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Abstract. The residual electrical resistivity of dilute aluminium-silver foils with thicknesses 
of30-1300pm has beenmeasured. Thesilverconcentrationis0.01-0.1 a t .%,  andthreeheat 
treatments are used, referred to here as furnace cooling, air quenching and quenching 
followed by aging. The resistivities of foils show various features consistent with the presence 
of Guinier-Preston (GP) zones. A strong enhancement of surface resistivity p, (=foil res- 
istivity - bulk resistivity) is found in these foils: p, increases with solute concentration and 
becomes about 4-5 times as large as that in the solid solution and in Fuchs-Sondheimer 
theory. The enhanced p, decreases to about a half upon aging for 6 days at 350 K after 
quenching from 871 K.  These results strongly suggest that anisotropy in GP zone scattering 
enhances p , .  

1. Introduction 

There have been many studies of electrical conduction in thin metals, as reviewed by 
Larson (1971) and Bass (1972). However, in comparison with the direct effects of a 
surface, such as roughness, little is known of the effect of bulk scattering on surface 
resistivity. Here, the surface resistivity ps in a thin metal is defined as 

ps = p - Pb (1) 
where p is the measured resistivity of the thin metal and &, is the bulk resistivity; ps 
contains the interaction term between surface and bulk scattering, namely that from 
impurities, phonons, etc. Theoretically, Bate et al(1963) have predicted that anisotropy 
in bulk scattering enhances ps, but this has not been shown experimentally for a long 
time. However, a recent experiment by the present author has provided evidence 
supporting this prediction (Nakamichi and Kino 1988, referred to as NK2). That is, their 
dilute AI-Ag foils have shown much smaller ps at 4.2 K than those of pure A1 at low 
temperatures. In addition, ps is in excellent agreement with Fuchs-Sondheimer (FS) 
theory based on the isotropic relaxation time (Fuchs 1938, Sondheimer 1952), in com- 
parison with that in pure A1 at low temperatures. Since A1-Ag solid solution has a nearly 
isotropic relaxation time at 4.2 K (Yonemitsu et a1 1978,1982, Sat0 et a1 1978) in contrast 
to phonons at low temperatures, these results strongly suggest that anisotropy in bulk 
scattering enhances ps and support Bate et al’s prediction. 

In order to confirm this anisotropy enhancement mechanism experimentally, it is 
desirable to change the magnitude of anisotropy in the same alloy and to examine how 

0953-8984/89/458887 + 13 $02.50 @ 1989 IOP Publishing Ltd 8887 



8888 I Nakamichi 

ps changes. The Al-Ag alloy is known to have clusters called Guinier-Preston (GP) zones 
at higher concentrations. The GP zones have been shown to have a strongly anisotropic 
relaxation time by many theoretical calculations of the resistivity due to GP zones (Hillel 
1970, Hillel et a1 1975, 1977, Yonemitsu and Matsuda 1976, Edwards and Hillel 1977, 
Hillel and Edwards 1977, Guyot and Simon 1977, Luiggi et a1 1980, Hillel and Rossiter 
1981, Luiggi 1984). Therefore, anisotropic scattering due to GP zones is expected to 
enhance ps in more concentrated A1-Ag alloys, in contrast to the case in solid solution. 
The detection of such enhancement will strongly support the anisotropy enhancement 
mechanism on ps. Moreover, such detection would also provide evidence for Hillel et 
al's theory, which predicts strong anisotropy in GP zone scattering. GP zones are well 
known to cause a resistivity anomaly during their growth, but the mechanism has not 
been settled yet, although it has long been studied both theoretically and experimentally 
since Mott's (1937) theory. 

Thus, the previous resistivity measurements on Al-Ag foils have been extended to 
more concentrated foils, and silver concentrations and heat treatments have been varied 
to examine the effect of anisotropic scattering by GP zones on ps. The results are discussed 
in connection with the previous results on Al-Ag solid solution and with FS theory, Bate 
et al's theory and Hillel et al's theory. 

