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Hydrodynamic thermal transport in BNC2 
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A B S T R A C T   

The thermal transport properties of the recently synthesized high-pressure phase of BNC2 are investigated using 
the iterative solution of the Boltzmann transport equation with inputs from density functional theory calcula-
tions. The thermal conductivity of BNC2 is found to be extremely sensitive to pressure and the thermal con-
ductivity at room temperature under 20 GPa pressure is over 1400 W/m-K which is more than 40 % higher than 
the corresponding value at 0 GPa. Similar to diamond, the origin of this extremely high thermal conductivity is 
rooted at large phonon group velocities, which gives rise to fluid-like hydrodynamic thermal transport in BNC2. 
However, unlike diamond, the large isotope disorder of boron atoms in BNC2 results in a large phonon-isotope 
scattering which renders hydrodynamic flow prevalent only in isotopically pure samples at length scales of up to 
65 μm at 100 K.   

1. Introduction 

With continuous reduction in device size and increase in power 
density, the thermal management is becoming increasingly critical in 
applications such as microprocessors [1], LEDs [2], and sensors [3]. 
Identifying new materials with high thermal conductivity is, thus, 
becoming inevitable. Conventionally, the high material thermal con-
ductivities are observed in carbon based materials, diamond and 
graphite, with room temperature thermal conductivities of 2200 W/m-K 
and 1910 W/m-K respectively [4–6]. Recently, thermal transport 
properties of BNC2 are investigated by Wu et al. [7] using the density 
functional theory (DFT) driven solution of the Boltzmann transport 
equation (BTE) and high thermal conductivity of 1242 W/m-K was ob-
tained. The origin of this high thermal conductivity is found to be large 
acoustic phonon group velocities, as is the case for carbon-based mate-
rials [5,8]. The authors, however, limited their study to ambient pres-
sure, though the studied phases of BNC2 are stable only at high pressures 
[9–12]. Previous literature studies have shown that the pressure- 
dependence of thermal conductivity is a result of interplay of har-
monic and anharmonic lattice properties and the thermal conductivity 
could increase or decrease with pressure depending on the material 
system [13,14]. As such, there is a need to study the effect of pressure on 
the thermal transport properties of BNC2. 

Furthermore, for materials with large phonon group velocities, the 
majority of the active phonons at room temperature and below are close 
of the zone center of the Brillouin zone. Under such circumstances, the 

dominant intrinsic scattering of phonons is via momentum conserving 
Normal (N ) phonon-phonon scattering processes [as opposed to mo-
mentum destroying Umklapp (U ) processes in other materials] and the 
corresponding phonon flow is hydrodynamic-like, resembling similar-
ities with the drifted macroscopic motion of fluid particles [15]. For the 
majority of materials, the phonon flow is ballistic at low temperatures 
and transforms to diffusive at high temperatures with no or a very small 
temperature window near the peak of thermal conductivity at cryogenic 
temperatures for hydrodynamic flow [15]. Consequently, the hydrody-
namic flow is observed experimentally only in a handful of exotic ma-
terials: (1) 3He at temperatures between 0.42 and 0.58 K [16], (2) Bi 
between 1.2 and 4 K [17], (3) NaF between 11 and 14.5 K [18,19], and 
more recently for (4) graphene between 85 and 125 K [15]. Computa-
tionally, the hydrodynamic flow is also suggested to exist in few other 
two-dimensional materials and in diamond [20]. Because of a similar 
origin of high thermal conductivity in BNC2 as that in diamond, there is 
a possibility of hydrodynamic flow of phonons in BNC2, not yet 
explored. 

In this work, using first-principles calculations, we explored (a) the 
effect of pressure on thermal transport properties and (b) the possibility 
of hydrodynamic thermal transport in orthorhombic-phase of BNC2 
which is reported to be experimentally stable at pressures between 10 
and 30 GPa [10–12]. We find that the thermal conductivity of BNC2 
increases with pressure and the predicted thermal conductivity at room 
temperature at 20 GPa is 43 % higher than that at ambient pressure. 
Further, we find that phonon flow is hydrodynamic-like in isotopically 
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pure BNC2 at temperatures below 100 K with the characteristic second 
sound propagation length of 64 μm (compared to 7 μm and 409 μm in 
naturally-occurring and isotopically enriched diamond) at 100 K. 

