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Specific heat and quantized thermal conductance of single-walled boron nitride nanotubes
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The thermal properties of single-walled boron nitride nanotubes are calculated. It is found that boron nitride
nanotubes have a larger specific heat than that of carbon nanotubes. The fitting formulas for diameter and
chirality dependence of specific heat at 300 K are given. Moreover, thermal conductance of single-walled
boron nitride nanotubes exhibits a universal quantization at low temperature, which is independent of the
diameter and chirality of nanotubes.
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Following the discovery and extensive researcf of  and parameters listed in Table | are reliable. The PDR.6f
carbon nanotubeCNT'’s), its derivative boron nitride nano- 10) BNNT is shown in Fig. 1b). AroundI" point, there are
tubes(BNNT’s) have attracted considerable attention in re-four acoustic modes: one longitudin@lA), two degenerate
cent years due to anticipated exciting propefligslt has  transversgTA), and one twistingWA), all of which have
been reported that BNNT’s have remarkable mechanicdinear dispersion at low energy. The sound velocities of TA,
properties. For example, the axial Young's modulus of mul-WA, and LA modes for a10, 10 BNNT are estimated as
tiwalled BNNT’s has been measured to be 1.22 ¥P@on- 8.73, 12.85, and 17.17 km/s, respectively. The high sound
trary to the dependence of the band structure to the geometifelocity, combined with the small diameter of nanotubes,
cal structure of CNT's, the energy gap of BNNT's is about 5causes the relatively large subband splitting. Such a splitting
eV213 which seems to be independent of wall numbersWwould have an important influence on the specific heat. In
diameter, or chirality. These results signify more practicalcomparison with other phonon modes, the radial breathing
applications of BNNT's in nanosized electronic and photonicmode (RBM) is known to have strong Raman intensities in
devices than those of CNT’s. However, excellent thermalow-frequency region&}~?"which can be used to character-
transport management is indispensable in the design and pdze the BNNT's samples. It is found that the frequency of
formances of modern microelectronic devi¢éd® So, itis  RBM of BNNT's is inversely proportional to the radius, i.e.,
necessary to theoretically reveal the essential relationship bergm=A/r with A=951 cmi'* A. The value ofA is nearly
tween the unique structures and the special thermal propegonsistent with that in Refs. 16 and 17.
ties of BNNT's. As PDR is determined, vibrational density of states

It is an effective avenue to investigate phonon structurd VDOS) can be written as
for the study of thermal properties of BNNT's. Series of
calculations of phonon i{g BNNT'’s have been perfgoirmed us- o(w) Q ds Q 2 1)
ing tight-binding modet,’ density-functional theory, and w)= :J = 3 2, 2'
valence shell modéf Of these, the valence shell model pro- (2m) |qu(q)| (2m)" 0 (0= wg)™+4 1)
vides an intuitive understanding of phonon based on force
constants fitted to the phonon dispersion of monolayer ofvhereé is adjustable width factor of Lorentzian function. In
hexagonal boron nitridéh-BN).*° However, the quadratic term of VDOS, specific hea€, at temperaturel is then
wave-vector dependence of the frequency for out-of-plangiven by the formula
phonons of two-dimension&2D) h-BN cannot be produced.

Wirtz et al. have calculated phonon-dispersion relations Wmax [ hw\?  exp(hwlkgT)
(PDR) of BNNT'’s by virtue of density-functional theory. Cv(T)ZJ’ Ke| i olk 59(w)dw,
Since large computational demands are required, it may be 0 B!/ [exp(hwlksT)—1] @

difficult to calculate the phonon in BNNT’s with large atoms

in the unit cell. Here we use a force-constant model com-
bined with the consideration of symmetry of nanotubes tol
calculate phonon in BNNT'$-?*The best-fit parameters are
obtained in Table I. In this model, it is crucial to determine
the force constants between two atoms. In order to get thg g

TABLE |. Force-constant parameters for 2D h-BN in units of
o dyn/cm. Here the subsciptsti, andto refer to radial, trans-
verse in plane, and transverse out of plane, respectively.

