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The aim of the present work was to investigate the microstructure of bulk niobium irradiated by 10 MeV
electrons. Positron-annihilation spectroscopy was employed as a principal technique for the characterization of
irradiation-induced defects. Experimental results were compared to first-principles theoretical calculations of
positron characteristics. In addition to extended positron-annihilation studies, the specimens were characterized
also by x-ray diffraction. It was found that irradiation-induced vacancies are surrounded by hydrogen. Com-
plexes consisting of a Nb vacancy surrounded by one and two H atoms were identified in the irradiated
specimens. The concentration of these vacancy-hydrogen complexes was estimated to be (18-24)
X 1073 at. %. Vacancy-2H complexes are found to represent the dominating type of defects. Hydrogen atoms
surrounding a Nb vacancy cause a shortening of the lifetime of trapped positrons. Moreover, it was demon-
strated that hydrogen attached to Nb vacancy can be identified by coincidence Doppler broadening technique.
The effect of a thin Pd (or Cr) overlayer on the irradiation-induced defects was investigated also. It was found
that the relative fraction of vacancy-2H complexes is higher in the specimens irradiated with such an overlayer.
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I. INTRODUCTION

Niobium is an important material for high-temperature
technology and for advanced fission and fusion reactors.
Moreover, it is used for superconductive rf cavities in par-
ticle accelerators. The information about irradiation-induced
defects in Nb is highly important for the above-mentioned
applications. In addition, Nb is known to absorb hydrogen
easily.! Moreover, hydrogen in Nb exhibits a high mobility
even at low temperatures (~60 K).23 This makes the char-
acterization of irradiated specimens more complicated be-
cause one has to consider the interaction of defects created
by irradiation with hydrogen absorbed in Nb. For this reason,
it is very important to learn more about the mechanism of
interaction between hydrogen and irradiation-induced lattice
defects. In general, the knowledge about hydrogen interac-
tion with defects in metals is still limited despite an increas-
ing effort given to such investigations, especially on the
atomic scale [see the recent review (Ref. 4) for more infor-
mation].

Positron-annihilation spectroscopy (PAS) is a well estab-
lished nondestructive method with very high sensitivity to
vacancies and other open-volume defects.’ It has proven it-
self to be a very powerful tool for investigations of hydrogen
interaction with defects in metals on the atomic scale. For
example, hydrogen trapping at vacancies in Cu was experi-
mentally demonstrated by Lengeler et al.® by means of PAS
almost 30 years ago.

Hautojérvi and co-workers’”® employed PAS for investi-
gations of vacancy recovery in Nb irradiated by 3 MeV elec-
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trons at liquid nitrogen temperature. The authors found that a
Nb specimen, which was handled in a protective He atmo-
sphere in order to prevent it from hydrogen contamination,
exhibits a lifetime of irradiation-induced defects of
(210=2) ps, while the sample kept in air exhibits the life-
time (170x2) ps. In addition, the migration of the
irradiation-induced defects occurred already at 220 K in the
sample handled under the protective atmosphere, but it was
shifted to 380 K in the sample kept on air. The authors ex-
plained these experimental findings by hydrogen trapping at
irradiation-induced vacancies in the Nb sample kept on air.
Hydrogen attached to a vacancy causes a decrease of lifetime
of trapped positrons. It may also decrease the mobility of a
vacancy, i.e., to stabilize it. Thus, it is assumed that the
sample handled in a protective He atmosphere is virtually
hydrogen free and contains nondecorated Nb vacancies
which are annealed out already below room temperature. On
the other hand, the sample kept on air contains vacancy-
hydrogen complexes which are stable up to 380 K. Theoret-
ical calculations performed in Ref. 8 suggested that the latter
sample contains most probably a mixture of vacancies asso-
ciated either with one H atom (v-H) or with 2 H atoms
(v-2H).

In the present work, we continue with the investigations
of hydrogen interaction with defects in electron-irradiated
Nb and extend them in several respects:

(i) For a precise characterization of the irradiation-
induced defects and their coupling with hydrogen, high-
resolution positron lifetime (LT) spectroscopy is employed,
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with a timing resolution more than two times better than
mentioned in Ref. 8. Moreover, a relatively high coincidence
count rate allows to accumulate a high statistics (>107) in
the LT spectra at reasonable time. An excellent timing reso-
lution and a high statistics enable to distinguish even com-
ponents with closely spaced lifetimes, i.e., those expected for
vacancies surrounded by various numbers of H atoms.

(ii) Coincidence Doppler broadening (CDB) is employed
for an investigation of the chemical surrounding of electron-
irradiation-induced Nb vacancies. The experimental high-
momentum profiles (HMP) are compared to theoretical mod-
eling.

(iii) Defect depth profiles are studied by slow positron
implantation spectroscopy (SPIS).

(iv) The effect of a thin Pd (and Cr) overlayer of the
specimen on the irradiation-induced vacancy-hydrogen com-
plexes is investigated.

The paper is structured as follows. Experimental details
are given in Sec. II. Theoretical modeling of defects is de-
scribed in Sec. III. Characterization of virgin Nb samples can
be found in Sec. IV A, while Sec. IV B describes defects in
the electron-irradiated specimens. Section IV E describes
further treatment of experimental data and an estimation of
defect concentrations. The CDB experimental results and
calculated HMP curves are presented in Sec. IV F. Final con-
clusions are drawn in Sec. V.

II. EXPERIMENT

A. Specimens

Bulk Nb (99.9%) specimens (disk shaped, diameter
~10 mm, thickness =0.5 mm) were first annealed
(1000 °C/1 h) in vacuum (10~ mbar) to remove virtually
all defects introduced during casting and shaping. The speci-
mens were subsequently irradiated with 10 MeV electrons up
to a fluence of 2 X 10! m=2 (T,,,=100 °C). The surface of
the specimens was covered with a 30 nm thick Pd overlayer
deposited by cold cathode beam sputtering in an UHV cham-
ber (107'° mbar). Specimens with a Pd cap sputtered prior
to electron irradiation were compared to those having a Pd
cap deposited after irradiation. Another set of specimens was
covered prior to irradiation with a 30 nm Cr overlayer in-
stead of the Pd cap.

After characterization of the irradiated state, the specimen
irradiated with Pd cap was subsequently doped with hydro-
gen. Hydrogen loading was performed by cathodic electro-
chemical charging on the setup described in our previous
paper.” A mixture of H;PO,(80%) and glycerin (80%) in 1:1
ratio was used as electrolyte. Hydrogen charging was made
by applying constant current of 0.3 mA for 17 h.

Another set of annealed specimens was subjected to se-
vere plastic deformation in order to create a high density of
dislocations. The samples were deformed by torsion and si-
multaneously compressed by a high pressure of 6 GPa. This
technique of severe plastic deformation is called high-
pressure torsion (HPT) (Ref. 10) and enables one to achieve
ultrafine-grained structure with a high density of disloca-
tions. Specimens deformed by HPT were used as reference
for interpretation of CDB curves in Sec. IV F.
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B. PAS

A *Na,CO; positron source (1.5 MBq) deposited on a
2 um thick Mylar foil was used in LT and CDB measure-
ments. This source was always forming a sandwich with two
identically treated Nb specimens. The source contribution in
LT spectra consisted of two weak components with lifetimes
~368 ps and =1.5 ns and corresponding intensities of
~8% and ~1%, respectively. LT spectroscopy was per-
formed using a fast-fast spectrometer'’!> with a timing res-
olution of 160 ps (full width at half maximum, FWHM
22Na). At least 107 positron-annihilation events were accu-
mulated at each LT spectrum which was subsequently de-
composed using a maximum-likelihood procedure.'?

CDB studies were carried out on a spectrometer'*
equipped with two high purity germanium (HPGe) detectors.
The energy resolution of the CDB spectrometer was 1.02
keV at 511 keV. At least 10% annihilation events were col-
lected in each two-dimensional y-ray energy spectrum.

SPIS studies were performed at the magnetically guided
positron beam “SPONSOR” (Ref. 15) with positron energy E
adjustable from 0.03 to 36 keV. Doppler broadening of the
annihilation line was measured by a HPGe detector with an
energy resolution of 1.09 keV at 511 keV and evaluated us-
ing the S and W line-shape parameters. The S(E) dependen-
cies were fitted by the VEPFIT software package.'® It has to be
noted that all the S and W parameters shown in this paper
were normalized to the bulk values S,;, W, measured on the
annealed Nb specimen.

C. X-ray diffraction

X-ray diffraction (XRD) measurements were taken in
0/20 geometry with Philips X’pert MPD diffractometers
using Cu K, radiation. The XRD profiles were fitted with the
Pearson VII function, and the lattice parameters were deter-
mined by the Cohen-Wagner extrapolation plot (aj vs
cos O cot O).

III. THEORY
A. Theoretical calculations of positron parameters

Positron properties were calculated using density-
functional theory (DFT) in so-called zero positron density
limit.!” In this approximation positron density is assumed to
be everywhere vanishingly small and not affecting the bulk
electron structure. The positron and its screening electron
cloud are considered to form a neutral quasiparticle. At first
electron density n(r) is solved without the positron. Subse-
quently, the effective potential for positron is constructed as

Vi(r) = (r) + Veor[n(r)], (1)

where ¢(r) is the Coulomb potential produced by the charge
distribution of electrons and nuclei and V,,,[n(r)] is the zero
positron density limit of the electron-positron correlation
potential.!® This so-called “conventional scheme” has been
widely used for calculations of positron parameters in vari-
ous solid systems (see, e.g., Ref. 17) and the agreement of
the calculated parameters with experiment is usually better
than 10%.
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TABLE I. Calculated Nb bulk positron lifetimes 75 and lifetimes of positrons trapped in Nb vacancy. The
lifetimes collected in the table were calculated using superimposed atomic electron densities (ATSUP) or
self-consistent electron density (VASP) combined with LDA and GGA approaches for electron-positron cor-
relation. Positron lifetimes calculated in Refs. 26 and 29 using the LMTO method within the ASA and GGA
schemes are shown for comparison. Experimental positron lifetimes are listed in the last column.

