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ABSTRACT

The electrical resistivity of several dilute Pd and Pt based
alloys containing between 0,1 and 1,0 at % Ti has been measured over a
range from 4,2K to room temperature.

These alloys show departures from Matthiessen's Rule which can be

explained by a (K,S.W.) equation;

1 1 1

= +
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The two band model which has been used to explain the behaviour
of noble metal alloys can also explain the data obtained with platinum
and paladium alloys, but, since the electronic band structure is quite
different in Pt and Pd and Au, the physical basis for this behaviour
is unclear.

Specifically, the experimental results have been explained on
the basis of the two band model with constant B and temperature-
dependent Y din Pt Ti and Pt V alloys and temperature-dependent
B8 and 7y in the case of Pd Ti alloys.

The values of ap (the ratio of the conductivity of the two "sets"
of carriers when the scattering is due to phonons) initially increases
smoothly with teﬁperature, but at higher temperatures this trend is
reversed and ap decreases with increasing temperature. This change in
the temperature derivative of ap occurs near the transition Yy > B

to B> Y.
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CHAPTER ONE

THEORETICAIL CONCEPTS



INTRODUCTION

An electron can move quite freely through a perfect lattice, which
would consequently have no resistance. The resistance of a pure metal
is due to the thermal agitation of the atoms, which destroys the
periodicity of the lattice, When, moreover, a foreign atom is present
in solid solution, the periodicity of the field within the lattice is
broken at that point. This effect may be considered not to affect the
zone structure very much in the case when a small amount of metal has
been dissolved in a metallic host (dilute alloys), and the resulting
alloy has the same crystal structure as the host. Electrons may be
deflected by that atom and a resistance will arise, even in the absence
of any temperature'induced agitation,

Some of the earliest investigations in this area are due to

(1)

Matthiessen who noted that the temperature dependence of the resistivity
in the dilute alloy was the same as in the host. He thus deduced that
the impurity resistivity pi(C,O) is independent of temperature, and

wrote pa(C,T) (resistivity of a dilute alloy containing a concentration

C of impurity), as:
pa(C,T) =pP(T) + pi(Cso) (1—1)

where pa(T) is resistivity of ideally pure metal. Equation (1-1) has
become known as Matthiessen's Rule (MR).

After Matthiessen, measurements were extended to lower temperatures
and it was found out that MR does not apply at these temperatures.

In order to get the correct result, a term A(C,T) should be

added to equation (1-1).
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Pa(CT) = 0 (T +p,(C,0) + (C,T) (1-2)

A(C,T) depends both on temperature and impurity concentration. Even
in alloys where pi(C,O) is independent of temperature, it is still
possible to observe a temperature dependent A(C,T). The origins of this
effect will be discussed later.

In addition, when the impurity has an internal structure, such
as a magnetic moment, then the impurity contribution to the resistivity
is itself temperature dependent, leading to a temperature dependent
A(C,T) as described by equation (1-2).

The major source of resistivity in metals is scattering of
conduction electrons by phonons, which is tempgrature dependent. Magnetic
impurities can cause a deviation A(C,T) which often appears as a

(2)

minimum in the resistivity at very low temperatures . This effect

(3)

has been explained by Kondo as an interaction between conduction
electron pairs coupled by spin flipping due to the impurity magnetic
moment.

If a dilute alloy is made by dissolving a first row transition
atom impurity in a simple metal, it is often found that the impurity
atom possesses a net magnetic moment. The formation of these iocal
moments are due to the presence of virtuai—bound¥states at the impurity
site (for a review see (2)). Frequently, due to the finite lifetiﬁe of
a virtual-bound-state, which may be regarded as rapid changes in
orientation of the localized moment, measurement.of properties such as
susceptibility which are a "long time" average reveal no observable moment

due to thils rapid spin flipping. However, these fluctuations in the

localized spin will scatter conduction electrons provided the spin



fluctuation lifetime, (TSf = %g@) where 0 1is {sf temperature, is

h

Tthermal - E;E- of the

greater than the thermal fluctuation lifetime
conduction electrons. Otherwise, the conduction electron does not '"see"
a magnetic moment and no magnetic scattering exists.

