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The electric field gradients created at '"Cd nuclei by dilute transition-element impurities in

noble metals are studied by the technique of time-differential perturbed angular correlation.
The present results supplement previous ones with data for the alloys Cu Rh, Cu Pt, ApRh,
AgIr, Au Rh, Au Pd, and Au Pt, including temperature and concentration dependence in some
typical cases. The results show conclusively that, for most impurities situated to the left of the

host noble metals in the Periodic Table, there is a strong attraction between the probe In and

the impurity atoms. The binding energy AE& for the probe-impurity system is measured for the

CuRh and CuPt alloys. The temperature dependence of the high-frequency quadrupole interac-

tion vt, due to a single-impurity nearest neighbor to the probe is found to obey the usual empiri-

cal law v(T) = v(0)(1 —nT l ). The wealth of experimental data thus made available allows a

systematic examination of the results from which the following facts emerge: (i) The observed
high frequency vh is related to the nominal valence difference AZ between impurity and host

and to a parameter A. , the difference in the period of impurity and host in the Periodic Table;
(ii) a correlation of b, EB with both AZ and A. is apparent; and (iii) an inverse correlation

between the u parameter and DEB is apparent.

I. INTRODUCTION

In a series of papers we have reported investiga-
tions, using the technique of time-differential per-
turbed angular correlation (TDPAC), of the electric
field gradients (EFG) created by different impurity
atoms dissolved in the cubic noble metals of Ag' '
and Cu. ' One important result shown by this work is

that for impurities located to the left of the Ag and
Cu hosts in the Periodic Table, there is a strong
enhancement of impurity population nearest neighbor
(NN) to the "'In probe atoms. This enhancement,
over a random distribution of NN impurities, occurs
for the alloys of AgPd, CuPd, and AgPt. ~ For the
AgPd system with 0.25 at. '/0 of Pd, it was observed
that 30'/0 of the probe nuclei feel a high-frequency in-

teraction instead of about 3'/0 which would be expect-
ed from a random distribution of impurities. Aided

by this strong enhancement we have investigated
various other interesting aspects such as the mechan-
ism of population of impurities around the probe
atoms, the temperature dependence of the created
EFG, dynamical processes at high temperatures and

binding energies between impurity and probe atoms
and these are reported in the above references.

It now seems important to extend these experi-
ments to include other impurity atoms and also to
use the cubic noble metal Au as a host. A systematic
study can give additional information concerning the
role of the host (the influence of its lattice and elec-
tronic structures) as well as the effect of impurities

with different valences on the above-mentioned prop-
er, ties.

In this paper we report the results of the studies of
the EFG generated by impurities of Pt and Rh in Cu
host, Rh and Ir in Ag host, and Pd, Rh, and Pt in

Au host. The temperature dependence of the EFG
in the alloys of AgRh, CuRh, and CuPt was also in-

vestigated. In one case, AuPd, the concentration of
impurity was varied. Table I shows the alloys studied
in this paper together with those previously investi-

gated, and also gives the concentratio~ of impurities.
In Sec. II we describe the sample preparation and

the data treatment. Section III shows the obtained
results. A discussion of the present and previous
results is presented in Sec. IV. The most important
conclusions are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The transition metals used as impurities in this
work have high melting points compared to the host
noble metals. Due to this the solid solutions were

prepared in two steps. First a "mother alloy" of c
at. "/0 of the impurity (0.3 ~ c ~ S.O, depending on
the impurity solubility in the host'8) with the noble
metal was melted in an arc furnace. In a second step,
adequate quantities of this alloy and the noble metal
were melted in a resistance furnace.

22 5115 1980 The American Physical Society



5116 I. J. R. BAUMVOL et al. 22

TABLE I. Summary of the investigated alloys (hosts and impurity concentrations).

Host Impurity

Measured impurity concentration
Room temperature Function of temperature

(at ok) (at, %)

Cu

Pd'
pt
Rh

0.5, 1.0, 1.5, 2.5, 4.5
1.0
0.5

0.7
1,0
0,5

Pdb

Rh
0.25, 0.5, 1.0, 1.5, 2.0, 2.5

0.25, 0.5
0.5
0.25

Ir
ptc

0.2
0.3, 1.0 0.3

Au
Pd
Rh
Pt

0.5, 1.0, 2.0, 3.0, 4.5
0.5
0.5

'Reference 4.
bReference 3.
'References 5 and 6.

For the Cu and the Au alloys, the radioactive
carrier-free "'In obtained through the reaction
'09Ag(n, 2n)'"In was electroplated on the mother al-

loy before the second step and for the Ag alloys we
used the o.-irradiated Ag directly.

