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a  b  s  t  r  a  c  t  

Due  to  their  diverse  bonding  character  and  corresponding  property  repertoire,  carbides  are  an  important  
class  of  materials  regularly  used  in  modern  technologies,  including  aerospace  applications  and  extreme  
environments,  catalysis,  fuel  cells,  power  electronics,  and  solar  cells.  The  recent  push  for  novel  materi-  
als  has  increased  interest  in  high  entropy  carbides  (HECs)  for  such  applications.  The  extreme  level  of  
tunability  alone  makes  HECs  a  significant  materials  platform  for  a  variety  of  fundamental  studies  and  
functional  applications.  We  investigate  the  thermal  conductivity  of  high  entropy  carbide  thin  films  as  
carbon  stoichiometry  is  varied.  The  thermal  conductivity  of  the  HEC  decreases  with  an  increase  in  car-  
bon  stoichiometry,  while  the  respective  phonon  contribution  scales  with  elastic  modulus  as  the  excess  
carbon  content  increases.  Based  on  the  carbon  content,  the  HECs  transition  from  an  electrically  conduct-  
ing  metal-like  material  with  primarily  metallic  bonding  to  a  primarily  covalently-bonded  crystal  with  
thermal  conductivities  largely  dominated  by  the  phononic  sub-system.  When  the  carbon  stoichiometry  is  
increased  above  this  critical  transition  threshold  dictating  bonding  character,  the  electronic  contribution  
to  thermal  conductivity  is  minimized,  and  a  combination  of  changes  in  microstructure,  defect  concentra-  
tion  and  secondary  phase  formation,  and  stiffness  influence  the  phononic  contribution  to  thermal  con-  
ductivity.  Our  results  demonstrate  the  ability  to  tune  the  thermal  functionality  of  high  entropy  materials  
through  stoichiometries  that  dictate  the  type  of  bonding  environment.  

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.  

1.  Introduction  

Somewhat  analogous  to  medium  and  high  entropy  metallic  

alloys  (HEAs)  [1,2]  ,  the  high  entropy  [3–6]  and  entropy-stabilized  

[7–9]  family  of  ceramics  contain  four  or  more  binary  metal  oxides  

(HEOs  and  ESOs),  carbides  (HECs),  nitrides  (HENs),  or  diborides  

(HEBs)  in  equimolar  or  near-equimolar  concentrations,  such  that  

no  particular  element  can  be  considered  the  principle  component  

or  host.  Metal  sublattice(s)  can  be  randomly  or  preferentially  oc-  

cupied  where  configurational  disorder  is  tailored  on  specific  sites,  

while  the  non-metal  sublattice  remains  site/element  pure.  To  date,  

∗ Corresponding  author  at:  Department  of  Mechanical  and  Aerospace  Engineer-  
ing,  University  of  Virginia,  Charlottesville,  VA  22904,  USA.  
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several  multicomponent  and  high  entropy  carbide  systems  have  

been  successfully  synthesized  using  spark  plasma  sintering  (SPS)  

of  component  carbide  powders  [4,10–12]  .  Feng  et  al.  [13]  demon-  

strated  the  ability  to  synthesize  HECs  though  carbothermal  

reduction  of  binary  oxide  precursors.  Subsequent  property  studies  

have  found  increased  oxidation  resistance  [14]  and  mechanical  

hardness  values  ranging  from  ≈ 10%  to  ≈ 50%  [4,15,16]  higher than  

that  of  their  binary  constituents.  However,  thermal  conductivities  

of  materials  generally  decrease  with  increasing  number  of  elemen-  

tal  components,  which  is  attributed  to  a  combination  of  electron  

and  phonon  scattering  from  mass  and  interatomic  force  potential  

changes  [7,17–21]  ,  and  holds  true  for  metal  carbides  [22–24]  .  As  

expected,  higher  order  solid  solutions  result  in  lower  thermal  

conductivities  as  mass  and  local  structural  disorder  are  introduced  

into  the  lattice.  

https://doi.org/10.1016/j.actamat.2020.06.005  
1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.  
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.
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the modified unit cell for both a) J14 and b) J35 compositions 
extracted by EXAFS. For J14, we find an expected distortion of 
the Co octahedra that coincides with the observed lattice param-
eters of the tetragonal unit cell, a = 4.21 Å and c = 4.29 Å. By the 
second coordination shell, or absorber-metal scattering paths, 
we find that the half-path length agrees with observed lattice 
parameters within less than 1%. The addition of a sixth cation, 
as is the case in J35, appears to dramatically change the absorber 
octahedra such that a geometric extension no longer aligns to 
the lattice parameters. J35 exhibits a tetragonally compressed 
unit cell, with a = 4.21 Å and c = 4.08 Å. Half-scattering path 
lengths between the Co absorber and the six nearest neighboring 
oxygen atoms suggest a highly compressed octahedra with four 
planar oxygens at 1.93 Å and two axial oxygens at 1.96 Å. Again, 
comparing the half-scattering path length of the next nearest 
neighbors agrees with observed lattice parameters to within 1%. 
These EXAFS results largely align with our hypothesis from the 
thermal measurements in that a large strain is present in the 
six-cation ESOs such that the oxygen atoms are displaced from 
their ideal coordination positions. Such strong oxygen sublattice 
distortion is the indicator that IFC disorder is greatly enhanced 
in J35 relative to J14. This strong IFC disorder is promoted by 
charge compensation among cations to preserve charge neu-
trality when a sixth cation is added.[40]

The attribution of thermal conductivity reduction in ESOs to 
IFC disorder is further supported by molecular dynamics simu-
lations (see Supporting Information) in which IFC disorder is 
modeled by electrostatic point charges in the interatomic poten-
tial based on Bader charges from density functional theory 
calculations. These simulations reveal that accounting for 

differences in interatomic forces through adjustment of average 
properties, analogous to the VCA, cannot capture the magni-
tude or trend in thermal conductivity, whereas integration of 
randomly distributed mass and charge disorder accurately cap-
tures the reduction in thermal conductivity observed between 
J14 and six-cation oxides, reducing the thermal conductivity by 
a factor of almost two, in agreement with experiment. More-
over, in these simulations, we decouple mass and charge dis-
order to show that the latter is responsible for the strong reduc-
tion in thermal conductivity measured. Taken together, the 
experiment and simulation reveal that entropy-stabilized oxides 
can have uniquely low thermal conductivities while main-
taining a relatively high elastic moduli, made possible through 
highly disordered interatomic forces resulting from charge dis-
order among ionic bonds. These results provide an example of 
the broader aspect of entropy stabilization as a means to create 
materials with unique thermophysical properties that could be 
highly beneficial to thermoelectric and thermal barrier coating 
applications.

Experimental Section
Time- and Frequency-Domain Thermoreflectance: A combined time- and 

frequency-domain thermoreflectance (TDTR and FDTR) method is used, 
which is an optical pump-probe technique, to simultaneously measure 
the thermal conductivity and volumetric heat capacity of the thin-film 
ESO samples. This approach is based on the concept of varying the 
modulation frequency of the heating event to change the measurement 
property from thermal effusivity to thermal diffusivity, thereby decoupling 
thermal conductivity from volumetric heat capacity, allowing for a unique 
measurement of both quantities.[41–43] The approach by Wei et al.[43] is 
extended to incorporate TDTR phase data over a range of frequencies 
sufficient for FDTR, so as to combine the benefits of multifrequency 
TDTR and FDTR for thermal property measurement. This development 
provides a robust approach for measuring both the heat capacity and 
thermal conductivity of thin films.

Using the output of a pulsed Ti:Sapphire oscillator generating 200 fs 
pulses at a repetition rate of 80 MHz, the beam is divided into two paths, 
a pump path and a probe path. The pump is used to heat a sample of 
interest, which has an 80 nm aluminum layer deposited on it to serve as 
a transducer to convert the optical energy to thermal energy. The probe 
is used to measure the in-phase and out-of-phase change in reflectance 
resulting from the pump-induced heating at time delays ranging from 
200 ps to 6 ns and modulation frequencies ranging from 500 kHz to 
10 MHz. A lock-in amplifier is used to collect data at a given modulation 
frequency and improve signal-to-noise ratios. The number of data points 
collected are chosen such that they are sufficient for TDTR at a given 
frequency and pulsed-pulsed FDTR at a given probe time delay. Using 
a multilayer, radially symmetric thermal model incorporating both time 
delay and modulation frequency information directly extending from 
TDTR analysis procedures,[44–46] a surface fitting method is used to 
minimize the residuals between a time- and frequency-dependent thermal 
model with experimental data by varying three thermal parameters: ESO 
volumetric heat capacity (Cv), ESO thermal conductivity (κ), and Al/
ESO thermal boundary conductance (GAl/ESO). The ESO/MgO thermal 
boundary conductance (GESO/MgO) can in principle be set as a fitting 
parameter as well. However, in practice this parameter case is insensitive, 
such that doing so gives no additional benefit or physically meaningful 
information. Further details on the combined TDTR/FDTR approach and 
its comparison to the alternative methods to simultaneously measure Cv 
and κ can be found in the Supporting Information.

Extended X-Ray Absorption Fine Structure: EXAFS spectra were 
collected at beamline 10-BM-B at the Advanced Photon Source, Argonne 
National Laboratory (Lemont, IL). The Co K-edge was measured in 
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Figure 5.  Modified local structure of J14 and J35. Illustration depicts 
local structural changes about the cobalt species in a) J14 and b) J35. 
A comparison of the changes as a result of adding the sixth cation can 
be viewed by unit cell cross section along the (200) plane, as shown in 
(c) and (d) for J14 and J35, respectively. The lowercase roman numerals 
mark the coordination shell radius for i) nearest neighbor anion, ii) next 
nearest neighbor anion, and iii) nearest neighbor cation. In both cases, 
the nearest neighbor cation shell radius corresponds to one-half the face 
diagonal of the unit cell parameters, as determined through XRD.
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barrier coating materials such as zirconates BaZrO3, La2Zr2O7 
and the most commonly used Y2O3-stabilized ZrO2 (YSZ).[27] By 
comparison, HEAs have elastic moduli falling anywhere from  
20 to 180 GPa,[28] while thermal conductivities generally exceed  
10 W m−1 K−1.[28] The general metallic nature of most HEAs means 
that they will have relatively large contributions from electrons to 
thermal conductivity. However, recent developments in HEAs for 
use in thermoelectric applications[11,29] have demonstrated that 
HEAs can have thermal conductivities as low as 0.5 W m−1 K−1 
at room temperature.[11] Because E/κ (∝ 1/Cvτ, where τ is phonon 
scattering time) is indicative of the phonon scattering rate, the 
high ratios observed for ESOs demonstrate the use of entropy sta-
bilization with multiple components to reduce phonon scattering 
times rather than velocities, which opens the door to unique com-
binations of properties, in this case simultaneously high elastic 
modulus and near-minimum thermal conductivity.

To better understand this reduction in thermal conductivity 
from five to six cations, we measure the thermal conductivi-
ties of J14 and J35 over a temperature range of 78–450 K, pre-
sented in Figure 3a. J14 and J35 have nearly identical average 
mass, thickness, and sound speed, making the two ideal candi-
dates to compare. A similar reduction in thermal conductivity 
is observed in J35 compared to J14 at all temperatures tested. 
Unlike typical crystalline materials’ thermal conductivity trends 
with temperature, both J14 and J35 display trends indicative of 
amorphous materials, having increasing thermal conductivities 
with temperature. To put this into perspective, we measure the 
thermal conductivity of a-J14 to show this characteristic amor-
phous thermal conductivity relation with temperature, revealing 
that J35 shows similar magnitudes of thermal conductivity 
to those of a-J14 at comparable temperatures. Furthermore, 
we measure two-cation oxides of Cu0.2Ni0.8O, Zn0.4Mg0.6O, 
Co0.25Ni0.75O at 230–450 K to show the characteristic Umklapp 
scattering trend (∝ 1/T) expected in crystalline materials and 
enhanced thermal conductivity relative to J14/J35. Qualita-
tively, the addition of cations results in greater deviation from 

a perfect crystal, which reduces thermal conductivity through 
increased phonon scattering. We model this phonon scattering 
to estimate the thermal conductivity as a function of tempera-
ture using the virtual crystal approximation (VCA),[30] details 
and assumptions for which are provided in the Supporting 
Information.

Assessing the VCA as a predictive model, Figure 3 shows 
that it accurately describes the thermal conductivity relation 
with temperature for both b) Cu0.2Ni0.8O and c) Zn0.4Mg0.6O 
when considering only mass disorder as the phonon-defect 
scattering process. The VCA, while capturing the Umklapp 
scattering temperature trend observed experimentally, does not 
accurately predict the magnitude of thermal conductivity for 
d) Co0.25Ni0.75O, owing to the nearly identical mass of Co and 
Ni, suggesting the need to include additional phonon scattering 
due to variations in the interatomic force constants (IFCs). For 
the purposes of the VCA analytical model, we treat the IFC 
scattering rate coefficient and the Grüneisen parameter, which 
affects normal scattering rates, as fitting parameters. With 
these adjustable parameters, the VCA can accurately capture 
the measured thermal conductivity, as depicted in Figure 3d. 
Addition of these fitting terms proves to make a negligible 
difference for b) Cu0.2Ni0.8O and c) Zn0.4Mg0.6O. Overall, the 
VCA captures the thermal conductivity of these two-cation 
oxides with reasonable agreement to experiment.

