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Theoretical analysis of the electronic structure of the high-entropy-type superconductor (ScZrNb)1−x (RhPd)x ,
x ∈ (0.35, 0.45) is presented. The studied material is a partially ordered CsCl-type structure, with two sublattices,
randomly occupied by Sc, Zr, Nb (first sublattice) and Nb, Rh, and Pd (second sublattice). Calculations were
done using the Korringa-Kohn-Rostoker method with the coherent potential approximation (KKR-CPA) and
take into account the substitutional disorder. Our total energy calculations confirm the preference for the partially
ordered structure over the fully random bcc-type one. Electronic densities of states N (E ), dispersion relations,
and McMillan-Hopfield parameters η (electronic contribution to electron-phonon coupling) are studied as a
function of composition. The computed increasing trends in N (EF ) and η with x are opposite to what we expected
based on the experimental results, where the decrease in the critical temperature with increasing x was found.
Very strong electron scattering due to disorder is observed, as the electronic dispersion relations are strongly
smeared. As a result, the computed electronic lifetimes τ are very short, leading to a small mean free path of
electrons of the order of interatomic distance, which puts (ScZrNb)1−x (RhPd)x near the Mott-Ioffe-Regel limit.
The trend in τ (x) is similar to the trend observed experimentally in Tc(x), suggesting that disorder may be the
factor that influences Tc in this series of alloys.
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I. INTRODUCTION

High entropy alloys (HEAs) are usually defined as alloys
containing five or more elements that randomly occupy lattice
positions in simple “monoatomic” crystal structures [1,2]. The
concentration of elements varies between 5% and 35%, and
the most common structures are the simplest cubic body cen-
tered bcc (tungsten-type) or face centered fcc (cooper-type)
ones. The configuration entropy plays an important role in
their formation; hence, the name. HEAs exhibit interesting
properties from both a functional and a fundamental scientific
point of view [1–7].

Several superconducting HEAs have been found so far
[8–12], with the first one, Ta0.34Nb0.33Hf0.08Zr0.14Ti0.11 [8]
(TNHZT in short) reported in 2014. TNHZT crystallizes in
the above-mentioned Im-3m bcc-type of structure, with all
atoms randomly occupying the crystal site (2a). It has a super-
conducting transition temperature of Tc = 7.3 K. Due to the
flexibility in tuning the average number of valence electrons
per atom, one can investigate its relation to the critical temper-
ature, testing the classical Matthias rule [13] (maximum Tc for
about 5 and 7 valence electrons per atom). Although simple
bcc HEAs were found to follow the rule [9,10], different
behaviors were observed in more complex systems [14,15].

Due to their structural complexity, HEAs should offer a
unique opportunity to investigate the interplay of disorder and
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superconductivity. Since Anderson’s theorem [16] we know
that superconductivity in a conventional superconductor is
generally robust with respect to the presence of nonmagnetic
defects and weak disorder. However, this does not apply
to unconventional superconductors, with a good example of
Sr2RuO4 [17], where Tc is quickly suppressed by nonmagnetic
impurities. This occurs when the electronic mean free path is
large, d > 500 Å, that is, hundreds of interatomic distances.
In contrast, the disorder was found to increase Tc in some
untypical cases, e.g., in a cuprate La1.875Ba0.125CuO4 [18] or
in monolayer Nb2Se [19], but this is a rare situation.

In highly disordered materials, on the other hand, disorder
can suppress superconductivity [20,21]. This was observed in
A-15 superconductors [20], in granular and highly disordered
metals [22], or in thin films [23]. Not only Tc may be affected
by disorder. For two-band anisotropic superconductors, in
addition to the reduction of Tc with a decrease in electronic
lifetime τ , the specific heat jump across the superconducting
transition �C/γ Tc (γ is the Sommerfeld coefficient) was
found to be reduced below the BCS value of 1.43 [24].
Renormalization of electron-phonon coupling was reported
in the V1−xTix alloy superconductors [25], where due to the
presence of point defects, the Mott-Ioffe-Regel limit (mean
free path of electrons becoming as short as the interatomic
distance) was reached.

To put the results of our current work into the proper con-
text, we will briefly review the most important results obtained
so far for Ta0.34Nb0.33Hf0.08Zr0.14Ti0.11, the first supercon-
ducting HEA. Although it is a highly disordered material
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with five elements occupying a single site in the unit cell,
the electronic structure calculations [26] gave the quite unex-
pected result that disorder has a minor impact on its electronic
band structure. This issue was studied using the complex
band technique within the Korringa-Kohn-Rostoker method
with the coherent potential approximation (KKR-CPA) [27].
Disorder is a source of electron scattering, and the magnitude
of this effect can be quantified by calculating the imaginary
part of the energy, Im(E ), as energy is a complex variable in
KKR-CPA. The imaginary part describes the disorder-induced
band smearing effect, the stronger is the electron scattering,
the more smeared are the bands [the larger the Im(E )], and
the smaller the electronic lifetime τ [27]:

τ = h̄

2Im(E )
. (1)

In TNHZT, despite the complete substitutional disorder, cal-
culations [26] showed that there are sharp, well-defined
electronic bands, with a minor disorder-induced band smear-
ing effect (see also the discussion in Sec. III D). Electron
scattering appeared to be relatively weak and not stronger than
in typical binary alloys. Thus, from a band structure point of
view, the TNHZT superconductors do not behave as strongly
disordered materials.

