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Outline

e What is an interface: Motivation
 Introduction to DFT and details of the simulations
* Creating the interface

* Applications: defects on Cu/Nb, Cu/W and W/W

interfaces

e Conclusions.

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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FCC structure: Cu BCC structure: Nb
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A surface is created when the bulk is truncated
An interface is created by adjoining two different surfaces

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Motivation

Future fusion energy reactor: ICF vs MCF

Flibe coolant outlets

Flibe coolant inlets
610°C
Fission blanket

Be neutron muiltiplier

wall coolant moderator

Sm

Metallic multilayers proposed as PFMs: Cu/Nb-Cu/W-W/W...

Point defect analysis: H/He, vacancies and SlAs.

PRACE Days 2018, Ljubljana, Slovenia R.lglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Introduction

TEM experiments
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Introduction

TEM experiments

M. J. Demkowicz et al Curr. Opin. Solid State. Mater. Sci. 16, 101 (2012)
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Introduction

MD and kMC simulations

Mobile He ‘lotal He Mobile He ‘Total He
Implantation ) ) ) Annealing
Concentration (atomic fraction)
104 1073 102
B ——
7x 1073 2.5x 1072

o

MD calculations good for one (two) elements.
Problems with the potential generation for

three elements A.Y. Dunn et al J. Nucl. Mater. 435,
141 (2013)

Parametrized with bulk or MD data

M. J. Demkowicz et al Curr. Opin. Solid State. Mater.
Sﬂj\cﬂ-&yslga-, I_(ijQalaZglovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Introduction to DFT
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Schrodinger equation (Quantum Mechanics)
HS(D = Eqor®

Approximations:
Born-Oppenheimer: Separates electrons and ions (Ehrenfest)
Electron treated QM as a electronic density/lons classically

Khon-Sham equations and one electron approximation:

Elp]= [vPp(P)dP+ E..[p]+ Te[p]+ Exc[p]

Pseudo-potential: only valence electrons in the calculation, cutoff

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Introduction to DFT
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Initial density 0"

A\ 4
Potential V

n

Solving the KS equations

Final density p°t

N . .
° Self-consistency in electron
density?
yes l
Calculation of energy and forces
No

Self-consistency in forces

and/or energy

SCF cycle

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Details of the calculation

* DFT calculations performed with VASP code.
* PBE XC functional.

* VASP-PAW pseudopotentials.

e Cutoff energy: 479 eV (He atoms)

* Migration energies calculated
with NEB method

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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FCC structure: Cu BCC structure: Nb

C. Gonzalez et al MSMSE 22 035019 (2014) M. A. Cerdeira et al J. Nucl. Mater. 478 185 (2016)

Ax4x4 (256 at) and 5x5x5 (128) cubic unit cells for Cu and Nb, resp.
27 kpoints in the first Brillouin zone

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29




Details of the calculation .

* Formation energy expression:

Ef ({nvaane}) — E(VASP) IR
(N Cu — nvac)E ref Nye E Izeef

Ef({nvacny.}) = E(VASP) —
E(Slab) + nvacEgziL/%b — Nye EI?Zf

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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Searchlng for a good mterface

a—o—-&——i—,b f—_;*c,—»—#—,t

o

1 layer of each metal

Rotate one against the other

Find the possible coincidence sites and periodicities:
are they manageable using DFT?

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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Cu-Nb IF relaxation (upside view) 4 ma“
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Cu-Nb IF relaxation (side view) @%@%@
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Cu/Nb-KS interface
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6 layers of each metal

Cu periodicity: 9x6 (324 at)

Nb periodicity: 8x5 (240 at)

9 kpoints in the 1BZ of the surface

Last layers kept fixed to simulate
bulk behaviour

R.lglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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Cu/Nb DFT results
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Strong reconstruction at interface but no Cu-Nb mixing
Corrugation: Cu/Nb 0.58/0.26 A

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Cu/Nb DFT results
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@® Cu-1st