All the samples were melted in argon atmosphere,
and annealed, also in argon, for some hours at
800'C. The purity of the component metals was
~ 99.99%. This means that our samples contain
three elements, the host, the solute impurity atoms,
and the very dilute carrier-free, radioactive atoms of
"'In, which decay to "'Cd.

B. Data treatment

The TDPAC experiments were performed using
the 173—247-keV y-y cascade in "'Cd, to measure
the hyperfine interaction of the nuclear quadrupole
moment of the 247-keV state with the EFG generat-
ed at the probe nucleus by the impurity.

The TDPAC data were analyzed in the usual way.
From the measured coincidence counting rates at an-

gles of 90' and 180', the ratio

2
C(180', t) —C(90', r)

C (180',r) + 2C (90', r)

was calculated, after corrections for random coin-
cidences and misalignment of the sample. The per-
turbation factor

3

G22(r) a 20+ X a'2~ (CO„S)0e2Xrp( —
2 802„r)

n 1

contains the information about the nuclear quadru-
pole interaction in the frequencies co„. These specify
the nuclear quadrupole frequency, vg, and the asym-
metry parameter, q,

vg = eQ V„/h, 2) = ( V —V )/ V„

Here V„, &yy and V~ are the usual principal com-
ponents of the EFG, and Q is the quadrupole mo-
ment of the 247-keV state in "'Cd. The term
exp( —, 802„t) in e—xpression (2) accounts for the

Lorentzian distribution of frequencies having a width
5.

In all cases it was observed that a part (aq) of the
probe nuclei are subjected to high-frequency interac-
tions vq, a second part (a2) to a distribution of low

frequencies centered around vi, and a third part (ao)
do not feel any hyperfine interaction. Adequate com-
puter fittings were performed using expression (2) in

order to extract the amplitudes and the corresponding
frequencies from each A22G22(t) curve.

III. RESULTS

Typical results for the perturbation factor
A G22(2t2) are shown in Figs. I —3. The full lines in

the figures show the computed least-squares fittings.
The parameters obtained from the fittings are
displayed in Tables II—IV.

In particular, the results shown in Table II are for
the lowest measured concentration of impurity in
each alloy, including the data from our previous ex-
periments for AgPd (Ref. 3) and CuPd (Ref. 4) as
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FIG. 1. Typical A22G22(t) spectra for various alloys. The full lines are computer least-squares fittings.
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FIG. 2. A22G22(I) curves for three concentrations of Pd in Au host. The full lines are computer least-squares fittings.

well as the results for AgPt. '
Figure 2 shows typical A 2qG»(t) results at various

impurity concentrations in AuPd. The extracted
parameters are shown in Table III for impurity con-

. centrations in the range 0.5—4.5 at. %.
Figure 3 shows typical Aq2G22(t) resuits at various

temperatures in CuRh with 0.5 at. % Rh. Table IV
displays the results of the temperature-dependence

study for the alloys of Ag Rh (0.25 at. %), Cu Rh (0.5
at. %), and Cu Pt (1.0 at. %).

A. Concentration dependence

For two of the investigated alloys, Au Pd and
AgRh, the concentration of impurity was changed.
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FIG. 3. A22G22(t) curves for 0.5 at. % of Rh impurity in Cu, measured at different temperatures.

Since the available information in the literature' indi-
cates that the solubility of Rh in Ag is small, we
measured the EFG only for concentrations of 0.25
and 0.5 at. %. The computer fitting of the A22G22(r)
curves gave the same parameters for both concentra-
tions. Figure 1 shows the result for 0.25 at. % of
concentration and the extracted parameters are in

Table II. The observation that the amplitudes and

the frequencies are the same for both concentrations
indicates that there is a segregation of the impurity.
This fact is confirmed by the lack of any low-

frequency interaction (due to distant neighbors to the
probe), in opposition to what is observed for all other
impurities. Very likely the segregation starts at lower
concentrations than 0.25 at. %.

The AuPd results are displayed in Table III. As
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TABLE II. Quadrupole interaction frequencies, with their respective amplitudes and distributions, for several alloys with the
lowest concentration of impurity (see Table I). The errors on the amplitudes a are typically 10%.

