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Superconducting fluctuation conductivity in granular AI-Ge 
films above the metal-insulator transition 

Eli Zaken and Ralph Rosenbaum 
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Physics and Astronomy. 
Tei Aviv University, Ramm Aviv, Tel Aviv, 69978, lsrnel 

Received 4 May 1994, in find form 27 lune 1994 

Abstract. Superconducting fluctuation conductivities a d  magnetoconductances have been 
measured in thin granular AI-Ge films above the superconducting transition temperature. 
For very metallic films located well above the metal-insulator Vansinon, the two- 
dimensional Aslamazov-Larkin and Mak-Thompson theories describe the conductivity and 
magnetocandncwnce data well. The Maki-Thompson expressions involve the temperature- 
dependent pair-breaking parameter S. For films located near the metal-insulator transition, 
we have observed a dimensional crossover from three dimensions to two dimensions to a fractal 
dimension with decreasing temperatures. Values for the diffusion constant, ranging from 0.4 to 
1.4 cm2 s-', were obtained from the magnetocanductance fits. and these magnitudes compared 
favourably with vdues obtained from criticnl-field measurements t&en below T,. 

1. Introduction 

Superconducting fluctuations have probably been observed for over 40 years now since 
the pioneering experiments on amorphous bismuth films by Buchel and Hilsch [l] and 
later by Shier and Ginsberg [Z]. Superconducting fluctuation conductivity (SW) causes 
the 'rounding' of the resistance transition curve above the superconducting transition 
temperature in high-resistance thin films. This 'rounding', illustrated in figure 1 for our 
2000 A Al-Ge films having different AI concentrations, is to be contrasted to the sharp, 
almost discontinuous, transitions observed in bulk superconductors. However, it was Glover 
who demonstrated that the superconducting fluctuation conductivity, also known as the 
excess conductivity or paraconductivity, follows a CurieWeiss type law [3]. The rounding 
is caused by fluctuations of the superconducting order parameter. Even above T,, the 
fluctuations create superconducting Cooper pairs of finite lifetime that contribute to the 
conductivity. The Curie-Weiss type conductivity law was derived microscopically by 
Aslamazov and Larkin [4]. Many theoretical and experimental papers followed on the 
subjecf including the early review papers by Glover [5] and by Skocpol and Tinkha"[6,7] 
and the important Proceedings of the 1969 Stanford International Conference on the Science 
of Superconductivity [SI. 

After introducing the relevant and important theoretical formulae, we summarize 
measurements on the s e  conductivity and magnetoconductivity in granular A l 4 e  films 
located above the metal-insulator transition. The experimental results are in excellent 
agreement with the theories for the most metallic films. However, for the films located 
closest to the metal-insulator transition, the classical theories are inadequate to explain the 
conductivity and magnetoconductance results. 

0953-8984/94/469981+20$19.50 0 1994 IOP Publishing Ltd 9981 
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S.C.F. in ALGe Films, $c = 50.7 % Al 

0.3 1 .a i .i 1.2 

*/r, 
Figure 1. Resistance brhayiour in thin 2000 A AI-Ge films n e a  the superconducting transition 
temperature. The ‘rounding’ is due to the presence of superconducting fluctuations above T.. 

2. Theoretical background 

2.1. Aslamazov-Larkin theory 

About 25 years ago, Aslamazov and Larkin (a) calculated the influence of superconducting 
fluctuations on the electrical conductivity above the superconducting transition temperature 
T, [4,9]. The AL contribution results from the direct acceleration of the fluctuation-induced 
Cooper pairs above %. Close to Z for a two dimensional (2D) film, Aslamazov and Larkin 
obtained the zero-field expression [4,9] 

U : ~ . ’ ~ ( T )  = e2/[16fic(T)] (1) 

where E ( T )  = T/T,  - 1. The superconducting fluctuation conductivity .AcF is defined as 

U0 SCF = 1/Rn(B = 0, T )  - I /Rk (T)  

where Ro(B = 0, T) is the zero magnetic field resistance per square and Ri;(T) is the 
normal resistance per square measured in a sufficiently strong magnetic field that quenches 
all superconductivity in the film. Note that the 2D AL expression has no dependence upon the 
material properties of the film. If one wishes to extend the temperature range of equation (1) 
considerably above T,, then one replaces E ( T )  = T/T, - 1 by In(T/T,), yielding [3,10] 

u$’~(T)  = e2/[16fiIn(T/Tc)]. (2) 

Equations (1) and (2) have been well confirmed in disordered amorphous films by Glover 
~31. 
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The 2D Aslainazov-Larkin conductivity expression should be contrasted with the 3D and 
ID conductivity expressions in zero field [3]: 

( T )  = eZ/[3~((0)c’/*] (3) uAL.3D 

and 

(T) = ezn((O)/[l&s€”~] (4) uAL.lD 

where S is the cross-sectional area of the thin wire and ((0) is the zero-temperature 
coherence length appearing in the Ginzburg-Landau superconductivity coherence length 
tcL(T): 

CGL( T )  = e(O)/l€( T )  = o .8 .5 ( (~s , l )”~ / l€ (  f) 1’/2. (5)  

Here (BCS is the’ Bardeen-CooperSchrieffer (BCS) coherence length given by (BCS = 
0 . 1 8 R u ~ / k ~ T ,  and 1 is the elastic mean free path. The ID and 3D conductivity formulae are 
material-dependent via ((0). Note that the temperature dependence of the ID expression is 
much stronger than that of the 3D expression. 

