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Precision Mossbauer-fraction measurements have been used in combination with Mannheim's

impurity-lattice theory to determine impurity-host force-constant changes and anharmonicity parameters

for Fe" in Cu, Pd, Pt, Au, Al, Nb, and Cr. Combining these with available data on host-phonon

frequency distributions, the impurity dynamic-response functions have been calculated. The theory

predicts the existence of localized modes in Cu, Pt, and Au. The possible existence of localized modes

in U, Zn, and Ni is also discussed.

I. INTRODUCTION

In a previous paper we reported on impurity-
host force-constant changes and impurity anhar-
monicity parameters as obtained from an analysis
of the temperature dependence of the Mossbauer
fraction f(T) = e ' ' 'r of Fe ' in various cubic met-
al hosts. (It is the wave number of the resonant y
ray and (x )r the mean-squared displacement of
the radiating atoms at temperature T. ) At liquid
helium temperature our data were analyzed with
the help of the zero-temperature limit of a simple-
cubic-crystal model, with harmonic nearest-neigh-
bor forces only, shear and compressional forces
assumed to be equal. ~ At high temperatures the
data could be compared (after correction for anhar-
monicity) with the classical limit of a face -centered—
cubic nearest-neighbor calculation. 3 In the latter
model, however, allowable force-constant changes
are limited to less than 15/0, a condition not met in
the systems studied.

Impurity-host force-constant changes derived
from such restricted models using Debye tempera-
tures for the host (obtained from specific-heat mea-
surements or elastic constants) can be considered
first estimates only. ~'~ s A physically more reli-
able interpretation of high-precision Mossbauer
f(T) data over a wide temperature range requires
a. more extended theory, valid at all temperatures
and suitable for numerical analysis.

II. DEFECT-LATTICE DYNAMICS

An impurity theory for face-centered cubic (fcc)
and body-centered cubic (bcc) hosts including force-
constant changes was published at about the time
that Ref. 1 was submitted. Mannheim and co-
workers' theory' makes use of the symmetry prop-
erties of fcc and bcc lattices, and it assumes har-
monic central forces, limited to nearest-neighbor
interactions both for the impurities and the host.
It is, however, valid at all temperatures and with
no limitation to the magnitude of impurity-host
force-constant changes. This theory contains only
one free parameter, the ratio of the effective near-
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The host-host force constant A. is related to the cut-
off frequency &u of the host through run = 2X/M.

If G(ru) for the host is known (e. g. , from disper-
sion relations obtained from inelastic-neutron-
scattering experiments and optimized force-con-
stant models'0) the impurity mean-squared dis-
placement (x )r can be obtained directly from the
dynamic response function G'(~):
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a. relation identical to that for an atom in a pure
host, 8' provided G'(&u) is replaced by G(&u).

In a best-fit procedure of the theoretical (z )T,

values to the experimental data [from —lnf(T)] the
only adjustable parameter would be X'/X in Eq.

est-neighbor-impurity-host force constant to the
host-host force constant X'/X. This parameter,
together with the known impurity-host mass ratio
M'/M determines the coupling of the impurity to the
lattice vibrations of the host. The response of the
impurity to the phonon spectrum of the host G(~)
appears in the theory as the modified spectrum
(the dynamic resPons-e functione) G'(~):
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(la), were it not for the necessary correction for
anharmonicity. The anharmonic contribution to
(x )r introduces a second free parameter c(-2) in-
to the fitting procedure" (see Note added in proof).

Other observables like the mean-squared veloc-
ity (v )r which results in a temperature-dependent
second-order Doppler shift in Mossbauer spectros-
copy, can also be simply related to the dynamic
response function~ G'(&u) (see Sec. VC).

III. REINTERPRETATION OF PUBUSHED DATA
(Cu, Pd, Pt)

In the first three rows of Table I we list the re-
calculated impurity parameters M'/M, ~'/X, c(-2),
and ~~/&u for the fcc metal hosts Cu, Pd, and

Pt using Mannheim's theory, together with the
temperature range of our f(T) measurements,
f(295 K), and the references used to obtain G(&u)

for the host. The experimental techniques, the
data, and the method used for data analysis have
been described previously. ' The theoretical
(x )r from Eq. (2), corrected for anharmonicity,
gives an excellent fit within the uncertainties of the
data points. In Fig. 1 we show a typical fit of Eq.
(2) to the data, points' for a Pt host. Another ex-
ample can be found in Ref. 12 for Cr.