System

Impurity
Concentration

(at. %) ap ai
VI

(MHz) (MHz)

CuPd~
' Cupt
Cu Rh

0.5
1,0
0.5

0,08
0,23
0.27

0.64
0.56
0.37

2,63+ 0,20
6.2+ 0.6
6.6+ 0.5

0.50+ 0.10
0.50+ 0.10
0.15+0.02

0.28
0,21
0.36

52.8+ 0.5
80.2+ 0.8
80.2+ 0.8

0.01
0.01
0.01

AgPdb

AgRh
Ag lr'
Ag Ptd

0.25
0.25
0.2
0.3

0.65
0.91
0.51

= 0.50

0.05

0.46
= 0.15

6.66+ 0.67

2.9+ 0.4
0

0.40+ 0.04

0.30+ 0.10

0.30
0.09
0.03

= 0.38

43.6+ 0.9
75.1+1.0

201.0+ 6.0
76.5+ 0.8

0.01
0.01
0.01

AuPd
AuPt
AuRh

0.5
0.5
0.5

0.22
0.46
0.50

0.14
0.07
0.22

0.80+ 0.10
3.9+ 0.2
3.6+ 0.6

0.22+ 0.04
0.29+ 0.04
0.10+ 0,02

0.64
0.47
0.28

14.1+ 1.0
38.9+ 0.5
35.7+ 0.5

0.15+ 0.02
0.04+ 0.01
0.06+ 0.02

"'From Ref. 4.
From Ref. 3.

'Preliminary results.
Amplitudes estimated from Ref. 6.

with the previously reported experiments for Ag Pd
and Cu Pd, we see the onset of new high frequencies
as the impurity concentration is increased. At 0.5
at. % two frequencies are present, one very low,
vi =0.8 MHz, with 22% of distribution and a second
one, vh, 20 times larger with a similarly large distri-
bution of 15%. When the concentration is increased,
the low frequency disappears, the distribution of vh

decreases to 1% and two new sharp frequencies vh

and vh, larger than vh appear. In accordance with the
interpretation given in Ref. 3, the frequency vh is due
to one NN impurity atom, the frequencies vh and vh

are generated by different configurations of two NN

impurities and the smeared-out low-frequency vi
comes from impurities located at larger than NN dis-
tances from the probe nucleus. The amplitudes of
the high frequencies are strongly enhanced over a

B. Temperature dependence

The effect of temperature on the EFG was mea-
sured for the three alloys, CuRh (0.5 at. %), CuPt
(1.0 at. %), and AgRh (0.25 at. %}. The results are
shown in Table IV, For each alloy the high-
frequency quadrupole interaction follows the empir'i-
cal T' ' temperature dependence':

v(T) = v(0) (1 —u T3 ) (4)

random distribution of impurities, showing again the
presence of a strong attraction between the In probe
and the Pd-impurity atoms. For 0.5 at. % of impurity
the enhancement factor fq of the amplitude for the
high frequency is of the order of 10.

TABLE III. Parameters extracted from the fitting of A22G22(t) curves for different concentrations of Pd impurity in Au ma-
trix at room temperature. (The fitting for vi and vh gave q=0. Typical errors are 10% for vi, 5, and q, 7% for vh, and 10%
for a. )

C
(at. %) ap al

VI

(MHz) 5(

1

(M») ah
2

vh
2

(MHz)

3

ah (M Hz) 5h &h
3

0.5 0.22 0.14
1.0 0.30
2.0 0.25
45 020

0.8 0.22 0.64 14.1 0.15
0.70 14.3 0.13
0.45 14.8 0.06
0.20 15,4 0.01

0.30
0.38

19.8 0.05 0 45
20.2 0.05 0.45 0.22 26.,3 0.05 0.40
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TABLE IV. Parameters extracted from the temperature dependence of the EFG for the
CuRh, CuPt, and AgRh systems. (The typical errors are 10% for ap, a(, and a&, 20% for v( and

5(, and 1% for v(h. )

T

(K) ap a(

v(

(MHz) a(
vh

(MHz)

Cu Rh

80
300
523
573

623
723
873

1023

0.33
0.27
0.15
0.18

0.18
0.18
0.38
0.55

0.32
0,37
0.53
0.54

0.57
0.60
0.44
0,30

6.8
6.6
3.7
3.0

3.0
3.2
5.9
6.7

0.3
0.15
0.61
0.95

0.97
0.8
0.5
0.27

0.35
0.36
0.32
0.28

0.25
0.22

0.18
0.15

81.9
80.2
79.2
79.0

79.5
76.8
75 ~ 7
75. 1

CQ Pt

80
300
573
673

773
873
973

1023

0.22

0.23
0,4)
0.36

0.32
0.20
0.26
0.16

0.57
0.56
0.38
0.46

0.51
0.64
0.59
0.71

6.01
6.2
9,79
8.67

7.86
5.80
4.98
4.15

0.5
0.5
0.21
0.25

0.38
0.62
0.70
0,60

0.21
0.21
0.21
0.19

0.17
0.16
0.15
0.13

81.5
80.2
79.0
79.8

77.6
76.2
75.7
75.0

AgRh

80
300

523
673

0.91
'0.91

0.90
0.90

0.09
0.09

0.10
0.10

76.0
75. 1

73.8
73.2

TABLE V. Enhancement factors f& and F& and parameters a, h, F&, and Tp obtained from temperature experiments for vari-

ous alloys.