When applied to five- and six-component ESOs, the VCA 
lacks predictive capability in both magnitude and temperature 
trend; this is shown in Figure 3e,f for J14 and J35, respectively. 
In fact, the VCA predicts that J14 and J35 should have higher 
thermal conductivities than both Zn0.4Mg0.6O and Co0.25Ni0.75O 
due their virtual crystal’s average mass having a smaller 
weighted difference with constituent masses than do the two-
cation oxides. Indeed, a saturation of phonon scattering from 
mass disorder limits the thermal conductivity reduction achiev-
able with an increasing number of components.[31] A similar 
argument can be made regarding additional terms describing 
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Figure 3.  a) Thermal conductivity versus temperature. Purple and gray lines depict VCA models without fitting parameters for Cu0.2Ni0.8O and 
Zn0.4Mg0.6O, while the maroon line is the minimum thermal conductivity model for J14 (κmin); shaded regions indicate uncertainties in the model. 
Thermal conductivity data are shown together with VCA models with and without adjustable parameters for b) Cu0.2Ni0.8O, c) Zn0.4Mg0.6O,  
d) Co0.25Ni0.75O, e) J14, f) J35, and g) a-J14.
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described previously. In this regard, it becomes necessary to under-
stand the relative contributions of mass and bond disorder to the
thermal conductivity of solid solutions with four or five different
atomic species to effectively engineer ultralow thermal conductivity
materials. Moreover, the important questions then become: i) what
are the lower limits to thermal conductivity of a crystalline alloy with
five (or more) different masses? ii) what role does changes in bond
strengths have relative to the mass scattering rates? and iii) can this
provide an avenue to reduce the thermal conductivity of crystalline
systems below the minimum limit to thermal conductivity tradi-
tionally associated with amorphous phases? Our present manuscript
seeks to answer these questions via molecular dynamics simulations.

Thus, in this study we gauge the effect of mass disorder on ther-
mal conductivity beyond quaternary alloys. For this purpose, we use
nonequilibrium molecular dynamics (NEMD) simulations to predict
the thermal conductivities of Lennard-Jones (LJ) based solid solu-
tions with one to five component atoms in the crystalline system. In
agreement with the VCA, we show that for multi-component alloys,
the thermal conductivity reaches a minimum, whereby adding more
impurity atoms in the solid solution does not affect the thermal con-
ductivity. Our molecular dynamics simulations suggest that to fur-
ther lower the thermal conductivity of multi-component alloys, the
local strain field needs to be perturbed by changing the interatomic
force-field. Furthermore, we demonstrate that with additional scat-
tering driven by changes in the local force-field (i.e., phonon scatter-
ing due to changes in bonding and/or volume), the NEMD predicted
thermal conductivity of a crystalline alloy can be reduced below the
corresponding amorphous phase of the host atoms. This suggests
that for solid solutions with five or more atomic species, engineering
local strain to enable additional phonon scattering can lead to cova-
lently bonded, isotropic crystalline materials with ultralow thermal
conductivities that can be lower than the predicted minimum limit
of the corresponding amorphous phases, a feat that has tradition-
ally only been realized in weakly bonded crystals and/or anisotropic
layered solids [16–22].

We employ the widely used 12-6 Lennard Jones (LJ) potential,
U(r) = 4e[(s/r)12 − (s/r)6], where U is the interatomic potential, r is
the interatomic separation, and s and e are the LJ length and energy
parameters, respectively. For computational efficiency the cutoff dis-
tance is set to 2.5s for all the simulations and the time step is set to 1
fs throughout the simulations. As we are interested in understanding
the general effect of mass impurity scattering on thermal transport
in multi-atom component crystalline solid solutions as opposed to
material specific properties, the use of the LJ potential is sufficient
to provide this translational insight. For simplicity, the length and
energy parameters are modeled for argon (s = 3.405 Å and e =
10.3 meV, respectively) with the lattice constant a0 = 1.56s and
arranged in an fcc lattice. The sizes of the computational domains are
10a0 × 10a0 × 80a0 with periodic boundary conditions applied in the
x- and y-directions, whereas, fixed boundaries with 4 monolayers of
atoms at each end are placed in the z-direction for the NEMD sim-
ulations. Schematics of the computational domains for (from top to
bottom) LJ argon, 2-component and 5-component alloys (with 50%
alloy concentration) are shown in the top panel of Fig. 1. For all multi-
component alloys, the impurity masses are equally (and randomly)
distributed throughout the host crystalline lattice at the prescribed
alloy concentration.

Initially, the structures are equilibrated under the Nose-Hoover
thermostat [23], the number of atoms, volume and temperature
of the simulation are held constant followed by the NPT integra-
tion (which is the isothermal-isobaric ensemble with the number
of particles, pressure and temperature of the system held constant)
for another 2 ns at 0 bar pressure. We note that for our typical
simulations on these LJ-based structures, the temperature fluctua-
tions dissipate in ∼100 ps and likewise the barostat takes ∼1 ns for
the pressure oscillations to reside. After equilibration, the thermostat

and barostat are removed and a fixed amount of energy is added per
time step to a warm bath at one end and removing the equal amount
of energy from a cool bath at the other end (with the lengths of the
baths at 10a0 in the z-direction) under a microcanonical ensemble
with the number of particles, volume and energy held constant. The
addition and removal of energy is carried out at a rate of 7 meV ps−1

for a total of 12 ns. The temperature profiles for the first 5 ns of
the NEMD simulations are discarded in order for the system to reach
steady state. This is followed by the sampling of temperature profiles
every 0.1 ps for the rest of 7 ns to obtain time-averaged steady-state
temperature profiles for our structures. Examples of these tempera-
ture profiles for LJ argon, 2-component and 5-component alloys are
shown in the bottom panel of Fig. 1. This approach of calculating a
temperature gradient in the z-direction is used to predict the ther-
mal conductivity by invoking the Fourier law, Q = −j∂T/∂z, where
the applied flux, Q, is in the z-direction and j and T are the thermal
conductivity and temperature, respectively.

Fig. 2 shows the NEMD-predicted thermal conductivity as a func-
tion of temperature for LJ argon. For comparison, we also include
the thermal conductivity predictions using the Green-Kubo approach
from Ref. [24] in Fig. 2 (open square symbols). The agreement
between the two approaches implemented to calculate the thermal
conductivities suggests that size effects do not distort the predictions
from our NEMD simulations. The errorbars for the NEMD predictions
are representative of four different simulations with varying initial
conditions.

To understand the effect of increasing the number of atomic
species (and the mass disorder thereof) to a binary solid solution on
the thermal conductivity, we apply the VCA by only considering per-
turbations due to mass scattering for our LJ system. For an isotropic

Fig. 1. (Top panels) Schematics of LJ argon, 2-component and 5-component alloys
(from top to bottom). For the alloys, the impurity atoms (in equal concentrations)
make up 50% of the computational domains with the blue color atoms representing
the atoms in the host lattice. (Bottom panel) Time-averaged steady-state tempera-
ture profiles for the computational domains shown in the top panel. The temperature
gradient and the applied heat flux are used to predict the thermal conductivity. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. (a) Thermal conductivity as a function of change in eimpurities (with respect to that of the host LJ-argon atoms; square symbols) for the 5-component alloy at T = 55 K.
Also plotted are thermal conductivities for the 5-component alloys where the length parameter of the impurity atoms in the LJ potential is increased by 10% relative to that of
the host LJ-argon. The lines are to guide the eye. The thermal conductivities of the amorphous phases as presented in Fig. 3b (calculated at 8 K) are also included for comparison.
Snapshots of the cross section (along with the computational domains on the right) showing calculations of atomic level strain relative to the perfect fcc crystal lattice of LJ-argon
for (b) 5-component system (c) 5-component system with 15% change in eimpurities of the impurity atoms and (d) 5-component system with 15% and 10% change in eimpurities and
s impurities, respectively.

In summary, we have investigated the role of mass disorder on
thermal conductivity of multi-component solid solutions beyond
quaternary alloys via classical molecular dynamics simulations. We
show that the thermal conductivity of solid solutions approaches
a minimum value, whereby adding more impurity atomic species
differing in mass alone can not further reduce the thermal con-
ductivity. By perturbing the local strain-field (via changes in the
bonding environment and/or volume), the resulting phonon scat-
tering can effectively lower the thermal conductivity beyond this
minimum limit reached due to mass defect scattering alone. Further-
more, by manipulating the mass, bond and alloy concentration, we
show that the thermal conductivity of solid solutions can be engi-
neered to possess ultralow thermal conductivities that are lower
than the predicted minimum limit of the corresponding amorphous
phase.

We acknowledge the financial support from the Office of Naval
Research MURI program (grant no. N00014-15-1-2863).
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Fig. 3. (a) Thermal conductivity predictions for LJ-based solid solutions with 2 to 5 components for a range of alloy fractions at T = 25 K using the NEMD approach. (b) Thermal
conductivity of LJ solid solutions with two to five atom species populating the crystalline matrix at 50% alloy concentration as a function of temperature. The dashed lines are
inverse power fits. For comparison, the thermal conductivity of amorphous LJ-argon and an amorphous solid comprising equal amounts of the 4 different impurity species from
the 5-component alloy are also included (black open and closed circles, respectively).

dominant 1/T temperature trend for the LJ-argon case that gradu-
ally becomes less prominent as the number of impurity species is
increased in the computational domain. This is due to the fact that
alloy scattering dominates the phonon scattering processes in these
structures [27,28]. Furthermore, in qualitative agreement with the
VCA predictions, the NEMD-predictions demonstrate that increasing
the number of alloy components from a 4 to a 5 component solid
solution does not decrease the thermal conductivity (within uncer-
tainties) for the entire temperature range investigated. However, as
the energy parameter for the impurity masses in the 5-component
alloy is reduced by 15% in comparison to that of LJ argon, the ther-
mal conductivity of the solid solution can be lowered further, which
can be attributed to the scattering caused by the bond disorder. Simi-
larly, changing the length parameter for the impurity masses further
reduces the thermal conductivity below the mass scattering limit
due to changes in the local force-field.

Generally, the minimum limit to thermal conductivity in fully
dense dielectric solids is attributed to the amorphous phase of the
solid where the energy is transported through the random walk of
atomic vibrations [3,29]. For LJ argon, we determine the thermal con-
ductivity of the amorphous phase by creating an amorphous domain
using the melt-quench technique [30–32]. As the melting tempera-
ture for argon is 87 K, we melt the crystalline system at 300 K for
a total of 100 ps to eliminate any memory of the initial configu-
ration [24]. Then rapid quenching at 8.1×1011 K s−1 is performed
to generate the amorphous structure at the desired temperature.
Note, the amorphous LJ solid is only stable up to 20 K; therefore,
Fig. 3b shows the thermal conductivity for the amorphous LJ argon
up to this temperature. The four and five component alloys show
similar thermal conductivities to the amorphous solid at high tem-
peratures, while the alloy structures with bond disorder can posses
thermal conductivities that are comparable to (or even lower) than
the minimum limit marked by the amorphous phase of LJ-argon
at all temperatures studied in this work. For comparison, we also
include the thermal conductivity of the amorphous phase of an alloy
formed from equal concentrations of the four impurity atom species
(of the 5-component alloy; “amorphous alloy of impurities” except
for the host LJ-argon) in Fig. 3b. As is clear, only at high temperatures
where the thermal conductivity is dominated by the combination of

Umklapp scattering and alloy scattering does the thermal conductiv-
ity of the bond-disorder crystalline phase of the 5-component alloy
compare with that of the “amorphous alloy of impurities”.

To gauge the role of the local strain field associated with chang-
ing s and e in the LJ potential, we run additional simulations on
the 5-component alloys by varying the interatomic potential for
all impurity atom species with respect to the host LJ-argon atoms.
Fig. 4a shows the thermal conductivity as a function of change in e
for the impurity masses in the 5-component system at 55 K. As is
clear from the figure, the thermal conductivity can be reduced by
∼15% by lowering e by 15% for these structures. In order to visu-
alize this local strain field, we calculate the von Mises strain on
each atom as detailed in Ref. [33] for the alloys with and with-
out the change in the LJ potential. For these calculations, the local
deformation gradient tensor is determined within a cutoff radius of
10 Å for each particle in the relaxed structure relative to an ini-
tial fcc structure for LJ-argon with a lattice constant of 5.31 Å. The
change in the atomic level strain that results in the reduction in ther-
mal conductivity is observable in Fig. 4b and c, where we plot the
snapshots of the cross-sections (along with the entire computational
domains on the right for the two structures discussed above) show-
ing the atomic strain calculations for the 5-component alloys with
and without bond disorder, respectively. The 15% change in e for the
impurity atoms manifests as local strain on the atoms relative to the
LJ host lattice, which evidently results in the reduction of thermal
conductivity. Note, a further decrease in thermal conductivity is not
observed by lowering e alone as shown in Fig. 4a. However, as s is
changed by 10% compared to the length parameter of the host lattice
(s impurities = 3.75 Å), a further reduction in thermal conductivity is
possible, which can also lead to thermal conductivities comparable
to (and even beyond) that of the “amorphous alloy of impurities” as
noted in the previous paragraph.

Fig. 4d plots the local strain field for the 5-component alloy for
this case. In comparison to the other two cases considered earlier,
the local strain for this structure is noticeably greater, which corre-
sponds with the reduced thermal conductivity. We note that for a
comprehensive investigation of the effect of strain on the thermal
conductivity, phonon lifetimes and harmonic and anharmonic effects
resulting from the external strain, the reader is referred to Ref. [34].



