
---..,..,..,.,~-----------------... 
CALT-822-92 

SPIN-GLASS ORDERING AND 
SUPERCONDUCTIVITY IN AMORPHOUS 

~ 

La 80Au 20 ALLOYS DIOPED WITH Gd 

S. J. Poon and J. Durand 

JANUARY 1977 

A REPORT ON RESEARCH CONDUCTED 
UNDER CONTRACT FOR THE 

U.S. ENERGY RESEARCH AND DEVELOPMENT 
1~MIN/STRA TION 

, EMT~fJEO DOcu·.~~r;r \.)} P.f~lfWED P.HE:JTWISE· 
r.o onJEGJor~ rs mrt:-:Pos;.:o Fnor., nJE PATENT 
~;:.~J;:POINT TO PUBliCATiON THEtll:OF. 

~E:I~~U~~ERDA 
W. M. KECK LABORATORY OF 

ENGINEERING MATERIALS 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

PASADENA 

OOTRIBUTION OF THIS DOCUMENT IS UNUMITEil 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



... 

CALT -822-92 

California Institute of Technology 

W. M. Keck Laboratory of Engineering Materials 

SPIN-GLASS ORDERING AND SUPERCONDUCTIVITY IN AMORPHOUS 

La
80

Au
20 

ALLOYS DOPED WITH Gd 

by 

S. J. Po on and J. Durand 

.------NOTICE------, 
This report was prepared as an account of ~ork 

nsored by the United States Government. Ne&ther 
~he United States nor the United States Energy 
Research and Development Administration, nor any of 

I their employees, nor any of their contractors, 
subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal i 
liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 

I infringe privately owned rights. 

Energy Research and Development Agency Report No. 81, under Contract 

No. AT(04-3)-822. 

Professor Pol Duwez, principal investigator. 

~STRiBUTION OE THIS DOCUMENT. .LS UNUMIT£.0 

JANUARY 1977 



NOTICE 

This report was prepared as an account of work spuw:;u!·~:::Ll 

by the United States Government. Neither the United States 
nor the Energy Research and Development Administration, nor 
any of their employees, nor any of their contractors, sub­
contractors, or their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, 
apparatus, product or process disclosed, or represents that its 
use would not infringe privately- owned rights. 

I 
0 

f 

.• 

, 



'· 

-1-

ABSTRACT 

Magnetization and resistivity measure.ments are perfor.med on 

amorphous La.
80

Au
20 

alloys doped with Gd impurities. The anomalous 

behavior observed in the dependence of the superconducting transition 

te.mperature on Gd concentration is related to the onset of spin-spin 

correlations among the Gd impurities. We have identified the coexistence 

of superconductivity and magnetic ordering as a spin glass. 
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1-5 
It was reported that for several alloys systems the superconduct-

ing transition temperature T instead of decreasing .monotonically with 
c 

increasing impurity concentration, exhibits an anomalous peak close to 

the Abrikosov-Gor'kov critical concentration xAG. This behavior was 

attributed to a .magnetic ordering of the impurity spins in the vicinity of 

the peak. 6 - 8 Low field magnetization was used to probe the type of 

magnetism involved. 2 • 4 • 9 However, the data obtained so far only imply 

the occurrence of antiferromagnetism of some sort: either a Kondo 

effect or an antiferromagnetic interaction among impurities, which has 

significantly different influence on the superconductivity around xAG. 
10 

In amorphous alloys, the interaction between magnetic impurities via 

conduction electrons is attenuated while the spin-orbit coupling is sig­

nificantly enhanced. 
11 

The former effect which tends to enhance the 

spin-flip scattering6 can be isolated as the latter suppresses the effect of 

the local exchange field on Cooper pairs. 
12

By using both magnetization 

and resistivity measurements on amorphous superconductors doped with 

.magnetic impurities, we can clarify the type of magnetic ordering 

coexisting with a super conducting phase. Comparison with existing 

theories on the effects of spin-spin correlations on superconductivity is 

thus possible. 

Sample foils of nominal composition La80 _xGdxAu20 (x = 0, 0. 24, O. 42, 

0. 5, 0. 55, 0. 59, 0. 63 and 0. 67) were prepared in the usual way as dis­

cussed elsewhere. 13 The amorphousness of each foil was checked by 

x-ray diffraction. Low field susceptibility measure.ments were .made by 

the ac inductance method down to 1. 3 °K. Detailed magnetization mea-

surements on four alloys (x = 0, 0. 24, 0. 5 and 1. 0) were made between 

1. 8°K and 290°K in fields up to 70 kOe using the Faraday method. 13 
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Resistivity measurements were performed between 1. 3°K and 20°K by 

the standard four probe technique. The La
80

Au
20 

matrix was found 

to contain ...... 0. 02 at. o/o Gd. The superconducting trap.sition temperature 

T (transition width ..-- 0. 2°K) was determined consistently for each 
c . 

sample by adopting the mean-field T extrapolated from the onset of 
.c 

superconductivity. 

In. figure 1, T values of at least two samples for each nominal 
c 

composition (within ± 0. 01 at. o/o uncertainty) is represented by a two 

dimensional uncertainty bar. Comparison with the Abrikosov-Gor'kov 

curve is made by fitting the low Gd concentration data to theory. Thus, 

the T c of pure amorphous La
80

Au
20 

alloy is estimated to pe 3. 6 °i<, 

and the critical concentration xAG extrapolated to..-- 0. 7 at.o/o Gd. For 

0 
x = 0. 59, T c is observed to exceed the AG value TAG by ...... 0. 16 K. 