The situation is expected to be different for the phonon
spectrum, but theoretical studies of phonons in random struc-
tures are very computationally demanding, and they were
not undertaken for TNHZT. For phonons in alloys, disorder
induces an effect similar to that observed for the electronic
structure: smearing of the dispersion relations, which is
caused by fluctuations in the mass and the force constants
[28]. A quantity which may help to predict whether phonons
will be strongly scattered by disorder is the mass-fluctuation
phonon scattering parameter [28,29]:

�M =
∑

i

ci(Mi − M̄ )2

M̄2
, (2)

where ci and Mi are the concentration and atomic mass of
the ith component and M̄ is the average mass of the alloy.
The phonon scattering rate (inverse of the relaxation time)
is proportional to �M [29]. Although it cannot fully cover
variations in phonon broadenings with the alloy composition
(see Ref. [28] for discussion), in the absence of phonon calcu-
lations it can serve as an indicator of whether we can expect
a strong disorder effects on phonons. The smaller the �M , the
weaker the disorder effect on the phonon spectrum may be
expected, and the phonon structure of the alloy will be close
to the spectrum predicted by the averaged mass and force con-
stant model [28]. In TNHZT, �M � 0.15, which is a moderate
value, for which we may expect important modifications of
the phonon spectrum due to the presence of disorder, but this
subject has not yet been explored.

As far as the superconductivity pairing mechanism in
TNHZT is concerned, the experimental data [8] and theoret-
ical calculations [26] imply a conventional electron-phonon
superconductivity mechanism. Moreover, superconductivity
in TNHZT does not seem to be strongly affected by dis-
order. The measured specific heat jump, �C/γ Tc = 1.63
[8], is quite typical; other thermodynamic parameters in the

superconducting phase also followed the conventional picture,
with no special signatures of suppression of superconductivity
by disorder. Theoretical calculations of the electron-phonon
coupling (EPC) parameter λ point towards the strong cou-
pling limit, with the estimated λ ∼ 1, in agreement with
electronic specific heat analysis [26]. In these calculations,
the electronic contribution to the coupling constant, in the
form of McMillan-Hopfield parameters, was computed using
the KKR-CPA method, whereas the phonon contribution was
estimated on the basis of the experimental measurements of
the Debye temperature (see also the next section). Because the
experimental Debye temperature was used, the effect of dis-
order on the phonon structure was, in fact, taken into account
in the calculations of λ. With these calculations, reproduction
of the experimental value of Tc using the calculated λ required
an enhanced value of the Coulomb pseudopotential parameter
μ∗ ∼ 0.2, which may indicate some suppressing effect of
disorder on the critical temperature. However, since μ∗ values
of similar order were previously used to reproduce Tc for a
number of ordered structures, including elemental niobium,
and the whole procedure involved approximations, this could
not be used as an argument for concluding on the suppressing
role of disorder on superconductivity in TNHZT.

A similar situation was found in a later reported TNHZT
variant of Ta0.335Nb0.335Hf0.11Zr0.11Ti0.11 [9,10] which has a
slightly higher Tc = 7.7 K. For this alloy, superconductivity
was also studied under extreme external pressure [30], and
Tc was found to increase up to about 10 K and remained
approximately constant to ∼100 GPa. This trend in Tc(p)
also appeared to be consistent with the conventional electron-
phonon picture. Theoretical analysis [31], using a similar
approach as for the first TNHZT variant in Ref. [26], showed a
similar, small band smearing effects in its electronic structure.
By joining the calculated McMillan-Hopfield parameters and
measured Debye temperature, the calculations again predicted
λ ∼ 1 and reproduced the experimental Tc with a similar
and slightly enhanced Coulomb pseudopotential parameter
value of μ∗ ∼ 0.2. Furthermore, with the help of the mea-
sured Grüneisen parameter, the observed trend in Tc(p) was
correctly reproduced, as the product of several opposing ten-
dencies. Although the EPC parameter λ was found to decrease
with pressure, the increase in the Debye temperature and
the decrease in the Coulomb pseudopotential parameter μ∗
resulted in an enhanced Tc.

Thus previous works have shown that the superconduc-
tivity in TNHZT is conventional and well described by the
electron-phonon coupling mechanism. The effect of disorder
on the electronic structure is weak, and we have some indica-
tions that superconductivity might be influenced by disorder
but not to a large extent.

The impact of disorder on the electronic structure and
superconductivity may be, of course, different in other HEAs,
especially with a different crystal structure. Thanks to experi-
mental efforts, more superconducting HEAs were discovered,
including a hexagonal variant Re0.56Nb0.11Ti0.11Zr0.11Hf0.11

[32] and HEA-type compounds, that are partially ordered
structures with HEA-like sublattices [11,14,15,33,34]. The
latter materials have more complicated crystallographic struc-
tures of α-Mn [14], CsCl [15], or recently discovered
CuAl2-type [33,34].
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FIG. 1. Experimentally determined critical temperature Tc

(points, lines are added to highlight the trend) as a function of
the alloy composition, x, in (ScZrNb)1−x (RhPd)x . For x = 0.45, no
superconductivity above 1.7 K was observed [15].

