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The effect of pressure on the resistivity of Agl-eAuc solid solutions has been measured up 
to 4 kbar in the temperature range 4 to 2i3 oK. Solid and fluid helium were used as the 
pressure transmitting media. The pressure deriyatives of the total resistivity, e- l deldP, for 
the alloys in tho concentration range c = 0.1 to 0.9 were observed to be negative and to in
crease in magnitude with increasing temperature. It is shown t,hat the magnitude and sign 
of e-1 de/dP is primarily determined by the pressure derivative of the residual resistivity. 
The volume derivative of the residual resistivity, din eo/d In V, was found to bc positive 
and concentration dependcnt. It is suggested that the influence of the filled d-bands on the 
scattering potential is respun~ible for the behavior of d In eo/d In V. 

Der EinfluB von Druck auf den spezifischen Widerstand von Agl_eAuc-l'IIischkristallen 
wurde bis 4 kbar im Tcmperaturbereich von 4 bis 2i3 OK gemessen. Als Druckubcrtra
gungsmittel wurde festes bzw. fllissiges Helium verwendet. Es wurde festgestellt, daB die 
Druckableitungen des Gesamtwiderstands, e- l deldP. fUr die Legierungen im Konzen
trationsbereich c = 0,1 bis 0,9 negativ sind und mit steigender Temperatur zunehmen. Es 
wird gezeigt, daB GroBe und Vorzeichen von e- l de/dP vonviegend durch die Druckablei
tung des spezifischen Restwiderstands bestimmt werden. Die Volumenableitung des 
spezifischen Restwiderstands din eo/d In V ist positiv und konzentrationsabhangig. Es 
wird vorgeschlagen. daB der von den vollbesetzten d-Bandern auf das Streupotential aus
geflbte EinfluB fiir das Verhalten von d In eo/d In V verantwortlich ist. 

1. Introduction 

The effect of pressure on t.he electrical resistance of many elements and alloys 
has been studied in detail in the vicinity of ambient t.emperatures. There have 
been considerably fewer studies made at low temperatures because of the 
problems associated with generating nearly hydrostatic pressures. The low 
temperature region, however, is the most interesting because the lattice resistance 
is the most sensitive to temperature and pressure in this region and because the 
effects of alloying can be studied directly at 4 OK. Dugdale [1] has measured 
the temperature dependence of the pressure derivative of the lattice resistivity, 
ell deddP, for the alkali metals and eu from 4 to 300 OK using solid and fluid 
helium as the pressure transmitting media. Similar measurements on Ag, Au, 
So, and In were reported by Goree and Scott (2). These authors found that 
ell deddP becomes large and negative at low temperatures in fair agreement 
with the Bloch-Gri.ineisen theory. 

A few studies have been made on the effect of pressure on the residual resistiv
ity of dilute alloys by direct measurement at 4 oK: however, there has been 
no work done on concentrated alloys. Dugdale [3] has measured the volume 
derivative of the residual resistivity, din r!o/d In V, for dilute noble metal 
alloys containing homovalent and hetel'ovalent impurities. He suggests from 

1) Thi:1 work was suppor ted by the U.S. Atomic Energy Commission. 
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the variety of values observed for din f!o/d In V that the details of the scat
tering potential might be very important. It is one of the purposes of this work 
to study the concentration dependence of d In f!o/dln V in a simple binary 
alloy system in which both constituents have similar electronic stl'Ucture. If 
din f!o/d In V is concentration dependent , then this could be a reflection of 
su btle changes in the scattering potential. The Ag1 - cAuc alloy system was 
chosen for this study because : 1. Ag and Au have similar electronic structures, 
2. Ag and Au form a continuous series of solid solutions, and 3. there are no 
complicating magnetic (s-d) types of scattering processes. 

