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The properties of positrons delocalized in the HINbTaTiZr complex concentrated alloy are investigated theo-
retically and related to available experimental data. Positron lifetimes calculated for random atomic arrangements
appear to be short compared to the experiment carried out on a vacancy-free sample. Contrarily, a configuration
exhibiting a local atomic order provides a lifetime that is very close to the experimental value. These observations
indicate that the local atomic order is occurring in the studied alloy, in agreement with other measurements. The
analysis of calculated results shows that the positron lifetime and affinity are affected to some extent by the alloy
substitutional disorder, lattice relaxations, and charge transfer among atomic species, which should be taken into

account in precise calculations.
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1. Introduction

Complex concentrated alloys (CCAs) [1] attract wide
attention at present. They are supposed to replace, or
at least supplement, the current portfolio of alloys based
mostly on one element (or at most two elements) with
small additions of other atomic species. A simple exam-
ple can be a steel that is based on iron to which other
elements are added to serve a specific steel purpose. On
the other hand, CCAs are based on several (or many)
elements with a substantial concentration, which could
bring novel and improved alloy characteristics. CCAs are
also known as high entropy alloys (HEAs) [2] since ide-
ally random alloys with several constituting elements ex-
hibit high configurational entropy, which was supposed to
stabilize a simple, high temperature phase even at lower
temperatures. At the time of HEA concept development,
it was not obvious to which extent the tendencies to short
range order — which reduces the configurational entropy
— might be important. The enthalpy of mixing various
elements also plays a role in thermodynamic considera-
tions for CCAs/HEAs.

The HfNbTaTiZr alloy was introduced by Senkov
et al. [3]. The alloy is composed of refractory metals in
equiatomic concentrations and its expected melting tem-
perature is about 2500 K. The envisaged use of the al-
loy possessing the bee structure was originally as a ma-
terial for aerospace industry (high temperature appli-
cations) and possibly also as a biocompatible material.
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Mechanical properties of the alloy at room temperature
appear to be promising, which is not exactly true at el-
evated temperatures (see [4] for details). Since under-
standing the microstructure of the alloy is of fundamen-
tal importance to comprehend its other properties, we
perform selected structure simulations and evaluate how
the “alloying effects” influence the positron behavior.
Thus, in this paper, we investigate theoretically and
computationally basic positron characteristics of the
HfNbTaTiZr alloy. It is not obvious how positrons in-
teract with a substitutionally disordered system where
lattice relaxations play an important role. One can an-
ticipate that the positron distribution is not perfectly
periodic even if atoms constitute nominally a bcc lattice
(as seen by the X-ray diffraction (XRD) [3, 5]). An im-
portant aspect in such considerations is the coherence
length [6] of the positron wave function/packet. This
length describes the linear size of a region where the
wave function/packet remains coherent during the time
evolution of the system, i.e., between the two subsequent
(free) jumps of the positron in thermal equilibrium. The
coherence length is thus related to the mean free path
of positrons (I;) [7] in the alloy. In general, I}’s in
(vacancy-free) alloys do not apparently differ from those
in pure metals or intermetallic compounds, as can be de-
duced from the measurements of the positron diffusion
length (see, e.g. [8-10]). Thus, the order of magnitude
of I; in alloys is 100 A (at room temperature) and so is
the coherence length. This justifies using the supercell
approach in the computational positron investigations
since the supercell size (typically 10-20 A) is smaller than
the positron coherence length. In the case of positrons
trapped at vacancies, the positron wave function
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is localized in the vacancy and its close vicinity, and us-
ing supercells is also well warranted (positrons do not
jump). If the positron coherence length in metals was
smaller than discussed here, then an approach based on
scattering theory should be more effective to determine
positron properties.

Other aspects to consider in a theoretical study of the
positron behavior in alloys are as follows. The positron
density is supposed to be enhanced in regions where lat-
tice relaxations result in the formation of a larger (than
average) interstitial space. The effect of charge transfer
among atoms of different types does not need to be neg-
ligible. During its lifetime, the positron stays temporar-
ily in different atomic environments — due to alloying
and positron jumps — and an average of positron char-
acteristics over several atomic configurations (supercells)
should be performed. Such effects likely influence the
positron lifetime, affinity, and momentum distribution of
electron—positron pairs.

