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Local distortions of the crystal structure and their influence on the electronic structure
and superconductivity of the high-entropy alloy (TaNb)0.67(HfZrTi)0.33
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Local distortions of the crystal structure and their influence on the electronic structure, electron-
phonon interaction, and superconductivity are theoretically studied in the superconducting high-entropy alloy
(TaNb)0.67(HfZrTi)0.33. Distortions of the crystal lattice are caused by the relaxation of atomic positions and
are studied in the twelve models of supercells. The largest relative changes in the interatomic distances due
to relaxation reach 8%. On average, local distortions tend to lower the density of states at the Fermi level
and significantly reduce the electron-phonon coupling parameter λ. As a result, the calculated superconducting
critical temperature is reduced to about 50% of the initial value, which shows the strong impact of structural
disorder on superconductivity in this prototype high-entropy alloy. With the reduced value of λ, the theoretical
Tc is closer to the experiment for typical values of the Coulomb pseudopotential parameter μ∗. The experimental
Tc can be reproduced by taking a slightly enhanced μ∗ = 0.176, which leaves little room for the possibility of
suppression of superconductivity by disorder.
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I. INTRODUCTION

The history of high-entropy alloys goes back to 1979,
when Cantor and Vincent successfully synthesized the
multicomponent alloy Fe0.20Ni0.20Cr0.20Co0.20Mn0.20 with a
simple fcc structure [1–3]. However, the term “high-entropy
alloys” was first used by Yeh et al. [4], along with the
definition, according to which high-entropy alloys (HEAs) are
alloys that contain at least five elements with concentrations
between 5 and 35%. Their simple crystal structure (usually
the basic “monoatomic” bcc or fcc) despite a high level of
chemical disorder was surprising, as it was widely accepted
that the more elements involved in the synthesis of the
materials, the lower the chance that the alloy could form a
simple crystal structure and the higher the probability of a
metallic glass formation [5]. The literature review allows
us to identify two families of HEAs that have been the
most investigated. The first group of alloys is based on
CrCoFeNi, while the second group contains alloys built
from Ta, Nb, Hf, Zr, and Ti atoms. The representative
of the second family is Ta0.34Nb0.33Hf0.08Zr0.14Ti0.11, the
first superconducting high-entropy alloy [6], synthesized
in 2014. Since then more superconducting HEAs
have been reported, e.g., bcc NbReHfZrTi [7] layered
REO0.5F0.5BiS2 (RE: rare earth) [8], (ScZrNb)1−x(RhPd)x

with CsCl-type lattice [9], αMn-type (ZrNb)1−x(MoReRu)x,
(HfTaWIr)1−xRex and (HfTaWPt)1−xRex [10], Re0.35

Os0.35Mo0.10W0.10Zr0.10 [11], Nb3(AlSnGeGaSi)
[12], tetragonal Ta10Mo35−xCrxRe35Ru20 [13], CuAl2

