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Abstract

The stability of tungsten self-interstitial atomIAp clusters is studied using first-principles
methods. Clusters from one to seven SIAs are syieamtly explored from 1264 unique
configurations. Finite-size effect of the simulaticell is corrected based on the scaling of
formation energy versus inverse volume cell. Furtttege, the accuracy of the calculations is
improved by treating the 5p semicore states amealstates. Configurations of the three most
stable clusters in each cluster sizare presented, which consist of parallel [111] dbetls. The
evolution of these clusters leading to small digtmn loops is discussed. The binding energy of
sizen clusters is analyzed relative to mp> (n-1) + 1 dissociation and is shown to increase with
size. Extrapolation fon > 7 is presented using a dislocation loop modeladidition, the
interaction of these clusters with a substitutioRal Os, or Ta solute is explored by replacing
one of the dumbbells with the solute. Rhenium arsds@ongly attract these clusters, but Ta
strongly repels. The strongest interaction is fowmegn the solute is located on the periphery of
the cluster rather than in the middle. The mageitod this interaction decreases with cluster
size. Empirical fits to describe the trend of tbluse binding energy are presented.

Keywords:. fusion; tungsten; interstitial cluster; structuséability; dissociation; solute; binding
energy; density functional theory; finite-size stgj semicore states

1. Introduction

Understanding defect dynamics is fundamental irdipteng the evolution of various defect
structures in a material. The existence of defeats be beneficial, for instance a dopant in
semiconductors, or detrimental, such as solid @egas transmutation products in reactor
materials. In this research, we focus on the lai#ee, in particular for tungsten. Current fusion
energy system designs utilize tungsten as a pldaanag material [1-4]. Naturally occurring
tungsten is made up of five stable isotop&3N (0.1%), *AV (26.3%), W (14.3%), *W
(30.7%), and®®W (28.6%). Under fusion neutron irradiation, tumgsundergoes (ry) and (n,
2n) transmutation reactions that mainly producenitma and osmium isotopes [5, 6]. Neutron
absorption in®W produces traces of Ta throughdecay of"®'W [5]. Therefore, Re, Os, and to
a lesser extent Ta, are the main concerns in regarthe effects of transmutation products on
tungsten properties degradation. These solutesewéhtually lead to the formation of brittle
intermetallic phases that is detrimental to the lmaeccal properties of tungsten [7, 8].

Transmutation products also influence the naturatomic displacement damage accumulation
during neutron irradiation. Experiments performedhe JOYO reactor found that accumulation



of vacancies results in the formation of a voididat[9-11], however, this phenomenon was not
observed in HFIR irradiations [7, 12, 13]. It waserrred that due to the higher thermal neutron
content of the HFIR neutron spectrum, solid transton products were generated at a high
enough rate to suppress void lattice formationstrebly, whether or not a void lattice forms
depends on a rate-dependent dynamical balance dretwacancy generation and distribution
(including migration and dissociation of vacandiesn smaller vacancy clusters and growth of
larger clusters), one-dimensional (1D) diffusionseff interstitial atoms (SIAs) that engrave the
distributed vacancies into a void lattice, and otthefects that alter the vacancy distribution as
well as the carving efficiency of the SIAs. Therefo predicting the evolutionary and
combinatorial effects of transmutation products andnsic defects requires knowledge of how
they interact with each other.

A great number of vacancies and interstitials aeegated as a result of high-energy collisions
between neutrons and tungsten atoms. Various simdsmorphologies of these defects are
produced [14-17] each with its own characteristitdiffusion [12, 18-22], dissociation [20, 23],
and binding [12, 23, 24]. Recently, ab initio datathe interaction of an individual vacancy or
SIA with transition metal elements were reported][2t was found that an SIA would have to
overcome at least a binding energy of approximaie®2 and 1.65 eV to detach from a Re and
Os substitutional solute, respectively. Less isvkm@bout the interaction of clusters of SIAs
with these solutes. For instance, does a clusteBldt bind less strongly to a solute than
individual SIAs do? What is the asymptotic modeltlid binding energy? These questions are
particularly relevant for tungsten because, sintidaan SIA, SIA clusters are also highly mobile
[22, 25].

To our knowledge, ab initio data on the interactadnSIA clusters with solutes are absent,
understandably because of the high computationstl &b explore various structures of such
clusters. In [23], the binding energy of an SIAiit an SIA cluster was reported, however, no
details were given about the configuration or hdwe tonfiguration was chosen. Here, we
present the results of a systematic search oftthetsre and stability of SIA clusters up to size
seven and their binding properties to a substiati®Re, Os, or Ta solute.

2. Methods

The stability of SIA clusters is studied within thensity functional theory (DFT) framework.
VASP.5.4.1 [26, 27] software is used to solve tl@hk-Sham equations with plane-wave basis
sets. Projector-augmented-wave (PAW) [27] pseudestials for W, Re, Os, and Ta are taken
from VASP’s library potpaw_PBE_v5.2.12. Perdew-Basikrnzerhof (PBE) functionals [28] are
employed for the electronic exchange-correlaticergies.

2.1. Convergence study

Defect formation energies are calculated using wlix5x5 supercells of tungsten’s body-
centered cubic (bcc) unit cell. A perfect crystahsists of 250 W atoms. The coordinates of the
atoms and box volume are optimized while maintgnoubic symmetry. In our opinion,
maintaining cubic symmetry is more appropriate thelaxing cell shape because the defect is



assumed to be isolated. In other simulations irclvitihe defect concentration matters, relaxing
cell shape is appropriate since high enough coretemmt of defect may induce a phase
transformation of the whole crystal. Nevertheldssth relaxation procedures should give the
same results for large enough cell or after fisie effect has been corrected for infinitely large
cell. The relaxation is stopped when the norm efftirce on each atom is < 0.025 eV/A and the
external pressure acting on the box is < 0.5 karthe end of the relaxations, a static
calculation is performed to eliminate errors dugl@ne-wave basis incompleteness associated
with volume changes. A Monkhorst-Pack [28point grid is employed to sample the Brillouin
zone.

The energy cutoffENCUT) of the plane waves is carefully determined follagva convergence
study of the formation energies of [111], [110],dafit00] W dumbbells. The results are
presented in Table 1, along with the results fr@3] jn which the data were obtained using the
same pseudo-potential, supercell size, and retaxatiocedure as employed hde&CUT= 250

eV is found to be sufficient to converge the fonmatenergies to within 20 meV. In fact, one
may use a slightly lower cutoff of 225 eV if onlyffdrences between the formation energies are
of interest. We note that the maximum plane-wavergyn of the pseudo-potentials for W, Ta,
Re, and Os is very similar to one another, nam@&$, 224, 226, and 228 eV respectively.
Consequently, the energy convergence behavior ®fstkem containing Ta, Re, and/or Os is
expected to be very similar to pure W. Tkypoints are determined from a convergence of the
formation energy of the [111] dumbbell. The resalts shown in the bottom panel in Table 1. A
5x5x5k-point grid is sufficient to converge the formatienergy within 20 meV. Therefore, we
setENCUT = 250 eV and-points = 5x5x5 for calculations with the 5x5x5 stugells. The bulk

of the calculations to explore the various confegions of SIA clusters are performed using the
5x5x5 supercell (cell555). The total number of wei@GIA cluster configurations explored in this
study is 12,559. Through a systematic reduction Witkh be described in Section 3, there are
1,264 clusters that are evaluated with DFT.