In recent years the description of the behaviour of first-row
transition metals from Cr to Ni 1in Pd and other hosts has been
received considerable attention, with the current consensus of opinion
being that there are localized spin fluctuating (&sf) systems.

Kaiser and Doniach(a) have derived an expression for the scattering
of conduction electrons from localized spin fluctuation, which, when

potential (coulomb) scattering is included yields the following form for

the incremental resistivity Ap(T):

Apgf) = A+B fn [(T° + 657 (1-3)

here 6 1is Asf characteristic temperature (Tsf) and A and B are
constants.

(3

The phase shift model which yields

B o cos('(—zﬂ—z:]j) (1-4)

where z is the effective host-impurity charge difference and (22+1)
the orbital degeneracy of the state considered (5 for d electrons),
predicts the correct sign for B in alloys of the first row transition
metal impurities in Pd (and other hosts).

The &sf temperatures and the sign of B (which determines
Ap(T) 1increases or decreases with increasing temperature) are shown

in table (1-1)



Impurity Sign of TS(G) TS(6)
B (host Pd) (host Pt)
Ni + -804 102-103(0)
Co + <1 .18
Fa + <« 18 0.1-1).
0.4 K
Mn - << 1 << 1(9)
Cr-- - ~30(10) ~60(11)
A - ~160(12) > 103
Ti - > 103 > 103
TABLE (1-1)

From this table it can be seen that the &sf temperatures for Pt V,
Eg_Ti and Pt Ti are high, so that there should be little contribution
to Ap(T) (and hence A(T)) from conduction electrons scattering from
fsf, at least at temperatures below room temperature, These latter
alloys thus appear as prime candidate for the observation of conventional

MR deviations (DMR), uncomplicated by the presence of "magnetic" scattering.:

Historical Background

About 110 years ago, A, Matthiessen and C., Vogt carried out some
measurements on the resistivity of a series of dilute alloys between ice

point and the boiling point of water,

They found that the temperature derivative of the resistivity
pp(T) of an ideally pure metal could be approximated by this relation:

d pa(C,T) d pp(T)

dT U (1-5)
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where pa(C,T) is the resistivity of a dilute alloy contaiﬁing a con-
centration C of iﬁpurity.

If equation (1~5) applies exactly at all temperatures, by inte~
grating it we can obtain equation (1-1) which is known as Matthiessen's

Rule.

We can show pi(C,O), the impurity produced resistivity at 0°K
by p (C).
The major source of resistance is the vibrations of the lattice

ions themselves due to their thermal energy, and is termed the ideal or

~ phonon resistivity. It vanishes at T = o, and is the same for all
specimens of a particulaf metal and alloys having that metal as major
constituent,
The other source of scattering is static lattice defects, such
as impurities, vacancies and dislocation, which gives rise to a residual
resistivity and vanisheé for an ideally pure and structurally perfect
metal. This part of resistance is due to the breakdown in the periodicity
of the potential in the lattice, which may be due to two causes:
1) the imﬁurity atom maj distort the lattice and‘pusﬁ the

neighbouring atoms out of position (lattice distortion).

2) the field within the impurity unit cell will be different from

that within a host atom unit cell, so scattering results from
this difference in potential between these two unit cells.

Matthiessen's Rule assumes that the scattering of conduction

electrons by phonons and by impurities is independent of each other and
that effectively a single relaxation time can characterize each type of
scattering.

In practice there are always deviations from Matthiessen®s Rule,




(DMR) .

However, in many cases these deviations are small compared to
either pp(T) or to po(é) or to both, and MR represents quite a good
approximation to the experimental data.

The deviations from MR can only be significant when the ideal
and impurity induced resistances are of the same order of magnitude.

The resistivity of an alloy can be written exactly as equation

(1-2):
p,(C,T) = pp(T) + p,(C) + A(C,T) (1-2)

where A(C,T) is the deviation from MR and depends on the nature and

concentration of defects and impurities, as well as temperature,

d p_(C,T)
The variation of ———F— with impurity concentration is
dT
d p,(C,T)
approximately linear at low concentration, and sometimes —ar

decreases upon the addition of certain transition metal impurities.