ATSUP-LDA  ATSUP-GGA  VASP-LDA  vasP-GGA LMTO(ASA)-GGA Experiment

Bulk 75 (ps) 125.9 1344

Vacancy 7, (ps) 222.7 223.9

7B

— 1.77 1.67 1.75

Ty

116.9

205.0

120.1 1222 128.3+0.4
1220 122+2°¢

210.6 218° 210%2 ¢
220P

1.75 1.792 1.72-1.64
1.80°

4Reference 26.
bReference 29.
‘Reference 8.

Electron density needed for construction of the effective
positron potential was calculated using two approaches:

(i) Atomic superposition (ATSUP) method'® which uses su-
perimposed atomic electron densities calculated by a self-
consistent relativistic atomic code.?%?! ATSUP approach uses
non-self-consistent electron density and neglects charge
transfer, but it is a very fast method which can be used even
for very large supercells.

(ii) Self-consistent valence electron density was calcu-
lated by the plane-wave code Vienna ab initio simulation
package (VASP).>>2* In this approach frozen-core electron
orbitals were added to the self-consistent VASP valence elec-
tron density. The 4d*, 55' Nb electrons and 1s' H electron
were considered as valence electrons in VASP calculations.

Two approaches were used also for the correlation part of
the positron potential:

(i) local-density approximation (LDA) using results of
Arponen and Pajane® parametrized by Boronski and
Nieminen,'® and

(ii) generalized gradient scheme (GGA) formulated by
Barbiellini et al.?

Thus, a combination of the approaches described above
results in four various schemes how to calculate positron
parameters denoted here: ATSUP-LDA, ATSUP-GGA, VASP-
LDA, and VASP-GGA.

Positron wave functions ¢ (r) are calculated by solution
of a single-particle Schrodinger equation

1
R ACRACIACELACE (2)

The positron-annihilation rate (i.e., the inverse of positron
lifetime) is determined using the expression

A= wrgcf [yt (r)|*n(r) yn(r)ldr, (3)

where r, is the classical electron radius, ¢ is the speed of
light, and 9{n(r)] denotes the electron enhancement factor
describing the pileup of electrons at the positron site.!” In
LDA approach the enhancement factor depends only on local

electron density on the positron site. Here we used param-
etrization of the enhancement factor introduced by Boronski
and Nieminen.'® The GGA enhancement factor at a given
point depends both on the electron density at the positron site
and also on its gradient.?®?” In GGA calculations we used the
enhancement factor based on Arponen and Pajanne” results
with gradient correction constructed by Barbiellini et al.?®
The adjustable parameter a=0.22 (see Ref. 26) was applied
for the enhancement factor in GGA calculations.

The ATSUP calculations were performed on 4 X4 X4 su-
percells containing 128 Nb atoms. One Nb atom was re-
moved for modeling a vacancy and corresponding H atoms
were added for calculations of vacancy-hydrogen complexes.
Integration over the Brillouin zone described in Ref. 28 was
used in calculations of positron parameters for vacancy and
vacancy-hydrogen complexes. Investigations regarding the
convergence of calculated positron parameters with respect
to the supercell sizes performed in Ref. 28 have shown that
supercells used in the present calculations can be considered
as sufficiently large for calculations of positrons trapped in
vacancy. Indeed, positron parameters which were calculated
for selected configurations on 5X 5 X5 (250 Nb atoms) su-
percell show virtually no difference from those calculated on
128 Nb atom-based supercells.

VASP calculations were performed on 3 X3 X3 (54 atom-
based) supercells using 5X 5 X5 k-point mesh. Virtually the
same results within a relative difference of 1% were obtained
using larger 4X4X4 (128 atom-based) supercells with
coarser k-point mesh 2 X2 X 2. For calculations of positron
parameters the supercells from VASP calculations were sur-
rounded by additional cells with electron density calculated
by atomic superposition to obtain 4 X4 X4 supercells. The
estimated relative uncertainty of the calculated positron pa-
rameters is about 10%.

Bulk positron lifetime 73 and lifetime of positrons trapped
in vacancy 7y calculated using the four various approaches
described above are collected in Table I and compared to
positron lifetimes calculated by Barbiellini et al.?® using
GGA scheme with self-consistent electron density obtained
by linear muffin-tin orbital (LMTO) method within the
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atomic-spheres approximation (ASA). Similar results were
recently obtained by Robles er al?® also using LMTO
method with GGA scheme. Experimental positron lifetimes
are listed in the last column of Table I. One can see that
VASP-GGA and ATSUP-LDA approaches give similar results
which are in the best agreement with experiment and also
with the LMTO(ASA)-GGA calculations. Self-consistent
electron density with LDA approach results in too short life-
times because LDA overestimates positron-annihilation rate
especially with d electrons.?® This shortcoming is to some
extent compensated by the use of Boronski-Nieminen en-
hancement with superimposed atomic electron density and
neglecting the charge transfer.'”3° For this reason, the ATSUP-
LDA lifetimes are comparable to those obtained by the more
precise VASP-GGA approach. On the other hand, the GGA
scheme is more sensitive to details of electronic structure
than LDA (Ref. 26) and should be, therefore, used with self-
consistent electron density. Table I shows that lifetimes cal-
culated using the ATSUP-GGA approach are too long com-
pared to experiment.

Note that rigid Nb lattice was assumed in the calculations
presented in Table I, i.e., relaxations of Nb atoms around
vacancy were neglected in the present approach. In order to
evaluate the magnitude of relaxations of Nb atoms around
vacancy we performed ion relaxations by VASP and calcu-
lated relaxed geometry of Nb vacancy. It was found that
nearest-neighbor Nb atoms relax toward vacancy. Their dis-
placement with respect to the positions in the rigid lattice
amounts to 0.08 A, i.e., relative displacement is 2.4% of the
lattice parameter. The lifetime of a trapped positron in va-
cancy with relaxed ions is about 15 ps shorter. However, it
has to be mentioned that a localized positron itself influences
positions of Nb ions surrounding a vacancy. Positron-
induced forces can be calculated by Hellman-Feynman theo-
rem and cause usually an outward relaxation of the neighbor-
ing ions.*! Thus, to calculate realistic positron lifetime for
relaxed defects it is necessary not only (i) to determine re-
laxed defect geometry without positron, but also (ii) to con-
sider relaxations caused by positron-induced forces. Such de-
manding calculations are out of the scope of this work but
represent a challenge for future theoretical approach. Re-
cently Makkonen et al.®! calculated positron-induced forces
for vacancy in Si, Al, and Cu using the ATSUP-based ap-
proach. The obtained results showed that outward relaxation
of the nearest-neighbor ions caused by positron trapped in
vacancy is even larger than the inward ion relaxation around
vacancy without positron. Hence, the outward relaxation
caused by positron-induced forces and ion relaxation toward
vacancy cancel at least partially each other and the assump-
tion of rigid Nb lattice used in this work is reasonable. This
is testified by the fact the positron lifetime for Nb vacancy
calculated using VASP-GGA (i.e., the most precise approach)
is in good agreement with experiment.

Self-consistent calculation of the momentum distribution
of annihilating electron-positron pairs requires all-electron
wave function and, therefore, is not straightforward even if
the band structure was solved by VASP. Recently Makkonen
et al.>' developed a scheme for calculation of the momentum
distribution of annihilating electron-positron pairs using the
projector-augmented wave (PAW) method.?? The all-electron
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wave function was constructed from the soft pseudovalence
wave functions calculated by VASP applying a suitable trans-
formation. The core states were treated within the frozen-
core approximation, i.e., were approximated by free-atom
wave functions.3! Such calculations are, however, out of the
scope of this paper. Here we restrict ourselves to ATSUP-
based non-self-consistent approach3*3* to calculate high-
momentum part (HMP) of the momentum distribution of
electrons which annihilated positrons. An electron state j de-
scribed by the wave function ¢; contributes to the momen-
tum distribution of the annihilation photons by a component

2
M;(p) = mr;cy; f dri ()¢ (r)exp(=ipr)| . (4)

The symbol v; stands for the enhancement factor of the state
j. The HMP of the momentum distribution comes almost
exclusively from the localized core electrons. Equation (4)
can be simplified considerably when only annihilations with
core electrons are considered. The contribution of the ith
atom and a shell characterized by quantum numbers n and [
is given by the following formula:33

2
f drRY(r)R,(r)j(pr)r*| .
(5)

In this equation N, ,, denotes the number of electrons in the
(n,1) shell, j; is the spherical Bessel function, and R, is
electron radial-wave function. For the positron wave func-
tion we assume an isotropic form around each nuclei. The
radial part R} of positron wave function around the ith nuclei
is obtained by spherical averaging of the positron wave func-
tion " in a sphere of radius r, around the nuclei. The radius
r, was used also as an upper limit of the integral in Eq. (5).
For Nb it was found that r,=6 a.u. is already enough to get
results which do not change when this parameter is in-
creased. The enhancement factor for the (n,[) shell of the ith
atom 18

M (p) = 412N,y Vi

LDA,GGA y IPM
Yint = Nini INini > (6)
where the partial annihilation rates \;,, corresponding to the
(n,l) core orbital of the ith atom are calculated from the
equation

)\i,nl = ercj dl‘| l//+(r)|2ni,nl(|r - r,|)’)’[l’l(l‘)] (7)

In this equation n; ,; denotes the radial core electron density
of the (n,l) orbital of the ith atom placed at position r;. The
annihilation rates A\-DA95A were calculated using the LDA or
GGA approach. The symbol MM denotes the annihilation
rates calculated within the independent-particle model
(IPM), i.e., with y=1. The final one-dimension HMP which
can be compared to the experimental CDB spectrum is ob-
tained by summing up the contributions of the core states
(n,1) of all atoms i in the system and integrating over the
high-momentum tail
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M@p)=2 | dppM,,.(p). (8)

inl Jp

In order to compare the calculated HMP curves to experi-
mental CDB spectra, they have to be properly normalized.
The areas of the experimental CDB spectra were scaled to
unity, while the areas below the theoretical HMP curves were
set equal to A ./ N, where

core

)\core = E )\i,nl (9)

inl

is the annihilation rate with all core electrons of the system,
while N\ is the total annihilation rate given by Eq. (3). In
order to mimic the effect of the finite resolution of the ex-
perimental setup, the theoretical HMP curves were convo-
luted with a Gaussian with FWHM of 4.0 X 10~3mc. The
following core electron configurations were considered: for
Nb, the [Kr] core was taken and for H, 1s' configuration was
used.

