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High entropy materials (HEMSs) are of great interest for their mechanical, chemical and electronic
properties. In this paper we analyse (TaNbH{TiZr)C, a carbide type of HEM, both in crystalline
and amorphous phases, using density functional theory (DFT). We find that the relaxed lattice
volume of the amorphous phase is larger, while its bulk modulus is lower, than that of its crystalline
counterpart. Both phases are metallic with all the transition metals contributing similarly to the
density of states (DOS) close to the Fermi level, with Ti and Nb giving the proportionally largest
contribution of states. We confirm that despite its great structural complexity, 2x2x2 supercells are
large enough for reliable simulation of the presented mechanical and electronic properties by DFT.

I. INTRODUCTION

Disorder in solids can be present in various forms. Usu-
ally, the concept is associated with structural disorder,
which starts with defects in single crystals and culmi-
nates in liquid-like, glassy assemblies of atoms. The lack
of long-range structural order in amorphous solids causes
the electronic structure of a material, as well as the me-
chanical, optical, thermal or magnetic properties to differ
notably from those of crystalline solids [I—4]. In particu-
lar, amorphous alloys show superior corrosion resistance
[5, 6], mechanical strength [7, 8], and low permeability
for diffusion [9].

Another type of disorder that can strongly affect the
properties of a solid is configurational disorder, which is
best illustrated by the example of the novel class of high-
entropy materials (HEMs), compounds with five or more
principal elements [10, 11]. Distributing this large num-
ber of constituent elements among well-defined positions
of a crystalline lattice allows the material to maximize its
configurational entropy, resulting in a tendency to form
a single-phase solid solution. The properties of HEMs
have been shown experimentally to be superior to the
superposition of its constituents [12, 13]. The remark-
able effect of configurational disorder was first demon-
strated for metallic alloys [10, 11], but further extends
to ceramic materials (e.g. carbides, oxides or silicides)
[14]. High-entropy ceramics typically consist of two sub-
lattices: an ionic or covalent backbone (e.g. C, O, or
Si) with an interstitial lattice occupied by five or more
principal elements, typically metals. For example, in a
rocksalt high-entropy metal carbide (HEMC) all metals
occupy the central sites in octahedra of an fcc lattice
of carbon, but their arrangement on this sublattice is
random. Experimental and computational studies [14]
suggest that HEMCs have excellent application-oriented
properties. One such example is (TaNbHfTiZr)C that

exhibits a great combination of phase purity and stabil-
ity [15, 16], as well as predictions of enhanced hardness
[17, 18] and low thermal conductivity [19].

In addition to the effects of configurational disorder,
structural disorder is recognized to have a strong influ-
ence on materials properties and is often used intention-
ally to adjust the performance of a material to its ap-
plication. In cases of materials without configurational
disorder, such as, e.g., structurally disordered transition
metal carbides, tuneable [20] tribological properties have
been demonstrated, as well as functionality for energy
storage applications [21]. In many cases such disordered
carbides are not amorphous at the atomic scale but have
a composite structure of nanocrystalline metal carbide
particles embedded in amorphous graphite [22-26]. The
addition of weak carbide-forming alloying elements aids
in the full amorphization of these materials [22]. Addi-
tionally, electronic and mechanical properties of amor-
phous transition metal carbides have shown to depend
significantly on the bond distribution between C and
metals [22, 27] and elastic moduli of amorphous coat-
ings may be modified by changing the transition metal
M [27]. Compared to a single-crystalline structure, amor-
phous transition metal carbide coatings are considered
less prone to cleavage fracture and decohesion of grain
boundaries, reducing the brittleness of a functional coat-
ing by reduction of average bond energy [28]. This indi-
cates that modifying the level of disorder is a pathway to
tune electronic and mechanical properties in transition
metal carbide coatings. Disorder is thus highly relevant
in applications, and the relation between disorder and
material properties calls for its introduction as a design
parameter.

In this work we investigate the effects of disorder on
the mechanical properties and the electronic structure
of high-entropy refractory metal carbides. Both con-
figurational and structural disorder are introduced by
studying the HEMC (TaNbHI{TiZr)C in its crystalline



and fully amorphous form at identical compositions. We
approach the challenge to model amorphous systems
from first principles using stochastic quenching [29] and
density functional theory (DFT) [30].