Table 1. (top panel) Convergence tests of the plane-waeegy cutoff ENCUT) with 5x5x5
cells and 3x3xX-points. Formation energyg{ of [111], [110], and [100] dumbbells, and a
vacancy in tungsten. THENCUT in bold converges thE; to within 20 meV. (bottom panel)
Convergence tests &fpoints for thek; of [111] dumbbell. Th&-points in bold converge thg

to within 20 meV.

E (eV) ENCUT(eV)
200 225 250 300 350 500 450 Ref [30
111 9.95 10.03 10.00 10.00 10.01 10.01 9.98
110-111 0.26 0.24 0.25 0.26 0.25 0.26 N/A
100 - 111 1.85 1.98 1.99 2.00 2.00 2.00 N/A
Vacancy 3.32 3.31 3.30 3.32 3.32 3.31 3.34
k-points
ENCUT(eV) 3x3x3 Ax4Ax4 5x5x5 6x6X6 TXTXT
250 10.00 9.80 9.90 9.91 9.91
111 300 10.00 9.79 9.89 9.91 9.91
500 10.01 9.81 9.91 9.92 9.92




2.2. Finite size correction

The finite size of the supercell introduces elastiteractions between periodic arrays of
displacement fields. This finite size effect is tpadarly significant for interstitial defects with
extended displacement fields [31-34]. In an eladigdsotropic medium, the elastic interaction
between two displacement fields is proportionalthe inverse volume [35, 36]. Using this
relation, the correction to the defect formatiomrgy can be obtained by plotting the formation
energy as a function of inverse volume. To obthm finite size correction, we employ 4x4x4,
5x5x5, and 6x6x6 supercells (i.e. cell444, cell5abd cell666). The formation energy of the
[111] dumbbell is used to determine thgoints for each supercell. The convergence isistud
up to 8x8x8, 7x7x7, and 7x7xi-points for cell444, cell555, and cell666, respesii. The
formation energy is converged to within 0.02 eVhaktpoints = 6x6x6 for cell444, 5x5x5 for
cell555 as previously described, and 5x5x5 fore&Sl

Figure 1 shows the finite size scaling for the ngtable clusters of SlAs (the procedure find the
most stable clusters is later described in Se@)oThe plotted values are the formation energy
per the number of SIAs. A linear scaling is evidgom Figure 1. The formation energies, and
consequently binding energies, reported in SectBaad 4 are calculated using the same finite
size scaling approach. The error in the formatioargy per SIA associated with the fitting is

typically 0.01 eV or less for all cluster sizes.
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Figure 1. Formation energy of self-interstitial clusters gee number of interstitial atoms in the
cluster as a function of system size (humber ahatm an undefected supercell). Fit lines show
a linear scaling with respect to inverse systera.siz

2.3. Semicore states



The bulk of the calculations are performed usirg standard version of the paw_PBE_v5.2.12
potentials, in which electrons in 6s and 5d statestreated as valence electrons. It was shown
that including the 5p orbitals in the valence sate important to obtain accurate formation
energies of SIAs in tungsten [24, 31, 33]. Ghaeted reported that the effect of semicore states
is only weakly dependent on thepoints and system size [31]. Our calculations w&h444 and
cell555 support their finding. For instance, théedence in the semicore effect using those
supercells is < 0.01 eV for formation energy of[[Lilumbbell. The semicore effect on binding
energy is 0.01 eV for size-2 SIA clusters, < 0.01fer Re binding to a size-1 or size-2 SIA
clusters. Therefore, the effect of semicore sthiesll the energies presented in Sections 3 and
4, is calculated using cell444 with 6x6ké&ooints.

3. Reaults
3.1. Size-2 Clusters

To explore configurations of two SlAs, a group Of lattice sites as shown in Figure 2a is used
to select the location of the dumbbells. This greapompasses up to the fifth nearest-neighbor
distance (nn5), i.e. from atom 1 to atom 81. Toifmege pickn = 2 site combinations out of the
m = 10 sites. Subsequently, non-equivalent site @oations are identified based on bond
lengths. In this case, there are five unique coatlmns. Then, we construct dumbbells at those
sites. Given that the most stable dumbbell oriemain W is [111], we focus on clusters of
<111> dumbbells. Permuting the <111> orientationthe dumbbells at those sites gives a total
of 4x4x5 = 80 possible clusters. Unique clusteesidentified based on the list of bonds in the
cluster, resulting in 23 unique clusters, whichtaen relaxed.

Figure 2. a) Lattice sites from which configurations of s@aterstitial clusters are searched.



The five most stable clusters are shown in ordenfb) to f). The orientations are b) both [111],
c) both [11-1], d) both [111], e) [111] and [11-&hd f) [111] and [1-11]. The most stable cluster
is shown in b), it consists of dumbbell atoms lededs 1, 2, 3, and 4. In b), if the 1-2 dumbbell
translates one hop along [111], i.e. atom 2 formewa dumbbell with atom 1’, the resulting
cluster is equivalent to the one shown in c).

The five most stable configurations are shown guFes 2b through 2f, in which the dumbbell
atoms are rendered as green spheres with thedoaztihe dumbbell sites depicted as small red
dots. The most stable size-2 cluster (MSC-2) ctsswifa [111] dumbbell at site 1 and another
[111] dumbbell at site 18, i.e. the third nearesighbor distance (nn3) apart. We note that this
finding is consistent with the pair correlation étion of SIA defects generated in a displacement
cascade [15]. In that study, the dominant peakenpair correlation function occurs at nn3.

The stability of a sizexcluster is studied by calculating its binding eyewith respect to an
- (n-1) + 1 reaction as follows

Ep{n} = Ei{n — 1} + E,{1} — E,{n} — E{0} (1)

whereE{n} is the total energy of a supercell containingizes cluster ande{0} is the total
energy of a perfect supercell. A positizg{ n} denotes that a size-cluster is more stable than a
configuration consisting of a size-{L) cluster and a separate SIA. Note that the diagon
energy for an SIA to separate from a sizeluster will be equal t&y,{n} + E,{1}, where E{1}

is the migration energy of an SIA. For each clusiee, the binding energies of the three most
stable configurations are summarized in Table 2.