Electron vs. phonon heat conduction in HE ceramics

• Phonon conduction reduced in HE-ceramics due to 
increased phonon scattering from chemical disorder

• Prior work focused on oxides with no free carriers to 
contribute to thermal conduction

• What is interplay between electrons and phonons on 
heat conduction? Study in HE-carbides
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Fig.  1.  Structural  and  chemical  properties  of  the  Hf  0.2  Zr  0.2  Ta  0.2  Mo  0.2  W  0.2  C  1  −x  thin  films.  (a)  Offset  XRD  plot  depicting  carbide  phase  evolution  as  a  function  of  methane  flow  
rate  during  thin  film  deposition.  (b)  XPS  data  showing  normalized  metal  and  carbon  stoichiometry  plotted  as  a  function  of  the  methane  flow  rate.  Total  carbon  is  the  sum  of  
metal-bonded  carbon  and  excess  carbon.  (c)  SEM  micrographs  of  HEC  film  microstructure  evolution  with  increasing  methane  flow  rate,  shown  for  the  thick  HEC  film  series.  
Top  row  shows  the  plan  view  of  microstructures  while  the  bottom  row  corresponds  to  film  cross-sections.  
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To  approximate  L  th  at  room  temperature  for  our  HECs,  we  assume  

the  Debye  temperature  is  an  average  of  the  constituent  metal  car-  

bides’  Debye  temperatures  [36,37]  (an  assumption  supported  by  

our  finding  that  the  heat  capacities  of  these  HECs  following  a  

rule  of  mixtures  [25]  ,  similar  to  our  previous  work  on  entropy-  

stabilized  oxides  [7]  ),  k  F /q  D  =  2  −1  /  3  from  free  electron  theory  [32]  ,  

and  ρ imp  is  approximated  by  taking  the  ratio  of  electrical  resistivity  

of  our  lowest  electrical  resistance  HEC  to  that  of  TaC  at  room  tem-  

perature  [38]  .  From  these  assumptions,  we  calculate  L  th  =  0  .  65  L  0  ,  

and  use  this  for  our  calculations  of  κe  in  Fig.  3  for  the  thick  and  

thin  HEC  films,  along  with  the  corresponding  values  calculated  for  

the  phonon  thermal  conductivity,  κp  .  

Thus,  in  this  approach  to  calculate  κe  (and  corresponding  κp  )  

for  these  HECs  in  two  different  ways  using  two  different  Lorentz  

numbers  (  L  0  in  Fig.  2  and  L  th  =  0  .  65  L  0  in  Fig.  3  )  asserts  that  there  

are  two  bounds  for  the  Lorentz  number  for  these  HECs:  the  upper  

bound  being  L  0  ,  which  implies  that  disorder  scattering  makes  the  

electronic  thermal  response  behave  more  like  a  disordered  metal,  

and  the  lower  bound  being  L  th  =  0  .  65  L  0  ,  which  implies  that  the  

electronic  thermal  response  will  behave  more  like  a  single  metal  

carbide.  We  use  these  bounds  to  also  calculate  the  range  of  poten-  

tial  κp  ,  setting  the  upper  and  lower  limits  of  the  phonon  thermal  

conductivity  in  these  HECs.  These  calculated  phonon  thermal  con-  

ductivities  are  plotted  along  with  the  elastic  modulus,  E  ,  of  these  
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Fig.  1.  Structural  and  chemical  properties  of  the  Hf  0.2  Zr  0.2  Ta  0.2  Mo  0.2  W  0.2  C  1  −x  thin  films.  (a)  Offset  XRD  plot  depicting  carbide  phase  evolution  as  a  function  of  methane  flow  
rate  during  thin  film  deposition.  (b)  XPS  data  showing  normalized  metal  and  carbon  stoichiometry  plotted  as  a  function  of  the  methane  flow  rate.  Total  carbon  is  the  sum  of  
metal-bonded  carbon  and  excess  carbon.  (c)  SEM  micrographs  of  HEC  film  microstructure  evolution  with  increasing  methane  flow  rate,  shown  for  the  thick  HEC  film  series.  
Top  row  shows  the  plan  view  of  microstructures  while  the  bottom  row  corresponds  to  film  cross-sections.  
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ture,  q  D  is  the  Debye  wave  vector,  ρ imp  is  a  term  that  accounts  

for  electron-impurity  scattering,  and  the  Debye  integrals,  J  n  are  de-  

fined  as  

J  n  

[
"D  

T 

]
=  

"D  
T  ∫  

0  

x  n  exp  [  x  ]  

(  exp  [  x  ]  − 1  )  
2  d  x.  (2)  

To  approximate  L  th  at  room  temperature  for  our  HECs,  we  assume  
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and  use  this  for  our  calculations  of  κe  in  Fig.  3  for  the  thick  and  

thin  HEC  films,  along  with  the  corresponding  values  calculated  for  

the  phonon  thermal  conductivity,  κp  .  

Thus,  in  this  approach  to  calculate  κe  (and  corresponding  κp  )  

for  these  HECs  in  two  different  ways  using  two  different  Lorentz  

numbers  (  L  0  in  Fig.  2  and  L  th  =  0  .  65  L  0  in  Fig.  3  )  asserts  that  there  

are  two  bounds  for  the  Lorentz  number  for  these  HECs:  the  upper  

bound  being  L  0  ,  which  implies  that  disorder  scattering  makes  the  

electronic  thermal  response  behave  more  like  a  disordered  metal,  

and  the  lower  bound  being  L  th  =  0  .  65  L  0  ,  which  implies  that  the  

electronic  thermal  response  will  behave  more  like  a  single  metal  

carbide.  We  use  these  bounds  to  also  calculate  the  range  of  poten-  
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Fig.  1.  Structural  and  chemical  properties  of  the  Hf  0.2  Zr  0.2  Ta  0.2  Mo  0.2  W  0.2  C  1  −x  thin  films.  (a)  Offset  XRD  plot  depicting  carbide  phase  evolution  as  a  function  of  methane  flow  
rate  during  thin  film  deposition.  (b)  XPS  data  showing  normalized  metal  and  carbon  stoichiometry  plotted  as  a  function  of  the  methane  flow  rate.  Total  carbon  is  the  sum  of  
metal-bonded  carbon  and  excess  carbon.  (c)  SEM  micrographs  of  HEC  film  microstructure  evolution  with  increasing  methane  flow  rate,  shown  for  the  thick  HEC  film  series.  
Top  row  shows  the  plan  view  of  microstructures  while  the  bottom  row  corresponds  to  film  cross-sections.  
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our  finding  that  the  heat  capacities  of  these  HECs  following  a  

rule  of  mixtures  [25]  ,  similar  to  our  previous  work  on  entropy-  

stabilized  oxides  [7]  ),  k  F /q  D  =  2  −1  /  3  from  free  electron  theory  [32]  ,  

and  ρ imp  is  approximated  by  taking  the  ratio  of  electrical  resistivity  

of  our  lowest  electrical  resistance  HEC  to  that  of  TaC  at  room  tem-  

perature  [38]  .  From  these  assumptions,  we  calculate  L  th  =  0  .  65  L  0  ,  

and  use  this  for  our  calculations  of  κe  in  Fig.  3  for  the  thick  and  
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(a) TDTR (b) FDTR (c) SSTR

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR,
the magnitude of the thermoreflectance is monitored as a function of pump-probe delay time, while in FDTR the thermally-
induced phase lag between the pump and probe is monitored as a function of frequency. In SSTR, the steady-state induced
magnitude of the thermoreflectance is monitored for given changes in heat flux. Notice the increase in thermal penetration
depth, �thermal, which is proportional to the spot size in a SSTR experiment, resulting from the lower modulation frequencies
employed in SSTR.

viding insight into the vibrational mean free path spectra
of solids (i.e., relating to the “thermal conductivity ac-
cumulation function”)47–55 and the spectral coupling of
phonons across interfaces (i.e., relating to the “thermal
boundary conductance accumulation function”).10

Thermoreflectance techniques, by definition, rely on
the principle of thermoreflectance,1,56–58 measuring a
material’s change in reflectivity due to the change in its
temperature. In a typical modulated pump-probe ther-
moreflectance experiment such as TDTR or FDTR, a
pump beam is used to thermally excite the surface of
the sample at some frequency, f . The change in in-
tensity of a reflected probe beam is related to the tem-
perature change on the surface as function of either f
or the delay time between the pump and probe pulses
in the case of short pulsed-based experiments. Where
TDTR utilizes short, typically sub-picosecond, pulses to
monitor the thermoreflectance decay as a function of de-
lay time after pump pulse heating as well as the phase
shift induced from the modulated temperature change
at f , FDTR can utilize a variety of pulsed or continu-
ous wave (cw) lasers to monitor the phase shift in ther-
moreflectance signals solely as a function of f . When f
becomes low enough, the material of interest will reach
steady-state conditions during on periods of the modula-
tion event. In this regime, a third technique has recently
emerged. “Steady-State Thermoreflectance” (SSTR) op-
erates like FDTR only in the low frequency limit,59 mon-
itoring the thermoreflectance of the surface at increasing

pump powers and inducing a Fourier-like response in the
material. Ulitmately, SSTR o↵ers an alternative method
to measure the thermal conductivity of materials via op-
tical pump-probe metrologies. The characteristic pump
excitations and responses for each of these techniques is
presented in Fig. 1. We review the recent advances in
SSTR in Section IV.
In addition to their non-contact nature, these opti-

cal metrologies are advantageous relative to many other
thermometry platforms in the relatively small volume
and near-surface region in which they measure. By us-
ing proper laser wavelengths to ensure nanoscale optical
penetration depths, the thermal penetration depth (i.e.,
the depth beneath the surface in which these techniques
measure the thermal properties), �thermal, can be lim-
ited to the focused spot size, or much less, depending on
the modulation frequency. Further, given the pump and
probe spot sizes can be readily focused to length scales on
the order of micrometers, thermoreflectance techniques
allow for spatially-resolved surface measurements of ther-
mal properties with micrometer-resolution, and the abil-
ity to create thermal property areal “maps” or “images”.
We review the pertinent length scales of TDTR, FDTR,
and SSTR in Section II, followed by the advances towards
areal thermal property “mapping” in Section III.
The change in reflectivity of a given material is related

to both the change in temperature of the material (i.e.,
the thermoreflectance, which is ultimately of interest for
the measurements of temperature changes and thermal

Thin film or “near surface” measurements

Sub-ps
thermal 

excitation
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properties, such as heat capacity and 
thermal conductivity, have been given 
far less attention.[9–11] Although the 
random distributions of atomic con-
figurations in HEAs are appealing for 
understanding the role of configurational 
disorder on thermal transport, insight 
is limited by the significant electronic  
contribution that arises from the metallic 
nature of most HEAs, which can obscure 
insight into the lattice thermal conduc-
tivity. When non-metal constituents 
comprise a disordered solid solution, the 
dynamics of thermal transport become 
dominated by phonons. However, only 
recently was the concept of entropy stabili-
zation realized in ceramics,[12] allowing for 
an ideal platform to study the role of mass 
and interatomic force disorder beyond 
what has been previously accessible. Since 
the conception of these ceramics, high-

entropy oxides have demonstrated the capability for superionic 
mobility[13] and thermochemical water splitting.[14] Furthermore, 
high configurational entropy can be highly beneficial to the 
development of thermoelectric properties.[15] Understanding 
the general implications of extreme configurational entropy on 
the lattice thermal conductivity would greatly benefit the design 
of high-entropy materials for use in such applications.

To this end, we study the thermal properties of a new class 
of mixed oxides analogous to their HEA metallic counterparts, 
entropy-stabilized oxides (ESOs), characterized by their high 
configurational entropy that leads to structural and chemical sta-
bilization through a local minimization of Gibbs free energy.[12] 
Each ESO forms a single-phase, single-crystal rocksalt struc-
ture having a fixed oxygen anion sublattice; between each 
oxygen atom pair sits a cation randomly selected among the 
equiprobable distribution of five or six unique elements. The 
ESOs (see Table  1) include J14 (MgxNixCuxCoxZnxO, x = 0.2),  
and five 6-cation oxides made up of the J14 composition plus an 
additional cation to include Sc (J30), Sb (J31), Sn (J34), Cr (J35), 
and Ge (J36). We show that ESOs possess amorphous-like thermal 
conductivities that, in contrast to analytical theory, drop by a factor 
of two when adding an additional cation species to a five-cation 
crystal, regardless of the mass added. Using extended X-ray 
absorption fine structure (EXAFS), we isolate the mechanism of 
this reduction to atomic level disorder resulting from charge dif-
ferences among the ions. This local atomic disorder manifests 

Manipulating a crystalline material’s configurational entropy through the 
introduction of unique atomic species can produce novel materials with 
desirable mechanical and electrical properties. From a thermal transport 
perspective, large differences between elemental properties such as mass 
and interatomic force can reduce the rate at which phonons carry heat and 
thus reduce the thermal conductivity. Recent advances in materials synthesis 
are enabling the fabrication of entropy-stabilized ceramics, opening the door 
for understanding the implications of extreme disorder on thermal transport. 
Measuring the structural, mechanical, and thermal properties of single-crystal 
entropy-stabilized oxides, it is shown that local ionic charge disorder can 
effectively reduce thermal conductivity without compromising mechanical 
stiffness. These materials demonstrate similar thermal conductivities to 
their amorphous counterparts, in agreement with the theoretical minimum 
limit, resulting in this class of material possessing the highest ratio of elastic 
modulus to thermal conductivity of any isotropic crystal.