Unfortunately, we were not able to measure T below 1. 3°K for higher 
c 

Gd concentrations. However, the T c of x = 0. 63 (- 1. 15°K > TAG = 0. 94°K) 

can be estimated from the onset of superconductivity transition around 

1. 35°K which is compared with other samples with measurable T • The 
c 

latter demonstrate similar resistivity behavior around T • Resistivity 
c 

minima are observed at T "'"' 8°K for the x ,?: 0. 42 alloys. 

At low temperature (T < 20°K), the initial susceptibility can be fitted 

to a Curie-Weiss law X = C/(T +· Fl) with the values of 8 included in 
0 . 

figure 1. It can be seen that the values of T are enhanced around the 
c 

region where the AG curve intersects the 8 line. We fitted the mag-

netization data to a Brillouin function of the form 

M(H, T) = M(oo, 0) BJ (J..LH/(T + 9)). The value of J determines the 

average spin value of the polarization 'clouds'. 
14 

Such plot for the 

0. 24 sample (g = 2, J = 4. 35) is shown in figure 2. Within experimental 
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·. Fig. 1.. T , TM' and 9 vs Gd composition. The solid line ~is . c 

obtained from the AG theory, dashed line is derived from the 

Benne.mann theory. 
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Fig. 2. Variation of the magnetic impurities magnetizati.on vs 

H/(T + 0. 6) for a 0. 24o/o sample. Full line represents a 

Brillouin function (g = 2, J = 4. 35). 
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error, the e values so deter.mined agree well with those obtaine.d from 

low temperature X. • Such positive values of 9 indicate an antiferro­
o 

magnetic coupling of some sort among the Gd atoms carrying a moment 

close to the ionic value in the low concentration limit. 

A more accurate insight on the nature of the magnetic ordering may 

be obtained from two supplementary experimental facts. First, for a 

4% sample, we observe a susceptibility maximum at T M = 1. 9°K while 

low temperature x.
0 

also gives e = 1. 9°K. Similar result is observed 

for a 1% sample. The linearity of TM as a function of x at low con­

centration gives values reasonably close to those obtained for 9, as 

shown in figure 1. Second, .we obtain scaling laws in the magnetization 

and susceptibility of the form M/x = f (H /x, T /x) and X = g (T /x). 13 
. 0 

The scaling behavior 15 so observed originates from the 1/r
3 

dependence of the long-range pairwise interaction between Gd impurities. 

The latter is made possible in an amorphous matrix probably due to the 

polarization of La atoms with an empty f-band. 
16 

Thus, the values of 

e are characteristic of a spin-glass transition te.mperature in the 

. t d 15 restr1c e sense. 

The pair breaking parameter in the AG theory was modified by 

Fulde and Maki
12 

as a= (i£1/-r + I
2

-r /2!fi), where the mean exchange s so 

field I ,..,. ( J ) , -r and T are the spin-flip and spin-orbit scattering 
. z s so 

time respectively. It was shown fro.m upper critical field measurements ll 

that T so is rather s.mall in a.morphous La80Au20 alloys, and that 

I,..,. ( J ) = 0 when the spins start to order antiferromagnetically. The 
z 

latter is valid since the .mean-free -path limited coherence length 

~ ~ 100 ~ 11 
is significantly greater than the spin-spin correlation 

distance ts ~ 20A for the 0.6% sample. The pair breaking parameter 
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then reduces to a = -fi/T • Bennemann 
6 

pointed out that the spin-flip 
s 

scattering time T is reduced by a factor J /(J + 1) between the randomly s 

oriented spins and the ordered spins in the limit of very high local 

exchange fields acting between the ions. In the present case, one would 

expect an enhanced critical concentration of ,... 0. 88 at. o/o Gd. From 

high field magnetization data on the 0. So/~ sample, we deduced 
13 

an 

average local field of,... 4k0e (or 0. 5°K) which obviously violate~ the 

high field assumption at ,... 1 °K. Instead, s.maller enhanced T values 
c 

are expected around x ,... 0. 6 at. o/o Gd. The theoretical T enhancement 
c 

based on the Bennemann theory
6 

is plotted in figure 1. Without crystal-

0 
field splitting, the initial depression -(dT c/clJ:c)x:::O ~. 3. 6 K per at. o/o Gd 

yields a value of the exchange interaction parameter !JI ~ 0.16 eV. 

Similar value of \Jsfl ~ 0.14 eV due to indirect exchange interaction was 

obtained from high field measurements. 
13 

The presence of a resistivity 

. minimum at T 8°K for x _::: 0. 42 implies that J sf is negative in sign • 

Beyond the first Burn approximation, a more rapid depression of 

superconductivity around x ~ xAG is thus expected. In fact, such effect 

1 
was observed in crystalline LaGd alloys. 

From magnetization measurements, we have demonstrated 

una.mbiguously the existence of a spin-glass regime within the super-

conducting phase in amorphous La-Gd-Au alloys. This allows us to 

clarify the type of .magnetic ordering which is favorable for the 

enhanc.ement of superconductivity. 
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