2. Methods

The random atomic configurations of the HINbTaTiZr
alloy with (nearly) equiatomic concentrations of consti-
tuting elements were prepared considering 128 atom su-
percells (i.e. 4 x 4 x 4 bee cells). In total, 13 differ-
ent configurations (named 01, 02,..., 13 in the follow-
ing) were constructed by putting atoms randomly at the
ideal bee positions. The concentrations of Hf, Nb, Ta,
Ti, and Zr elements were kept in the 19.5 to 20.3 at.%
range (25 or 26 atoms of each type in the supercell),
and all possibilities for the composition were taken into
account. Obtained supercells were relaxed by means of
Vienna ab initio simulation package (VASP) [11, 12] con-
sidering the so-called PBEsol [13] exchange-correlation
functional. This means that atomic positions were opti-
mized with respect to the total energy, keeping the super-
cell volume and shape constant. The bec lattice constant
a = 3.4089 A of the HINbTaTiZr alloy was taken from
an earlier measurement [5]. The atom/ion charge analy-
sis after Bader [14] allows assigning charges to atoms in
a physically plausible way using the concept of “zero flux
surface” of the electron density around atoms. Such an
analysis following the approach from [15] for VASP was
performed for selected atomic configurations.

The effect of a local (short range) atomic order (LO)
was also examined. We employed a Monte Carlo (MC)
approach for this purpose, taking a configuration based
on configuration 01 (see below). The simulation is car-
ried out in the way that a new configuration with two
randomly chosen atoms (of different types) exchanged is
produced, re-relaxed, and “accepted” for the subsequent
simulation step if its total energy is lower than that of
the original configuration. If the energy is higher, some
other random atomic exchange is attempted. Many hun-
dreds of such MC iterations are necessary to become close
to equilibrium. Such an equilibrium can be recognized
by the observation that random exchanges are rarely ac-
cepted. Effectively, our MC algorithm is a variant of the

Metropolis Monte Carlo approach [16] at zero tempera-
ture. For the present study, we used a 300 K Metropo-
lis MC configuration (derived from the configuration 01)
described in [17] as an actual starting point. About 600
MC iterations (at 0 K) were then performed. The con-
figuration obtained in this way will be called “LO MC
configuration” in the following.

Positron calculations were performed following the
scheme described in [18, 19]. In particular, VASP relaxed
alloy configurations were processed using the WIEN2k
code [20] in order to obtain the precise electron densi-
ties and the Coulomb potentials to be used in the solu-
tion of the positron Schrédinger equation. The electron—
positron correlation potential and enhancement factor
were treated according to [21] where a precise, parameter-
free gradient correction scheme for positrons was sug-
gested. Here, we examine the positron lifetime and affin-
ity and restrict ourselves to delocalized positron states.
The positron lifetime brings information about the elec-
tron density and its variation inside supercells employed
to simulate the HfNbTaTiZr alloy. The positron affin-
ity is a sensitive tool to detect [19, 22] the local order
in the studied alloy. The estimated numerical precision
of calculations is 0.2 ps for lifetimes and 0.01 eV for
affinities (cf. [18, 19]).

3. Results and discussion

Table I collects results of previous calculations pre-
sented in [19] where the positron lifetimes and affinities
for the alloy constituting elements were determined con-
sidering their room temperature experimental structures
and lattice parameters. Corresponding atomic metallic
radii (rmet) are also given (derived from the structures).
First, we can observe that metallic radii are quite similar
for all elements though Zr and Hf have largest values,
and Nb and Ta possess the smallest ones. The devia-
tion between the largest and smallest rye¢’s is 11% of
the average, which translates to a 256% (27%) difference
between the largest and smallest positron lifetime (affin-
ity). The larger is rpet, the longer (smaller) is the lifetime
(affinity). This is a general trend, though there can be
slight deviations due to the crystal structure and proper-
ties of individual atoms. The alloy metallic radii is just
0.02 A smaller than the average. These considerations
indicate that the HfNbTaTiZr alloy lifetime should be
slightly shorter (by about 4 ps) than the average 138.3 ps.
Analogously, the positron affinity of the alloy is expected
to be around —3.83 eV. The agreement of calculated life-
times presented in Table I with known experimental data
is fair (except Hf for which no experiment has likely been
done yet) and will be discussed in a future publication.