Alloy

Impurity
concentration'

(at. %) (10 5 K 3~2)
AE~

(meV)
Tp

(K) Fz lnF(,

AEg

kTp

ahEB
(10 eVK ~ )

CD Pt
Cu Pd"
CQ Rh
Ag Pdc

Ag Pdd

Ag Ptd

1.0
0,5
0.5
0.25
0.3
0.3

1.8
4.7
6.0

10
~ 9

=10

0.25 +0.02
0.31 +0.05
0.29 +0.02
0.18 +0.04
0.203+ 0.025
0.176+ 0.011

60+ 15
100+ 40
86+ 8

122+ 20
135+9
171+9

620
600
430
710

= 570
= 600

2.2
6.4
9.3

14
=13
=17

0.79
1.9
2.2
2.7

= 2.6
= 2.8

1.12
1.9
2 ' 3
2.0

= 2.7
= 3.3

15+ 4
31+ 14
25+ 3
22+ 6
27+ 4
30+ 3

'Concentration for which f(, , F~, and InF(, are calculated. In principle only f& is concentration dependent.
bReference 4.
'Reference 3.
References 5 and 6, The values of Tp are from the crossing points in Fig. 2 of Ref. 6,
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ln
a (InX) =ln

a (In+X) ao+a&

hEg
kT

(5)

Figure 4 shows the experimental values of
aq/(ao+a~) plotted on a logarithmic scale against
T '. In the high-temperature region the data are fit-

The extracted o, coefficients from the fittings are
shown in Table V, which also includes results from
previous measurements.

The Cu Rh and Cu Pt systems were studied in the
temperature range from 80 to 1023 K. As well as the
change of the quadrupole frequency, Table IV also
shows that, for these two alloys, the amplitude aq of
the high frequency decreases at high temperatures.
Simultaneously the sum of the amplitude ao+ a&

(background plus low-frequency amplitudes) in-

creases in the same temperature range. We associate
the high frequency with bound In-impurity pairs
(InX), the impurity being NN to the probe In atom,
and these have a fractional population aq. For the
remainder of the population (ao+a, ), the In probe
atoms have the impurity beyond the NN, feel a low-

frequency interaction or none at all, and are
represented by (In+X). Our data show that, as the
temperature increases we have the chemical reactions
(InX) (In+ X), with the net result that at 1023 K
about 50% of the (InX) bound pairs present at 80 K
were broken and transformed into distant neighbors.
The measured amplitude variation with temperature
was found to be independent of the order of the dif-
ferent temperature runs using an average rate of
change of temperature between runs of about
10 ' K s ', and run times of the order of 12 h.

The data of Table IV allow the determination of
the difference in binding energy 4E&, between the
systems (InX) and (In+ X), for X = Rh, Pt in a Cu
host. Assuming the validity of the law of mass action
and neglecting entropy effects, we can write

ted very well by a straight line. Up to about 430 K in
Cu Rh and about 620 K in Cu Pt, the impurity and
probe atoms are not mobile and for these tempera-
tures Eq. (5) is not obeyed. The results obtained for
the difference in binding energy AE& are 86+ 8 meV
in Cu Rh and 60+ 15 meV in Cu Pt. These are corn-
pared in Table V with previous measurements in oth-
er doped alloys.

For the Ag Rh alloy, the EFG also follows the T' '
law but the amplitudes are constant at least up to 673
K, the highest measured temperature. With the
present data we cannot discriminate between a nor-
mal detrapping process for AgRh, but beginning
above 673 K, or a process where detrapping is com-
pensated by some means.

IV. DISCUSSION OF SYSTEMATIC TRENDS

A. Impurity-probe interaction

Table II shows the frequencies, amplitudes, and
distributions obtained at lowest measured impurity
concentration for the various alloys studied in this
paper and in previous work. All the impurities are to
the left of the noble-metal hosts in the Periodic Table
and in each case there is only one high frequency vq

which is associated with one impurity atom NN to the
probe. For nine of the ten alloys listed, the excep-
tion being AgIr, there is a strong enhancement of
NN populations over that expected from a random
distribution of impurities. This signifies an attraction
between the In probe and the impurity atoms. The
enhancement factor f& (= aq/12c' where c' is the
fractional impurity concentration) ranges from 2 in

Cu Pt to about 10 in Ag Pd, Ag Pt, and Au Pd. We
shall also see that the apparent exception AgIr fits
into a scheme of varying enhancement for the dif-
ferent impurity and host combinations.