Major points in the observed behaviour of A(C,T)

The early measurements of the deviations from MR established that
A(C,T) 1is positive and rises from a low temperature plateau (the
residual resistance when phonon scattering is negligible) to a higher
value (when phonon scattering is dominant). |

At these latter temperatures, A(C,T) usually consists of a
constant term and a term varying approximately linearly with temperature,
Both terms usually vary approximately linearly with concentration,

At intermediate temperatures A(C,T) may contain a hump,
particularly in dilute alloys, This hump increases in relative magnitude

and moves toward lower temperatures as the impurity content decreases,




Figure (1-1) shows the typical variation of A(C,T) with

temperature(l3).

I

//
-
—
’/

—
—~ -
e -
S -——
<l ~N

N
~
~
~N
~
~N
~
N
N
N
= '
~N
FIG. (1-1) T

The major qualitative features of the experimentally observed
temperature deviation of A(C,T). The different curves represent

different possible forms of A(C,T).

Deviations from Matthiessen's Rule, DMR, can arise theoretically

for a number of reasons,

Some of the most important ones (for non-magnetic impurities) are

as follows:

1) changes in the electronic band structure, (Fermi surface)
2) the introduction of an impurity atom into a lattice can change

the vibrational characteristics of the lattice, and hence,

phonon spectrum, This means that the »GD value of the

lattice is altered

3) the phonon distribution may be perturbed by the added impuxity




4) scattering processes which involve phonons and impurities
simultaneously, and are included neither in pp(T) nor in
po(C), (phonon-assisted impurity scattering)

5) the relaxation times for phonon and impurity scattering may
have different anisotropies.

Other causes are boundary size effect at low temperatures, phonon

drag and chahges in the atomic volume upon alloying.

Some of these contributions are small and negligible while ﬁhere
are others whose contributions are rather difficult to estimate. In
particular, numbers (1) and (4) are very difficult to estimate, while (5)
can only be treated phenomenogically (Viz, by fitting the observed
A(C,T) to the predicted form arising from such anisotropies).

In the case of (2) and (3), Kagan and Zhernov(14)

have given a
thoery for deformation of the phonon spectrum due to the introduction of
impurity atoms and also the change in the scattering potential at the
site of the impurity. While first principle calculations of such effects
in the present system are quite difficult to perform, we note that in
the CuSn system(ls) (where the impurity-host mass ratio is not greatly
different from that in the present alloys) the estimated correction from
this source was about 0,05 Ul cm between 90 and 300K. This correction
is no larger than shape factor uncertainties (discussed later) and hence
its neglect should not affect subsequent conclusions.

In addition to the above, thermal effects usually give rise to
small contributions to DMR, and these may be discussed under the following
headings:

(i) changes in the geometrical form factor: (i.e, the area to

length ratio for the sample), The magnitude of this depends
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on thermal expansion of the alloy, For Pt based alloys it

amounts to 0,016 and for Pd based alloys amounts to 0.020.
(ii) changes in the'atomic volume of the 1attice produced both

thermally ahd as a result of alloying should be taken into

(16)

account. Dugdale and Basinski have pointed out that one

should only attempt to apply Matthiessen's Rule, when ptotal’

pphonon and po are measured at the same atomic volume.

a) thermal changes in the atomic volume produce changes in the
impurity “residual" resistivity P,» which are temperature dependent.,

This correction has the form:

d(&n p ) _
390G " (1-6)
d(fn p )
where o 1is the coefficient of linear expansion, Estimates for —ETEE—%T

are difficult to obtain, but taking a value of ~0.5 (as deduced from
Bridgmann's(17) data for Si in Fe) as "typical', we obtain a
contribution of about --5po b4 10_3 from this source, which amounts to
less than ~0,02 U2 em and is generally considerably smaller than shape

factor uncertainties in the alloys considered here,

b) the ideal resistivity of the pure lattice differs from that

(18)

in a lattice which is expanded on alloying., Schwerer et al have

obtained the following expansion for the contribution to A(C,T) from

this source, viz:

d(4n pphonon

3C da

a pphonon

where a 1s the lattice spacing,



da..'