type (FeCoNiCuGa)Zr2, Co0.2Ni0.1Cu0.1Rh0.3Ir0.3Zr2,
Mo0.11W0.11V0.11Re0.34B0.33 [14–16] or hexag-
onal Nb10+2xMo35−xRu35−xRh10Pd10 [17], and
Ru0.35Os0.35Mo0.10W0.10Zr0.10 [11].
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However, among superconducting HEAs, the Ta-Nb-Hf-
Zr-Ti family is attracting the most attention [6,18–36]. Previ-
ous works show that (TaNb)0.67(HfZrTi)0.33 alloy (TNHZT),
on which we focus in this work, is a conventional super-
conductor with bcc crystal structure and lattice constant
a = 3.36 Å. The electron-phonon coupling is rather strong,
with the electron-phonon coupling constant λ ≈ 1. Two in-
dependent experiments [18,37] reported similar values for
the electronic specific heat coefficient γ [7.97 and 7.7
mJ/(mol K2)], Debye temperature (225 and 216 K), and
the ratio �C(TC )/γ TC (1.89 and 1.93). Superconductivity
in (TaNb)0.67(HfZrTi)0.33 appeared to be robust against ex-
tremely high pressures [19,38], as the critical temperature
increases in the pressure range between 0 and 60 GPa,
then becomes constant up to 100 GPa. Theoretical studies
[37] performed using the Korringa-Kohn-Rostoker method
with coherent potential approximation (KKR-CPA) [39,40]
showed that this pressure evolution is correctly described
by the conventional electron-phonon mechanism of super-
conductivity. Furthermore, these calculations revealed the
Lifshitz transition [41], previously reported for Nb [42], one
of the main constituent atoms of (TaNb)0.67(HfZrTi)0.33. An-
other interesting and rather unexpected feature of TNHZT
superconductors, revealed by calculations [37,43], is their
sharp band structure. In a perfect-crystalline material, because
of the Bloch theorem, electrons are not scattered by the lattice.
Electrons keep their wave vectors k, electronic states have an
infinite lifetime τ , and energy states have a definite eigenvalue
E (k). This defines the “sharp” electronic band structure with
no band smearing. In a substitutional alloy, on the other hand,
because of the presence of the chemical disorder, electrons
are scattered. This is, of course, a source of the residual
resistivity of the alloys. When the scattering becomes strong,
the electronic lifetime τ is short and the resistivity increases.
This influences the electronic band structure. The finite
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FIG. 1. One of the studied 3 × 3 × 1 supercells of
(TaNb)0.67(HfZrTi)0.33 (model 1).

lifetime of electronic states leads to the smearing of electronic
bands, which gain a bandwidth �k = h̄/τk [44,45]. Although
TNHZT has a high level of substitutional disorder, with all five
elements occupying a single site in the primitive cell; surpris-
ingly calculations revealed that its electronic band structure
is only slightly smeared [37,43], in contrast, for example, to
the (ScZrNb)1−xRhPdx alloy [46]. This is probably a conse-
quence of TNHZT being an alloy of two isoelectronic series
of elements (groups 4 and 5 in the Periodic Table), which
have similar Pauling electronegativities [46]. This shows that
the substitutional (chemical) disorder has a relatively weak
impact on the electronic properties of TNHZT.

In this work, we investigate the second type of disorder
that is present in high-entropy alloys: the structural disorder.
On average, HEAs form ordered simple crystal structures
with random occupation of the crystal sites. However, locally,
because of the different sizes and types of atoms, and the
different arrangements of the nearest neighbors, atoms will
move from ideal positions to minimize the total energy and
relax the forces. Thus local distortions of the ideal crystal
structure will be formed. These two types of disorder, sub-
stitutional and structural, are of course connected since the
structural disorder is a direct consequence of the chemical
disorder. Only in calculations are we able to decouple them
and investigate their effects separately. The formation of such
local distortions and their influence on electronic structure,
electron-phonon interaction, and superconductivity is studied
here for the (TaNb)0.67(HfZrTi)0.33 alloy.

II. CALCULATION DETAILS

A set of twelve 3 × 3 × 1 supercells was constructed,
based on the elementary cubic unit cell. Each supercell con-
tains 18 atoms with a different nearest-neighbor arrangement
and has no symmetry operations (space group P1). The
lattice parameter a was kept constant, equal to the exper-
imental value. The choice of supercell size allows one to
keep the original concentration ratio of the atoms of the
(TaNb)0.67(HfZrTi)0.33 alloy. One of the supercells is shown in
Fig. 1; details of all supercells are given in the Supplemental
Material [47].

As a starting point, we have constructed a supercell with
site occupations selected by a random number generator. This
supercell is labeled as model 1. Models 2–8 were generated

by changing the positions of isoelectronic atoms. Model 9 was
designed to have a larger cluster of Ta and Nb atoms. Model
10, similarly to model 1, was constructed by another random
assignment of the sites. Model 11 is based on model 10 with
exchanged Ta, Ti, and Hf. Model 12 is equivalent to model 11
but with the exchanged positions of Hf and Zr.

