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Abstract--  

 

     The lattice thermal conductivity, kL, of typical metallic and non-metallic crystals decreases rapidly 

with increasing temperature because phonons interact more strongly with other phonons than they do 

with electrons. Using first principles calculations, we show that kL can become nearly independent of 

temperature in metals that have nested Fermi surfaces and large frequency gaps between acoustic and 

optic phonons. Then, the interactions between phonons and electrons become much stronger than the 

mutual interactions between phonons, giving the fundamentally different kL behavior. This striking 

trend is revealed here in the group V transition metal carbides, vanadium carbide, niobium carbide 

and tantalum carbide and should also occur in several of other metal compounds.  This work gives 

insights into the physics of heat conduction in solids and identifies a new heat flow regime driven by 

the interplay between Fermi surfaces and phonon dispersions. 
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     In non-magnetic electrical insulators, heat is carried by phonons.  Intrinsic thermal resistance 

arises from mutual interactions among phonons caused by the anharmonicity of the interatomic 

potential [1, 2]. Around and above room temperature, the lattice thermal conductivity, kL, 

decreases sharply with temperature, with kL ~ 1/T above the Debye temperature of the material. 

In metals heat is carried by electrons and phonons, and their mutual interactions add to the lattice 

thermal resistance beyond that from phonon-phonon scattering alone. Heat conduction in metals 

was described qualitatively by Makinson eighty years ago [3]. He showed that the contribution to 

thermal conduction from phonons involves a temperature dependent competition between 

phonon-phonon and phonon-electron interactions, with the former dominating the behavior at 

high T and the latter dominating at low T.  Specifically, kL limited only by phonon-electron 

scattering tends to zero at low T and becomes temperature independent at high T. Since kL 

limited only by anharmonic phonon-phonon interactions decreases monotonically with 

increasing T, a temperature cross-over occurs below which phonon-electron scattering dominates 

and above which phonon-phonon scattering dominates [2, 3].  Simple estimates [2] show that 

this cross-over should occur well below room temperature so that around and above room 

temperature phonon-phonon scattering should be far stronger than phonon-electron scattering. 

Such behavior has been confirmed in recent ab initio calculations of kL for the common metals, 

Al, Cu, Ag, Au, Ni, Pt [4, 5].  It thus appears that the strong monotonic decrease in kL with 

increasing T above room temperature is a universal behavior of all non-magnetic crystals, 

regardless of whether they are metallic or non-metallic.  

     In this Letter, we show using a first principles theory that strikingly different temperature 

dependence of kL can occur in metallic compounds that combine nested Fermi surfaces with 

specific vibrational properties of the atomic lattice.  Fermi surface nesting (FSN) contributes to 
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strong electron-phonon interactions, and it has been the subject of intense interest for decades in 

the study of strongly correlated electron systems and phenomena such as charge density waves 

and superconductivity [6-8].  To our knowledge, the influence of FSN on heat conduction has 

not been rigorously investigated before. We demonstrate that FSN combined with particular 

phonon properties can yield anomalously weak phonon-phonon interactions simultaneously with 

strong phonon-electron interactions, which is opposite to the typical behavior.  This interplay 

between the structure of the Fermi surface and the vibrational properties of the atomic lattice 

makes kL nearly temperature independent around room temperature and extending well above it. 

     To demonstrate the effect of this novel interplay between the electronic and phononic energy 

spectra, we present results for two classes of transition metal carbides (TMCs).  We show that 

the unusual temperature independence occurs in the group V TMCs, VC, NbC, and TaC, where 

Fermi surface nesting is known to occur.  In contrast, the group IV TMCs, TiC, ZrC, and HfC, 

which do not have nested Fermi surfaces, show the typical behavior, kL ~ 1/T. 

First principles theory:  We have implemented a first principles approach to calculate the kL of 

TMCs.  These materials crystallize in the rock salt structure and are known as refractory 

compounds because of their unusual hardness and high melting points [9-11], which stem from 

strong covalent bonding [12].  Phonons are taken to scatter (i) with other phonons; three-phonon 

scattering is the lowest-order intrinsic process; (ii) from isotopes; these produce a mass disorder 

that scatters phonons [13]; and (iii) with electrons.  Harmonic interatomic force constants (IFCs) 

are calculated using Density Functional Perturbation Theory (DFPT) [14].  From these, phonon 

modes, acoustic velocities and phonon-isotope scattering rates [13] are obtained.  Anharmonic 

IFCs are calculated using a supercell approach, from which phonon-phonon scattering rates are 

determined [15].  Thermal expansion is incorporated within the quasi-harmonic approximation.  
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Further details are given in the Supplementary Materials [16].  We note that while FSN can 

indicate strong electron correlations, such as occurs in TaS2 and TaSe2, this does not appear to be 

the case for the TMCs whose properties have been accurately described by density functional 

theory [23, 24] without including strong electron correlation corrections using e.g. DFT+U or 

dynamical mean field theory. 