2. Experimental procedures 

Specimens of Al-Ag polycrystal foils were prepared from zone-refined aluminium (Kino 
eta1 1976) with bulk resistance ratio of 18 000 (referred to asZRA1 l), doped with silver of 
purity 99.999% at concentrations of 0.0106,0.0313 and 0.100 at .%.  The concentrations 
were analysed by an activation analysis (Kino et a1 1977) with relative accuracy better 
than 1%, using A1-0.100 at .% Ag as the standard. The foils have 30,40,50, 100,200, 
500 and 1300 pm thicknesses and 5 mm width, which are the same sizes as in N K ~ .  Other 
details of specimen preparation have been described previously ( N K ~ ) .  

Seven foils with various thicknesses and the same silver concentration were annealed 
simultaneously at 823 K for 2 h in a vacuum of 1 X Pa in a horizontal furnace, and 
were pulled out of the furnace into air at 423 K, midway through cooling. This heat 
treatment is referred to as air quenching. The first resistivity measurement was made, 
The foils were again annealed at 823 K for 2 h in the same way as above, but this time 
they were cooled in the furnace to room temperature. This is referred to as furnace 
cooling. Then, the second measurement was made. This furnace cooling introduces 
the possibility of forming small GP zones (Osono et a1 1978), and has the advantage of 
giving exactly the same heat treatment to all the specimens in the furnace. In order 
to check the effect of surface change during the above heat treatments, foil surface 
layers a few micrometres thick were etched off with a chemical solution of 
70H3P04 + 25H2So4 + 5HNO3 after the second measurement, and their resistivities 
were measured on A1-0.03 at .% Ag alloy. 

In order to develop GP zones with oversaturated vacancies, quenching followed by 
aging was performed on pairs of thin and thick A1-0.1 at .% Ag foils, as follows. The 
foils are about 30 and 450 pm thick, and the thick one can be regarded approximately 
as a bulk specimen. The two foils were hung on a quartz frame and A1 leads were spot- 
welded onto them. Before quenching, they were annealed at 823 K in the same way as 
above and were furnace-cooled. They were solution-treated for 30 min at 621 or 871 K 
in a vertical furnace, quenched from each temperature to 273 K by dropping them from 
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the furnace into distilled water directly beneath it, and then transferred into liquid 
nitrogen after washing them with methanol at 253 K. The transfer into liquid nitrogen 
took 6 s after the quench. Electrical Cu leads were spot-welded onto A1 leads attached 
to the specimen foils in liquid nitrogen, by pulling out the ends of coiled A1 leads into 
the air. A pair of foils quenched from 621 K were aged at 290 K in a stirred alcohol bath 
and further at 300 K in an oil bath. The other pair of foils quenched from the higher 
temperature of 871 K were aged in the alcohol bath at 300 K and further at a higher 
temperature of 350 2 0.1 K for about 6 days in the horizontal furnace in a vacuum of 
1 X Pa, to develop GP zones more fully. This temperature was set 3 K below 353 K; 
GP zones in AI-0.1 at. % Ag begin to dissolve at 353 K and fully dissolve to solid solution 
at 373 K, according to Osono (1989). 

The residual electrical resistivity of a foil with solute concentration c ,  p(4.2,  c), was 
evaluated from the measured resistances of the foil, R(4.2,  c) at 4.2 K and R(300, c) at 
300 K, by 

p(4.2,  c )  = p(300, c)R(4.2, c)/R(300, C) ( 2 )  
where p(300, c) is the resistivity at 300 K for an alloy with solute concentration c. These 
electrical resistances were measured with an Otto-Wolff KDE 84 potentiometer having 
a sensitivity of 3 nV. The resistance R(JO0, c) was measured in the oil bath regulated at 
300 * 0.01 K. The resistivity p(300, c) was determined by the same method as described 
previously ( N K ~ ) .  The relative error of p(4.2,  c) was -+0.01%. Here p(4.2, c) is simply 
called p. 