In this work, we focus on (ScZrNb)1−x(RhPd)x system
(SZNRP in short), being the first example of a HEA-type
compound. For x ∈ (0.35, 0.45) it was reported to form a
CsCl-like structure [15]. Figure 2 shows its unit cell and
the relationship with the fully random bcc structure. X-ray
diffraction studies [15] showed that Sc and Zr atoms are
located at the (1a) site, Rh and Pd at the (1b) site, while Nb
atoms occupy both sublattices.1 The experimental supercon-
ducting critical temperature [15] as a function of x is presented
in Fig. 1. The variation of Tc with x is remarkable. The highest
critical temperature, of about 9.3 K, was found for = 0.35,
and decreases quite rapidly with increasing concentrations of
Pd and Rh, dropping below 1.7 K (detection limit in [15]) for
x = 0.45. This trend is opposite to what can be expected on
the basis of the Matheisen rule when analyzing the change in
the number of valence electrons per atom (see Ref. [15] for
more details).

The electronic structure of (ScZrNb)1−x(RhPd)x is stud-
ied in this work. Densities of states, electronic dispersion
relations, Fermi surfaces, and electronic contribution to the
electron-phonon coupling parameter (McMillan-Hopfield pa-
rameters) are calculated as a function of alloy composition, x.
Quite surprisingly, we found that despite the partial ordering
of the structure, the role of chemical disorder is more impor-
tant here than in the previously mentioned case of a purely
random bcc-type TNHZT system. The band structure appears
to be strongly smeared as a result of enhanced electron scatter-
ing. Calculations of the mean free electronic path d show that
in fact superconductivity in SZNRP appears on the border of
the Mott-Ioffe-Regel limit [35,36], as the computed d is of the
order of the interatomic distance. This may have an influence
on the thermodynamic parameters of the superconducting
phase; however, most of them have not yet been reported.
Our studies show that superconductivity and electron-phonon
coupling in SZNRP occurs to be more challenging to describe
than in the TNHZT alloys, and that it offers a chance to

1The unit cell with exchanged (1a) and (1b) sites is equivalent, as
it differs only by a shift in the origin of the coordinate system. Here
we adopt the convention analogous to the CsCl structure, where the
more electronegative element is at the (1b) site.

FIG. 2. Comparison of the structures: (a) simple “’monoatomic”
bcc with all elements occupying the (equivalent) center and corner
crystal sites and (b) CsCl, with two inequivalent sites and partial
atomic ordering. Example drawn for x = 0.40, which has equal
atomic concentrations of all elements in the unit cell, hence for the
bcc variant occupation of all atoms at both sites is equal to 20%,
while for CsCl the corner (1a) position is occupied by Sc (40%), Zr
(40%), and Nb1 (20%), and the center (1b) position by Rh (40%), Pd
(40%), and Nb2 (20%).

investigate the interplay of superconductivity and the strong
disorder effects.

II. METHODS

Electronic structure calculations were performed using the
Korringa-Kohn-Rostoker method with the coherent potential
approximation (KKR-CPA) [37–40] to account for the atomic
disorder. The local density approximation (LDA) of Perdew
and Wang [41] was used to calculate the effective crystal
potential in the spherical potential approximation and semi-
relativistic treatment. The angular momentum cutoff lmax = 3
was used. The radius of the muffin-tin (MT) spheres was set to
the largest value for nonoverlapping spheres, equal to a

√
3/4,

where a is the lattice parameter. Fermi level (EF ) was accu-
rately determined using the generalized Lloyd formula [38].
The densities of states were computed on a fine mesh of 1540
points in the irreducible part of the Brillouin zone. In addition
to the electronic structure, we study the electronic contribution
to the electron-phonon interaction parameter λ by computing
the McMillan-Hopfield parameters ηi using the rigid muf-
fin tin approximation (RMTA) [42–48]. In this approach,
the electron-phonon interaction is decoupled into electronic
and lattice contributions. The coupling parameter λ is
expressed as

λ =
∑

i

ciηi

Mi〈ω2
i 〉

, (3)

where ηi are calculated for each type of atom i in the unit cell,
Mi is the atomic mass, 〈ω2

i 〉 is the average square atomic vi-
bration frequency, and ci is the population of atoms in the unit
cell, in the case of alloys ci becomes the atomic concentration
of the element [31,49]. Within RMTA, the McMillan-Hopfield
parameters are calculated as [42,43,45]

ηi =
∑

l

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

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

∣∣∣∣
∫ RMT

0
r2Rl

dV

dr
Rl+1

∣∣∣∣
2

, (4)

where l is the angular momentum number, V (r) is the self-
consistent potential at site i, RMT is the radius of the ith MT
sphere, Rl (r) is a normalized regular solution of the radial
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TABLE I. Lattice parameters a (Å) and atomic concentrations at
the (1a) and (1b) sites in (ScZrNb)1−x (RhPd)x for different x. Sc, Zr,
and Nb1 atoms are on the (1a) (0,0,0) site, while Rh, Pd, and Nb2 are
on the (1b) (0.5, 0.5, 0.5) site of the CsCl-type cubic structure (space
group No. 221, Pm-3m). Data after Ref. [15].