II. METHODS

For convenience, in this paper we use the same nam-
ing convention for (TaNbHfTiZr)C as in [30]. The crystal
structure of crystalline (TaNbH{TiZr)C was modelled us-
ing 2 x 2 x 2 supercells in the rock-salt structure (Fig. 1
(a)), following [30]. Each supercell includes 32 transition
metal atoms, and can therefore not be fully stoichiomet-
ric. For this reason we analyse several samples with small
variations to the stoichiometry, to study how small vari-
ations in composition influence material properties. For
this we randomly generated nine supercells with slightly
different stoichiometries (see Table I), and also ran cal-
culation on the supercell used in [30], for a total of 10
supercells.

To analyse the additional effects of structural disorder,
we also generated ten amorphous supercells with exactly
the same stoichiometry as their crystalline counterparts
(e.g. Fig. 1(b)). Amorphous structures were obtained
using stochastic quenching [31], as follows: first, atoms
were placed randomly in a cubic supercell with periodic
boundary positions and a side length L = 9.04 A, which is
twice the lattice constant. To make sure that we keep the
energy of supercells reasonably low, we constrained the
distance between every two atoms to be larger than 0.4
A [29]. Second, we relaxed the atomic coordinates. To
lower the cost of the ab-initio calculations, we used first
a low-precision method —a steepest descent algorithm
and a Mie potential [32]— to minimize the force on each
atom, and set the convergence criterion to 10719 x f,
where fj is the typical force, defined as

2
o=y 3 () 0

k

with 7 the distance between two particles of pair k and
N the number of atoms in the amorphous supercell.
Final relaxation of the unit cell size and atomic coordi-
nates, as well as calculation of the electronic properties,
were performed using DFT, as implemented in CP2K
[33] using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [341], the Goedecker-Teter-Hutter
(GTH) pseudopotentials [35] and short range Gaussian
basis functions [36]. Four real-space grids were used, with
a cut-off energy of the finest grid of 900 Ry and a cut-off
controlling the distribution of products of Gaussians on
the different grids of 60 Ry. Reciprocal space was sam-
pled using a 3 x 3 x 3 Monkhorst-Pack grid [37]. All the
parameters were thoroughly tested for convergence.
Atomic positions and lattice parameters were relaxed
using the conjugate gradient algorithm. The conver-

gence criteria for the maximum and the root-mean square
atomic force were set to 0.001 Ha/Bohr, and the ones for
the difference with respect to the previous optimization
step were set to 0.001 Bohr. In every crystalline and
amorphous supercell, the atomic positions and cell size
were relaxed at the same time, and the cells were re-
quired to remain cubic. Additionally, the pressure was
converged to be (1 £ 10) atm after relaxation. Density
of states (DOS) and bulk modulus calculations were per-
formed at zero pressure.

Bulk moduli at zero-pressure were calculated by fitting
the total energy as a function of the unit cell volume to
the third-order Birch-Murnaghan equation of state [38,

]:
(5"
()" A o)

where F is the total energy of the supercell, V is the su-
percell volume, Ej the equilibrium energy, Vj the equilib-
rium volume, By the zero-pressure bulk modulus, and B,
its pressure derivative. Each supercell was set to five or
seven different volumes around the equilibrium volume,
to obtain a good fit to eq. 2.

We also calculated the DOS of the relaxed supercells.
CP2K can only perform DOS calculations at the I'-point,
therefore we repeated the supercell three times in each
Cartesian directions, which we found to be well con-
verged. We used a Gaussian smearing with a standard
deviation of 0.001 Ha.

3
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IIT. RESULTS

II1.1. Structural properties

The DFT-relaxed lattice constant for one rock-salt
unit cell in the crystalline supercell was calculated to be
(4.519 4+ 0.006) A. This is very close to the experimen-
tally measured values 4.5084 A[40], 4.5180 A[19], 4.497
A[41],4.500 A[17] and (4.60+0.3) A[12]. The uncertainty
found in this work is small compared to the spread in
the reported experimental values, where the smallest and
largest lattice constant differ by 0.103 A. In addition, the
variation between supercells is of the order of the typical
variation in relaxed lattice parameters between different
DFT codes [12], pointing towards a low sensitivity of the
relaxed lattice constant to the variations in the crystal’s
stoichiometry.