3. Experimental results 

The residual resistivity p of furnace-cooled and air-quenched specimens is plotted 
against l / d ,  for three alloys containing 0.01,0.03 and 0.1 at .% Ag in figure 1, where d, 
is the reduced thickness defined as 

d, = 2 x (cross section/perimeter) (3 )  
to take into account the limited foil width (Dingle 1950). Open symbols are for furnace- 
cooled specimens, closed symbols are for those air-quenched from 423 K and the symbols 
X are for those etched after furnace cooling. The numbers show the order of measure- 
ment on the same foils. All sets of data for each specimen lie on straight lines, showing 
a linear dependence of p on l/dr. However, the slopes of these lines increase with 
solute concentration, in contrast to the previous result on more dilute alloys below 
0.01 at .% Ag, where the slopes are almost independent of concentration ( N K ~ ) .  The 
etching off of surface layers causes almost no change to the slope for furnace-cooled foil 
data of Al-O.03 at .% Ag. The furnace-cooled specimens have smaller p,  smaller slopes 
and smaller scatter of data than the air-quenched specimens, except for the most dilute 
alloy of 0.01 at. % Ag. 

Variations in p of furnace-cooled foils during aging at 300 K are plotted against aging 
time for A M .  1 at. % Ag alloy in figure 2. In spite of being furnace-cooled specimens, p 
of both foils with reduced thicknesses 30 and 455 pm increase with aging time, though 
very slowly. 

The same foils as in figure 2 were quenched from 621 to 273 K after the above 
measurement, and aged at 290 K for 1 x lo4 s and further at 300 K. The variations in p 
of these foils are plotted against aging time in figure 3 ,  where the data at the aging time 
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Figure 2. The variation of the residual resistivity 
p as a function of aging time at 300K for Al- 

l I 0.1 at.% Ag foils cooled in the furnace after 

Figure 1. The residual resistivity p of Al- 
Ag foils plotted against the inverse of 
reduced thickness d, for three silver 
concentrations. Open symbols, furnace- 
cooled foils; full symbols, foils air-quen- 
ched from 423 K;  X ,  foils etched after fur- 
nace cooling. The numbers show the order 

l/d. imm-') of measurement on the same foils. 

'300r-----l 

of 6 s are those just after the quench. Both curves of thin and thick foils have maxima at 
about 500 s and the difference between them is about 50 pQ mat  that time. After passing 
through the maximum, p decreases very slowly in the thin foil but rapidly in the thick 
one. This size dependence of the decrease was recognised on other different thicknesses, 
omitted here. 
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Figure 4. The variation of residual res- 
istivity p as a function of aging time for Al- 
0.1 a t .% Ag foils quenched from 871 K. 
Thev were aged at 300 K for 6 x lo3 s and 10001 I I , 1 

1 IO2 IO' IO6 further at 350 K. Reduced thickness: 0,  
Aging time I s )  31 ym:  0 , 4 5 0  pm.  

The p of A1-0.1 at .% Ag foils quenched from a higher temperature of 871 K are 
plotted against aging time in figure 4. These foils have nearly the same reduced thick- 
nesses of 31 and 450 pm as above, and were aged at 300 K for 6 X lo3 s and further at 
350 K. The p show no maximum and decrease rapidly in the initial period of aging; the 
decrease stops around lo2 and lo3 s on the thin and thick foils, respectively, on aging at 
300 K. However, p begin to decrease again rapidly in the thin foil, and then in the thick 
one upon aging at 350 K, the difference between the curves becoming a small value of 
25 pQ m after 4.9 x lo5 s. 

4. Analysis and discussion 

4.1. ps on furnace-cooled and air-quenched foils 

Fuchs (1938) and Sondheimer (1952) derived the following equation for the electrical 
resistivity p of foils with thickness d ,  assuming isotropic scattering in metals, 

wherep is the specularity parameter, defined as the fraction of specular scattering at the 
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Table 1. The bulk quantities ph. Ib and phlh determined by the fit of the experimental data to 
FS theory for AI-A& alloys and zone-refined AI (ZR AI) at 4.2 K ,  and the solute contribution 
to ph per unit concentration, Aph/c: Aph is the difference of ph between the alloy and ZR AI 1 
used as the host metal; c is the silver concentration; and p(300, c) is the resistivity at 300 K 
determined for the alloys. 