Cu Rh

+
O

O

1
8

I

10
I

12
I

14
I

16
I

18
I

20
I

22
I

24
I I .. I

32 34 120 140

FIG. 4. Experimental values of a~/(ao+a&) on a logarithmic scale vs I/T for CuRh and CuPt. The lines show the linear fit-
tings (see text).
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For those alloys where temperature effects have
been measured, there is, as might be expected, a
rough correlation between the enhancement factor f„
and the binding energy AE~. Table V shows that
high f» is associated with high /»Fs. A more precise
relationship between these two quantities can be ob-
tained after including the neglected entropy effects in

Eq. (5). If the system is in thermodynamic equilibri-
um

ln
Qp

gp+ Q(

DER +—AS,
kT k

(6)

where b,S is the difference in configurational entropy
between the state with one impurity NN to the probe
and the state with no impurity NN to the probe.

Our enhancement factors apply at low temperatures
where the alloys are not in thermodynamic equilibri-
um. Instead, constant values of the amplitudes were
obtained. If we define Tp as the temperature of in-

tersection of the low- and high-temperature lines in

Fig. 4 then the low-temperature amplitudes obey
'I

ap AEg
ln +—AS

ap+ a~ kTp k
(7)

Tp indicates the temperature region where transfor-
mation between the high-temperature equilibrium sit-
uation and the low-temperature frozen situation oc-
curs. It could in principle be related to the thermal
treatment of the sample and impurity diffusion rates.

If no more than one impurity NN to the probe is
observed (ao+a~+ a» =1), the left-hand side of Eq.
(7) becomes in[a„/(1 —a„)] and a relationship
between the enhancement factor and the binding en-

ergy immediately results. Where configurations with

more than one impurity NN to the probe occur, the
one NN impurity amplitude (a») can conveniently be
renormalized to a»' ——a„/(ao+ a, +a»), giving the
left-hand side of Eq. (7) as in[a»'/(1 —a»')]. The
simplest approximation for evaluating the entropy
term in Eq. (7) is to allow all possible arrangements
of one In probe atom and c'N impurity atoms on the
N lattice sites of the crystal. Then, neglecting surface
effects,

1 12N (N —13)!/(c'N —1)!(N —e'N —12)!
k N (N —13)!/(c'N)!(N —c'N —13)!

Fa 12e'/(I —c')
is related to the binding energy by

InF» = EEs/kTo (10)

= ln[12c'/(1 —c') ]

for large N.
Thus, the modified enhancement factor F&, defined

by

Fz is the ratio of observed to randomly distributed
populations for one impurity NN to the probe, each
being expressed relative to the populations for no im-

purity NN to the probe.
The experimental results have been analyzed on

this basis in Table V. There is a very good cornpari-
son between lnF» and AEs/kTo, much better than the
rough correlation between f» and /»Fs. The data
from Refs. 3 and 6 for AgPd are treated separately
because of differences in sample treatments. The
less satisfactory comparison for the Ref. 3 results is

most probably due to the quenching used being too
slow, resulting in an unnaturally high Tp.

The plausibility of the obtained values of Tp can be
checked using known impurity diffusion constants
and the sample treatment. In our experiments the
samples spent typically 3 h at measurement tempera-
ture before and in the early part of the temperature
runs. Allowing several jumps for either the probe In
or the transition-metal impurity to occur in this time
we estimate that a minimum jump rate of 10 ' s ' is

required to establish equilibrium for the bulk of the
measurement period. The only case where both In
and impurity diffusion constants in the host metal are
known is Ag Pd and here In is the most mobile giving
a temperature of 510 K for the above jump rate.
This is in reasonable agreement with the preferred
value for Tp of 570 K, although, since this is ob-
tained from Ref. 6, the required jump rate is uncer-
tain. Fortunately the calculated temperature depends
only weakly on the minimum jump rate, a change by
a factor of 10 in the jump rate producing only a 5%
change in the temperature. In addition, the above
treatment must be viewed as an approximation since
it assumes that the measured tracer diffusion rates
are valid in the presence of the impurity-probe in-

teraction.
With the In diffusion identified as responsible for

the value of Tp in Ag Pd, the value of Tp in Ag Pt is

expected to be the same or lower. Although the
values in Table V show the reverse of this the differ-
ence is small. Also the low value of Tp in CuRh
compared to the other two Cu alloys indicates that
there the diffusion of Rh is the important factor.

The obvious quantity to use in a systematic study
of the probe-impurity interaction in the various alloys
is the binding energy AE~. Since it has been deter-
mined for only one-half of the studied alloys, it is es-
timated for the others using the measured low-

temperature amplitudes and Eq. (10). This involves
an estimation of the temperature Tp which is set at
600 K from the indications of Table V, unless there
is evidence to the contrary. This value probably has
an uncertainty of at most 30%. For AgRh the ampli-
tude az was found to be constant up to 673 K and we

have set Tp for this alloy at 700 K.
Trends between measured binding energies and

EFG effects are discussed in Sec. IV B and trends
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I

among binding energies, including estimated values,
are analyzed in Sec. IVC.