Using the following values for SE., dc ¢

0.00036  Per at % in pd Ti O°)

0.00035 Per at 7 in Pt Ti

0.00068 Per at Z in Pt V

(For PdV we found the value 0.0009(19) for da and used that for PtV)
—r dc
and using the value(17) of
(d(%n pphonon)) .
d(4n V)

(for the transition metal TFe at room temperatﬁre) leads to a contribution

of:
0,00144 pphonon(T) Per at Z in Pd Ti
0.00140 pphonon(T) Per at Z in Pt Ti
0.00272 pphonon(T) Per at Z in Pt V

which we conseqﬁently neglect,

From the above list of sources of DMR, the following paragraphs
outline the origins of deviations from MR suggested by various authors
from their observations on different systems.

The change in Debye temperature with alloying (in Magnesium with
A%, Ag, Li, Cd) has been suggested as the cause of DMR by Hedgcock and
Muir(zo) and by Gerritsen and Das(Zl) (in Magnesium with Lithium, silver,
cadmium or tin).

(22)

Huebenerxr has shown that there is a small contribution to
deviation from Matthiessen's Rule caused by phonon drag effects, The

contribution to DMR from phonon drag has a peak at low temperatures, The
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calculated size of phonon drag effect is one to tﬁo orders of magﬁitude
smaller than the actually observed peak in deviations from Matthiessen's
Rule,

(16)

Dugdale and Basinski and Matsuda(23) have used the two band

model in dilute alloys.
(24)

Damon, Mathur and Klemens divided the deviations from MR in
dilute gold alloys containing Pt, Cu and In solutes into a two band
model and a term approximately proportional to T4, resulting from the
deformation of the impurity potential due to the strain of the lattice
in the neighbourhood of the impurity.

Above 20K, only the two band effect seems$ to be important.

To calculate A(C,T) from first principles it is necessary to
calculate the resistivities of both the dilute alloy and the pure host
metal, and to determine each of these, it is necessary to attempt a
full solution of the Boltzmann equation,

In the present alloy system the contributions from various
sources other than the two band model appear to be smaller (at least in
these cases where we were able to obtain numerical estimates) than
shape factor uncertainties. 1In these systems then the two band model
appears the prime candidate for DMR and consequently a detailed

discussion of this model is given below,

Two band model

Matthiessen's Rule is a direct consequence of the existence of
isotropic relaxation times for the scattering of electrons by both
impurities and phonons, provided that the addition of impurities does not

change the properties of electrons and phonons in the pure solvent, But,
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because of the essentially anisotropic zone structure, and the importance
of Umklapp Processes in the high temperature electrical resistivity, the
relaxation time of electrons at the Fermi surface ié anisotropic.

The first investigation of the effects on deviations from
Matthiessen's Rule of anisotropic scattering was made by Sondheimer and
Wilson(zs). They derived a function having the general behaviour of
A(C,T) [which increases with temperature and then saturates and
increases with solute concentration].

On the presumption that two bands, s and d, contribute to
the conductivity, theyattributed DMR to the anisotropies of the relaxation
times associated with the neck and belly electrons, which may be considered
to be equivalent to different bands.,

(26)

Following Ziman , the belly electrons are associated with the
more or less spherical parts of the Fermi surface and have something of
the character of free electrons. The neck electrons are those associated
with the regions of the Fermi surface which are in contact with or close
to the {111} Brillouin zone boundaries. Their wave functions can be
described by at least two plane waves, which, more exactly, should be
orthogonalized (OPW's). Thoery shows that these wavefunctions have their
greatest amplitude between the ions (P-like symmetry). P-like electronms
tend to move along the channels between the iomns,

In considering phonon scattering Ziman used first-order perturbation
theory, so that the effect on a mixed wave can be expressed as a matrix
element combining contributions from the separate simple plane waves.

