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Internal oxidation of In and Cd impurities in silver

W. Segeth, D. O. Boerma, L. Niesen, and P. J. M. Smulders
Laboratorium Uoor Algemene Natuurkunde and Materials Science Center, Groningen University, 8'estersingel 34,

NL-9718 CM Groningen, The Netherlands
(Received 29 June 1988)

Internal oxidation of indium and cadmium implanted in silver single crystals has been studied by
time-differential perturbed angular correlation (TDPAC) as well as by nuclear-reaction analysis
(NRA) with the "O(p, a) "N reaction. Oxidation at 550 K results in the formation of the so-called
indium-oxygen 2a complexes, as observed with "'In TDPAC. The main axis of the axially sym-
metric electric field gradient (EFCx) of this complex is pointing in a (100) crystallographic direc-
tion. The NRA measurements show that two oxygen atoms are trapped, at near-interstitial sites, by
each indium atom. After subsequent annealing above 700 K, the geometry of the 2a complexes has
changed and the so-called 2b complexes are formed. The asymmetry parameter of the EFCx equals
ran =0. 8(2) with the z and y axes pointing in ( 100) directions. Again, two oxygen atoms are trapped
at each indium atom, but with 40% of the oxygen atoms shifted into near-substitutional sites. The
other 60% are located at "random" sites. This change in electronic and geometric structure occur-
ring at the 2a ~2b transition might be due to trapping of thermally activated vacancies by the 2a
complexes. Subsequent annealing above 873 K results in the agglomeration of the 2b complexes
into In20, precipitates. Annealing at 1050 K leads to dissociation of these precipitates. Internal ox-
idation of very dilute cadmium in silver single crystals below 700 K leads to the formation of
cadmium-oxygen complexes with the TDPAC characteristics of the In02 2a complexes.

I. INTRIUCTION

The first hyperfine-interaction study of internal oxida-
tion of radioactive impurities in silver was done with
"Sn Mossbauer spectroscopy (MS). Using this probe,
MS is mainly sensitive to the isomer shift, which is deter-
mined by the electron density at the nucleus. Pasquevich
et al. ' made the first '"In time-differential perturbed-
angular-correlation (TDPAC) measurements on internal
oxidation of Incog alloys. The '"In TDPAC method is
mainly sensitive to the quadrupole interaction and there-
fore gives information complementary to the Mossbauer
measurements.

Oxidation of very dilute "'Incog alloys at oxidation
temperatures T„(700K gives rise to a rather broad dis-
tribution of quadrupole frequencies in the "'In (TDPAC)
spectrum with an average value v& =60—65 MHz, '23

caused by the formation of the isolated indium-oxygen
complexes. Uhrmacher and co-workers have denoted
this component as the 2a complex. With increasing oxi-
dation temperature, the average frequency shifts gradual-
ly to a maximum value of v& =95—100 MHz around 600
K. This new component is denoted as the 2b com-
plex. Oxidation above 775 K results in the formation of
In203 precipitates. These are recognized by two well-
defined frequencies in the TDPAC spectrum. A strong
dependence of the growth of the precipitates on the indi-
um concentration is observed. ' The most recent work
of this kind was done by Uhrmacher and co-workers, '

who studied the process of internal oxidation of indium
in the presence of radiation defects.

In this paper we present the results of combined
TDPAC and nuclear reaction analysis (NRA) or channel-

ing measurements on internal oxidation of dissolved indi-
um in silver crystals. A microscopic model for the 2a
and 2b complexes is proposed. In addition, the results of
internal-oxidation experiments on dilute '" Cd in silver
are presented. With this isotope, the same intermediate
level is used for TDPAC as in the case of "'In.

II. MECHANISM OF INTERNAL OXIDATION

A. Two-step oxidation model

The classica1 model to describe the mechanism of pref-
erential oxidation of dilute non-noble-metal impurities in
a noble metal was developed by Wagner. According to
this model, the oxygen enters the metal at the surface and
diffuses through a layer, containing already oxidized im-
purities, to the inward-moving oxidation front, where the
oxygen atoms get immediately trapped at the nonoxi-
dized or partly oxidized impurities.

We developed a two-step oxidation model, an extended
version of Wagner's model, that takes into account the
dissociation energy of the partly oxidized impurities.
For the impurities indium and antimony, we always
found that two oxygen atoms are trapped by these impur-
ities to form stable complexes. At low oxidation temper-
atures the mobility of the impurities can be neglected and
the diffusion of oxygen atoms in a field of traps can be de-
scribed as

ac' a'c
=DQ

2 Sg S~Q .
at az'

The terms S~ and S~Q describe the trapping at a nonoxl-
dized B atom and a BO complex, respectively,
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S~ =k~"CoC~ k—~oC~o (B +O~~BO),

S~o=k~oCoC~o (BO+0 +B—O2),

(2)

BC~

Bt
= —S~, (4a)

where k and k are the association and dissociation
constants. The time development of the different com-
plexes is described by the rate equations —01

2 2

Ho
S

at
B atom

gBO

and

BC~Q

at Sjg SgQ (4b) Gas

0ad

Metal

Cg Q

Bt
=S~Q .