C Ph 4 Phlb APh/c 
Specimen (at .%) (prim) (mn) (fn m2) (nn m/at.%) (nn m) 

ZRAI 1 1.50 
ZR AI 2 2.00 
ALA& 0.00108 18.30* 
AI-Ag 0.003 16 33.22" 
AI-Ag 0.0106 107.8" 

107.8 

325.5 
AI-Ag 0.100 1117* 

AI-Ag 0.0313 329.4* 

1108 

340 
39.9* 
23.8* 
6.94* 
9.74 
4.68* 
4.49 
2.71' 
2.32 

0.680 
0.731* 
0.789* 10.0" 27.04 
0.748* 10.0* 27.26 
1.05 10.0 
1.54" 10.5* 27.63 
1.46 10.4 
3.03* 11.2" 28.24 
2.57 11.1 

* Values for the alloys air-quenched from 423 K.  

surface, K = d/lh, and Ib and p h  are the electron mean free path and the bulk resistivity, 
respectively (FS theory). When d ,  > 4 / 2 ,  a simple equation 

agrees with the above exact equation (4) (Kirkland and Chaplin 1971). The data shown 
in figure 1 are analysed with equation ( 5 ) ,  where we take p = 0 (diffuse scattering) 
according to previous experimental results on A1 (Nakamichi and Kino 1980). We can 
obtain the values of P b  and p b l b  from the intersections at l/d, = 0 and the slopes of the 
lines in figure 1, respectively. The obtained values of p b  and lb and the product p b l b  are 
listed in table 1, together with previous results ( N K ~ )  on more dilute Al-Ag alloys and 
zone-refined A1 (referred to as ZR AI 2) .  Only for ZR A1 1 used as the host metal for 
alloys can the value of p b  be obtained from the measured resistivity of a foil with 500 pm 
thickness and equation ( 5 ) ,  using the value of 0.68 fS2 m2 as p b &  for zone-refined Al. It 
should be noted that the value of p b l b  on Al-Ag is nearly constant at concentrations 
below 0.01 at .% Ag but increases rapidly with concentration above that level. 

This rapid increase in pb&, shown by the slope of the line in figure 1 can arise from 
either contamination during heat treatment or enhancement of surface resistivity ps. If 
contamination were the cause, furnace cooling after air quenching should increase p 
more than air quenching, because contamination should increase p with the number of 
heat treatments. However, as seen in figure 1, furnace cooling decreases p and the slope 
of the lines for A1-0.03 and A1-0.1 at .% Ag alloys. Thus, contamination does not cause 
the increase in p b l h ,  although this shows that foil resistivity is very sensitive to this kind 
of heat treatment. As for ps, we can obtain it from equation (1) with the measured 
resistivity and the values of p b  in table 1. The value of ps is plotted against Pb for six foil 
thicknesses in figure 5 .  The figure also contains experimental data on more dilute Al- 
Ag and zone-refined A1 obtained previously ( N K ~ ) .  The broken curves are the values 
calculated from FS theory. The calculation is performed by the same method as the 
previous one (Nakamichi and Kino 1980, NK2), where the values of p b l b  = 0.80 fG m2 
and p = 0 are used. We see that ps increases rapidly with concentration above 
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Figure 5. The surface resistivity p, in AI 
anddilute AI-Ag alloysplotted against the 
bulk resistivity pb for various thicknesses 
of foils. Reduced thickness: A .  28 pn; B, 
39pm; C, 50ym;  D, 97,um; E,  189pm; 
F, 470 pm. Open symbols, furnace-cooled 
foils; full symbols, foils air-quenched from 
423 K.  Brokencurves arevaluescalculated 
from FS theory with pblb = 0.80 fQ m 2  for 
p = 0. Full curves are to guide the reader’s 
eyes for experimental values of air-quen- 
ched foils at concentrations below 
0.01 a t .% Ag. but above this, for those of 
furnace-cooled ones with less scatter in 
data. Data at concentrations below 
0.01 a t .% Ag are taken from our previous 
paper ( N K ~ ) .  