x a (Å) Sc Zr Nb1 Rh Pd Nb2

0.35 3.293 0.433 0.433 0.133 0.35 0.35 0.30
0.37 3.288 0.420 0.420 0.160 0.37 0.37 0.26
0.40 3.281 0.400 0.400 0.200 0.40 0.40 0.20
0.42 3.276 0.387 0.387 0.227 0.42 0.42 0.16
0.45 3.268 0.367 0.367 0.267 0.45 0.45 0.10

Schrödinger equation, nl (EF ) is the lth partial DOS at the
Fermi level EF , and N (EF ) is the total DOS per primitive cell.
For a more detailed discussion of RMTA see Refs. [45,46]
and references therein. As already mentioned, this approach
has recently been successfully applied to analyze the electron-
phonon interaction in TNHZT alloys [26,31].

KKR-CPA and RMTA methods are used to investigate the
electronic structure and trends in the electronic contribution
to electron-phonon coupling in (ScZrNb)1−x(RhPd)x series of
alloys, in the range 0.35 � x � 0.45. The concentrations of
atoms on each sublattice for a given x, as well as the lattice
parameters, are presented in Table I. In the cases mentioned
above of “monoatomic” HEAs (with one inequivalent crys-
tal site) it was possible to approximate the average phonon
frequency 〈ω2

i 〉 assuming that the phonon spectrum follows
the Debye model. In such a case, the experimental Debye
temperature may be used to evaluate 〈ω2

i 〉 and to successfully
calculate λ, as theoretical phonon calculations are still very
challenging for such highly disordered structures. However,
in the case of SZNRP it is not possible, since the heat capac-
ity measurements have not been reported yet, nor this alloy
is a “monoatomic” system where the Debye approximation
is expected to be a reliable model of the phonon spectrum.
Thus we limit the discussion of electron-phonon coupling to
analyze the trend with the change in the composition of the
alloy based on the electronic contribution, described by the
McMillan-Hopfield parameters ηi.

III. RESULTS AND DISCUSSION

A. Structural preference

The first question which arises for the SZNRP system
is whether we are able to explain why it forms in the par-
tially ordered CsCl-like structure instead of a fully disordered
tungsten-type “monoatomic” bcc structure. To analyze this
issue, we performed a series of calculations of the total en-
ergy for both the CsCl and the bcc variants. The graphical
representation of these structures is shown in Fig. 2. In the
bcc variant, the atoms are randomly distributed on a single
site with probabilities according to their concentration. In the
CsCl-type structure, two inequivalent crystal sites are occu-
pied in a different way. According to the experiment, Sc and
Zr are only located at (1a) (0.0, 0.0, 0.0) and Rh and Pd atoms
only at (1b) (0.5,0.5,0.5), while Nb is distributed over both
sites, with concentrations shown in Table I.

FIG. 3. The difference in the total energy of
(ScZrNb)1−x (RhPd)x alloys calculated in the simple bcc structure
and the CsCl structure. The partially ordered CsCl-type structure has
a considerably lower energy.

Figure 3 shows the difference in the total energy of the
unit cell, �E = ECsCl − Ebcc, as a function of composition.
For all x the �E is negative; thus the energy of the par-
tially ordered CsCl structure is lower than that of the fully
random bcc structure, and the simplest total energy criterion
confirms the preference for partial ordering, observed in the
(ScZrNb)1−x(RhPd)x alloys. We analyze it further below, in
terms of density of states and electronegativity of elements.

B. Density of states

The electronic densities of states (DOS) and their evolution
with x are plotted in Fig. 4. In the last panel the DOS of
the fully random variant bcc is shown for x = 0.40. On first
glance, we see that in the CsCl structure a deep minimum of
DOS is formed in the vicinity of the Fermi energy (EF ), in
contrast to the bcc case. This is in line with the structural
preference and lower total energy of the partially ordered
material, as the DOS shape in the fully random case leads to a
higher electronic energy.

We start the analysis of electronic densities of states with
the x = 0.35 case, where EF is located at the bottom of
the local minimum in DOS. The partial atomic DOSes of
this alloy are presented in Fig. 5. We can observe that the
minimum in DOS is formed as a result of the separation of
the d states of the constituent atoms. The mostly unoccupied
3d shell of scandium and 4d of zirconium have their partial
DOSes peaked above EF , whereas the almost full 4d shells
of rhodium and palladium develop DOS peaks in the lower
energy range, about 0.25 Ry below EF . As a consequence, the
Fermi energy falls in between those peaks to the deep DOS
minimum. It is interesting that the shape of the partial Nb DOS
is different for the two inequivalent Nb atoms, located at the
two different crystal sites. Nb1, which is at the (1a) position,
has a DOS peak above EF , that is, for unoccupied states, such
as early transition metals Sc and Zr that are alloyed with Nb1
at the same site. On the other hand, Nb2, alloyed at the (1b)
site with the late transition metals Rh and Pd, has a DOS peak
below EF , for the occupied states. This is associated with a
larger filling of the d-shell of Nb2: inside the MT sphere,
Nb2 has 0.5 more electrons than Nb1. These differences in
partial DOSes and orbital occupation between the (1a) and
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FIG. 4. Densities of states of (ScZrNb)1−x (RhPd)x . Total DOS per unit cell is plotted using a black continuous line; partial atomic densities
(per atom) are plotted using dashed and dotted lines.

