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We investigate the phonon thermal transport in two-dimensional (2D) metal-boride material (FeB,) by
combining the phonon Boltzmann transport equation with first principle calculations. Strikingly, a fairly
low lattice thermal conductivity, such as 51.9 W/mK at room temperature, is discovered in this new 2D
monolayer boron-based Dirac material. Our analyses indicate that the low lattice thermal conductivity is
resulted from the strong three-phonon scattering and the low phonon group velocity. Due to relatively
weak three-phonon scattering, the out-of-plane acoustic phonon modes play a significant role in the
thermal transport of this monolayer FeB,. In addition, we also study the size dependence of thermal con-
ductivity for applications in design of nanometer devices.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Due to novel electronic and thermal properties, two-
dimensional (2D) materials have attracted great interests in the
last decades [1-4]. A great many of 2D materials such as graphene
[5], silicene [6,7], graphynes [8], and boron monolayer [9-11], etc.
have been investigated theoretically and experimentally to an
extensive extent. As a neighbour of carbon in the periodic table
of chemical element, boron has been expected to have similar
properties to carbon, which thus stimulates a great interest in
the search of boron monolayers and boron-based 2D materials
[12,13]. Hence, the structural and electronic properties of boron
monolayers and boron-based 2D materials have been also studied
extensively [9]. Most recently, the triangular boron monolayer and
the monolayers with hexagonal lattice as vacancies were success-
fully synthesized in laboratory through growth on a silver surface
under pristine ultrahigh vacuum conditions [10,11]. This success-
ful fabrication arouses more enthusiasm in the research of the
properties of boron monolayers. Interestingly, it is found that bor-
ophene has much low thermal conductivity compared with gra-
phene. For example, the lattice thermal conductivity of
borophene is reported to be only 2.4% of that of graphene [14].
At the same time, enlightened by the boron monolayers, a great
many of boron-based 2D materials have been also extensively
studied.
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To date, many boron-based 2D materials have been reported,
such as 2D FeBg [15], MgBg [16] crystal, lithium-boron (Li-B)
monolayers [17], the planar CoB;g [18], and the monolayer FeB,
[19]. In these materials, the sTable 2D FeB, possesses a unique
property with a Dirac state around the fermi level [19]. Thus it is
a good candidate for the design of Dirac material in theory.
Anatomically, 2D FeB, can be taken as a monolayer formed by hon-
eycomb boron network with Fe atom inserted in the center of the
honeycomb. Moreover, Fe atom provides electron to B network,
which accounts for the structural stability of this monolayer con-
figuration [19]. Generally, the materials containing heavy ele-
ments, such as IrSbs [20], n-type TiO, polymorphs [21], CdO [22]
and PbTiO3 [23], etc., have low phonon frequency, low group veloc-
ities, and strong phonon scatterings, which usually leads to a low
thermal conductivity. Enlightened by this, we expect that FeB, pos-
sesses a low thermal conductivity due to the presence of heavy ele-
ment Fe. In this paper, we calculate the lattice thermal
conductivity x; of monolayer FeB,, which represents the total ther-
mal conductivity in this monolayer due to the presence of Dirac
state at the Fermi level. Strikingly, a fairly low lattice thermal con-
ductivity, such as 51.9 W/mK at room temperature, is discovered in
this material. We show that this low lattice thermal conductivity is
resulted from the strong three-phonon scattering and low phonon
group velocity. In addition, we also studied the size dependence of
thermal conductivity for applications in design of nanometer
devices. The paper is organized as follows: In Section 2, we briefly
discuss the theoretical methods. In Section 3, the results of thermal
conductivity and the discussion of factors dominating thermal
transport are presented. Section 4 provides the our summary.
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2. Methodology

