical properties
Molybdenum tetra-borides

A new two-dimensional (2D) material, MoBy4, known as a Dirac material, has been found to possess exceptional
electronic properties and promising thermal and mechanical characteristics. Our calculations reveal that MoB4
has a remarkable Young’s modulus of 384 N/m, surpassing that of graphene. Additionally, we predict that MoB4
exhibits a thermal conductivity of 461 W/mK at room temperature. This is a significant improvement when

compared to a single boron sheet in a honeycomb structure and MoB,, showing 32 and 8 times higher thermal
conductivity, respectively. This enhancement in thermal conductivity is attributed to the suppression of
anharmonicity and scattering phase space, along with an increased group velocity in MoBy.

1. Introduction

Transition metal borides (TMBs) have attracted much attention in
various fields, where a few examples are MgB, for superconductivity,
TiB, for mechanical toughness, or WB, as a superhard material [1-5] for
which hardness of ~ 46 GPa has been reported in a bulk configuration
[6]. Heavy TMs can emerge with such stiffness when bonded with light
atoms like B and C [7-9], via a charge transfer mechanism from the TM
to the light atom that can lead to three types of bonds, namely, covalent,
ionic, and metallic [10].

Borophene has been successfully synthesized through micro-
mechanical exfoliation [11] with remarkable electronic and mechani-
cal properties [11,12]. Although boron cannot form a graphene-like
monolayer due to electron deficiency [13,14], it could be stabilized
with strain and induction of extra electrons [14]. In this regard, hex-
agonal boron monolayer could be realized by sandwiching TMs such as
Mo and W within two hexagonal boron monolayers which could
compensate for the electron deficiency through charge transfer into
boron sheets and eventually gives rise to dynamically and thermody-
namically stable phases of 2D TMB, [15-19]. In this line, tungsten and
molybdenum tetra-borides are initial promising candidates to scrutinize
as superhard materials. Compared to B-W, more boron concentration

alongside B-B covalent bonds and short, strong, B-Mo bonds could lead
to a more rigid structure like MoB4. Moreover, beyond typical Dirac-like
electronic band structures (e.g., graphene), the band structure of mo-
lybdenum tetra-borides contains twelve Dirac cones in the 1% Brillouin
zone, including the six cones at the high symmetry point K and others at
the middle of I'-K path [20,21]. The Dirac cones in these materials make
them promising candidates for high-performance electronic applications
due to their very high Fermi velocity [20].

The work of Xie et al. in Ref. [15] focused on the electronic structure
properties of 2D MoBy4, however, the mechanical and phononic prop-
erties were not investigated. This present study aims to fill this gap by
addressing the mechanical and phononic properties of MoB4. As
mentioned earlier, MoB4 passes the initial checks for promising 2D
superhard materials; consequently, a high lattice thermal conductivity
(k) is expected. Nowadays, materials with high enough xp;, could be
invoked as fillers in electronic nano-devices for thermal dissipation [22].

MoB, is composed of two boron sheets and one Mo sheet; therefore, it
is a good practice to compare the thermal conductivity of MoB4 to that of
its constituents. In this context, there are several other efforts to improve
the thermal conductivity of boron sheets; for instance, it was shown that
the intercalation of Al atoms into bilayer 54 borophene results in a three-
fold enhancement of thermal conductivity (kn ~ 160 W/mK;
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considering 3.60 A as an effective thickness) in armchair direction at
room temperature (RT) [23]. Additionally, previous studies have re-
ported that hydrogenated bilayer honeycomb boron arsenide exhibits
in-plane thermal conductivity of approximately 313 W/mK (when
considering an effective thickness of 8.11 i\) at RT [24]. However, this
value is reduced by approximately ~30% when four-phonon scattering
is taken into account [25].