     The scattering rates of phonons by electrons are [2, 25-28]: 

( ) ( )∑∫ −−−
Ω

= ++
− mn

jnmmnjnm ffg qkqkqkkqkk
ωεεδεε

π
π

τ
!

!
)()(),(

4
d21

00

2SE
,3

0
L
elph

           (1) 

Here, Ω0 is the volume of the unit cell, εnk  and εmk+q  are electron energies in the initial (n,k) and 

the final (m,k+q) states, !ω jq  is the energy of a phonon with wavevector q and polarization, j, 

the sums are over the electron bands, n, m; f0  is the Fermi distribution, and ),(SE
, qkjnmg  is the 

electron-phonon scattering matrix element.  IFCs, phonon frequencies and electron energies are 

calculated using the Quantum Espresso package [29, 30] with norm-conserving pseudopotentials 

in the generalized gradient approximation. The electron-phonon matrix elements, ),(SE
, qkjnmg , are 

evaluated ab initio using the Electron-Phonon Wannier code [25-27, 31].  The total phonon 

scattering rates are obtained from Mathiessen's rule:  L
elph

L
isoph

L
phph

L
tot /1/1/1/1 −−− ++= ττττ , where 

L
phph/1 −τ  and L

isoph/1 −τ  are the three-phonon and phonon-isotope scattering rates, respectively, 

determined ab initio.  For further details see Ref. 16. 

     The lattice thermal conductivity, kL, can be expressed as   

    ∑=
λ

λβλβλαλ
αβ τ LL vvCk       (2) 
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where the sum is over all phonon modes λ=(j, q),  is the specific heat 

capacity per phonon mode, nλ
0  is the Bose factor at temperature T,  is the velocity of mode 

λ, α and β are Cartesian components, and V is the crystal volume. The phonon transport lifetime 

in mode λ, L
λβτ , is obtained by solving the Peierls-Boltzmann transport equation (PBE) for the 

non-equilibrium phonon distribution that results from a small temperature gradient applied along 

crystallographic axis direction β.  Solution of the PBE is accomplished using an iterative 

approach described previously [32-35].  The solution incorporates the quantum-mechanical 

scattering rates, and it goes beyond the commonly used relaxation time approximation in 

properly accounting for the difference between momentum-conserving Normal phonon-phonon 

scattering processes, and resistive Umklapp phonon-phonon processes [1, 2]. 

Anomalous thermal transport:  Figure 1a shows the calculated Fermi surface for NbC.  The six 

arms of this surface have roughly square cross-section resulting in large parallel regions 

connected by specific phonon wave vectors, which defines some of the nesting.  In fact, Weber 

[31] showed that a roughly cubic surface of nesting vectors exists in the phonon Brillouin zone.  

There are three nesting vectors along [100] (red arrow in Fig. 1a), [110] and [111] high 

symmetry directions.  The nesting regions give rise to strong interactions between electrons and 

phonons, which renormalize some phonon energies producing phonon anomalies [23, 24, 37-40]. 

Fig. 2a shows the calculated phonon dispersions for NbC illustrating these well-known phonon 

anomalies [41].  

     Several features are responsible for the weak phonon-phonon scattering.  To understand these, 

we first note that heat is carried primarily by the acoustic phonons.  Intrinsic thermal resistance 

arises from scattering between three acoustic phonons (aaa), two acoustic phonons and an optic 

Cλ = ωλ (∂nλ
0 /∂T ) /V

€ 

vλ
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phonon (aao), or an acoustic phonon and two optic phonons (aoo).  The large mass of Nb atoms 

(92.91 amu) compared to C atoms (12.01 amu) produces a large frequency gap between acoustic 

and optic phonons, which forbids aao processes since they cannot satisfy energy conservation 

[43].  The narrow bandwidth of the optic phonon branches restricts aoo processes to the region 

of low frequencies [44] where their scattering rates are weaker than aaa processes.  Furthermore, 

Nb is isotopically pure.  As a result, scattering of acoustic phonons by isotopic mass disorder is 

weak [13, 45].  Thus, absent phonon-electron scattering, kL is limited primarily by aaa scattering. 

