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The perturbed y-y angular correlation technique is applied to studies of the interaction
of impurity atoms in silver. The effect of attraction between In and Pd impurities leading
to the creation of the nearest neighbour impurity pairs in the silver lattice is found. The
results are discussed within the frame of two different models which consider the electronic
or elastic interaction between two impurity atoms in a metal.

PACS numbers: 61.70.Wp

1. Introduction

The interaction between impurity atoms in a dilute alloy system is an interesting prob-
lem in metal physics. The nature of this problem is rather complex and its understanding
is based on the electronic structure or on the elastic interaction of the impurities in a metal.
In the electronic approach the excess or deficiency of impurity charge is screened by the
conduction electrons and creates an oscillating electric potential which leads to attraction
or repulsion of other impurity atoms [1]. In the elasticity approach [2] the interaction is
correlated with impurity volumes and can also be attractive or repulsive depending on
impurity sizes and location among the lattice atoms.

Both approaches, the elasticity and electronic one, are clearly related and show two
aspects of the same problem. However, a uniﬁed»description of the interaction does not
exist. Just as little precise experimental information is available on the exact structure
of impurity-impurity interactions in various metallic systems.

In the present work the interaction between In and Pd impurities in silver is studied.
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Silver and palladium form a continuous series of solid solutions in a broad range of temper-
atures and for all relative concentrations [3]. Thus, the Pd impurities are randomly distri-
buted around any Ag atom in a dilute silver alloy. However, if another impurity atom such
as In is introduced into the system, it is not at all obvious that the Pd distribution around
that particular atom will be still random. In fact, one expects that both the size and charge
screening effects will lead to attraction or repulsion of the Pd impurities by the In atom.

The impurity situation can be characterized by its electric quadrupole interaction
with surrounding atoms. In a pure metal with cubic structure the electric field gradient
(EFG) at each lattice site vanishes due to the charge symmetry. An impurity atom generally
destroys this symmetry and induces an EFG at the neighbouring lattice sites. When a radio-
active probe is introduced in the impurity neighbourhood this EFG can be measured with
the time differential perturbed angular correlation (TDPAC) technique, as was done in
the present work.

The magnitude of the EFG at the probing nucleus depends on the distance from the
impurity atom to the probe and in the case when more than one impurity atom is present
in the neighbourhood of the probe, it depends on the impurity atom distribution over the
neighbouring lattice sites. When all lattice sites are equally favoured for the impurity
location, many various impurity-probe configurations in the lattice occur and the probe
nuclei are exposed to EFG’s of various magnitudes. However, it was shown recently that
for some cases a surprisingly large fraction of probes in silver dilute alloys is exposed to
the same EFG’s magnitude [4-6]. It was explained assuming a non-random impurity
distribution around the probe atoms caused by an impurity interaction. The energy of this
interaction can be determined.

In the present work, the hyperfine quadrupole interaction of ''*Cd in AgPd alloys
was investigated for the 1*1Cd isotope populated either from the *!*Ag or from the !*'In
decay. It was found that after ***Ag decay the '*!Cd probes in AgPd alloys were surround-
ed by Pd impurities distributed in a statistical way, the same as for other host silver atoms.
After *11In decay, however, the 1*'Cd probe environment was found to be nonstatis-
tically occupied by Pd impurities due to an In-Pd interaction in silver. It was concluded
that this interaction leads to the creation of In-Pd pairs in neighbouring substitutional
sites of the silver lattice.

2. Experimental procedure

Two types of Ag,_.Pd, samples containing either *1'Ag or 1!!In activity were pre-:
pared in the following way. In order to obtain the Ag, o,Pds 05(*11Ag) sample, S mg
of natural palladium were irradiated with thermal neutrons for 4 days with a neutron
flux of 1013n/cm?s. Three days after the irradiation most of the **!Pd, which had been
produced by the neutron capture of *!°Pd, decayed yielding the wanted *'!Ag activity.
A proper amount of pure silver was then added to the irradiated palladium to get the
Ago.97Pdo.0s(* 1 1Ag) alloy.