B. Electric-field-gradient behavior

The room-temperature values of the high-
frequency vq for all the alloys are analyzed in Sec.
IV C on the basis of host and impurity position in the
Periodic Table.

For alloys where temperature effects have been
measured the high-frequency vl, follows the empirical
T'~' temperature dependence [Eq. (4)]. This strongly
suggests that the cause of the EFG temperature
dependence in dilute cubic alloys is the same as in

noncubic metals, arising from the thermal vibrations
of the atoms. " " This idea is further strengthened
by an apparent correlation between the binding ener-

gy and the o. parameter which gives the strength of
the temperature dependence. If the temperature
dependence of the EFG is governed by thermal vi-

brations, for strongly bound systems (higher binding
energy) one would expect a smaller temperature
dependence of the EFG. This fact is confirmed ex-
perimentally; the values of the o. parameter are
smaller for strongly bound probe-impurity pairs and
larger for weakly bound pairs. This correlation can
be observed more clearly from the product nhE& list-
ed in Table V which, with the possible exception of
the CuPt alloy, is approximately constant while hE&
varies by a factor of about 2.

It should be emphasized that the probe-impurity
interaction of importance to the value of o. applies to
the situation when the probe is "'Cd, whereas the
measured binding energies apply to the situation
when the impurity population is in thermodynamic
equilibrium and the probe is still "'In. Therefore, in

making the preceding argument connecting o. and
bE~ we must assume that the measured In-impurity
binding energies give a measure of the Cd-impurity
binding energies. Furthermore, within the vibrating-
atom picture of the temperature dependence, one
really expects that 0, should depend in some manner
on the hardness of the potentials seen by the vibrat-
ing atoms contributing to the observed EFG and also
on the masses of these atoms. ' Though it is natural
to expect the hardness of a potential to be related to
its depth, a description of o. just in terms of the bind-
ing energy of the one NN impurity configuration can
be expected to give only qualitative agreement at
best. An improvement would be to use o, values
with the mass effects eliminated, but current theory"
is only applicable to the Ag alloys where the probe
and host atoms are of similar mass. It is interesting
that this theory predicts a decrease in a for large im-
purity to host mass ratio, in line with the exceptional-
ly small ahE& in CuPt where the mass ratio is larg-
est.

A further trend involving o. values and binding can
be seen on comparing the temperature dependence of
the high and low frequencies, due, respectively, to
NN and distant neighbors. For the high frequencies,
associated with strongly bound probe-impurity pairs,
n is in the range 0.2—0.3 && 10 5 K ' ' (Table V). The
low-frequency distributions have a much stronger
temperature dependence, with n an order of magni-
tude larger. In the AgPd alloy the low smeared-out
frequency had n as (3.1+0.6) x 10 ' K 3'. From
the data of Table IV similar values can be obtained
for Cu Rh in the range 80—700 K and for Cu Pt in the
range 600 to 1000 K. This failure of the low-

frequency distribution to hold to the T' dependence-
throughout the complete temperature range may be
due to thermal changes in the distribution of impuri-
ties between different non-NN shells.

%e do not suggest that the reciprocal relation
between o. and binding energy, evidenced for the NN
impurity interaction, also holds for comparing NN
and non-NN impurity interactions. Obviously for a
very distant impurity, where impurity-probe binding
is negligible, the associated EFG would be expected
to have a temperature dependence governed by the
independent vibration of the probe and the impurity
relative to the host. However the trend of decreasing
a with increasing impurity-probe binding is apparent
and supports the interpretation of the EFG tempera-
ture dependence as arising from the thermal vibra-
tions of the atoms.

In connection with the above discussion it is in-
teresting to note that for the Ag Pd alloy' the high
frequency generated by one NN impurity of Pd had a
weaker temperature dependence [u = (0.18 + 0.04)
x 10 ' K 3 21 than the frequency due to two NN of
Pd [n = (0. 44+ 01 0) x 10 ' K ' ']. It seems that in
this alloy each impurity in ihe two NN configuration
is bound more weakly (to the probe atom) than in

the configuration of one NN, perhaps due to the
repulsion between impurities. .

C. Periodic Table analysis

In the following we analyze the high-frequency
data of Table II and the binding-energy results of
Table V in terms of &he valence difference between
impurity and host, size effects and quantum numbers
of the last d shell of hosts and impurities. Since the
valence of a transition-metal ion in a metallic en-
vironment is not obvious we take the valence as that
used in the transition-metal model potential of An-
irnalu. ' Such potentials are applicable in principle to
a theoretical treatment of the systems under study.