He concluded that the belly electrons will have a relaxation time s

which will tend to increase rapidly at low temperatures, since, Umklapp

processes will die out with falling temperature, The relaxation time
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of the neck electrons T, will not increase so rapidly, because in the

N
neck regions of Fermi surface there is no lower limit to q (phonon

wave vector) and Umklapp processes contribute down fo the lowest
temperatures, so, quite small phonons can still cause appreciable changes
in the electron velocity.

Ziman distinguishes between charged and uncharged impurities.
Charged impurities are those which do not have the same valency as the
parent metal, The scattering from strongly charged impurities tends to
be more isotropic and to have T larger on the bellies than on the necks.

Uncharged impurities are those with the same valence as the host
metal, which perturb the lattice potential over a comparatively short
range. We expect the scattering of a single plane wéve (OPW, actually)
to be equivalent to the scattering by a vefy localized perturbation,
(almost a delta function). Such scattering is well known to be s-like.

The neck electrons would be scarcely scattered by these impurities

because they are in pure P-states, so their relaxation time will be very

long.
On the other hand the belly electrons are scattered in the usual
T
way so that ;E- is large in this case.
B v

At high temperatures phonons have large wave numbers and the

T
scattering will be more or less isotropic, i.e., ;H-: 1,
B

At low temperatures, phonon scattering and impurity scattering
‘may produce very different anisotropies in T. Thus in an alloy at a
temperature where both scattering mechanisms are present, we expect that
MR will not be obeyed.

The two band model can be represented schematically by the
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following "circuit",

NANAANAN AN\
RNh RN
P FIG. (1-2) °

If the electrons in the two bands do not interact with each other,
their conductivities will add and using the standard rules for evaluating
the resistance of a series-parallel combination yields the two-band
formula,

We call the conductivities of belly and neck electrons Op and

o respectively.

0,. Ph
PR 3
Op Ph

N’

The ratio the neck to belly conductivities when the

scattering is due to phonon alone, will be called ap and the same

quantity when the scattering is due to impurities alone will be called

a —.Q—Ng
i GBo

From the circuit in Fig. (1-2) we conclude:

ph o ph o
(op™ + pp) (o + py)

P = (1-8)
tot ph o ph (o]
bg- tPgt Py TPy

After some manipulation (Appendix ~1), we getj



16.

p. P
acc,Ty = BB 5 5 (1-9)
ap(l + oci) oci(l + o)
P +p
0 2 ph 2
(ocp - oci) (Ol.p - ai)
we call:
0 - 0
1 i 2 -
Y=&_(1+o¢) (1-10)
P i
and
o -0
1 i.2
1
so0, we get:
YB o P
AC,T) = 0 +Pg (1-12)
Y Pon P
and:
1 1 1
= -+ (1-13)
5C,TY "B, ¥ ey

Y and B can be found by fitting the experimental A(T) curves
(with this equation, Y and B are positive parameters which are in
general different for different solutes and may vary with temperature,
therefore in this model A(C,T) must be strictly positive,

Kohler(27)

derived an expression for A(T) of precisely the same
form as (1-13), but based on different and more general premises. Kohler
found the solution of the Boltzmann equation under the applied external
field for the case of two simultaneous collision operators representing
the impurity scattering and the thermal lattice scattering, respectively,

by using the Ritz variational method together with trial distribution

functions which solve the problem exactly when the collision opexators
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act separately. Thé resulting total resistivity exceeds the sum of the
contributions of each operator acting alone, yielding a deviation from
Matthiessen's Rule of the form of equation (1-13).

The equation (1-13) is called Kohler-Sondheimer-Wilson (KSW)

equation,

This takes a simpler form in two special cases:

i) In the limit:

pp(T) << po(C)

A(C,T) will be proportional to pp(T) and independent of po(C).
ii) In the limit:
pp(T) >> p,(C)

A(C,T) is proportional to po(C) and independent of pp(T).