The atomic positions in the investigated supercells were
relaxed using the full potential LAPW method implemented
in the WIEN2K package [48,49], until the forces acting on
all atoms were less than 2 mRy/aB. From then on, to be
able to compare the results obtained for supercells with those
for the fully random ideal structure, all calculations were
performed using the same Korringa-Kohn-Rostoker (KKR)
method combined with the coherent potential approximation
(CPA) [39,40], successfully used before to determine the
electronic structure of the random TNHZT alloys [37,43].
The CPA was actually used only in calculations for the fully
random and undistorted alloy, where five atoms occupy a
single site with appropriate concentrations, whereas, in the
supercells, each crystal site was occupied only by a single
atom. The crystal potential in the spherical muffin-tin form
was constructed using the local density approximation (LDA),
with Perdew-Wang parametrization [50] in the semirelativistic
approach. The angular momentum cutoff was set to lmax = 3.
The Fermi level was precisely determined from the general-
ized Lloyd formula [51]. The radii of the muffin-tin spheres,
surrounding each atom, were set equal to RMT = 2.5 aB for
all atoms. This value does not provide a maximum packing
coefficient for the unit cell, which is preferential for spheri-
cal potential calculations; however, a reduction of RMT was
necessary to allow the atoms to move from their positions
and to avoid overlapping of the spheres in relaxed supercells.
The results obtained for the system without atomic distortions
will be labeled as “D(−)” and for supercells after relaxation
as “D(+).” The supercell results will be compared with the
results of the KKR-CPA calculations for the fully disordered
primitive cell, indicated as “CPA.” To obtain the appropriate
reference values of the computed electronic properties for the
fully disordered system, we have recalculated the electronic
structure, the densities of states, the McMillan-Hopfield pa-
rameters, and the electron-phonon coupling constant λ using
the same muffin tin radius of 2.5 aB, since in our previous
work [37] a larger RMT = 2.75 aB was used. As a result of
this different computational geometry, the McMillan-Hopfield
parameters slightly increased, resulting in a 9% larger λCPA =
1.21 (it was 1.10 in [37]).

The electron-phonon interaction was studied using the
rigid muffin tin approximation (RMTA), in which the
electron-phonon coupling constant (EPC) is decoupled into
electronic and lattice contributions:

λ =
∑

i

ηi

Mi
〈
ω2

i

〉 , (1)

where ηi is the ith atom’s McMillan-Hopfield parameter, cal-
culated using the formula [52–55]

ηi =
∑

l

(2l + 2) nl (EF ) nl+1(EF )

2(2l + 1)(2l + 3)N (EF )

∣∣∣∣
∫ RMT

0
r2Rl

dV

dr
Rl+1

∣∣∣∣
2

.

(2)
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In the above equation V (r) stands for the self-consistent po-
tential at site i, Rl (r) is a normalized regular solution of the
radial Schrödinger equation, nl (EF ) is the lth partial DOS at
the Fermi level, EF , and N (EF ) is the total DOS per primitive
cell. A more comprehensive overview of the approximations
involved in this methodology can be found in Refs. [54,56]
and references therein.

In the current work, we focus on the changes in the elec-
tronic structure only. The phonon contribution, that is, the
denominator in Eq. (1), as in the earlier works [37,43] is
approximated by the product of average mass 〈M〉 and av-
erage square phonon frequency. The latter is calculated by
assuming the Debye phonon spectrum, for which 〈ω2〉 = 1

2ω2
D

(see [37]), and using the experimental Debye temperature θD,
h̄ωD = kBθD. Therefore, the final formula to calculate λ is

λ =
∑

i ηi
1
2 〈M〉ω2

D

. (3)

Note that, in the case of the supercell, the sum runs over
all atoms, whereas in the case of CPA calculations in the
n-times smaller primitive cell in [37,43] ηi are multiplied
by the atomic concentrations. The factor that maintains the
consistency of both approaches is the total density of states
per computational cell, which is in the denominator in Eq. (2)
and increases n times with the size of the supercell, playing
an equal role as the atomic concentration factor. Here, in each
case where CPA results are compared to supercell calcula-
tions, densities of states and McMillan-Hopfield parameters
are adequately scaled to take into account the 18 times larger
number of atoms of the supercell, compared to the single-
atomic primitive bcc cell.