Table 2. Binding energy of a size-cluster conrresponding to an— (n-1) + 1 reaction. All
energies are in eV. The results for the three rstatle (f, 2" and &) configurations are
presented. Results are extrapolated based on Bmte scaling using 4x4x4 cell (6x6x6
points), 5x5x5 cell (5x5x%-points), and 6x6x6 cell (5x5xk-points). Calculations with and
without 5p semicore states are denoted as wi/sc vaiod sc, respectively. The semicore
corrections were obtained using the 4x4x4 cell ¥6X46-points).

w/o sc w/sc

n 1s1 2nd 3rd ls1 2nd 3rd

2 2.38 2.35 1.84 2.45 2.42 1.86
3 3.49 2.87 2.33 3.65 2.94 2.46
4 4.42 4.33 3.03 4.60 451 3.18
5 441 3.50 3.17 4.60 3.67 3.33
6 4.90 4.76 4.51 5.13 5.00 4.74
7 6.29 4.78 4.67 6.52 5.02 4.90

The binding energy of the MSC-2 indicates that atigstion of this cluster into two [111]
dumbbells is highly unlikely. The second most sabluster is a pair of [11-1] dumbbells
separated at the first nn distance (Figure 2c). thivd most stable cluster consists of a pair of
[111] dumbbells at the fourth nn distance (Figudg. 2’ he fourth stable cluster consists of [111]
and [11-1] dumbbells at the second nn distanceu(Eige). The fifth stable cluster consists of
[111] and [1-11] dumbbells at the third nn separa(Figure 2f).



The results indicate that these clusters are diydaund. The strongest clusters are found when
the dumbbells are oriented in parallel. In face three most stable clusters all form in parallel
configurations. However, a collinear cluster extsibrepulsion even at a large separation
distance. For instance, since the displacemend fieliuced by a [111] dumbbell is highly
directional along [111] and [-1-1-1] [24, 32, 34} may estimate the range of repulsion of
collinear dumbbells as follows. Consider a [111jmihbell in a cell555 where this dumbbell
together with its periodic images form an infinggay of collinear [111] dumbbells. In such a
case, the difference in the formation energy usingll555 and an infinitely large cell (obtained
from finite-size scaling) is approximately equal ttee binding energy of an infinite array of
collinear [111] dumbbells, which for cell555 twollawear dumbbells are separated at th& 10
hop along [111] (~ 28 A). This binding energy isO®eV (without semicore states) and -0.08
eV (with semicore states). While the binding enesgiyhin such an array is not exactly the same
as the binding energy between two isolated colligeanbbells, it gives an estimate of the range
of the repulsion of collinear dumbbells ~ 28 A, be range of influence of a single dumbbell to
be half of this distance, i.e. ~ 14 A, which is ifaaly good agreement with the estimated range
reported in [24] of ~ 11 A. Such a range of influeris larger than that in Fe (~ 7 A [34, 37]).
Hence our calculation further corroborates the camspn of the atomic displacement for the
<111> string of atoms induced by a <111> dumbbalbag bcc metals [32] which shows that
the extent of a <111> dumbbell in the 4d and 5calses larger than that in the 3d metals.

To verify the assumption that clusters of [111] dhoells form the most stable cluster, we
explore clusters consisting of a [111] and a [1d@hbbells (db111db110), as well as clusters of
two [110] dumbbells (db110db110). For the dbllldbtase, permuting <111> and <110>
orientations at the five two-site combinationspesviously described, results in 120 clusters out
of which 37 clusters are unique. After relaxingsthelusters, the three most stable clusters are
found to be the same as the three most stableedusthiown in Figure 2c-2d. In other words, the
[110] dumbbell has rotated so that it is alignethwhe [111] counterpart. For the db110db110
exploration, there are 180 clusters in which 3&tets are unique. After relaxation, the three
most stable clusters are again found in the pafdlle] configurations as shown in Figure 2c-
2d. These results clearly indicate that the clssfefer configurations that consist of [111]
dumbbells. Therefore, to explore size-3 clustem$y fiLl11] dumbbells are considered.

3.2. Size-3 Clusters

As previously noted, in searching for size-2 clustsite 81 is included so that we can explore a
pair of dumbbells up to the fifth nearest neighlvanjch is the distance between site 1 to site 81.
The results of size-2 clusters show that the fiveststable configurations do not involve any
pair separated at the fifth nearest neighbor. There site 81 is excluded in exploring size-3
clusters. In other words, candidates for size-3tels are identified from nine lattice sites
forming a body-centered cube, as shown in FigurbWawithout site 81. Taking combinations
of three out of nine sites gives 84 combinationgtineduces to six unique cases, namely (1, 65,
17), (1, 65, 18), (1, 65, 22), (1, 17, 18), (1, 22), and (1, 18, 6). Permuting the <111>
orientations of the dumbbells at those sites resnlt384 clusters, which reduce to 101 unique
configurations, which are then relaxed. Note thatresults from the size-2 clusters suggest that



clusters prefer parallel configurations. To vettfys finding, here in exploring size-3 clusterd, al
non-parallel orientations are included.

The most stable size-3 cluster (MSC-3) is showhigure 3a. The configuration consists of [11-
1] dumbbells forming an isosceles triangle on alpplane. The lengths of the triangle’s sides
correspond to nnl, nnl, and nn2. The second ardiriost stable clusters are shown in Figures
3b and 3c, respectively. The cluster in Figure 8insests of [111] dumbbells forming an
isosceles triangle on a (110) plane with side lemgiorresponding to nnl, nnl, and nn3. One
may construct an equivalent cluster to this onatognging [11-1] dumbbells on a (01-1) plane.
Therefore, this cluster has the same dumbbell @iem and arrangement plane as MSC-3 but
differs in the location of the dumbbells. The ckrsn Figure 3c forms a linear configuration of
[11-1] dumbbells along [111]. Comparing these dust we observe that a more compact
configuration provides increased stability.

All clusters in Figure 3 may be seen to belong téamily of clusters consisting of [11-1]
dumbbells arranged on a (01-1) plane. In this fantile dumbbells are oriented approximately
35° off normal (i.e. from the plane’s normal). A diféat family of clusters can be derived from
[11-1] dumbbells arranged on a (11-1) plane, ih® dumbbells are parallel to the plane’s
normal, also known as prismatic clusters. For @&-8izorismatic cluster, the most compact
configuration consists of [11-1] dumbbells formiag equilateral triangle with side length
equaling nn3 (e.g. occupying sites 5, 17, and 2Bigure 2a). The binding energy of such a
cluster iskp, = -0.29 eV (without semicore states) and -0.21(\wNh semicore states). Note that
even though these values of binding energy sudgbasthis cluster is unstable with respect to
MSC-1 and MSC2, it is still highly binding with gesct to three separate [111] dumbbells (i.e.
Ep = 2.09 eV (without semicore) and 2.17 eV (with gare)). The results from size-3 clusters
support the finding from size-2 clusters in thatgial configurations of <111> dumbbells are
much more stable than non-parallel configuratiofiserefore, to explore size-4 and larger
clusters, we focus on parallel dumbbells.

d b) @
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Figure 3. Three most stable configuration of size-3 selffistiial clusters. The bonds are drawn
between dumbbells that are located within the fiesirest-neighbor distance. In a), the dumbbell
atoms are labeled from 1 to 6 and will be used wdiscussing the binding property of this
cluster with a substitutional Re, Os, or Ta.