(1b) sites are naturally correlated with the adopted CsCl crys-
tal structure, and additionally explain why this system favors
partial atom ordering. The prototype structure, CsCl, is an
ionic insulator, thus a material that is very different from the
studied metallic alloy; nevertheless, it helps us to understand
the mechanism of the partial ordering.

In CsCl, the electropositive element Cs (Pauling elec-
tronegativity of 0.79) transfers its electron to the elec-
tronegative Cl (Pauling electronegativity of 3.16), stabilizing
the structure through the ionic bonding. Similarly here, in
SZNRP, the least electronegative metals Sc (1.36) and Zr
(1.33) occupy position (1a), while the most electronegative

FIG. 5. Partial densities of states in SZNRP for x = 0.35.

metals Rh (2.28) and Pd (2.20) occupy position (1b). Nb,
which is in between the two groups (electronegativity of 1.60),
has no site preference and is located at both positions. The
transfer of electrons is in line with the site preference: (1a)
atoms donate more electrons to the electron gas in the inter-
stitial region than (1b). When comparing the total number of
valence electrons inside the nonoverlapping muffin tin spheres
(which are of equal radius for both sites), Sc has 19.65 e−
(1.35 e− less than the neutral Sc atom), Zr has 38.38 (1.62
e− less than the neutral Zr), Nb1: 39.46 (1.54 e− less than
the neutral Nb) while Rh: 44.34 (0.66 e− less than the neutral
Rh), Pd: 45.36 (0.64 e− less than the neutral Pd), and Nb2:
39.99 (1.01 e− less than the neutral Nb). Computing the same
quantities in the completely random bcc variant, the numbers
of electrons inside the MT spheres are around 0.2 e− higher
for the Sc, Zr, and Nb1 atoms, and 0.2 e− lower for the Rh, Pd,
and Nb2 atoms (Nb1 and Nb2 become equivalent), resulting
in a less ionic but energetically unfavorable structure. Thus a
mixed metallic-ionic bonding is responsible for the stability
of the CsCl-type structure of SZNRP.

As far as charge transfers are concerned, when x (that
is, the concentration of Rh and Pd) increases, the (1b) site
becomes more electronegative on average due to the lower

 16
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 20

 22

 24

 26

0.35 0.37 0.39 0.41 0.43 0.45

N
(E

F)
 (1

/R
y)

x

FIG. 6. Total density of states at the Fermi level, N (EF ), as a
function of x in (ScZrNb)1−x (RhPd)x .
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FIG. 7. Partial densities of states in SZNRP for x = 0.45.

content of Nb2, and the charge transfers from the (1a) atoms
increase moderately (approximately 7% for x = 0.45). How-
ever, the DOS structure remains rigid, i.e., the primary effect
of increasing x is the shift of the Fermi level towards higher
energy. This is due to the growing number of valence elec-
trons. As a consequence, EF climbs the raising slope of DOS
and the value of N (EF ) increases, as shown in Fig. 6.

The partial densities of the states for the border compo-
sition of x = 0.45 are plotted in Fig. 7. Moderate changes
in the shapes of atomic DOSes can be observed, compared
to x = 0.35. The movement of EF towards higher energy
increases the DOS(EF ) values for all atoms except Nb2, where
EF moves from the decreasing slope of DOS through the
minimum to increase again; see also Table II and Fig. 8. The
total DOS at EF , N (EF ), as shown in Fig. 6, increases linearly
with x, reaching a 60% higher value for x = 0.45. This is the
first unexpected result obtained here, as this trend is opposite

TABLE II. Total and partial atomic densities of states at the
Fermi level in (1/Ry). Total DOS, N (EF ), is given per unit cell,
atomic densities of states are given per single atom.

x N (EF ) Sc Zr Nb1 Rh Pd Nb2

0.35 16.50 4.26 5.85 9.86 6.28 4.84 10.34
0.37 18.57 4.27 6.69 12.96 7.87 6.36 9.01
0.40 21.38 4.78 8.20 16.90 10.21 8.19 9.42
0.42 23.62 5.05 8.95 18.82 11.25 8.86 9.79
0.45 26.25 5.38 9.94 21.02 12.30 9.50 10.25

FIG. 8. Partial atomic density of states at the Fermi level as a
function of x in (ScZrNb)1−x (RhPd)x .

to the trend in the experimentally determined superconducting
critical temperature Tc (Fig. 1), which drops with x.