III. RESULTS AND DISCUSSION

A. Lattice distortions

Figure 2 presents the relative changes in interatomic dis-
tances �d in all models, due to the relaxation of the structure,
calculated using the formula

�d = dAB
D(+) − dAB

D(−)

dAB
D(−)

× 100%. (4)

They are divided into three sets according to the number of
valence electrons of the A and B atoms, forming the A-B pair:
(a) both A and B are pentavalent elements (Ta, Nb); (b) both
A and B are tetravalent elements (Hf, Zr, Ti); (c) A and B have
different valency.

Considerable local lattice distortions are observed as the
absolute values of �d reach 8%. As a result of the relax-
ation process, each supercell reduces its total energy, and the
average gain per atom is between 2 and 4 mRy, depend-
ing on the supercell model. Several trends in the changes
of the interatomic distances can be distinguished. When the
A and B atoms are pentavalent Ta and/or Nb, the values
of �d show a strong tendency to be negative [Fig. 2(a)].
Only the niobium atoms in models 10–12 increase the dis-
tance between each other. The same behavior is observed
for Ta-Nb pairs. This can be understood as both Ta and
Nb in their elemental structures form bcc-type structures

-8

-6

-4

-2

0

2

4

6

8

d
[%

]

Ta-Ta

Nb-Nb

Ta-Nb

(a)

-8

-6

-4

-2

0

2

4

6

8

d
[%

]

Hf-Hf

Zr-Zr

Ti-Ti

Hf-Zr

Hf-Ti

Zr-Ti

(b)

-8

-6

-4

-2

0

2

4

6

8

d
[%

]

1 2 3 4 5 6 7 8 9 10 11 12

model

Ta-Hf

Ta-Zr

Ta-Ti

Nb-Hf

Nb-Zr

Nb-Ti

(c)

FIG. 2. Relative changes in interatomic distances calculated
for twelve 3 × 3 × 1 supercells with different models of atom
arrangements.

with a lower lattice parameter (Ta: 3.3013 Å [57]; Nb:
3.3004 Å [58]) than in the HEA structure (3.36 Å).

Atoms with four valence electrons, that is, Hf, Zr, and Ti,
which, as elements, crystallize in a hexagonal hcp structure
[59–61], exhibit a strong tendency to move away from each
other, as seen in Fig. 2(b). There is only one Hf-Ti pair in
models 11 and 12, with a small negative value of �d . For
Hf and Zr this also correlates with the tendency to increase
the bond lengths (between 2.999 and 3.11 Å) closer to those
in their elemental structures, since in both cases the nearest-
neighbor atomic distances in the hcp structures are larger
(3.093 Å for Hf and 3.152 Å in Zr) than in the HEA struc-
ture (2.91 Å). In metallic elemental Ti, the nearest-neighbor
distance is similar to that in HEA (2.869 Å), however, the dis-
tances between the Ti atoms in the hexagonal planes are also
larger (2.95 Å).
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FIG. 3. (a) Total electronic densities of states, obtained for the three structural variants: one of the supercell models (no. 9) without
distortions, labeled “D(−),” the same supercell with distortions, labeled as “D(+),” and KKR-CPA result for the full disorder with random site
occupations, labeled “CPA.” (b) Projection of the distorted supercell no. 9 on the xy plane. In the background, the undistorted positions of the
atoms are marked in black.

Pairs of pentavalent and tetravalent atoms do not show a
unique trend for changes in interatomic distances; however,
in more cases positive values of �d are seen in Fig. 2(c),
especially for Ta-Hf pairs, where only positive �d are noticed.
The strongest distortions (highest �d) are found for atoms
located in clusters where three atoms with the largest atomic
radius (hafnium and zirconium) are the nearest neighbors. The
fact that elemental Hf, Zr, and Ti, as well as their binary alloys,
crystallize in the hcp structure is correlated with the strong
local distortion effect and the existence of hexagonal phase
precipitations reported in a similar TaNbHfZrTi alloy [62,63].