Several force-constant changes derived from the
present analysis are considerably larger than the
former estimates based on rather limited impurity
models. ~'3 The anharmonicity parameters re-
mained unchanged within their uncertainties (see
Note added in proof).

The data for Ni can only be considered estimates
due to the uncertainties in the absolute values and
the limited temperature range of the available f(T)
data. (For further discussion see Sec. VA).

IV. NEW DATA (Au, Al, Nb, Cr)

A. Dual impurity sites in Au and Al

In the fcc hosts, Au and Al, the solubility of Co
is known to be very low. Even at the few ppm
atomic concentration range used in our source
studies, ' '" we found evidence for thermal insta-
bility of the substitutional solid solutions of isolated
Co impurities in Au and Al at intermediate tem-
peratures. This is likely related to the fact that
the size of the impurity atom Co is much smaller
than the nearest-neighbor distance in the two hosts.
These nearest- neighbor distances are almost identi-
cal in these hosts, while the mass ratios, on the other
hand, represent two opposite extremes in Table I.

TABLE I. Fe impurity force-constant changes and anharmonicity parameters.

Metal
Host

f(T) measurements

T Range
(K) Mr'JMh t This work~ Others

Force constant
changes & /&

Anharmonicity
parameter & (- 2)

(10~ K-')'

Localized
mode G (u)

(A'I, /(d~ RefS.

Cu
Pd
Pt
Ni

4-760
20-730
20-760

630-670

O. 710+ O. OO3

0. 660+ 0. 003
0. 724* 0. 004
0. 80 + 0. 01

0. 89
0. 54
0. 29
o. 97

1.39+ 0. 04
0. 61 + 0. 01
0. 77+ 0. 03

0 42c

0 55

4. 0+ 0. 5
1.3~ 0, 3
2. 5+ 0. 2

)4

1.05

1.17
& l. 1'

Au'
'Al

290-600 0. 583+ 0, 007
290-490 0. 50+ 0. 05

0. 29
2. 12

1.0+ 0. 1~

0. 63+ 0. 05 1.51, ' 0. 61"

80-600
290-800

0. 793+ 0. 005
O. 659 + 0. 005

1.10
0. 61

0. 80~ 0. 05
0. 85+ 0 ~ 02

3. 0+ 0. 5
1.5+ 0. 2

'See Note added in proof.
bReference 10.
'Reference 23. The authors applied Mannheim's theory to their absm her data. For G(c ) they used Debye spectra,

however. Their f value for Fe57 in Al (0. 71) probably does not represent the substitutional site (see Sec. IV A).
A four-nearest-neighbor model was fitted to the ~(f(.') data of A. P. Miiller and B. N. Brockhouse [Phys. Rev. Lett.

20, 798 (1968}]. The resulting values for ~'/~ and &{-2)are the same as those resulting from the eight-nearest-neigh-
bor model MP-2 of Miiller a,nd Brockhouse |Can. J. Phys. 49, 704 (1971)].

'D. Raj and S. P. Puri, Phys. Lett. A 33, 306 (1970). The authors used the data of Ref. 1 but neglected to correct
for anharmonicity.

~D. H. Dutton, B. N. Brockhouse, and A. P. Miiller, Can. J. Phys. 50, 2915 (1972).
Reference 19.

"R. J. Birgeneau, J. Cordes, G, Dolling, and A. D. B. Woods, Phys. Rev, 136, A1359 {1964).
See Secs. IV A and IV B.

'See Appendix and Note added in proof.
"Reference 17. The authors measured the temperature dependence of the area of their spectrum. If we use &(-2)

=390 K (Ref. I) for Al instead of 428 K, their estimate of ~'/& becomes 0. 61, based on the simple model of Ref. 2.
G. Gilat and B. M. Nicklow, Phys. Bev. 143, 487 (1966),
J. L. Feldrnan, Phys. Rev. B 1, 448 (1970); W. M. Shaw and L. D. Muhlestein, Phys. Rev. B 4, 969 (1971).

'Y. Nakagawa and A. D. B. Woods, Phys. Rev. Lett. 11, 271 (1963).
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FIG. 1. Points are the experimental values of —inf(T)
for Fesv in Pt. The solid line is k (g )z [1+&(-2)T] from
Eq. (3) with the values of X '/X, M'/M, and & (-2) as in-
dicated in the insert.