Nb-1st
9 Cu-2nd W\ b-1s

@® Nb-2nd

Vacancies and He atoms are introduced at the interface
Most stable sites for vacancy formation and He implantation
are in the area where Nb and Cu atoms coincide

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Cu/Nb DFT results
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Cu/Nb DFT results: Cu vacancy
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“90@’%00000

Il 1.26 ev

11 0.62ev

. EFvac 108 032  0.78

1.88
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Cu/Nb DFT results: Nb vacancy
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* Pure Nb atom

EF(eV)

 Cuin Cu layer

« Cuin Nb layer | Cuiin Nb layer
0

=

X(A) 10 20

. Ervac = 266 1.29 2.75
‘qvac>1vac 059 1.56(0.72) 0.12 1.11

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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Cu/Nb DFT results: He+vacancy

O@Cu-lst o @® O ©® o9 00000 00 O
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0Cu-2nd 090 % ™ @ O ® 09 o @ Nb-1st
e @ 0 _ O 09 09 ® Nb-2nd
Q.°0.0|
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2.52 2.07 2.49 2.46 3.27

_ 4.27 2.73 3.98 4.39 5.31

He prefers the vacancy instead of the interface
HeV at second layer tends to bulk values

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29




Cu/Nb DFT results: Summary

 EfeV)  Uniovi 1]
.~ V(Cu), 032 0.95+0.45
. V(Cu), 1.08 1.26
" V(Nb), 129 1.3920.60
~ V(Nb),  2.66 2.75
. He, 250 3.15:0.34
. He(Cu), 3.94 4.00
. He(Nb), 3.14 3.45
“HeV(Cu), 2,07

" HeV(Nb), 2.73 2.74+0.14
'HeV(Cu), 252 282
" HeV(Nb), 4.27 3.56

[1] MJ Demkowicz & L. Thilly, Acta Materalia 59 7744 (2011)

PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29
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Cu/W a)pNW b)GlI IFs
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6 layers of each metal
240 (420) Cu at
192 (336) W at

9 kpoints in the 1BZ of
the surface

Last layers kept fixed to
simulate bulk behaviour

Strong reconstruction
for GlI, corrugation Cu/W
0.43/0.10 A

p-NW corrugation Cu/W
0.10/0.03 A

R.lglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Cu-W IF relaxation (upside view) @i
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Gonzalez/Iglesias 2016
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Cu-W IF relaxation (side view) 4@
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Most stable He and V sites

Cu/W a)pNW b)GlI IFs
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* Plane structure => No MIDIs
e Low corrugation in Z direction
e Strong corrugation in Cu<112> direction.

* He atoms closer to the Cu layer by more than 1eV
PRACE Days 2018, Ljubljana, Slovenia R.lglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Cu-W IF He10-hol-fcc (left view) 4@
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Cu/W IFs: defects at 2layer |
(al)—le?.o. (b) ... () ... O XN

V(Int)
QIII ® 000
He(Int) QO V(.Int). o0 Hg(lrg .O. He(Int)
Q90009 .JJJJ JJJJJ Q90009
He, QO V(Int)

VOV J.JJJ J.JJJ JOOVV

Formation energies for different combinations nfiHE atoms in Cu/W vacanc ies\in the bulk,
Formation energies of aHe atom or a metallic Cu or W vacancylat the perfect metallic bulk, HeV(bulk), second layers, HeV , or at the interface, HeV{Int). Cul/W1 and Cu2/W2 refer
He(bulk) and V{bulk), at the second layer, He 5y and V 3, and finally at the interface, 10 the p-NW and Gl interfaces described in the text above Additionally, we include the sit-
He(Int) and V(Int). Cul/W1 and Cu2/W?2 refer to the first {(p-NW ) and second (GI) inter- uation with a He atom and a vacancy that lie separated at the interface, V(Int JHe(Int).
faces described in the text above. Values with an * correspond to the compressed Cu bulk Values with an * correspond to the compressed Cu bulk

E (eV) E (V)
He( bulk) Vibulk) Hey Vo He(lnt) Viint) HeVi{bulk) HeV 4 V 5 + Hel(Int) HeV(Int) ViInt)He( Int)