3.3. Larger Clusters



Size-4 clusters are explored from two sets ofdatsite. In the first set, the locations for the
dumbbells are searched from 12 lattice sites showfigure 4a. The 12 sites are located on a
(01-1) plane. This is motivated from the resultsiak-3 clusters in which the three most stable
clusters form [11-1] dumbbells on the (01-1) plakince, in this set we focus on [11-1]
dumbbells. Combination of 4 out of 12 sites give5 4ombinations out of which 90 are unique.
In the second set, the locations of the dumbbe#seaplored from 16 lattice sites forming a
2x2x2 cubic supercell (Figure 4b). Combination obut of 16 is 1820, which reduces to 83
unique combinations. Unlike in the first set, théentation of the dumbbells is not limited to
[11-1]. In the second set, parallel configuratiafig111], [11-1], [1-11], and [-111] dumbbells
are allowed. Hence there are 4x83 = 332 parallgtets in which 254 are unique. The three
most stable configurations obtained from the fast are shown in Figure 5a to 5c. From the
second set, we also found the same configuratisrshawn in Figure 5a to 5c as the three most
stable clusters.

For this reason, candidates for larger clusterganerated from a collection of [11-1] dumbbells
on a (01-1) plane, similar to the first set of sizelusters. For size-5, size-6, and size-7 claster
there are 792, 924, and 792 site combinationseotisely. Clusters are constructed by placing
[11-1] dumbbells at those sites. Even after elirimgpequivalent clusters, the number of unique
clusters in each group remains large. There areZ2%8, and 269 unique clusters, respectively.

Figure 5 shows three of the most stable clustersdoh size; panels a) to ¢), d) to f), g) tomg a

j) to I) for size-4, size-5, size-6, and size-7spectively. In Figure 5, for non-planar clusters,
arrows are drawn to point to the projected locatdrthe dumbbells onto the corresponding
plane. In each row, the clusters are presentelderotder of their stability, with the most stable
configuration plotted in the first column (pane)s@), g), and j)). The binding energies for these
clusters are summarized in Table 2. The most stdbter for size-4, size-5, size-6, and size-7
is referred to as MSC-4, MSC-5, MSC-6, and MSCegpectively.
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Figure4. a) The 12 lattice sites on a (01-1) plane from Wwiiandidate configurations of size-4
to size-7 clusters are searched. b) The 16 lagties (rendered with larger spheres) forming a
2x2x2 cubic supercell from which additional candédeonfigurations of size-4 clusters are

searched.

Even though we start with planar configurationg, majority of the clusters transform into non-
planar configurations. More specifically, the duralid are arranged in two layers of {110}
planes. In fact, MSC-4, MSC-5, MSC-6, and MSC-7 altenon-planar. The arrangement of
MSC-7 can be seen as four [11-1] dumbbells on &ljqdlane and three [11-1] dumbbells on an
adjacent (01-1) plane. It can also be seen as J[Hixhbbells arranged on three (11-1) planes
forming a perfect prismatic cluster. Using the dielbnumbering scheme shown for MSC-7,
smaller prismatic clusters can be identified. Fareple, a size-3 prismatic cluster corresponds
to the assemblage formed by dumbbells 1-2, 3-4 5a@dThis cluster is previously described in
section 3.2. A size-4 prismatic cluster is formed dumbbells 7-8, 9-10, 13-14, and 11-12,
constituting a perfect tetrahedron wih = 2.53 eV (without semicore states) and 2.66 ekh(w
semicore states). The binding energy of this tetladd cluster is much smaller than that of
MSC-4. Therefore, it appears that, the results feire-4 to size-7 clusters confirm the results
from size-2 and size-3 clusters in that small elssof interstitials prefer parallel configurations
of <111> dumbbells on {110} planes, with the dumitderiented ~3%off normal.
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Figure 5. Three most stable configurations for SIA clustérsven in the order of decreasing
stability from the first to the third column. Foom-planar clusters, arrows are drawn to point to
the projected location of the dumbbells on theesponding plane. The bonds are drawn
between dumbbells that are located within the fiestirest-neighbor distance. The binding
energies are shown in Table 2. In a), d), g), anith¢ numbering scheme of the dumbbell atoms
is shown and will be used in the discussion.
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3.4. Interaction with Substitutional Solute Re, &% Ta

When an SIA binds to a substitutional solute posgd along its migration path, it forms a
mixed dumbbell. Thus, in a mixed dumbbell, the solatom adopts an interstitial position. For
brevity, a mixed dumbbell of Re refers to a Re-Wntbell. The formation energy of a mixed
dumbbell is calculated from

Ep{dbx} = E¢{dbx} — Exw — Esop (2)

whereE{ dbx is the total energy of the supercell containingixed dumbbell, and;y is the
total energy of a pure supercell, akg, is the total energy per atom of the solute in its
groundstate structure, i.e. Re and Os in hexagolwse-packed structure and Ta in bcc.
Similarly, the formation energy of a substitutiosalute is calculated from

Ny —1 3)
N—O - Esol

whereE; is the total energy of the supercell containinguastitutional solute anbly is the
number of W atoms in a pure supercell. Table 3 shtheE{dbx in [100], [110], and [111]
orientations and; s for Ta, Re, and Os.

Ef,s = Et,s - Et,W

Table 3. Formation energies of Ta-W, W-W, Re-W, and Os-Mhbells in the [111], [110], and
[100] orientations, as well as the formation enesgdf a substitutional Ta, Re, and Os, and a
vacancy in W. All energies are in eV. Valuedoid are the formation energies corresponding to
the most stable orientation of these dumbbells. eNttat the Ta-W [100] dumbbell
instantaneously relaxes to a W-W [100] dumbbell andsubstitutional Ta. Results are
extrapolated based on the finite size scaling ugixgx4 cell (6x6x6k-points), 5x5x5 cell
(5x5x5 k-points), and 6x6x6 cell (5x5xk-points). Calculations with and without 5p semicore
states are denoted as w/sc and w/o sc, respectiVRly semicore corrections were obtained
using the 4x4x4 cell (6x6xB-points).

w/o sc wi/sc
Ta-W W-W Re-W Os-W Ta-W W-W Re-W Os-W
111 10.12 9.96 9.32 9.06 10.38 10.21 9.56 9.26
(10.04) (9.89) (9.30) (10.34) (10.16) (9.53)
110 10.54 10.23 9.24 8.70 10.93 10.51 9.46 8.86
(10.53) | (10.25) (9.30) (11.09) (10.59) (9.55)
100 11.38 12.03 11.28 10.88 11.36 12.2p 11.44 10.99
Substitutional -0.47 0.00 0.17 0.75 -0.47 0.00 0.18 0.76
(-0.46) (0.17) (-0.47) (0.17)
Vacancy N/A 3.17 N/A N/A N/A 3.15 N/A N/A

¥ are extrapolated results from [31] in which theté size scaling was obtained using 3x3x3, 4x4x#, 5x5x5
cells all with 6x6x6k-points, and the semicore states corrections wetareed using 4x4x4 cell with 3x3X3

points.