The boundary conditions are given by

(4c)

FIG. 1. Potential-energy diagram for the silver-oxygen sys-
tem with non-noble-metal impurities as used in the two-step oxi-
dation model.

and

Co(O, t) =Co,
Co(z ~ ~, t) =0,
C~(z, O) =Cs(z),

Cso(z, O) =0,

C~o (z, O)=0 .

(Sa)

(5b)

(5c)

(5d)

The geometric factor Z is the number of new nearest sub-
stitutional neighbors of an interstitial oxygen atom after
jumping into a nearest-interstitial position. For fcc met-
als, Z =4. For the frequency v, we used the vibration
frequency of the freely diffusing oxygen as obtained from
Eq. (6): v=2. 6X10' Hz. For the reaction constant kso
we used the same value as for k~ .

The dissociation constant k&Q can be written as

With Eqs. (1)—(5) the two-step oxidation model is com-
pletely described. We have solved these equations nu-
merically using the subroutine D03PGF of the mathemati-
cal library NAG.

B. Diffusion parameters

DQ =DQ exp0
—EQ

kT
with DQ 6vk (6)

where EQ is the migration energy, v is the Debye fre-
quency of the oxygen, and A, is the length of the jump
vector. The most recent value of DQ=3. 66X10 cm /s0 —3 2

is determined from oxygen degassing experiments by
Eichenauer and Muller' in the temperature range from
673 to 1173 K. They found EQ =0.48 eV for the migra-
tion energy.

The oxygen concentration at the surface was deter-
mined in the same experiment as

Co =2. 8 X 10 V p exp
—H'

Q

kT (7)

with a solution enthalpy of HQ =0.51 eV and the oxygen
pressure p in mbar.

The reaction constant kz is given by

k& =Zv exp
Em

Q

kT

In the absence of strain, the diffusion of oxygen in
silver can be described as a random walk:

k&Q =Z'v' exp
Hg Q

kT

For an interstitial oxygen atom trapped at a substitution-
al 8 atom, the geometric factor for detrapping equals
Z'= —'. For the frequency, we used again the frequency4'
of the free oxygen atom, v'=2. 6X 10' Hz. The dissocia-
tion enthalpy H~Q of the BO molecule is then left as the
only free parameter in the two-step model. In the case
that H~Q is stable, k~Q vanishes, and the two-step oxida-
tion model approaches Wagner's model. A schematic
potentia, '1-energy diagram of the internal-oxidation mech-
anism according to the two-step oxidation model is
shown in Fig. 1.

III. EXPERIMENTAL DETAILS

A. Sample preparation

Slices of 1.5—3-mm thickness were cut from a
99.999%-pure silver single-crystal rod and polished
mechanically and electrochemically. Before implanta-
tion, the samples were annealed at 1000 K for 20 min in a
H flow in order to remove possible electropolishing2

reagents.
The samples were implanted at room temperature in a—6nonchanneling direction in a vacuum better than 10

mbar. The indium atoms were implanted with an energy
of 110 keV with a dose of 4 X 10' atoms/cm consisting
almost entirely of stable " In and a very low dose of ra-
dioactive "'In. For the "' Cd measurements, only ra-
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dioactive '" Cd was implanted at 60-keV energy with a
dose of less than 1 X 10"atoms/cm .

After the implantation the. samples were annealed at
723 K for 10 min in a Hz How in order to remove the im-
plantation damage. The initial concentration profile of
the indium (cadmium) is broadened by this annealing
treatment by roughly a factor of 10, resulting in a Gauss-
ian distribution of substitutional In atoms with its max-
imum at the surface and a full width at half maximum
(FWHM) of 400 nm. The oxidation was performed in a
quartz tube in which the pressure of the oxygen isotopes
' 02 or '

Oz could be regulated from 1 to 600 mbar. The
oxidation temperature was regulated by an oven which
was mounted around the quartz tube.

ted y quanta. This perturbation is caused by the
hyperfine interaction of the nuclear electromagnetic mo-
ments of the intermediate level and the local electromag-
netic field at the nucleus. Details of the method are de-
scribed in detail by several authors. "

The TDPAC measurements were conducted at room
temperature, using a setup consisting of four NaI(T1)
detectors. The detectors were positioned at relative an-
gles 0&=180' and 02=90' or 70.5'. Four coincidence
spectra were recorded simultaneously, which were com-
bined to form the ratio

(10)