Comparing the latter with a single hexagonal boron sheet (stabilized
through electron doping or strain, x,, = 14.2 W/mK), we observe a 22-
fold enhancement of the in-plane thermal conductivity in boron arsenide
[14]. It is worth noting that while a single-layer honeycomb boron sheet
maintains o symmetry, its thermal conductivity is relatively low when
compared to some carbon-based materials [26-28], and, on the other
hand, is close to what was reported in Ref. [29]. Recently, single layer
MoB; was shown to be dynamically stable, with an estimated thermal
conductivity of k,n = 36 W/mK (rescaled to our effective thickness of
6.33 A) by accepting minor artificial negative frequencies of ZA mode
close to the zone center [30], while our results, without any sign of
negative frequencies, show xp, = 60 W/mK. MoBy is the result of adding
another honeycomb boron sheet to the Mo sheet such that the resulting
structure preserves o symmetry. Based on first-principles calculations,
we show that such a modification gives rise to a significant thermal
conductivity enhancement compared to MoB; and a single
graphene-like boron sheet. To this end, our calculations show approxi-
mately 32 and 8 times thermal conductivity enhancement compared to a
single honeycomb boron sheet and MoB,, respectively. MoB4 shows
comparable thermal and better mechanical properties than graphene.
Our results indicate that the thermal conductivity of MoB4 has a smaller
contribution from the ZA modes, when compared to that of graphene.

2. Theory and computational details

First-principles calculations are performed within the density func-
tional theory (DFT) framework implemented in Quantum Espresso distri-
bution [31]. Our calculations were carried out using the PAW/PBE
pseudopotential [32]. Both in-plane atomic positions and lattice con-
stants were relaxed until all forces and the pressure were less than

~5eV/A and 0.5 kbar, respectively. A kinetic cut-off of 50 Ry is used
for the Kohn-sham wave functions, while 400 Ry is considered for the
density cut-off. A 24 x 24 x 1 k-point grid was applied for electronic
integration with Monkhorst-Pack mesh [33]. To eliminate spurious
interaction between adjacent layers, a vacuum space of 20 A along the
z-direction was adopted. To compute the phonon frequencies and
electron-phonon matrix elements of the system, the density functional
perturbation theory (DFPT) with the self-consistency threshold of 1 x
1071® Ry was applied [34].

To calculate the lattice thermal conductivity, iy, of 2D MoBy,
anharmonic third-order interatomic force constants (IFCs) are needed,
accompanied by second-order IFCs extracted from DFPT [34]. In our
calculations, we have considered 3™IFCs up to the fourth shell of
neighbors [35] ina 5 x 5 x 1 supercell and 3 x 3 x 1 k-mesh, while a
fine mesh 160 x 160 x 1 is adopted in Fourier transformation in q-space
accompanied with scalbroad 1.0. We calculate the thermal conductivity
of 2D MoBy4 by solving the phonon BTE with an iterative self-consistent
algorithm as implemented in the ShengBTE package [36-38]. Intrinsic
three phonon scattering processes have been considered in the calcula-
tion of phonon relaxation times (z;):
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where N is the number of q points in the Brillouin zone, F;, ,and I Y

represent the scattering rates due to absorbing and emitting three-
phonon processes, respectively. The extrinsic scattering term I
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comprises isotopic disorder. Next, the lattice thermal conductivity
tensor is expressed as:

= —ZthaT Vl}‘L'A7 (2)

where V is the volume of the unit cell, n is the Bose-Einstein distribution
function, 1§ is the group velocity, and @, is phonon frequency. 1 index
embraces both phonon q vectors and branch numbers.

Following Ref. [39], the lattice thermal expansion, a, can be calcu-
lated using,

= Zc‘ 4.V, )]
90047 “qw
_ _hw > _ _a dwq,, .
where ¢, (q,v) kgsmhzx, =gepandy,, = o 2] g, - Assuming that

the variation of phonon frequencies is insigmﬁcant compared to the
variation of volume in the z-direction (perpendicular to the direction of
the 2D plane, which includes a large enough vacuum to prevent inter-
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Yo and Yqv Decomes 7, , = 2y, . Inserting back this result into Eq. (3),
we have,
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|s—s,- Considering So = 3ag for our case, the relation between

% is calculated by fitting a quadratic polynomial into the total en-
ergy data. The total energy is evaluated for 11 points of bi-axial strain
from —2.5% to +2.5% of ap (equilibrium lattice constant) and with a
step length of 0.5%.