To obtain Ag;_.Pd,(**'In) samples (x ranging from 0.0003 to 0.03) a 50 um thick
silver foil was irradiated with 27 MeV a-particles. The irradiation lasted 8§ hours with an
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average beam intensity of 3 pA. 36 hours after the irradiation the 1!In activity arose via
199Ag(a, 2n)* * 1In reaction was practically the only activity left in the target. A suitable
piece of the silver target, containing about 10 pCi of 1*1In activity, was then melted under
an argon atmosphere with palladium in order to obtain the wanted Ag, ., Pd,(!*In)
alloy. After melting, all Ag,_,Pd.(**'In) samples as well the Ag, 4,Pdg o5(11?Ag) one
were annealed for 2 hours at 900 K. The concentration of 1*1Ag and '!'In probes in the
samples was ca 10> ppm while the concentration of all alien impurities in the alloys
was estimated, assuming the purity of the silver and palladium, to be less than 10 ppm.

The standard fast-slow coincidence set-up with three NaJ(T1) detectors was used to
record simultaneously two coincidence time spectra N(0, ¢) for the angle 0, between the
detectors, equal to 180° and 90°. Here, ¢ denotes the delay time between the emission of
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Fit. 1. The decay scheme of '*Ag and !!In isotopes

the first and second y ray. The start detector observed the 95 keV or 174 keV y rays for
the decays of '1'Ag or **'In, respectively, while two stop detectors observed the 247 keV
radiation for both angular correlation measurements (see Fig. 1).

Two runs of the angular correlation measurements with 1*1Cd fed in 111A0 decay
were performed in Ag, o,Pd, o3, each lasting about 3 weeks. The measurements of the
angular correlation after **1In decay were performed for five AgPd alloys differing in palla-
dium concentration and lasted 1-2 days for each alloy.

3. Analysis and results

The observed time coincidence spectra exhibit the exponential decay modulated
by the time-dependent angular correlation function W0, ).

N(8, £) = Noe™ "W (0, 1), (1)
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where 7 is the lifetime of the 247 keV intermediate state. For the case of random orienta-
tions of BEFG’s the angular correlation function for the two gamma cascades considered
here is theoretically [7] of the form

W(0, 1) = 14 4,G2(1)P,(cos 0), )

where 4, denotes the angular correlation coefficient characteristic for a given gamma cas-
cade. The perturbation factor G,(¢) contains information on the EFG acting on the probe
nucleus. The quantity 4,G,(#) can be simply extracted from the experimentally obtained
time-dependent counting rate

N(180°, £)— N(90°, )

R =2 N(180°, )+ 2N(90°, 1) A:G2(0). %)

The A,G,(t) spectra derived from angular correlation measurements are shown in Figs. 2
and 3.
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Fig. 2. TDPAC spectra of ***Cd after decays of *'*Ag and *'!In in Ago.o7Pdo.0s. Solid lines are the fits
of Egs. (7) and (6) for ''In and '''Ag experiments, respectively. Dash curve is drawn to compare the
results of both experiments

The EFG is fully given by the two parameters: its z-component V,, and the asymmetry
parameter 71 = (Vg — V)| Viz Here, Vi, Vyy and V,, are the components of the EFG tensor
at the probing nucleus in the principial axis system chosen in such a way that |V,| < [Vl
< |V,.l. For details see Ref. [8].
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The perturbation factor of the angular correlation for a static quadrupole interaction
and for the spin 5/2 of the intermediate state can be expressed by [7]

3
GZ(t) = Z SZn(n) Cos wn(rl)t: (4)

n=1
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Fig. 3. TDPAC spectra of 1*'Cd in Ag; — yPd(**1In) alloys. Solid curves are the results of the least squares
fits of Eq. (7)

where s5,,(1) are tabulated coefficients and w,(x) are the transition frequencies depending

10
on V,, and 5. For n = Othe w, are: w; = - Vo, W2 = 204, and w; = 3wy. The quadru-
¥

pole coupling constant v, is given by

eQV..

