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LOCAL MOMENTS IN METALS AND ALLOYS. 

MOSSBAUER EXPERIMENTS ON DILUTE j7Fe IN Cu, Au AND Ag 

P. STEINER, D. GUMPRECHT, W. v. ZDROJEWSKI and S. HÜFNER 

Institut für Atom- und Festkorperphysik, Freie Universitat Berlin, Berlin, Germany 

Résumé. - Par des expériences Mossbauer en CuFe et &Fe la susceptibilité magnétique initiale 
du moment local de Fe a été déterminée sur une large gamme de températures. Tandis que les deux 
systèmes semblent montrer le même T2 comportement a des températures très basses, le comporte- 
ment à des températures élevées est tout différent. Les données pour &Fe montrent un comporte- 
ment similaire à celui de - CuFe avec une température caractéristique entre celles de AuFe et GFe .  

Abstract. - From Mossbauer experiments in 9 F e  and AuFe the initial susceptibility of the 
local Fe moment is determined over a large temperature range. While at very low temperatures 
both systems seem to show the same Tz-behaviour, the high temperature behaviour is quite diffe- 
rent. The data for LgFe show a similar behaviour assuFe with a characteristic temperature between 
those for AuFe - and 9 F e .  

1. Introduction. - Mossbauer experiments in j7Fe 
in nonmagnetic alloys have contributed considerably 
to the investigation of dilute magnetic alloys. The 
classical experiments e. g. of Frankel et al. [l]  on 57Fe 
in Cu demonstrated for the first time the vanishing of 
the local Fe moment at low temperatures and low 
external fields due to the Kondo effect 121. In brief, 
this may be explained as follows : In the case of an 
antiferromagnetic coupling of the local magnetic 
moment to the conduction electrons below a charac- 
teristic temperature anomalies occur for various 
properties e. g. the well known minimum in the 
electrical resistivity, a maximum in the specific heat 
and a Curie-Weiss law for the magnetic susceptibility. 
These anomalies are caused by the strong correlation 
between the local electrons and the conduction 
electrons. 

A quantity of primary interest from the experimental 
as well as from theoretical point of view is the magnetic 
susceptibility of a local moment over a large tempe- 
rature range. The theoretical treatment of the inherent 
complicated many-body problem gave only approxi- 
mate solutions up to this point [3]. Experimentally the 
single impurity behaviour is often obscured by inter- 
actions between the impurities, which poses conside- 
rable experimental difficulties for bulk measurements, 
as e. g. macroscopic magnetization measurements. In 
this case hyperfine methods as e. g. the Mossbauer 
effect are of great advantage as they can often easily be 
performed in the very low impurity concentration limit 
of a few ppm, where interactions may be neglected. 
On the other hand the hyperfine fields contain a 
contribution of the orbital part of the moment which 
in the sense of a weak van Vleck paramagnetism gives 

a temperature independent contribution to the local 
magnetization [4]. This part has to be subtracted from 
the data to obtain the d-spin contribution only, which 
one is mainly interested in. This can be a severe pro- 
blem because of the large hyperfine coupling constant 
of the orbital moment compared to the core pola- 
rization term of the spin moment. Experiments over 
a large temperature range are needed to disentangle 
the different contributions. 

In the following we will discuss the initial local 
susceptibility and summarize Our results of Mossbauer 
experiments on the systems - CuFe and - AuFe and give 
very recent results of AgFe. - 

2. Experiments. - The details of the experimental 
arrangements will be given elsewhere [5]. In al1 cases 
the dilute source containing 57Co were in the mixing 
chamber of a He3/He4-dilution refrigerator. The tem- 
perature could be varied between about 30 mK and 
200 K. An external field up to 60 kG parallel to the 
y-beam could be applied. The single line absorber of 
potassium ferrocyanide enriched in 57Fe was at a 
constant temperature of 1.3 K in the same magnetic 
field as the source. 

In the case of CuFe the carrierfree 57Co was electro- 
polated to a thinyu-foi1 diffused into the foi1 at high 
temperatures and quenched to room temperature. 
Results of these experiments are published else- 
where [5, 6, 71. The impurity concentrations was esti- 
mated to be less than 10 ppm. 