2. Computational details 

The crystal structure of orthorhombic phase of BNC2 with space 
group Pmm2 is presented in inset of Fig. 1. The crystal structure re-
sembles that of diamond, where each carbon atom is tetrahedrally 
bonded to two carbon atoms, a boron atom, and a nitrogen atom. As this 
BNC2 phase is reported to be stable at 10–30 GPa, the phonon transport 
calculations are carried out at 0, 10, and 20 GPa using full iterative 
solution of the BTE as [21,22]: 

kα =
∑

i
cph,iv2

α,iτi. (1)  

The summation in Eq. (1) is over all the phonon modes in the Brillouin 
zone and cph, να, and τ are the phonon specific heat, group velocity 
(α-component), and scattering lifetime, respectively. The details 
regarding cph, να, and τ calculations are available elsewhere in Refs 
[22–24]. 

The structure relaxation and force constant calculations were carried 
out using Quantum Espresso package with norm conserving pseudo- 
potentials with converged electronic wavevector grid and plane wave 
energy cutoff of 6 × 6 × 6 and 80 Ry respectively [25,26]. The harmonic 
force constants are initially obtained on a 6 × 6 × 6 phonon wavevector 
grid using density functional perturbation theory [27] and are later 
interpolated to 22 × 22 × 22 grid for lattice thermal conductivity cal-
culations. The anharmonic force constants are obtained using the sto-
chastic thermal snapshot technique [28–30] using 200 thermally 
populated supercells of 256 atoms each corresponding to a temperature 
of 300 K. The cubic interaction cutoff is fixed at 4 Å for the extraction of 
anharmonic force constants from the force-displacement data fitting. 
Since the high thermal conductivity of BNC2 originates from high group 
velocity of phonons (and not due to suppression of three-phonon scat-
tering originating from reduced scattering phase-space), we considered 
only three-phonon scattering processes in the evaluation of phonon 
scattering rates. 

The presence of hydrodynamic flow is explored through second- 
sound length and averaged linewidths of N ,U , and ℐ processes. The 
characteristic second sound propagation length scale is obtained as λ =
vssτss, where νss and τss are velocity and timescale for second sound, given 
by [15] 

v2
ss =

∑

i

1
2cph,iv2

∑

i
cph,i

, (2)  

1
τss

=

∑

i
ni(ni + 1)ℏωivα

i qα
/

τR
i

∑

i
ni(ni + 1)ℏωνvα

i qα , (3)  

and the averaged linewidths are obtained as 

Γp =

∑

i
cph2π

/

τp
i

∑

i
cph

, (4)  

with ni, ωi, q, and τi
R representing phonon equilibrium population, fre-

quency, wavevector, and resistive scattering lifetime and p denotes the 
type of scattering process. 

3. Results 

We start by first investigating the effect of pressure on phonon fre-
quencies of orthorhombic phase of BNC2 in Fig. 1. The desired pressures 

Fig. 1. (a) The effect of pressure on phonon dispersion of BNC2. The phonon 
dispersion of diamond (at 0 GPa) is also included in the Γ-X direction for 
comparison. (b) The atom-decomposed phonon density of states for BNC2 at 
20 GPa. 

Fig. 2. (a) The effect of pressure on the x-direction thermal conductivity of 
BNC2 as obtained by the full/iterative solution of the Boltzmann transport 
equation (BTE) and (b) the effect of iterative/full solution of the BTE on the 
predicted x-direction thermal conductivity as compared to the relaxation time 
approximation (RTA). The direction-dependent thermal conductivities of BNC2 
are reported in the inset of (a) for 20 GPa. The thermal conductivity values for 
diamond are also included in (a) and (b) for comparison. All reported con-
ductivities are for isotopically pure samples. 
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of 10 and 20 GPa are obtained by isotropic compression of relaxed 
structure by 0.82 % and 1.55 % respectively. For comparison, we also 
plotted phonon dispersion of diamond at zero pressure in the Γ − X 
direction in Fig. 1. 