B. Time-differential perturbed angular correlation

In a TDPAC experiment one measures the perturba-
tion of the angular correlation of two successively emit-

where I(8, t) is the coincidence rate for a pair of detec-
tors. In case of electric quadrupole interaction, the cor-
responding theoretical expression is approximated by'

R,h„,(t)= —', g [Ak (1)Ak (2)],itf;[sk k „(8„t)—sk k „(82,t)]cos[g„('g;)v&;t]exp[ —5;g„(g;)v@t],
k), k2

where f; is the relative fraction of nuclei that experience
a particular field I,. The exponential function accounts for
a Lorentzian frequency distribution with a mean value
g„(rt, )v&, and a relative half-width 5;. For the intermedi-
ate —', state of '"Cd, the functions g„(g) are given by
Gerdau' and the coefficients s' are extensively tabulated
by Wegner. ' The quadrupole frequency v& is defined as
v&=eQV„/h, where Q is the nuclear quadrupole mo-
ment, and V„ is the z component of the diagonalized
electric-field-gradient (EFG) tensor. The time-inde-
pendent contribution to the perturbation function (n =0)
is known as the hard-core value.

C. Nuclear-reaction analysis

The experimental details of nuclear-reaction analysis
using the ' O(p, a)' N reaction are described by Amsel. '

This reaction was used for two types of experiments, i.e.,
oxygen depth profiling and channeling.

The oxygen depth profiles were measured by energy
analysis of the emitted a particles. The energy of the in-
cident proton beam was set to 840 keV, the upper limit of
a region between 820 and 840 keV, where the energy
dependence of the cross section is relatively weak. With
the incident proton beam perpendicular to the sample
surface, a depth interval of 1 pm can be probed. Three
surface-barrier detectors, with an energy resolution of 12
keV and a total solid angle of 0.06 sr, were placed at
backward angles. With this setup, a measuring time of
12 h is needed to achieve a sensitivity of 0.05 at. %%uo in the
determination of the ' 0 concentration profile in silver.

During the channeling experiments the beam energy
was 640 keV. The a-particle yield was measured in this
case with a large surface-barrier detector (Q=O. S5 sr),
covered with a 12-pm-thick Hostaphan foil. All elasti-
cally scattered protons were stopped in this foil, thus in-
creasing the permissible beam intensity. Simultaneously
the elastically scattered protons were monitored with a
pinhole surface-barrier detector. Channeling profiles of
the silver host atoms were obtained from the yield as a
function of angle, within a narrow energy window on the
spectrum of elastically scattered protons. This window
corresponds to a depth region of approximately 0—250
nm. Because of the energy straggling caused by the Hos-
taphan foil, the e-particle spectrum hardly contains
depth information. Therefore, the channeling profiles of
the oxygen atoms were obtained from the total e-particle
yield.

In the analysis the experiments were compared to
Monte Carlo simulations. ' For the host atoms Ruther-
ford backscattering (RBS) spectra were simulated and the
same energy window as in the experiment was set to
simulate the channeling profiles. The channeling profiles
of the oxygen were simulated taking into account the ox-
ygen depth profile as well as the energy-dependent cross
section. '" The simulation reproduces the actual energy
loss, which is strongly reduced in a channeling direction.
This has a particularly strong effect on the shape of the
flux peak observed for (near-) interstitial impurities.

The top view of the setup used for oxygen lattice-site
location is shown in Fig. 2. Both the channeling and the
depth profiling measurements were done with the sample
at room temperature.
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fitting the spectra, are given in Table II together with the
hard-core values as expected from the tabulated
coefficients s' for this geometry. The differences are
only partly due to the finite solid angles of the detectors.
An explanation might be that the principal axes of the
EFG are slightly different for the different complexes.

The oxygen concentration profiles of these samples are
shown in Fig. 5. In the analysis, no deconvolution of the

FIG. 2. Schematic top view of the experimental setup used
for lattice-site location of oxygen 18.

IV. RESULTS

{a)

In Fig. 3 typical '"In TDPAC spectra of silver single
crystals implanted with stable indium to a dose of 4 X 10'
In atoms/cm at 110 keV are shown after various anneal-
ing and oxidation treatments. The spectra were recorded
along the (110) axes with the sample at room tempera-
ture. Figure 3(a) shows that a completely unperturbed
spectrum is obtained after annealing the implanted crys-
tal for 10 min at 723 K in a H2 Aow. By this annealing
treatment most of the implantation damage has been re-
moved and all indium atoms occupy substitutional sites.