The criterion for using the 2D expression is that the superconducting coherence length, 
(GL,~must be much greater than the sample thickness, d .  For bulk AI, tBm is about 16 000 A. 
The BCS coherence length tBcs takes on a somewhat smaller value of 12 000 A owing to the 
enhanced transition temperature of 1.6 Kin our AI-Ge films as compared to the T, = 1.19 K 
for AI. Assuming that the elastic mean free path 1 is limited to the~typical A1 grain diameter 
of about 100 A above the metal-insulator transition, then ((0) takes on a typical value 
of 1000 A. The dependence of the coherence length upon temperature is illustrated in 
figure 2. Figure 2 suggests that the most metallic films should be best characterized by the 
2D formulae only. Moreover, we anticipate that the 2D conduction expressions will be valid 
for all the films provided that the measurements are made below 1.3T,. Near Te, the 2D 
criterion i s  well satisfied since, as is illustrated in figure 1, (0~ .  + CO. 

For films located slightly above the metal-insulator transition (MIT), we might anticipate 
a structural crossover of the AI from 2D clusters and grains to ID wires and filaments. Thus, 
we predict that a fractal dimensionality might best describe the AI-Ge excess conductivity 
close to the MIT. As Entin-Wohlman er al [Ill first pointed out, and more recently Char 
and Kapitulnik [I21 reconfirmed, the divergence o f  the AL term is stronger when the 2D 
expression of equation (1) is replaced by a fractal dimensionality. For percolating clusters, 
the fractal dimensionality Ofr is 4/3. yielding [13] 

(6) AL.frmd - 2 ob - e  /[16Ttcx(T)] with x rr 1.33. 

We will show that the fractal expression gives an excellent tit to our conductivity data for 
tilms located slightly above the MIT. Actually, the fractal expression (6) is an approximation 
to the theory. According to Char and Kapitulnik, the total conductivity for each process is the 
weighted average of two terms [12]: one contribution comes from the homogeneous region 
and the second contribution comes from the self-similar region. Thus, the Aslamazov- 
Larkin contribution is composed of two terms. and equation (6) is an approximation to this 
weighted sum. Likewise, the Mak-Thompson contribution is  composed of the weighted 
sum of two other terms. According  to^ Char and Kapitulnik, the fractal dimension Dt, can 
vary between 1 < Dt, < 1.5, yielding values for x between 1.25 and 1.50 [IZ]. 
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Figure 2. Dependence of the Ginzburg-Landau superconduaing coherence length 3s a function 
of tempemure. The broken CUNC, which should apply to B very metallic film. sugg? 20 

behaviour over the entire temperature range, provided that the film thickness is 2000 A. In 
conlrast, a crossover from 30 to ZD behaviour should be observed in a film located just above 
rhe metal-insulator tnasition. 

For highly disordered films exhibiting superconducting fluctuations dominated by the 
Aslamazov-Larkin term, the magnetoconductance (Mc) measurements made in an applied 
perpendicular field allow a direct determination of the diffusion constant &if of the films. 
The magnetoconductance Aaa is defined as 

AaFF,cF.u, ( B ,  T) = l /Ro(B ,  T )  - l / R D ( B  = 0, T ) .  

Using a microscopic calculation, Redi reconfirmed an expression for the magnetoconduc- 
tan= first derived by Abraham et al using a phenomenological approach [14,15]: 

A$L'm(B, T) = CD 

where z is a fitting parameter strongly dependent upon temperature and given by 

(7) ALZD ( B  = 0, T){&zZ[$(1/2+ Z) - +(I + Z )  + 1/22] - 11 

2 = Bdir/B = 2€(T)kBT/(EeDdifB) with Bdjf = 2€(T)ksT/(EeDdjf). (8) 

In equation (7), @ is the digamma function and u$*~(B = 0, T) is the zero-field AI. 
expression of (1). Equation (7) is valid for temperatures close to T,; we have extended 
the Redi MC expression of (7) to higher temperatures by replacing E ( T )  = T/T, - 1 by 
In(T/T,) in equations (1) and (8). 