B. Densities of states

Figure 3(a) shows the effect of atomic relaxation on the
total densities of states N (E ) for model 9. Three curves
are plotted: the DOS of the D(−) and D(+) structures, as
well as of the fully disordered structure, obtained using the
coherent potential approximation and labeled as “CPA.” Sim-
ilar sets of figures for the remaining supercell models are
included in the Supplemental Material [47], Figs. S1– S12.
Figure 3(b) presents the projection of the relaxed supercell
of model 9 on the xy plane, with the initial (not relaxed)
structure in the background. The local distortions are well
seen here. This particular supercell, after relaxation, had one
of the lowest total energies among the structures studied.
This is likely related to the presence of the Ta- and Nb-rich
clusters.

The general shape of the total DOS curve calculated for the
D(−) supercell and the fully disordered variant is similar. As
the D(+) DOS curve shows, changes in interatomic distances
due to relaxation have the strongest impact on the DOS in the
energy range from about 2 eV below the Fermi level to 0.5 eV
above EF . The relaxed structure has a significantly lower
N (EF ) value—14.2% for this particular supercell model.

Analyzing the atomic densities of states of D(−) super-
cell n(E ), presented in Fig. 4, a correlation can be observed
between the shape of the Ta/Nb DOS curve in the vicin-
ity of the Fermi level and the first coordination sphere
of the atom. Ta(4) and Ta(5), as well as Nb (1) and Nb
(2), are surrounded only by the isoelectronic atoms. The
main feature of their density of states is a large DOS
peak with maximum at 1.2 eV below the Fermi level.
Also, n(EF ) does not exceed 0.42 eV (Ta) and 0.48 eV
(Nb), which is a relatively low value compared to n(EF )
of the group V atoms, which are coordinated by at least
two Hf/Zr/Ti atoms in the first coordination sphere (num-
bers are 0.51–0.55 eV−1 for Ta atoms and 0.56–0.60 eV−1

for Nb atoms). This behavior may favor the clustering of
these atoms.

The details of changes in the densities of states are slightly
different for other models, as can be seen in the Supplemental
Material [47], but for all of them we observe a similar effect
of the lowering of N (EF ).

Figure 5 summarizes the calculations of the densities of
states by showing the values of the total [N (EF )] and par-
tial atomic [n(EF )] DOS at the Fermi level in all supercell
models. Results for both variants, distorted and undistorted,
are shown, relative to the values obtained in the fully random
CPA calculations, which, of course, do not include distortions
caused by the atomic relaxation process. As all 18 atoms were
not equivalent in supercell calculations, so to extract essential
information, we have averaged the values of ni(EF ) for each
type of atom in the given supercell.

The CPA reference results are represented by a continu-
ous line at y = 1.0. First, we focus on the undistorted D(−)
results, marked with empty symbols. For all of the atoms,
as a function of the supercell model number, they fluctuate
very close to the CPA reference line. The averages of the
12 configurations, 〈D(−)〉, marked with a dotted line, agree
well with the CPA results: the smallest difference of 0.6% is
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FIG. 4. Electronic densities of states for each of the atoms, obtained for model 9 without distortions, labeled as D(−), with distortions,
labeled as D(+), and KKR-CPA result for the full disorder with random site occupations, labeled CPA. For CPA, the curves for the same atom
type are identical.

seen for Ta and the largest for Hf is 4.4%. The top panel of
Fig. 5 shows the variation of the total N (EF ) value. Here, the
differences between the models are not large and also here
the average value 〈D(−)〉 agrees well with the CPA result,
being only 0.3% smaller. This is an important result, as it
allows us to make the statement that the number and choice of
supercell models is statistically sufficient to draw conclusions

on the average behavior of this disordered alloy; as in the CPA
calculations, the results are averaged over all possible atomic
configurations [55].