A. Indium-oxygen 2a complex

Internal oxidation of the indium atoms was achieved
by heating the crystal to 550 K in 100 mbar ' 02. The
spectra shown in Figs. 3(b) and 3(c) were obtained with
two different samples which were oxidized for 1 and 10
min, respectively. Both spectra can be fitted assuming a
broad distribution of electric quadrupole interactions,
characterized by the parameters

v& =50(3) MHz, 5=0.7(1), g=0.0(1),

—O.l 5

-0.1 5

—0.1 5

—0.1 5

(b)
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{c)
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i&'")'~p)'~& "+'PFfg'p 'p'i'P) I(

with f,„=0.20(5) for the partly oxidized sample and

f,„=1.00(5) for the completely oxidized sample. These
values are somewhat different from the values given by
Desimoni et a/. for a 1% Incog foil oxidized at 573 K in
open air. Uhrmacher et al. ' again found slightly
different values for a preoxidized 0.5% Incog alloy after
isochronal annealing in the temperature range 300—573
K. The alloy was preloaded with oxygen by rapid cooling
of the foil in an oxygen-rich atmosphere. The "'In
TDPAC parameters as determined by these groups are
collected in Table I. In spite of the differences, we think
that all these measurements refer to the same type of
indium-oxygen complexes, denoted the 2a complex.

We have determined the direction of the EFG by
recording TDPAC spectra along different crystallograph-
ic directions. These spectra are shown in Fig. 4. The
large hard-core value and the slow rise of R (t) in the
measurement with the detectors parallel to the (100)
crystallographic directions is characteristic for a (100)
direction of the principal axis of the EFG. Good fits are
obtained by using the parameters of the 2a complex given
above and by assuming an axial symmetric EFG with the
principal axis pointing in a (100) direction. The hard-
core values, which were the only free parameters in

—O.l 5

.'~ ~ .y. i, .& .L. dituuu I)ikey. „a III). J..kk"""'~ y»~ q'ee'y pr t'i"-'a' ') tati-' ting' "t
I

0 100 200
t (ns)

FIG. 3. "'In TDPAC spectra of silver single crystals im-

planted with stable indium to a dose of 4X 10"atoms/cm' after
various oxidation and annealing treatments. The spectra were
recorded along (100) crystallographic directions: (a) annealed
for 10 min at 723 K in H2 Aow, (b) as (a) and oxidized for 1 min

at 550 K in 50 mbar "Oz, (c) as (a) and oxidized for 10 min at
550 K in 300 mbar ' O2, (d) as (c) and annealed for 10 min at
750 K in 400 mbar "02, (e) as (d) and annealed for 10 min at
873 K in vacuum, (f) as (e) and annealed for 10 min at 1023 K in

vacuum, and (g) as (f) and annealed for 10 min at 1043 K in vac-
uum.
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TABLE I. "'In-TDPAC parameters of indium-oxygen complexes in silver.

Site
Vg

(MHz)

Oxid. or
Direction of anneal temp.
EFCx z axis (K) Ref.

2a complex 59(6)
64(3)
50(3)

0.3(1)
0.4(1)
0.7(1)

(0.02
0.5(2)
0.0(2) ( 100)

300-600
573
550-600

3,6
2

present
study

2b complex 95—120 0.4(1)
118(4) 0.35(1)
90(3) 0.46(6)

0.70(15) 1

0 75(5) 1

0.8(2) 1 ( 100)

575-1175
623-723
700-773

3,6
2

present
study

In,O,
precipitates

Bulk In203

116(2) 0.09(1)
157(3) 0.004(1)
118(3) 0.08(2)
156(3) 0.04(1)
111(1) 0.10(1)
157(2) 0.03(1)

119(2)
154(2)

0.69(4)
0.29(2)

0.75(2)
0.22(2)

0.8(1)
0.2(1)

0.69(5)
0.00(5)

0.75(4)
0.25(4)

0.6(1)
0.4(1)
0.72(5)
0.28(5)

0.77(3)
0.23(3)

775-1125

723-1273

873-1023 present
study

22

energy spectrum was applied since the depth resolution
was much better than needed to monitor the smooth vari-
ations in the concentration profile. Since the oxidized
fraction is known from the TDPAC spectra, the
stoichiometry of the In-0 complexes formed can be
determined by measuring the oxygen dose and dividing
this number by the oxidized indium dose. This ratio is
found to be 1.8(2) for the partly oxidized sample and
2.0(1) for the completely oxidized sample. This means
that each indium atom in the 2a complex has trapped two
oxygen atoms. We may safely assume that these com-
plexes consist of only one indium atom, because these 2a
complexes are also formed in silver samples with very low
indium concentrations even after very short oxidation.
In that case the probability that the indium has ag-
glomerated in clusters of at least two indium atoms is
practically zero. Thus, these complexes can be con-
sidered as isolated In02 molecules in a silver host.