To be able to quantify the influence of the stoichiome-
try on the relaxed lattice constant, we consider the binary
carbides TaC, NbC, HfC, TiC and ZrC which crystallize
into rock-salt structures and can be considered as “build-
ing blocks” for the (TaNbH{TiZr)C crystal. For each of
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FIG. 1. Crystal structures of a crystalline supercell (a) and its amorphous counterpart (b) with the same stoichiometry. Both
are relaxed with DFT. The magenta cube in (a) represents the rock-salt unit cell, the distance between two grid lines in (b) is

2 A.

these binary carbides, the average volume per transition
metal and carbon atom is (aTMC)3 /4 where arpc is the
lattice constant of the binary carbide. So, for each su-
percell, the binary carbides (BC) can be used to define a
volume

1
Vbe = Z Nrag - (ararc)’ (3)
TM

where TM € {Ta,Nb,Hf, Ti,Zr} and Npjs is the num-
ber of transition metals in a supercell. For each transi-
tion metal species, we calculated Vpc using the lattice
constants arpre in [30].

Fig. 2a displays the relaxed lattice constants of the
crystalline and amorphous supercells as a function of
VBe. The amorphous lattice constant was found to be
(4.65 & 0.02) A, about 0.15 A larger than for the crys-
talline cells, exceeding the standard deviation due to the
changes in configuration and stoichiometry. In addition,
we observe a clear linear trend in the crystalline case,
showing that the stoichiometry dependence is well quan-
tified by Vpe. This trend is not clearly visible in the
amorphous case, which could be related to the fact that
the volume is larger because of the amorphous configu-
ration, hence the different sizes of the metallic elements
play a smaller part.

Out of the ten (crystalline or amorphous) supercells,
as a control sample, we designed two pairs of supercells
to have the same stoichiometry and hence the same Vpc.
Fig. 2b shows that the crystalline lattice constants corre-
sponding to these supercells are remarkably close to each
other, compared to the other supercells. However this
is not the case in the amorphous case, as displayed in
Fig. 2a.

IT1.2. Mechanical properties

To summarise our results for all the crystalline and
amorphous supercells energy dependence on volume, we
present the average fit to the Birch-Murnaghan equation
of state together with the standard deviations in Fig. 3.

The zero-pressure bulk modulus in the crystalline case
is By = (271.13 + 2.04) GPa. The standard deviation
of our results is a factor hundred smaller than the av-
erage, therefore the influence of the differences in the
stoichiometry is, as for the lattice constant, very limited
in the crystalline case. Our result is comparable to other
theoretical work: Y. Yang et al. [30] fitted with Eq. (2),
resulting in By = 264.26 GPa, whereas Q. Zhang [43] and
P. Sarker et al. [17] calculated elastic constants and used
these and the Voigt-Reuss-Hill approximation to show
that B = 254 GPa and B = 262 GPa, respectively. Ex-
perimental work, in which (TaNbH{TiZr)C with roughly
10% carbon vacancies is studied, found a bulk modulus
of (2054 7) GPa using an ultrasonic pulser /receiver [14].
The mismatch with our result can be attributed to the
sample’s porosity, in which case nanohardness and elastic
modulus measured with nanoindentation would have bet-
ter resembled the theoretical values than the quantities
measured with the ultrasonic pulser [44].

In the amorphous case, we calculated the zero-pressure
bulk modulus to be By = (162.89 + 13.83) GPa, with a
standard deviation one order of magnitude larger than
in the crystalline case. This can be understood by the
large structural variations between the supercells for the
amorphous configurations.

Interestingly, the average bulk modulus in the amor-
phous case is much lower than in the crystalline case.
This can be related to the fact that the equilibrium vol-
ume of the amorphous supercells is found to be larger
with respect to the crystalline supercells, which would
result in lower interaction between the atoms. Fig. 3 con-
firms the lower compressibility of the crystalline phase:
a change in volume V (e.g. from Vj to Vp + 20 A%) leads
to a larger increase in energy of the crystalline supercells
compared to the corresponding amorphous ones.

Importantly, Fig. 4 shows that the bulk modulus and
VBe, quantifying the differences in stoichiometry, are not
strongly correlated not only in the amorphous, but also
in the crystalline case. This is in contrast to the lattice
constant, where a stoichiometry dependence, although
weak, was observed. Still, crystalline cells with the same
stoichiometry have a similar bulk modulus.
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FIG. 2. (a) Calculated relaxed lattice constant of the crystalline and amorphous supercells as a function of Vgc, as defined

in Eq. (3), where the lattice constants of elemental carbides are taken from |

]. Arrows indicate supercells with the same

stoichiometry. Note that only see one blue point is visible in these two cases, because the results are too close. (b) Repeated
data from (a) for the crystalline case, showing a clear linear trend as a function of Va¢, indicating that the Vg is a good
quantification parameter for the stoichiometry’s role in lattice constant size.
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FIG. 3. Average fit of the total energy of relaxed super-
cells as a function of their volume to the third-order Birch-
Murnaghan equation of state. The standard deviation corre-
sponds to the width of the colored area around the curve. In
the crystalline case, the standard deviation is too small to be
distinguished.