The Redi expression of (7) has two nice properties in that (i) the negative MC arising 
from superconducting fluctuations displays a quadratic field dependence at low fields: 

(9) A,LL.ZD(B, T) = - am AL.m ( E  = 0, T)B2/(8B~if) 
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and (ii) at high fields, the conductivity approaches the normal conductivity as 1/B with the 
MC saturating at the value 

A U ~ ~ . ~ ~ ( B ,  T )  = -u;lAL,zD(~ = 0, T) -I- eksT/(kirDdiffiB). (10) 

Equation (7) has been confirmed experimentally by Serin et a1 [I61 and more recently by 
Denhoff and Gygax [17]. 

The diffusion constant &if can be extracted from the parameter z by fitting equation (7) 
to the MC data. Alternatively, Ddji can also be obtained from critical-field measurements 
taken just below Ti [IO, 181: 

According to Entin-Wohlman et al, the diffusion constant in a percolating system is 
much smaller than the diffusion constant in a homogeneous system [ l l ] .  Near the MIT, the 
diffusion constant scales as Ddjf & e;* a (6 - &)'-o, where 6 is the metal fraction in the 
film, & is the critical metallic fraction at the MIT, t is the conductivity exponent equal to 
1.75 in three dimensions, and p is the finite cluster mass exponent equal to 0.41 [19]. Wind 
et a1 have reported diffusion constants of the order of 40 to 50 cm2 s-' in clean AI wires 
and thin AI films [ZO]. For a percolating-type film located 3% above the MIT, we estimate 
a small diffusion constant of the order of 0.5 cm' s-'. 

2.2. Maki-Thompson theory 

The Aslamazov-Larkin theory provided excellent agreement with measurements on thin 
amorphous films having high normal resistances per square. However, measurements 
on clean A1 films by the Brookhaven National Laboratory group and by the University 
of Rochester group showed superconducting fluctuation conductivity values much larger 
than the AL predictions [21-24]. Mak suggested another contribution to explain this 
anomalously large conductivity [25]. The Mak-Thompson (MT) contribution originates 
from the inertia of the superconducting pairs after decaying into pairs of quasiparticles with 
opposite momenta. Since elastic scattering by impurity potentials conserves time-reversal 
symmetry, these quasiparticle pairs continue to have nearly zero total momentum and to 
produce excess conductivity. The quasiparticle pair lifetime is limited by inelastic scattering, 
which breaks the quasiparticle pairs. Thus. the more disordered the film, the shorter will be 
the lifetime and hence the less important becomes the Maki-Thompson contribution. In ID 
and ZD, the Maki term gave an infinite conductivity at all temperatures above T,; Thompson 
showed that the non-physical divergence is prevented by the presence of any pair-breaking 
effect such as magnetic impurities or a magnetic field [26]. Close to T,, the Maki-Thompson 
(MT) contribution in zero field for ZD is given by 

U ~ ( T )  = ~ ' ~ ~ [ E ( T ) / ~ I / [ X R [ E ( T )  -81) (12) 

6 = nfi/[SkeTq,(T)].  (13) 

where 6 is the pair-breaking parameter given by [27,28] 

Here, q, is the total inelastic scattering time. For temperatures considerably greater than Tc, 
E ( T )  = T/T ,  - 1 should be replaced by In(T/T,), thus resulting in a MT excess conductivity 
of 

uTZD(r) = ~ ' I ~ [ I ~ ( T / T , ) / S I / ( ~ [ I ~ ( T / T , )  -81). (14) 
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Close to T, (In(T/T,) < S), the MT contribution is smaller than the AL contribution 
since the AL term diverges more quickly as 6-' ( T )  while the MT term diverges more slowly 
as Ine(T).  At temperatures considerably above T, the MT term generally dominates over 
the AL term provided that the pair-breaking parameter 6 is small (0.001 < 6 < 0.01): the 
reason for this is that the In[ln(T/T,)/SI term appearing in (14) contributes a sizable factor. 
Note that when E =~ 6, the MT term of (12) is well behaved since the 6 - 6 term in the 
denominator approaches zero at the same rate as the In(6/6) in the numerator. For E smaller 
than 6, both the E -6 and the In(€/&) terms are negative, thus yielding positive, well defined 
values for the excess conductivity. 

For the case of 3D, the Maki-Thompson conductivity term takes on the form [12] 

= e 2 / [ S h f ( 0 ) ( ~ 1 / Z  -1- S'/')]. (15) 

There are several methods to estimate the magnitude of the pair-breaking parameter 6 
appearing in the MT contribution. From the experimental approach, one can use Thompson's 
definition of 6 in terms of a depressed superconducting transition temperature Tc for the 
more disordered films [29]: 

6 = Tco/Tc - 1 (16) 

where T,, a fitting parameter, is the Cansition temperature for a relatively clean film 
(Td 2 1.65 K in our case). Altematively, one can use the experimental data of 6 for 
AI films reported by Kajimura and Mikoshiba I301 and also by Crow et nl 1221 to predict 
approximate 6 values for our A1-Ge films: 

(17) 6 = 3 x lo4 -k 6 x 

Theoretical support for equation (17) has been forwarded by Ebisawa et al [27J 
In addition, one can estimate the pair-breaking parameter 6 via (13) using theoretical 

expressions for the various different inelastic'scattering times, as was demonstrated by 
Gordon and Goldman [31]. 