- ©)

VQ=

where eQ is the quadrupole moment of the probe nucleus which for *21Cd in the 247 keV
excited state equals 0.7740.12b [9]. When the different probe nuclei are exposed to the
‘EFG's of different magnitudes the G,(¢) depends on the distribution of the ¥,, and 1.
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The resulting G,(z) can be written as

Gy(1) = G5(0), (6)

sl——
LVJ
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k

1

where summing runs over all m probe nuclei and G5(¢) is the perturbation factor expressed
by (4) with V¥, and #* describing the EFG acting on the k-probe nucleus. In cubic alloys
different probe atoms are placed in sites of different distances from impurities and there-
fore are exposed to the EFG’s of different magnitudes.

To smiplify an analysis of the results of the EFG measurements in cubic alloys some
information on the impurity distribution among the lattice sites is necessary. No short
range order in AgPd alloys was observed [3]. Therefore, the random distribution of Pd
atoms around all host silver atoms including **!Ag probes in Ago.07Pdo 03(1*1Ag) can
be assumed. On the other hand in the case of *11In probes this assumption turns out not
to be valid and one has to take into account only a few specific probe-impurity configura-
tions. Therefore, two different approaches to the data analysis were used for the 1*Ag
and *!!In probes.

The time dependent ratio R(¢) obtained for 1**Agin Agg o7Pdo o3 alloys were analy-
sed using the following assumptions:

a) all lattice sites are equally favoured for the impurity atom location

b) one impurity atom produces at the neighbouring lattice site an axially symmetric EFG
with the z axis coinciding with the impurity-probe direction

¢) the EFG produced by more than one impurity is a sum of the EFG tensors corresponding
to each impurity.

The components ¥}, of the EFG’s produced by a single impurity atom occupying a lattice
site on the i-th shell around the probe were taken as free parameters. In the calculations
only the four nearest shells were taken into account.

The Monte Carlo method was employed to generate the random impurity distribution
around one lattice site, chosen as the *1Ag probe site. Next, the EFG corresponding to
this impurity distribution was determined by summing the contributions of all impurities
occupying sites within a sphere of a radius equal to the fourth nearest neighbour distance.
Then the EFG tensor was diagonalized and its components were expressed by the Vi.
This procedure was repeated 10° times and finally the resulting G,(t) was found as a sum
of m = 10% components G4(¢) for the EFG determined for each impurity distribution.
The resulting G,(¢) being a function of four Vi parameters was fitted to the R(¢) obtained
in the experiment.

The observed spectra for 1**In in AgPd alloys shown in Fig. 3 look differently from
those obtained in the 111Ag case. These spectra exhibit a well-defined quadrupole interac-
tion characteristic to a specific probe-impurity configuration in the sample. Therefore,
results of these measurements were fitted only with two, and for alloys with impurity
concentration x > 0.003 with three different contributions ¢; corresponding to different
probe-impurity configurations: )

R(t) = 4,G,(t) = Az[c1(;;(t)+ch§(t)+cng(t)l M
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In the first step of analysis G5(?), G5(f) and G3(#) were the perturbation factors expressed
by (4). The following results were obtained. The ¢, fraction of 111Cd interacts with an
axially symmetric EFG with V,, = V7 independent of the impurity concentration. The
¢, fraction of probes is exposed to an EFG with ¥, component 1.25 times larger than
Vi.. The ¢; = 1—¢; —c, fraction of 1*'Cd experiences a very weak EFG with V2 ~0.
The good fits were obtained when ecach EFG was assumed not unique, but described by
a Lorentzian V,, distribution with a width ¢ [5]. To reduce the number of free parameters
in the next step of analysis the following parameters were kept constant: ny =0, =0,
VZ =125V} and V2, = 0. The results of the least squares fits of the function (7) to the
experimental points are shown in Fig. 3 and the fitted parameters are listed in Table IL.

4. Discussion

The observed resultant EFG at the probe atoms in dilute alloys reflects, firstly the
occupation of the lattice shells around the probe by impurity atoms and secondly, the
contributions to EFG produced by impurities in the different shells around the probe.
Information about the shell occupation and the EFG from an impurity in a certain shell
cannot be easily deduced separately.

With the use of two different parent activities as probe atoms a different occupation
of lattice sites by impurities around probe atoms can be achieved, if the binding energy
between impurity and probe atoms are considerably different. Since the two parent activi-
ties decay to the same daughter nuclei, the observation of the same EFG for both parent
activities points directly to a specific impurity-probe situation.