0.01 at .% Ag, and attains a large magnitude, which is about four times as large as that 
in alloys below 0.01 at .% Ag and that of FS theory. This is in contrast to the good 
agreement between FS theory and experiment on alloys below 0.01 at.% Ag. where the 
solute atoms are in the solid solution state. This enhancement of ps is much larger than 
that due to phonon scattering in the temperature range 13-35 K, where ps is enhanced 
by phonon scattering but is at most twice as large as that in AI-Ag solid solution (NK2) .  

This strong enhancement of ps can be attributed to changes not in the surface layer 
but in the interior, because taking off the specimen surface layer of A1-0.03 at.% Ag 
foils does not change the slope of the line in figure 1. In fact, the solute contribution 
to p b  per unit concentration ( A p b / c  in table 1) increases with concentration above 
0.01 at .% Ag, where A p b  is the difference of p b  between the alloy and ZR A1 1. This 
indicates the formation of clusters in the alloys above 0.01 at .% Ag. This clustering 
phenomenon agrees with the solubility of A1-Ag alloy at 300 K, which is estimated to 
be around 0.01 at .%Ag by the extrapolation of data in Hansen and Anderko’s (1958) 
book. Moreover, the constant value of A p b / c  (10.0 nQ m/at.% below 0.01 at .% Ag in 
table 1) agrees well with the value of 10 nL2 m/at.% for solid solution given by Fickett 
(1971). The A p b / c  of 11.1 nL2 m/at. % for furnace-cooled A1-0.1 at. % Ag also agrees 
well with 11.2 nQ m/at.% obtained for furnace-cooled AI-0.1 at .% Ag by Kawata and 
Kino (1975), who analysed the solute concentration with atomic absorption spectro- 
scopy. Therefore, we can attribute the observed enhancement of ps to clusters in these 
alloys. 
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4.2. ps on quenched and aged foils 

Osono et a1 (1978) have shown by a resistometric method that GP zones are formed even 
in furnace-cooled Al-1 at.% Ag, and their recent extension has shown that the same 
occurs in A1-0.1 at .% Ag also (Osono 1989). Thus, we have tried to develop GP zones 
and measure ps, to examine whether the enhancement of ps is caused by GP zones, as 
follows. 

Since quenching from high temperatures accelerates the growth of GP zones during 
aging with quenched-in vacancies (Turnbull er a1 1960), this heat treatment is adopted 
on A M .  1 at. % Ag foils. The GP zones are known to show certain features on such heat 
treatment. First, it is well known that the resistivity increases with growth of GP zones 
during aging and then decreases with their further growth, showing a maximum in age- 
hardening alloys such as A1-Ag, A1-Cu and Al-Zn (Turnbull et a1 1960, Kelly and 
Nicholson 1963, Osamura er a1 1973). We see such a maximum in figure 3. Both its 
amplitude and the time to reach it show order-of-magnitude agreement with other 
experimental results on A1-1.4 at .% Ag (Turnbull er a1 1960) and on A1-0.5 at .% Ag 
(Yonemitsu 1972), which have similar quenching and aging temperatures. Secondly, GP 
zones in AI-Ag are known, by diffraction measurements, to form during quenching 
because they grow rapidly in this alloy (Walker and Guinier 1953, Ernst and Haasen 
1987). Figure 3 shows that p just after the quench is already larger than that for a solid 
solution of this alloy (1002 pR m) and suggests that clusters are formed during the 
quench in the present case also. The value of 1002 pR m is estimated as (10.0 nR m/ 
at .%) X (0.100 at .%) + 1.5 pR m from table 1, and the above increase in p is much 
larger than that due to quenched-in vacancies: 10 pR m for this quench (Furukawa er a1 
1976). Thirdly, a recent resistivity and small-angle x-ray measurement on A 1 4  and Al- 
10 wt.% Znfoils(Ohtaetal1986) hasshown thefollowing: aftertheresistivitymaximum, 
thin foils have a smaller decrease in their resistivity and smaller size of GP zones than 
thick foils, when thequenching temperatureisnot too high (<650 K). That is, the growth 
of GP zones stops earlier in the thin foil, probably because the quenched-in vacancies 
can reach the surface much earlier in the thin foil and annihilate there, ceasing to act as 
carriers of solute atoms. This phenomenon is also seen in figure 3: p decreases much 
more slowly in the thin foil than in the thick one after the resistivity maximum. These 
agreements on features strongly suggest that GP zones are formed by this heat treatment. 