To calculate elastic constants in 2D materials, we employ Hooke’s
law under plane-stress condition [40] as follows:

o C, Cp O €
onp|=|Cy Cn O en |- 5)
012 0 0 C66 2612

In the energy approach, similar to 3D materials, the elastic stiffness
constants of 2D materials can be calculated using the equation [41],
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where E and Sy are the energy and area of the simulation cell in the x-y

plane (usually the equilibrium one), respectively. In addition, afzfe is the

second derivative of the strain energy with respect to the uniaxial strain.
In this work, the uniaxial strains in the range of ¢ = —6% to € = 6% with
a step of 2% are applied to two in-plane directions. The negative and
positive values of this range indicate the compressive strain and tensile
strain, respectively. Under each strain, the ionic positions of the 2D
MoBy structures are fully relaxed. Finally, we obtain the in-plane elastic
constant by the polynomial fitting of the strain-dependent energy values
[42]. The elastic constants were calculated using the IReLasT2D code
[41] based on the energy approach. These calculations were carried out
within the full-potential augmented plane-wave + local orbitals method,
encoded in the WIEN2k package [43]. In addition, mechanical proper-
ties were analyzed using the EraToots code as well [44].

3. Numerical results and discussions
3.1. General properties
The relaxed geometry of the MoB4 monolayer showed an optimized

hexagonal unit cell with De, symmetry consisting of two boron layers
embracing a triangle lattice of Mo atoms in their interval space, as
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depicted in Fig. 1(a). Such a structure is dynamically stable and pre-
serves op symmetry. Our results show that the optimal lattice parameter
a = 2.96 A and covalently bonded B-B and ionic-covalent bonded B-Mo
lengths are 1.71 and 2.37 A, respectively. In comparison, the two boron
layers are separated by distance dg.5 = 3.28 A, which has good agree-
ment with Ref. [15]. Bader charge analysis implemented in CriTic2 [45,
46] indicates such a strong bond arises from the transfer of slightly more
than 1 e/cell from Mo atom to the adjacent B atoms.

In 2D structures, an effective thickness is required to determine the
thermal conductivity and mechanical properties, which is often
considered a Van der Waals (VdW) diameter between the two isolated
layers of the material. In this work, the effective thickness of about 6.33
A is estimated when grimme-d2 as a VAW correction was employed. The
electronic band structure of monolayer MoB,4 is shown in Fig. 1(b),
consisting of two Dirac points at K and between K and I' illustrated in the
inset of this figure as well. Our calculations disclose that the ground state
of this structure is nonmagnetic metal with weak spin-orbit effects
neglected in this work due to having no effects on the crystal structure
and mechanical or thermal properties. Spin-orbit effects can open a gap
of about 40 meV at Dirac cones; however, the system remains metallic,
as demonstrated in Fig. 1(b).

3.2. Mechanical properties

We calculated the in-plane elastic constants to evaluate the me-
chanical stability of the MoB4 monolayer. The hexagonal structure of
this monolayer possesses two independent second-order elastic con-
stants, C1; and Cj2 (Cee = (C11-C12)/2). The mechanical stability is
evaluated by Born’s stability criteria [47,48] as C13—Ci2 > 0 and C;1 +
C12 > 0. The obtained elastic constants in Table 1 meet the elastic sta-
bility criteria for MoB4. To further examine the mechanical behavior of
this monolayer, we investigate its mechanical properties, including
Young’s modulus (E) and Poisson’s ratio (v) listed in Table 1. This table
shows Young’s modulus is 383.8 N/m, which is interestingly larger than
graphene (348 N/m) [49], a-borophene (210 N/m), f512-borophene (203
N/m) and borophane (172 N/m) [50,51]. It is also 31.9% and 46.6%
larger than penta-graphene (268 N/m) [52] and Me-graphene (210
N/m) [53], respectively. The Poisson’s ratio can be defined as a C;5/Cy1,
which is 0.159 for this structure (see Table 1), slightly different from
MoB; (0.196), graphene (0.169), a-borophene (0.196), f12-borophene
(0.199) and borophane (0.177) [50,51]. We calculate the
direction-dependent Young’s modulus and Poisson’s ratio to check for
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the isotropic or anisotropic mechanical behavior in MoB4. The results
show Young’s modulus and Poisson’s ratio of this monolayer are
isotropic.