There are three important scattering rates in the liquid-helium temperature region. One 
rate is the electron-phonon rate, l / ~ ~ h ,  which has been calculated for AI films by Lawrence 
and Meador [32]: 

1/ze+ = 1.6 x lo7 T3 s-' KF3. (18) 

Below 2 K, the electron-phonon scattering becomes weak and this term may be neglected. 
For inelastic electron-electron scattering in the ZD dirty limit, Altshuler et al [33] and 

Fukuyama and Abrahams [34] have shown that 

At temperatures very near to T,, Brenig et al have suggested that the presence of 
superconducting fluctuations is expected to affect the inelastic scatter rate [35,36]. This 
rate arises from the inelastic processes assmiated with the recombination of the electrons 
into superconducting pairs: 
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where 

C = 4 l n 2 / ~ ( [ l n ( ~ h / e ~ R o ) l ~  + 1 2 8 i 1 / e ~ R o ] ~ ' ~  - In(irh/e2Ro)& (21) 

We have made the approximation in estimating the constant C in (21) that our films are 
quasi-zn films where the elastic mean free path I << d and Li,(T) = [DdiftiB(T)1i/2 >> d ;  
d is the film thickness and Ddir is the diffusion constant. In this case +c/h has been 
replaced by ?rh/e2Ro. The electron fluctuation rate becomes significant only for T values 
very close to T, owing to the [ln(T/ T,) + C ]  term appearing in the dominator of (20). For a 
low-resistance film of 17 Q/O, C is small and of the order of 0.02. For temperatures much 
greater than Tc, the ln(T/T,) term is large, yielding a small value for l/re-R. However, as 
T + T,, ln(T/Tc) --f 0; and equation (20) yields an electron-fluctuation rate that exceeds. 
the electron-electron scattering rate by a factor of 10. Gordon and colleagues were the first 
to detect the l/t,-~ rate [37,31]. 

The total rate is the sum of these three scattering rates. 

""v." 62.4 %AI - 

--a-- 56.3%Al . 
~ 52.5 %AI - 

- 

'.. ... ... ... .._ 

- 

- ._ .... .... '._ 
.. '... 

'... '.. '.. '.. 

4.50E-010 

4.00E-010 

2.00E-010 j ; 
1.50E-010 : 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
- - - _ _ _  - - _ _ _ _  1.00E-010 ----_._ 

5.00E-011 

0.00E+000 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

ln(T/Tc) 
Figure 3. Theoretical predicted inelastic scattering time 7,. as a function of temperature for 
lhree different film resistances of 17.3.78.3 and 329 QO, according to equations (18), (19) and 
(20). The anomalous decrease of iin below ln(T/TJ of 0.2 (T c 1.2Tc) arises from electrons 
scattering off of Cooper pairs, aS suggested by Brenig at  a1 [35.36]. 

The inelastic time 4". which includes the above three scattering mechanisms, is 
illustrated in figure 3 for zero applied field. Here as the temperature decreases, zin increases, 
indicating weaker scattering. However, close to Tc (T < 1.3TC), the Brenig expression 
becomes increasingly important, producing the anomalous decrease in the magnitude of 
the inelastic time [35 ,36] .  As T + T,, the scattering effect increases strongly as the 
electrons suffer additional inelastic scattering by exchange of superconducting fluctuations. 
The effect saturates at T,  as more and more electrons condense into Cooper pairs, leaving 
fewer electrons to participate in the scattering process. 



9988 E Zuken and R Rosenbaum 
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Interestingly, if re-= is the dominating time, then according to (13) the pair-breaking 
parameter S becomes temperature-independent and scales directly proportional to Ro, as 
was observed experimentally in equation (17). The temperature dependence of the pair- 
breaking parameter 8 is shown in figure 4 .  The 6 values predicted from experimental 
results of equation (17) are indicated by the mows in figure 4. The theoretical prefactor in 
front of Ro is o f  the order of 1 x 10-4~using (13) rather than 6 x which is observed 
experimentally [22,30]. It is not clear to us what is the reason for this disagreement. 
According to equation (17), if the film exhibits a Ro of 500 S2/0 or greater, then S takes 
on such large values (S = 0.3) that the MT term can be neglected compared to the AL term 
in such high-resistance disordered films. 