Recent experiments with a AuFe source produced 
in a similar way showed considerable impurity- 
impurity interactions [8] at low temperatures and zero 
external field probably due to clustering of the 
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impurities. The present source was obtained from 
Amersham Company, England. The experiments in 
zero field showed a single line with only a small line 
broadening from 0.41 mm/s at 4.2 K to 0.56 mm/s at 
50 mK. The impurity concentration is estimated to be 
about 50 ppm Co in Au. The &gFe source was kindly 
supplied by W. Koch, Technische Universitat Mün- 
chen. The impurity concentration is again less than 
10 ppm. This source showed no line broadening in 
zero field between 4.2 K and 30 mK with a line width 
of 0.39 mm/s. 

3. Results and discussion. - A comparison of the 
low temperature hyperfine fields for the three systems 
as function of the external field are shown in figure 1. 

Saturation Hyperfine Fields 

extrapolated to T = O [ K I  

FIG. 1. - Saturation hyperfine fields of 57Fe in -Fe, AuFe 
and AgFe for T -t O as a function of the external field. - 

In al1 these cases the hyperfine field is proportional to 
the thermal average of the local magnetization (fast 
relaxation limit). Due to the Kondo effect the magnetic 
moment is quenched at low temperatures and small 
external fields. Figure 1 displays nicely the different 
behaviour of the three systems. 9 F e  shows a nearly 
linear behaviour of the magnetization up to 60 kG 
because of the large Kondo temperature of the system 
(O N 28 K). In contpary AuFe already saturates in 
very small external fields of a few kG (O N 0.38 K), 
while AgFe seems to fa11 between them. In addition 
the saturation values of the hyperfine fields for large 
values of He,, are quite different for the three systems. 
From the linear part of the hyperfine field the initial 
local susceptibility 

is obtained as function of the temperature. 

CuFe. - Above 10 K the local susceptibilities of 
CU% are nicely described by a Curie-Weiss law of - 

the form 
a 

Xioç = T + P 

with a = - 15.2(1.2) K ; 8 = 27.5(2.5) K and 
p = 0.056 [9]. This temperature dependence is in good 
agreement with bulk magnetization data [5, 91, which 
give a = 27.9(4) x IO-' pB K/G, 8 = 28.2(1.0) K 
and /'3 = 0.012(1) x IOM5 pB/G for the corresponding 
quantities of the macroscopic susceptibility. The 
temperature independent term j? is due to the orbital 
contribution. Comparing the two values we get an 
orbital hyperfine coupling constant of 470 kG/p, in 
reasonable agreement with theoretical calculations [4]. 
From the values of a we get for the core polarization 
hyperfine field a saturation value of H,,, = - 151 kG, 
a value different from the one obtained by Kitchens 
and Taylor [IO] from an analysis of their earlier 
Mossbauer experiments. This difference is probably 
due to a different analysis of the data and probably 
due to slightly different high temperature data, as 
discussed in reference [5 ] .  

Figure 2 shows the normalized local and total 
susceptibilities of CuFe in a combined plot. The 
Curie-Weiss behavzur at higher temperatures is 
clearly demonstrated. The same temperature depen- 
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FIG. 2. - Normalized d-spin susceptibility of CuFe from bulk 
magnetization data (total susceptibilities from ref. [9]) and 
Mossbauer experiments (local susceptibility). The upper insert 

shows the T2-behaviour at low temperatures. 

dence is also seen in recent Knight shift data of Boyce 
and Slichter [ I l ]  seen by Cu atoms being neighbours 
of Fe. Al1 these data indicate that the conduction 
electron polarisation for CuFe shows the same tempe- 
rature behaviour as the local magnetization on the Fe 
ion in contradiction to the early analysis given by 
Heeger [12] which postulated a large tempe~ature 
dependent polarisation in the conduction electron 
cloud in the Kondo state. In addition figure 2 shows 
that at low temperatures the susceptibility shows a 
T'-behaviour of the form 

x(T)/x(O) = 1 - a(TI8)' 

with a = 2.9(4). 
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Such a T~-behaviour is predicted by recent theo- 
ries [3] and has also been found experimentally in 
AuV [13], a system with a large Kondo temperature - 
of 0 = 300 K. The T2-behaviour of the susceptibility 
of CuFe has also been deduced from the magnetic 
fielddependence of the specific heat [14] but in this 
case with a much larger value a = 15. 