Now we move to disordered structures. As mentioned
above, atomic relaxation in all cases leads to a decrease in
the densities of states, both total N (EF ) and atomic ni(EF ).
The relative changes in the average ni(EF ) are 11.5% for Ti,
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FIG. 5. Total and atomic densities of states at Fermi level (av-
erage value for a given atom type in different supercell models),
calculated for each model of D(−) (undistorted, open symbols)
and D(+) (distorted, solid symbols) supercells. Average values over
all models are marked with a dotted line [undistorted supercells,
〈D(−)〉] and dashed line [distorted supercells, 〈D(+)〉]. All values
given as relative to the full-disordered CPA result, marked at 1.0 with
a continuous line.

11.9% for Nb, 12.7% for Ta, and 20.8% for Hf and Zr. For the
total density of states, the average decrease is 11.6% for all
the models considered.1

C. McMillan-Hopfield parameters

In a similar way to the densities of states presented in
Figs. 5, 6 presents the McMillan-Hopfield parameters η cal-
culated for each type of atom in the different supercells.

Here, the differences between the results obtained for the
different models are larger than in the case of densities of
states. Nevertheless, for the undistorted D(−) results, as in the
case of densities of states, the averages over all 12 configura-
tions, 〈D(−)〉, marked with a dashed dotted line, agree very
well with the CPA results for all atoms. The largest difference
is observed for Ta and is about 3.5%.

Local distortions created by atomic relaxation generally
lead to a decrease in McMillan-Hopfield parameters (full
points in Fig. 6). This is correlated with the decrease in the
densities of states at the Fermi level, discussed above. The
average values for the distorted systems, 〈D(+)〉, are plotted
using the dashed line. The strongest effect is observed for Hf
and Zr, where the decrease is about 35% and 31%, respec-
tively. The third tetravalent element, Ti, has a 〈D(+)〉 17%
lower than in the undistorted structure and the effect is the
weakest for Ta and Nb, 13.5% and 13.3%, respectively.

Taking a closer look at the results for single supercells, the
largest differences due to relaxation were obtained for Hf and
Zr atoms in model 9, where the difference reaches 56% and
53%, while the smallest differences are found for Ta atoms in
model 12 (0.2%).

D. Electron-phonon coupling

Now we can proceed to the discussion of the effect of
local distortions on the electron-phonon coupling parameter
λ. As we have mentioned before, the phonon contribution,
via Eq. (1), is estimated using the Debye model, the aver-
age atomic mass, and the experimental Debye temperature.
Thus our analysis models only how the distortions affect λ

through the changes in the electronic contribution, described
by the McMillan-Hopfield parameters. Figure 7(a) presents
the calculated values of λ for distorted and undistorted su-
percells. Again, to capture the relative effect of relaxation on
λ, all results are divided by the fully random undistorted CPA
value (λCPA = 1.21), which marks a reference y = 1.0 line.
As in the case of the McMillan-Hopfield parameters discussed
above, the calculated values of λ for different undistorted
supercells fluctuate around the reference CPA result, with
a spread of approximately ±15%. This shows that a single
supercell calculation is not sufficient to give a conclusive
prediction of the value of λ for this alloy. However, after aver-
aging the results for 12 models, the average λ〈D(−)〉 = 1.19

1Due to distortions, there is a small relative transfer of states to
the interstitial region. Its participation in total DOS increases, which
slightly compensates for the drops observed for atomic ni(EF ) val-
ues.
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FIG. 6. McMillan-Hopfield parameters (average value for a
given atom type in different supercell models) calculated for each
model of D(−) (undistorted, open symbols) and D(+) (distorted,
solid symbols) supercells. Average values over all models are marked
with a dotted line [undistorted supercells, 〈D(−)〉] and dashed line
[distorted supercells, 〈D(+)〉]. All values given as relative to the
full-disordered CPA result, marked at 1.0 with a continuous line.