TABLE 1

Quadrupole interaction results for a Pd imburity situated on the first, second, third and fourth (i = 1,2,3
and 4) shell at a distance r; from the 11Cd probe in the silver lattice

Number of shell 7 1 2 3 4
e
Vie [10Y7 Vem=2] 2.31 (0.09) | 0.95 (0.21) | 0.19 (0.18) | 0.24 (0.11)
W‘Q IMHz] 43.0 (1.7) 17.7 (4.0) 3.5 (3.3) 4.4 2.0
vh (+Y)? [arbitrary units] 1 [ 1.17 (0.23) | 0.42 (0.40) | 0.82 (0.35)

2 The eQ error is not included.

Assuming that the shell occupation in Ago.97Pdg 03(11*Ag) is simply given by a ran-
dom distribution of Pd atoms, the quadrupole coupling constant for the 111Cd-Pd nearest
neighbour configuration equal to 43.0F1.7 MHz was found (see Table I). This value
is in full agreement with the quadrupole coupling constant for a large fraction of 111Cd
populated in '**In decay in Ag,_,Pd,(**In) alloys (see Table II).

This agreement strongly supports the conclusion that the well-defined quadrupole
interaction occurring in the 111In spectra arises from the nearest nei ghbour probe-impurity
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configuration. Because the fraction of the probe nuclei exposed to this nearest neighbour
EFG is much higher than it would be for a random impurity distribution, an attractive
In-Pd interaction in silver is suggested. This interaction leads to the creation of InPd atom
pairs in the substitutional nearest neighbour lattice sites of silver. The quadrupole coupling

TABLE 11

Least squares fit parameters for ***In in Ag, — xPd alloys. The ¢; and ¢, are fractions of the probes exposed
to the two different EFG described by vb and 7; = 0 and v2Q = 1.25 Wl) and 7., respectively

x 4| ¢ s { g [MHz] N2
|
0.0003 0.09 (2) ! — 42.8(7) -
0.001 ‘ 0.24 2) ' — ‘ 43.1(8) —
0.003 | 0.33(4) 0.10 (3) | 43.4 (4) 0.66 (5)
0.01 0.40 (3) ' 0.33 (4) 44.6 (7) 0.61(3)
0.03 0.26 (2) 0.61 (4) \ 44.4 (5) ‘ 0.63 (2)

constant 43.0 MHz corresponds to ¥,, = 2.3 - 10*7 Vecm~? of the EFG produced on the
Cd probe by the nearest neighbour Pd atom in the silver lattice.

In principle, the quantitative analysis of the EFG produced by the distributed charges
requires an understanding of the EFG sources in metallic systems. In general terms it is
a very difficult task and usually simple models are used.

Tn the simplest approach of the point charge model, the EFG from an impurity should
vary as r—3. This dependence can be compared with the experimentally obtained V., at
11104 after the 11*Ag decay. The data were fitted with four values of Vi, as free param-
cters attributed to the four nearest shells around ***Cd. The observed weights correspond
to the coordination numbers of the first four shells which are 12, 6, 24 and 12 for a fcc
lattice. Unfortunately, except for V., all other V!, values have rather large experimental
errors, but they are consistent with the r—* dependence of the point charge model (see
Table I). Similar behaviour of the EFG for different probe-impurity distances was observed
in aluminium rich alloys [10].

The point charge model can be also employed to describe the probe-impurity con-
figuration which leads to the nonaxial EFG acting on the probes in Ag, —,Pd.(*!'In)
alloys with x > 0.003. Simple calculations of the EFG due to two impurity atoms being
the nearest neighbours to the probe, show that in 8 among 11 possible positions in the
fcc lattice, the EFG is nonaxional with the asymmetry parameter # = 0.6 and its z-compo-
nent is 1.25 times larger than the V,, due to one impurity. The results presented in Table II
show that the ¢, fraction of the 1**Cd probes after 111]n decay in Ag, -, Pd, is exposed
to the EFG with asymmetry parameter 7, ~ 0.6 and V., component 1.25 times larger
than V2. Hence it is reasonable to assume that the c, fraction of the probes has two im-
purities in the nearest neighbourhood. The ¢, value is also much higher than it would
be for a random impurity distribution. This indicates that the attraction of the Pd impurity
by In is not saturated by one Pd atom, but a second Pd atom is attracted as well in order
to form an InPd, complex.
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Further support for the conclusion of the creation of the impurity complexes in silver
comes from the ¢, and ¢, dependence on Pd impurity concentration. For very dilute alloys
(x < 0.003) the case of only one Pd atom trapping was observed. As can be seen in Fig. 4,
a number of In probes having one Pd nearest neighbour rises with impurity concentration
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Fig. 4. The ¢, (solid points) and c, (open circles) dependences on the palladium impurity concentration x.
The curves denote the dependences of the number of the InPd and InPd, impurity complexes on x derived
: from the mass action low (see text)