0.07 1 \ 

0.02 4. "\. ... 4 
0.01 >\.y 
0.00 I 

0.0 0.2 0.4 0.6 0.8 1 .o 
ln(T/TJ 

Figure 4. The pair-breaking panmeten 35 a function of temperatwe. The smaller the magnitude 
of 6, the more important is the Mak-Thompson contribution to superconducting fluctuations. 
Note that the pdr-breaking parmeter is almost temperature-independent. provided that the 
measuring temperature is not too close to TG, 6 is inversely related to the inelastic scattering 
time qn. 

. 

Important theoretical work on the 2D Maki-Thompson magnetoconductance (MC) was 
published by Larkin, who showed that values for the inelastic scattering time q,(T) could be 
deduced from the MT MC data [38]. For small magnetic fields, ln (T/Tc)  >> 4 e D a i f B / k ~ T ,  
and temperatures not too close to T,, ln(T/Tc) >> h/kBTri,(T),  &kin suggested the 
following expression for the MC [38]: 

where Bi,(T) = h/[4eDsfzin(T)1 and , ~ L ( T )  2: nz/[41n(T/Tc)] for T _Y T,. For 
temperatures much greater than T,, BL(T) 2: n2/{6[ln(T/Tc)]2). Parameter pL(T) is 
known as the Larkin electron-electron interaction strength parameter. For very small fields, 
equation (22) simplifies to 

A u F m  (5, T )  = - (e2/& ' E ) &  ( T )  B2/24Bi ( T )  (23) 
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and for stronger fields 

T )  = - ( e Z / 2 7 2 ~ ) B ~ ( T ) ( l n [ B / B i , ( T ) ]  - 1.96). (24) 

Unfortunately, the Larkin expression of equation (24) does not saturate at large fields to 
the value AuFw(B + 00, T )  = - u y ( B  = 0, T )  given by (14). This problem 
was resolved by Lopes dos Santos and Abrahams [28], who suggested that for temperatures 
close to T,(ln(T/ T )  << 1) and for moderate fields such that B << kBT/4eDdif, equation (22) 
should be replaced by the following expression: 

where &A(T. 8) differs slightly from Larkin’s BL = n2/[4 In(T/T,)], being 

B ~ . A ( T ,  8)  = n2/{4[ln(T/Tc) - 81) for T N T,. (26) 

Also in equation (Z), &if = Z€(T)kBT/(neDdif) = Bin€/& 

0, T )  going as l /B: 
Equation (25) has the nice property that at large fields the MC saturates at - u Y ( B  = 

(B .  T )  = - U F z D ( B  = 0, T )  + e2ZkBT/(8k?DdifB). (27) 

We have combined (27) with (IO) to characterize the high-field asymptotic behaviour of 
the MC arising from the superconducting fluctuations very near Tc. Note that the diffusion 
constant can be obtained directly by fitting the high-field MC data to this sum: 

AutT.2D 

Equation (25) also has the desirable property that, for very small fields, it takes on the 
limiting form of 

which is almost identical to the Larkin low-field limit given by (23). Note that the Lopes 
dos Santos-Abrahams expression underestimates the MC at temperatures much greater than 
Tc and the Larkin expression (22) should be used instead. Gordon and Goldman [31] have 
successfully used equation (25). 

Maki and Thompson have suggested alternative expressions for the MC [391. 

2.3. Weak localization and electron-electron interaction theory 

At temperatures much greater than T,, there will be a competition between the 
superconducting fluctuation (SCP) process, which causes a decrease or ‘rounding’ in the 
resistance of the film with decreasing temperahlres, and the weak localization (WL) and 
electron-slectron interaction (=I) processes, which cause an increase in the resistance of 
the film with decreasing temperatures. The zero-field resistance measurements are the sum 
of these three processes plus the normal resistance. The SCF or excess conductivity is 
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greater in magnitude than the values actually measured. The WL and EEI contributions must 
be subtracted out in order to avoid large errom in determining the phase-breaking parameter 
S. Near Tc, the WL and EEI contributions are negligible; but at 'high' T, from 1.3Tc to 3Tc, 
these two contributions become important: and at very high temperatures, they completely 
dominate the conductivity. 

According to Lee and Ramakrishnan, the 2D WL contribution for the case of weak 
spin-orbit scattering can be approximated as I401 

E Zaken and R Rosenbaum 

G ~ ( T )  = (e2/2n2fi)p In T (30) 

where p is the exponent of the temperature. term in the most important inelastic scattering 
time process ( p  = 3 for the electron-phonon scattering time). For the 2D EEI interactions 
contribution 1401 

uzE1.ZD(~) = (e2 /7xzf i ) (1  - 3F0/4) In T (31) 

where F, = 0.2 is an effective electron screening constant The sum of the above two terms 
is about 4(e2/2?rzfi) In T zx 0.000049In T(Q/O)-l .  Failure to subtract out the WL and EEI 
corrections from the zero-filed data results in values for the Maki-Thompson term that are 
too small; hence, one obtains unreasonably large values for the pair-breaking parameter, 6. 