In this work the effect of pressure (0 to 4 kbar) on the resistivity of five 
Ag1-cAnc alloys ranging in concentration from c = 0.1 to 0.9 has also been 
measured from 4 to. 273 OK. The high temperature measurements were made 
to determine the relative influence of phonon scattering and disorder scattering 
on the pressure derivative of the total resistivity in a concentrated alloy system, 
and to determine the magnitude of the deviations from Matthiessen 's rule. 

2. Experimental Procedure 

The alloys were prepared from high purity (99.999 % ) Ag and Au by melting 
in a quartz tube. The ingots were homogenized at 1000 °C for one week and 
then extruded into wires with a diameter of 0.040 in. and a length of 2 in. 
Internal strains were removed by annealing at 900 °C for 3 h. The resistivity 
of these alloys was measured at ice, liquid nitrogen , and liquid helium tempera
tures and plotted as a function of concentration. These plots exhibited the 
typical parabolic behavior characteristic of a disordered alloy system ; it was 
concluded from this that the nominal concentrations were correct. 

Since these experiments were conducted mainly at low temperatures, solid 
and fluid helium were used as the pressure transmitting media to obtain the 
best possible hydrostatic pressures. The isobaric freezing technique and the 
system used to compress the helium up to 4 kbar are described in detail by 
Schirber [4]. Details of the sample chamber and high pressure bomb are shown 
in Fig. 1. The current and voltage leads are coiled around the sample for 
support and electrical insulation. The resistance was measured by the standard 
four probe technique using a Honeywell model 2768 microvolt potentiometer 
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Fig. 1. Sample chamber and high pressure bomh details 
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Fig. 2. Typical resistance versus prrssurc isotherms for the 
25 at% Au- 75 at% AI( niloy. 0 imlicntcs increasing prrssure 

and 6 indicates decreasing pressure 

to measure all voltages. Coarse temperature 
control was effected by positioning the pres
sure bomb in the vapor just above the 
liquid bath and fine control (±0.05 OK) 
was accomplished with a Cryogenics Re
search modcl TC 101 controller. Below 
30 OK temperature was measured within 
± 0.05 OK using a Cu-AuFe thermocouple. 
Above 30 OK temperature was measured to 
within ± 0.5 OK using a Cu-constantan 
thermocouple. 
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The resistance data were taken as a function of pressure at various constant 
temperatures. Typical isotherms are shown in Fig. 2 for the c = 0.25 alloy. 
The resistance data were taken with both increasing and decreasing pressure 
to insure that the sample had not been strained and that the temp~rature 
remained stable during the run. Several runs at the same temperature indicated 
that the initial pressure derivative, R-l dR/dP, could be determined to within 
± 0.05x 10- 3 kbar-l . ' 

To compare the experimental results with theory the pressure derivative 
of the resistance must be measured at a constant volume, Vo (usually taken 
as the volume of the sample at 0 CK). For T> 0 OK the volume, V(T), is 
calculated from the thermal expansion and the pressure, P' , required to compress 
the samplc back to Vo is calculated from the compressibility. The constant 
volume pressure derivative, R'-1 dR'/dP, is the pressure derivative measured 
at P', and for the Agl - cAuc alloys at 298 OK, P'::=::: 10 to 12 kbar. The 
resistance of the c = 0.25 alloy was measured as a function of pressure up to 
20 kbar at 298 OK in a high pressure liquid pentane press. The constant 
volume pressure derivative R'-1 dR' /dP (measured at 12 kbar) was found to 
be 9% less than R-l dR/dP (measured at 1 bar). For T < 200 OK the dif
ference between R'-1 dR' /dP and R-l dR/dP was found to be within the 
expcrimental error. To' convert from resistance to resistivity the following 
expression is used to account for the pressure dependence of the geometrical 
factor . 

(1) 

where X(T) is the compressibility at T. The compressibility of the alloys was 
obtained by extrapolating between the values for pure Ag and Au [5 to 7). 