The formation energy of substitutional solutes inndreases from Tas Re — Os. While the

opposite trend is observed for the [111] and [1dOMbbells where their formation energy
decreases from Ta-W, W-W - Re-W - Os-W. For the [100], W-W, Re-W, and Os-W
dumbbells also follow a decreasing trend, while TaeW does not. The anomalous behavior of
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Ta-W [100] dumbbell is caused by the fact thatjkenhll other dumbbells listed in Table 3 in
which the solute is part of the mixed dumbbell, TeeW [100] dumbbell instantaneously relaxes
to a W-W [100] dumbbell and a substitutional Ta.eTimost stable orientation for a Ta-W
dumbbell is [111], while for Re-W and Os-W it isl{d].

Similar to the case of an SIA, when an SIA clu$ieds to a substitutional solute located along
its migration path, the solute adopts an inteedtgite and becomes part of the dumbbell atoms.
Therefore, the binding property of SIA clusters hwia substitutional solute is studied by
replacing one of the conjugate atoms with Re, @®F/a0 Conjugate atoms are those initially at
lattice sites but now sharing the sites with SiAsdambbells. The binding energy of a size-
cluster with a substitutional solute is calculafiexn

Ey{a:n,sol} = E{a:n} + E; s — E{a:n, sol} — E.{0} 4)

whereE{ a.n} is the total energy of the supercell containingizen cluster ina configuration,

E{ a:n,sol} is similar to E{ a:n} but with one of the conjugate atoms replaced lsplate E; s is

the total energy of the supercell containing a suwh®nal solute, and{0} is the total energy of

a perfect supercell. For example in a size-3 ctusitere are six dumbbell atoms in which three
are the actual interstitial atoms and the othezelare the conjugate atoms, when we replace one
of the dumbbell atoms with a solute, we mean tdap one of these conjugate atoms.
Therefore, the size of the cluster remains thrdeary, from this configuration, depending on
the reference state selected, one may calculatedin energy with respect to a size-2 SIA
cluster and a mixed dumbbell, instead of with respe a size-3 SIA cluster and a substitutional
solute. The binding energy defined in Equation rgRers to the latter case and is the binding
energy that will be discussed in the following maeghs. Further justification and importance of
the chosen definition of binding energy will be apgnt in Section 4 when we compare different
definitions of binding energies.

Three of the most stable clusters for each clusitsr are considered and their binding with a
solute atom is explored. From these three clustieesminimum, maximum, and average binding
energies are calculated. The results are presantbad top panel of Table 4. Even within a given
cluster size, solute binding varies depending @nldlcation of the solute in the cluster. This is
illustrated by the data given in the bottom parfelable 4 in which the minimum, maximum,
and average values are presented only for the MSCs.

Table 4. Binding energy of size-SIA clusters to a substitutional solute obtaingdrdplacing
one of the dumbbell atoms with the solute. The mum, maximum, and average values are in
eV and calculated from the three most stable cardigpns (top panel) and from the most stable
configuration only (bottom panel). Results are aptdated based on the finite size scaling using
4x4x4 cell (6x6x6k-points), 5x5x5 cell (5x5xXK-points), and 6x6x6 cell (5x5xk-points).
Calculations with and without 5p semicore statesdenoted as w/sc and w/o sc, respectively.
The semicore corrections were obtained using tda4ixell (6x6x6k-points).

w/o sc
n Re Os Ta
Min Max Ave Min Max Ave Min Max Ave
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1 0.81 0.81 0.81 1.65 1.65 1.6b -0.63 -0.63 -0.63
2 0.74 0.86 0.80 1.67 1.75 1.78 -0.74 -0.59 -0.64
3 0.66 0.91 0.79 1.39 1.82 1.61 -0.67 -0.52 -0.61
4 0.69 0.83 0.78 1.43 1.67 1.58 -0.66 -0.53 -0.60
5 0.55 0.80 0.74 1.16 1.64 1.51 -0.66 -0.43 -0.60
6 0.56 0.78 0.71 1.14 1.58 1.47 -0.65 -0.47 -0.59
7 0.43 0.77 0.67 0.87 1.56 1.40 -0.65 -0.41 -0.56
2 0.74 0.86 0.80 1.75 1.75 1.7 -0.66 -0.60 -0.64
3 0.81 0.83 0.82 1.68 1.69 1.69 -0.64 -0.62 -0.63
4 0.69 0.79 0.76 1.48 1.66 1.5p6 -0.64 -0.53 -0.59
5 0.60 0.79 0.74 1.42 1.57 1.5p -0.66 -0.56 -0.61
6 0.56 0.78 0.72 1.14 1.58 1.4p -0.65 -0.47 -0.59
7 0.43 0.74 0.67 0.87 1.50 1.41 -0.61 -0.43 -0.56
wi/sc
1 0.83 0.83 0.83 1.71 1.71 1.71 -0.64 -0.64 -0.64
2 0.77 0.89 0.83 1.74 1.82 1.80 -0.75 -0.60 -0.65
3 0.68 0.93 0.81 1.43 1.87 1.6p -0.68 -0.52 -0.62
4 0.71 0.85 0.80 1.46 1.70 1.61 -0.66 -0.54 -0.60
5 0.57 0.82 0.76 1.20 1.68 1.5b -0.66 -0.43 -0.60
6 0.58 0.80 0.72 1.17 1.61 1.50 -0.65 -0.48 -0.60
7 0.46 0.80 0.70 0.90 1.60 1.48 -0.65 -0.41 -0.56
2 0.77 0.89 0.83 1.82 1.82 1.8p -0.70 -0.62 -0.66
3 0.83 0.85 0.84 1.73 1.73 1.78 -0.64 -0.63 -0.64
4 0.71 0.81 0.77 1.52 1.69 1.6p -0.65 -0.54 -0.59
5 0.62 0.81 0.77 1.46 1.61 1.5p -0.66 -0.56 -0.61
6 0.58 0.80 0.73 1.17 1.61 1.40 -0.65 -0.48 -0.59
7 0.46 0.77 0.69 0.90 1.54 1.44 -0.61 -0.43 -0.56

From Table 4, it is evident that Re binds strongl\BIA clusters but the strength decreases with
increasing cluster size. Osmium shows a similadiboptrend, but stronger than Re. On the other
hand, SIA clusters are strongly repelled by Takmirtmigration path with the magnitude of the
repulsion decreasing for larger clusters. The auigon for Ta exhibits a comparable magnitude
to that of Re, but with an opposite sign. While thieraction for Os is about twice that of Re.
Comparing these interactions with the differencéhaelectronic valence of Ta, Re, and Os with
respect to W, namely -1, +1, and +2, suggeststtiebinding properties of these solutes are
closely related to the electronic band structuvés. note that this valence difference does not
necessarily reflect the difference in Pauling etawgativity. The Pauling electronegativity is
1.5 (Ta), 2.36 (W), 1.9 (Re), and 2.2 (Os). Cledry Re, and Os are all less electronegative
compared to W, but yet Re and Os are attracted@@l8sters while Ta is repelled. On the other
hand, the binding property may also be relatedhéodifference in atomic volume, with Re and
Os being undersized and Ta being oversized compar&t The correlation between solute-SIA
binding characteristic with atomic volume, and laxkcorrelation with electronegativity, has
been observed for various transition metals in W B well as in Fe [37].