Then, the bunched together regions of acoustic branches caused by these phonon anomalies 

severely restricts the phase space for aaa scattering, as has been pointed out previously [43].  

These combined features give weak phonon-phonon and phonon-isotope scattering rates for the 

heat-carrying acoustic phonons.  We note that higher-order four-phonon scattering has recently 

been found to be important in non-metallic crystals with large frequency gaps between acoustic 

and optic phonons, such as BAs [46].  However, we expect that it would be much weaker than 

the phonon-electron scattering found here in NbC, VC and TaC [16]. 

     To highlight these contrasting behaviors, the phonon-phonon and phonon-electron scattering 

rates for NbC at 300K are shown in Fig. 3a for the acoustic phonons.  At low frequency, phonon-

phonon scattering is stronger than phonon-electron scattering.  With increasing frequency, a 

striking drop occurs in the phonon-phonon scattering rates (in the 4 to 8 THz regime), resulting 

from the small phase space for phonon-phonon scattering in this region.  In the same frequency 

range, a large increase in the phonon-electron scattering rates is seen, driven by the FSN.  

Similar behavior of the Fermi surfaces, phonon dispersions, phonon-phonon and phonon-electron 

scattering rates is found for VC and TaC [16]. 
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     The lattice thermal conductivity of NbC is shown in Fig. 4 for two cases:  (i) limited by 

phonon-phonon and phonon-isotope scattering alone (dashed blue curve); (ii) including phonon-

phonon, phonon-isotope and phonon-electron scattering (solid blue curve).  For case (i), kL is 

extremely high, over 3000Wm-1K-1 at 300K.  These kL values are comparable to or higher than 

the highest values achieved for a bulk crystal (i.e. diamond) over the same temperature range 

[47-49].  Including phonon-electron scattering, case (ii), decreases kL by three orders of 

magnitude. This large reduction reflects the much stronger phonon-electron scattering compared 

to phonon-phonon scattering in the frequency region of the nesting vectors, as seen in Fig. 3a.  

This results in a near temperature independence of kL over the 300K-1000K range.  

     To contrast this unusual behavior for the group V TMCs, we have performed calculations for 

the group IV TMCs: TiC, ZrC and HfC. Figs. 1b and 2b show the Fermi surface and phonon 

dispersions for TiC. Some nesting appears to occur for small wave vectors [23] that may cause 

softening of the optic phonons around the Γ point.  However, TiC shows no anomalies in the 

acoustic phonon spectrum.  Figure 3b shows the phonon-phonon and phonon-electron scattering 

rates for TiC at 300K. The phonon-phonon scattering rates for TiC are generally much larger 

than the phonon-electron scattering rates over the full acoustic phonon frequency range.  As a 

result, for TiC the kL neglecting phonon-electron scattering is seen to be almost the same as that 

including it, as shown in Fig. 4.  The total kL decreases roughly as 1/T around and above 300K, 

consistent with the temperature dependence of kL in typical crystalline metals and non-metals. 

Similar behavior is found for ZrC and HfC [16]. 

     Figure 5 compares kL for the six TMCs as a function of T.  Consistent with the above 

discussion the kL values decrease rapidly with T for all group IV TMCs, while those for the 

group V TMCs are almost temperature independent over the same T range.  Around room 
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temperature, group IV TMCs have far larger kL than those of the group V TMCs, while at high T 

the kL for the group IV TMCs are similar to those for the group V TMCs.   

     Experimental verification of the anomalous temperature dependence of kL predicted here for 

the group V TMCs requires high quality samples. TMCs and TM nitrides typically have large 

concentrations of non-metal (C and N) vacancies [9-12], which would strongly suppress the 

intrinsic kL and make it temperature independent thereby masking the anomalous behavior. 

Recently, high quality growth of thin films of stoichiometric vanadium nitride (VN) has been 

achieved on MgO substrates [51].  The kL extracted from measurements of the total thermal 

conductivity of VN [52] using the Wiedemann-Franz law and simple models for electronic 

structure and transport showed a relatively weak dependence on temperature in the 300K-550K 

range. As was pointed out in Ref. 52, VN should have strong electron-phonon scattering given its 

rather high superconducting transition temperature ~9K [9].  Since our computational approach 

does not determine temperature dependent IFCs, we are not able to capture the phonon behavior 

of VN in the rock salt phase and so cannot directly calculate kL to compare to the measured data.  