B. Theoretical modeling of vacancy-hydrogen complexes

It is well known that hydrogen in a perfect Nb lattice
occupies tetrahedral interstitial positions.’ Vacancy repre-
sents a potential well for hydrogen and trapping of hydrogen
in a vacancy was observed.®3%37 Thus, the hydrogen lowest
energy sites are changed in Nb crystal containing vacancy. In
order to model vacancy-hydrogen complexes it is necessary
to determine the position of hydrogen trapped in a vacancy.

A simple approach to determine the equilibrium (i.e., the
lowest energy) position of hydrogen trapped in a vacancy is
the use of the effective-medium theory (EMT) formulated by
Ngrskov?® and Stott and Zaremba.* It was shown that EMT
describes correctly all the trends of hydrogen heats of solu-
tion in 3d, 4d, and 5d transition metals.’® Calculations per-
formed on Ni (Ref. 40) showed that EMT reproduces well
the bond lengths, chemisorption energies, and vibrational
frequencies of hydrogen. Moreover, it was shown*! that hy-
drogen binding energies to interstitials, vacancies, and voids
calculated by EMT for Cu, Ni, Pd, and Fe are in very good
agreement with experimental data.®*?*3 Finally, EMT calcu-
lations performed in Ref. 41 revealed that hydrogen trapped
in a vacancy in Fe is located on the line connecting a va-
cancy and the nearest-neighbor octahedral interstitial posi-
tion at the distance of 0.33¢=0.94 A from a vacancy. This
position, determined by EMT, is in excellent agreement with
the hydrogen position determined in ion channeling
experiment.** This success justifies the use of EMT also for
determination of positions of hydrogen trapped in the Nb
vacancy.

In this work we used the EMT approach described in
details in Ref. 9. In case of vacancy surrounded by multiple
hydrogen atoms the calculations in Ref. 9 were refined by
including mutual interactions of hydrogen atoms surrounding
a vacancy. In order to estimate reliability of the equilibrium
hydrogen positions calculated by EMT, we determined the
equilibrium position of hydrogen trapped in Nb vacancy also
by self-consistent band-structure calculations using VASP

PHYSICAL REVIEW B 79, 054108 (2009)

® H positions
[ vacancy

o
x

Octahedral sites

FIG. 1. (Color online) Schematic drawing of six crystallographi-
cally equivalent equilibrium positions of hydrogen trapped in va-
cancy calculated by EMT. Distance of hydrogen from the vacancy
is d, y=0.37a=1.22 A.

code. Hydrogen atom is (i) substantially lighter than Nb
atom and (ii) highly mobile even below room temperature.’
Thus, in the VASP calculations, Nb atoms were fixed at the
rigid-lattice positron and only H atoms were allowed to re-
lax. Fully relaxed calculations of vacancy-hydrogen com-
plexes should be a next step in the theoretical modeling,
which is in the scope of the present paper.

Both in EMT and VASP calculations, we assumed that
symmetry of vacancy-hydrogen complexes is retained and
configurations with the highest symmetry were considered.
Thus, hydrogen-hydrogen (H-H) interaction may cause a
change of distance d,y of H atoms from the center of a
vacancy, but all H atoms surrounding a vacancy are affected
in the same way. In other words, H atoms surrounding a
vacancy are indistinguishable and have the same distance
d,.y from a vacancy center. However the distance d,_; de-
pends on number of H atoms surrounding a vacancy.

The equilibrium (lowest energy) position of single H atom
trapped in a vacancy was calculated by EMT in Ref. 9. It was
found that hydrogen is located on the line between a vacancy
and the nearest-neighbor octahedral interstitial site at the dis-
tance d, y=0.37a=1.22 A from a vacancy. There are six
such sites around a vacancy all crystallographically equiva-
lent and they are shown schematically in Fig. 1.

Results of VASP calculations for a vacancy-hydrogen
(v-H) complex are presented in Fig. 2 which shows the de-
pendence of the total supercell energy on the hydrogen dis-
tance from vacancy d, y in the [100] direction, i.e., on the
line between a vacancy and the nearest-neighbor octahedral
site. The minimum-energy site was found at the distance
d, 4y=0.41a=1.37 A, which is close to the lowest energy site
calculated by EMT. The relative difference between the dis-
tance of the H atom from a vacancy determined by EMT and
VASP is =10%. Taking into account that the EMT and VASP
approach are based on completely different approximations,
this can be considered as very reasonable agreement. The
vacancy-hydrogen distance d,y calculated using VASP and
EMT, respectively, is plotted in Fig. 3 as a function of the
number of H atoms surrounding a vacancy. The distances
calculated by VASP are systematically higher than those ob-
tained from EMT. Nevertheless the relative difference of the
results calculated by VASP and EMT does not exceed 10%
except of v-3H complex where it approaches 15%. Relative
change Ad,y/d,y of hydrogen distance calculated using
VASP and EMT is shown in Fig. 4 as a function of number of
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FIG. 2. Dependence of total supercell energy calculated by VASP
on hydrogen distance from the vacancy in the [100] direction. The
vacancy is located at the origin of coordinate system. The equilib-
rium vacancy-hydrogen distance calculated by EMT is plotted in
the figure by a dashed line for comparison.

hydrogen atoms surrounding a vacancy. In both approaches
we obtained similar trend: addition of second H atom to v-H
complex causes shortening of d,y, i.e., H atoms relax fo-
ward a vacancy. On the other hand, for more than three H

A
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FIG. 3. Distance of hydrogen from vacancy d,,_y as a function of
number of H atoms surrounding the vacancy. (a) Results of VASP
calculation and (b) EMT calculations. Distances are given in units
of the Nb lattice parameter a.
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FIG. 4. (Color online) Relative change of hydrogen distance
from the vacancy as a function of number of hydrogen atoms sur-
rounding the vacancy; open symbols: VASP calculations, full sym-
bols: EMT approach.

atoms, the H-H interaction becomes repulsive and H atoms
relax outward from a vacancy.

Lifetimes of positrons trapped in vacancy-hydrogen com-
plexes and corresponding positron binding energies are
shown in Figs. 5 and 6, respectively, as a function of the
number of hydrogen atoms surrounding a vacancy. Positron
lifetimes and binding energies plotted in Figs. 5 and 6 were
calculated using the four different approaches described in
the Sec. III. In all cases positron lifetime and binding energy
decrease monotonically with increasing number H atoms
around a vacancy. Figure 5 shows that VASP-GGA and
ATSUP-LDA approaches give relatively similar lifetimes. The
largest difference between these two approaches was ob-
served for nondecorated Nb vacancy. Positron lifetimes cal-
culated by ATSUP-GGA scheme are slightly longer for v-5H
and v-6H complexes. On the other hand, the VASP-LDA ap-
proach results in significantly shorter lifetimes, which testi-
fies that LDA overestimates the positron-annihilation rate

240 — T \ \ I
N o ATSUP-LDA |

220 - 4 ATSUP-GGA
- O VASP-LDA |

200 - e VASP-GGA |

A 180 [ o L # experiment ]
IS ; ¢ ]
[ 160 L |
b - ¢ 1

140 [ bulk B é E
-

120 ::}%:::‘:::‘:::F::%::]‘Q::T:T‘r;

number of H atoms

FIG. 5. (Color online) Dependence of lifetime 7,y of positron
trapped at vacancy-hydrogen complex on the number of hydrogen
atoms surrounding the vacancy. Dashed lines show the bulk posi-
tron lifetime calculated using the various approaches described in
the text. Stars show the experimental lifetimes measured in Ref. 8
and in this work.
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FIG. 6. (Color online) Dependence of the positron binding en-
ergy to vacancy-hydrogen complexes on the number of hydrogen
atoms surrounding the vacancy. The binding energies were calcu-
lated using the four different schemes described in the text.

with the hydrogen electron. This shortcoming of LDA is to
some extent compensated in the ATSUP-LDA approach when
atomic orbitals are used and the hydrogen electron is kept
localized in 1s orbital, which results in a reduction of
positron-annihilation rate with the hydrogen electron. The
positron lifetime for a vacancy surrounded by six hydrogen
(v-6H complex) approaches the bulk positron lifetime and
the corresponding binding energy decreases basically down
to zero. Hence, the v-6H complex is likely unable to confine
the positron anymore. The bulk lifetime “level” differs in the
various computational schemes (see Fig. 5), therefore, we
plotted in Fig. 7 the ratio 7,4/ 73. One can see in this figure
again that 7,_y/ 7 ratios calculated by VASP-GGA and ATSUP-
LDA are relatively similar, while ATSUP-GGA and VASP-
LDA give too low values of 7,/ 75. Figure 6 demonstrates
that positron binding energy to vacancy-hydrogen complexes
is more sensitive to details of electronic structure than posi-
tron lifetime. Use of self-consistent electron density results
in significantly lower positron binding energy. Thus, VASP-
GGA approach is necessary for a precise determination of

2.0 T T T T T ]
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[ O  VASP-LDA ]

160 ® VASP-GGA ]

S r *  experiment 1
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Fbulk ]
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0 1 2 3 4 5 6
number of H atoms

FIG. 7. (Color online) Dependence of ratios 7, g/ 75 calculated
using the four various schemes described in the text on the number
of hydrogen atoms surrounding the vacancy. Solid lines are poly-
nomial fits to guide eyes only. Dashed line corresponds to the bulk
positron lifetime.
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FIG. 8. Lifetimes of positrons trapped at vacancy-hydrogen
complexes calculated using ATSUP-LDA approach with H-H inter-
action included (open circles, this work) and using a simplified
ATSUP-LDA approach with neglected H-H interaction (full triangles,
Ref. 9). Dashed line corresponds to the bulk positron lifetime.

positron binding energy to vacancy-hydrogen complexes.