At temperatures just below the melting points,
the Qo impurity atoms diffuse into substitutional
sites, ' both in Au and in Al. These sites are
characterized by near-natural width single-com-
ponent line shapes in the Mossbauer spectrum. +'
The single line reflects the local cubic symmetry
of the substitutional sites, while the absence of
broadening attests to the uniformity of the local en-
vironment of these sites. During long annealing
times at temperatures below 1200 K (Au) or 620 K
(Al), a fraction of the Co" atoms slowly diffuse to
an alternative site with a dhastically reduced (x )
(at room temperature f(Au} = 0.73, f(A1}=0.77).
At each anneal temperature we found a definite
equilibrium concentration of the impurity atoms in
the two competing sites. The migration between
the two sites was found to be reversible. There
appears to exist in addition to the substitutional site
only one type of alternative site for Co in our sam-
ples, characterized by a specific and uniform local
environment but with noncubic local symmetry.
This second site shows up in the Mossbauer spec-
trum as a clearly resolved quadrupole doublet, each
component having near-natural width. In addition,
there is a change in the isomer shift indicating a
change in the s-electron density at the nucleus. @'

The local structure of these impurity sites in Au
and Al is not yet fully understood. The character-
istic transition times between the substitutional and
the alternative sites at various temperatures are
quite different in Au as compared to Al, suggesting
possibly different mechanisms in the formation
and/or different structures of the noncubic impuri-
ty sites in these two hosts.

The 60%%uz reduction of (x~) for the impurity atoms
in the noncubic site of our Au and Al sources (com-

pared to that in the cubic substitutional site), the
noncubic symmetry and yet uniformity of the local
environment of these sites, as well as the large
misfit between the size of the impurities and the
lattice constants of either host, make the forma-
tion of croseded clusters involving a small number
of impurities in off-lattice sites (possibly associated
with vacancies and a local lattice distortion) a
plausible hypothesis. @

An alternative explanation has been suggested,
based on absorber studies with higher concentra-
tion alloys of Fe ' in Au. The appearance of dou-
blet Mossbauer lines in those systems has been in-
terpreted as being due to hyperfine interactions be-
tween impurities, clustering in neighboring substi-
tutional sites. 6 No reliable f measurements were
done, however, on the two competing sites in those
studies. The origin of these doublet lines and that
of ours+ may therefore well be different. It is dif-
ficult to envisage such a large change in (x ) as we
found, if it were the result of an interaction between
two impurity atoms located in adjacent lattice sites
but a distance apart far exceeding the size of the
impurity atoms. If such a change were the result
of greatly increased impurity-impurity binding, the
clusters would not be expected to break up ther-
mally below the melting point of the host.

Doublet spectra with varying splittings and iso-
mer shifts have also been found in a number of
studies of Fe in Al as absorbers, all of which in-
volved considerably higher Fe concentrations.
The doublets have been ascribed to impurity clus-
ter formation. A recent study of the association
of Al interstitials (after neutron irradiation) with
substitutional Co'~ impurity sites in sources also
shows the appearance of a quadrupole doublet and
an increase in s-electron density. ~8 No f measure-
ments have been reported, however.

B. Force-constant changes in the substitutional sites of
Au and Al

In addition to studying the thermal equilibrium of
the two competing impurity sites in Au and Al,
we measured f(T) of the (single-line) substitutional
site over a limited range of temperatures. The
times required for collecting data at each tempera-
ture mere kept short in comparison mith the equi-
librium formation times for the second site at those
temperatures. However, from the analysis of line
shapes after annealing near the melting point, we
can only set an upper limit of 5-10% on the possible
contribution from impurities in the high-f noncubic
site for each f(T) data point. Our f(T) data for Au
and Al can therefore be considered to be upper
bounds to f(T) for the substitutional sites. This
implies that the values of X'/x listed in rows 5 and
6 of Table I can be interpreted as upper bounds.

The values of the anharmonicity parameters
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e(-2) for Au and Al could be affected considerably
by a small admixture of high-f sites. This is in-
dicated in Table I by parentheses.

Since the impurity theory used in this analysis is
restricted to substitutional sites with cubic sym-
metry, only data derived from the f(T) values for
these sites have been included in Table I. [See
Ref. c of Table I.