To obtain accurate thermal transport properties, we calculate
the lattice thermal conductivity x; by using phonon Boltzmann
transport equation (BTE) combined with the interatomic force con-
stants (IFCs) obtained from the first-principles density functional
theory (DFT) calculations [24]. The lattice thermal conductivity
K. along the « direction can be written as

oL 1 janld
= oy 2000+ Dow) iR, )
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where q is wave vector and v is phonon branch, x; is Boltzmann
constant, Q is the unit cell volume, N is the number of quasi contin-
uous q points uniformly sampled in the first Brillouin zone (BZ), and
fo is the equilibrium Bose-Einstein distribution function. h is the
reduced Planck constant, wq, is the phonon frequency of the vth
phonon mode, and vy’ represents the phonon group velocity of
vth mode along the o direction. Due to the scattering source is
the two- and three-phonon process, Fg, is determined by the for-

mula [25]
Fap = Tao(Vg% + Aqp) (2)

where 14, is the phonon lifetime in relaxation time approximation
(RTA). Aq, is a correction term used to eliminate the inaccuracy of
RTA via solving the BTE iteratively. If Aq, is ignored, the x¥* in
RTA is obtained. The ShengBTE package is employed to calculate
the x; [26]. The acquired harmonic and anharmonic interatomic
force constants (IFCs) are generated within the 5 x 5 x 1 supercells
by the finite-difference approach, which are calculated based on the
density functional theory (DFT) software package VASP [27]
through the Phonopy program [28] for harmonic IFCs and THIR-
DORDER.PY script [26] for anharmonic IFCs. In the calculations of
anharmonic IFCs, the interaction up to the fourth nearest neighbors
is included. In DFT calculations, the projector augmented wave
potentials (PAW) is used to simulate the ion core, and the valance
electron is modeled by a plan-wave basis sets with the cutoff
energy of 500eV and the generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof (PBE) [29]. A vacuum spacing
of 15 A is applied to avoid the interactions between the adjoining
imaginary layers. For relaxation of primitive cell, the force acting
on each atom is less than 107 eV/A, the electronic stopping crite-
rion is set to be 10%eV, and a 15x15x 15 TI'-centered
Monkhorst-Pack k-point grid is used to simulate the Brillouin zone
summation. For calculations of the supercells, to ensure the same
density of k-point sampling with that of the primitive cell, the
3 x 3 x 1 k-mesh is used. Finally, a 30 x 30 x 1 g-mesh is selected
to sample the corresponding phonon wave-vector mesh for the
ShengBTE calculations. Due to the presence of magnetic atom Fe,
it is necessary to consider the influence of spin polarization on
the energy band structure and x;. However, through our calcula-
tions, we find that the results of the two method (spin polarization
or non-spin polarization) are nearly the same.

3. Results and discussion

The optimized structure of monolayer FeB, is shown in Fig. 1(a).
It is composed of a plane boron configuration similar to graphene
but with a Fe atom inserted in the center of the boron hexagonal
lattice. In this monolayer sheet, each Fe atom coordinates with
six boron atoms around it, and thus forms planar hexacoordina-
tion. The optimized B-B and Fe-B bond lengths are 1.82 A and
1.93 A, respectively, and the inserted Fe atom deviates about
0.59 A from the graphene-like boron layer, which leads to a
low-buckled configuration of the monolayer FeB,, as shown in
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Fig. 1. (a) Top and lateral view of monolayer FeB,. The big and small balls represent
the Fe and B atoms, respectively. (b) Phonon dispersion and phonon density of
states (PDOS) of monolayer FeB,. The acoustic phonon modes and optical phonon
modes are divided by a gap of about 6.68 THz. The three acoustic modes are marked
with ZA, TA, and LA according to their vibrational characters.

the lateral view of Fig. 1(a). These structural parameters are in
good agreement with the previous work which gives the B-B bond
length, Fe-B bond length, and buckling of 1.83 A, 1.93 A, and 0.60 A,
respectively [19].