AuFe. - The initial susceptibility obtained for 
~ u Ï e  is shown in figure 3. In this case not a single - 

FIG. 3. - Local d-spin susceptibility of A 2 e  from Mossbauer 
experiments. The upper insert shows the T2-law at very low 

temperatures. 

Curie-Weiss behaviour with a T2-term at low tempe- 
ratures as in CuFe is observed. For temperatures 
5 K < T < 1 8 0 ~  we have a Curie-Weiss form with 
a = - 26.0(4) K and 0 = 3.0(2) K and an additional 
temperature independent term with B = 0.038. In the 
temperature range 0.2 K < T < 2 K we find a second 
Curie-Weiss line with a = - 16.4(3) K and 0 = 0.38(2) K 
and at low temperatures again a T2-behaviour as in 
CuFe. This change of the effective moment a as well 
as the change in the Curie-Weiss temperature 8 could 
indicate an effect of the crystalline electric field on the 
spin-orbit ground state of Fe as predicted by the 
ionic mode1 of Hirst [15], an effect which has not 
been reported till now for 3d impurities. The low 
temperature macroscopic magnetization data of Tho- 
lence and Tournier [16] give a 0 of about 0.45 K, 
while high temperature data of Hurd [17] give values 
for 0 between 6 K and 17 K. These values seem to 
increase slightly with the Fe concentration, an indica- 
tion that impurity-impurity interactions may be respon- 
sibie for this deviation from our microscopic data. A 
slightly higher value of 8 N 8 K was also observed 
in a previous Mossbauer experiment [8] where the 
low temperature data clearly showed that interaction 
effects played a dominant role. If we take Our low value 
of 0 = 0.38 as characteristic for the Kondo behaviour 
of AuFe we obtain the T2-behaviour at low tempera- 
turzwith a = 2.2(4) nearly the same as in the system 
CuFe. But in the light of the strange behaviour of the - 

susceptibility for AuFe it is too early to draw any 
conclusions from this.  

AgFe. - As seen in figure 1 the saturation hyperfine 
fieIdfor "Fe in Ag is much smaller than for the AuFe 
or CuFe which has also been shown in theëarly 
~os sbaue r  experiments of Kitchens and Taylor [IO]. 
This makes it much harder to determine the initial 
susceptibility from the Mossbauer data. A comparison 
of the field dependence shows that the Kondo tempe- 
rature of AgFe probably lies between AuFe and 3 F e .  
Figure 4 shows the initial local susceptibility for this 
system. The temperature independent van Vleck term 
in this case was very small (j? = 0.000(5)). As seen 

Local Susceptibility 1 

FIG. 4. - Local d-spin susceptibility of &Fe from Mossbauer 
experirnents. The upper insert again shows the T2-law at low 

temperatures. 

from figure 2 and figure 4 the spin susceptibility is 
similar to the CuFe data. The characteristic Curie- 
Weiss temperatGe is 0 = 1.6(3) K with the Curie 
constant a = - 3.8(2) K. At low temperatures again 
the T'-behaviour is seen with a value a = 4.3(8) 
something larger than for - CuFe and AuFe. 

4. Conclusion. - The local spin susceptibilities for 
CuFe and AgFe as obtained from Mossbauer experi- 
G n t s  showa similar temperature dependence - a 
Curie-Weiss behaviour at higher temperatures and a 
T2-law at temperatures far below the Curie-Weiss 
temperature 8. In contrary the local susceptibility of 



AuFe is considerably different. While at low tempera- recent ESCA experiments [18] showed that the - 
tures again the ~ ' - law shows up the high temperature structure of the valence band of the three metals is 
behaviour can be described by two different Curie- quite different. But in the moment it is too early to 
Weiss laws. Although the electronic structure of these conclude how this difference can explain the different 
three noble metals is often assumed to be similar, behaviour of the local Fe moment in these metals. 
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