C. Force-constant changes for Fe in Cr and Nb

In rows 7 and 8 of Table I the parameters for two
bcc metals Nb and Cr have been added. The ob-
ta.ined fit of our f(T) data for these hosts is equally
good as that for the fcc hosts. The Cr data and
their theoretical fitting have been published else-
where and are included in Table I for complete-
ness. The f(T) data on Nb were obtained from a
source of Co diffused into a single-crystal chip of
Nb.

V. DISCUSSION

A. Impurity-host force-constant trends and comparisons
with other data

1. Trend in V. A force constant ratio A. '/A= 2. 5
has been reported for Fe in V. This is in remark-
able contrast to the value of 0. 80 found'3 for the
neighboring host Cr (see Table I).

2. Trend in ¹ Are.cent analysis of (v )r mea-
surements'9 of Fe" in ¹ (as absorber) yields a'/a
= 2-3 predicting the existence of a localized mode.
These data are consistent with our Pigh-tempera-
ture f(T) experiments. 0 If indeed the force-con-
stant change is as large as Janot et al. estimate,
our measurements would indicate an anomalously
large anharmonicity parameter for this system.

3. Trend in Zn. A comparison of f(T) data for
Fe in Zn with model calculations~ of (x ) r in pure
Zn, suggests that in this host also the force-con-
stant ratio ~'//X is considerably greater than unity.
If Mannheim's theory could be extended to noncubic
symmetry, a more detailed reevaluation could be
done.

4. Comparisons. It is tempting to seek a cor-
relation between the observed increases of impuri-
ty-host force constants in V, Ni, Cu, Zn, and Au
and the decreases in Al, Cr, Nb, Pd, and Pt with
the combined effects of relative atomic sizes,
and the impurity and host electronic band structures.
It seems plausible to assume that on the basis of
size alone, the impurity-host force constant would
be reduced where the impurity is small compared
to the host nearest-neighbor distance. However,
the electronic structure will enhance or reduce
such trends. (Such an enhancement probably re-
sults in A'/x = I in Au. ) The relevant parameters
are yet unknown.

Various compilations of force-constant changes
exist in the literature. ' '+ In the sixth column
of Table I we have included only those data which
were obtained from f(T) or (r~)r studies over a
range of temperatures using a theory applicable over
this whole range. In comparing more recent impu-
rity studies, the reliability of the host data used
must also be considered, in particular, where tab-
ulated Debye temperatures have been employed ' '~
rather than experimentally derived phonon spectra.
Few studies have applied the necessary corrections
for anharmonic effects"' (see Note added in proof).

B. Impurity response functions G'(w)

l. Ai-band resonances in Al, Cr, A'b and I'd

Using Eq. (1) (Sec. II), we calculated G'(~) for
Fe in Cu, Pd, Pt, Au, Al, Cr, and Nb. %e used
the available data for the host-phonon distribution
functions, as referred to in the last column of Table I.
(For Au see Appendix and Note added in proof. )
These impurity response functions together with
the host-phonon spectra G(e) are plotted to the
same scale in Figs. 2-8. Ni h3s not been included
because of the rather large uncertainties in the
impurity data (Secs. III and VA). In general, the
low-frequency behavior of G'(e) is determined by
the mass ratio [as can be seen from Eq. (la)]: for
host atoms heavier than the Fe" impurity, such as
Pd, Nb, Pt, and Au, G (u) is decreased, while for
lighter host atoms, such as Al, G (u) is increased
at low frequencies compared to the respective
G(v). Cu and Cr, where host and impurity mass
are nearly the same, exhibit a G'(co) at low frequen-
cies almost identical to the host.

Large contributions to G'(&u) will occur at the
roots of Eq. (2); these resonances may be either
in-band or beyond the phonon cut-off frequency
(localized mode). Both mass difference and force-
constant difference can be expected to affect the
position of these resonances. Mannheim [Ref. I
(19'72)] gives as a rule of thumb that the impurity
resonance will appear near the band edge (~ ~) if
A. '/A = 3l'//-, "M. For force-constant ratios smaller
or larger than M'/-,'M the resonance will appear in-
side the band, or as a localized mode, respectively.
(Note that the relevant mass ratio for the position
of the impu ity resonance involves the reduced
host mass. )

Using the above-mentioned criterion and the pa-
rameters of Table I from our analysis we would

expect resonances in the vicinity of the band edge
in Cu and Nb, while in Pd, Cr, and Al the peaks in
G'(&u) should appear shifted toward lower and lower
frequencies, respectively. In fact in Cu the reso-
nance appears just above ~ (Fig. 5), while in Nb
it falls just below it (Fig. 6). The qualitative fea-
tures of the impurity response functions in Pd, Cr,
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and Al, Figs. 2-4) agree well with those predicted
by the above-mentioned rule of thumb.