IT1.3. Electronic properties

The DOS was calculated using DF'T for all the crys-
talline and amorphous supercells. We also calculated its
elemental and orbital contributions by calculating the
projected DOS (PDOS). In particular, we evaluate the
PDOS on the s and p orbitals of carbon atoms, and the
d orbitals of the transition metal atoms. Data for all the
stoichiometries were averaged and are plotted together
with their standard deviations shown in Figs. 5 and 6,
separately for the crystalline and amorphous supercells.

We find that both the crystalline and amorphous
phases are metallic. The DOS of the amorphous cells
shows a dip close to the Fermi energy, but otherwise looks
relatively featureless. The crystalline cells have a gap in

the DOS from roughly -7 eV to -9 eV. This gap and the
finite DOS at the Fermi energy in the crystalline case
confirm theoretical calculations done in [30] and [43].

From -7 ¢V to +5 eV, the contribution to the DOS of
the crystalline phase is negligible for C(s) whereas it is
significant for C(p). From -9 eV to -11 eV, the contribu-
tions are swapped. For the amorphous cells, the PDOS
of C(p) is much larger than C(s) between -7.5 eV and
45 eV whereas both are indistinguishable from -7.5 eV
to -11 eV.

For the d orbitals of the transition metals, the PDOS
is similar between all the elements, with a slight domi-
nance of the d orbital of titanium above the Fermi en-
ergy in both the crystalline and amorphous cases. This
dominance is clearly more pronounced than the standard
deviation and is therefore not a consequence of the de-
tails of the stoichiometry. This dominance of Ti(d) and
the significant contribution from C(s) below -9 eV were
also found in [30] and [43], in the crystalline case.

IV. DISCUSSION

Previous work on disordered binary metal carbide sys-
tems has shown that their properties are tuneable. In
the amorphous phase, the relative bond content deter-
mines hardness, resistivity and elasticity [15-17]. Amor-
phicity may lower cleavage fracture susceptibility and
grain boundary decohesion [28], which lowers corrosion
through a reduced ability of oxygen to diffuse through
grain boundaries. This can also be related to the flatten-
ing of the DOS as a function of energy that we calculated
in the amorphous case and which can be attributed to the
increased disorder in bond energy, as observed in a pre-
vious work on amorphous transition metal carbides [29].

In turn we show that amorphicity also lowers the bulk
modulus as compared to the single-crystalline case. This
implies that the structural disorder acts as a tuning knob
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between, on one side, the improvement of surface proper-
ties such as cleavage fracture susceptibility and corrosion,
and hardness on the other side. This tuning knob can
be adjusted depending on target applications. The bulk
modulus was chosen in our comparative study because it
is a measure of the elastic properties of a material that

can easily be translated from ordered solids to liquids
and disordered solids. The tunability of the bulk mod-
ulus with disorder is relevant to applications requiring
high or low compressibility of the material or the stor-
age of mechanical energy and suggests that also other
mechanical properties such as hardness, Young’s modu-
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lus, or shear modulus depend on structural disorder in a
comparable way.

The aforementioned dependence of material properties
on bond distribution in the amorphous phase of metal
carbides [27, 48] implies a range of tuneable material
properties by varying the degree of disorder present in
a metal carbide coating. Our work, calculating proper-
ties in the fully crystalline and fully amorphous limits,
gives bounds on the available tuning range.