In Equation (4), the solute binding energy of astdu in a configuration is calculated with
respect to the correspondiagconfiguration of the pure cluster. This is necegs@cause solute
replacement may induce translation of the dumblielthe cluster along <111>. In this regard,
we have carefully taken the following precautionh&kever a translation occurs such that
configuration becomeg configuration, we replace the solute in geonfiguration with W and
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relax the configuration, if after the relaxatiorethure cluster stays i configuration, we take
this S configuration as the reference in calculating biveding energy, if it relaxes back @
configuration, we taker configuration as the reference state. In additiorg few replacement
cases with Ta, the cluster instantaneously tragslatvay from Ta. When this happens, the
binding energy approaches zero. Therefore, we dechuch cases from the data collected in
Table 4.

In the following paragraphs, we describe all insenof translation for the MSCs. For this
purpose, the replacement sites are numbered (ok Idt) as shown in Figures 2, 3, and 5. In
general, small clusters are more susceptible twstation, and Os and Ta are more likely to
induce translation than Re. Furthermore, the mostgetically favorable binding location for Re
is usually the same for Os, which typically is thest energetically unfavorable site for Ta.

For MSC-2 (Figure 2b), the unique replacement sites 1=4 and 2=3 (the = sign denotes
equivalence). Rhenium and Ta at any of these ditesot cause translation. Osmium at site 2
causes itself to leave atom 1 to form a new mixeahlobell with atom 1’ and causes the 3-4
dumbbell to translate one hop along [111], such ttha final configuration is equivalent to that

if Os were placed at site 1. Site 1 provides thstrbinding for Re and Os and most repulsion for
Ta.

For MSC-3 (Figure 3a), the unique replacement sitesl=4, 2=3, and 5=6. Rhenium at any of
these sites does not cause translation. Osmiuntea® sloes not cause translation. Osmium at
site 1 causes itself to form a new mixed dumbbét ws neighboring atom along [-1-11] and
causes the 3-4 and 5-6 dumbbells to translate opalong [-1-11] to form a final configuration
that is equivalent to that of Os replacement at 2itOsmium at site 5 causes translation to create
an eventual configuration equivalent to Os replaa@nat site 2. Tantalum at any of the sites
does not cause translation, except at site 1. tAtIsi the cluster simply translates away, as a
whole, from Ta. The strongest binding site for Re ®s is site 2. The strongest repulsion site
for Tais site 5.

For MSC-4 (Figure 5a), the unique replacement sitesl=3, 2=4, 5, 6, 7, and 8. Rhenium and
Os at any of these sites do not cause translaagpt at site 5. At site 5, they cause 1-2 and 3-4
dumbbells to translate one hop along [11-1] to farfinal configuration that is equivalent to
replacement at site 7. Tantalum at sites 2, 6 8atholes not cause translation. Tantalum at sites 1,
5, and 7 cause the whole cluster to translate dway the Ta. The strongest binding site for Re
and Os is site 7. The strongest repulsion for Ta &site 6. The weakest binding site for Re and
Os, and weakest repulsion for Ta, is site 2.

For MSC-5 (Figure 4d), all replacement sites arejuen Rhenium at any site does not induce
translation. Osmium does not cause any translakmept at site 7. Osmium at site 7 causes all
other dumbbells to translate one hop along [-1ibllorm an equivalent configuration to Os
replacement at site 8. Tantalum also does not cagéranslation except at site 7. Tantalum at
site 7 causes atom 8 to leave the Ta and form achembbell with its closest neighbor along
[11-1]. The strongest binding for Re and Os, areldtnongest repulsion for Ta, is at site 1. The
weakest binding for Re and Os is at site 7. Thekestarepulsion for Ta is site 8.
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For MSC-6 (Figure 4g), the unique replacement sitesl=2, 3=6, 4=5, 7=9, 8=10, 11, and 12.
Rhenium and Os do not induce translation at arifiede sites. Tantalum causes translation only
at site 1 in which atom 2 leaves the Ta and formeva dumbbell with its closest neighbor along
[11-1]. The strongest binding for Re and Os, arelstiongest repulsion for Ta, is at site 2. The
weakest binding for Re and Os, and the weakestsiepuor Ta, is at site 11.

For MSC-7 (Figure 4j), the unique replacement sites 1=3=5, 2=4=6, 7=10=14, 8=9=13, 11,

and 12. Rhenium does not induce translation atsi@y Osmium at site 1, 7, or 12 causes
translation. At 1, it causes dumbbells 7-8, 9-1@] &1-12 to translate one hop along [-1-11]. At
7, it causes itself to leave atom 8 and to fornew mixed dumbbell with its nearest neighbor

along [11-1], and causes all other dumbbells, eixdambbell 11-12, to translate one hop along
[11-1], forming a final cluster equivalent to Oplacement at site 2. At site 12, Os causes
dumbbells 1-2, 3-4, and 5-6 to translate one hopg[11-1]. Tantalum causes translation only
at site 1 or 8, in which the cluster, as a whobpasates from the Ta. The strongest binding for
Re and Os, and the strongest repulsion for Ta, $#t@ 2. The weakest binding for Re and Os,
and the weakest repulsion for Ta, is at site 12.

It is interesting to relate the dumbbell slidingluced by a solute in several cases, as described
above, to the transformation of the core configarabf a screw dislocation in bcc metals due to
an interstitial solute (C, B, N, and O in Fe, andirCW) [38]. The solute causes the
transformation from an easy-core configuration tdaad-core configuration. The two core
configurations differ in the way the three neassdtimns of atoms along <111> around the core
are positioned along the <111> direction. It appdhat the transformation is mediated by the
sliding of these <111> columns, similar to theiskidof <111> dumbbells in our analysis above.

4. Discussion

We have explored cluster configurations up to sea&en in which the binding energy of a size-
cluster with respect to the - (n-1) + 1 reaction is calculated through Equation HEyure 6
shows the average binding energy as a function, afalculated from the three most stable
clusters (Table 2), corresponding to the data w#micore states. In Figure 6, tic marks above
and below the average values represent the maxianghthe minimum values. Since the data
are collected from the three most stable clustaesmaximum and minimum values correspond
to the data from the first and the third most stafdusters, respectively. For> 7, the binding
energy may be calculated using the capillary appration [23], in which the formation energy
is proportionaln®®. However this approximation may not be suitable ifderstitial clusters
studied here since these SIA clusters represerit sara-scale dislocation loops [34, 39], rather
than spherical objects. The formation energy okbdation loop can be written as [40, 41]

E¢{n} = avn + bvnIn(n) (5)

wherea is the coefficient associated with the core-engegym and is the coefficient associated
with the elastic deformation energy of the mediunmr@unding the dislocation loop. The binding
energy in Equation (1) can be rewritten as

16



Epin} = E/{1} + E{n — 1} — E¢{n} (6)
Using Equation (5), Equation (6) becomes
Ep{n} = E¢{1} —a(Nn—Vn—1) — b(VnIn(n) — vn— 1In(n — 1)) (7)