Influence of H-H interactions on the positron lifetime is
illustrated in Fig. 8 which compares lifetimes of positrons
trapped in vacancy-hydrogen complexes calculated using (i)
the ATSUP-LDA scheme used in this work with H-H interac-
tion included and (ii) a simplified ATSUP-LDA approach used
in Ref. 9, where H-H interaction was neglected. In the latter
case no relaxations of H atoms were performed and vacan-
cies surrounded by multiple H atoms were modeled simply
by filling the appropriate number of the lowest energy sites
around a vacancy calculated by EMT (see Fig. 1) with H
atoms. Figure 8 demonstrates that H-H interaction has only a
very small effect on the lifetime of positrons trapped at a
vacancy. Similar conclusion was obtained also for positron
binding energy.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Nonirradiated specimens

Results of LT measurements are summarized in Table II.
The annealed Nb specimen exhibits a single-component LT
spectrum with a lifetime 73=128 ps, which agrees with the
calculated bulk Nb lifetime of 126 ps. Thus, the annealed Nb
specimen can be considered as a “defect-free” material be-
cause virtually all positrons annihilate from the free state. No
new defects detectable by LT spectroscopy were created by
sputtering of the Pd (or Cr) cap onto the annealed specimen
(see Table II).

The S(E) curve measured on the annealed specimen is
plotted in Fig. 9. The positron diffusion length Lg,
=(319*8) nm was obtained from fitting of the S(E) curve
by VEPFIT. The S(E) curve measured on the annealed speci-
men after sputtering of the Cr cap is plotted in Fig. 9 as well.
The curve was fitted by VEPFIT assuming now two layers: (i)
Cr cap and (ii) Nb bulk. Note that the thickness of the Cr
overlayer was fixed at the value of 30 nm known from sput-
tering. A positron diffusion length of (300 * 10) nm was ob-
tained now from fitting for bulk Nb. This value is compa-
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TABLE II. Summary of results of LT measurements. The nonirradiated specimens generally exhibit a
single-component spectrum, whereas LT spectra of the irradiated specimens could be decomposed into two
components. The symbol 7, denotes the quantity calculated from Eq. (11) in order to check the consistency
of the decomposition with the two-state simple trapping model.

T L Ui Iy Tf
Specimen (ps) (%) (ps) (%) (ps)
Nonirradiated

Annealed 128.3(4) 100
Cr cap deposited 127.6(6) 100
Pd cap deposited 128.0(5) 100

Irradiated
Bare specimen 48(6) 16(1) 190.7(5) 85(1) 131(1)
With Cr cap 54(5) 14.2(7) 183.5(5) 85.8(7) 137(1)
With Pd cap 57(7) 17.0(8) 185.8(8) 83.0(8) 140(1)
Pd cap deposited
after irradiation 47(9) 15(2) 190.0(8) 85(2) 131(1)

H loaded
With Pd cap 60(9) 11(2) 149(3) 89(2) 128(1)

rable to that for the annealed specimen prior to the Cr cap
sputtering, thus testifying that sputtering of the Cr cap did
not cause any sensible damage in Nb. The positron diffusion
length in the Cr cap was found to be (30 10) nm only.
Such a low positron diffusion length gives evidence that the
sputtered Cr overlayer is far from being a perfect material
and contains a high density of open-volume defects. A simi-
lar result was obtained in case of the Pd overlayer.

B. Electron-irradiated specimens

The average path length [continuous slowing down ap-
proximation (CSDA) range], traveled by a 10 MeV electron
in Nb until it slows down to rest, was estimated to be 7 mm

110 71— 11— ]

r ® annealed 1
1.08 - ¢ & after Cr cap deposition ]

1.06

1.04 F

S/S,

1.02 |

1.00 F

goog ittt
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FIG. 9. (Color online) Dependence of the S parameter on the
positron energy E for nonirradiated Nb specimens: full circles—
annealed specimen, open triangles—the annealed specimen covered
with a Cr overlayer. Solid lines show the model functions fitted by
VEPFIT.

by ESTAR (Ref. 45) in the continuous slowing down approxi-
mation. Thus, assuming an exponential electron implantation
profile, the difference in the number of stopped electrons on
the irradiated side and on the opposite side of a 0.5 mm thick
Nb specimen is less than 7%. Figure 10 shows the S(E)
curves measured on both sides of the irradiated specimen
(i.e., the irradiated side and the opposite side). The bulk S
parameter measured on the irradiated side is only very
slightly higher than that measured on the opposite side. This
confirms the assessment mentioned above. Note that all the
measurements which will be reported further in this paper
were taken on the specimens’ irradiated side.

The S(E) curves for the virgin and irradiated specimens
are compared in Fig. 11. It is clear that the bulk value of the
S parameter is increased in the irradiated specimens due to
irradiation-induced defects. The curves were fitted by VEPFIT,

110 77—

1.09 F °

irradiated side
o  opposite side

1.08 [

o 1.07

S/8
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1.05 [

1.04

1.03:‘1‘“‘1‘“‘1““1““1““1““1““1‘:

FIG. 10. (Color online) The S(E) curves measured on bare Nb
irradiated with electrons: full circles—the irradiated side, open
circles—the opposite side. Solid lines show the model functions
fitted by VEPFIT.
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FIG. 11. (Color online) The S(E) curves for virgin (nonirradi-
ated) and electron-irradiated Nb specimens. Solid lines show the
model functions fitted by VEPFIT.

assuming a single layer in case of bare Nb specimen,
whereas two layers were considered in case of Nb covered
with a Pd/Cr cap. The results of fitting are summarized in
Table III. The following conclusions can be drawn from the
SPIS results:

(i) The bulk value of the S parameter is increased in irra-
diated specimens and this increase is accompanied by a
shortening of the positron diffusion length L,. This behavior
testifies that positrons in the irradiated specimens are trapped
at defects created by electron irradiation.

(ii) The highest increase of S was observed in the bare Nb
specimen irradiated with electrons.

(iii) Deposition of the Pd cap after irradiation leads to
only a slight change of the S parameter value. On the other
hand, the specimens irradiated with the Pd (or Cr) cap, i.e.,

TABLE III. Summary of results of SPIS and XRD measure-
ments. The symbols L,, AS/S denote the positron diffusion length
and the relative change of the bulk S parameter for Nb specimens
obtained from fitting of the experimental S(E) curves by VEPFIT.
The lattice constant a determined by XRD is shown in the last
column. The abbreviation n.a. means not analyzed.

L, AS/S, a
Specimen (nm) (%) (A)
Nonirradiated
Annealed 319(8) 0.0 3.3033(3)
Cr cap deposited 300(10) 0.2(2) n.a.
Pd cap deposited 300(10) 0.3(2) n.a.
Irradiated
Bare specimen 178(6) 5.1(2) 3.3043(3)
With Cr cap 200(10) 2.3(2) 3.3024(4)
With Pd cap 190(10) 2.6(2) 3.3016(2)
Pd cap deposited
after irradiation 175(7) 4.5(3) 3.3020(3)
H loaded
With Pd cap 200(10) -0.27(1) 3.3090(5)

PHYSICAL REVIEW B 79, 054108 (2009)

the overlayer was deposited prior to irradiation, exhibit a
significantly lower S parameter.

(iv) The Pd (or Cr) overlayer is characterized by a posi-
tron diffusion length in the range (15-40) nm in all irradiated
specimens testifying, thus, that the overlayer retains in a
highly defected structure detected already in the nonirradi-
ated specimens.

The lattice parameters a measured by XRD are listed in
the last column in Table III. The a values measured on the
annealed (nonirradiated) Nb specimen agree well with the
value reported in the PDF-2 database.*® No increase of a
could be detected in irradiated specimens (except the speci-
men loaded with hydrogen, which will be discussed in Sec.
IV C). The highest a value was measured on the bare Nb
specimen irradiated with electrons. The relative lattice ex-
pansion in the a phase range of hydrogen concentrations is
directly proportional to the hydrogen concentration in the
sample

a—ap

=§CH. (10)
ap

The symbol a states for the lattice constant of a sample with
hydrogen concentration ¢y, while a, denotes now the lattice
constant of a hydrogen-free virgin sample. The coefficient
£=0.058 can be found in the literature for bulk Nb.?3 Using
Eq. (10), it can be concluded that the hydrogen concentration
in the bare Nb irradiated with electrons is lower than
~5000 ppm. Note that cy;~2000 ppm was estimated as a
sensitivity limit of the XRD setup used in this work.