Ceramics

High-entropy alloys (HEAs), consisting of five or more approxi-
mately equimolar compositions of elements,[1,2] have proven 
to exhibit unique physical properties such as high hardness,[3] 
thermal stability,[4] structural stability,[5] as well as corrosion, 
oxidation, and wear resistance.[6–8] While microstructure and 
mechanical properties have been extensively studied, thermal 
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a  b  s  t  r  a  c  t  

Due  to  their  diverse  bonding  character  and  corresponding  property  repertoire,  carbides  are  an  important  
class  of  materials  regularly  used  in  modern  technologies,  including  aerospace  applications  and  extreme  
environments,  catalysis,  fuel  cells,  power  electronics,  and  solar  cells.  The  recent  push  for  novel  materi-  
als  has  increased  interest  in  high  entropy  carbides  (HECs)  for  such  applications.  The  extreme  level  of  
tunability  alone  makes  HECs  a  significant  materials  platform  for  a  variety  of  fundamental  studies  and  
functional  applications.  We  investigate  the  thermal  conductivity  of  high  entropy  carbide  thin  films  as  
carbon  stoichiometry  is  varied.  The  thermal  conductivity  of  the  HEC  decreases  with  an  increase  in  car-  
bon  stoichiometry,  while  the  respective  phonon  contribution  scales  with  elastic  modulus  as  the  excess  
carbon  content  increases.  Based  on  the  carbon  content,  the  HECs  transition  from  an  electrically  conduct-  
ing  metal-like  material  with  primarily  metallic  bonding  to  a  primarily  covalently-bonded  crystal  with  
thermal  conductivities  largely  dominated  by  the  phononic  sub-system.  When  the  carbon  stoichiometry  is  
increased  above  this  critical  transition  threshold  dictating  bonding  character,  the  electronic  contribution  
to  thermal  conductivity  is  minimized,  and  a  combination  of  changes  in  microstructure,  defect  concentra-  
tion  and  secondary  phase  formation,  and  stiffness  influence  the  phononic  contribution  to  thermal  con-  
ductivity.  Our  results  demonstrate  the  ability  to  tune  the  thermal  functionality  of  high  entropy  materials  
through  stoichiometries  that  dictate  the  type  of  bonding  environment.  

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.  

1.  Introduction  

Somewhat  analogous  to  medium  and  high  entropy  metallic  

alloys  (HEAs)  [1,2]  ,  the  high  entropy  [3–6]  and  entropy-stabilized  

[7–9]  family  of  ceramics  contain  four  or  more  binary  metal  oxides  

(HEOs  and  ESOs),  carbides  (HECs),  nitrides  (HENs),  or  diborides  

(HEBs)  in  equimolar  or  near-equimolar  concentrations,  such  that  

no  particular  element  can  be  considered  the  principle  component  

or  host.  Metal  sublattice(s)  can  be  randomly  or  preferentially  oc-  

cupied  where  configurational  disorder  is  tailored  on  specific  sites,  

while  the  non-metal  sublattice  remains  site/element  pure.  To  date,  

∗ Corresponding  author  at:  Department  of  Mechanical  and  Aerospace  Engineer-  
ing,  University  of  Virginia,  Charlottesville,  VA  22904,  USA.  

E-mail  addresses:  phopkins@virginia.edu  ,  phopkins@virginia.com  (P.E.  Hopkins).  

several  multicomponent  and  high  entropy  carbide  systems  have  

been  successfully  synthesized  using  spark  plasma  sintering  (SPS)  

of  component  carbide  powders  [4,10–12]  .  Feng  et  al.  [13]  demon-  

strated  the  ability  to  synthesize  HECs  though  carbothermal  

reduction  of  binary  oxide  precursors.  Subsequent  property  studies  

have  found  increased  oxidation  resistance  [14]  and  mechanical  

hardness  values  ranging  from  ≈ 10%  to  ≈ 50%  [4,15,16]  higher than  

that  of  their  binary  constituents.  However,  thermal  conductivities  

of  materials  generally  decrease  with  increasing  number  of  elemen-  

tal  components,  which  is  attributed  to  a  combination  of  electron  

and  phonon  scattering  from  mass  and  interatomic  force  potential  

changes  [7,17–21]  ,  and  holds  true  for  metal  carbides  [22–24]  .  As  

expected,  higher  order  solid  solutions  result  in  lower  thermal  

conductivities  as  mass  and  local  structural  disorder  are  introduced  

into  the  lattice.  

https://doi.org/10.1016/j.actamat.2020.06.005  
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A B S T R A C T

Eleven fluorite oxides with five principal cations (in addition to a four-principal-cation (Hf0.25Zr0.25Ce0.25Y0.25)
O2-δ as a start point and baseline) were fabricated via high-energy ball milling, spark plasma sintering, and
annealing in air. Eight of the compositions, namely (Hf0.25Zr0.25Ce0.25Y0.25)O2-δ, (Hf0.25Zr0.25Ce0.25)
(Y0.125Yb0.125)O2-δ, (Hf0.2Zr0.2Ce0.2)(Y0.2Yb0.2)O2-δ, (Hf0.25Zr0.25Ce0.25)(Y0.125Ca0.125)O2-δ, (Hf0.25Zr0.25Ce0.25)
(Y0.125Gd0.125)O2-δ, (Hf0.2Zr0.2Ce0.2)(Y0.2Gd0.2)O2-δ, (Hf0.25Zr0.25Ce0.25)(Yb0.125Gd0.125)O2-δ, and (Hf0.2Zr0.2Ce0.2)
(Yb0.2Gd0.2)O2-δ, possess single-phase solid solutions of the fluorite crystal structure with high configurational
entropies (on the cation sublattices), akin to those high-entropy alloys and ceramics reported in prior studies.
Most high-entropy fluorite oxides (HEFOs), except for the two containing both Yb and Gd, can be sintered to high
relative densities. These single-phase HEFOs exhibit lower electrical conductivities and comparable hardness
(even with higher contents of softer components such as Y2O3 and Yb2O3), in comparison with 8mol. % Y2O3-
stabilized ZrO2 (8YSZ). Notably, these single-phase HEFOs possess lower thermal conductivities than that of
8YSZ, presumably due to high phonon scattering by multiple cations and strained lattices.

1. Introduction

High-entropy alloys (HEAs), also known as complex concentrated
alloys (CCAs) or multi-principal element alloys, typically consist of five
or more principal elements in amounts ranging from 5 to 35 at. % [1,2].
The configurational entropy can reach a significant amount once five or
more principal components are present in the system; it reaches a
maximum value of ΔSmix= RlnN per mole for a N-component system,
where R is the gas constant, for an equimolar composition. HEAs/CCAs,
with intrinsically high lattice strain, are generally observed to possess
lower thermal conductivity and higher hardness than their individual
constituents [1,3]. HEAs/CCAs also exhibit a variety of other superior
or promising properties [1,3].

Since the initial publications of HEAs/CCAs in 2004 by Yeh et al. [4]
and Cantor et al. [5], studies of high-entropy metallic alloys have at-
tracted great attention in the metallurgy community. In 2015, an en-
tropy-stabilized oxide of the rocksalt crystal structure,
(Mg0.2Zn0.2Cu0.2Co0.2Ni0.2)O, was fabricated by Rost et al. [6], ex-
tending HEAs from metals to ceramics with ionic bonds. Further studies
of this entropy-stabilized rocksalt oxide showed that doping aliovalent
cations can lead to excellent lithium conductivity and enhanced di-
electric constants [7,8]. It should be noted that prior studies have also

fabricated high-entropy nitride and carbide films via reactive sputtering
techniques [9,10]. More recently, high-entropy ultra-high temperature
ceramics (HE-UHTCs), e.g., (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 and five other
single-phase five-component metal diborides, and high-entropy func-
tional ceramics, e.g., Sr(Zr0.2Sn0.2Ti0.2Hf0.2Mn0.2)O3 and five other
single-phase high-entropy perovskite oxides (HEPOs), have also been
successfully synthesized [11,12]. Recent research efforts have been
reported towards making multicomponent rare earth oxides [13], (Ti,
Ta, Nb)CxN1−x cermets [14], and high-entropy thermoelectric mate-
rials [15].

Fluorite oxides are utilized for a variety of applications including
solid ionic conductors, high temperature coatings, and catalysts
[16–20]. The most widely-used fluorite oxides are based on zirconia
(ZrO2), hafnia (HfO2), or ceria (CeO2), and they are often doped with
yttria (Y2O3) and/or various other oxide dopants (including rare earth
oxides as well as MgO, CaO, and other oxides). This class of oxide
materials often possess high oxygen conductivities, low thermal con-
ductivities, high hardness, and high melting temperatures. In particular,
rare earth doped zirconia and ceria are of great technological interest
because of their high ionic or mixed conductivities as well as low
thermal conductivities [16,17,19–21].

Specifically, high-entropy materials are of interest for their low

https://doi.org/10.1016/j.jeurceramsoc.2018.04.010
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a b s t r a c t

A high-entropy metal disilicide, (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2, has been successfully synthesized. X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), and electron backscatter diffraction
(EBSD) collectively show the formation of a single high-entropy silicide phase. This high-entropy
(Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 possesses a hexagonal C40 crystal structure with ABC stacking sequence
and a space group of P6222. This discovery expands the known families of high-entropy materials from
metals, oxides, borides, carbides, and nitrides to a silicide, for the first time to our knowledge, as well as
demonstrating that a new, non-cubic, crystal structure (with lower symmetry) can be made into high-
entropy phase. This (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 exhibits high nanohardness of 16.7 ± 1.9 GPa and
Vickers hardness of 11.6± 0.5 GPa. Moreover, it has a low thermal conductivity of 6.9 ± 1.1Wm!1 K!1,
which is approximately one order of magnitude lower than that of the widely-used tetragonal MoSi2 and
~1/3 of those reported values for the hexagonal NbSi2 and TaSi2 with the same crystal structure.
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Research on high-entropy alloys (HEAs), also known as multiple
principal element alloys (MPEAs) or complex concentrated alloys
(CCAs), has attracted considerable interest in the last ~15 years due
to their unique properties and large compositional space for engi-
neering [1e8]. A majority of the metallic HEAs adopt the simple
face-centered cubic (FCC) or body-centered cubic (BCC) crystal
structures, and a few hexagonal close packed (HCP) HEAs have been
made [1e8].

Only in the last ~3.5 years have the ceramic counterparts to the
metallic HEAs, or “high-entropy ceramics,” been successfully
fabricated in bulk forms. In 2015, Rost et al. reported an entropy-
stabilized oxide, (Mg0.2Ni0.2Co0.2Cu0.2Zn0.2)O, of a rocksalt struc-
ture (with a FCC Bravais lattice) [9]. In 2016, high-entropy metal
diborides, e.g. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2, were reported as a new
class of ultra-high temperature ceramics (UHTCs) and the first
high-entropy borides (as well as the first non-oxide high-entropy

ceramics made in the bulk form) [10]. Subsequently, the research
on high-entropy ceramics has made rapid advances and attracted
increasing attention. First, the high-entropy (entropy-stabilized)
rocksalt oxides have been studied extensively due to their great
potential as functional materials with low thermal conductivities
[11e13] and colossal dielectric constants [14], as well as their po-
tential applications in lithium-ion batteries [15,16]. Second, high-
entropy metal diborides have also been studied by many groups
as a new class of promising structural ceramics with increased
hardness [17e19]; this line of work has further stimulated the
subsequent development of high-entropy metal carbides as
another class of UHTCs with increased hardness by various groups
worldwide [20e29]. Third, several other classes of high-entropy
ceramics have also been reported, including perovskite [30e32],
spinel [33], defective fluorite-structured [34,35], and rare earth
[32,36] oxides, as well as high-entropy nitrides [37,38]. It is worth
noting that the high-entropy oxides [30e32,34e36], carbides
[20e29], and nitrides [37,38] discovered to date all have cubic
crystal structures with high symmetries. The only exception is the
high-entropy metal diborides, which have a hexagonal (AlB2)
crystal structure, yet with a rather high symmetry (P6/mmm) [9].

As an increasing number of high-entropy oxides
[30e32,34e36], borides [10,17e19], carbides [20e29], and nitrides
[37,38] have been discovered, this study first reports, to the best of
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A B S T R A C T

Four high-entropy metal diborides have been synthesized and densified by borocarbothermal reduction of metal
oxides with boron carbide and graphite and subsequent spark plasma sintering. Three of them,
(Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2, (Hf0.2Zr0.2Ti0.2Ta0.2Mo0.2)B2, and (Hf0.2Zr0.2Ti0.2Ta0.2Cr0.2)B2, possess single high-
entropy phases and have been sintered to> 99% of the theoretical densities. The fourth
(Hf0.2Zr0.2Ti0.2Mo0.2W0.2)B2 specimen contained a Ti–Mo–W rich secondary phase in addition to the primary
metal diboride phase. The specimens made by borocarbothermal reduction exhibit improved hardnesses in
comparison with those samples previously fabricated via high energy ball milling and spark plasma sintering.
Interestingly, the single-phase (Hf0.2Zr0.2Ti0.2Ta0.2Mo0.2)B2 and (Hf0.2Zr0.2Ti0.2Ta0.2Cr0.2)B2 (both of which have
Vickers hardness values of ~25 GPa) are substantially harder than (Hf0.2Zr0.2Ti0.2Ta0.2Nb0.2)B2 (20.5 GPa),
despite MoB2 and CrB2 being typically considered as softer components. These single-phase high-entropy metal
diborides were found to have low thermal conductivities of 12–25 W/mK, which are ~1/10 to ~1/5 of the
reported values of HfB2 and ZrB2.