3.3. Lattice thermal conductivity

The phonon dispersion of monolayer MoB4 and band resolved
Griineisen parameters (y) are shown in Fig. 2(a). Moreover, the type of
on symmetry in this material differs from that of graphene, i.e., boron
atoms lay away from the oy, plane, thus differing from purely single-layer
flat materials such as graphene. In this case, the in-plane and ZA dis-
tortions couple, resulting in slight linear dispersion for the ZA mode of
MoB,4. Moreover, such coupling appears to suppress the softening of ZA
mode compared to graphene.

The mode-dependent Griineisen parameters play a crucial role in
determining thermal expansion mechanisms. Moreover, it is an indica-
tor of the magnitude of anharmonicity. As depicted in Fig. 2(a), these
mode-resolved parameters are generally positive for almost all branches
in a wide range of q vectors but are slightly negative for small q ones
close to the zone center relevant to ZA mode. Compared with other 2D
materials such as graphene, germanene, and blue phosphorene, the
magnitude of Griineisen parameter corresponding to ZA is much smaller
[54]. This is further supported by the behavior of the total Griineisen
parameter, which becomes negative only below 66 K as shown in the
lower right inset of Fig. 2(b), resulting in a negative thermal expansion
coefficient (TEC) below this temperature as illustrated in the upper left
inset of Fig. 2(b). Additionally, our results indicate that the TEC of a
monolayer of MoB, is approximately 3.5 x 10" K1 at 300 K (see Fig. 2
(b))

To better understand the thermal properties of MoBy, it is helpful to
perform an analysis composed of a detailed comparison of various as-
pects of the xp, with other 2D boron compounds. The first candidate can
be the hexagonal boron sheet; however, since a single-layer boron sheet
is only stable under large doping or strain, we chose another boron
compound MoB; composed of a hexagonal Mo covered with a hexagonal
boron sheet [30]. Our results here agree well with the ones in Ref. [30].
However, it should be noted that our results for «,, of MoB3 are reported
for an effective Van der Waals diameter of 6.33 10\, which was not
considered in Ref. [30].

In Table 1, the sound velocities of in-plane modes of MoB4 and MoB
are compared, indicating that they are both approximately isotropic.
Moreover, MoB4 sound velocities are 30% larger than MoB,. Thus a

M K r

Fig. 1. (a) Top and side views of MoB4 monolayer. (b) The electronic band structure of MoB4 monolayer along the high symmetry path by considering the spin-orbit
effect. The inset shows a 3D representation of the two Dirac cones. The blue and orange refer to Mo and B atoms, respectively.
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Table 1
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Elastic constants C;; (N/m), Young’s modulus (E), and Poisson’s ratio (v) alongside group velocity, V (km/s), of MoB,4 compared to MoB; along the high symmetry path.

The amounts in the parentheses have been taken from Ref. [30].

Elastic constants yM YK

Cn Ci2 Ces E v TA LA TA LA
MoB, 393.7 62.6 165.6 383.8 0.159 8.8 12.3 8.3 11.7
MoB, 235.2 (225.8) 46.2 (51.3) 94.5 (87.2) 226.1 (214.1) 0.196 (0.23) 5.9 9.1 5.9 9.2
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Fig. 2. (a) The momentum-resolved Griineisen parameter (y) mapped on the phonon dispersion along the high symmetry path. (b) The lattice thermal expansion (@)
of a MoB4 monolayer as a function of temperature. The upper left inset shows a zoomed-in view of thermal expansion in the range of 1-90 K. The lower right inset

displays the Griineisen parameter versus temperature.

larger thermal conductivity is expected for MoB4 in comparison with
MOBZ.