LT spectra of the irradiated Nb specimens can be fitted by
two components (see Table II). The first component with
lifetime 7;<<7p, which is a fitting parameter representing a
combination of the bulk positron lifetime and positron trap-
ping rates,*” comes apparently from free positrons. The
longer component with lifetime 7;; can be attributed to pos-
itrons trapped at defects. The latter component cannot be
explained by positron trapping at irradiation-induced non-
decorated Nb vacancies because 7y is remarkably shorter
than the calculated Nb-vacancy lifetime (see Table I). As was
already explained in Sec. I, a shortening of the positron life-
time is caused by H atoms attached to vacancies. In order to
clearly identify these vacancy-hydrogen complexes, the
number of attached H atoms has to be determined. Figure 12
shows lifetimes of trapped positrons calculated by VASP-
GGA and ATSUP-LDA approach as a function of the number
of H atoms surrounding a vacancy. The positron lifetime
monotonically decreases with increasing number of H atoms,
from 7,~210-223 ps for a nondecorated Nb vacancy down
to a value which approaches the bulk Nb lifetime 75. The
lifetimes 7y; measured on the irradiated specimens fall be-
tween the lifetime 7,.3;=204 ps for a v-H complex and
T,ou=182 ps for a v-2H complex. This suggests that the
irradiated specimens contain a mixture of v-H and v-2H
complexes. Positrons trapped at both types of complexes
contribute to the component with lifetime 7; in LT spectrum.

The quantity 7 is often used to test the consistency of a
LT spectrum decomposition with the simple trapping model
(STM).*8 It can be calculated from the expression
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FIG. 12. (Color online) Calculated lifetime of positron trapped
in a Nb vacancy surrounded by a varying number of H atoms: full
circles—VASP-GGA, open circles—ATSUP-LDA. Experimental life-
time 7y; of positrons trapped at defects in irradiated specimens are
plotted by open stars. The mean number of H atoms surrounding
vacancies in irradiated specimens was calculated as (c,.y
+2¢,0n)/ (cpqtcy,on) (see Sec. IV E). The experimental bulk pos-
itron lifetime is shown by the filled gray star.

7= (2 5)_], (11)

i Ti

where 7; and I; are lifetimes and relative intensities of the
exponential components resolved in a LT spectrum. If the
STM is applicable (i.e., the STM assumptions are fulfilled),
then

Tf= 7B (12)

The quantity 7, calculated for the two-component decompo-
sition of LT spectra of irradiated specimens is shown in the
last column of Table II. Clearly, the obtained 0 values are
slightly higher than 75 indicating that the two-state STM
cannot be applied because the specimens contain more than
just a single type of defect.

In order to separate the contribution of v-H and v-2H
complexes, the LT spectra were then decomposed into three
components with fixed lifetimes 7,5 and 7,,y4, while the
lifetime 7, of the shortest component, which represents a
contribution of free positrons, was fitted as a free parameter.

PHYSICAL REVIEW B 79, 054108 (2009)
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FIG. 13. (Color online) S-W plot for the specimens studied; the
bulk S and W parameters measured by SPIS fall into three well-
separated groups: I—nonirradiated specimens, [I—specimens irra-
diated with Pd (or Cr) cap, and Ill—specimens irradiated without
any cap. The S and W parameters calculated for v-H, v-2H, and
v-4H complexes using Egs. (21)—(23), (26), and (27) are plotted by
open symbols and are connected by a solid line.

The results of this decomposition are shown in Table IV
together with the quantity 7, calculated for the three-
component decomposition using Eq. (11). It is obvious that
in case of the three-component decomposition, 7, agrees very
well with 75 testifying that the assumptions of the three-state
STM are fulfilled.

From the three-component decomposition it becomes
clear that v-2H complexes represent the dominant type of
defects in all irradiated specimens. The LT results confirmed
the conclusion obtained from SPIS studies that the deposi-
tion of a Pd cap after irradiation has a negligible effect on
defects in the specimen. On the other hand, the specimens
irradiated with Pd (or Cr) cap exhibit a higher relative frac-
tion of v-2H complexes. Hence, the irradiation-induced va-
cancies in the specimens irradiated with a Pd (or Cr) cap are
on average surrounded by more H atoms. This is well visible
also on the S-W plot in Fig. 13, created from bulk S and W
parameters for Nb specimens measured by SPIS. One can see
that all points fall with a reasonable precision on a straight
line, indicating that S and W change approximately linearly
with increasing hydrogen content in the vicinity of a va-
cancy. Three well-separated groups appeared in the S-W plot:

TABLE IV. Results of three-component decomposition of LT spectra of electron-irradiated Nb specimens.
The lifetimes m=7,,4=182 ps (v-2H) and 73=7,4=204 (v-H) were fixed. The last column shows the
quantity 7 calculated from Eq. (11) which was used to test consistency of the decomposition with the

three-state STM.

7| 1 I I T

Specimen (ps (%) (%) (%) (ps)
ITrradiated

Bare specimen 43(8) 14(2) 61(2) 25(3) 128(1)
With Cr cap 48(5) 15(2) 74(1) 11(9) 129(1)
With Pd cap 52(7) 17(1) 71(2) 12(3) 129(1)
Pd cap deposited
after irradiation 44(9) 14(2) 57(2) 29(4) 129(1)

054108-10



HYDROGEN-VACANCY COMPLEXES IN ELECTRON-...

(i) defect-free nonirradiated specimens, (ii) specimens irradi-
ated with Pd (or Cr) cap, and (iii) specimens irradiated with-
out any cap. The irradiation-induced vacancies are in case
(ii) surrounded on average by more H atoms than in case
(iii). It is seen in lower S and higher W parameter which
shifted the case (ii) toward the nonirradiated specimens.
Thus, we can conclude that there is an irradiation-assisted
pickup of hydrogen into Nb specimens, which is in concor-
dance with the picture suggested in Refs. 8 and 49. Electron
irradiation may contribute to hydrogen uptake in two ways:
(i) energetic electrons ionize water vapor and H, molecules
present in the air, and moreover (ii) electron bombardment
may break at least locally the thin oxide layer grown on Nb
(and also Cr) surface which under normal conditions repre-
sents a barrier for hydrogen penetration into the specimens.

C. Hydrogen-loaded specimens

The specimen irradiated with Pd cap and subsequently
loaded with hydrogen exhibits remarkably higher lattice pa-
rameter compared to the other samples. From Eq. (10) one
can estimate that hydrogen concentration in this specimen is
cy=0.03 atom™!. This value agrees well with the amount of
hydrogen introduced into the specimen calculated from the
Faraday’s law.

LT spectrum of the hydrogen-loaded specimen can be
well fitted by two components, which are shown in Table II.
Similarly to the irradiated specimens, the shorter component
with lifetime 7; comes from free positrons, while the longer
component with lifetime 7; can be attributed to positrons
trapped at defects. The lifetime 7y; is very close to that cal-
culated for v-4H complexes. Indeed, v-4H complexes were
found to be created by H loading in well-annealed Nb
specimens.9 Hence, the LT results indicate that v-4H com-
plexes were created also in the irradiated specimen doped
subsequently with hydrogen. Majority of H atoms introduced
by electrochemical charging occupy the tetrahedral intersti-
tial positions and cause a remarkable lattice expansion
detected by XRD (see Table III). However, some of them
become trapped at the irradiation-induced vacancies
surrounded already by one or two H atoms. Thus, the number
of H atoms surrounding vacancies increases until all the
irradiation-induced vacancies become surrounded by 4 H at-
oms. It was found in Ref. 9 that Nb vacancies surrounded by
more than 4 H atoms become unstable, i.e., v-4H complex
represents a stable configuration with maximum number of
H atoms. Note that H atoms introduced by charging are able
to find available trapping sites easily because of their high
mobility. In addition to H trapping at v-H and v-2H com-
plexes existing already in the irradiated specimens, addi-
tional vacancies (again surrounded by hydrogen) can be in-
troduced by hydrogen loading as was found in Ref. 9. Thus,
contrary to the as-irradiated specimen, the specimen loaded
with hydrogen contains v-4H complexes as a single type of
defects. This is supported also by the fact that 7, values cal-
culated from Eq. (11) agree well with the bulk lifetime 75
(see Table 1II).

D. HPT-deformed specimens

It is generally accepted that the dislocation line is only a
shallow positron trap but represents a channel for rapid dif-
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fusion of positron.”® Once a positron is trapped at disloca-
tion, it diffuses quickly along the dislocation line and be-
comes finally trapped at a vacancy anchored in the elastic
field of the dislocation.”® Thus, the final positron trap in plas-
tically deformed material is a vacancylike defect with open
volume slightly reduced due to the compressive stress field
of dislocation.

Nb specimen deformed by HPT exhibits a two-component
LT spectrum. Both the components resolved in the LT spec-
trum exhibit positron lifetimes significantly longer than 73
and can be, therefore, attributed to positrons trapped at de-
fects. Hence, virtually all positrons in HPT-deformed speci-
men annihilate from a trapped state at defects (saturated trap-
ping) testifying a high defect density in HPT-deformed
specimen. The dominating component with relative intensity
of (93.6%+0.8)% and lifetime of (173.6%+0.3) ps comes
from positrons trapped at dislocations, i.e., at vacancies an-
chored in the compressive stress field of the dislocation line.
A high dislocation density (~10'* m=2) in the HPT-
deformed specimen was confirmed by transmission electron
microscopy. The remaining weak component with intensity
of (6.4%+0.8)% and lifetime of (300 10) ps represents a
contribution of positrons trapped at small vacancy clusters
formed during the severe plastic deformation.’!