If the parameters Y and B are independent of temperature (as
is Sondheimer and Wilson model), A(C,T) will increase monotonically
Qith increasing temperature and at high temperatures will become

constant, Fig, (1-3),

]

A(C,T)

FIG, (1-3)

Variation of A(C,T) with temperature.
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If either Y or f varies with temperature, A(C,T) can have
quite a different shape, For example it is possible to obtain a hump
in A(C,T). | |
| So equation (1-13) is able to describe a large portion of existing
data, at least where AEC,T) is positive. |
Parameters Oy and ap can be found by inverting equations

(1-10) and (1-11). They yield:

1
ui=1+%ai%—a(1+%)/2 (1-14)
ap=l+%bi%b(l+§2 (1-15)
where:
(v - 8 - v8)?2
a = 5 (1-16)
Y8
and;
(B -y -8y
b = = 5 1-17)
Y8

which then allow information regarding the anisotropy of the scattering

to be inferred,
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CHAPTER TWO

EXPERIMENTAL METHODS
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General Description

(1)

A four probe method was used to find the resistance of a sample,
which was calculated simply from a measurement of the voltage drop
produced by a known current across each sample.

In the present arrangement usually six specimens, one pure and
five alloys, were mounted in thermal contact with a high conductivity
copper block, each of them was clamped on a pair of knife-edge supports
(which served as the voltage contacts) located near opposite ends of the
block, about 8 cm. apart. These supports were electrically insulated
from the block with layers of condenser paper and G.E. varnish.

The voltage tap-off connections were provided by wires, attached
to the base of each knife-edge support,

Complete details of the sample mounting block are contained in
reference (2),.

The samples were series connected current-wise usually using
short pieces of copper wire soldered with Woods Metal to the ends of
each sample, and the end points of the series were connected to the current
supply leads,

At high temperatures, where the resistance is strongly temperature
dependent (because of phonon scattering), small differences in temperature
between the specimens can lead to significant errors in the differences
Ap between the alloy and the pure-metal resistivities. This source
of error is minimized here, as the specimens are held in a constant
temperature enclosure in which temperature inhomogenities are not
expected to exceed a few millidegrees.

With the apparatus placed in a suitable temperature bath, the

heater, wound around the sample block, was used to obtain and regulate
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temperatures about 4,2K, and the precise measurements were made with a
nonlinear gas thermometer (the uncertainty in the temperature was less
than 0.5% of the temperature).

For temperature sensing, a 1002 Allen-Bradley carbon resistor was

mounted on the specimen block and in thermal contact with it. The

temperature dependence of the resistance is roughly logarithmic, increasing
with decreasing temperature. The approximate temperature points were
selected from the characteristic graph of this resistor,

The Allen-Bradley resistor formed one branch of an a-c Wheatstone

bridge, Fig. (2-1). This bridge was used for controlling the temperatures
of the samples. A resistance box in another arm of the bridge together
with carbon resistor characteristic curve were used for dialing an
appreximate temperature.

A phase sensitive detector supplied a d-c feedback current to
the heater to obtain regulated temperatures up to 25K,

Above this point a Heethkit power supply was series-connected to
the bridge output permitting temperatures up to room temperature to be

obtained,

Electronics:

As already mentioned the standard four—prbbe technique was used
to measure the resistance of the samples at a particular temperature,

Fig. (2-2).

A Guildline constant current supply (model 9770B) was used to
produce a highly stable current (stable to 1 part in 106) through the
samples,

The voltage produced by the current across an 0,108 Guildline
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standard resistor (model 9200) connected in series with the specimens,
determined the current through the samples,
A Tinsley Diesselhorst thermoelectric free potentiometer (type
35 89R), in combination with a Tinsley photocell galvanometer amplifier
was used to measure both the sample voltage and current, (this
éombination allowed reproducible potential measurements to lO'_8 volts).
A Guildline low thermal selector switch (model 9145A10) was used
to apply the voltage drop across a particular sample to the potentiometer.
The effects of thermal voltage were eliminated by using a
Tinsley thermoelectric free reversing switch (type 4092) to reverse the

input polarities.

The Vacuum System:

A flow diagram of the vacuum system is shown in Fig. (2-3).

A speedivac oil diffusion pump, backed by a speedivac (ES100)
mechanical pump was used to control the pressure in the inner and outer
vacuum cans.