As described above, after the resistivity maximum, the zone size is different between 
thin and thick foils, and thus we cannot get ps from a simple difference of p between thin 
and thick foils. However, both foils have maxima at 500 s for this heat treatment, as seen 
in figure 3. This suggests that the differences of zone size and zone number between the 
two foils are negligible during aging up to 500 s (at least at 500 s). Thus, we can take the 
difference of p between the two foils asps  for the thin foil at least at 500 s, regarding the 
thick one as bulk, and we can do this approximately up to 500 s. We see the following 
from figures 2 and 3 for the same foils: (i) the difference of p between thin and thick foils 
is 50 pR m at 500 s in figure 3, and is 4-5 times as large as that in Al-Ag solid solution 
(see figure 5); (ii) this difference does not change much during aging up to 500 s; and 
(iii) it is nearly the same as that in the furnace-cooled foils (figures 2 and 3). In addition, 
(iv) the resistivities in the furnace-cooled foils correspond to those in the initial aging 
period in the quenched foils, with respect to their magnitude and increasing behaviour 
with time (figures 2 and 3). From these, we can draw the following conclusions on Al- 
0. l at. % Ag, for foils quenched from 621 K and aged at 290 K, and for furnace-cooled 
foils. First, it is strongly suggested that GP zones cause enhancement of ps in quenched 
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foils, from point (i) combined with the suggestion in the preceding paragraph. Secondly, 
the enhancement does not change much during the early period of aging (point (ii)). 
Thirdly, the clusters in the furnace-cooled foils are suggested to correspond to those in 
the initial growth stage in the quenched foils, from point (iv); it is noted that precipitates 
decrease p in general and do not show the increase of p with time seen in the furnace- 
cooled foils, without GP zones in the initial growth stage. Lastly, these and point (iii) 
lead to the suggestion that GP zones cause enhancement of ps in the furnace-cooled foils, 
the same as in the quenched ones. 

In order to avoid the above stopping of zone growth in thin foils and to examine 
whether ps changes when zones develop more fully, quenching was carried out at higher 
temperature, as shown in figure 4. The p already pass through the maximum at the 
beginning of aging and decrease rapidly. This phenomenon has often been seen in AI- 
Ag when quenched from fairly high temperatures, and is attributed to their rapid 
clustering (Turnbull et all960, Kelly and Nicholson 1963). However, the decrease stops 
again at lo2 s in the thin foil and at lo3  s in the thick one. This means that clusters again 
stop their growth earlier in the thin foil. Thus, the aging temperature was raised up to 
350 Kfrom 6000 s to give more vacancies and sufficient solute mobility to develop zones. 
This temperature is much lower than the transition temperature of the GP zone state; it 
is known by diffraction measurements that GP zones are in a state called the ~ - G P  zone 
below about 440 K and they change to the E-GP zone with lower Ag content above 440 K 
(Bauer and Gerold 1962, Gerold et a1 1964, Osamura et a1 1986). In addition, a recent 
high-resolution electron microscopy measurement has shown that ~ - G P  zones continue 
to increase their size in Al-1 at. 5% Ag on aging up to 700 h at 413 K after quenching from 
748 K (Ernst and Haasen 1987). As expected, we see that p begin to decrease again from 
6000 s by raising the temperature up to 350 K in figure 4. Although y' precipitates are 
known to grow after GP zone growth in AI-Ag and to decrease p ,  this occurrence seems 
to be observed only at higher aging temperatures above 430K and at higher solute 
concentrations above several atomic per cent (Kelly and Nicholson 1963, Osamura et a1 
1986). Moreover, if this precipitation were the cause, it should occur in both foils and 
decrease both resistivities simultaneously, because the foils were simultaneously given 
the same heat treatment. However, in contrast to the large decrease in p in the thin foil, 
that in the thick one is very small at first on aging at 350 K. Thus, the decrease in p must 
mean not y' precipitation but growth of GP zones. Probably, since G~zones  remained at 
the earlier growth stage in the thin foil and thus had more driving force for growth, they 
must have grown faster than those in the thick foil when they could begin to grow again. 
Thus, it is expected that the zone size in the thin foil becomes near to that in the thick 
one by this further growth. Again, therefore, we take the difference of p between both 
foils as ps.  The difference is 25 pR m in the final period of aging, 4.9 x lo5 s (6 days). 
This value is about a half of ps at 500 s in the early period of aging in figure 3. This means 
that ps decreases upon this heat treatment. This suggests that the enhancement of ps 
becomes small when GP zones become rather large. 

