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Mossbauer-effect measurements provided the first direct evidence of the reduction of individual
effective localized moments on magnetic impurities with decreasing temperature. While other techniques
such as magnetic susceptibility measure static collective properties, the Mossbauer and
nuclear-magnetic-resonance techniques enjoy the capability of directly measuring the spin polarization
within atomic dimensions of a given nucleus on a time scale of 7 & 10~"-10"° sec. Though the
theoretical prediction of a reduction in the effective local moment for a simple and somewhat
unrealistic Hamiltonian was made by Kondo some eight years ago and the theory reformulated, refined
and improved, only phenomenological models have been developed to reduce the Mossbauer-effect data.
In this note we analyze data for dilute Fe concentrations in several cubic transition metals for evidence
of the reduction of the moments localized about Fe impurities. These results and others from the

literature will be summarized and compared.

Early Mdssbauer measurements on very dilute
concentrations of *'Fe in transition metals showed
that noninteracting localized moments associated
with Fe effectively decrease with decreasing
temperature. ’?> The M8&ssbauer technique de-
termines the effective hyperfine field H, at the
nucleus;

H,=Hy+ a(L(pH,/kT)) , (1)

where ﬁo is the applied field, a is a constant de-
pendent on the spin-polarization susceptibility at
the nucleus and usually negative, p is the magni-
tude of the local moment, and (1) is the thermal
average of the moment ﬁ, at temperature 7.
Other small contributions to H,, such as the
Knight shift, are generally negligible. The in-
ternal field H; is taken to be H, - Hy,. For an
ordinary independent-spin system

(= (-ﬁo/Ho)#BJ(“Ho/kT) s (2)

where p=dJgug and B;(x) is the Brillouin function
for spin J. g is the Land€ factor usually equal

to 2 in metallic systems and pp is the Bohr mag-
neton. These early data were found to be quite
consistent with a phenomenological model® in
which the effective moment (ﬁ) was reduced below
the value expected from Eq. (2) by introducing a
smearing field S whose fluctuations were fast
compared with the hyperfine resolution time 7,

It was assumed that this field s coupled vectorially
with ﬁo and that the localized moment was always
in thermal equilibrium with ﬁo +S. Housley and
Dash® have suggested a randomizing spin-density
wave,? They show that for a spin-density wave
spiraling about Hy Eq. (1) has a simple mathe-
matical form which is consistent with data from

K%

Fe in Cu at 63 kOe.

As the concept of the reduction of the moment
u due to condensation into the spin-compensated
state became clear, ® data for Fe in Cu in fields
up to 137 kOe were analyzed assuming

pecf (Hy, T)ghy €3)

where f(H,, T) decreases from 1 with decreasing T'
and increasing toward 1 with increasing Hy.® How-
ever, theoretical calculations’ showed that the low-
field susceptibility should be consistent with a
Curie-Weiss form p2/(T+©) for T3> ©, where 6

is related to the spin-fluctuation temperature in
one formulation® or the condensation temperature
in the other.® This suggests the form

(uy= “'BJ(“'HO/k(T"' 0)) . (4)

Maley and Taylor® have discussed this form, its
justification, and the interpretation of © in more
detail and have applied it to data for Fe in Mo.
This form assumes that the spin polarizability at
the Mdssbauer nucleus remains constant and that
the total localized moment decreases with tem-
perature as 7/(T+©) from its high-temperature
value pu.

In Table I are shown the results of determining
©, u, and H,,, = au, with g=2,0 from MéGssbauer
measurements of Eq. (1) using Eq. (4). The
Moéssbauer data were taken from Refs. 2,6,9, and
10, where details of sample preparation and experi-
mental techniques can be found. New data were
obtained as described in Ref. 2. The values of
O, u, and H,, were found by applying a nonlinear
minimization algorithm to

X2= 2 (AH,, P /(n=3) &,
i
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TABLE I. Parameters of the hyperfine field of Fe®” in various hosts.