Overall, we find that the range of phonon frequencies in BNC2 is 
similar to that in diamond. Both materials are stiff and have sound ve-
locities (longitudinal acoustic phonon group velocity in the Γ − X di-
rection in the large wavevector limit) of 17.6 and 18.2 km/s. These 
sound velocities are a factor of 2–3 higher than other compounds (for 
instance, 6–7 km/s in silicon [31]) and are reported as the reason for 
high thermal conductivity in carbon based systems [5] (note that the 
abscissa in Fig. 1 are normalized by the lattice constant and the slope of 
dispersion branches, as such, does not reflect the absolute phonon group 
velocities). Furthermore, like in diamond, all involved species have 
similar mass in BNC2, resulting in delocalized modes as is evident from 
similar partial density of states of each of participating atoms. In com-
parison with diamond, the unitcell of BNC2 is more complex and has 
more dispersion branches. This complex unitcell of BNC2 opens up more 
possibilities for satisfying three-phonon scattering selection rules and 
results in an enhanced three-phonon scattering phase space of low- 
frequency phonons as compared to that in diamond as is shown later 
in Fig. 3(d). Further, the orthorhombic structure of BNC2 results in 
anisotropic dispersion with sound velocities of 17.6, 16.7, and 16.9 km/s 
in three orthonormal directions. With increasing pressure, the phonon 
frequencies, and hence group velocities, increase all across the Brillouin 
zone for BNC2. This increase in phonon frequencies originates from 
stiffening of bonds (as is reported in literature for silicon [13]) and is 
similar in three perpendicular directions for BNC2. 

The temperature-dependence of directional thermal conductivities of 
BNC2 at 20 GPa is reported in the inset of Fig. 2(a). The thermal con-
ductivity follows the same trend as that of group velocity and is highest 
in the x-direction followed by γ- and z-directions. For the temperature 
range considered, the thermal transport anisotropy is highest at 600 K 

and the anisotropy decreases with reducing temperature to 1.45 at 100 
K. At a temperature of 300 K, the x-direction thermal conductivity of 
isotopically pure BNC2 is 1012 W/m-K compared to 3791 W/m-K for 
diamond under similar conditions [Fig. 2(a)]. This is despite the larger 
anharmonicity of diamond as is reflected in a larger heat capacity 
weighted average Grüneisen parameter value of 0.76 in diamond 
compared to 0.71 in BNC2 at 0 GPa; thereby suggesting that the four 
times higher thermal conductivity of diamond is predominantly a result 
of large phonon group velocities and reduced three-phonon scattering 
phase space. 

With pressure, the thermal conductivity increases for all directions 
and the x-direction thermal conductivity increases by 43 % at 20 GPa 
compared to its value at 0 GPa. The corresponding change in phonon 
properties with pressure is presented in Fig. 3. We find that at both, 
0 and 20 GPa, the thermal transport is dominated by phonons with 
frequencies up to 25 THz. In going from 0 to 20 GPa, as mentioned 
earlier, while the group velocities increase due to stiffening of phonons, 
the increase in heat-capacity weighted group velocity square (

∑
icv, ivg

2/ 
∑

icv, i) is only ~9.7 %, insufficient to explain the 43 % increase of the 
thermal conductivity. As shown in Fig. 3(c), however, with increasing 
pressure, the phonon lifetimes also more than double for most of the 
heat carrying phonon modes. This increase in phonon lifetimes along 
with accompanying increasing in group velocities is responsible for the 
predicted increase of thermal conductivity with pressure. It is worth-
while to mention that the phonon modes in BNC2 are more anharmonic 
at higher pressure. The heat-capacity weighted Grüneisen parameter at 
20 GPa is 0.76 compared to 0.72 as 0 GPa. Despite this increase in 
anharmonicity, the phonon lifetimes increase at higher pressure due to a 
reduction in the three-phonon scattering phase space [see Fig. 3(d)]. 