up to x = 0.01. A decrease of the InPd pair number for x = 0.03 can be understood
by taking into account the rise in the number of InPd, complexes observed for x > 0.003.

The solid curves in Fig. 4 were drawn assuming that the concentrations of InPd and
InPd, complexes are given by the mass action law [11]. The binding energies were taken
to be the same for both reaction constants k; and k, but the preexponential entropy term
for k, is twice as high as for k, because of the number of possible impurity atom configura-
tions.

Knowing that for In and Pd impurities the nearest neighbour configuration is energeti-
cally favoured, one can attempt to explain the binding energy within the electronic and
the elasticity approach.

Blandin and Deplante [1], discussing the potential produced by the impurity charge
excess screened by the conduction electrons, found that in monovalent metals such as
silver this potential leads to an attractive interaction between two impurities of opposite
charge differences. For In and Pd in silver, the valency differences of the impurities and
the host atoms can be assumed to be Z,(In) = +2 and Z,(Pd) = —1. The binding energy
Eg concluded from the asymptotic form of the electron screening potential

_Z cos 2kgr
T keQkp+1D? T

where kg is the Fermi wave vector, is estimated as

V()

EB = —lez ° 0.03 eV.
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Hence, the interaction between In and Pd in silver is predicted to be attractive with
Ey = 60 meV, while the binding energy calculated from the exact form of the screening
potential was obtained to be 115 meV. This value is in reasonable agreement with the
experimental value 135+9 meV for In-Pd complexes [5], which were identified here as the
nearest neighbour impurity pairs.

In the elasticity model for impurity interactions in metals Eshelby found [2] that for
impurity atoms, the sizes of which differ from the host atom size, there are directions in the
fcc lattice for which the interaction is attractive. Because the lattice constant of the AgPd

. . . da ; A
alloy decreases with palladium concentration, " = —2.5-10-3 Ajat % and the lattice
c

da
constant of the AgIn alloy increases with indium concentration, = +3.3.10°
c

AJat % [12] one can consider Pd and In impurities in silver as undersized and oversized
atoms, respectively. In this case the model of the elastic impurity interaction in fcc metals
predicts an attraction in the {100 direction. The interaction energy for the (110} direction
never has the maximum value for any impurity size. Results of our measurements, however,
which show that the InPd impurity pairs are formed in the {110} direction are in dis-
agreement with the prediction of the elastic impurity interaction model of Eshelby.

The creation of three impurity atom complexes e.g. InPd,, was not discussed in the
frame of the mentioned models. But basing on the electronic model the attraction of the
second Pd atom by an InPd pair can be intuitively understood assuming that the indium
charge excess -+2 is not saturated by the —1 charge excess of the first trapped Pd impurity
and the net charge of the InPd pair still leads to the attraction of the next Pd impurity.

In conclusion, the model of electronic interaction between impurities in metals can
qualitatively explain the experimental finding of the attraction between In and Pd impuri-
ties in silver. This model, however, gives only a rough agreement between measured and
calculated binding energies. This is not surprising because the electronic model does not
take into account the energy of the lattice distortion in the impurity neighbourhood.
A detailed calculation and further experimental investigation are necessary to find the
exact description of the nature of the impurity interaction in metallic systems.

We would like to thank Professors G. Schatz, A. Z. Hrynkiewicz and H. Bernas for
helpful and valuable comments on a preliminary draft of this paper.
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