We thus have the following assumptions: (i)
There is an effective difference of valence between
impurity and host [AZ = Z(impurity) —Z(host)] of
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TABLE VI. High frequencies v& and binding energies EF~ for the measured alloys arranged as function of valence difference
I

and atomic period.

hZ=1
vg EF~

Impurity Host A. A lloy (M Hz) (me V)

AZ =2 bZ =3
vp AE~ vp EFB

A lloy (M H z) (me V) A I loy (M H z) (me V)

4d
4d

Sd —1 AuPd
4d 0 AgPd

14
44

175"' Au Rh
135+ 9 Ag Rh.

36
75

96'
72a

Ag- and Au-

based alloys Sd
Sd

Sd
4d

0 AuPt
1 AgPt

39
76

139B

171+9 Ag lr 201 13'

Cu-based
alloys

4d
Sd

3d
3d

1 Cupd
2 CLI Pt

53
80

100+ 40 Cu Rh
60+ 15

80 86+ 8

'Estimated using Eq. (10) (see text) and probably in error by at most 30%. Some uncertainty exists for the effective concentra-
tion (~0.25 at. "/o) in the AgRh alloy.

AZ =1 for Pd and Pt, b, Z =2 for Rh, and bZ =3 for
Ir. The value of Z =4 for Ir is justified in Ref. 16.
(ii) We define a parameter X as the difference
between the principal quantum numbers of the last d
shell of the impurity and host atoms. In this way A.

will parametrize the effects of period in the Periodic
Table. (iii) Because Ag and Au have similar atomic
volumes and electronic band structures we shall com-
pare and correlate the results for both hosts. The
host of Cu has a different atomic volume and band
structure; the Cu-based alloys will be analyzed
separately.

The high-frequency interaction vq and the corre-
sponding binding energy 4E~ are presented in Table
VI for the various alloys and classified according to
the above considerations. Also included are esti-
mates of the binding energy as described in Sec. IV A

for those alloys where b, E& was not measured.
The following facts emerge from an analysis of

Table VI. (a) Independent of impurity and host,
there is an increase of the frequency vq and an ap-
parent decrease of the binding energy AE~ with in-

creasing AZ. (b) There is a correlation between the
frequencies and the period parameter A. . The data for
AZ = 1 show clearly that when X increases the fre-
quency also increases. In addition, with the excep-
tion of AgPt, a decrease in AE& with increasing A. is
apparent. (c) The frequencies for the impurities of
Pd, Rh, and Pt in Cu host are systematically higher
than in the other two hosts. This increase can be at-
tributed, at least in part, to the fact that in the Cu
host the distance between impurity and probe atoms
is smaller than in the other two hosts.

From the correlation between AE& and AZ we see
that the lack of enhancement in Ag Ir is not really an
exceptional case, but fits naturally into a scheme of

decreasing binding energy with increasing valence
difference between impurity and host.

The increase of the high frequency with a positive
nominal charge difference AZ was observed pre-
viously in TDPAC work with a Ag host' and also in
NMR work with a Cu host, " though in the latter
case a saturation effect is apparent for high hZ.
Table VI shows that from AZ = 1 to AZ = 2, on the
average the high frequencies double in value and for
Aglr (hZ = 3), the frequency is three times larger
than that for AgPt (hZ = I).

V. CONCLUSIONS

The present results together with those of previous
experiments show conclusively that for most of the
alloys with impurities situated to the left of the host
cubic metals (Cu, Ag, and Au) in the Periodic Table
there is a strong attraction between the probe In and
the impurity atoms. This is in contrast to the situa-
tion for impurities to the right of the host metal Ag
where repulsion was observed' as discussed in Ref. 3.
The resulting large enhancement of the present im-

purity populations NN to the probe allowed us to
study in detail different aspects of the impurity-probe
interaction and of the EFG created by the impurity in

the cubic host.
First we were able to follow in detail the onset of

various NN configurations as the impurity concentra-
tion was increased. We have assumed that the lowest
and first-appearing high frequency corresponds to a
one NN impurity configuration. The other high fre-
quencies appearing at higher concentrations were
then successfully identified with configurations of
more than one NN impurity on the basis of superpo-
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sition of EFG's, thus confirming our interpretation.
This kind of investigation of the EFG generated by
impurities of known concentration can be of impor-
tance in interpreting the results of similar experi-
ments concerned with defects generated by radiation
damage and by ion implantation in metals, More-
over, the TDPAC technique is a microscopic tool giv-

ing important local information at the damaged site,
in contrast to the majority of the investigations of ra-
diation damaged metals which have been performed
by macroscopic techniques.