The coefficientsa andb may be fitted to the average binding energy datamay be solved by
using two values from those data. Since we arearoed withn > 7, we solve andb using the
data from the two largest clusters in this study,size-7 and size-6 clusters. The results are

_ Ef{1} — E,{7} — 0.7595 b (8)
= 0.1963

) 0.2134(Ef{1} — Ep{7}) — 0.1963(Ef{1} — E,{6}) (9)
B 0.0070

where, for the data with semicore stateé§l} = 10.21 eV,Ex{7} = 5.48 eV, andEn{6} = 4.96

eV yielda = 35.96 eV andb = -3.06 eV. With this model, the binding energyvauforn > 7 is
plotted in Figure 6. For infinitely large clustetbe binding energy approaches the formation
energy of a single <111> dumbbell [42].
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Figure 6. Binding energy of size-SIA clusters with respect to an- (n-1) + 1 reaction. For
this work, the data are extrapolated to an infiaitpercell based on a finite size scaling and the
calculations are performed with the 5p semicortestaeated as valence states. For each cluster
size, the average value over the three most sthideers is plotted with the tic marks above and
below the average values representing the maxinmerbe minimum values. For> 7, an
empirical formula as shown in the figure can bedu3éne formula is based on the formation
energy of dislocation loops (see text). The formsilgt to the binding energy of size-6 and size-
7 clusters, resulting ia = 35.96 eV andb = -3.06 eV. The asymptotic value is equal to the
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formation energy of a single interstitial ([111]rdbbell) ofEf{1} = 10.21 eV. For comparison,
data points from [23] are plotted as squares.

In Figure 6, we compare the data from this studhtse reported in [23] (squares). We find that
the results from [23] generally fall within the genof the present results, exceptrios 6 which

is lower than our minimum value. Nevertheless, beeahe details of the configurations were
not reported in [23] and that the calculations wpegformed with a different setup, without
finite size scaling, and without semicore stategher assessment cannot be made.

So far, cluster stability is analyzed in terms afsdciation of one dumbbell from the cluster.

Other processes can lead to different dissocigtroducts. For instance, dissociation of a size-2,
or a size-3 cluster from the parent cluster, andrsdt follows from Equation (6) that the larger

the size of the dissociation product, the more gnareeded. Therefore, the most likely

dissociation mechanism is through a sequentialgggidnvolving one dumbbell at a time, even
so, it is very unlikely given the strong bindingabgingle dumbbell.

The trend of the solute binding energy as a functibcluster size is depicted in Figure 7. As
before, the data points are averaged from theteegsing the three most stable clusters (Table 4)
and over different positions of the solute in thester. The maximum and minimum values show
the range of the binding. From Figure 7, it is evitithat as the cluster size increases, the binding
decreases (for Re and Os). In addition, the vanatf the binding at different replacement
positions generally increases for larger clust&rsimilar trend, but opposite sign, is obtained for
Ta, i.e. the repulsion weakens for larger clusters.
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Figure 7. Binding energy of siz&SIA clusters to a Re, Os, or Ta atom substitutlgna
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replacing one of the W dumbbell atoms. The datatpaepresent the average over the three
most stable clusters. The tic marks represent gsamum and minimum values. The fit curves
show the results of fitting the solute binding eyyewith an empirical formula df,{n, sol} =

Efs + cvne PV 4 g, wherekE; s is the formation energy of the substitutional s®landc, S, and
d are the fitting parameters. The valueeg§, ¢, £, andd is, respectively, 0.18, 1.21, 0.74, 0.06

(for Re), 0.76, 2.06, 0.85, 0.10 (for Os), and 70-0.40, 0.99, -0.03 (for Ta). The data are
obtained from the calculations with finite-size remtion and 5p semicore states.

From the data for size-7 clusters, it is found tiha&t strongest binding is at the periphery of the
cluster (seen from the projected view along theraation of the dumbbells), or equivalently, the
weakest binding occurs when the solute is in thddfei of the cluster. In other words, the

binding is strongest in regions with the largestss field. The solute binding energy defined in
Equation (4) can be rewritten in terms of formatemergies, instead of total energies, as

Ep{a:n,sol} = Ef s+Ef{a:n} — E¢{a:n, sol} (20)

The meaning of the notation is the same as in Emud#). Deriving a physical model to
describe the effect of a solute to the clustersrgetic proves to be very complex. As a first
approximation, we express the difference in thenftfon energy between a pure cluster and a
cluster with a solute for a sizeeluster as:

-B'R (11)

e
Ep{a:n} — Ef{a:n, sol} = c'nR? +d' = cvne P +d

In the above equatiom denotes the radius of the cluster (assumed to decaar loop). The
first term is a product between the area of theteluand the change in the formation energy per
area caused by the charge density of the soluidnich the influence of the solute is assumed to

decay as a screened Coulomb interactionrifé?:ﬂ. The second ternd, denotes the value

of the formation energy change for an infinitelyge cluster. The value af is assumed to be
constant because in an infinitely large clusterrgvwosition of the solute in the cluster is
equivalent. Furthermore, the valuedis non-zero because the strain field from an itdiarray

of [111] dumbbells is different from the strainlfienside a bcc lattice, i.e. the formation energy
of a solute within an infinite array of [111] dumdls is different from the formation energy of a
substitutional solute in a bcc lattice. Using tmisdel, we fit the coefficients, £, andd using the
solute binding energy data as plotted in Figur&able 6 summarizes the fit results along with
the R? of the fit. We realize that this model lacks rigas physical justifications. Surprisingly,
however, the fit curves show that the model can des$cribe the trend of the solute binding
energies.

Table 6. Fit results of the average binding energy, oherthree most stable clusters, of size-
SlAs to a substitutional solute, using an empirivaldel ofE,{n, sol} = E¢; + cvne PV 4 d,

where E; s is the formation energy of the substitutional selandc, £, andd are the fitting
parameters. Data are obtained from calculationis fivitte-size corrections and with 5p semicore
states.
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Re Os Ta

Eic (eV) 0.18 0.76 -0.47

c(eV) 1.21 2.06 -0.40
Vi 0.74 0.85 0.99
d (eV) 0.06 0.10 -0.03
R? of the fit 0.97 0.94 0.86

In this work, we include the results for which thaute is binding along the migration path of
the clusters. Studying the binding properties folute located perpendicular to the migration
path of the clusters requires exploration of eagdr sets of solute positions. For this reason,
such study will be reserved for future work. Meanejfor a special case of an SIA dumbbell,
the solute binding properties along parallel (%) waell as perpendicular]f to the <111>
direction have been reported [24]. It was found #iahe first nearest sitél{), the binding for
Ta, Re and Os is on the order of 0.2, 0.5 and Y.0respectively. However, the binding
decreases rapidly towards zero for the secai2) &nd third [I3) nearest site, suggesting that the
interaction distance is very local, ~ 3 A. On thker hand, the interaction distance along the //
direction is much larger, ~ 15 A. Given that theefattion range along @ direction is very
local, one would expect that the behavior for largkisters would be similar to that of a
dumbbell. Note that while Ta strongly repels SlAsters along the // direction, it was found to
be attractive (E=~0.2 eV) at]l.