- 

* - $ 0.05806- 

% 
P 
E?: 0.05804- 
h e 0. 

0.05002 - 

0.05000 

- 62.4 % AI 
0.05810 , 

= 

I 
i 0.05800 

l i i ( T )  

3 

Figure 5. The zero-field conductivity of the 62.4% AI film as a function oftemperature, between 
3 and 25 K. Between 10 and 20 K, the conductivity is dominated by weak localization nnd 
electron-electron interaction effects, represented by the full line. These WO quantum corrections 
have been sublracted out from the zero-field data. The differences between the data points nnd 
the extrapolated line represent the SCF dah. 
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62.4 %AI, Rs,=17.3 [Wq], T,=1.628 K 
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In Cm;) 
'Figure 6. The sCF or excess conductivity data versus temperature far t& 'most' metallic film, 
the 62.4% AI film. The m Aslamazov-Larkin and Ma-Thompson expressions fit the data 
extremely well, provided that the theoretical expressions for the inelzstic scattering times are 
used. 
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T/r, 
Figure 7. Upper critical-field data versus temperature. The slopes close to T, determine the 
magnitude of the diffusion constant for the different films. Note the small values of the diffusion 
c 0 n s tan dnts. 

3. Sample preparation 

A series of 21 films of ZOO0 A thickness composed of granular AI-Ge were prepared by co- 
evaporation onto glass substrates held at room temperature. The AI content ranged between 
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Figure 8. Magimoconductance data at 7 = 1.76 K versus magnetic field for the most metallic 
film, thc 62.410 AI film. No fitling pxametem were used in the Redi and Lopes dos Santos- 
Abmhnm expressions. The diffusion constant of 1.4 cm2 s-I was obtained from the Bcz data 
of figure 7 and the inelaslic scattering time was taken from figure 3. The Aslamarov-Lxkin 
contribution. althougb small. cannot be neglected in fitting the MC data. 

43% and 63% AI for the most insulating to the most metallic film. The metal-insulator 
transition (MIT) was determined at & = 50.7% AI using the unique superconducting 
propenies of the AI clusters in a magnetic field at "e temperatures. Details of sample 
fabrication and the determination of & can be found in [41] and [42]. Only the metallic 
films located above the MIT were used in the study of the SCF. Measurements were made in a 
"e adsorption cryostat equipped with a small 3.5 T superconducting magnet. Temperatures 
were measured using a 470 Q, 0.5 W, Speer carbon resistor that exhibited no mcasurable 
magnetoresistance dependence upon magnetic field. Care was taken to minimize temperature 
gradients between the films and thermometer by minimizing heating to the sample holder 
and by waiting sufficient time to establish temperature equilibrium. Measuring currents 
were kept to 1 /LA to minimize Joule heating and to ensure that the currents did not destroy 
the superconductivity. 

4. Fitting the experimental results to the theories 

An overall view of the 'rounding' of the resistance versus temperature curves is shown 
in figure 1, for metallic AI-Ge films located above the metal-insulator transition at 
@ = 50.7% AI. The 52.5% AI film closest to & had a depressed transition temperature 
of 1.39 K compared to that of the most metallic film (the 62.4% AI film) of 1.63 K. The 
52.5% AI film also had the highest resistance per square of 329 L2/0 compared to that 
of the 62.4% film, 17 Q/O. The most metallic films exhibited relatively sharp transition 
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regions as compared to the films located just above the MIT, which exhibited low-resistance 
'tails' prior to going completely superconducting. 

We mentioned in the theoretical section that the quantum corrections arising from 
the weal localization (WL) and electron-electron interaction ( E t )  mechanisms must be 
subtracted out of the zero-field conductivity data. We have measured these two corrections 
directly by extending the experimental conductivity data of each film  to^ much higher 
temperatures between 6 and 30 K where the SCF contribution is negligible. This method is 
illustrated in figure 5 for the most metallic film. In this temperature regime, the resistance 
increases weakly with decreasing temperature, exhibiting a -In T dependence. The 
prefactor of the In T term ranged from 0.00004 to 0.00007 for the various films, in 
excellent agreement with the theory. All of the zero-field excess conductivity data have the 
WL and EEI corrections removed. The excess conductivity was determined by subtracting 
the high temperature normal conductivity data extrapolated kom the zero-field conductivity 
data taken at lower temperatures below 6 K. 

The excess or sm conductivity data for the 'most' metallic film having 62.4% AI could 
be well fitted using the 2D theories of Aslamazov-Larkin (AL) and Maki-Thompson (ML), as 
shown in figure 6 by the full curve. This film has a T, of 1.628 K, and a normal resistance 
of 58 Q. The film contained 3.4 0 s; thus the resistance per square was 17.3 O/O. The 
Tc values were determined by linearly extrapolating the resistance to zero value in that 
part of the superconducting &ansition region that exhibited the steepest slope with respect 
to temperature. The full curve is derived using equation (2) for the AL contribution and 
equation (14) for the MT contribution together with equations (J3), (IS), (19) and (20) 
to determine the magnitude of the pair-breaking parameter 6 as a function of temperature 
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via q,(T). No adjustable fitting parameters were used. The fit is excellent, providing 
experimental support for the validity of the three scattering rate formulae that determine the 
magnitude of 6. 