Another important aspect of the depth profiling mea-
surements is the shape of the oxygen profile. As expect-
ed, the oxygen profile of the fully oxidized sample resem-
bles the indium profile, calculated using the known
di6'usion constant. ' More interesting is the oxygen

profile of the partly oxidized sample since it displays how
the oxidation proceeds. Based on Wagner's model of
internal oxidation, one would expect a distinct oxidation
front, i.e., a sharp boundary between the oxidized indium
atoms near the surface and the nonoxidized indium
atoms at deeper layers (in our case with a width of —5
nm, according to an expression derived by Meijering and
Druyvesteyn' ). However, we observe a rather smooth
oxygen profile, showing that the oxidized indium atoms
are distributed over a few hundred nanometers. This
demonstrates that the formation of In02 is not a simple
one-step trapping process. The two-step oxidation model
is in good agreement with experiment if one takes the dis-
sociation enthalpy of the intermediate InO complex as
H,„o=0.60(5) eV. This is shown by' the solid lines in
Fig. 5. Comparing this value for the dissociation enthal-

py with the oxygen migration enthalpy Eo =0.48 eV we
can conclude that the In-O complex is only marginally
stable. The depth profiles can be reproduced using
Wagner's model only if we assume a trapping radius of
3QQQQof a lattice constant. Such a small value has no
physical meaning.

We have used the fully oxidized sample for a channel-

TABLE II. Experimental hard-core values of indium-oxygen complexes along di6'erent crystallo-
graphic directions. Also, the calculated hard-core values are given for an EFCx with g and the x, y, and
z axes as indicated.

Site
Hard-core values along

(100) (110) (111)
EFG in the calculation

X 3'

2b

0.41(1)
0.50

0.45(1)
0.72

0.17(1)
0

0.21(1)
0

0.12(1)
0

0.21(1)
0 0.8 [100] [010]

[001]

[001]
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FIG. 4. '"In TDPAC spectra of the 2a complexes recorded
along different crystallographic directions as indicated. p

0.80— In02 Hln0-0. 60 eV

O

0.60—

Z'.
Oo 0.40—
Z:
LU

0.20—0

ing experiment to locate the lattice site of the oxygen
atoms in the 2a complexes. Angular scans through the
major axes measured with the sample at room tempera-
ture are shown in Fig. 6. The damage produced by the
analyzing beam (2 pC per point in an angular sean) was
minimized by measuring at the angles near the string
direction first and by taking a new beam spot after each
scan. The pronounced Ilux peak in the (110) scan and
the dips in the ( 100) and ( 111) scans are unquestion-
ably the consequence of a near-octahedral interstitial site
of the oxygen. The computer simulations gave a satisfac-
tory correspondence with the experiment when all oxy-
gen atoms are shifted 0.5(l) A from the octahedral inter-
stitial site in a ( 111)direction. In the simulations, a De-
bye temperature of OD =250 K for the oxygen atoms was

0
I gl I I

2 -2 —1

Angle g (deg)

FIG. 6. Angular scans through the major axes of a single
crystal with only 2a complexes. Simulations (solid lines) show
that all the oxygen is trapped at near-octahedral intersitial sites.

2 a complex

assumed, corresponding with a rms vibrational amplitude
in one dimension of 0.1 A.

In Fig. 7, a possible arrangement of the In02 2a com-
plex is shown that could explain both the TDPAC and
the channeling measurements. A point-charge-model cal-
culation gives for this configuration an EFG with the
principal axis pointing in the [100] crystallographic direc-
tion and with an asymmetry parameter g=0. 1. Howev-

150 300 450 600 750
DEPTH (nm)

[0»]

FIG. 5. Concentration profiles of the oxygen trapped at the
2a complexes of a 100(5)%%uo and a 20(2)% oxidized sample. Solid
lines are the results of a calculation using the two-step oxidation
model.

= [100]

FICx. 7. Possible arrangement of the isolated 2a complex in
the silver matrix.
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er, there are several other configurations that can explain
the measurements. For instance, a configuration is possi-
ble in which the oxygen atoms are at opposite sides but
shifted in difFerent (111)directions.

B. Indium-oxygen 2b complex

A third sample was prepared by implantation of
4X10' indium-atoms/cm and subsequent annealing at
723 K for 10 min in a H2 How. Complete oxidation of the
indium in 2a complexes was achieved by oxidation for 10
min at 550 K in 300 mbar ' 02. After subsequent anneal-
ing for 10 min at increasing temperatures in vacuum (or
in 100 mbar ' 02, which gives the same result), the quad-
rupole interaction parameters gradually change to the
following values found for the temperature interval
700—750 K:

vg =90(3) MHz, 5=0.46(6), g=0.8(2) .

These values are close to the values given in the literature
for the so-called 2b complex. However, as in the case of
the 2a complex, our value for the quadrupole frequency is
somewhat low (cf. Table I).

Spectra taken at different crystallographic directions
are shown in Fig. 8. For the least-squares fits of the per-
turbation function we assumed that the principal axis of
the EFG lies along the [100] direction. The directions of
the x and y axes were chosen parallel to [010] and [001]
directions. The expected hard-core values for this sym-
metry are also tabulated in Table II. Although the trend
is reproduced, there are appreciable differences between
calculation and experiment, suggesting that the actual sit-
uation is more complicated.