Consider an §.n,sok cluster, that is a size-SIA cluster with one of the conjugate atoms
replaced with a solute. We may ask the questiont ididhe most energetically favorable
dissociation product? Is it a substitutional solate SIA, or a mixed dumbbell? For simplicity,
let's denote the binding energy associated witlsghthree cases ds,{n,sob, wuu{n}, and
Mabq N}, respectively, again ther configuration index has been omitted to indicdtat these
energies are average values over different cordtguns for eachn. Ep{n,so} is the solute
binding energy of an SIA cluster as defined in Bouma(4). 1 n} and tgnd N} are related to
Ep{ n,so} as

tapx{n} = Ep{n, sol} + E{n} — E,{1, sol} (12)
Uapin} = Ep{n, sol} + E,{n} — Ey{n — 1, sol} (13)

WhereEy{ n} is the binding energy of a sizeSIA cluster as defined in Equation (1). Note that
En{1,sol, which is the solute binding energy for a siz&IA cluster, is the same as the binding
energy of a mixed dumbbell. Note thag n,so} for Re, Os, and Ta have been plotted in Figure
7. Furthermore, the magnitude Bf n,sok} is very small compared tgy, and tgpx. Therefore, in
Figure 8, onlyuy, and tgpx are plotted. For Re and Ogyu{ N} > tan{ N} >> Ep{n,so}, i.e. the
most energetically favorable dissociation procestoi the SIA cluster to separate, as a whole,
from the solute. This conclusion is apparently dvaiso for Ta, since the cluster is repulsive to
Ta. In a recent work [43], the binding propertiéagair of W-Re dumbbells were reported. The
binding is analyzed with respect to separation into individual W-Re dumbbells and can reach
as high as 3.20 eV. Based on our comparison sttid{m,so}, 4, and tgpx above, the most
energetically favored separation is when the wiSdke cluster detaches from the solute, leaving
a substitutional Re. Therefore, it seems importanverify whether a cluster of two W-Re
dumbbells would likely to separate into two indivad W-Re dumbbells as analyzed in [43], or
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to separate into a size-2 SIA cluster leaving betltwo substitutional Re atoms. Indeed, future
investigations are needed to elucidate the ricibgyphenomena in complex W-Re clusters.
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Figure 8. Binding energy of anr{,sol} cluster, i.e. a siza-SIA cluster with one solute replacing
one of the dumbbells, with respect to two setsroflpcts: a W-W dumbbell +1,sol} with
binding energy denoted agy, (plotted as red squares), or a W-sol mixed dunbbalsize-(-1)
SIA cluster with binding energy denotedasx (plotted as black dots). The solutes are Re, Os,
or Ta. Data represent averages over three mosé stlalsters in each size and over different
solute position within the cluster. The data areawted from the calculations with finite-size
correction and 5p semicore states.

N
)
N
)

Note that a mixed dumbbell migrates through a seoferotations between <111> and <110>
with a barrier equal to the difference in the fotima energy between the two orientations: 0.37,
0.07, and 0.34 eV for Ta, Re, and Os, respectiv@ly.the other hand, an SIA can migrate
through a rotation between <111> and <110> (withaeier of 0.25 eV) and/or a translation
along <111>. A calculation using the climbing nudgdastic band (cNEB) method gives the
<111> migration barrier of 0.004 eV, compared tbeotplane-wave DFT results of 0.002 eV
[30], 0.004 eV [44], and 0.005 eV [45]. The errdrcalculation in our simulation is on the order
of 0.01 eV. Thus, the <111> migration barrier igligble. A different ab initio study using a
linear combination of atomic orbitals (LCAO) bagiwes 0.05 eV [32] with the error in that
calculation on the order of 0.015 eV. An experimaéntieasurement suggests a value of 0.054 eV
[25], but a more recent experiment shows that Sigration is active even below 1.5 K [46]
indicating that the barrier is close to zero. FiXk 8lusters, diffusion simulations with a classical
interatomic potential shows that the diffusivityries linearly with temperature [22], similar to
the diffusion of an SIA [21]. In [21], the diffusly data was fitted with a migration barrier of
0.013 eV and a pre-factor that varies linearly vieimperature. From the above data, it is evident
that the migration barrier of an SIA and SIA clustés much smaller than that of a mixed
dumbbell (i.e. the rotation barrier). Thereforekig into account the migration barriers, in
addition to the binding energies, the most enecghyi favorable dissociation path remains for
the SIA cluster to separate, as a whole, from thete.
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5. Conclusions

We have explored a large number of candidate cordtgpns of SIA clusters. The results show
that small interstitial clusters prefer parallelld® dumbbell orientations arranged in compact
configurations on two or more {110} planes. Thesgsters are strongly binding. Three of the
most stable clusters in each size of cluster haes lused to obtain an average binding property.
The binding energy of a sizeeluster with respect to - (n-1) + 1 reaction increases with size
from approximately 2.24 eVh(= 2) to 5.48 eVrf = 7). Forn > 7, an empirical model based on

the formation energy of dislocation loops is présérast,{n} = E;{1} — a(\/ﬁ —Vn— 1) —

b(vnln(n) —vn —1In(n — 1)) where E{1} = 10.21 eV is the formation energy of a [111]
dumbbell and fitted parametess= 35.96 eV and = -3.06 eV. The model implies that the
binding energy of an infinitely large cluster isuadjto the formation energy of a [111] dumbbell.

The interaction of these clusters with Re, Os, @stibstitutional solutes is studied by replacing
one of the dumbbell atoms with the solute. It igrfd that these clusters are strongly attracted to
Re and Os, but strongly repelled by Ta. The strehgeeraction is found when the solute is
located on the periphery of the cluster rather timathe middle of the cluster. Averaging over
different positions of the solute in the clusterttee three most stable clusters in each cluster si
shows that the solute binding energy decreasesaliiter size from 0.83 e\i= 1) to 0.70 eV
(n=7) for Re, from 1.71 to 1.43 eV for Os, and @ases from -0.64 to -0.56 eV for Ta. The
trend of the solute binding energy is well reprosthavith a formula of,{n, sol} = E¢¢ +

cvne PV 4+ g, wherek; s is the formation energy of the substitutional selandc, £, andd are

the fitting parameters. The value Bf;, ¢, £, andd is, respectively, 0.18, 1.21, 0.74, 0.06 (for
Re), 0.76, 2.06, 0.85, 0.10 (for Os), and -0.474000.99, -0.03 (for Ta). All the data are
obtained from calculations with finite-size coriieas and 5p semicore states included as valence
states.
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Systematic DFT exploration of tungsten SIA clusters from 1,264 configurations.
Detailed structures of several most stable clusters are presented.

Novel finding of the trend of solute binding of Re, Os, and Tawith SIA clusters.
Empirical models that describe the trends of the solute binding energies.