s values®
Host —Hyye kOe)  p(ug)  © (K) X}  TkOe) (assuming g=2)
Au 190 3.2 1.1 1.8 4.5 1.8+1.4
(Ref. 1) +2 +0.3 +0.1
Au (0.1-at.% Fe) 175 3.4 1.4 0.81 3.3
(new) 2 +0.2 0.1
Au 206 3.0 1.0 0.29 9.4
(Ref. 10) +4 +0.4 +0.3
w 75.5 2.6 0.43 0.75 1.1
(Ref. 2) +0.4 +0.1 +0.03
Ag 36 3.8 1.7 0.72 2.9 4,4+0.4
(Ref. 2) +2 +0.5 +1.1
Rh 131 4.6 13.1 1.4 1.5 13+3
(Ref. 2) +15 £0.7 +1.0
Rh (1-at.% Fe) 47 9.0 5.7 0.15 2.0
(Ref. 10) +4 +1.0 +3.1
Mo 111.8 2.69 0.81 1.9 1.75 1.2+1
(Ref. 9) £0.5 +0.06 +0.04
Mo 115 2.50 0.97 1.3 1.5
(Ref. 9) T>4°K +1 +0.09 +0.14
MogNb,® 102 3.6 1.7 2.4 3.8
(new) +1 +0.6 +0.3
Cu 85 5.1 26 0.82 0.9 18+3
(Ref. 2) +19 +1.6 +2
Cu 96 4.1 27 0.38 2.9
(Refs. 6 and 10) +16 +1.0 +2
Cu 82 5.3 26 0.40 2.3
(Refs. 2, 6, and 10) 8 £0.7 +1

*Reference 2.

where AH, =H$*° - H™*_ Both the minimum x?
and the mean deviation ¢ are given in the Table I
to indicate the character of the fit. Though the
errors in any data set are consistent relative to
one another, the consistency between data sets is
difficult to assess. This suggests that a relatively
low x? does not indicate excellent agreement with
the form of Eq. (4) unless & is also reasonably
small, less than ~3-4 kOe.

The sufficiency of the form of Eq. (4) is well
illustrated for these data, though data for T<©
and also for H,>#6/p have been used. Corrections
for increasing moment with applied field!* were
not employed, though if they were © would not
be strongly affected from the data used here, as
shown by the table entries for Mo. However more
extensive calculations do show the same charac-
teristics reported in Ref. 9. The results of this
analysis and that of Ref. 9 are in strong disagree-
ment with the interpretation of recent susceptibility
measurements'? which suggest that isolated Fe
atoms in Mo have a moment of 2, with ©6=30 °K.

PR. D. Taylor (private communication).

Comparison of the values of H,, and © for Cu
with the ones in the literature are in good agree-
ment. For T>20 °K Heeger'® reports - H, =94
kOe, u=3.7up, and 6=32°K, while others find
-H,, =80+ 3 kOe for isolated impurities. ®*
Other analyses yield u values as low as 2p5.2

Table entries for Rh and Au indicate the strong
dependence of the parameters on Fe concentration.
The experimental data, especially that for Au,
indicate rather unique hyperfine fields suggesting
that both clusters and isolated Fe sites do not
coexist in these samples. The results for Au are
in reasonable agreement with recent susceptibility
measurements** which found that isolated Fe atoms
in Au have a moment of 3.9 With©=~1,5°K,
For Fe atoms in Rh the situation appears to be
more complicated. Nagasawa'® finds the Curie-
Weiss form insufficient to explain the data over
the complete range of 7. But allowing u and ©
to be functions of T he finds for 0.72-at.% Fe
in Rh p=2.0p, and 3. 5u; with 657 and 47°K
for T=5 and 260 °K, respectively. For Fe inIr
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the same analysis is not applicable because the
experimental range of H and T are such that the
parameters p and H,,, are not independent. !¢
However, if either p or H,, is given any arbi-
trary value, © is well defined and extremely
sensitive to Fe concentration, being ~175 °K
for ~0.07-at.% Fe and reducing to ~64 °K for

0.1-at.% Fe.

Further comparison with Table I can be made
with information presented in recent review ar-
ticles.™!% Finally, we would like to point out
that the analysis has not been applied to Fe in Pt
and Pd but that the data!” suggest © is definitely
not zero but less than about } °K.
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