E. Concentration of irradiation-induced defects
1. Concentration of defects in irradiated specimens

The concentrations ¢,y and ¢,y of v-H and v-2H com-
plexes can be calculated from LT results collected in Table
IV using the three-state STM (Ref. 48)

L, -7

CoH™ 5 (13)
Vo T1T2
I3 m-T

Cy2H = s (14)
Vyon 773

where v, i and v, ,y denote the specific trapping rate for v-H
and v-2H complexes, respectively. Determination of the spe-
cific trapping rate is not straightforward because it requires
one to determine the absolute concentration of defects inde-
pendently, e.g., by another experimental technique. The spe-
cific positron trapping rate (1.1=0.2)X 10" s7! was re-
ported for a nondecorated vacancy in iron.>> By multiplying
this value by the ratio of the atomic density of Fe and Nb, we
obtain an estimation of the specific trapping rate for a non-
decorated Nb vacancy »,~1.0X10" s7!.  Vacancy-
hydrogen complexes are less efficient positron traps, i.e., the
corresponding specific trapping is lower compared to a non-
decorated vacancy. It was shown®3 that the specific trapping
rate for small (i.e., vacancylike) defects is proportional to (i)
the positron binding energy Ej to the defect and also to (ii)
the open volume of the defect. Hence, the specific trapping
rate v,y for a vacancy surrounded by n H atoms can be
estimated from the calculated positron binding energies plot-
ted in Fig. 6
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FIG. 14. (Color online) The specific positron trapping rate v,_,yq
plotted as a function of the number of H atoms surrounding va-
cancy. The specific trapping rates were estimated from approximate
open volume of v-nH complex using Eq. (16), full circles, and also
from theoretically calculated positron binding energies using Eq.
(15). Binding energies were calculated within ATSUP-LDA scheme
(open circles) and VASP-GGA scheme (full triangles).

v-nH
EB

Ep

; (15)

VyorH = Yy

where EY and E5™ denote the positron binding energy for a
nondecorated vacancy and a v-nH complex, respectively. Al-
ternatively, the specific trapping rate v, ;4 can be estimated
also considering the open volume of v-nH complexes

3
,
Vyoti = Yy v';H, (16)
rU

where r,=1.43 A is the diameter of Nb atom, i.e., half of the
nearest-neighbor distance of Nb atoms. The open volume of
a v-nH complex can be characterized by a sphere with radius
”3-;11-1 given as

= lnr+ 6=, (17)
where r;=0.69 A is obtained by subtracting the “radius” of
a H atom (Bohr radius 0.53 A) from the distance 1.22 A of
the H atom from the center of a vacancy. Hence, if Nb and H
atoms are represented by hard spheres with radius 1.43 and
0.53 A, then %Wri_nH is a weighted average of volumes of
these spheres. The specific trapping rates estimated from
Egs. (15) and (16) are plotted in Fig. 14. Obviously, there is
very reasonable agreement between the v,_,; values obtained
by the two different approaches. The specific trapping rate
for v-2H complex is about 25% lower than that for v-H.
The concentrations of vacancy-hydrogen complexes esti-
mated using Eqgs. (13) and (14) are collected in Table V. The
relative fraction of v-2H complexes in bare Nb irradiated
with electrons is 75%. A similar value was found also in the
specimen with a Pd cap deposited after irradiation. On the
other hand, the relative fraction of v-2H complexes in speci-
mens irradiated with a Pd (or Cr) cap is =90%. From the
results in Table V it can be calculated that irradiation-
induced vacancies in specimens irradiated without any cap
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TABLE V. Estimated concentrations of irradiation-induced de-
fects and hydrogen in the irradiated specimens. ¢,y and ¢,y de-
note concentration of v-H and v-2H complexes, respectively, cal-
culated from LT results using Egs. (13) and (14), ¢p is the net
concentration of irradiation-induced defects estimated from SPIS
results using Eq. (19), ¢y denotes the hydrogen concentration in the
specimens estimated using Eq. (18).

Cv-H Cy-2H p CH
Specimen (ppm)  (ppm)  (ppm) (ppm)
Irradiated

Bare specimen 5.6(6) 17(2) 26(5) 41(1)
With Cr cap 2.2(5) 19(2) 19(5) 41(1)
With Pd cap 2.2(5) 16(3) 22(4) 36(2)
Pd cap deposited

after irradiation 6.6(9) 17(2) 27(5) 40(2)

are on average surrounded by =~1.7 H atoms, while vacan-
cies in those specimens irradiated with a Pd (or Cr) cap are
on average surrounded by =1.9 H atoms.

Hence, vacancies in the capped specimens are on average
surrounded by more hydrogen atoms than those in the speci-
mens irradiated without any cap. In case of Pd overlayer, this
can be explained by the well-known catalytic effect in this
overlayer, which enhances the hydrogen uptake into Nb.>* A
thin Pd layer with its lower desorption energy compared to
Nb prevents the preferential occupation of subsurface sites
over bulk sites, but keeps the surface relatively clean and
with enough sites for dissociation of incoming hydrogen
molecules.” Since Cr exhibits also a lower desorption en-
ergy than Nb,> a thin Cr overlayer is expected to enhance
the hydrogen uptake in a similar manner as a Pd cap. The
experimental lifetimes 7y; (Table II) were inserted into Fig.
12. The x coordinate of these points is the average number of
H atoms surrounding a vacancy. Obviously, the experimental
results are consistent with the theoretical prediction because
all points fall quite well on the calculated dependence.

Taking into account a high mobility of hydrogen in Nb at
room temperatulre,z’3 it is reasonable to assume that all hy-
drogen present in the irradiated specimens are trapped at va-
cancies. The hydrogen concentration cy in the specimens can
be then estimated as

CH= CpH+ 2C,0H- (18)

The ¢y values obtained from Eq. (18) for the irradiated
specimens are shown in Table V. Apparently, all the irradi-
ated specimens contain approximately the same amount of
hydrogen. However, the estimated hydrogen concentration is
below the sensitivity of XRD measurements. This explains
why virtually no lattice expansion could be detected in the
irradiated specimens by XRD (see Table III).

The net concentration of irradiation-induced defects ¢,
can be estimated also from SPIS results using equation

1 (L3
cp= (ﬁ—1>, (19)

2
VpTp L+

where L, is the positron diffusion length measured on the
irradiated specimen. The v-H and v-2H complexes cannot be
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separated in the evaluation of SPIS data. The effective spe-
cific trapping rate vy, is therefore

Co-uV-H + Cy2nVy-2H (20)

Vp=
Cy-HT CyoH

The net defect densities cj, calculated using Eq. (19) are
collected in Table V. It can be concluded that the net con-
centration of irradiation-induced defects cp estimated from
SPIS data is in very reasonable agreement with ¢, y+c, oy
obtained from LT measurements. Since the specimens were
irradiated up to a fluence ®=10'® cm™, seven vacancies
were on average created by a single electron.

The bulk S parameter for the irradiated specimens can be
expressed as

§=S8afo+ Sp-wfo-u + Sp2nfv2ms (21)

where Sy=1 is the S parameter in defect-free Nb, S, and
S,.on, respectively, are the S parameters corresponding to
positrons trapped at v-H and v-2H complexes. The fraction
of positrons annihilated in v-H and v-2H complexes, respec-
tively, can be calculated from LT results (Table IV) using the
three-state STM (Ref. 48)

L(m—17
- L(n-mn) (22)
)
and
L - 1)
Soomu= e (23)
73

An expression equivalent to Eq. (21) can be written also for
the W parameter. Thus, using the LT results in Table IV and
Eqgs. (21)—(23), one can determine the S and W parameters of
positrons trapped at v-H and v-2H complexes to be

S,n=1.205(1), W,;1=0.670(7),

Sy =1.014(1), W,,;=0.988(7),

which are shown in Fig. 13. Obviously all experimental
points fall well on the line connecting the two calculated
points corresponding to a pure contribution of v-H and v-2H
complexes, respectively. This is an additional evidence that
the irradiated specimens contain mixed v-H and v-2H com-
plexes.

2. Concentration of defects in H-loaded specimen

The H-loaded specimen contains a single type of defect
only, i.e., v-4H complexes. Concentration of v-4H com-
plexes can be estimated from the LT results in Table II ap-
plying the two-state STM (Ref. 48)

In mi—7
Cy4n = —. (24)
Vy-an T17H

Independently it can be calculated also from SPIS results as
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2
L (LB* - 1), (25)

2
VyauTp \ LY

Cy-4H=

where L, is the positron diffusion length measured on the
H-loaded specimen. The concentrations of v-4H complexes
given by Egs. (24) and (25), respectively, are (25*2) and
(33+5) ppm. Hence, the concentration of v-4H complexes
in the H-loaded specimen is comparable to the net defect
concentration in the irradiated specimens.

The bulk S parameter for the H-loaded specimen is a sum
of a contribution of free positrons and positrons trapped at
v-4H complexes

S=80(1 = fyam) + Sy-anifp-am> (26)

where Sy=1 is the S parameter in defect-free Nb and S, 4 is
the § parameter corresponding to positrons trapped at v-4H
complexes. The fraction of positron annihilations at v-4H
complexes, f,.4y, can be calculated from the LT results in
Table II using two-state STM (Ref. 48)

Iy(m =)
Sfoan=—""_". (27)
T
Equation (26) can be written also for the W parameter. Hence
the S and W parameters corresponding to positrons trapped at
v-4H complexes can be determined from Egs. (26) and (27)

SU—4H b 0994(2), WU—4H bl 1040(7) .

These values are included in the S-W plot in Fig. 13. It has to
be mentioned that the point corresponding to v-4H complex
falls well on the line connecting v-H and v-2H complexes.
This clearly indicates that the increasing number of H atoms
leads to a gradual increase of the W parameter due to increas-
ing contribution of core electron annihilations and a decrease
of the S parameter.