Values for the inelastic scattering time sin can also be obtained by fitting the Mc theories 
to the M c  data, provided that the diffusion constant Dm is known from an independent 
measurement. According to equation ( l l ) ,  Ddif can be directly extracted from critical-field 
data taken just below T,. ECz data taken on our AI-Ge films using the RJ2 criterion are 
shown in figure 7. R. is the normal resistance of the film measured in a sufficiently large 
magnetic field which quenches all superconductivity properties in the film. The magnitudes 
of &if ranged from 0.2 to 1.4 cm2 s-I for the least to most metallic films. 

The Redi and Lopes dos Santos-Abrahams MC expressions, equations (7) and (25), were 
used in fitting the MC theories to the data, using r,, as an adjustable fitting parameter. Ddif 
was fixed at 1.4 cm2 s-l for the most metallic film. An excellent fit to the MC data taken at 
T = 1.76 K is obtained if ria takes on a value of 3 x lo-'' s, as demonstrated in figure 8. 
As can be seen in figure 3, this value falls on the predicted theoretical curve for a film 
exhibiting 17.3 G/O, characterizing this 62.4% AI film. Although the MT term dominates 
owing to the small value of S of 0.003, the AI. term still contributes a small but important 
contribution to the total magnitude of the MC. 

Fits to the M c  data taken at three different temperatures near Tc are shown in figure 9. 
The inelastic scattering times extracted from the fits are represented by the full circles in 
figure 3; again the experimental times are in excellent agreement with the theory. The MC 
data taken at T N 1.628 K can also be fitted very well using the asymptotic high-field 
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expression given by equation (28); the fit yields a value of 1.4 cm2 s-’ for the diffusion 
constant. The weak localization and electron-electron interaction corrections to the MC are 
negligible compared to the S C F  contribution to the MC at these temperatures so close to 
T .  Had the MC measurements been taken at much higher temperatures of 4.2 K, the WL 
contributions to the MC would have to be included also. 

Thus for the ‘most’ metallic films, the ‘classical’ 2D SCF formulae describe the excess 
conductivity and magoetoconductivity very well. The MC agreement is somewhat surprising 
since the superconducting fluctuation scattering time mechanism of Brenig et a1 dominates 
in the MT term near T,. As Brenig et a1 point out, r,-a has a strong magnetic-field 
dependence [35]. In large fields this scattering time approaches infinity; and thus this 
mechanism becomes negligible. We have not included this magnetic field dependence into 
re-R. Experimentally, the theoretical fits are so good that the field dependence on ze-~  is 
not required. Recall that, very close to Tc, the Aslmazov-Larkin term dominates over the 
Maki-Thompson term and the AL MC term has no dependence upon the scattering times. 
At least for the MC data close to T,, we then would predict only a very small correction, 
had the magnetic field dependence of ree-~  been included. 

We now consider the ‘least’ metallic film located immediately above the MIT. This film 
has Ro = 329 G/O, a T, of 1.39 K and an A1 content of 52.5%. The zero-field excess 
conductivity is illustrated in figure 10. The 3D theories, expressed by equations (3) and 
(15) using c(0) = I000 A, nicely describe the data for temperatures greater than 1.2Tc as 
indicated by the dotted curve in figure 10. The reason for the 3D behaviour, as contrasted 
to the 2D behaviour observed in the most metallic film, is the shorter superconducting 
coherence length in this film. The coherence length scales as the square root of the elastic 
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mean free path I ,  which we equate with the small A1 grain diameters of roughly 100 A for 
this film. Over most of the temperature range, the coherence length is shorter than the film 
thickness of 2000 A; a crossover to ZD behaviour is observed for temperatures close to Tc. 
Although Glover gives an interpolation expression from 3D to 2D for the Aslamazov-Larkin 
expression, we are not aware of an interpolation formula for the dominating contributions 
of the Maki-Thompson expressions from 3D to 2D [5]. Thus, we were not able to fit the 
zero-field data of figure 10 as a continuous function of temperature. 

The zero-field excess conductivity data of figure IO are plotted in a log-log plot in 
figure 11,  where the 3D to 20 crossover is observed with decreasing temperature. It is also 
possible to characterize the excess conductivity data closest to T, by a fractal expression 
given by equation (6) where U c( E - ~  with x N 1.2, as indicated by the broken line in 
figure 11; no Maki-Thompson contribution was included. 