is almost identical to λCPA, again confirming the statistical
significance of our probe. The direct consequence of the relax-
ation process, due to the decrease in the McMillan-Hopfield
parameters, is a reduction of λ for the distorted supercells.
On average, λ decreases by almost 20%. Referring to the
absolute values, this gives a reduction from 1.19 to λ〈D(+)〉 =
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FIG. 7. (a) Values of the electron-phonon coupling constants λ

calculated for each model of D(−) (undistorted, open symbols) and
D(+) (distorted, solid symbols) supercells. Dotted line represents
the average value over all models for undistorted supercells 〈D(−)〉;
dashed lines represent the average value over all models for distorted
supercells 〈D(+)〉. All values are given relative to the full-disordered
CPA result, marked at 1.0 with a continuous line. (b) Critical tem-
perature, calculated using average undistorted 〈D(−)〉 and distorted
〈D(+)〉 values of λ, as a function of the Coulomb pseudopotential
μ∗. The results are normalized by the experimental Tc = 7.7 K.
Vertical lines mark the values of μ∗ for which the experimental Tc

is obtained: μ∗
〈D(+)〉 = 0.176 for λ〈D(+)〉 = 0.98 and μ∗

〈D(−)〉 = 0.244
for λ〈D(−)〉 = 1.19.

0.98. Such a decrease will strongly influence the critical
temperature due to the exponential dependence of Tc(λ) in the
McMillan formula [64]:

Tc = θD

1.45
exp

[ −1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

]
. (5)

Figure 7(b) presents the calculated Tc as a function of the
Coulomb pseudopotential μ∗ parameter; in Eq. (5) the ex-
perimental Debye temperature of θD = 216 K [37] was used.
The critical temperature is normalized by the experimen-
tal value of T expt

c = 7.7 K to visualize the relative change.
The average values of undistorted λ〈D(−)〉 = 1.19 and dis-
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torted λ〈D(+)〉 = 0.98 were used. As we can see, for the same
pseudopotential Coulomb parameters, taking into account the
lattice distortions reduces Tc in more than 50%. Thus the
effect of structural disorder on Tc is very strong. Moreover,
the introduction of distortions partially solves the problem
with unusually high values of μ∗ required to reproduce the
experimental critical temperatures in calculations. As reported
in our KKR-CPA calculations for fully disordered systems
in ideal cubic bcc structures [37,43], μ∗ > 0.20 was needed
to achieve agreement between experimental and theoretical
Tc. In the present calculations, for undistorted structures, the
experimental Tc is reproduced for a large μ∗ = 0.244, while
for the average value of λ = 0.98, obtained for distorted struc-
tures, μ∗ = 0.176 is sufficient.2 This shows that structural
disorder, that is, the deviation of the lattice from the ideal
cubic symmetry, is an important factor for determining the
electron-phonon coupling in high-entropy alloys and it needs
to be taken into account to accurately explain their supercon-
ducting properties.

E. Discussion of the effect of disorder on superconductivity

An issue of particular interest in the study of supercon-
ducting HEAs is to what extent disorder affects the properties
of the material, in particular its superconductivity. It can be
investigated on many levels, but we can certainly distinguish
two most basic questions. The first is the question of the influ-
ence of disorder on the electronic and phonon structures and
the electron-phonon interaction, manifested by the influence
on the value of the λ parameter. The second is the problem of
influence of disorder on the formation of the superconducting
phase, manifested by the value of the critical temperature Tc

exhibited by the alloy at a given value of λ. Anderson’s the-
orem [65] states that conventional superconductivity is robust
with respect to weak disorder due to nonmagnetic impurities.
In such a case, we expect that Tc will be well reproduced by
the McMillan formula (5) using the value of λ, calculated
based on electronic and phonon structures, with a typical
Coulomb pseudopotential parameter μ∗ = 0.10–0.15. How-
ever, in strongly disordered cases, superconductivity can be
suppressed [66,67], as was observed in A-15 superconductors
[66], thin films [68], or some highly disordered metals [69].
In this case, the competition between the strong scattering of
electrons on the disorder and the formation of Cooper pairs
and superconducting phase effectively reduces Tc at a given λ.
This effect is usually captured as an increase in the Coulomb
pseudopotential value μ∗, required to reproduce experimental
Tc [66]. Apart from the influence on Tc, other thermodynamic
properties of the superconducting phase may be affected; for
example, the specific heat jump at the superconducting transi-
tion �C/γ Tc (γ is the electronic specific heat coefficient) can
be reduced below the conventional BCS value of 1.43 [70].
Recently, an anomalous broadening of the specific heat jump
at Tc was observed in high-entropy alloy-type superconductor