The oxygen concentration profile of this sample, with
only 2b complexes, proves to be identical to the oxygen
profile of the completely oxidized sample with only 2a
complexes (cf. Fig. 5). This implies that also for the 2b

Silver

2b complex

(»o) Oxygen

complexes two oxygen atoms are bound at each oxidized
indium atom. The 2b complex is formed by annealing at
700 K even in very dilute systems, ' indicating that the
change of the EFG is due to a thermally activated change
in the oxygen-indium geometry rather than an effect of
clustering. Consequently, the 2b complexes are also iso-
lated In02 molecules.

The results of channeling measurements for this sam-
ple are shown in Fig. 9. The angular scans through the
major axes (110), (100), and (111) all show a dip in
the string direction, which is a clear indication of a near-
substitutional site for at least a considerable fraction of
the trapped oxygen atoms. Channeling simulations show
that several possibilities for the lattice site of the trapped
oxygen can explain these measurements. The fits shown
in Fig. 9 are obtained by taking a Debye temperature of
OD =250 K for the oxygen atoms and by assuming that
40%%uo of the oxygen atoms are shifted 0.4(1) A from the
substitutional site in a (110) direction. The remaining
60% of the oxygen atoms give a random contribution,
which implies that these atoms are neither in a near-
substitutional site nor in a near-interstitial site. A possi-
ble configuration for the In02 2b complex with the oxy-
gen atoms in near-substitutional sites is shown in Fig. 10.
The point-charge model gives, for this arrangement, an
EFG with an asymmetry parameter g=0.9 with the x, y,

(too)

t.~.L .Ikklll~. K.t Ik Jl.t..lls.l. I I .
««w'"H" t~ t" tt't"'ttttrtltt~rpjt

—O. L5

@au x .t z ..a tul . . l 46 i it i.k at I ill tj
t &

'
t'~(t'P'll ~'PFfg' tit 'ttt t' P"t

-0.15
(b)

.4 S.a& ~kttIta. . ~ .4, l. . n. lt„L

I
' tt &""t~~'P'tttt'Q' tttt

—0.15
0 100

t (ns)

(c)

200

FICir. 8. "'In TDPAC spectra of the 2b complexes recorded
along different crystallographic directions as indicated.

O
I I

-2 -1
I rl I

2 '~ -2
Angle g (deg)

0

FIG. 9. Angular scans through the major axes of a single
crystal with only 2b complexes. Simulations (solid lines) show
that about 40% of the oxygen is trapped at near-substitutional
sites.
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FIG. 10. Possible arrangement of the isolated 2b complex in
the silver matrix.

and z axes pointing in different (100) directions. This
agrees very well with the TDPAC measurements. We
may conclude that due to the anneal at 700 K the posi-
tion of a large fraction of the oxygen atoms has changed
from a near-interstitial site in the 2a complexes to a
near-substitutional site in the 2b complexes. This change
may be caused by the trapping of thermally activated va-
cancies at the 2a complexes. If a vacancy is trapped by a
2a complex, space is created for the relaxation of the
near-interstitial oxygen atoms into near-substitutional
sites. In order to see if this picture is correct, we used the
two-step oxidation mode1 to simulate the trapping of two
vacancies at isolated In02 complexes. We assumed that
the vacancy concentration at the surface is maintained
during annealing time and equals the equilibrium
bulk vacancy concentration' Cf, =exp( Hz/kT), —with
Hz=1. 10 eV. From the known vacancy jumping fre-
quency v=2. 16X 10' Hz and vacancy migration ener-
gy

' EP=0.62 eV the input parameters [cf. Eqs. (6), (8),
and (9)] can be calculated. The dissociation constant
k ( i Q ) p" was assumed to be zero. According to the calcu-
lations, the time needed to associate all InOz complexes
with two thermally created vacancies is 35 min at 700 K
and 10 min at 750 K. Experimentally, the 2a —+2b transi-
tion occurs in about 10 min at 700 K. In view of the
crude assumptions made in the calculation, the agree-
ment is reasonable.

C. Precipitation of the 2b complexes

A fourth sample, prepared exactly in the same way as
the previous sample containing 2b complexes only, was
annealed at 773 K for 10 min in vacuum. The TDPAC
spectrum taken after this anneal shows no significant
changes. However, after annealing at 873 K the spec-
trum changed drastically [see Fig. 3(e)], showing two
well-defined quadrupole interactions, with

v& =ill(1) MHz, 5&=0. 10(1), 21&=0.8(1),
1

v& =157(2) MHz, 52=0.03(l ), 2)2=0.2(1) .
2

The ratio f&.f2 of the fractions having these interactions
is about 3:1. These parameters match very well with
TDPAC measurements on bulk In203, where the two
quadrupole interactions correspond to the two different
coordinations of six oxygen atoms around an indium
atom.