1. Introduction

High-entropy alloys typically refer to metallic alloys with five or
more elements of equimolar or near equimolar concentrations and a
molar configurational entropy of>~1.6R, where R is the gas constant
[1–3]. Since 2015, the field has expanded to include various high-en-
tropy ceramics that have been fabricated in the bulk form, including
high-entropy metal diborides [4,5], carbides [6–8], nitrides [9,10], sul-
fides [11], silicides [12,13], as well as fluorite [14,15], spinel [16,17],
rocksalt [18], magnetoplumbite [19], and silicate oxides [20]. Among
these high-entropy materials, a few of them have been proven to be true
entropy-stabilized materials [6,18]. In particular, high-entropy metal
diborides, a new class of ultrahigh temperature ceramics (UHTCs) first
reported in 2016 [9], proved to be difficult to sinter to high densities
with minimum native oxide contamination. In the initial work, six single-

phase, high-entropy metal diborides were synthesized via high energy
ball milling of commercial powders and spark plasma sintering [9].
While this procedure allowed for the rapid testing of multiple high-en-
tropy compositions, it left undesirable oxide inclusions and resulted in
low relative densities of ~91–93%. The difficulty in producing fully
dense metal diboride specimens can be attributed to two reasons: (1) the
strong chemical bonds that leads to slow diffusion and (2) oxygen con-
tamination that promote coarsening at the expense of densification.

To mitigate these issues, fine powders with little oxygen con-
tamination and/or novel sintering routes are needed. To pursue this,
Tallartia et al. achieved similar densities without the oxide inclusions
via self-propagating synthesis of metal and boron powder [21]. Gild
et al. achieved> 99% density via reactive flash spark plasma sintering
with addition of carbon [22]. Moreover, a substantial body of work on
the direct synthesis of individual diboride powders, especially ZrB2
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Fig.  2.  Thermal  conductivity  of  HfZrTaMoWC  1  −x  thin  films  measured  with  TDTR  (  κ total  )  plotted  as  a  function  of  methane  flow  rate  in  the  deposition  plasma  (and  corre-  
sponding  %  CH  4  )  during  deposition  for  the  a)  thick  (  ≈ 1  − 2  µm)  film  series  and  b)  thin  (  ≈ 100  nm)  film  series.  Precise  thicknesses  for  each  film  are  tabulated  in  the  
Supplemental  Materials  [25]  .  The  electrical  contributions  to  the  measured  total  thermal  conductivity,  κe  ,  are  calculated  from  the  Wiedemann-Franz  Law  applied  to  electrical  
resistivity  measurements  on  these  films  assuming  the  low  temperature  value  for  L  =  L  0  =  2  .  44  × 10  −8  W  " K  −2  [28,35]  ,  and  thus  in  this  figure,  κe  ∝  L  0  .  The  phonon  contribu-  
tions  to  the  HEC  thermal  conductivities  are  then  calculated  as  κp  =  κtotal  − κe  .  These  measurements  of  κ total  and  resulting  calculations  of  κe  and  κp  show  a  cross-over  from  
electron-dominated  thermal  conductivity  to  phonon-dominated  thermal  conductivity  as  the  primary  bonding  character  in  the  HEC  films  transition  from  metallic  to  covalent.  

films  as  a  function  of  CH  4  flow  rate  in  Fig.  4  and  discussed  in  more  

detail  in  the  next  section.  

We  note  that  while  these  electrical  resistivity  measurements  

are  taken  in  the  in-plane  direction,  and  the  thermal  conductiv-  

ity  measurements  are  dominated  by  cross-plane  thermal  transport,  

the  cubic  structure  of  these  HECs  and  the  ability  for  our  ther-  

mal  conductivity  measurements  to  determine  the  intrinsic  thermal  

conductivity  without  obfuscation  from  the  thermal  boundary  con-  

ductance  across  the  adjacent  film  interfaces  warrant  this  compari-  

son  [39]  .  Even  with  the  sample-varying  grain  size  and  microstruc-  

ture,  our  assumption  of  isotropic  electrical  resistivity  in  these  

films,  and  thus  in-plane  and  cross-plane  electrical  conduction  be-  

ing  equal,  is  further  supported  based  on  the  electronic  mean  free  

paths  in  these  highly  compositionally  disordered  metal  carbides.  

Previous  works  have  demonstrated  that  high  entropy  metallic  al-  

loys  [40]  and  metal  carbides  [31]  are  known  to  have  electron  mean  

free  paths  on  the  order  of  nanometers  or  less  at  room  temperature.  

Given  that  all  of  the  HEC  samples  studied  in  this  work  have  higher  

electrical  resistivities  than  these  previously  reported  high  entropy  

metallic  alloys  [40]  and  typical  metal  carbides  [30,41]  ,  we  posit  

that  the  electron  mean  free  paths  in  our  HECs  are  on  the  order  

of  1  nm,  which  is  at  least  an  order  of  magnitude  smaller  than  the  

smallest  grain  size  that  we  measure  in  our  HEC  films.  Thus,  we  do  

not  expect  the  changing  microstructure  in  these  HEC  films  fabri-  

cated  at  different  methane  flow  rates  to  obfuscate  our  assumption  

of  isotropic  electrical  transport.  

3.  Discussion  

The  total  and  electronic  thermal  conductivities  decrease  as  

methane  concentration  increases.  The  phonon  contribution  to  the  

thermal  conductivity  (derived  from  κp  =  κtotal  − κe  )  becomes  the  

dominant  thermal  transport  mechanism  at  13%  methane.  At  higher  

methane  concentrations,  the  phonon  contribution  to  thermal  con-  

ductivity  continuously  decreases  as  the  methane  content  in  the  de-  

position  plasma  is  increased.  These  changes  in  κe  and  κp  are  re-  

lated  to  the  transition  of  the  HEC  from  mostly  metallic  bonding  

to  mostly  covalent  bonding,  and  dependent  on  not  only  electronic  

scattering  with  carbon  defects,  but  could  also  be  driven  by  lattice  

stiffening,  density  changes,  and  additional  crystal  quality  consider-  

ations,  as  described  below.  It  is  noted  that  the  trend  remains  con-  

sistent  between  the  thick  and  the  thin  films  series,  suggesting  the  

characteristics  observed  are  intrinsic  to  the  carbide  system,  and  not  

dependent  on  film  thickness.  

In  the  primarily  metallic  films,  κe  plays  a  substantial,  if  not  

dominant  role  in  the  total  thermal  conductivity;  regardless  of  our  

assumption  of  L  when  determining  κe  ,  our  results  show  that  the  

metallically-bonded  films  have  a  substantial  electronic  contribution  

to  thermal  conductivity,  akin  to  that  of  a  metal.  When  more  car-  

bon  is  introduced  into  the  system,  κe  abruptly  drops  as  carbur-  

ization  occurs  and  the  films  become  primarily  covalently-bonded.  

In  this  carbide  phase,  the  cross  over  to  a  HEC  system  in  which  

the  thermal  conductivity  is  phonon-dominated  corresponds  to  

where  the  ratio  of  metal-bonded  carbon  to  excess  carbon  is  maxi-  

mized.  Past  this  point,  the  accumulation  of  excess  carbon  degrades  

film  quality  in  terms  of  primary  carbide  microstructure  and  sec-  

ondary  phase  accumulation,  as  evidenced  in  SEM  Fig.  1  c,  and  ulti-  

mately  reduces  the  thermal  conductivity.  The  triangular-like  grain  

growth  observed  in  the  HEC  films  deposited  with  6  and  8  sccm  

methane  shown  in  Fig.  1  c  are  associated  with  epitaxial  growth,  

thus  implying  the  highest  crystalline  quality  films  are  produced  in  

this  flow  rate  regime.  This  peak  in  crystal  quality  occurs  in  the  

1-2 µm thick film 100 nm film
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Typical  carbide  structures  can  be  viewed  as  an  arrangement  of  

interstitial  carbon  in  a  simple  metallic  lattice.  In  many  cases,  car-  

bides  take  on  the  cubic  rocksalt  or  hexagonal  structures.  Deviations  

from  ideal  stoichiometry  are  quite  common,  and  specific  structural  

phases  exist  within  a  broad  range  of  carbon  content  [22–24]  .  As  

such,  point  defects,  particularly  carbon  vacancies  and  interstitials  

can  have  a  dramatic  effect  on  material  properties.  An  important  

question  to  consider  is  how  properties  of  high  entropy  carbide  sys-  

tems  respond  to  deviations  in  carbon  content.  While  the  thermal  

properties  of  refractory  ceramics  are  generally  well-studied,  explo-  

rations  of  high  entropy  carbide  systems  remain  few  and  far  be-  

tween,  especially  with  regard  to  carbon  stoichiometry  and  defects.  

Here,  we  characterize  the  thermal  conductivity  of  novel  high  

entropy  carbide  (HEC)  thin  films  with  nominal  compositions  

Hf  0.2  Zr  0.2  Ta  0.2  Mo  0.2  W  0.2  C  1  −x  and  Hf  0.2  Zr  0.2  Ta  0.2  Ti  0.2  Nb  0.2  C  1  −x  ,  and  

their  dependence  on  carbon  stoichiometry,  x  .  Our  HECs  can  tran-  

sition  from  electrically-conducting,  with  electrons  dominating  the  

thermal  transport  in  a  material  with  primarily  metallic  bonding,  

to  ceramic-like  systems  with  primarily  covalent  bonding,  where  

thermal  conductivities  are  largely  dominated  by  the  phononic  sub-  

system  and  an  increase  in  elastic  modulus  that  depends  on  the  

amount  of  excess  carbon  in  the  HEC  is  observed.  While  the  elec-  

tronic  contribution  to  thermal  conductivity  remains  at  a  constant  

when  the  crystal  is  primarily  covalently  bonded,  a  combination  

of  changes  in  film  morphology,  point  defect  scattering,  and  phase  

precipitation  systematically  lower  the  phononic  contribution  to  

thermal  conductivity  with  further  increased  carbon  content  in  the  

films.  

2.  Experimental  methods  and  results  

To  facilitate  the  carbon  content  study  with  smoothly  changing  

stoichiometry,  we  use  sputter  deposition  as  it  affords  this  ability  

more  easily  than  by  powder  processing  routes.  The  carbon  con-  

tent  in  the  HEC  films  is  varied  by  controlling  the  methane  flow  

rate  and  concomitant  percent  methane  (%  CH  4  )  in  the  deposition  

plasma;  further  details  of  film  growth  and  characterization  are  dis-  

cussed  in  the  Supplemental  Materials  [25]  ,  with  pertinent  proper-  

ties  of  the  HEC  films  tabulated  in  Supplemental  Tables  S1  and  S2.  

The  results  on  composition  HfZrTaMoWC  1  −x  are  presented  here,  

with  results  on  the  HfZrTaTiNbC  1  −x  composition  in  the  Supple-  

mental  Materials  [25]  .  Structural  and  compositional  characteriza-  

tion,  using  x-ray  diffraction  (XRD),  scanning  electron  microscopy  

(SEM)  and  X-ray  photoelectron  spectroscopy  (XPS),  are  shown  in  

Fig.  1  .  XRD  and  SEM  results,  in  Fig.  1  a  and  c,  respectively,  were  

used  to  determine  the  phase  and  microstructure  evolution  of  the  

thin  films  as  methane  flow  was  increased  during  deposition.  At  2  

sccm  methane,  the  films  exhibit  a  primary  BCC  metal  phase  with  

a  possible  secondary  carbide,  or  carbon-rich  metal  phase.  As  flow  

is  increased,  these  metallic  phases  evolve  into  a  single-phase  rock-  

salt  shown  in  Fig.  1  a,  space  group  225  (Fm  ̄3  m),  with  lattice  pa-  

rameter  a  =  4.47  Å.  Below  6  sccm  methane,  the  SEM  images  show  

an  equiaxed  metallic  microstructure.  At  6  sccm,  films  form  〈  111  〉  

textured  carbide  grains  with  no  evidence  of  a  remaining  metal-  

lic  phase  in  the  XRD.  As  methane  flow  rate  is  increased  past  this  

point,  the  textured  carbide  grains  begin  to  shrink  and  a  nanocrys-  

talline  precipitate  forms.  There  is  no  evidence  of  the  nanocrys-  

talline  phase  in  the  XRD  at  higher  flow  rates,  possibly  due  to  a  

small  volume  ratio  compared  to  the  primary  carbide  phase.  We  

estimate  the  grain  sizes  in  the  primarily  metallically-bonded  HEC  

films  as  ∼100  ± 20  nm.  As  the  flow  rate  is  increased  above  8  sccm,  

promoting  a  more  covalently-bonded  polycrystal,  the  average  grain  

sizes  decrease  to  ∼ 20 ± 10 nm.  These  grain  sizes  were  estimated  

from  image  analyses  on  the  SEM  micrographs  and  analyzing  over  

30  grains  for  each  sample.  In  all  cases,  the  films  are  free  from  vis-  

ible  pores.  