Tangential
reasonable out-of-plane phonons, up to the fourth nearest-
neighbor interactions for 2D h-BN are introduced. #P=31.00 (1)=18.50 #{H=5.60
The phonon spectrum of 2D h-BN is calculated as showns®~®=7.00 (B-B) =323 (B=B)=_0.70
in Fig. 1(a), in which the available experimental points are ¢N~N=8.00 (N-N=_0.73 Y "N=-055
included'® Compared with those of valence shell model, our 4{®=1.00 ®)=_3.25 #(P=0.65
results reproduce the experimental data very well along thg®=—1 90 (M=1.29 = _0.30

I'—K direction. It does mean that the model is reasonable
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where# andkg are the Planck constant and the Boltzmannklapp scattering freezes out and the phonon mean-freel path
constant, respectively. The calculated specific heatl6f is constant with temperatuté!>28-3°Sg one may suppose
10) BNNT is shown in Fig. 2a), together with a comparison that thermal conductivity follows the temperature depen-
to that of (10, 10 CNT. When temperature is very low, the dence of specific heat. Assuming BNNT'’s have the saae
specific heat increases linearly with the increase of temperaENT's, BNNT'’s would have a larger low-temperature ther-
ture[see the inset of Fig.(2)]. This is because only acoustic mal conductivity than CNT’s. Such a phenomenon shows
phonons are populated. For temperatures larger than 6 Khat BNNT may provide another candidate for thermal man-
however, the slope of the curve increases due to the populagement in molecular electronics.

tions of optical phonons, which is expected to be the signa- Figure Zb) shows the specific heat for 2D h-BKL0, 10
ture of one-dimensiondllD) quantized phonon spectrum in and (10, O BNNT’s, as well as experimental data of 3D
single-walled BNNT’s. In addition, the specific heat@0, h-BN.3! One finds that 2D h-BN has a larger specific heat
10) BNNT is larger than that of10, 10 CNT. The relation than 3D h-BN below 60 K, a consequence of interlayer cou-
between specific heat and thermal conductivity satiséies pling in 3D h-BN. Compared with 2D h-BN, th@d.0, 10 and
=3C,vl, wherev and| are the phonon group velocity and (10, 0 BNNT's have a smaller specific heat below about 200
the phonon mean-free path. At low temperature, the UmK. Moreover, the specific heat curve GE0, O BNNT lies
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FIG. 3. Specific heat of BNNT'’s at 300 K as a function of tube diamé&eand tube indicegb).

well above that 0f10, 10 BNNT at low temperature. This d—c«. Such a phenomenon could be explained by the fact
behavior is attributed to the fact that VDOS(@D, 0 BNNT  that BNNT'’s with large enough diameter can be thought of
is larger than that of10, 10 BNNT at low energy. Ifwg is  as a h-BN sheet with periodic boundary conditions imposed
the frequency of the first optical phonon, the optical phonorin the circumferential directiof? It is found that the chirality
will give negligible contribution to specific heat for tempera- dependence of specific heat is similar to the diameter depen-
ture lower thanTy~%wq/kg, with To=31 K for (10, 10  dence. It is easy to fit the specific heat at 300 K imnj)
tube andT,=70.6 K for (10, O tube. With the increase of BNNT by
temperature T>Tg), the first optical phonon withwg
=21.5 cm ! for (10, 10 BNNT would be activated and con- B
tribute to the specific heat, which results in a higher specific C,=Cyop— —{240.0+ 57.3 arcta(u
heat than that of10, O BNNT. As temperature increases s
further, the specific heat curve ¢£0, 10 BNNT lies well
curves of(10, 10 and (10, O BNNT's follow the 2I_D. h-BN =573 arctan(/§m/2n+m) (deg, Eq. (8) is simplified to
curve. Consequently, the low-temperature specific heat dic = Cuv,p— (B/d?)[240.0+ 6].
rectly presents quantized phonon subbands in BNNT’s, a”dvFrom Fig. 3b), one can see that specific heat increases
reflects the dimensionality of boron nitride systems. with index m for (h,m) BNNT's with fixed n. The chirality
The diameter and chirality dependence of specific heat acﬁependence of specific heat of BNNT’s has an analogy to
300 K for (n,m) BNNT's (n=6-25m=0-n) are shown in  h5; of energy gap for CNTEwhich may suggest that both
Fig. 3. As shown in Fig. Ja), the specific heat increases gjectrical and thermal properties of nanotubes is closely re-
rapidly with increasing diameter for small-diameter BNNT'S. |56 to their geometrical structures. Due to the difficulty of
However, the specific heat of large-diameter SNNT’S W°“|dproduction of nanotubes with specific indiagsm, Eq. (4) is
approach the value dt,,p=841 mJ/gK C,2p is the spe-  ipportant to evaluate qualitatively the specific heat of
cific heat of 2D h-BN at 300 K From the inset, one can see gamples with a diameter distribution. Moreover, recent ex-
that the sp_ecmc heat is Ilnear_ with 2 with the diameted. periment has shown that the phonon-drag effect plays an
The best-fit formula can be given as important role in deciding the thermopower of CN¥%The
C =C . —76K2 3) magnitude of the phonon-drag contribution to thermopower
v e2D TR depends mainly on their specific heat. Consequently, it is
This fitting is in agreement with calculated results for largeexpected that Eq€3) and (4) may be applicable for evalu-
diameter BNNT's, while a small deviation from the calcu- ating the specific heat in a thermoelectric energy conversion
lated results occurs for small diameter BNNT’s. The devia-circuit.
tion may be attributed to the curvature effect of small diam- Based on Landauer formulation of transport theory, it is
eter nanotubes. From E(), one can see th&,—C,,p as  possible to obtain the thermal conductance of BNNT’s. As-