Fig. 3 (a) shows the thermal conductivity of MoBy and MoB4 as a
function of temperature. MoB4 shows larger thermal conductivity in the
whole range of temperatures than MoB,. The results show that «p, yields
461 (60) W/mK for MoB,4 (MoBy) comparable with what was reported
for a-borophene (~ 14 W/mK) [55], monolayer f;2-borophene (~ 90
W/mK) and bilayer f15-borophene (140.5 W/mK) [56,57] at RT. The
contributions of the most important modes to the k,p, are also shown in
the inset of Fig. 3(a), indicating almost the same pattern for both sys-
tems. Compared to graphene as a single atomic layer with o5 symmetry,
MoB, preserves o symmetry as well, and the share of ZA mode in the ipp,
of MoBy4 (35%) is interestingly much smaller than that of graphene
(75%) [26] as illustrated in the inset of Fig. 3. The main reason for this

reduction is that the scattering channels with odd ZA deformations are
forbidden for graphene. However, due to the type o, symmetry in MoB,,
where there are atoms away from the o, symmetry plane, such a con-
dition does not hold; hence, the scattering channels with an odd number
of ZA mode deformations are active [58] for these types of structures.
Besides, such a discrepancy between graphene and MoB,4 symmetries
arising from their configurations (purely-2D vs. quasi-2D) manifests it-
self in the electron-phonon interactions [59]. In addition, more details
express that increasing the temperature reduces (increases) the ZA (LA)
mode contribution of xyp to 32% (34%). In contrast, the dominant
contribution of ZA phonons for graphene remains even at high tem-
peratures [60]. Notice that optical contributions appear only at T> 500
K for graphene [26]. In comparison with materials with broken oy
symmetry, the presence of 65 in materials like MoBy4 still imposes a
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Fig. 3. (a) The calculated lattice thermal conductivity, ., of MoB4 and MoB, monolayer as a function of temperature. The inset displays the percent contribution of
the various acoustic and optical branches in forming . At RT, kpp is 461 and 60 (W/mK) for MoB4 and MoBs,, respectively. The results related to graphene are taken
from Ref. [26] (b) Cumulative lattice thermal conductivity of MoB4 and MoB, as a function of the maximum mean free path (MFP) at 300 K. An effective layer

thickness tantamount to 6.33 A has been considered.
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constraint on the selection rule of scattering matrix elements I', .. That
is, all of the scattering channels with pure Mo deformations with an odd
number of ZA deformations are forbidden in MoBy, while such scattering
channels are active in MoB,. Such a constraint could also suppress
anharmonic effects in MoB4 compared to MoBy, resulting in a larger ipp
for the former. Furthermore, since the o, symmetry is less efficient in
MoBy (due to the presence of atoms away from the horizontal symmetry
plane) in comparison to graphene, it is expected that the thermal con-
ductivity of MoBy is less sensitive to the breaking of o5 symmetry caused
by the substrate. However, the actual reduction of k, is also the result of
the damping of ZA mode. This has a significant contribution to the
suppression of thermal conductivity, which is the result of the interac-
tion of 2D material with substrates [61,62] and must be evaluated on a
case-by-case basis. Up to this point, we have discussed «, for, in prin-
ciple, infinite sample sizes [63]. To better understand the effects of
sample size, the cumulative «,p, as a function of the mean free path (MFP)
at RT is plotted in Fig. 3 (b). The plot reveals that for both MoB;, and
MoB, the thermal conductivity is similar for sample sizes up to around
100 nm. From 100 nm to 200 nm, MoB; exhibits a small gain compared
to MoBy4. Beyond 200 nm sample sizes, while iy, saturates for MoBo, it
dramatically increases for MoB4. Moreover, the dashed lines in Fig. 3 (b)
S [36]. Our

g
Amax

results manifest Ag = 4223 (108) nm for MoB4 (MoB3), which can help
follow decreasing of p, with respect to the size of the nanocrystals. In
addition, our calculations indicate that the scattering rate corresponding
to isotopic impurities, ™', only possesses sensitive amounts in high
phonon frequencies and, consequentially, show that neglecting isotopic
effects can enhance «p, only about 9% at RT.