Apart from the change in flatness of the DOS, its value
at the Fermi level is also strongly affected by the struc-
tural disorder. This can be related to experimental work
showing a strong increase in resistivity with increasing
relative amount of metal-to-carbon bonds in the amor-
phous phase [27, 48]. However, in these experiments,
amorphicity is obtained by adding silicon to the system,
which may be a further source of the raised resistivity, in
addition to the inhibition of band formation by disorder.
Nevertheless, it is not strictly necessary to introduce ad-
ditional elements, such as Si [27, 48] or B [47], to drive
the amorphization in metal carbides, since amorphized
yet metalloid-free ternary metal carbides have been re-
ported previously [46, 49-51]. In the specific case of
transition metal carbide films, TEM-amorphous CrC [50]

and WC-based films [49] have been synthesized and their
electronic structure has been characterized experimen-
tally. In this context, our calculations show that changes
in electronic properties are at least partially intrinsic to
variations in the level of structural disorder in carbides.
The large change in the DOS at the Fermi level, for ex-
ample, directly connects to experimental observations on
transition metal carbides.

V. CONCLUSION

We calculated the lattice constant, bulk modulus and
DOS of (TaNbH{TiZr)C in ten crystalline and ten amor-
phous configurations with slightly varying stoichiome-
tries, using DFT and stochastic quenching. To model
the random arrangement of transition metal atoms, we
randomly generated 2 x 2 x 2 supercells, with stoichiome-
tries approaching the nominal one.

We found that the crystalline supercells have smaller
relaxed lattice constants compared to amorphous super-
cells, and that the relaxed lattice constants for crys-
talline supercells are correlated with an average volume
per transition metal specie, which can be used to quantify



Supercell | Ti:Zr:Nb:Hf:Ta
1 6:7:6:6:7
2 7:6:7:6:6
3 5:7:6:7:7
4 7:6:6:6:7
5 7:7:5:7:6
6 7:6:6:6:7
7 6:5:7:7:7
8 7:6:6:7:6
9 7:6:6:7:6
Ref. cell [30][6:6:6:7:7

TABLE I. The stoichiometries of the nine cells and the refer-
ence cell from [30].

the influence of stoichiometry.

The bulk modulus depends strongly on the crys-
talline or amorphous nature of the crystal structure:
it is (271.13 + 2.04) GPa in the crystalline case and
(162.89 4+ 13.83) GPa in the amorphous case, making the
crystalline phase of (TaNbHfTiZr)C much less compress-
ible than its amorphous counterpart. This agrees with
the larger relaxed volume of the amorphous supercells.

The DOS of the crystalline and amorphous phases
of (TaNbHI{TiZr)C is of metallic character, with all the
species contributing to the DOS at the Fermi level. The
DOS for crystalline configurations displays sharp fea-
tures, including a small peak at the Fermi level, while
the one for amorphous configurations is almost feature-
less.

All the structural, mechanical and electronic proper-
ties we calculated are only impacted in a limited way by
variations between supercells, thus showing that 2 x 2 x 2
supercells with approximate stoichiometries can be reli-
ably used in ab-initio calculations of materials properties
of transition metal high-entropy carbides.
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Crystalline Amorphous
Supercell Bo (GPa) B} (unitless) ao (A) Eo (eV) |By (GPa) B} (unitless) ao (A) FEy (eV)
1 270.98 4.15 4.52 -51943.92| 167.64 6.96 4.64 -51890.32
2 271.36 4.13 4.51 -52213.99| 128.34 1.73 4.68 -52162.61
3 271.92 4.12 4.53 -51700.81| 178.70 5.43 4.65 -51650.33
4 272.30 4.15 4.51 -52245.23| 164.07 3.82 4.65 -52194.77
5 266.93 4.11 4.52 -51729.50| 164.76 5.60 4.63 -51680.77
6 272.20 4.16 4.51 -52245.16| 155.86 7.95 4.67 -52194.06
7 275.11 4.14 4.51 -52273.11| 173.03 4.29 4.64 -52222.79
8 269.45 4.12 4.52 -52000.80| 152.22 6.96 4.68 -51947.23
9 269.69 4.13 4.52 -52001.11| 173.77 4.42 4.63 -51949.08
Y. Yang et al. [30]| 271.34 4.24 4.52 -52001.80| 170.45 5.23 4.65 -51950.19
avg. 271.13 4.14 4.519 -52035.54| 162.89 5.24 4.65 -51984.21
std.dev. 2.04 0.03 0.006 198.45 13.83 1.71 0.02 198.31

TABLE II. Numerical results obtained by fitting with the third-order Birch-Murnaghan equation of state are given for all

supercells, together with the averages (avg.)

and standard deviations (std.dev.). All numbers are rounded down to two

decimals, except for average and standard deviation of the crystalline lattice constant ag: they are rounded such that the
standard deviation has at least one significant number.
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