The positron lifetime results for 13 random relaxed
configurations with 128 atoms are summarized in Fig. 1.
The configurations studied are numbered from 01 to 13,
as indicated in the figure. The positron lifetimes vary
in the range from 141.3 to 143.2 ps and the correspond-
ing lifetime distribution is given in the inset of Fig. 1,
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TABLE I

Calculated positron lifetimes and affinities for constitut-
ing elements (after [18]), their crystal structures and
structure-derived metallic radii. The row marked as ‘av-
erage’ shows average values (when applicable). Likewise
the last row ‘alloy’ gives the structure and corresponding
average metallic radius (lifetime and affinity depend on
the atomic arrangement; see the text)

Element | Structure | rmet [A] 7 [ps] Ay [eV]
Hf hcp 1.58 147.5 —4.07
Nb bce 1.43 123.0 —3.57
Ta bce 1.43 117.4 —3.34
Ti hep 1.46 145.8 —4.36
Zr hep 1.60 157.6 —4.40
average - 1.50 138.3 —-3.95
alloy bce 1.48 -
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Fig. 1. Calculated positron lifetimes for random con-
figurations 01 to 13 and the LO MC configuration. The
inset shows the distribution of positron lifetimes for ran-
dom configurations.

exhibiting a somewhat bimodal character. The average
positron lifetime is 142.2 ps and the distribution width
is about 1.5 ps (full width at half maximum, FWHM).
While comparing this average to the experimental value
(146 £ 1) ps obtained from the analysis of a one com-
ponent spectrum [23], we can state a relatively good
agreement of experiment and calculations, but the ex-
periment is slightly shifted to longer lifetimes. Assuming
that there were no defects capable to trap positrons —
which should be yet verified — we can anticipate that the
effect is due to a local order present in the sample stud-
ied. Indeed, inspecting the LO MC configuration life-
time value shown also in Fig. 1 (146.6 ps) clearly points
to a positron affinity effect when positrons prefer some
regions of the sample/configuration. In this case it is in
the Zr-+Hf-rich regions, as discussed in more detail be-
low. One can also see that the estimate of the random
alloy bulk lifetime given above (related to Table I) is im-
precise due to the charge transfer and lattice relaxation
effects, also examined below.
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Fig. 2. Calculated positron affinities for random con-

figurations 01 to 13 and the LO MC configuration. The
inset shows the distribution of positron affinities for ran-
dom configurations.

Concerning the positron affinity, Fig. 2 presents the
results of Ay calculations for random alloy configura-
tions (01-13) and the LO MC configuration. In the case
of random configurations, A, varies in the range from
—4.25 to —4.20 eV, with a distribution width (FWHM)
of about 0.04 eV. The distribution is shown in the inset
of Fig. 2. The bimodal character of the distribution can
be again observed (cf. Fig. 1). The average value of the
positron affinity amounts to —4.23 eV and is well sepa-
rated from the value —4.29 eV obtained for the LO MC
configuration. This again points to a preferred positron
occupation of Zr+Hf-rich regions since the affinity of the
LO MC configuration is closer to that of hep constituting
elements (see Table I) than bee elements (the role of Ti
is discussed below). Again, as in the case of lifetime, the
estimate of A4 given above, based on elemental values,
is not accurate, indicating non-negligible effects of alloy-
ing on the positron behavior. It should be mentioned
that there is a general correlation between the lifetime
and affinity for random configurations and LO MC one
(not shown here): when the lifetime increases, Ay de-
creases, as expected. Nevertheless, there is a scatter in
the lifetime vs. affinity dependence.

Figure 3 shows random configuration 01 together with
the positron density plotted in one of (001) atomic planes.
One can observe somewhat irregular character of the
positron density, which is due to the substitutional dis-
order and relatively large atomic relaxations. The local
minima of the positron potential correspond to local max-
ima of the density which occur in the interstitial space
between atoms. Closer inspection reveals that the global
maximum of the positron density correspond to intersti-
tial sites surrounded mostly by Ti and other “hcp atoms”
(more configurations were examined in this respect). The
calculated positron lifetime and affinity are 142.5 ps
and —4.22 eV, respectively.
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Fig. 3. Relaxed random alloy configuration 01 with the
positron density height plot (green surface).

Another aspect of the alloy and positron (charge) dis-
tribution is the charge transfer among atomic species
involved, which appears to be quite large. Indeed, the
charge analysis after Bader [14] shows that for the re-
laxed configuration 01, the average charges are +0.28e,
—0.45e, —0.75e, +0.47e, and +0.47¢ for Hf, Nb, Ta,
Ti, and Zr, respectively (with e being the elementary
charge). This means that atoms with nominally three
d-electrons are getting electrons from those with nomi-
nally two d-electrons, which is not exactly the expected
behavior. The point could be — as suggested by the “one
atom” model [24, 25] — that electrons from some states
of “hcp atoms” are transferred to “bec atoms” to lower the
energy of the system. In other words, the “hcp atoms”
do not “like” to stay in the cubic environment.