2. Localized modes in Pt, Ate, Ni, and Cu

Mannheim's criterion for the position of the im-
purity resonance (Sec. VB 1) predicts well-local-
ized modes in Pt and Au, with the latter at rela-
tively higher frequency. Indeed, for Pt we find
~~=1.17~ (Fig. 7), while for Au we find
~~=1.37 &o (Fig. 8). In addition, in Au more
than 63% of the mean-squared displacement of the
impurity atom is due to the localized mode at T = 0,
decreasing to 37% at 600 K, a conclusion not sub-
stantially affected by the uncertainties in f(T) re-
ferred to in Sec. IVB.

Mannheirn's theory assumes harmonic forces on-
ly. Therefore, the localized modes appear in Figs.
5, 7, and 8 as Dirac 6 functions. Anharmonic con-
tributions to the interatomic forces, as well as
other phonon interactions, are expected to broaden
these sharp lines into narrow frequency bands. No
data and only rough estimates for these widths in
metals are known to us. In view of this, the search
for observable effects due to localized impurity
modes remains of interest. Such effects on the
Mossbauer spectrum depend critically on the ther-
mal relaxation time of an excited localized mode in
comparison with the nuclear lifetime. 25

3. Relation of 6'(w) to Debye theory

The deviation of a real phonon spectrum from a
Debye spectrum is often displayed by means of a
set of Debye moments" '"
&uv(n) =(3(n+3)g uPG(&u)de)'/" for n & —3, no0.

(4)
We have calculated &ov(n) for the host and urn(n) for
the Fe impurity [replacing G(&u) with G'(u) in Eq.
(4)] for —2. 9 ~ n- 10 and presented them in the in
serts to Figs. 2-8. For comparison with other
data we have also indicated the corresponding vari-
ation in tveighted Debye temPeratures'" ev(n)
= (h/ks)urn(n). For a Debye spectrum &ov(n) = &u

In the real crystals (Figs. 2-8), the (-3) moment
is considerably larger than the (-2) moment. The
(-3}moment depends on the coefficient of the ini-
tial quadratic part of the distribution. ' The dis-
persion inherent in a real lattice always causes the
group velocity of phonons to be lower than the phase
velocity in the vicinity of the Brillouin zone bound-
ary, causing G(&u) to increase above that given by
the initial quadratic term, and therefore an initial
decrease in the moments above (-3).

From &uv(n) in Figs. 2-4 it can be seen that Fesv

in Pd comes closest to fitting a Debye model, while
in Cr and Al the deviation becomes more pronounced.
For Cu, Nb, Pt, and Au (Figs. 5-8), the &ov(n)
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FIG. 8. Impurity response function G'(~) and host
phonon spectrum G(u) for Fe in Au (see Appendix). In-
sert: corresponding Debye moments (dD(n) and coL)(n), and
the calculated moments for a pure Einstein spectrum with
frequency ~E= wl, (see Sec. VB 3). The circles are mo-
ments calculated from elastic data in Ref. 29.

curves show a growing addition of Einstein-like be-
havior [see the insert of Fig. 8 for a pure Einstein
mode with us ——u~ so that ars(n) = (an+ 1)'/ "or~] re-
flecting the existence of a localized mode or a high
frequency resonance. The effect of the localized
mode in Pt is stronger than in Cu (see Figs. 5 and

7}, consistent with our previous observation' that
at low temperatures (x ) for Fe in Pt seemed to
fit a mixture between a Debye and an Einstein model.

C. Temperature dependence of isomer shifts

Mannheim's theory also allows the calculation
of the mean-squared velocity (v )r:

w oO

(v )r=, (ocoth G'((o) d(u.2M'. 0 B
(5)

The quantity determines the second-order Doppler
shift (SOD) —(v )r/2c of the Mossbauer line. At
high temperatures, (v )r becomes independent of
the host (classical limit), and thus of force-constant
changes. Sensitivity of (v')r to &'/X is greatest at
T=O. However, for Pd, e. g. , a change in X'/X

from 0. 61 to 0. 57, results in a change in SOD of
only 0. 002 mm/sec at T = 0 (about 1% of the natural
linewidth), while the same change in the force con-
stant results in a change in f(600 K) of 3%, about
three times the typical uncertainty in our rneasure-
ments. '. It appears to us, therefore, that the pri-
mary value of Eq. (5} lies in predicting the SOD
with the help of the impurity parameters deter-
mined accurately from f(T) measurements. Then,
if high-precision temperature-shift measurements
are available, the temPerature-dependent isomer
shift [equivalent to the temperature dependence of
the s-electron density ( I 4', (0) I )r] could be ex-
tracted by subtracting the SOD from the total shift,
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provided dependable corrections for anharmonicity

in (o ) r could be applied at high temperatures (see
Note added in proof).