C. McMillan-Hopfield parameters

From the computed band structure quantities, the
McMillan-Hopfield parameters were calculated for each of
the constituent atoms in the studied alloys. Values are col-
lected in Table III and plotted as a function of x in Fig. 9.
Scandium has the lowest ηi on the order of 10 mRy/a2

B,
while both niobium atoms have the highest, between 40 and
60 mRy/a2

B (aB is the Bohr radius). These values are lower
compared to crystalline niobium (which is a bcc structure)
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FIG. 9. McMillan-Hopfield parameters of elements for different
x parameters in (ScZrNb)1−x (RhPd)x .
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TABLE III. McMillan-Hopfield parameters ηi (mRy/a2
B) for all the atoms, concentration-weighted sum of η and average atomic mass for

(1a) and (1b) sites.

x Sc Zr Nb1 Rh Pd Nb2
∑

(1a) ciηi
∑

(1b) ciηi
∑

(1a) ciMi
∑

(1b) ciMi

0.35 11.45 25.89 39.27 19.52 12.52 55.67 21.42 27.91 71.40 101.14
0.37 9.52 24.87 43.99 26.08 18.30 46.05 21.48 28.39 72.06 101.61
0.40 9.82 27.98 53.09 36.05 25.31 48.12 25.74 34.17 73.05 102.31
0.42 9.88 28.87 55.95 39.73 27.27 49.08 27.66 35.99 73.71 102.78
0.45 10.10 30.40 59.22 44.38 29.64 51.57 30.68 38.46 74.79 103.49

where the McMillan-Hopfield parameter is about 76 mRy/a2
B

[26] when recalculated per equivalent unit cell.2

When x changes, ηi(x) generally follow the trends in the
densities of states and increase with x for most atoms. For the
Nb2 atom, where DOS(EF ) decreases between 0.35 ad 0.37
and then increases, the same behavior is reflected in ηNb2(x).
In Fig. 10(a), we also plot the McMillan-Hopfield parameters
summed over the crystal sites (1a) and (1b), ηsite = ∑′

i ciηi

where ci is the atomic concentration and the sum is restricted
to the selected sublattice. The numerical data are shown in
Table III. The higher value is found for the (1a) site, and for
both sites the sum increases with x. The increasing tendencies
of ηi and ηsite with x are the second unexpected result obtained
here, as similar to N (EF ) it is not what we expect based on
the experimental evolution of Tc(x) shown in Fig. 1. The de-
crease of the critical temperature suggests a decreasing value
of the electron-phonon coupling parameter λ(x), therefore we
expected a decrease in the average η(x). McMillan-Hopfield
parameters are of course only an electronic contribution to λ,
when it is computed using Eq. (3) ηi are divided by the product
Mi〈ω2

i 〉. Due to the unknown phonon frequencies we cannot
compute λ, however, dividing ηsite by the average mass of the
atoms at the site, Msite = ∑′

i ciMi, does not change the trend,
as shown in Fig. 10(b). The ηsite/Msite ratio is higher for the
(1a) site, and for both sites it continues to increase with x, de-
spite the increase in the average mass of both sites. A similar
trend is maintained when, instead of dividing the site-averages
of η and M, the individual ηi/Mi is first calculated and then
summed with the appropriate concentrations. Furthermore, as
the site-average masses increase with increasing x (see Ta-
ble III), we expect that the average phonon frequencies should
decrease with x. In view of our results, λ is rather expected to
increase with x.

Moreover, it is worth noting that the mass fluctuation
parameter, defined in Eq. (2), for SZNRP is not large and
considerably smaller than in TNHZT. For x = 0.35, it is equal
to 0.10 for site (1a) and 0.003 for site (1b), for x = 0.45, we
have 0.09 (1a) and 0.0015 (1b), while in TNHZT it was about
0.15. One cannot exclude that disorder will have a strong

2Values of McMillan-Hopfield parameters have to be compared
when calculated for the unit cells with equal number of atomic sites,
values computed per primitive bcc cells with one atom are twice
larger than the values computed in the cubic unit cell with two atoms,
due to the two-time difference in the total density of states, N (EF ),
see Eq. (4). This difference is canceled when λ is computed with
Eq. (3), as the sum includes the number of atoms in the unit cell,
giving the same final result for both elementary and primitive cells.

influence on phonons, but at least the mass-fluctuation pa-
rameter does not suggest it. Thus either the rather unexpected
strong increase in the average phonon frequencies 〈ω2

i 〉 occurs
along the (ScZrNb)1−x(RhPd)x series or the drop in Tc and
no superconductivity above 1.7 K for x = 0.45 has a more
complex origin, not resulting from the decrease in λ. This
could be the effect of a strong disorder manifesting itself in
lowering the electronic lifetime (discussed in the next para-
graph), the appearance of strong electronic correlations, or
strong spin fluctuations. With increasing x the concentration
of palladium and rhodium increase. Both elements are known
to exhibit strong spin fluctuations, which prevents Pd from
being a superconductor [50,51] and significantly reduces the
Tc of Rh to 0.3 mK [52,53]. The possibility of enhancing spin
fluctuations, or more generally, effective electron-electron in-
teractions when increasing x should be mentioned here, as
it could explain the decrease in Tc with x via the increase
of Coulomb pseudopotential μ∗. Heat capacity measurements
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FIG. 10. (a) McMillan-Hopfield parameters summed over atoms
on (1a) and (1b) sublattices, ηsite = ∑′

i ciηi, where ci is the concen-
tration and sum is restricted to one sublattice. (b) ηsite divided by
the average on-site atomic mass, Msite = ∑′

i ciMi. Values plotted for
different x in (ScZrNb)1−x (RhPd)x .
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FIG. 11. [(a) to (e)] Electronic band structure of the studied (ScZrNb)1−x (RhPd)x alloys as a function of x. Black points are calculated real
parts of the complex energy eigenvalues, whereas shading is a complex part describing the band smearing effect. The smearing is very strong
in this series of alloys. For comparison in (f), complex bands are plotted for Ta0.34Nb0.33Hf0.08Zr0.14Ti0.11, where Im(E ) is small and the bands
near EF are very sharp.

and theoretical phonon calculations are desirable to explain
the origin of the Tc(x) trend, as the result of only electronic
structure calculations cannot explain it.