The phonon dispersion spectrum and the phonon density of
states (PDOS) with the partial PDOS of Fe and B atoms are shown
in Fig. 1(b). Because of the existence of three atoms in each prim-
itive cell, there are 9 phonon branches. According to the vibrational
characters, the three acoustic branches are named as the out-of-
plane acoustic (ZA), transverse acoustic (TA), and longitudinal
acoustic (LA) phonon modes, respectively. The flexural ZA acoustic
branch is the softest vibration mode, which corresponds to the out-
of-plane transverse motion or bending of the FeB, sheet, and pos-
sesses an approximate parabolic dispersion feature around the I"
point. Between the acoustic and the optical branches, there is a
gap of about 6.68 THz, which is similar to the highest acoustic pho-
non frequency. The partial PDOS shows that low frequency are gov-
erned mainly by Fe atoms while B atoms dominate the vibrations
of high frequency, which is due to the heavier mass of Fe than that
of B.

The calculated intrinsic lattice thermal conductivity r; of the
naturally occurring monolayer FeB, is plotted in Fig. 2. According
to Eq. (1), the original x; obtained from the BTE calculations should
be re-scaled by a factor of c¢/h, where c is the lattice constant along
the normal direction and h is the effective thickness of the mono-
layer FeB, sheet. In our calculations, c is fixed at the vacuum spac-
ing of 15.00 A. To obtain a precise h, we optimize the bilayer FeB,,
just like MXenes [30]. The calculated h is 2.575 A which is the dis-
tance between two boron atom layers equivalent in the corre-
sponding monolayer FeB,. The DFT-D2 method is adopted since
the van der Waals (VDW) is remarkably for layer interactions.
The iterative solutions (ITS) and the RTA results are both shown
in Fig. 2. Overall, the x; decreases as the increase of the tempera-
ture T. At 300 K, the re-scaled k; obtained from ITS and RTA are
51.9W/mK and 28.4 W/mK, respectively. At high temperature
(1000 K), the ab initio molecular dynamics simulations confirms
that the FeB, sheet can maintain its original configuration with
hexacoordinated Fe atoms and graphene-like arranged boron sheet
[19]. Compared with other 2D materials, the calculated x; of the
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Fig. 2. Calculated lattice thermal conductivity x; of monolayer FeB, sheet as a
function of temperature T ranging from 200 K to 1000 K. The inset shows the scaled
cumulative thermal conductivity versus the allowed phonon frequency at 300 K.

monolayer FeB; sheet at 300 K is smaller than those of blue phos-
phorene (k; ~ 78 W/mK) [31], and graphene (x; ~ 3000 W/mK)
[32]. In addition, the cumulative thermal conductivity versus the
allowed phonon frequency reveals that the x; of the monolayer
FeB, is mainly dominated by the phonons with the frequency
below 7 THz, which are just right the acoustic phonons, as shown
in the inset of Fig. 2.

To investigate the size dependence of the lattice thermal trans-
port, we also calculate the cumulative thermal conductivity with
respect to the allowed phonon maximum mean-free path (MFP)
at 300 K, as shown in Fig. 3(a). The cumulated x; keeps increasing
as the MFP increases, until achieving the thermodynamic limit L
[33], which represents the heat carriers for the longest phonon
MEFP and possesses a value of 265.05 nm for the monolayer FeB,.
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Fig. 3. (a) Cumulative thermal conductivity of monolayer FeB, sheet as a function

of allowed phonon maximum mean-free path (MFP) at 300K. (b) Thermal
conductivity of the FeB, nanowires as a function of the width at 300 K.
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Fig. 4. Phonon group velocities within the first Brillouin zone (BZ).

Furthermore, phonons with MFPs smaller than 50 nm devote about
75% of the total x;. This signifies that the nanostructuring with the
length of 50 nm would reduce the x; by 25%. That is, to reduce the
x; of monolayer FeB, significantly, nanostructures with character-
istic length smaller than 50 nm is required. In Fig. 3(b), we plot the
thermal conductivity of the FeB, nanowires as a function of the
width at 300 K. It exhibits that a nanowire with the width of 50
nm has a x; ~37.1 W/mK, which is about 79% of the total ki,
and consistent with the result obtained from the analyses of cumu-
lated x; versus the allowed phonon MFP. From Fig. 3(b), one can
also find that the x; is mainly devoted by three acoustic branches.
The ZA branch possesses the largest contribution to the x;, which
takes up about 57% of the total x;, and the TA and LA branches
occupy about 23% and 18% of the total x;, respectively.