Instead, we have calculated the Fermi surface of VN in the rock salt structure [16], which indeed 

shows nested regions whose nesting vector corresponds to the phonon anomaly around the X 

point observed in the measured phonon dispersions [52]. However, the frequency gap between 

acoustic and optic phonons [53] is not large enough to freeze out aao scattering processes.  This 

suggests that phonon-phonon scattering is not weak in VN.  In fact, extrapolating the roughly 

linear kL found in Ref. 52 to higher T predicts a factor of two reduction in kL at 1000K compared 

to that at 300K, far larger than the corresponding reductions in the calculated kL values of VC, 

NbC and TaC.  
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     The electronic and phonon properties responsible for the anomalously weak T dependence of 

kL found here in the group V TMCs occur in other compounds. Specifically, ZrN and HfN both 

show FSN and phonon anomalies [24, 54] and their electron-phonon coupling constants are large 

[24].  Also, their phonon dispersions show large frequency gaps between acoustic and optic 

phonons.  As a result, we speculate that near T independent kL should also occur in these 

compounds over a similarly large T range around and above room temperature.  TiN, ScC and 

YC also exhibit nesting [24, 55] and have larger electron-phonon coupling constants [24] 

suggesting that electron-phonon scattering should be strong.  However, their frequency gaps 

between acoustic and optic phonons are not sufficiently large to freeze out the scattering between 

the heat-carrying acoustic phonons and optic phonons. Therefore, we predict a stronger T 

dependence of kL in these compounds above 300K than should occur in VC, NbC, TaC, ZrN or 

HfN, but still weaker than the typical phonon-phonon scattering dominated behavior, 

qualitatively similar to that found in VN [52]. We note that large suppression of kL was recently 

predicted for highly doped Si where phonon-electron and phonon-phonon scattering rates were 

found to be similar for carrier densities around 1021 cm-3 [56]. 

     To summarize, employing first principles calculations, we demonstrate that in metals with 

nested Fermi surfaces and large frequency gaps between heat-carrying acoustic phonons and 

optic phonons an unusual combination of weak phonon-phonon interactions and strong electron-

phonon interactions occurs.  This combination, the reverse of the typical behavior in both 

metallic and non-metallic crystals, is predicted for several transition metal carbide (VC, NbC and 

TaC) and nitride (ZrN and HfN) compounds.  It gives a nearly temperature independent lattice 

thermal conductivity to well above room temperature in striking contrast to the rapid decrease of 

lattice thermal conductivity with temperature normally found in crystalline solids. This work 
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gives new insights into heat conduction in solids and identifies an anomalous regime of transport 

behavior whose experimental verification should be possible through growth and 

characterization of high quality crystals of the identified metal compounds. 
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Figure Captions 
 
Figure 1  Fermi surface of (a) NbC and (b) TiC calculated from first principles.  Images prepared 

using XCrySDen [36].  The red arrows show the three nesting vectors with lengths 0.66 (in units 

of 2π / a ) along Γ-X, 0.71 along Γ-K and at the L point for NbC.  Possible nesting vector for 

TiC also shown. 

  

Figure 2  Phonon dispersions of (a) NbC and (b) TiC calculated from first principles and 

compared to measured data from Ref. 42 and Ref. 50, respectively.  Blue arrows in (a) show the 

phonon anomalies for NbC.  No anomalies occur for TiC acoustic phonons. 

 

Figure 3  Comparison of phonon-phonon (blue points) and phonon-electron (red points) 

scattering rates for (a) NbC and (b) TiC at 300K.   

 

Figure 4  Lattice thermal conductivity, kL, as a function of T for NbC limited by (i) phonon-

phonon and phonon-isotope scattering (dashed blue curve), (ii) phonon-phonon, phonon-isotope 

and phonon-electron scattering (solid blue curve).  Same for TiC with red curves. 

 

Figure 5  Lattice thermal conductivity as a function of temperature for the group IV transition 

metal carbides, TiC, ZrC and HfC (dashed curves), which show strong temperature dependence, 

and for the group V transition metal carbides, VC, NbC and TaC, which show very little 

temperature dependence. 
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