2If, as reference, we take the λCPA = 1.10 value, obtained in [37]
for the larger RMT = 2.75 aB for which the maximal primitive cell
volume is filled with muffin-tin spheres, while keeping the same 20%
reduction of λ due to distortions, even a lower μ∗ = 0.15 becomes
sufficient to reproduce the experimental Tc.

TrZr2 (Tr: transition metals) [71], which may be related to
disorder. Furthermore, very strong electron scattering was
found in (ScZrNb)1−xRhPdx superconductors [46]. In these
alloys, the critical temperature was found to decrease with
increasing x in the alloy composition, which is not explained
by calculations of the electronic contribution to λ, as they
suggest the opposite behavior. The suppression of supercon-
ductivity in this series of alloys may be related to the increase
in the strength of electron scattering due to disorder, as Tc

and the electronic lifetime τ (x) have a similar composition
dependence, both of which decrease rapidly with x [46].

To discuss the effects of disorder on the superconductivity
of (TaNb)0.67(HfZrTi)0.33 let us list the important findings
made so far, related to the interplay of disorder, electron-
phonon coupling, and superconductivity: (i) chemical disorder
does not lead to strong electron scattering, as the disorder-
induced electronic band smearing effect is weak [37]; (ii)
structural disorder reduces the electronic contribution to λ

in about 20%, as shown in this work; (iii) there is no infor-
mation available on how the disorder influences the phonon
spectrum, but as the mass disorder is quite significant here,
we expect it to be rather strong;3 (iv) the experimental critical
temperature is reproduced by the McMillan formula using a
slightly enhanced value of μ∗ > 0.15. On the basis of that we
can conclude that disorder (mostly structural) has a significant
impact on the electron-phonon coupling parameter λ. As far
as Tc is concerned, taking into account local distortions in
the alloy reduced the parameter μ∗ required to reproduce
its experimental Tc closer to the “conventional” range. Thus
the formation of the superconducting phase is probably only
slightly suppressed by disorder.

IV. SUMMARY

Local distortions of the crystal structure and their influ-
ence on the electronic structure and superconductivity of
(TaNb)0.67(HfZrTi)0.33 high-entropy alloy have been theoreti-
cally studied. A set of twelve supercell models is a statistically
sufficient probe to conclude on the properties of these random
alloys, as the averaged densities of states and McMillan-
Hopfield parameters of the undistorted structures agree very
well with the coherent potential approximation results, in
which all computed quantities are automatically averaged over
all possible configurations. Local distortions from the ideal
cubic lattice appear as a result of forced relaxations and the
interatomic distances change significantly, up to 8%. As a con-
sequence, the total density of states at the Fermi level, N (EF ),
and the McMillan-Hopfield parameters η decrease, lowering
the electronic contribution to the electron-phonon coupling
constant λ in 20%. This significantly affects the superconduct-
ing critical temperature, which is reduced by about 50%. As
a consequence, the Coulomb pseudopotential parameter μ∗
required to reproduce the experimental Tc in the calculations is
much closer to the conventional range of 0.10–0.15, observed

3Note that in our calculations of λ the phonon contribution is
modeled using the experimental Debye temperature; thus it takes
into account the possible influence of disorder on phonons, without
specifying how strong it is.
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for the intermetallic systems. This suggests that the disorder
has only a weak suppressing effect on the thermodynamics of
the superconducting phase in (TaNb)0.67(HfZrTi)0.33.
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