On the other side, we also calculated the group velocities of
each phonon mode shown in the phonon spectrum. The phonon
group velocities as a function of frequency within the first Brillouin
zone (BZ) are shown in Fig. 4. The origin, green and wine stars rep-
resent the ZA, LA, TA modes, respectively, and other colors repre-
sent different optic modes. Due to less contributions of optic
modes, we did not mark them in the figure. At the low frequency,
the group velocities at the long-wavelength limit are about 10.43
km/s, 5.78 km/s, 1.80 km/s for LA, TA, ZA, respectively. The group
velocities of FeB, are compared to 5400-8800 m/s in silicene
[34], 4000-8000 m/s in the blue phosphorene [35], and 3700-
6000 m/s in the graphene [36]. In our expectation, because the
low frequency acoustic phonons lead to the majority phonon trans-
port, moreover within the optic spectrum some high frequency
modes are not contributing. The group velocities of ZA branch is
smaller than the LA branch, TA branch, at the frequency range 0-
6.4 THz, as shown in Fig. 4. Therefore, our results indicated that
the ZA branch play a important role in the thermal transport.

The mode (y;) Griineisen parameter often provides the anhar-
monic interactions information, and is given by
© 94 3)
@;(q)
where 7; is the Griineisen parameter, q is the wave vector, a is the
equilibrium lattice constant, j is phonon branch index, and w is the

frequency. The k; can use the heat capacity written the following
form

7,(q) = -

K= 1C L, TD? (4)
3

where the C, is the unit volume heat capacity, 7 is the relaxation

time, the ¥ is the average velocity. As shown in Fig. 5(a), the thermal

capacity Cy becomes larger as the temperature increases, finally the

curve tends to be smooth. In Fig. 5(b), we calculated the Griineisen
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Fig. 5. (a) Constant volume heat capacity of temperature ranging from 0 K to 1000
K. (b) Calculated Grneisen parameters of temperature ranging from 0 K to 1000 K.
(c¢) The calculated Griineisen parameters within the first BZ at 300 K.

parameter 7y, which is a negative number. As we all known, Griinei-
sen parameter can determine the thermal expansion and given by

dinw
T T dmy ®)

where the  is frequency, V is the volume. Therefore, we found a
magical phenomenon in FeB, that this new 2D material FeB, is con-
tract when heated and expand when cooled, but it is beyond range
of our discussion. In the first BZ, we found the optic branches, the
TA branch and the LA branch at the Griineisen parameters is equal
to zero or so, which indicated these phonons are harmonic approx-
imation, hence, these are almost not contribute to x;. However, the
ZA phonon branch deviates from the Griineisen parameters is extre-
mely larger, therefore, the anharmonicity interaction is seemly
dominated by the ZA phonon branch.

As can be seen from the above, the acoustic phonon modes con-
tribute the most to the x; in FeB,, and in other most 2D semicon-
ductor or insulator materials usually have the same feature. In
order to investigation the reasons for the acoustic modes or ZA
phonon branch contribute most to ki, it is worthwhile to research
the relaxation times or lifetimes of each phonon mode as the func-
tion of frequency. Because the size of phonon lifetimes or relax-
ation times reflect the strength of anharmonicity, the larger
anharmonicity gives the smaller phonon lifetimes. The relationship
between the thermal conductivity and the relaxation times is the
Eq. (5). Therefore, the 7 can affect the thermal conductivity, so
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Fig. 6. The isotopic (a), anharmonic (b) and total (c) relaxation time of each phonon
branch as a function of frequency.