XPS  measurements  provide  insight  regarding  the  carbon  stoi-  

chiometry  changes  as  a  function  of  the  methane  present  during  

film  growth,  shown  in  Fig.  1  b.  As  expected,  the  total  carbon  con-  

tent  of  the  films  increase  as  methane  increases.  The  amount  of  

carbon  bonded  to  metals  increases  dramatically  at  first,  leading  

to  the  transition  from  a  primarily  metallically-bonded  system  to  

a  primarily  covalently-bonded  system,  shown  in  XPS  under  13%  

methane  content.  After  reaching  80%  stoichiometric  carbide,  the  

rate  of  bonded  carbon  within  the  films  begins  to  lessen  while  ex-  

cess  carbon  increases  rapidly  to  a  maximum  of  approximately  70%.  

Note,  XPS  depth  profiling  on  various  control  samples  ranging  from  

hundreds  of  nanometers  to  micrometers  confirm  that  our  deposi-  

tion  process  results  no  gradation  in  elemental  composition  through  

the  thickness  of  the  film.  Thus,  our  XPS  data,  which  measure  the  

chemical  composition  on  the  surface  of  the  sample,  are  indicative  

of  the  composition  through  the  entire  thickness  of  the  film.  

This  transition  in  bonding  character  with  increasing  carbon  con-  

tent  shown  in  our  HECs  in  Fig.  1  also  implies  a  change  in  the  rela-  

tive  contribution  of  the  primary  energy  carriers  (i.e.,  electrons  and  

phonons);  in  other  words,  the  relative  contribution  of  electrons  

and  phonons  to  the  thermal  conductivity  would  change  during  

the  carbon  stoichiometry-induced  transition  from  primarily  metal-  

lic  bonding  to  primarily  covalent  bonding.  The  thermal  conductiv-  

ities  of  the  thick  HEC  films  (thicknesses  ∼ 1  − 2  µm),  measured  

via  time  domain  thermoreflectance  (TDTR)  [26,27]  ,  are  shown  in  

Fig.  2  a  as  a  function  of  methane  content  present  during  film  de-  

position.  A  secondary  thin  film  (  ≈ 100  nm  thick)  series  was  grown  

and  characterized  in  order  to  observe  any  size  effects  related  to  

film  thickness,  shown  in  Fig.  2  b.  Details  of  this  HfZrTaMoWC  1  −x  
film  set  are  included  in  the  Supplemental  Material,  along  with  

thermal  conductivity  measurements  on  a  different  HEC  composi-  

tion  thin  film  series  (HfZrTaTiNbC  1  −x  )  [25]  .  

We  approximate  the  electron  contribution  of  the  thermal  con-  

ductivity,  κe  ,  to  this  measured  thermal  conductivity,  κ total  (  =  κe  +  

κp  ),  by  applying  the  Wiedemann-Franz  Law  [28]  to  electrical  resis-  

tivity  measurements  of  the  thin  films.  We  calculate  κe  using  two  

different  assum  ptions  for  the  room  temperature  Lorentz  number  

of  our  HEC  films:  the  low-temperature  Lorentz  number  (  L  =  L  0  =  

2  .  44  × 10  −8  W  " K  −2  )  and  a  temperature-dependent  Lorentz  num-  

ber  originally  derived  by  Makinson  [29]  that  accounts  for  electron-  

phonon  and  electron-impurity  scattering,  the  results  of  which  are  

shown  in  Fig.  2  and  Fig.  3  ,  respectively.  We  assume  that  these  two  

approaches  for  calculated  κe  set  the  uncertainty  in  both  κe  and  κp  ,  

described  below.  

The  uncertainty  in  our  calculation  of  the  electrical  contribution  

to  the  thermal  conductivity,  κe  ,  of  the  HEC  films  calculated  via  the  

Wiedemann-Franz  Law  [28]  is  directly  related  to  our  assumption  

of  the  Lorentz  number,  L  .  The  Wiedemann-Franz  Law  is  given  by  

κe  =  σ LT ,  where  σ =  1  /ρ is  the  electrical  conductivity  (  ρ is  the  

electrical  resistivity)  and  T  is  the  absolute  temperature.  Thus  the  

choice  of  L  can  strongly  impact  the  derived  κe  .  It  is  well  estab-  

lished  that  the  low  temperature-derived  value  of  L  =  L  0  can  over-  

predict  L  at  elevated  temperatures  below  the  Debye  temperature  

(such  as  room  temperature  in  metal  carbides)  [30,31]  .  At  these  ele-  

vated  temperatures,  inelastic  electron-phonon  scattering  events  (so  

called  “vertical  processes”)  can  lead  to  values  of  L  that  are  less  than  

L  0  [29,32]  .  Previous  works  have  shown  that  the  compositional  dis-  

order  in  metallic  alloys  leads  to  increased  elastic  electron  scatter-  

ing  events  that  can  dominate  over  inelastic  processes,  thus  ren-  

dering  the  use  of  L  =  L  0  at  room  temperature  acceptable  [33,34]  .  

The  HECs  studied  in  this  work  are  in  fact  random  solid  solutions,  

and  thus  we  would  expect  similar  elastic  disorder  scattering  in  

the  electronic  system.  Thus,  we  assume  L  =  L  0  as  our  upper  bound  

for  electron  thermal  conductivities,  and  these  data  are  plotted  in  

Fig.  2  for  the  thick  and  thin  HEC  films,  along  with  the  correspond-  

ing  values  calculated  for  the  phonon  thermal  conductivity,  κp  .  

The Widemann-Franz Law and L=L0

1853. A N N A L E N  JVO. 8. 
DER PHYSIK UND CHEMIE. 

BAND LXXXIX. 

I. Ueber die Wdrme- Leitungsfihigkeit der Metalle; 
von G. W i c d e m n n n  und R. Frnnz. 

tj. 1. 

U e b e r  zwanzig Jahre sind verflossen, seit Hr. I) es p r e t z 
durch seine miihevollen Untersuchungen zuerst einige sichere 
Zahlenwerthe tiber die relative Leitungsfllhigkeit verschie- 
dener fester Kbrper far die Wlirme aafgefunden hat. - 

Die grofse Genauigkeit und Sorgfalt, mit welcher die 
Versuche von Hrn. D esp r e t z angestellt wurden, hat ge- 
wifs mit Recht zur Folge gehabt, dafs die von ihm aufge- 
stellten, nach dem damaligen Zustande der Wissenschaft 
gllinzenden Resultate als Grundlage unserer Kenntnifs in 
dem bearbeiteten Felde dienen mufsten. 

Indefs erschien es doch wtinschenswerth, die nach der 
von Hrn. D e s p r e t z  angewandten Methode enielten Beob- 
achtungen nach h g e r e r  Zeit wieder einmal einer Prtifung 
zu unterwerfen, urn so inehr, als durch die Entdeckung der 
Thermostlule ein Mittel gegeben war, unabhlingig von man- 
chen zur Zeit der D e s p r  etz’schen Arbeit unvermeidlichen 
Fehlerquellen , die Untersuchuiig der Wlirmeleitung fester 
Kiirper von Neuem vonunebmen. 

Hr. D e s p r e  t z hat bei seinen Versuchen Stangen von 
quadratischem Qnerschnitt an dem einen Ende durch eine 
Lampe erhitzt, und in bestimmten Entfernungen von dem- 
selben Lbcher in die Stangen gebohrt, die mit Quecksilber 
geftillt waren. Durch Thermometer, welche in dieses tauch- 
ten, konnten die Temperaturen der entsprechenden Stellen 
der Stangen beobachtet, uud aus dem Verhliltnib der ver- 

PoggendorlPs Aonal. Bd. LXXXIX. 38 
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The Wiedemann-Franz Law and L=L0
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Phonon and electron contributions to the thermal conductivity of VNx epitaxial layers
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Thermal conductivities of VNx /MgO(001) (0.76 ! x ! 1.00) epitaxial layers, grown by reactive magnetron
sputter deposition, are measured in the temperature range 300 < T < 1000 K using time-domain thermore-
flectance (TDTR). Data for the total thermal conductivity are compared to the electronic contribution to
the thermal conductivity calculated from the measured electrical conductivity, the Wiedemann-Franz law,
and an estimate of the temperature dependence of the Lorenz number L(T). The total thermal conductivity
is dominated by electron contribution and varies between 13 W m−1 K−1 at x = 0.76 and 20 W m−1 K−1 at
x = 1.00 for T = 300 K and between 25 and 35 W m−1 K−1 for T = 1000 K. The lattice thermal conductivity
vs x ranges from 5 to 7 W m−1 K−1 at 300 K and decreases by 20% at 500 K. The low magnitude and weak
temperature dependence of the lattice thermal conductivity are attributed to strong electron-phonon coupling
in VN.

DOI: 10.1103/PhysRevMaterials.1.065002

I. INTRODUCTION

The phonon contribution to the thermal conductivity of
a metal has a complex dependence on temperature, lattice
anharmonicity, and the strength of electron-phonon coupling
[1–3]. Typically, at temperatures greater than 1/3 of the Debye
temperature, the lifetimes of phonons that dominate heat
transport are limited by the anharmonicity of lattice vibrations
[4]. Scattering of phonons by electrons is typically less
important except at low phonon frequencies. Measurements
of the thermal conductivity of alloys can often be used to
determine the lattice thermal conductivity by introducing
elastic scattering of electrons that suppresses the electronic
component [5,6]. The high-temperature lattice thermal con-
ductivities of metals with relatively weak electron-phonon
coupling are typically in good agreement with the assumption
of lattice thermal conductivity limited by anharmonicity [3].

Metallic transition-metal (TM) nitrides and carbides pro-
vide a contrast to metals for studying lattice thermal con-
ductivities because their Debye temperatures are high and
therefore the anharmonic phonon scattering rates are low, and
electron-phonon coupling is strong [7]. The spectral integral
of the Eliashberg function α2F (ω) yields a measure of the
electron-phonon coupling strength: λ = 2

∫
α2F (ω)ω−1dω

[8–10]. For TM nitrides and carbides, λ is between 0.6
and 0.9, large values compared to common metals such as
Al (λ = 0.44), Cu (0.13), Au (0.17), and Ti (0.38) [11,12].
The primary goal of this work is to determine the lattice
contribution to the thermal conductivity of VN through studies
of the thermal conductivity of stoichiometric VN and VNx with
varying concentrations of nitrogen vacancies.

In Fig. 1(a) we compare representative data for the total
thermal conductivities of elemental metals to selected data
for TM nitrides and carbides. The temperature dependence
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of the thermal conductivity of TM nitrides and carbides has
been discussed previously [20,24]. Figure 1(b) summarizes
the electrical resistivity of the same set of elemental metals
and TM nitrides and carbides. In most cases, at temperatures
greater than the Debye temperature $D , the resistivity can
be approximated as ρ ≈ ρ0 + B + AT , wherein we have
distinguished between the residual resistivity ρ0 created by
elastic scattering by defects and a phenomenological constant
B that describes the shift in the extrapolated intercept of ρ at
T = 0 K relative to ρ0.

The Wiedemann-Franz (WF) law predicts that the elec-
tronic thermal conductivity can be expressed as

&el ≈ L(T )T
ρ

= L(T )T
ρ0 + B + AT

. (1)

L(T ) is the temperature-dependent Lorenz number [25,26].
At low (T # $D) and high temperatures (T " $D),
L(T ) approaches the Sommerfeld value of L0 = 2.44 ×
10−8 ' W K−2. In pure metallic elements at T > $D/3, the
resistivity typically scales as ρ ≈ AT and therefore &el ≈
L0/A is nearly constant [2]. However, in TM nitrides and
carbides, ρ0 + B is often large due to the high concentrations of
point defects (e.g., oxygen and carbon impurities and nitrogen
vacancies) [5,16]. Thus the WF law predicts that &el should
increase with increasing T at elevated temperatures [Fig. 1(a)].

Due primarily to strong covalent bonds [27], VN exhibits
high melting temperature (2050 °C), hardness (15.9 GPa),
electrical conductivity (33 µ' cm), and chemical stability
[27–29]. As a consequence, VN films have been employed
to enhance the properties of cutting and grinding tools, hard
electrical contacts, cylinder linings, diffusion barriers, and
rechargeable microbatteries and supercapacitors [24,30–34].
A better knowledge of VN thermal and electrical transport
properties could improve materials design for new applica-
tions.

This work may also provide insights into the potential
of TM nitride metal/semiconductor superlattices as high
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At the next level of sophistication, we consider the temperature dependence of the Lorenz number L. With the assumptions of
spherical Fermi surfaces, equilibrium phonon distributions, a Debye phonon spectrum, and the predominance of normal processes
for electron-phonon scattering [2,59], the theoretical expression for the Lorenz ratio Lth(T )/L0 as a function of temperature is
[1,60]

Lth(T )
L0

=
ρimp/A +

(
T

"D

)5
J5

(
"D

T

)
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(
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)5
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(
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T

)[
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π2

(
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qD

)2("D

T

)2 − 1
2π2

J7

(
"D
T

)

J5

(
"D
T

)
] . (4)

Here kF is the Fermi wave vector, and "D and qD are the
Debye temperature and Debye wave vector, respectively. The
Debye integrals Jn are defined as

Jn

(
"D

T

)
=

∫ "D/T

0

xnex

(ex − 1)2 dx. (5)

Equation (4) has been used to understand the electronic
thermal transport in metals and alloys [3,59]. The second term
in the bracket of the denominator involving kF /qD is due
to electron-phonon inelastic small-angle scattering (vertical
processes). The third term in the bracket is a correction that
accounts for situations where large-angle scattering can reverse
the electron direction without restoring the distribution back
to equilibrium [59]. Electron-impurity scattering is included
as ρimp/A in the equation.