F. CDB studies

Hydrogen atoms surrounding irradiation-induced vacan-
cies could be detected by CDB. To examine this possibility,
we first performed a series of HMP calculations for a Nb
vacancy surrounded by various numbers of H atoms located
at the lowest energy positions determined by EMT (see Sec.
III B). Figure 15 compares the experimental CDB profile
measured on the nonirradiated annealed Nb specimen to
HMP curves calculated using ATSUP-LDA and ATSUP-GGA
approaches. In general, the HMP curves calculated using
ATSUP-LDA approach are slightly higher than those calcu-
lated by ATSUP-GGA. This is due to the well-known fact that
LDA approximation of electron-positron correlation overes-
timates annihilation with core electrons.?

The outer 4d and 5s Nb electrons are not localized in
atomic orbitals but constitute metallic bonding in the crystal.
Hence, these outer electrons should contribute to the main
low-momentum part of the annihilation peak, while the
dominant contribution into the high-momentum part of the
annihilation peak comes from core electron orbitals (mainly
4s and 4p) remaining attached to the Nb core. In order to
check whether 4d and 5s Nb electrons may be indeed con-
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FIG. 15. (Color online) Comparison of experimental CDB pro-
file measured on nonirradiated annealed Nb and HMP curves cal-
culated using ATSUP-LDA (solid lines) and ATSUP-GGA (dashed
lines). HMP curves were calculated under two different assump-
tions: (i) 4d* and 5s' electrons were considered as valence electrons
contributing to the low-momentum part of CDB profile (thick lines)
and (ii) only 5s' was considered as valence electron, while 4d elec-
trons are assumed to be localized in the core orbital state (thin
lines). Hatched mark shows the momentum range, where the con-
tribution of the valence electrons may be neglected. A comparison
of the calculated HMP curves to experiment is meaningful in this
region only.

sidered as low-momentum valence electrons, we examined if
there is a significant contribution of 4d electrons into the
high-momentum region or not. The HMP curves were calcu-
lated using two different assumptions:

(i) 44* and 5s' electrons were treated as valence electrons,
i.e., they are assumed to contribute only to the low-
momentum part of CDB profile, and

(ii) only Ss' are treated as valence electrons, while 4d* is
assumed to be a localized core orbital.

One can see in Fig. 15 that the HMP curve calculated
within the assumption (ii) is too high at high momenta. On
the other hand, the HMP curve calculated under assumption
that both 4d* and 5s' are valence electrons and contribute
basically to the low-momentum parts of CDB profile is in
fairly good agreement with the experimental curve. Thus, the
contribution of 4d electrons to the high-momentum region of
CDB curve (p>10X 1073 myc) is rather small. Here we re-
call that only high-momentum part of the CDB profile can be
calculated by ATSUP-based approach. Thus, any comparison
to experiment is meaningful only at high momenta where the
contribution of core electrons dominates. Figure 15 shows
that the HMP curve calculated using the assumption (ii) is in
reasonable agreement in the high-momentum region (p
>10X 1073 mygc). Careful analysis of contributions of vari-
ous orbitals into HMP revealed that a slight difference seen
in the momentum range (20—30) X 10~ mc, where the cal-
culated curves are slightly higher than the experimental pro-
file, is due to overestimation of positron-annihilation rate
with 3d electrons.

The calculated HMP ratio curves, related to that for a
defect-free Nb, for vacancy-hydrogen complexes are plotted
in Fig. 16. Positions of hydrogen atoms attached to vacancy
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FIG. 16. (Color online) The calculated HMP ratio curves for a
nondecorated Nb vacancy (v) and a vacancy surrounded by n H
atoms (v-nH). All curves are related to defect-free Nb. Positions of
hydrogen atoms attached to vacancy were obtained from EMT cal-
culations in Sec. III B. Upper and lower panels show HMP ratio
curves calculated within ATSUP-LDA and ATSUP-GGA approaches,
respectively. Hatched mark shows the momentum range, where the
contribution of the valence electrons may be neglected.

were obtained from EMT calculations in Sec. III B and HMP
curves were calculated within ATSUP-LDA and also ATSUP-
GGA schemes. One can see in Fig. 17 that ATSUP-LDA and
ATSUP-GGA approaches shown in the upper and lower panels
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FIG. 17. (Color online) Calculated positron densities in the
[100] direction for a nondecorated Nb vacancy (v) and vacancy
associated with n H atoms (v-nH). x axis shows length in the units
of Nb lattice constant a. Vacancy is located in x=0 position.
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in the figure both give very similar pictures. Presence of H
attached to a Nb vacancy leads to the appearance of a hump
on HMP curves, which is centered at p=~ 15X 1073 mgc. In-
terestingly, the HMP curve for a bare Nb vacancy has a slight
minimum at p~15X 1073 myc, but this feature is reversed
by the addition of hydrogen which causes an enhancement of
the contribution falling into this momentum range. The hump
on HMP curves centered at p=~15X 1073 myc clearly be-
comes more pronounced with increasing number of H atoms
surrounding a vacancy. In addition, there is also an overall
enhancement of HMP curves in the high-momentum region
p>20X 1072 myc for vacancy-hydrogen complexes. How-
ever, the shape of HMP curves at the high-momentum range
p>20X107° myc is rather flat without any specific feature,
i.e., it has a shape similar to the curve for a nondecorated Nb
vacancy. In general one can distinguish the two effects
caused by hydrogen atoms attached to a vacancy:

(i) Each hydrogen atom attached to a vacancy introduces
an additional electron. In an isolated hydrogen atom this
electron is localized in the ls orbital shell. In hydrogen em-
bedded in Nb, this electron interacts with valence Nb elec-
trons. It was shown in Ref. 38 that hybridization of 1s elec-
trons with 4d band electrons is the most important in Nb.

(ii) Hydrogen attached to a vacancy causes a reduction in
positron localization resulting in an enhanced overlap of pos-
itron wave function with Nb core electron orbitals. This ef-
fect is illustrated in Fig. 17 which shows positron density in
the [100] direction calculated for a nondecorated Nb vacancy
and for selected vacancy-hydrogen complexes.

Core electrons localized in the inner shells are practically
not affected by local environment of Nb ion (frozen-core
electrons approximation). Thus, the effect (ii) causes a con-
stant enhancement of HMP ratio curve at high momenta. On
the other hand, the electron introduced by hydrogen contrib-
utes to the HMP curve specifically at certain momenta.
Hence, a hump observed on the calculated HMP ratio curves
for vacancy-hydrogen complexes cannot be explained by a
decrease of positron localization in defect, but it is rather due
to a contribution of positrons annihilated by hydrogen-
induced electrons. The presence of a knob at p=15
X 107 myc indicates, therefore, the presence of hydrogen
attached to a vacancy.

It is important to mention that our calculations of HMP
curves represent only a rough approximation because they
are performed for hydrogen electron localized in the ls
atomic orbital, i.e., the change of the electron state due to its
interaction with Nb valence electrons was not considered.
For this reason the agreement of calculated HMP ratio curves
with experiment can necessarily be only qualitative. Al-
though the curves plotted in Fig. 16 cannot be used to derive
any quantitative conclusions, they are helpful for the inter-
pretation of trends and features observed on the experimental
curves.

The experimental CDB ratio curves (related to annealed
nonirradiated Nb) measured on the irradiated specimens are
plotted in Fig. 18. One can see that the experimental curves
exhibit a well pronounced peak at p=~ 15X 1073 myc, i.e., at
the same position where the calculated HMP curves exhibit a
hump. This indicates that positrons annihilated by hydrogen
electrons enhance contribution falling into the momentum
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ratio to bulk Nb

FIG. 18. (Color online) Experimental CDB ratio curves (related
to nonirradiated annealed Nb) for the electron-irradiated Nb speci-
mens: open circles—bare Nb irradiated with electrons, full
circles—the specimen irradiated with a Pd cap, full triangles—the
specimen irradiated with a Cr cap, half-filled circles—the H-loaded
specimen. For comparison open squares show the CDB ratio curve
for HPT-deformed (nonirradiated) specimen.

range around 15X 107 myc, as was predicted by theoretical
calculations. Thus, the presence of a peak at p=15
X107 myc in experimental CDB curves testifies that
irradiation-induced vacancies are surrounded by H atoms.
Moreover, one can see in Fig. 18 that the “hydrogen peak™ at
p=~15X107 myc is enhanced in the specimens irradiated
with a Pd (or Cr) cap, where the irradiation-induced vacan-
cies are on average surrounded by more H atoms.

One can see in Fig. 18 that in addition to the “hydrogen
peak” there is an overall enhancement of the CDB ratio
curves at high-momentum range in the specimens irradiated
with Pd (or Cr) cap. This is due to a decrease of positron
localization in vacancy-hydrogen complex with increasing
number of H atoms (cf. Fig. 17) causing an increase in con-
tribution of positrons annihilated by Nb core electrons.

The contribution of delocalized thermalized positron to
momentum of the annihilating electron-positron pair is neg-
ligible. However, this contribution increases when a positron
is spatially confined at a certain defect. In Ref. 56 it was
demonstrated that positron trapping at vacancies and dislo-
cations in Al causes the appearance of a well defined peak
(centered at p~8 X 10~ mc) on the CDB ratio curves. This
occurs due to non-negligible contribution of positron spa-
tially confined in vacancy (i.e., a region of atomic dimen-
sions) to momentum of the annihilating pair. As the effect of
positron localization on the CDB spectrum is relatively simi-
lar to the effect of attached hydrogen, it is necessary to esti-
mate shape and magnitude of the contribution originating
from positron quantum confinement in Nb vacancies. Mo-
mentum density M,(p) of a positron trapped in a vacancy
can be calculated by Fourier transformation of positron wave
function

2
. (28)

M. (p) = ‘ f dry (r)exp(-ipr)

The calculated one-dimensional momentum density
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FIG. 19. (Color online) The calculated one-dimensional momen-
tum density for positrons trapped in nondecorated Nb vacancy
(solid line), v-4H (dashed line), and v-6H (dash-dotted line)
complexes.