we studied the relaxation times of FeB,. As shown in Fig. 6(a)-
(), we calculate the isotopic relaxation times (IRTs), anharmonic
relaxation times (ARTs) and total relaxation times (TRTs), respec-
tively. The total relaxation time is a consists of contribution by
the isotopic relaxation time and the anharmonic relaxation time

1“ = ;l anh + 1 iso (6)
5@ h@ )

the 1 is the scattering rates. From Fig. 6(a) and (c), we discovered
that the isotopic scattering process is weak compared to the anhar-
monic scattering process. In addition, the isotopic scattering process
is affected by the abundance of isotopes of this element in nature
and the isotopes of B are only 19% in nature [26,37]. From Fig. 6
(b) and (c), we found the anharmonic scattering process is strong,
and the anharmonic scattering process corresponds to the three-
phonon process. In Fig. 6(c), the anharmonic relaxation times of
ZA mode contribute smallest to the total scattering rate, and accord-
ing to the Eq. (5) we can know this relationship. Therefore, from
Fig. 6 and Eq. (6), we observed the anharmonic relaxation time
dominate the total relaxation time. Noticed that typically the avail-
able phase space vary inversely with the relaxation times and ;. As

is well known, the rj(a)anh is related to the anharmonic IFC3 and the
weighted phase space of three-phonon process (WP3). Because the
WP3 contains a large number of scattering events of satisfying the
energy and momentum conservation conditions [38], we used
WP3 to assess quantitatively the number of scattering channels
for each phonon mode. The three-phonon processes in the phase
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Fig. 7. The corresponding weighted phase space WP3.

space is unrestricted that indicates there are a lot of number of
available scattering channels. Thus, between the intrinsic lattice
thermal conductivity and the WP3, there is an inverse relationship
[39].

As previous works has shown that among many simple systems,
the WP3 is a powerful indicator of the x; [40]. To gain further
investigation the mechanism of the phonon scattering, we calcu-
lated the WP3 as a function of frequency, and the result is shown
in Fig. 7. The WP3 reflect the scattering rate, which is proportional
to the reciprocal of the relaxation time. As shown in Fig. 7, at the
low frequency range about 0-6.4 THz, the scattering rate of the
ZA phonon branch is smaller than LA and TA phonon branches in
the WP3. Therefore, we can know that the ZA phonon branch has
smaller scattering rate, which dominates the phonon transport,
and leads to a large x;. And Fig. 7 reveals in FeB, that the acoustic
phonons scattering process dominates the phonon transport, and
leads to a low lattice thermal conductivity x;. Moreover, the ZA
phonon modes dominate the scattering process of all phonon
modes.

4. Conclusion

In conclusion, we employed the phonon Boltzmann transport
theory combined with the first-principles calculation to calculate
the lattice thermal conductivity x; of the recently predicted the
two-dimensional boron-based material FeB, which has a Dirac
state in the fermi level. A fairly low lattice thermal conductivity
(51.9 W/mK) is discovered in FeB,. We find that this low lattice
thermal conductivity is resulted from the heavier atoms (Fe), the
low acoustic phonons group velocity, the low acoustic phonons fre-
quency, the strong three-phonon scattering process and small pho-
non lifetimes. The phase space is an important tool to understand
the lifetimes for the three-phonon scattering process and describes
the trend of thermal transport in FeB,. We find that the anhar-
monic process is much stronger in the FeB, and gives the strong
thermal resistance. Moreover, the anharmonicity is also a feature
of the Griineisen parameter and the anharmonic effect is deter-
mined the k; in FeB,. In three acoustic modes, the out-of-plane
acoustic mode (ZA) play important roles in the thermal transport
than others. In addition, we found a very interesting phenomenon,
the new 2D material FeB; is a heat shrinkable and cold inflated
material due to the Griineisen parameter is a negative value. Our
work is highlights the important role of the anharmonic process

in determining the x; and the thermal transport properties in 2D
Dirac boron-based materials.
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