Cul 4.30* 0.94* 2.67 082 270 —0.61 Cu1l 25T 2.64 362 1.54 3.60

Cu2 3.95 1.08 3.90 1.00 331 0.50 Cu2 2.54 2.57 435 2,05 3.94

Wi 6.16 3.16 4,95 310 270 2,18 Wi 475 3.77 598 3.53 477

W2 6.16 3.16 - 314 331 1.40 w2 475 4.83 647 3.21 461

PRACE Days 2018, Ljubljana, Slovenia R.lglesias, Dept. of Physics, University of Oviedo, 2018/05/29



Cu/W IFs: energetic maps 4@
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* He migrates through the p-NW IF (planar)

* He trapped in the Gl IF (great perpendicular corrugation as Cu/Nb-KS)
e Strong influence of OR

* p-NW candidate to build up metallic MLs
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W(112)/W(110) IFs
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* b)rotated 55°w. . t. a)

* (112) expanded by 1% along red arrows due to non-coherency
* Red dotted lines: 2D cells accessible to DFT

* |IF b) used subsequently
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W(112)/W(110) IFs: lateral view j@u
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* 6 layers of each metal

« 288(110)and 168 (112) W atoms, total 456

* 8 kpoints in the 1BZ of the surface

* Last layers kept fixed to simulate bulk behaviour
« Corrugations (110)/(112) 0.38/0.06 A

e Decrease in the next layers of (110)/Increase for (112)
PRACE Days 2018, Ljubljana, Slovenia R.Iglesias, Dept. of Physics, University of Oviedo, 2018/05/29



W(112)/W(110) IFs: H+vacancy 4@
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* Red dotted line: 2D cell used

* Red spheres: sites where H has been absorbed

* 3 most stable H positions shown

* H prefers to move to the less corrugated (112) surface
* 3 most stable V positions shown
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e a) Atomic reconstruction around the most stable H position
* b)and c) the same for vacancies at (112) and (110)
* d) and e) most stable H positions for vacancies V,? and V?
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W(112)/W(110) IFs: energetics

Table 1. Formation energies (in eV) of one H, one vacancy (V) and one H in a vacancy (HV) for the three most stable cases obtained at the
interface (Int) as compared to bulk results (bulk) and other works (Int-bib and bulk-bib).

Int! 23 Int-bib Bulk Bulk-bib
E¢(H) — 0.09,—0.07.—0.05 — 1.73,—0.13 [49] 0.96 0.85 [49]
Eq(V) 1.51, 1.57, 1.64 3.66, 2.36 [35] 3.16 3.11 [63], 3.52 [58]
E{(HV) 1.44,1.21,1.20 — 2.80 2.86 [59, 60]*
Es(H) — 0.09,—0.07,—0.05 —0.23[31] 0.96 0.89 [31]
Es(V) — 0.05,—0.35,—0.42 — 0.63 [31] —0.25 —0.31[31]

Note: The 1, 2, 3 indices identify the corresponding three cases analyzed here for H, V and HV. *The value was estimated combining the energies presented

in both works.
E(eV)
Interface | bulk | V-interface | V(bulk)
3.07 6.25 3.33 4.65
6.08 11.54 5.69 T7.67
9.04 16.34 8.21 10.76
11.90 20.99 10.74 13.74
14.80 26.86 13.09 17.75
17.65 32.06 15.24 21.21
20.25 17.85 25.20
23.41 20.55 28.99
PRACE Days 2018, Ljubljana, Slovenia He9 | 26.20 23.17 33.12
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Conclusions and future work .:‘:~:i:-.
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Cu/Nb, Cu/W and W/W interfaces analyzed via DFT
Strong reconstruction but no interatomic mixing

Defects formed preferentially in the areas of 1-2
atomic coincidence (MDIs)

« Defects prefer the interface instead of the bulk
* He prefers the vacancy instead of the interface
« Defects have to cross high barriers in the interface

More cases should be studied: SIAs, H in Cu/X, He
In W/W and vacancy clusters
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