The effect of relaxations on the positron characteris-
tics examined is apparent. Figure 4 visualizes nonre-
laxed configuration 01; i.e., atoms were not allowed to
move from the ideal bec lattice positions. The positron
density behaves in a different way in the same plane com-
pared to the relaxed configuration (cf. Fig. 3), and the
lifetime and affinity are now 139.9 ps and —4.28 eV. The
positron lifetime is shorter (by 2.6 ps) with respect to
the relaxed case, as expected. This shows the effect of
atomic relaxations in the alloy, which prolong the lifetime
because of formation of larger interstitial spaces at some
places. On the other hand, the affinity value does not
fit in this trend, which is likely due to the fact that the
configuration under study is not in equilibrium (i.e., is
not relaxed with respect to atomic positions). The point
is that the positron affinity depends on the Fermi en-
ergy (electron chemical potential), which depends on the
atomic positions and thereby on forces acting on atoms
which are nonzero when the configuration is not relaxed.
This likely causes the observed effect which should be
further investigated in the future.

In the case of the configuration exhibiting local order
obtained using the Monte Carlo simulations (LO MC),
one can clearly see regions which are Nb+Ta-rich and
Hf+Zr-rich, as demonstrated in Fig. 5. Ti atoms ap-
pear to be rather located at interfaces between these

Fig. 4. Nonrelaxed random alloy configuration 01 with
the positron density height plot (at the same position
as for the relaxed configuration).
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Fig. 5. The LO MC configuration with local order.
The positron density in enhanced in the Hf+Zr-rich
regions.

two regions. Moreover, the figure seems to indicate
orientational relationship between the Nb+Ta-rich and
Hf+Zr-rich regions (see the lower right corner). Namely,
the {110} atomic planes of the Nb+Ta-rich region
(bce phase) are parallel with the {110} planes of the
Hf+Zr-rich region, which would be likely transformed
into an hep phase if simulation conditions allow that.
This is compatible with findings by Chen et al. [26], where
the phase separation of the HINbTaTiZr alloy into a bcc
(Nb+Ta-rich) and an hep (Hf+Zr-rich) phase has been
observed and analyzed. The positron density plot (see
the same figure) unveils that the positron density is en-
hanced in the regions where Zr and Hf dominate and is
diminished in the parts with an increased concentration
of Nb and Ta. These effects explain why the positron life-
time and affinity are shifted towards corresponding values
for Hf and Zr compared to random configurations. The
average atomic charges of atomic species for the LO MC
configuration are about the same as for the configuration
01 (see above) though their magnitudes are somewhat
lower (except Nb). This shows that LO does not signifi-
cantly affect charge transfer effects.
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Finally, we make a methodological comment concern-
ing the positron lifetime calculations using the atomic
superposition/superimposed method (ASM) [27]. This
method is obviously not capable to account for charge
transfer effects (especially if they are large). Even if it
was not investigated in detail, the ASM yields lifetimes
which are 5-6 ps longer compared to fully selfconsistent
calculations. This is too much for precise lifetime assess-
ment, which renders the ASM approximate and usable
for estimates only, at least in the present case.

4. Conclusions

The computational study carried out shows that the
experimentally observed positron lifetime in the bulk
HiNbTaTiZr alloy obtained by arc melting and subse-
quent etching does not contain open volume defects, but
due to a local order positrons prefer regions with en-
hanced Zr and Hf content, which results in a slightly
longer lifetime compared to the true random alloy. The
positron affinity exhibits similar effects and should, in
principle, be able to confirm such a local order, if
measured accurately. The detailed examination of the
positron density in random and locally ordered atomic
configurations shows that the positron distribution (like
other positron characteristics) are affected by the alloy
disorder, lattice relaxations and charge transfer among
atomic species. Since charge transfer effects are not neg-
ligible, the atomic superposition method provides just an
estimate of the positron lifetime.

The experimental momentum distribution of electron—
positron pairs also seems to reflect the local order, but
the results have to be yet examined in detail and will
be presented in a follow-up study. Similarly, transmis-
sion electron microscopy points to the local order in the
studied HINbTaTiZr alloy.
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