Figure 12 shows the MC data for the 'least' metallic film. We had little success fitting the 
MC data with the Redi and Santos dos Lopes-Abrahams formulae. We used the theoretical 
inelastic scattering rate predicted by equations (IS), (19) and (20) for a film having 329 Q/D 
and varied the diffusion constant as a fitting peameter. For example, consider the data and 
fit at T = 1.57 K in figure 12. The best value for the diffusion constant was 0.4 cmz s-' 
compared to the Bc2 value of 0.2 cm2 s-'. However, the fit is poor. which is not surprising 
since we are Qing to fit 2D formulae in a temperature region where the zero-field SCF data 
suggest that the 3D expressions should be valid; note that the temperature T = 1.57 K 

2.0 
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Figure 13. Zero-field scf data vmus tempernture for M ’intermediate’ metdlic film. The data 
wn be described neither by the ZD formulae nor by the 30  formulae. An interpolation formula, 
particula~ly for the MT expmsions in 3D and w. is needed. A value of 1000 A was used for the 
fitting parameter eco,. 

corresponds to a ln(T/TJ value of 0.12 in figures 10 and 11.  Again, we are not aware 
of simple 3D formulae that describe the magnetoconductance arising from the AL and MT 
processes. The fit to the M c  data taken at T = 1.44 K is particularly bad. It is possible 
that an additional mechanism is involved in the transition of this least metallic film to 
the superconducting state. We propose that many of the A1 islands and grains behave as 
Josephson junctions. This would also explain the observed resistance ‘tail’. Thus just 
below and near Tc, the resistance of the film is determined not only by the strength of 
the superconducting fluctuations within the islands and grains but also by the Josephson 
coupling between the islands and grains. The most metallic films would have many fewer 
Josephson junctions, owing to the high AI content that causes metallic contact between 
most of the islands and grains. Thus this process would be negligible in the most metallic 
films. We do not know how to treat theoretically the Josephson junction contribution to the 
conductivity and MC. 

We now consider the data taken on an “intermediate’ metallic film. Figure 13 shows the 
zero-field SCF data for a 56.3% AI film having 78.3 S2/0 and a T, of 1 S K .  Surprisingly, 
the zero-field excess conductivity data can be fitted neither with the ZD expressions (full 
curve) nor with the 3D expressions (dotted curve) in figure 13. The exception is the single 
temperature point at ln(T/ T,) = 0.04 where the ZD expression coincides with the data. An 
interpolation expression between 3D and 2D would probably fit the data well, if such an 
expression were available for the MT term. 

The Mc data for this ‘intermediate’ metallic film are interesting, as shown in figure 14. 
By chance, one of the measuring temperatures chosen was 1.657 K, which corresponds 
to In(T/T,) = 0.04, exactly where the ZD formulae describe the zero-field data. The 
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20 formulae of Redi and Lopes dos Santos-Abrahams fit the MC data very well at this 
temperature using the measured diffusion constant of 1.1 cm2 s-' from the B2, data 
and the theoretical inelastic time predicted from equations (18), (19) and (20). 

The fit to the MC data at T = 1.602 K was much more problematic. Here the measuring 
temperature was very close to Tc with ln(T/T,) = 0.008. From figure 13, we observe that 
the 2D expressions underestimate the zero-field excess conductivity data at this temperature, 
being 10 times smaller. However, we can fit the zero-field data nicely using the fractal 
expression, equation (6), with x set to 1.5. If we then try to fit the MC data at T = 1.602 K, 
correcting the prefactor of the Redi expression with equation (6) rather than equation (2), 
then we obtain the fit indicated by the dash-dotted curve in figure 14. Using the 'fractal' 
prefactor expression ensures that the theoretical MC fit saturates at the correct value at high 
fields. The fit with this correction is acceptable. Interestingly, if one uses the high-field 
asymptotic expression (ZS), an outstandingly good fit is obtained as indicated by the full 
curve in figure 14. The only fitting parameter that appears in the high-field asymptotic 
expression is the diffusion constant, whose value was chosen to be 1.1 cm2 s-' taken from 
the B,z data. 

5. Conclusions 

Initial attempts to fit the zero-field S C F  data were completely unsuccessful until we realized 
that quantum conections from weak localization and electron-electron interactions effects 
must be subtracted out from the zero-field data. We strongly recommend extending 
the zero-field measurements up to temperatures as high as ZOT, in order to determine 
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experimentally the magnitudes of these two quantum corrections. The corrected zero- 
field excess conductivity data and the MC data near C could be fitted extremely well to 
the data of the most metallic films using the well know Aslamazov-Larkin and Ma!+ 
Thompson theories, and using a temperature-dependent pair-breaking parameter determined 
from theoretical scattering rates. 

In contrast, the film located nearest to the metal-insulating transition exhibited 
anomalous magnetoconductance behaviour that could not be fitted by  these^ theories. 
We propose that Josephson coupling between the AI islands and'grains complicates the 
conduction processes in these films located near the MIT. 
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