4

2n+m
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suming perfectly adiabatic contact between the thermal resspecific heat is proportional to temperature at low tempera-

ervoirs and BNNT’s, thermal conductance is given by theture. Consequently, temperature dependence of thermal con-

formula®*3® ductivity of BNNT’s would be almost linear at low tempera-
ture. Moreover, the value of ; decreases with increasing

kéT oMax x%e* diameter. This result is attributed to the population of the first
C=~~ > f o dX (5  optical phonon modé,, which decreases with increasing
M m (e'=1) diameter. The first optical phonon mode plays an important
wherex,=fwy/kgT, ®™", andw™ are the minimum and role in both specific heat and thermal conductance, which

reveals the underlying quantized phonon spectrum of
BNNT’s. Additionally, quantized thermal conductance has
been observed experimentally and predicted
theoretically**>3"which provides an insight into the quan-

the maximum frequency of theith phonon branch in PDR
of BNNT’s.

In Fig. 4, we calculate thermal conductance ofnpg,
BNNT's (m=0-6), normalized to &,=4mkzT/3h (for physics in nanotube-based devices.
reason described belpwOne can see that thermal conduc- In summary, we have investigated the specific heat of
tance of BNNT's increases with the increase of tube diamgNNT's based on a force-constant model within lattice-

eter. In addition, thermal conductance of all seven BNNT'sgynamics theory. The results show that the specific heat of
starts from a smooth valuB=4G, at T<T. [T,=8 Kfor  BNNT's decreases linearly with decreasing temperature at
(6, 6 BNNT], and then increase with temperatufeat T |ow temperateure. We predict a higher thermal conductivity
>T.. The smooth value o0& suggests that phonon thermal for BNNT’s than that for CNT’s. The diameter and chirality
conductance be quantized B T, which can be derived dependence of specific heat at 300 K are fitted for all types of
analytically from Eq.(5). Performing the integration in Eq. BNNT’s. The present results are important for the correct
(5), we present an analytic form of thermal conductance evaluation of spacific heat of BNNT’s suggested for thermal

transport and thermoelectric energy conversion applications.
(6)  Moreover, it is found that thermal conductance of BNNT's
where F(xq)=2k3T/hZ ((x3/2(em—1)]+27_,[ (e~ ™/

exhibits a universal quantization at low temperature, inde-
n?)+xne”™m/n]). In particular, four acoustic modes with pendent of diameter and chirality of nanotubes.
Xxm"'=0 contribute a universal o
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