4.3. Enhancement of ps and anisotropic GP zone scattering 

Classical theories of the size effect have assumed isotropic bulk scattering both in FS 
theory for foils and in Dingle's (1950) theory for wires. However, Bate et a1 (1963) have 
shown that anisotropy in lb increases both ps and the apparent value of pblb by a factor 
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( / i ) / ( l b ) 2  for a polycrystalline wire, when the diameter of the wire and the grain size are 
much greater than l b ,  using kinetic theory (Chambers 1950). Here, 

( l b )  = J l b ( k F )  dSF/SF 

(1;) = 1 li(kF) ~ s F / s F  

(6) 

and 

(7) 

where the integral is taken over the Fermi surface, and kF and SF are the electron 
wavevector on the Fermi surface and the Fermi surface area, respectively. The enhance- 
ment factor ( l f , ) / ( lb)2 is larger than 1 when lb is anisotropic. Similar enhancement by 
anisotropic scattering is expected for foils also. That is, similarly to Bate etal’s equation 
for wires, equation ( 5 )  for foils is expected to have the form 

p = Pb + ((li)/(lb)2)0.46(1 -P)Pb(lb)/dr (8) 
when the thickness and grain size are much greater than l b .  This condition is satisfied in 
the present alloys with concentration above 0.01 at .% Ag, as seen in table 1, because 
the thinnest foil in the present work is 30 pm thick and grain sizes are usually near to the 
foil thickness. The second term in equation (8) corresponds to ps, and the factor 
( l ; ) / ( l b ) 2  enhances ps when /b is anisotropic. In this case, the enhancement factor 
increases the slopes of lines such as those in figure 1, and the value of P b f b  obtained from 
the slope becomes larger than that in the case of isotropic bulk scattering. 

In the present experiment, we can obtain the enhancement factor by dividing the 
values of p b l b  in table 1 by 7.6 fQ m2, which is the value of p b l b  for A1-Ag solid solution 
with a nearly isotropic relaxation time (NK2). The enhancement factor obtained is plotted 
against Apb/c for three alloys containing 0.01, 0.03 and 0.1 at.% Ag in figure 6. The 
specimens are furnace-cooled (open symbols) or air-quenched from 423 K (full 
symbols). The lines are values for the solid solution. We see that the enhancement factor 
increases monotonically and rapidly from 1 to 4 with Apb/c, almost irrespective of heat 
treatment. 

As for the anisotropy in GP zone scattering, Hillel’s (1970) theory for the resistivity 
due to GP zones predicts the following: in his calculation with the pseudopotential 
method, the square of the structure factor in the matrix element of the potential for GP 
zones has a form similar to the expression for the intensity of x-rays scattered from a 
regular array of lattice points in a crystal; the structure factor is maximised (Bragg peak) 
by the same condition as the Bragg law in diffraction theory. The Bragg peak in k-space 
becomes high and narrow with the w z o n e  radius. This leads to the followingpredictions: 
(i) The relaxation time is nearly isotropic when the GP zone is small because the Bragg 
peak is low and broad. (ii) When the GP zone radius becomes larger than the inverse of 
the mean separation of the Fermi surface from the Brillouin zone boundary, the Bragg 
peak begins to localise around the Brillouin zone boundary and causes Bragg scattering; 
the relaxation time is now strongly k-dependent (i.e. anisotropic). (iii) When GP zones 
grow fairly large, the Bragg peak becomes very narrow and the Bragg scattering becomes 
a vanishing small fraction of the Fermi surface, decreasing the contribution to p (Hillel 
et al l975, Hillel and Rossiter 1981). 