VI. SUMMARY

P recision Mossbauer fraction measurements
have been used to determine force constant changes
at the Fe 7 impurity sites, as well as anharmonic-
ity parameters. With the help of the impurity the-
ory employed for this analysis and the best avail-
able data on the phonon spectra G((d) of the host
metals, we have calculated the impurity dynamic
response functions G'(u), showing impurity in-band
resonances as well as localized modes. In some
cases these localized modes contribute substan-
tially to the vibrational motion of the impurity
atoms.
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APPENDIX: Fe57 IN Au

Because of the large neutron-capture cross sec-
tion of gold, neutron-scattering studies have not
been done, and thus we do not have a host-phonon
distribution for gold. However, neutron-scattering
studies for silver suggest that the criterion of
homologous forces holds very well between silver
and copper. 7 The similarity in electronic struc-
ture between these two metals and gold suggest that
perhaps the same criterion might be applied, and
we could use the phonon distribution of copper for
gold by applying a scaling factor

~„„/&uc„=(Ma'}c't„'/(Ma') „"„'= 0. 504.

As a check on this value we have fitted the mean-
squared disp]. acement for Au~ 7 in gold. The val-
ues obtained using the above ratio are slightly too
large; a good fit can be obtained using a ratio of
0. 53 instead and an anharmonicity parameter of
6 x10-' K-'.

The phonon distribution shown in Fig. 8 is there-
fore that of copper scaled by the factor 0. 53. A
comparison of the uo(n) graph in the insert to Fig.

8 with the values deduced from elastic-constant
data by Skelton and Feldman as indicated shows
agreement for the (- I) and (-2) moments, which
are the dominant ones for analysis of Mossbauer
experiments. '" The agreement is poor for other
moments, especially the (-3) moment.

Note added in proof (a.) The procedure for data
analysis followed in Ref. 12 and in this paper utiliz-
es f(T) data over a wide range of temperatures.
The method implies a number of approximations
regarding anharmonic effects. (i) The density-of-
states function G(&u) for the host is not affected by
anharmonic contributions; i.e. , G(&u) and &u are
independent of temperature. Compared to the ob-
tainable experimental precision of neutron disper-
sion experiments, this approximation is poor (see
Ref. d, Table I). (ii) The deviation of the mea-
sured (x )r for the impurity from the predicted tem-
perature dependence (according to harmonic theo-
ryv) is to be ascribed to anharmonic contributions
affecting solely the impurity atoms as described by
the parameter e(-2} [see Eq. (3}, Ref. 12]. (iii)
As a consequence of the above it is assumed that
the effective impurity-host force-constant ratio
X'/X is independent of temperature. With these im-
plied approximations our procedure leads to an
overestimate of the effective force-constant ratios.
If, alternatively, we eliminate the anharmonic cor-
rection, and thus the need for the parameter c(-2),
by limiting the analysis of f(T) data at or near
those temperatures for which G(&u) was determined
for the host, we find for several of the metals of
Table I a reduction in X'/X by about 10%. For Cu
and Pt, however, the parameter X'/X evaluated
above room temperature in this way may be lower
by as much as 20-30%, with &u~ approximating

In general, the host anharmonicity appears
in a change of G(~) and ~, while the impurity-
host anharmonicity may show up as a variation of
X'/X with temperature. We will discuss this alter-
native method of data analysis and its consequences
in greater detail in a subsequent paper. (b} Recent
neutron scattering studies' show that the criterion
of homologous forces does not hold for gold. In
particular, the longitudinal modes are shifted
toward higher frequency, causing co to be about
2(Po higher than we have estimated. The resonance
mode remains localized, but it is shifted toward
lower frequency by about 5% and is thus only about
1.06+ . As a result, the force-constant ratio
will be substantially less than that quoted in Table
I, the corrected value being &'/& =0.62.
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