In Fig. 8 we plot the Lorenz ratio as a function of reduced
temperature as predicted by Eq. (4) and give comparisons to
experimental results for several metals. The similarity of the
Lorenz ratios for Cu, Ta, Nb, and ThN is striking [3,54,61].
Here the red line shows Lth(T )/L0 for an ideal free-electron-
like monovalent metal where kF /qD = 2−1/3. The drop in
Lth(T ) when the temperature is decreased below "D is caused
by the dominance of inelastic vertical scattering of electrons
by phonons. At high temperature, the greater probability of
large-angle quasielastic scattering between electrons and high
energy phonons reduces the deviation between L(T ) and L0.
A higher level of impurity (large ρimp/A) results in a stronger
elastic scattering of electron, reducing the deviation of Lth(T )
from the Sommerfeld value. Impurity scattering dominates at
low temperature when electron-phonon scattering is weak.

FIG. 7. Smith-Palmer plot, see Eq. (3), for VNx from 300 to
500 K.

Due to the lack of detailed knowledge about the electron-
phonon coupling constant, Fermi wave vector, and residual
resistance of our samples, a direct calculation of Lth(T ) for
VNx using Eq. (4) is not possible. Considering the relatively
small difference among L(T ) values for normal metals shown
in Fig. 8, we approximate the Lorenz function of VNx with
L(T ) interpolated from a similar NaCl-structure TM nitride
ThN scaled by the relative Debye temperatures. ThN also
shows an increasing thermal conductivity with increasing
temperature over a similar range of scaled temperature [54].

Since static point defects typically elastically scatter elec-
trons of different energy with equal effectiveness, the WF law
with L(T ) = L0 is usually valid for the residual resistivity
due to point-defect scattering. Assuming negligible deviation
from Matthiessen’s rule, i.e., different scattering processes
are independent of each other [62], an improved model
by adding the thermal resistance from electron-phonon and
electron-defect scattering based on the temperature-dependent
Lorenz function follows as [6,61]

$c
el =

(
ρi

L(T )T
+ ρ(x) − ρi

L0T

)−1

. (6)

ρi is the electrical resistivity of defect-free VN which is
derived from subtracting the 9 µ% cm difference in ρ300 K
between the stoichiometric VN in our previous work [23] and
the VN in this work and the 2 µ% cm residual resistivity of
VN in Ref. [23] from the ρ of the stoichiometric VN. ρ(x) is
the resistivity of VNx with N vacancies.

FIG. 8. Temperature variation of the Lorenz function normalized
to the Sommerfeld value from experiments and theory as a function
of reduced temperature for Cu [3,61], Ta [61], Nb [61], and ThN [54].
Lorenz function Lth(T ) calculated from Eq. (4) where kF /qD = 2−1/3

assuming the impurity term ρimp/A = 0 (red solid line) and ρimp/A =
0.1 (red dashed line) are also included for comparison.
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Fig.  1.  Structural  and  chemical  properties  of  the  Hf  0.2  Zr  0.2  Ta  0.2  Mo  0.2  W  0.2  C  1  −x  thin  films.  (a)  Offset  XRD  plot  depicting  carbide  phase  evolution  as  a  function  of  methane  flow  
rate  during  thin  film  deposition.  (b)  XPS  data  showing  normalized  metal  and  carbon  stoichiometry  plotted  as  a  function  of  the  methane  flow  rate.  Total  carbon  is  the  sum  of  
metal-bonded  carbon  and  excess  carbon.  (c)  SEM  micrographs  of  HEC  film  microstructure  evolution  with  increasing  methane  flow  rate,  shown  for  the  thick  HEC  film  series.  
Top  row  shows  the  plan  view  of  microstructures  while  the  bottom  row  corresponds  to  film  cross-sections.  

Conversely,  however,  single  element  metal  carbides  have  been  

shown  historically  to  have  a  lower  Lorentz  number  than  L  0  at  room  

temperature  due  to  a  large  residual  resistivity  from  carbon  vacan-  

cies  [30]  .  In  this  case,  the  more  rigorous  form  of  the  Lorentz  num-  

ber  derived  by  Makinson  [29]  should  be  applied  to  the  HECs  to  

calculate  L  ,  given  by  

L  th  =  
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where  k  F  is  the  Fermi  wave  vector,  "D  is  the  Debye  tempera-  

ture,  q  D  is  the  Debye  wave  vector,  ρ imp  is  a  term  that  accounts  

for  electron-impurity  scattering,  and  the  Debye  integrals,  J  n  are  de-  

fined  as  

J  n  

[
"D  

T 

]
=  

"D  
T  ∫  

0  

x  n  exp  [  x  ]  

(  exp  [  x  ]  − 1  )  
2  d  x.  (2)  

To  approximate  L  th  at  room  temperature  for  our  HECs,  we  assume  

the  Debye  temperature  is  an  average  of  the  constituent  metal  car-  

bides’  Debye  temperatures  [36,37]  (an  assumption  supported  by  

our  finding  that  the  heat  capacities  of  these  HECs  following  a  

rule  of  mixtures  [25]  ,  similar  to  our  previous  work  on  entropy-  

stabilized  oxides  [7]  ),  k  F /q  D  =  2  −1  /  3  from  free  electron  theory  [32]  ,  

and  ρ imp  is  approximated  by  taking  the  ratio  of  electrical  resistivity  

of  our  lowest  electrical  resistance  HEC  to  that  of  TaC  at  room  tem-  

perature  [38]  .  From  these  assumptions,  we  calculate  L  th  =  0  .  65  L  0  ,  

and  use  this  for  our  calculations  of  κe  in  Fig.  3  for  the  thick  and  

thin  HEC  films,  along  with  the  corresponding  values  calculated  for  

the  phonon  thermal  conductivity,  κp  .  

Thus,  in  this  approach  to  calculate  κe  (and  corresponding  κp  )  

for  these  HECs  in  two  different  ways  using  two  different  Lorentz  

numbers  (  L  0  in  Fig.  2  and  L  th  =  0  .  65  L  0  in  Fig.  3  )  asserts  that  there  

are  two  bounds  for  the  Lorentz  number  for  these  HECs:  the  upper  

bound  being  L  0  ,  which  implies  that  disorder  scattering  makes  the  

electronic  thermal  response  behave  more  like  a  disordered  metal,  

and  the  lower  bound  being  L  th  =  0  .  65  L  0  ,  which  implies  that  the  

electronic  thermal  response  will  behave  more  like  a  single  metal  

carbide.  We  use  these  bounds  to  also  calculate  the  range  of  poten-  

tial  κp  ,  setting  the  upper  and  lower  limits  of  the  phonon  thermal  

conductivity  in  these  HECs.  These  calculated  phonon  thermal  con-  

ductivities  are  plotted  along  with  the  elastic  modulus,  E  ,  of  these  
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1. INTRODUCTION

There has been considerable discussion about the role played by the thermal
conductivity of the lattice in the transport of heat in metals, but no comprehensive
theoretical treatment has been given which covers the whole range of temperature,
taking into account the effect of impurities and extending to poor conductors.
Many experiments which aim at determining this role quantitatively have been
carried out; these indicate that in good conductors the lattice conductivity is
unimportant, but that in metals and alloys with few free electrons it may become
relatively large at low temperatures.

Since the total heat current is the sum of the heat currents transported by
the electrons and by the lattice we may write the total conductivity K as

K = Ke + Kg,

the two heat currents being additive. We cannot, however, simply add a lattice
conductivity like that of an insulating crystal to the electronic conductivity,
because in a metal the interaction of the lattice waves with the conduction
electrons reduces the lattice conductivity, particularly, as is shown later, at
temperatures below 100° K. The corresponding effect does not, of course, exist in
an insulator.

The experiments which attempt to determine Ke and Kg separately embody
one of the following methods.

(a) If Le is the ratio KJCTT, where a is the electrical conductivity, then
K = LaT = LecrT + Kg. (1)

It is assumed that Le has the constant value Lo = Knk/e)2. (This is established
theoretically only for temperatures above the Debye temperature 0, and for
very low temperatures in impure metals.) Curves for Ke and Kg in bismuth deduced
in this way* are sketched in Fig. 5.

(b) If we assume that grain size affects Kg much more than Ke and that the
relation „

<2>
holds at constant temperature, n being the average number of grain boundaries
per unit length in the metal in the direction of flow, and o and b being constants,

* E.g. Gruneisen and Reddemann, Ann. d. Physik (5), 20 (1934), 843.
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Fig.  3.  Same  as  Fig.  2  only  with  κe  calculated  with  the  Lorentz  number  that  accounts  for  inelastic  electron-phonon  scattering  and  electron-impurity  scattering  originally  
derived  by  Makinson  [29]  and  given  in  Eq.  (1)  ,  and  thus  κe  ∝  L  th  .  Similar  trends  are  observed  here  in  κe  and  κp  as  in  Fig.  2  ,  in  that  we  observe  a  cross-over  from  electron-  
dominated  thermal  conductivity  to  phonon-dominated  thermal  conductivity  as  the  primary  bonding  character  in  the  HEC  films  transition  from  metallic  to  covalent.  The  
assumption  of  L  =  L  0  in  the  Wiedemann-Franz  Law  calculations  of  κe  in  Fig.  2  implies  disorder  scattering  makes  the  electronic  thermal  response  behave  more  like  a  pure  
disordered  metal,  while  the  use  of  L  =  L  th  calculated  via  Eq.  (1)  implies  that  the  electronic  thermal  response  will  behave  more  like  a  single  metal  carbide.  The  trends  in  
thermal  conductivity  and  this  observed  crossover  from  electron  to  phonon  dominated  thermal  transport  as  the  bonding  character  transitions  from  primarily  metallic  to  
covalent  holds  regardless  of  our  assumption  of  L  in  the  calculation  of  κe  and  subsequent  κp  .  

Fig.  4.  Derived  phonon  thermal  conductivity,  κp  ,  and  elastic  modulus,  E  ,  versus  
methane  content  for  the  thick  HEC  film  series.  We  show  κp  calculated  via  either  
assuming  κe  ∝  L  0  (c.f.,  Fig.  2  )  or  κe  ∝  L  th  ,  where  L  th  is  determined  via  Eq.  (1)  (c.f.,  
Fig.  3  ).  Regardless  of  Lorentz  number  assumption,  we  observe  a  reduction  in  κp  
with  reduction  in  elastic  modulus  in  the  primarily  covalently  bonded  regime  in  the  
thick  HEC  films.  

films  with  the  highest  κp  after  the  bonding  becomes  primarily  

covalent.  

Crystal  quality  has  been  shown  to  directly  impact  thermal  con-  

ductivity  [42,43]  ,  and  can  be  driven  by  several  factors  includ-  

ing  point  or  line  defects,  and  grain  or  phase  boundaries.  In  the  

case  of  our  HECs,  an  increase  in  flow  rate  beyond  the  6  − 8  sccm  

regime  leads  to  not  only  a  decrease  in  grain  size  (spanning  from  

∼100  ± 20  nm  for  the  6  sccm  films  to  ∼20  ± 10  nm  for  the  highest  

sccm  film),  but  also  an  increase  in  excess  carbon  content.  Thus,  one  

possible  reason  that  κp  decreases  with  increased  flow  rate  once  

the  bonding  transitions  to  primarily  covalent  is  that  the  mean  free  

path  of  the  phonons  continues  to  decrease  due  to  a  higher  rate  of  

grain  boundary  and  carbon  point  defect  scattering.  

We  also  note  that  the  trend  in  derived  phonon  thermal  con-  

ductivities  with  increased  methane  flow  rate  also  correlates  to  the  

trends  observed  in  the  elastic  modulus,  measured  though  nano-  

indentation  on  the  thick  HEC  films,  shown  in  Fig.  4  ;  note,  this  

reduction  in  κp  with  reduction  in  elastic  modulus  in  the  pri-  

marily  covalently  bonded  regime  in  the  thick  HEC  films  is  ob-  

served  regardless  of  our  assumptions  of  L  used  when  applying  the  

Wiedemann-Franz  Law.  Thus,  as  the  phonon  thermal  conductivity,  

κp  is  also  related  to  the  phonon  energies  and  group  velocities,  i.e.,  

the  stiffness  of  the  lattice,  we  also  cannot  rule  out  that  changes  in  

the  modulus  of  the  film  are  indicative  of  a  changing  atomic  bond-  

ing  environment  that  are  thus  impacting  the  thermal  conductivity.  

Additionally,  the  mass  densities  of  the  thin  film  HEC  samples  

decrease  as  the  methane  content  in  the  deposition  plasma  is  in-  

creased.  We  measure  the  density  of  the  ∼ 100  nm  thin  film  HECs  

with  X-ray  reflectivity  (XRR),  and  tabulate  these  values  in  Table  S2  



Phonon conductivity of HECs scale with modulus

16

C.M.  Rost,  T.  Borman  and  M.D.  Hossain  et  al.  /  Acta  Materialia  196  (2020)  231–239  235  

Fig.  3.  Same  as  Fig.  2  only  with  κe  calculated  with  the  Lorentz  number  that  accounts  for  inelastic  electron-phonon  scattering  and  electron-impurity  scattering  originally  
derived  by  Makinson  [29]  and  given  in  Eq.  (1)  ,  and  thus  κe  ∝  L  th  .  Similar  trends  are  observed  here  in  κe  and  κp  as  in  Fig.  2  ,  in  that  we  observe  a  cross-over  from  electron-  
dominated  thermal  conductivity  to  phonon-dominated  thermal  conductivity  as  the  primary  bonding  character  in  the  HEC  films  transition  from  metallic  to  covalent.  The  
assumption  of  L  =  L  0  in  the  Wiedemann-Franz  Law  calculations  of  κe  in  Fig.  2  implies  disorder  scattering  makes  the  electronic  thermal  response  behave  more  like  a  pure  
disordered  metal,  while  the  use  of  L  =  L  th  calculated  via  Eq.  (1)  implies  that  the  electronic  thermal  response  will  behave  more  like  a  single  metal  carbide.  The  trends  in  
thermal  conductivity  and  this  observed  crossover  from  electron  to  phonon  dominated  thermal  transport  as  the  bonding  character  transitions  from  primarily  metallic  to  
covalent  holds  regardless  of  our  assumption  of  L  in  the  calculation  of  κe  and  subsequent  κp  .  