Additional NRA experiments were performed on a
fifth sample that was oxidized at 550 K and subsequently
annealed in vacuum at 873 K. The corresponding PAC
spectra and the depth profile after oxidation at 550 K
were identical with those shown earlier. The anneal at
873 K did not lead to a change in the depth profile, apart
from a slight enrichment at the surface. However, the
[' 0]/[In] ratio changed from 2.0(1) to 1.45(10). This ob-
viously means that the 2b complexes agglomerated into
In203 precipitates while the excess ' 0 diffused out of the
crystal. This type of precipitation has also been observed
in Incog alloys by Wodniecki and Wodniecka and Desi-
moni et a/. , who found a strong dependence of the
growth of the preeipitates on the indium concentration.

The fact that the depth profile does not change appre-
ciably during annealing at 873 K implies that precipita-
tion occurs locally, without long-range diffusion. The
most straightforward explanation of this phenomenon is
that individual InOz complexes become mobile at this
temperature and cluster into precipitates. The essential
point in this description is that the constituent atoms of
the complex perform a correlated diffusion process.

An alternative explanation would be that InOz mole-
cules break up and that the atoms move individually
through the lattice to already existing precipitates. The
problem with this picture is that, at least in the initial
stage of the precipitation, the surface is expected to be
the dominant sink for the diffusing ' 0 atoms. This will
result in a large out-diffusion of ' 0 because no stable
surface adsorption sites are available at this tempera-
ture.

After annealing at 1023 K, a large part of the In203
precipitates have dissociated [see Fig. 3(f)]. They are
completely dissociated at 1043 K, resulting in the unper-
turbed spectrum shown in Fig. 3(g).

In Fig. 11 the TDPAC measurements on internally oxi-
dized silver single crystals are summarized by displaying
the relative fractions of the various components and their
quadrupole frequencies as a function of annealing tem-
perature.

D. Internal oxidation of Cd in silver

In the interpretation of the "'In TDPAC spectra, the
following argument may be important. "'In decays by
electron capture to a short-lived excited state of '"Cd,
which subsequently decays by the y-y cascade used for
the measurement of the TDPAC. This means that the
hyperfine interactions are measured on cadmium-oxygen
complexes whereas the geometrical structure, at least ini-
tially, is determined by the formation of the indium-
oxygen complexes. In order to see if the cadmium-
oxygen complexes formed by internal oxidation of indium
have the same geometrical structure as the cadmium-
oxygen complexes formed by internal oxidation of cadmi-
um, we have performed internal oxidation experiments
on cadmium implanted in silver. In Fig. 12, "'Cd
TDPAC spectra of a silver single crystal implanted with
only "' Cd at 60 keV to a very low dose, below 1 X 10"
atoms/cm, are shown. After annealing at 723 K for 10
min in H2, various oxidation treatments were given. Fig-
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FIG. 11. "'In TDPAC parameters v&, 6, and relative frac-
tions f; as a function of the annealing temperature, as derived

from spectra partly shown in Fig. 3.

ure 12(a) shows the unperturbed spectrum which was
recorded just after the hydrogen anneal. Figure 12(b)
shows the spectrum obtained after oxidation at 650 K for
5 min in 600 Inbar 02. The quadrupole interaction is
given by the parameters

v& =49(2) MHz, 6=0.6(1), r) =0.0(2) .

These values are equal, within the accuracy of the mea-
surement, to the parameters of the indium-oxygen 2a
complex.

The oxidation at 750 K for 5 min in 600 mbar 02 re-
sulted in the spectrum shown in Fig. 12(c), with fitted pa-
rameters

v&=83(6) MHz, 5=0.6(1), rI=0. 3(3) .

After oxidation at 850 K for 5 min in 600 mbar 02, the
TDPAC spectrum shown in Fig. 12(d) refiects much
higher quadrupole frequencies,

v&=171(6) MHz, 5=0.31(5), ran=0. 4(1) .

Summarizing these experiments, oxidation at 650 K of
very dilute cadmium in silver results in a '"Cd TDPAC
spectrum which greatly resembles the "'In TDPAC spec-
tra of 2a complexes formed by the internal oxidation of
dilute indium in silver. This indicates that cadmium-
oxygen complexes formed at these temperatures have the
same geometrical structure as the indium-oxygen 2a com-
plexes. At higher oxidation temperatures, the spectra ob-
tained from internally oxidized cadmium differ from the
"'In TDPAC spectra of the indium-oxygen 2b complexes
observed after internal oxidation of very dilute indium in
silver. ' This means that at these temperatures the
geometrical structure of the isolated cadmium-oxygen
complexes differs from the structure of indium-oxygen 2b
complexes.