M.(p,)= J J dp.dp,M.(p) (29)

of positrons trapped in a nondecorated Nb vacancy, v-4H,
and v-6H complexes are plotted in Fig. 19. Note that p
=p, is the momentum component in the direction of mea-
surement. The minimum momentum indetermination of a
positron spatially confined over a distance of 2.86 A (the
next neighbor distance in Nb) given by the uncertainty prin-
ciple amounts to 1.3X 107 mygc. Increase of positron mo-
mentum due to the quantum confinement causes a smearing
of Fermi cutoff.’*>7 Positron localization in vacancylike de-
fect provides an enhanced contribution falling in the region
above the Fermi momentum and may, therefore, produce a
peak in the CDB ratio curves (related to a reference bulk
sample). This was clearly demonstrated by Calloni et al.>® on
the case of vacancylike defects in Al.

The effect of motion of a confined positron can be studied
separately by convolution of the calculated momentum dis-
tribution of localized positron M_(p) with electron momen-
tum distribution of an annihilating pair in the perfect bulk
material >® This way only the effect of positron motion is
included, while the effects of reduced electron density and
reduced positron-annihilation rate in a vacancy are omitted.
In this work we followed the approach used in Ref. 56: the
effect of positron confinement was simulated by convolution
of the calculated momentum distribution of positron local-
ized in a nondecorated Nb vacancy with momentum distri-
bution M,(p) corresponding to perfect bulk Nb crystal. Ratio
curve p.(p) was constructed by dividing the convoluted dis-
tribution by the reference bulk momentum distribution

ML) * My(p)
pp) ==L (30)

The momentum distribution M, (p) for perfect Nb crystal
was obtained by two different ways: (i) from experiment,
i.e., from CDB measurement of well annealed nonirradiated
Nb specimen and (ii) from theoretical calculations. The
M(p) curve was in the latter case approximated by HMP
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FIG. 20. Ratio curve showing separately the effect of positron
quantum confinement in a nondecorated Nb vacancy on the CDB
ratio curve. The ratio curve was calculated using Eq. (30) with
experimental momentum distribution M,(p) for perfect bulk Nb
(full points) and M,(p) calculated theoretically (solid line). Vertical
arrow indicates position of the Fermi momentum.

profile calculated for perfect Nb crystal considering that all
electrons are localized in the atomic orbitals. Figure 20
shows the resulting ratio curve @, simulating the effect of a
positron confined in a nondecorated Nb vacancy. One can see
in the figure that positron localization caused a peak located
at p~13X1073 myc, i.e., at slightly lower momentum than
the center of the peak attributed to hydrogen atoms attached
to a vacancy (see Fig. 18). The fact that the peak caused by
positron localization and the peak caused by trapped hydro-
gen atoms are relatively closely spaced and overlap each
other explains why just a singe peak is visible on the CDB
ratio curves measured on irradiated and hydrogen-loaded
specimens plotted in Fig. 18.

Magnitude of the peak originating from positron localiza-
tion cannot be determined from Fig. 20 because it does not
include reduction of electron density and positron-
annihilation rate in a vacancy. Therefore, we determined the
magnitude of this effect experimentally using the HPT-
deformed Nb specimen. The LT measurements described in
Sec. IV D revealed that HPT-deformed Nb exhibits a high
density of dislocations and more than 90% of positrons an-
nihilate in vacancies anchored in the elastic field of disloca-
tions. Hence, HPT-deformed specimen represents a material
where most of the positrons are trapped at vacancylike de-
fects. However, contrary to electron-irradiated specimens
these vacancylike defects are not decorated by hydrogen and
the CDB ratio curve shows, therefore, the effect of positron
localization only. One can see that the CDB ratio curve of the
HPT-deformed specimen, which is plotted in Fig. 18, exhib-
its indeed a peak located close to p=~13X 1073 myc as pre-
dicted by theory. It is clearly seen in Fig. 18 that this peak
caused by positron localization in HPT-deformed Nb is lo-
cated at lower momenta compared to the peaks observed at
irradiated and hydrogen-loaded specimens.

Thus, one can conclude that positron localization in va-
cancylike defects in Nb causes a measurable effect and can-
not be neglected in interpretation of CDB results. On the
other hand, the peaks observed in irradiated and hydrogen-
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FIG. 21. (Color online) CDB ratio curves for v-H, v-2H, and
v-4H complexes. Curves were calculated using Eq. (31).

loaded specimens cannot be explained by quantum confine-
ment of positron in vacancy for several reasons:

(i) The magnitude of the peak caused by positron local-
ization in a vacancy is remarkably lower than the peak cen-
tered at p~ 15X 107> myc observed on the CDB ratio curves
of irradiated and hydrogen-loaded specimens.

(ii) The peak caused by positron localization is located at
slightly lower momenta than the peak caused by hydrogen.

(iii) The peak located at p~ 15X 10~ mc increases with
increasing number of H atoms surrounding a vacancy, i.e.,
with decreasing positron localization, while the peak caused
by quantum confinement should exhibit opposite behavior
because momentum distribution of confined positron be-
comes narrower with increasing number of H atoms decorat-
ing a vacancy.

The CDB ratio curve p(p) measured on the irradiated
specimens is a superposition of three contributions: (i) free
(delocalized) positrons, (ii) positrons trapped at v-H, and (iii)
positrons trapped at v-2H complexes

p(p) = fo+ Ppu(P)fon + Poan(P)fyom- (31)

The notations p,.y and p,,y, respectively, represent CDB
ratio curves for v-H and v-2H complexes, i.e., curves for
100% contribution of positrons annihilated in the corre-
sponding complexes, and f, jy and f, ,y are fractions of pos-
itrons annihilated at these complexes. The CDB ratio curves
p,-u and p, oy can be determined by applying Eq. (31) on the
CDB profiles measured on the irradiated specimens and us-
ing the positron fractions calculated from LT results (Table
IV) by Egs. (22) and (23). The resulting CDB ratio curves
po-n and p, -y for v-H and v-2H complexes, respectively, are
plotted in Fig. 21. The p,.,y curve is more similar to that for
bulk Nb compared to the curve for v-H complexes. It is in
agreement with the fact that the point corresponding to v-2H
complexes in the S-W plot (Fig. 13) is located relatively
close to that for bulk Nb.

The experimental CDB ratio curve for the specimen irra-
diated with Pd cap and subsequently electrochemically
loaded with hydrogen is plotted in Fig. 18 as well. One can
see that the H-loaded specimen exhibits substantially en-
hanced contribution in the high-momentum range, which be-

PHYSICAL REVIEW B 79, 054108 (2009)

comes even higher than in the well-annealed (defect-free) Nb
specimen. Moreover, the peak at p~ 15X 10~ mqc, which is
related to hydrogen, is significantly higher than in the speci-
mens irradiated only, but not charged with hydrogen. These
features seen on the CDB curve are in concordance with
enhanced number of H atoms surrounding vacancies in the
loaded specimen. While the irradiated specimens contain a
mixture of v-H and v-2H complexes, the H-loaded specimen
contains exclusively v-4H complexes (see Sec. IV C). Simi-
larly to Eq. (31), the CDB ratio curve measured on the
H-loaded specimen can be expressed as a superposition of
two contributions: (i) free (delocalized) positrons and (ii)
positrons trapped at v-4H complexes

P(P) = (1 _fv—4H) + pv-4H(p)fv»4H' (32)

Here p,_4y is the CDB ratio curve for v-4H complexes, i.e., a
100% contribution of positrons annihilating from a trapped
state at v-4H complexes. The ratio curve p,_4y derived from
Eq. (32) using the fraction f, 4y calculated from the LT re-
sults in Table II is plotted in Fig. 21. The p,_4y curve exhibits
a remarkably enhanced high-momentum part compared to
v-H and v-2H complexes and a pronounced peak centered at
p=~15X1072 myc. On the other hand, the low-momentum
part of this curve is lowered. This shows clearly the effect of
increasing number of H atoms surrounding a vacancy, i.e., (i)
an enhanced fraction of positrons annihilated by hydrogen
electrons contributing into the “hydrogen peak” at p=15
X107 myc and (ii) a decrease of the open volume in va-
cancy which leads to a reduced localization of positron wave
function illustrated in Fig. 17 and causes an overall increase
of the CDB profile in the high-momentum range.

V. CONCLUSIONS

Nb specimens irradiated by 10 MeV electrons were inves-
tigated in this work. It was found that vacancies introduced
into Nb by electron irradiation are surrounded by H atoms.
The irradiated Nb specimens contain a mixture of v-H and
v-2H complexes. The v-2H complexes represent a predomi-
nant type of defects in all irradiated specimens. The speci-
mens irradiated with Pd (or Cr) cap contain a higher relative
fraction of v-2H complexes. When the irradiated specimens
are electrochemically doped with hydrogen, i.e., more hydro-
gen is introduced into the specimens, the v-H and v-2H com-
plexes are transformed into v-4H complexes. It has been
demonstrated that a H atom attached to a vacancy can be
identified by CDB. The obtained results also demonstrate
that PAS can be used to determine the hydrogen content in
the irradiated specimens within a ppm precision, which is
impossible to achieve with standard XRD.
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