Fig.  4.  Derived  phonon  thermal  conductivity,  κp  ,  and  elastic  modulus,  E  ,  versus  
methane  content  for  the  thick  HEC  film  series.  We  show  κp  calculated  via  either  
assuming  κe  ∝  L  0  (c.f.,  Fig.  2  )  or  κe  ∝  L  th  ,  where  L  th  is  determined  via  Eq.  (1)  (c.f.,  
Fig.  3  ).  Regardless  of  Lorentz  number  assumption,  we  observe  a  reduction  in  κp  
with  reduction  in  elastic  modulus  in  the  primarily  covalently  bonded  regime  in  the  
thick  HEC  films.  

films  with  the  highest  κp  after  the  bonding  becomes  primarily  

covalent.  

Crystal  quality  has  been  shown  to  directly  impact  thermal  con-  

ductivity  [42,43]  ,  and  can  be  driven  by  several  factors  includ-  

ing  point  or  line  defects,  and  grain  or  phase  boundaries.  In  the  

case  of  our  HECs,  an  increase  in  flow  rate  beyond  the  6  − 8  sccm  

regime  leads  to  not  only  a  decrease  in  grain  size  (spanning  from  

∼100  ± 20  nm  for  the  6  sccm  films  to  ∼20  ± 10  nm  for  the  highest  

sccm  film),  but  also  an  increase  in  excess  carbon  content.  Thus,  one  

possible  reason  that  κp  decreases  with  increased  flow  rate  once  

the  bonding  transitions  to  primarily  covalent  is  that  the  mean  free  

path  of  the  phonons  continues  to  decrease  due  to  a  higher  rate  of  

grain  boundary  and  carbon  point  defect  scattering.  

We  also  note  that  the  trend  in  derived  phonon  thermal  con-  

ductivities  with  increased  methane  flow  rate  also  correlates  to  the  

trends  observed  in  the  elastic  modulus,  measured  though  nano-  

indentation  on  the  thick  HEC  films,  shown  in  Fig.  4  ;  note,  this  

reduction  in  κp  with  reduction  in  elastic  modulus  in  the  pri-  

marily  covalently  bonded  regime  in  the  thick  HEC  films  is  ob-  

served  regardless  of  our  assumptions  of  L  used  when  applying  the  

Wiedemann-Franz  Law.  Thus,  as  the  phonon  thermal  conductivity,  

κp  is  also  related  to  the  phonon  energies  and  group  velocities,  i.e.,  

the  stiffness  of  the  lattice,  we  also  cannot  rule  out  that  changes  in  

the  modulus  of  the  film  are  indicative  of  a  changing  atomic  bond-  

ing  environment  that  are  thus  impacting  the  thermal  conductivity.  

Additionally,  the  mass  densities  of  the  thin  film  HEC  samples  

decrease  as  the  methane  content  in  the  deposition  plasma  is  in-  

creased.  We  measure  the  density  of  the  ∼ 100  nm  thin  film  HECs  

with  X-ray  reflectivity  (XRR),  and  tabulate  these  values  in  Table  S2  
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<latexit sha1_base64="6SSkHmBnO+se2NioFz4dYkWW3UI=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSJ0VRJRdFkUwY1QwT6gCeVmOmmHTpJhZlIoIb/gxl9x40IRt+7c+TdO2iy09cDA4Zx7mXuOzxmVyra/jdLK6tr6RnmzsrW9s7tn7h+0ZZwITFo4ZrHo+iAJoxFpKaoY6XJBIPQZ6fjj69zvTIiQNI4e1JQTL4RhRAOKQWmpb9bcMXAOLhcxV7HlBgJwepOld/3UDUGNRJjCZJhlWd+s2nV7BmuZOAWpogLNvvnlDmKchCRSmIGUPcfmyktBKIoZySpuIgkHPIYh6WkaQUikl84SZdaJVgZWEAv9ImXN1N8bKYRSTkNfT+ZXykUvF//zeokKLr2URjxRJMLzj4KEWTp7Xo81oIJgxaaaABZU32rhEehSlC6xoktwFiMvk/Zp3Tmrn9+fVRtXRR1ldISOUQ056AI10C1qohbC6BE9o1f0ZjwZL8a78TEfLRnFziH6A+PzB35Inrg=</latexit>

But only in non-
metallic phase



Summary: Carbon content dictates electron and phonon 
thermal conductivity in high entropy ceramics through both 
electron thermal conductivity changes and modulus changes
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a  b  s  t  r  a  c  t  

Due  to  their  diverse  bonding  character  and  corresponding  property  repertoire,  carbides  are  an  important  
class  of  materials  regularly  used  in  modern  technologies,  including  aerospace  applications  and  extreme  
environments,  catalysis,  fuel  cells,  power  electronics,  and  solar  cells.  The  recent  push  for  novel  materi-  
als  has  increased  interest  in  high  entropy  carbides  (HECs)  for  such  applications.  The  extreme  level  of  
tunability  alone  makes  HECs  a  significant  materials  platform  for  a  variety  of  fundamental  studies  and  
functional  applications.  We  investigate  the  thermal  conductivity  of  high  entropy  carbide  thin  films  as  
carbon  stoichiometry  is  varied.  The  thermal  conductivity  of  the  HEC  decreases  with  an  increase  in  car-  
bon  stoichiometry,  while  the  respective  phonon  contribution  scales  with  elastic  modulus  as  the  excess  
carbon  content  increases.  Based  on  the  carbon  content,  the  HECs  transition  from  an  electrically  conduct-  
ing  metal-like  material  with  primarily  metallic  bonding  to  a  primarily  covalently-bonded  crystal  with  
thermal  conductivities  largely  dominated  by  the  phononic  sub-system.  When  the  carbon  stoichiometry  is  
increased  above  this  critical  transition  threshold  dictating  bonding  character,  the  electronic  contribution  
to  thermal  conductivity  is  minimized,  and  a  combination  of  changes  in  microstructure,  defect  concentra-  
tion  and  secondary  phase  formation,  and  stiffness  influence  the  phononic  contribution  to  thermal  con-  
ductivity.  Our  results  demonstrate  the  ability  to  tune  the  thermal  functionality  of  high  entropy  materials  
through  stoichiometries  that  dictate  the  type  of  bonding  environment.  

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.  

1.  Introduction  

Somewhat  analogous  to  medium  and  high  entropy  metallic  

alloys  (HEAs)  [1,2]  ,  the  high  entropy  [3–6]  and  entropy-stabilized  

[7–9]  family  of  ceramics  contain  four  or  more  binary  metal  oxides  

(HEOs  and  ESOs),  carbides  (HECs),  nitrides  (HENs),  or  diborides  

(HEBs)  in  equimolar  or  near-equimolar  concentrations,  such  that  

no  particular  element  can  be  considered  the  principle  component  

or  host.  Metal  sublattice(s)  can  be  randomly  or  preferentially  oc-  

cupied  where  configurational  disorder  is  tailored  on  specific  sites,  

while  the  non-metal  sublattice  remains  site/element  pure.  To  date,  

∗ Corresponding  author  at:  Department  of  Mechanical  and  Aerospace  Engineer-  
ing,  University  of  Virginia,  Charlottesville,  VA  22904,  USA.  

E-mail  addresses:  phopkins@virginia.edu  ,  phopkins@virginia.com  (P.E.  Hopkins).  

several  multicomponent  and  high  entropy  carbide  systems  have  

been  successfully  synthesized  using  spark  plasma  sintering  (SPS)  

of  component  carbide  powders  [4,10–12]  .  Feng  et  al.  [13]  demon-  

strated  the  ability  to  synthesize  HECs  though  carbothermal  

reduction  of  binary  oxide  precursors.  Subsequent  property  studies  

have  found  increased  oxidation  resistance  [14]  and  mechanical  

hardness  values  ranging  from  ≈ 10%  to  ≈ 50%  [4,15,16]  higher than  

that  of  their  binary  constituents.  However,  thermal  conductivities  

of  materials  generally  decrease  with  increasing  number  of  elemen-  

tal  components,  which  is  attributed  to  a  combination  of  electron  

and  phonon  scattering  from  mass  and  interatomic  force  potential  

changes  [7,17–21]  ,  and  holds  true  for  metal  carbides  [22–24]  .  As  

expected,  higher  order  solid  solutions  result  in  lower  thermal  

conductivities  as  mass  and  local  structural  disorder  are  introduced  

into  the  lattice.  

https://doi.org/10.1016/j.actamat.2020.06.005  
1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.  
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Fig.  3.  Same  as  Fig.  2  only  with  κe  calculated  with  the  Lorentz  number  that  accounts  for  inelastic  electron-phonon  scattering  and  electron-impurity  scattering  originally  
derived  by  Makinson  [29]  and  given  in  Eq.  (1)  ,  and  thus  κe  ∝  L  th  .  Similar  trends  are  observed  here  in  κe  and  κp  as  in  Fig.  2  ,  in  that  we  observe  a  cross-over  from  electron-  
dominated  thermal  conductivity  to  phonon-dominated  thermal  conductivity  as  the  primary  bonding  character  in  the  HEC  films  transition  from  metallic  to  covalent.  The  
assumption  of  L  =  L  0  in  the  Wiedemann-Franz  Law  calculations  of  κe  in  Fig.  2  implies  disorder  scattering  makes  the  electronic  thermal  response  behave  more  like  a  pure  
disordered  metal,  while  the  use  of  L  =  L  th  calculated  via  Eq.  (1)  implies  that  the  electronic  thermal  response  will  behave  more  like  a  single  metal  carbide.  The  trends  in  
thermal  conductivity  and  this  observed  crossover  from  electron  to  phonon  dominated  thermal  transport  as  the  bonding  character  transitions  from  primarily  metallic  to  
covalent  holds  regardless  of  our  assumption  of  L  in  the  calculation  of  κe  and  subsequent  κp  .  

Fig.  4.  Derived  phonon  thermal  conductivity,  κp  ,  and  elastic  modulus,  E  ,  versus  
methane  content  for  the  thick  HEC  film  series.  We  show  κp  calculated  via  either  
assuming  κe  ∝  L  0  (c.f.,  Fig.  2  )  or  κe  ∝  L  th  ,  where  L  th  is  determined  via  Eq.  (1)  (c.f.,  
Fig.  3  ).  Regardless  of  Lorentz  number  assumption,  we  observe  a  reduction  in  κp  
with  reduction  in  elastic  modulus  in  the  primarily  covalently  bonded  regime  in  the  
thick  HEC  films.  

films  with  the  highest  κp  after  the  bonding  becomes  primarily  

covalent.  

Crystal  quality  has  been  shown  to  directly  impact  thermal  con-  

ductivity  [42,43]  ,  and  can  be  driven  by  several  factors  includ-  

ing  point  or  line  defects,  and  grain  or  phase  boundaries.  In  the  

case  of  our  HECs,  an  increase  in  flow  rate  beyond  the  6  − 8  sccm  

regime  leads  to  not  only  a  decrease  in  grain  size  (spanning  from  

∼100  ± 20  nm  for  the  6  sccm  films  to  ∼20  ± 10  nm  for  the  highest  

sccm  film),  but  also  an  increase  in  excess  carbon  content.  Thus,  one  

possible  reason  that  κp  decreases  with  increased  flow  rate  once  

the  bonding  transitions  to  primarily  covalent  is  that  the  mean  free  

path  of  the  phonons  continues  to  decrease  due  to  a  higher  rate  of  

grain  boundary  and  carbon  point  defect  scattering.  

We  also  note  that  the  trend  in  derived  phonon  thermal  con-  

ductivities  with  increased  methane  flow  rate  also  correlates  to  the  

trends  observed  in  the  elastic  modulus,  measured  though  nano-  

indentation  on  the  thick  HEC  films,  shown  in  Fig.  4  ;  note,  this  

reduction  in  κp  with  reduction  in  elastic  modulus  in  the  pri-  

marily  covalently  bonded  regime  in  the  thick  HEC  films  is  ob-  

served  regardless  of  our  assumptions  of  L  used  when  applying  the  

Wiedemann-Franz  Law.  Thus,  as  the  phonon  thermal  conductivity,  

κp  is  also  related  to  the  phonon  energies  and  group  velocities,  i.e.,  

the  stiffness  of  the  lattice,  we  also  cannot  rule  out  that  changes  in  

the  modulus  of  the  film  are  indicative  of  a  changing  atomic  bond-  

ing  environment  that  are  thus  impacting  the  thermal  conductivity.  

Additionally,  the  mass  densities  of  the  thin  film  HEC  samples  

decrease  as  the  methane  content  in  the  deposition  plasma  is  in-  

creased.  We  measure  the  density  of  the  ∼ 100  nm  thin  film  HECs  

with  X-ray  reflectivity  (XRR),  and  tabulate  these  values  in  Table  S2  
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