~ ~ ~, .~44xi ja. ,t4.'SIltNWt
..li

-~+~~' 'RT&'4&%N e r V", y

0.15

.. ~.k.A.~ JILI .(I. .u Jkltelst
i 5 ~i'I"5 'tr'F' 0's %'0"' & 't&,"'t

0.15

100
t (ns3
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FIG. 12. '" Cd TDPAC spectra of cadmium implanted with
60 keV to a dose below 1X10" atoms/cm' in a single crystal
after various annealing and oxidation treatments: (a) annealed
for 10 min at 723 K in 1 atm H2, (b) as (a) and oxidized for 5

min at 650 K in 600 mbar 0&, (c) as (a) and oxidized for 5 min at
750 K in 600 rnbar O&, and (d) as (a) and oxidized for 5 min at
850 K in 600 mbar O2.

V. DISCVSSIO~

Several authors have discussed the appearance of the
broad frequency distributions in the TDPAC spectra for
the 2a and 2b comp1exes. One interpretation has been
that these broad distributions are due to aftereQects, i.e.,
a time-dependent perturbation of the angular correlation
due to short-lived holes in the valence band caused by the
electron-capture decay of the "'In nucleus just before the
cadmium y-y cascade. However, this possibility can be
ruled out by the TDPAC studies of Massolo et al. on
aftereffects in In203 precipitates in a silver matrix. They
observed aftereffects only in large In&03 precipitates.
Therefore, it is very unlikely that these processes are im-
portant in the small In02 molecules that are closely sur-
rounded by the conduction electrons of the metallic host.

Another explanation might be that the broad distribu-
tion is caused by Auctuations in the nearest environment
of the In (Cd) atoms, caused, for instance, by local hop-
ping of the O atoms. Since we have observed no change
in the spectra obtained from a sample with only 2a com-
plexes during variation of the measurement temperature
in the region TM =77—573 K, this possibility is unlikely
too. Moreover, the hard-core values obtained are in good
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agreement with a static distribution of quadrupole fre-
quencies.

Consequently, we have to assume that the broad fre-
quency distribution is due to diA'erences in the geometri-
cal structure of the 2a and 2b complexes. The geometri-
cal structure will determine the amount of p character of
the valence electrons participating in the In—O bonds
and the orientation of these bonds. It is to be expected
that the p-orbital contribution of these valence electrons
dominates the EFG at the In (Cd) site. Indeed, recent
TDPAC measurements on a number of oxidic com-
pounds in which '"In was incorporated show that the
quadrupole interaction is very much dependent on the lo-
cal geometry. The strong correlation with the In-0 dis-
tance is much less convincing than was claimed earlier.
Such a correlation can be understood in a simple ionic
picture in which the contribution of the O ions to the
EFG is amplified by a distance-dependent Sternheimer
antishielding factor. In any case, one expects a sensitive
dependence of the EFG on the local structure of the InO2
complex.

One can speculate about the mechanism that leads to
the variations in the local structure of the In02 com-
plexes. The distance between the octahedral interstitial
site and the substitutional site in silver is 2.04 A. This is
practically equal to the Ag—0 bond length in Ag20 and
AgO, whereas the In—0 bond length in In203 is 2.2 A.
Consequently, one expects the oxygen atoms to shift from
the octahedral position, and this is indeed observed in our
channeling measurements. In fact, the In—0 bond
lengths derived from the tentative configurations pro-
posed for the 2a complex (Fig. 7) and the 2b complex
(Fig. 10) are even larger than in bulk Inz03. 2.4 and 2.5
0

A, respectively. Consequently, the In02 molecules will
introduce local strain in the silver lattice. It seems that

this strain is responsible for the large number of slightly
difterent configurations. However, our understanding of
this problem is still in a very preliminary stage.

VI. CONCLUSIONS

Internal oxidation of dilute indium in silver at 550 K
results in the formation of isolated indium-oxygen 2a
complexes. The EFG of these complexes is axially sym-
metric with the principal axis pointing in a ( 100) direc-
tion. The trapped oxygen is located near octahedral in-
terstitial sites. By subsequent annealing above 700 K, the
2a complexes change into 2b complexes. The main axis
of the EFG of the 2b complexes also points in a (100)
direction, but the asymmetry parameter has changed to
iI=0. 8(2). Now, 40% of the oxygen is located in near-
substitutional sites, indicating that the transformation of
the 2a complexes into 2b complexes is probably due to
trapping of thermal vacancies. By annealing above 873
K, the 2b complexes form In203 precipitates, which
means that isolated 2b complexes are mobile at these
temperatures. Oxidation below 700 K of very dilute cad-
mium in silver results in the formation of cadmium-
oxygen complexes with the characteristics of the indium-
oxygen 2a complexes.
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