D. Electronic bands and Fermi surface

Calculations of the electronic bands within the KKR-CPA
complex energy method allow to address the fundamental
question to what extent the chemical disorder influences the
electronic properties of the material. As we have already
mentioned, disorder is a source of electron scattering, and the
magnitude of this effect can be studied by analyzing the band
smearing and electronic lifetimes.

The results obtained for the series of (ScZrNb)1−x(RhPd)x

alloys are shown in Figs. 11(a)–11(e). The real part of the
energy describes the position of the center of the band (marked
with black points), and the imaginary part describes the
smearing of the band (violet shading). The electronic lifetime
τ is inversely proportional to the complex part of the energy,
τ = h̄/(2Im(E )). In each case, three bands cross the Fermi
level, and thus SZNRP are multiband superconductors. What
immediately catches the eye is the huge band smearing
effect, which dominates the band pictures (the shading, cor-
responding to the imaginary part of energy, is not rescaled
and smearing reaches 0.1 Ry in large parts of the Brillouin
zone). For some k points, it was even not possible to nu-
merically find the center of the band, and in such cases
the bands are interpolated (parts plotted with continues lines
in Fig. 11). For comparison, in panel (f), complex bands
are shown for the TNHZT superconductor. The striking dif-
ference between SZNRP and TNHZT is evident and may
seem counterintuitive, since the fully disordered TNHZT sys-
tem has a much sharper bandstructure with a small band

smearing when compared to the partially ordered structure of
SZNRP.

The TNHZT alloy contains five elements that in the peri-
odic table are located in neighboring groups fourth and fifth,
therefore, are chemically and electronically more similar to
each other than the elements of SZNRP. Here, each element
is located in a different group of the periodic table, going
from third (Sc), through fourth (Zr), fifth (Nb) to ninth (Rh)
and tenth (Pd), thus going from early transition metals with
an open d shell to late transition metals with a filled d shell.
As mentioned above, the Pauling electronegativities of these
elements cover a wide range from 1.33 (Zr) to 2.28 (Rh), in
contrast to TNHZT, where they span a much smaller range
between 1.3 (Hf) and 1.6 (Nb). Figure 11 shows that even
for the partially ordered case, such a mixture of very differ-
ent electronic potentials leads to strong electron scattering,
i.e., a strongly smeared band structure. Therefore, the ef-
fect of disorder appears to be much more important for the
determination of the electronic structure and properties of
(ScZrNb)1−x(RhPd)x than it was in the case of the Ta-Nb-Hf-
Zr-Ti alloy.

In Figs. 12(a)–12(e), the Fermi surfaces (FS) of the series
of SZNRP are presented. FSs were obtained based on the
real part of the CPA complex band structure energy, thus they
correspond to the band structure points that cross EF in Fig. 11
and here the smearing effect of FS is not visualized. Fermi sur-
faces are colored with electronic lifetime τ jk defined by Eq.(1)
( j numbers the bands). With increasing x three effects are
observed: the Fermi surface changes considerably its shape,
the FS area becomes larger (in agreement with increasing
N (EF )), and the lifetime τ decreases.

The predicted strong electron scattering results in a very
short electronic lifetime of the order of 1 fs. This is a much
shorter value than in TNHZT, where our calculations predict
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FIG. 12. Fermi surface of the studied (ScZrNb)1−x (RhPd)x alloys computed from the real part of the complex energy (representing the
intersection of the center of the band with EF ), as a function of x, from x = 0.35 in (a) to x = 0.45 in (e). The color scale represents the
electronic lifetime computed from the imaginary part of energy [Eq. (1)] in femtoseconds (fs). (f) shows the average τ in (fs) and mean free
path d in (Å).

τ = 89 fs. Such a large difference of lifetimes is a conse-
quence of the differences in the complex dispersion relations,
discussed above and presented in Fig. 11. The average lifetime
(averaged over the Fermi surface) as a function of composition
is shown in Fig. 12(f), together with the mean free path d ,
calculated as

d jk = |v jk|τ jk, (5)

and also averaged over FS. Fermi velocity is calculated as
v jk = ∇kEjk from the real part of the energy ε jk of electron in
jth band at k. Small values of τ lead to very small mean free
paths d , of the order of single angstroms: d of all studied com-
positions varies between 3.2 and 9.2 Å and is comparable to
the smallest interatomic distance dmin which ranges from 2.83
to 2.85 Å. Similar values of mean free path (7–9 Å) have been
previously found in the case of Ni0.25Fe0.25Co0.25Cr0.25 alloy
[54], where extreme Fermi surface smearing was found. This
means that superconductivity in (ScZrNb)1−x(RhPd)x com-
pounds appear on the border of the Mott-Ioffe-Regel limit,
for which the mean free path reaches interatomic distances
and below which the quasiparticle picture of electrons in the
periodic environment becomes invalid. In contrast, in TNHZT
the much longer lifetime leads to a considerably larger mean
free path value of 459 Å. This again highlights the difference
between these two cases of superconducting high entropy
alloys.