For those alloys where temperature effects were
studied, the high-frequency interaction was found to
have the usual empirical T' ' dependence in all cases,
supporting the idea of lattice vibrations as the cause
of the temperature dependence. Further support for
this came from a correlation between the parameter
n, which gives the strength of the EFG temperature
dependence, and the binding energy 4E&. This gave
a smaller for the more strongly bound probe-
impurity pairs. For the low frequencies, generated by
non-NN impurities, departures from the T' ' depen-
dence in parts of the temperature range occurred for
some alloys. This is difficult to analyze because as
the temperature varied not only the low frequency
changed, but also its distribution. However, where
the T' ' dependence was followed the obtained a was
an order of magnitude larger than for the high-
frequency interaction. This is expected as the bind-

ing between probe and non-NN impurities is much
weaker than for NN impurities. It is interesting to
compare our results with work on noncubic metals
and on radiation damaged cubic metals. For "'Cd in

noncubic sp metals, where a strong attraction
between probe and host atoms is not expected, the u
parameters are large; they are of the same order of
magnitude as we observed for the low frequencies.
On the other hand, the temperature dependence of
the EFG created by vacancies in cubic systems'8 is
much weaker, giving T' ' slopes of the order of mag-
nitude of those obtained for the NN high frequencies
reported in the present paper.

The room-temperature high frequencies v~ and the
binding energies hE~ were analyzed on the basis of
the differences in valence (AZ) and in period (h. )
between the impurity and the host. The measured
binding energies were augmented by making esti-
mates of 4E~ for those alloys where temperature ef-
fects were not studied. A smooth dependence of
both the binding energy and the high frequency on
hZ and X was found. The dependence of vq on the
period parameter A. can be interpreted as an effect of
the electronic core of both the impurity and the ma-
trix. Very probably this correlation evidences an ef-
fect related. to the number of inner electrons in the
atomic core. The increase of vq with b Z is in line
with previous' work for impurities to the right-hand
side of the matrix in the Periodic Table.

It is interesting to compare our results with those
obtained from NMR experiments. Most of'tPe NMR
work has been done in Cu matrix. Nevald and Peter-
sen' measured the EFG's created by Ni, Pd, and Pt
impurities in a single-crystal matrix of Cu. As dis-
cussed in Ref. 4, our result for the EFG acting on Cd
in the CuPd alloy agrees very well with the value
(also ascribed to one NN impurity) measured by
NMR on Cu in the same alloy. ' In the alloy of
Cu Pt, Nevald and Petersen have not succeeded to
detect NMR lines due to NN impurity; they found a
low frequency which was attributed to next NN im-
purities and which gives an EFG of 0.21 x 10" V/cm~

after removing the probe dependence as usual by di-
viding by the Sternheimer factor. In the present ex-
periment for Cu Pt we observe very clearly a high fre-
quency due to one NN impurity and a low distributed
frequency due to more distant impurities (see Fig. 1

and Table II), from which we extract EFG's of
1.4 && 10'6 and 0.07 && 10'6 V/cm2, respectively. Con-
sidering the agreement of the results for Cu Pd it is
difficult to understand why the EFG due to the NN
Pt impurity was not observed in the NMR experi-
ment, especially as the smaller-amplitude enhance-
ment in Cu Pt would tend to make the TDPAC fre-
quency determination, if anything less easy. Also our
low distributed frequency is three times smaller than
the NMR result, but one has to realize that the
TDPAC technique is not able to resolve the contribu-
tion to the EFG from different non-NN shells.

In the present work we discuss our data from a
phenomenological and systematic point of view,
without a tentative interpretation of the EFG in
terms of the existing models. The theoretical ap-
proach by Kohn and Vosko" and Blandin and
Friedel ' were able to account serniquantitatively for
the "wipeout numbers" deduced from NMR experi-
ments, by calculating the EFG produced by long-
range oscillatory screening charge cloud surrounding
the impurity atom. The situation is different in the
case of an EFG generated by NN impurity atoms.
The above model is not suitable for this situation,
since it is an asymptotic model. More recent calcula-
tions have also failed in reproducing the currently ex-
isting data. The model used by Fukai and
Watanabe" for Al-based alloys did not give the right
order of magnitude, and calculations, performed for
Cu-based alloys, not only do not give the order of
magnitude, but also do not follow the systematics of
the experimental results. Recently Sagalyn and Alex-
ander" performed new calculations for the NMR data
in Cu-based alloys, using a model which combines
the valence effect and the size effect. They obtain
good fittings to the experimental results, concluding
that the size effect is responsible for as much as 40%
of the EFG in some alloys. The difficulty with this
approach is that the used EFG-strain coupling con-
stant required to account for the data is much larger
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than the constant inferred from experiments on plast-
ically deformed pure Copper. It seems that we need
more elaborate theoretical models in order to under-
stand better the mechanism responsible for the EFG
and also for the impurity-probe binding in doped cu-
bic metals.
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