To better understand the underlying reason for the enhancement of
kpn for MoBy4 versus MoBy, in Fig. 4, we compare different quantities
affecting xpn. A comparison between the relaxation times is shown in
Fig. 4(a). We can see an overall relaxation time enhancement of MoB4
compared to MoBy in the whole range of energies, particularly
approximately two orders of magnitude enhancement for small phonon
energies. Such stark differences between both cases mentioned above
could be traced to the two other features, namely, a pure phononic band
structure property, i.e., P3 [36], and the level of anharmonicity. Fig. 4(b)

is corresponding to a fit extracted from pn(A < Apax) =
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indicates a larger P3 for MoB; than MoB,4, which shows a larger scat-
tering phase-space for MoBy, resulting in a smaller 7.

To compare the amount of non-linearity, in Fig. 4(c), we plot the
Griineisen parameter corresponding to MoB, and MoB4 as a function of
phonon energies. Comparing y for the two materials, we can see that y of
MoBj; is overall larger than MoB4. Another analogy for the amount of

wrr@(:&) (for the definition of WP5 see

Ref. [36]), as outlined in Fig. 4(d). The latter plot indicates a clear

I'(w)
WP3 ()

sults in xpy improvement for the latter. Thus, in terms of the juxtaposi-
tion of MoB4 and MoBy, besides the larger sound velocities of MoBy, the
suppressed scattering space and the restrained anharmonic effects in
MoBy result in an 8-fold improvement of the iy, of MoB4 at RT.

Additionally, various studies have highlighted the significance of
fourth-order phonon scatterings in a wide range of materials [25,
64-67]. Therefore, to examine the role of four-phonon scattering,
following the approach of Ref. [65], we compared the weighted phase
spaces WP4 and WP3 of MoB4 as shown in Fig. 5 (for computational
details see Ref. [68]). Our results reveal that the weighed phase space for
WP, is at least two orders of magnitude smaller than that of WPs,
indicating a weak effect of fourth-order phonons on the scattering rate
and lattice thermal transport.

anharmonicity could be achieved by

amplification of for MoB; in contrast to that of MoB4, which re-

4. Conclusion

In summary, we have studied the mechanical and thermal conduc-
tivity of a monolayer of MoBy4. Our calculations indicate that MoB4 has a
remarkable tensile strength with a Young’s modulus of approximately
384 N/m, which is comparable to graphene and significantly larger than
that of a single boron sheet and MoB,. Our results also reveal a negative
Griineisen parameter for the ZA mode close to the zone center. However,
unlike other well-known 2D materials such as graphene, germanene,
and blue phosphorene, the total Griineisen parameter is positive for
MoB, above 66 K, resulting in a positive thermal expansion. Addition-
ally, we calculated the thermal conductivity of MoB4 and found it to be
high, with a value of x,;, ~ 461 W/mK. Our findings also indicate that the
contribution of the ZA mode to thermal conductivity is relatively small
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Fig. 4. (a) Relaxation time (7), (b) allowed three-phonon phase space (P3), (c) Griineisen parameter (y), and (d) anharmonic scattering rate divided by weighted

phase space (WPs) versus phonon energy for monolayer MoB, and MoB,.
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Weighted phase space (arb. units)
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Fig. 5. Comparison of the weighted phase spaces WP3 and WP, for a monolayer
of MoB, at 300 K. The value of the scalebroad in ShengBTE is set to 1.0.

(35%) compared to that of graphene (75%). To analyze our results, we
compared our findings for MoB4 with those for MoBy. For MoB4, an
enhanced group velocity of TA and LA modes in combination with a
reduced scattering phase space and suppressed anharmonicity led to an
8X and 32X enhancement of thermal conductivity compared to MoB,
and the single honeycomb boron sheet. This study motivates further
research into the use of other transition metals with different boron
allotropes to engineer materials with superior mechanical and thermal
properties.
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