Uniting these with the anisotropy enhancement mechanism on ,os, we can compare 
these predictions with the observed features of enhancement, in connection with the 
zonegrowth below. First, in the initialgrowthstage, the fractionofzones with anisotropic 
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scattering is predicted to increase rapidly with average zone size from points (i) and (ii), 
because zones have a size distribution (Ernst and Haasen 1987). This is suggested to be 
consistent with the rapid increase in enhancement factor with Apb/c in the furnace- 
cooled or air-quenched foils seen in figure 6, because zones can develop both with solute 

4 I. 

ij 
't 

0 

.- 
0 

i 
Figure 6.  The enhancement factor plotted against 
the solute contribution to Pb per unit concen- 
tration, Apb/c. Triangles, AI-0.01 a t .% Ag; 

,llo I circles, AI-0.03 at .% Ag; squares, Al- 
0.1 a t .% Ag; open symbols, furnace-cooled foils; 
full symbols, foils air-quenched from 423 K.  

ld,5 
&,/c InR m/at.%l 

concentration (Bauer and Gerold 1961, Osamura et a f  1973) and by aging after air 
quenching, and increase Apb/c in the initial growth stage; or zone numbers might 
increase with solute concentration, bringing about an increase in fraction of anisotropic 
scattering, and partly cause this phenomenon. Secondly, in their following growth stage, 
most zones are predicted to have anisotropic scattering from point (ii). This probably 
corresponds to the nearly constant value of strongly enhanced ps during the initial aging 
after quenching from 621 K, as described in 8 4.2 (figure 3). Thirdly, for large zones, 
the enhancement factor (fE)/(fb)2 integrated over the Fermi surface is expected to be 
small from point (iii), This is suggested to be consistent with the observation of a decrease 
in ps on aging at 350 K for 6 days, because this aging is suggested to develop zones in 
§ 4.2 (figure 4). In addition, since Yonemitsu and Matsuda (1976) have calculated the 
relaxation time for GP zones in AI-Ag alloy and shown their result along a line on the 
Fermi surface, we can approximately estimate the magnitude of the enhancement factor 
( f t ) / ( f b ) 2  with it. This estimation gives a value of 2 for the enhancement factor of the 
zone, and has order-of-magnitude agreement with experiment. 

5. Summary and conclusions 

The residual resistivity p has been measured on thin foils of dilute AI-Ag alloys (0.01- 
0.1 at.% Ag) subjected to a variety of heat treatments. The foils show an increase in 
the solute contribution to pb per unit concentration (Apb/c) at concentrations above 
0.01 at .% Ag. A strong enhancement of surface resistivity ps is found in these foils: 
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(i) ps in furnace-cooled or  air-quenched foils increases rapidly with Apb/c and with solute 
concentration, and becomes about 4-5 times as large as that in solid solution and FS 
theory; this is 2-3 times as large as that enhanced by anisotropic phonon scattering; (ii) 
the ps enhanced in A1-0.1 at. % Ag does not change much during the initial period of 
aging at 290 K after quenching from 621 K, and is nearly the same as that in furnace- 
cooled foils; and (iii) it decreases to about a half upon aging for 6 days at 350 K after 
quenching from 871 K. Although observations with the diffraction method have not 
been made, p show various features consistent with the presence of a GP zone and its 
growth, and the features of enhanced ps can be explained with the theoretical predictions 
from the following two mechanisms: (i) anisotropy in bulk scattering enhances ps ,  and 
(ii) GP zones have strongly anisotropic scattering arising from Bragg scattering which 
depends on their size. These suggest that the size effect measurement gives useful 
knowledge to clarify the mechanism of GP zone scattering and will be more advanced 
when combined with diffraction measurements. 
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