As such strong electron scattering is predicted in SZNRP
alloys and the tendency in τ (x) [and d (x)] generally follows

the tendency in the superconducting critical temperature Tc(x)
(except for x = 0.45, where small increase in τ is observed),
the natural question arises of whether the reduction in the
critical temperature can be explained by the growing strength
of electron scattering. For sure, the Tc(x) and τ (x) trends
appear to be correlated, in contrast to the trend observed
for the density of states and McMillan-Hopfield parameters,
which suggest that an increase in Tc(x) should be observed. As
we have already mentioned, heat capacity measurements and
theoretical phonon calculations have to be performed to verify
whether the trend in Tc(x) can be explained conventionally
[as due to the stiffening of the crystal lattice, which could
reverse the increasing trend in η(x) resulting in a decrease
in λ(x)] or must be attributed to the effectively enhanced
depairing interactions, usually described by the Coulomb re-
pulsion parameter μ∗. This can be the effect of strong disorder,
electronic correlations, or spin fluctuations, all of which may
explain the decrease in Tc [20,50].

IV. SUMMARY

Theoretical calculations of the electronic structure
and McMillan-Hopfield parameters have been presented
for the superconducting high-entropy-type system
(ScZrNb)1−x(RhPd)x, with 0.35 � x � 0.45. The partial
ordering of the structure in the CsCl-type unit cell, reported
in the experiment, is confirmed by the lower total energy
of this structure, compared to the fully random bcc, and is
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correlated with the differences in Pauling electronegativites
of the elements. The electronic densities of states are formed
mainly by the d orbitals, and the total DOS at the Fermi
level N (EF ) increases linearly with x. The same increasing
trend is observed for the McMillan-Hopfield parameters η

summed over all the atoms occupying each of the crystal
sites. This tendency is opposite to the experimental results
for the superconducting critical temperature, which was
found to decrease with x. The electronic band structure
has been analyzed using the complex energy method, and
a very strong band smearing effect has been observed,
much stronger than in the previously studied fully random
Ta-Nb-Hf-Zr-Ti alloy. The calculated electronic mean free
paths are of the order of single angstroms, which places the
system on the border of the Mott-Ioffe-Regel limit. This
shows that despite the fact that SZNRP is a partially ordered
structure, disorder is more important for the electronic
structure of the (ScZrNb)1−x(RhPd)x system than it was for
the Ta-Nb-Hf-Zr-Ti alloy, although the latter is a completely
random alloy. It is possible that the experimentally observed

decreasing trend in the superconducting critical temperature
Tc(x) is a result of enhanced electron scattering due to
disorder, as the electronic lifetime τ (x) has a similar
decreasing trend with x as the critical temperature, in
contrast to the trends in N (EF )(x) and η(x).

In conclusion, (ScZrNb)1−x(RhPd)x high-entropy-type
system is qualitatively different from the bcc-type TNHZT
superconducting alloys and opens a unique opportu-
nity to investigate the interplay of strong disorder and
superconductivity.

ACKNOWLEDGMENTS

The work at AGH University was supported by
the National Science Centre (Poland), Project No.
2017/26/E/ST3/00119. We also gratefully acknowledge the
Polish high-performance computing infrastructure PLGrid
(HPC Centers: ACK Cyfronet AGH) for providing computer
facilities and support within computational Grant No.
PLG/2022/015620.

[1] J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T.
Shun, C.-H. Tsau, and S.-Y. Chang, Nanostructured High-
Entropy Alloys with Multiple Principal Elements: Novel Alloy
Design Concepts and Outcomes, Adv. Eng. Mater. 6, 299
(2004).

[2] J. W. Yeh, Y. L. Chen, S. J. Lin, and S. K. Chen, High-
Entropy Alloys - A New Era of Exploitation, Advanced Struc-
tural Materials III, Materials Science Forum Vol. 560 (Trans
Tech Publications, Zurich, 2007), pp. 1–9.

[3] Y. Zhang, T. T. Zuo, Z. Tang, M. C. Gao, K. A. Dahmen,
P. K. Liaw, and Z. P. Lu, Microstructures and properties of
high-entropy alloys, Prog. Mater. Sci. 61, 1 (2014).

[4] M.-H. Tsai and J.-W. Yeh, High-entropy alloys: A critical re-
view, Mater. Res. Lett. 2, 107 (2014).

[5] D. B. Miracle and O. N. Senkov, A critical review of high en-
tropy alloys and related concepts, Acta Mater. 122, 448 (2017).

[6] E. P. George, D. Raabe, and R. O. Ritchie, High-entropy alloys,
Nat. Rev. Mater. 4, 515 (2019).

[7] B. S. Murty, J.-W. Yeh, S. Ranganathan, and P. P. Bhattacharjee,
High-entropy alloys (Elsevier, Amsterdam, 2019).

[8] P. Koželj, S. Vrtnik, A. Jelen, S. Jazbec, Z. Jagličić, S. Maiti,
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