3. Results 

The measured initial pressure derivative, R-l dR/dP, as a function of tem
perature for three of the alloys is shown in Fig. 3. For these alloys R-l dR jdP 
is observed to increase smoothly with decreasing temperature (::=::: - 1.4 X 
X 10-3 kbar- l at 273 oJ( to ::=::: - 0.7 X 10- 3 kbar- l at 4 OK). In the case of pure 

35 physica (b) 51/2 
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Fig. 3. The temprrature dependence of the mea· 
sured pressure derivative of the resistance for ttuee 

typical alloys 

Fig. 4. The concentration dependence of the mrnsure,l 
pressure derivative of the resis tance. (::, indicateil Dug· 

dales data for dilute alloys [3J 

Ag and Au the pressure derivative of the lattice resistance decreases with de
creasing temperature (= - 4.5 X 10-3 kbar- l at 273 OK to = - 20 X 10-3 kbar-l 

at 4 OK). The weak temperature dependence of R - l dR/dP for the alloys 
as compared to Ag and Au indicates that disorder scattering strongly influences 
the behavior of R-l dR/dP for the alloys. 

In Fig. 4, R-1 dR/dP is plotted as a function of concentration for the three 
bath temperatures. It is observed that R- dR/dP is relatively insensitive 
to concentration from c = 0.1 to 0.9 as compared to the concentration depend
ence of the resistance. This is to be expected because the disorder resistance is 
proportional mainly to the number of deviations from periodicity of the lattice 
potential and is effectively divided out in the pressure derivative, R -l dR /dP. 
It should be pointed out that t.he constant volume pressure derivative, 
R'-1 dR'/dP, has nearly the same temperature and concentration dependence 
as R-1 dR/dP as shown in Fig. 3 and 4, except that the 273 OK points would 
be decreased in magnitude by = 9%. 

The pressure derivative of the residual resistance is taken to be the measured 
pressure derivative at 4 OK . This is justified in Section 4 following the discussion 
on Matthiessen's rule. The pressure derivative of the residual resistivity , 
(l0'1 deo/dP, was calculated from the raw data by using equation (1) and the 
volume derivative of the residual resistivity, din eo/d In V, was obtained by 
multiplying eO'I deo/dP by -X- I. The results are shown in Table 1. It is observed 

Table 1 
Volume and pressure derivatives of the residual 

resistivity as a function of concentration 
----------

( 0 / A ) I eO'I deo/dP 
c at / 0 u (10-3 khar- l ) 

= 1 
10 
25 
50 
75 
90 

=99 

.) Dugdale [3]. 

-0.892 
-1.016 
-1.014 
-0.832 
-0.739 

dIn eo/d In V 

1.00·) 
1.01 
1.22 
1.38 
1.29 
1.25 
1.20·) 
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that d In eold In V is positive, concentration dependent and attains a maximum 
value of 1.38 for the c = 0 .5 alloy. It. should be notcd that there may be a slight 
error in dIn eo/dIn V for the concentrated alloys because the compressibility 
of these alloys was obt,ained by a linear extrapolat,ion between the values for 
pure Ag and Au. Bridgman [5, 6] has observed a slight deviation from linearity 
in the concentration dependence of the compressibility of these alloys at T = 
= 300 OK. If this deviation persists to low temperatures , then dIn eo/d In V 

'would be slightly enhanced for the c = 0.25 and 0.5 alloys. 

4. Discussion 

According to Matthiessen's rule for binary alloys the lattice resistivity and 
the residual resist,ivity are additive. This implies that the scattering of con
duction electrons by phonons and impurities are independent and a single 
relaxation time can describe each type of scattering process. However, devia
tions from Matthiessen 's rule can occur for a number of reasons [8 , 9). Some of 
the more important effects are listed as follows: 1. the phonon spectrum can 
change upon alloying, 2. the Fermi surface or electronic structure changes upon 
alloying, and 3. the relaxation times for different scattering mechanisms can 
have different anisotropies. The deviation from Matthiessen's rule, LI, is defined 
as follows 

(2) 

where e is the resistivity of the alloy measured at T, el is the lattice resistivity 
of the host metal measured at T , and eo is the residual resistivity of the alloy. 
The pressure derivative of the resistivity for an alloy will then have three terms 
[I] 