The thermal conductivities reported in Fig. 2(a) are obtained using 
the iterative/full solution of the BTE. Using the RTA solution, the ther-
mal conductivities are under-predicted by a factor of 1.3 in BNC2 in the 
x-direction at 300 K at 0 GPa. The corresponding under-prediction in 

Fig. 3. (a) The thermal conductivity accumulation, (b) normalized thermal conductivity accumulation, (c) three-phonon scattering lifetime, and (d) three-phonon 
scattering phase space plotted against normalized phonon frequency for BNC2 at 0 and 20 GPa. The phonon frequencies at a given pressure are normalized by the 
maximum phonon frequency at that pressure. All results are for isotopically pure samples at a temperature of 300 K. 
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diamond is by a factor of 1.5. This under-prediction of thermal con-
ductivity by RTA solution is due to a large fraction of momentum- 
conserving N three-phonon scattering processes which are wrongly 
treated as resistive by the RTA solution [32,33]. The fraction of such 
processes is generally small in other non‑carbon based materials where 
the thermal conductivity changes are less than 5 % with the use of 
iterative solution of the BTE [6]. The large fraction of N scattering 
processes points to a possibility of hydrodynamic transport and second 
sound at low temperatures [15]. To test for this, we compute the heat 
capacity weighted average phonon linewidths [15] corresponding to the 
N , U , and ℐ phonon scattering and report the results in Fig. 4. 

We find that for both, diamond and BNC2, the phonon-phonon 
scattering is dominated by N processes. However, while the isotope 
scattering is only dominant at low temperatures in diamond, owing to 
large isotope disorder of boron atoms, the isotope-scattering is the 
dominant phonon scattering mechanism in the entire considered tem-
perature range in BNC2. This suggests that, like in diamond, while there 
is a possibility of hydrodynamic flow in BNC2, it is possible only in 
isotopically pure samples. The hydrodynamic flow is also characterized 
by the presence of second sound, i.e., the observation of two response 
wave pulses for a given thermal perturbation; first corresponding to 
relaxation of carriers to drifted Bose-Einstein distribution via mo-
mentum conserving N processes with timescale τN and second corre-
sponding to subsequent relaxation of carriers to equilibrium Bose- 
Einstein distribution via non-momentum conserving U processes with 
timescale τU [15]. At a temperature of 100 K, the characteristic second- 
sound length [15] in isotopically pure BNC2 is 64 μm as compared to 407 
μm in diamond, thus suggesting that second-sound exists at smaller 

length scales in BNC2 and the measurements need to resolve length 
scales lower than 64 μm in order to detect second-sound in BNC2 at 100 
K. 

4. Conclusions 

We employed density functional theory and solved the Boltzmann 
transport equation to study the effect of pressure on the recently syn-
thesized high-pressure orthorhombic phase of BNC2. We find that due to 
light masses of involved atoms and stiff bonds, the phonon group ve-
locities are large in BNC2, similar to that in diamond. Nevertheless, due 
to its complex unitcell, the predicted thermal conductivity of isotopi-
cally pure BNC2 is more than a factor of 3 lower that of isotopically pure 
diamond under ambient conditions. The thermal conductivity of BNC2 
increases with pressure and reaches 1450 W/m-K at 20 GPa. Because of 
the similar origin of high thermal conductivity in BNC2 as that in dia-
mond, BNC2 also has significant momentum conserving N phonon- 
phonon scattering, resulting in a hydrodynamic-like phonon flow at 
low temperatures. However, due to a large isotope disorder of boron 
atoms, unlike diamond, this hydrodynamic-like flow is observable only 
in isotopically pure BNC2 samples with characteristic length scale 
smaller than 65 μm at 100 K. 
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