~ de =~(.!.. d(1)+eo (~?eo)+~(~ dLl). 
e dP e el dP e eo dP e LI dP 

(3) 

In the case of the concentrated Ag1-cAuc alloys studied here it is expected 
that deviations from Matthiessen 's rule could occur for all of the above reasons. 
In the noble metals there are two groups of conduction electrons, the neck elec
trons and the belly electrons. Dugdale and Basinski [8] have shown the dif
ference in anisotropics of the relaxation times between the neck and belly 
electrons to be the primary cause for deviations from Matthiessen 's rule in 
dilute Ag-Au alloys. (Hereinafter, the underline notation, K-Y, will imply 
a 'dilutealloy with X as the solvent.) 

From (3) it can be seen that the pressure derivative of the residual resistivity 
can be obtained by measuring the pressure derivative of the resistivity at low 
temperatures. The lattice term goes to zero as T approaches zero, since ede 
goes to zero and el- 1 rleddP remains finite [2). On the basis of Dugdale and 
Basinski's model it can be shown that LI-l dLl/dP remains finite and LI/e goes 
to zero as T goes to zero. In the Ag1 - cAuc alloys the resistivity is independent 
of temperature up to 10 OK, and there should be little error in equating 
eo l deo/dP to the measured pressure derivative of the resistivity at 4 OK. 

4.1 Resi((IIuI1'esistivity 

Lennsen and Michels [10] have shown by using Nordheim's [II] form for 
chemical impurity scattering that the volume derivative of the residual resis
tivity is -1/3. This result is based on the free electron approximation and that 
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the scattering potcntial is independent of volume. As can be seen by the variety 
of values for d In ea/d In V for the noble metal-noble metal alloys [3], this model 
is too simple. 

The Fermi surface of the noble metals consists of a spherical belly and necks 
which contact the [Ill] zone faces. Hit is assumed that the conduction electrons 
can be represented by a two-band model [8] (the conductivities of the individual 
carriers are additive), then the volume derivative of the residual resist.ivity can 
be expressed as follows 

d In ea = ~ (d In e~) + ~ (d In e~) 
d In V e~ d In V e~ d In V ' 

(4) 

where the superscripts Band N refer to the belly and neck electrons, respectively. 
From Dugdale and Basinski's [8] estimate of the ratio of the neck conductivity 
to the belly conductivity for impurity scattering in dilute Ag-Au alloys, eale~ 
'and eale~ were calculated to be 0.i5 and 0.25, respectively. Thus, the belly 
term is more heavily weighted than the neck term; however, this does not 
necessarily mean that effect of the neck electrons can be neglected without 
further justification. Ziman [14] has argued that in the case of uncharged 
impurities the perturbation due to the impurities is confined to the immediate 
vicinity of each impurity atom. Since the neck electrons move in between the 
atoms, this implies the belly electrons are predominantly scattered and the 
relaxation time for the neck electrons is greater than the relaxation time for the 
belly electrons. (For strongly charged impurities the scat.tering tends to be 
more isotropic.) Thus the neck electron term in (4) can be neglected to a first 
approximation. 

The cross-sectional area of the bellies for Ag and Au are of nearly the same 
size, while in the case of Cu the cross-sect,ional area of the belly is about 25% 
larger. The cross-sectional area of the belly for Au, however, is less sensitive 
to pressure than in the case of Cu and Ag [12, 13]. Since d In ea/d V was nearly 
the same value for both the dilute Ag-Cu and Au-Cu alloys, it appears that t.he 
effect of pressure on the belly areaSdoes not have a significant effect in deter
mining the differences in the sign and magnitudes of d In ea/d In V in the noble 
metal-noble metal alloys. 

In any theoretical calculation of din ea/d In V for these alloys the use of 
a spherical Fermi surface is probably a good approximation. Du Charme and 
Edwards [15] have shown on the basis of a pseudo-potential formulation that 
the form of the effective scattering potential is an important factor for accurately 
predicting the volume derivative of the residual resistivity in dilute noble metal 
alloys containing monovalent and higher-valent impurities. In the case of the 
dilute Cu-Ag and Ag-Cu alloys good agreement between theory and experi
ment was found, however, for the dilute Ag-Au and Au-Ag alloys the theory 
predicted the wrong sign. 

Recently Haga [16] has calculated (using a screened square well impurity 
potential model) the nuclear specific heat and other phenomena related t.o 
nuclear magnetic resonance experiments for concentrated Ag-Au alloys. He 
obtained good agreement between theory and experiment. In this model it is 
assumed that the unscreened impurity potential has the form: va(,.) = - U for 
- < T. and vat"·) = 0 for r> T., where r. is the radius of an atomic cell. The 
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effective impurity potential accounting for electron screening is given by 

v(q) = vo(q)/c(q) . (5) 

Here vo(q) is the Fourier transform of vo(''') 

) 4 U 
sin q T. - q Ts cos q T. 

v(q = - n q3 , (6) 

and e(q) is the dielectric constant in the random phase approximation. 

4 e
2 

m kf,' [ 1 kF ( q2) \q + 2 kFIJ 
e(q) = 1 + n h2 q2 "2 + 2 q 1 - 4 kj In W - 2 kF ' (7) 

where k}. is the Fermi wave vector. If it is assumed that the Fermi surface is 
spherical (i.e. neglecting the neck electrons in the noble metal alloys) the 
resistivity can be calculated from [16] 

2l'F 

_ c (1 - c) m
2J ) 2 3 d eo - 4 n h3 kt. Iv(q I q q, (8) 

o 

where c is the concentration of Au atoms. 
The volume derivative of (8) is easily shown to be 

2 

J dx (sin ex x - ex x cos ex X)2 dIn e(X') 

x3 e2(X) dIn V 
d In (!o = _ 5 d In kF _ 2 0 __ ---;;---_ ________ _ 

d In V d In V 2 

J dx (sin ex x - ex x cos ex X)2 

x3 e2(X) 

(9) 

o 
where x = q/kp , ex == kF Ts ' 

dIn e(X) =2.[1 n h
2 

kF ( x
2 )]-1 

d In V 3 + 2 m" I + (I -."'/4)ln I: ~:;:I . (10) 

and U is assumed to be independent of volume and concentration. In the free 
electron approximat.ion dIn kF/dln V = -1/3, The integrals can be evaluated 
numerically if kp and Ts are known ; for both Ag and Au kF = 1.20 A -1 and 
T. = 1.59 A [18). E,~aluating the integrals yield dIn eo/d In V = 1.38 for . all 
Ag-Au alloys. As seen in T.able 1 this is in general agreement with the experi
mental values; however , this model does not predict the concentration depend
ence. A similar calculation using this model was made for the Cu-.-\g and Cu-Au 
alloys; in these cases the model predicted both the wrong sign and magnitude 
(in the case of the pseudopotential calculations [15] agreement between t.heory 
and experiment was obtained for the Cu-Ag alloys, but not the Ag-.lu alloys). 

These discrepancies in t.he theoretical prediction (from both models) are not 
too surprising because the effect of the low lying filled d-bands on the scattering 
potential was not explicitly considered. It is well known that the filled d- bands 
in the noble metals strongly interact with the conduction elect.rons in certain 
directions [1, 17). From optical measurements [19] it has been shown that the 
d-Ievels of Cu and Ag do not overlap and form separate d-states in the alloys, 
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while for Au and Ag and for Au and Cu the d-levels overlap and form a common 
d-band in the alloys. These d-band effects on the sCl,lttering potential could 
account for the observed differences in the sign of the volume derivative of the 
resistivity for these alloy ~ystems. In this light the good agreement between 
experiment and the square well potential model for the Ag-Au alloys is some
what accidental since the d-band effect,; were not explicitly introduced into t.he 
scattering potential. Also this square well potential model does not account for 
the observed concentration dependence of d In eo/d In V in the Ag-Au alloys. 
The observed concentration dependence of d In eo/d In V could be a reflect.ion 
of the d-band changing the form of the scattering potential with concentration. 
It would be interesting to compare the concentration dependence of d In eo/dIn V 
for alloys which form separate non-overlapping d-bands such as the Cu-Ag 
system with that of the Ag-Au alloys. (Unfortunately Cu and Ag are not very 

_ soluble.) In summary it appears that very explicit scattering potentials in
corporating subtle d-bands effects will be necessary to account for the observed 
behavior of d In eo/d In V in the noble metal-noble metal alloys. 

4.2 Tempe-"afure dependence 

The weak temperature dependence of e-1 de /dP for the alloys as compared 
to the strong temperature dependence of el- 1 del /dPfor Ag and Au suggests that 
disorder scattering has a dominating effect on the behavior of e- 1 de/dP for the 
alloys. This can be seen in a more quantitative way by the following simple 
calculation. The temperature dependence of the sum of the first two terms in (3) 
is calculated and compared to the observed temperature dependence of g-1 de/dP. 

The values for (h- 1 dei/dP at various temperatures were obtained from Goree 
and Scott's [2] data on pure Ag. The temperature dependence of el was obtained 
from measurements on pure Ag, and e, eo and eo- 1 deo/dP were obtained from 
the experimental data on the alloys. Constant volume corrections should be 
made on e and el' however, this amounted t.o only 1.5 % at 300 OK and was 
neglected. In Fig. 5 the calculated sum of the first two terms of (3) and the 
experimental temperature dependence of e-1 de/dP are compared for the c = 
= 0.25 alloy. Similar results were also obtained for the c = 0.50 and 0.75 alloys. 
It is observed that the calculated curve reflects the general temperature depend
ence of the experimental curve. The coefficients eo/e and el /e determined the 
relative effect of the two scattering mechanisms on e-1 de/dP. Typically at 
high temperatures. Qo/Q = ~.5 eJfe and at \0'" temperatures where ell deddP 
is large, negative and temperature dependent eo/e ~ el /e. The sign , the magni
tude and the weak temperature dependence of e- 1 de/dP is a result of the 
dominating influence of the disorder scattering. 

t [6 
-~ ',-

7~ U 
~ 

~1~1.1 - "" , 
Fig. 5. A comparison of the t~mp~raturc dcp~ndcn ("c of 
the measured and calculated pressure uerivative of the 

resistivity for the 25 at~~ Au- i5 at ~o Ag alioy 

\ 

\ 

... 



• 

lnd form a. common 
jug potential could 
1(' derivative of the 
Agrcemcnt between 
~ •. \ u alloys is some. 
JIltroduced into the 
ocs not account for 
the Ag-Au alloys. 
uld be a reflection 
rith conccntration. 
nee of d In eo/d In V 
uch as the CU-Ag 
I? Ag are not very 
mg potentials in. 
It for the observed 
'ys. 

loys as compared 
I Au suggests that 
(2-1 de/dP for the 
following simple 

·t two terms in (3) 
e~ce of e-1 dg/dP. 
allled from Goree 
)f eJ Was obtained 
re obtained from 
'ctions should be 
300 oK and was 

IS of (3) and the 
pared for the c = 
) and 0.75 alloys. 
'lerature depend. 
dctermined the 

P. Typically at 
·'.lOre ell deJ/dP 
HJgn, the magnj. 
a result of the 

Effect of Prcssure on the Resistivity of Ag-Au Alloys 545 

The difference between the calculated and experimcntal curve in Fig. 5 can 
be ascribed to deviations from Matthiessen's rule. The limited accuracy to 
which the various pressure derivat·ives can be determined does not allow a very 
enlightening comparison of the deviations between the different alloys. The 
significant deviation observed does indicate the importance of considering 
deviations from Matthiessen's rule in pressure studies of the resistivity of alloys. 
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