The pressure inside the inner vacuum can (IVC) was usually about
200 microns (at 4.2K),

In order to reach the temperatures above 4.2K the pressure inside
the outer vacuum can (OVC) was varied via a valve connecting it to the
above pumping system. Reducing the pressure in the (OVC) reduces the
heat leak from the sample block to the main He4 both which surrounds
the (OVC), and it was usual to balance this heat leak against the
specimen block heater current (from the a-c Wheatston bridge) in order
to produce stable temperatures above 4.2K. For temperatures above 77K,
a similar procedure was followed but now using liquid NZ in the main

bath.,
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The pressure monitoring system was composed of a Pirani gauge for
use in the range 760 to 10-_3 mm Hg pressure, and a Penning gauge for
pressures down to 10“-7 mm Hg,

In present study it was not necessary to achieve temperatures
below 4,2K, However, these temperatures could be produced by pumping
6n liquid helium, using an Edwards high Vacuum Ltd. Speedivac ES 330.

A manostat device was used to achieve temperature stability in
this region,

Manometers were connected to the helium bath to monitor the

temperatures below 4.2K,

Sample Preparation:

The samples were prepared from 99,9997 pure Pd, 99.999% Pt and
99.99% Ti (less than 1Q p.p.m. from each Fe and Mn) and 99.9%7 V
(200 p.p.m. from each silicon and 1Iron), all obtained from Johmnson
Matthey Chemicals (London, U.K.).

The most concentrated alloys, (1.0 at Z Ti) in Pd and (1.0
at Z Ti) in Pt and (1.0 at % V) in Pt, were prepared by melting (Pd
and Ti), (Pt and Ti) and (Pt and V) in the appropriate amounts
on the water-cooled copper hearth of an argon-arc furnace, using a
tungsten electrode and a T% getter.

Then Pd Ti énd Pt Ti{ and PtV alloys containing (0.1, 0.25,
0.5, 0.75) at % Ti or V were produced by successive dilution of the
most concentrated alloys.

Homogenity was ensured by inverting and remelting each alloy
several times, Melting losses were negligibly small (weight losses less
than 0,03%).

The button-shaped alloys, were then cold rolled to the desired
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thickness between Melinex sheets (to prevent the transfer of impurities
from the rollers to the alloys).
Resistivity specimens of approximate dimensions (10 Cm x 0.015 Cm x

0.3 Cm) were cut from these sheets.

Small form factors (area to length ratio) were used to yield
feasonably high resistance values. Typical values for these form factors

3 to 0.99 x lO.-3 Cm). A pure metal sample also was

were (0.37 x 10
prepared in the same manner,

To remove surface contamination, the samples were treated with a

warm acid etch (containing 1/5 HZO’ 1/5 conc. HNO3 and 3/5 HC1 by
volume plus a few drops of H202) and then washed in distilled water.
They were strain relieved by ammealing at 650°C for 24 hours in
a vacuum of about 10"5 torr,
The specimens were mounted in a holder accommodating all six
samples, and their resistance measured using the previously described
four-probe technique.

The absolute resistivity p of the samples was obtained from:

Y -

by measuring their form factors to within + 0,5% using a technique
described by Loram, Whall and Ford(3)e In this, the distance between
the impressions of knife-edge supports on the samples can be accurately

measured with a travelling microscope.

The total length of the specimen was.also measured with
travelling microscope.
From the density and an accurate measurement of the weight, the

volume of the sample is determined,
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The density is determined from lattice spacing data, using the

formula:

. .
Density = —5 (A, n, + A, n (2-2)
Na3 11 2 2

where N is Avogadro's number, Al and A2 are the atomic weights of

the elements used, n, and n, their fractional atomic compositions.

1
The factor & enters the formula because P4 and Pt have f.c.c.
structure and there are four atoms per unit cell,

The lattice spacing "a" of 1.0 at 4 Ti in Pd sample was
measured using x-ray powder photography, and it was concluded that the
change in the lattice spacing from pure Pd to the most concentrated
alloy was no more than 0.01%.

In this latter measurement a cylindrical camera was used. A beam

26

of Fe”  Ka radiation (KOLl = 1.9357A° and Ka, = 1.93991A°) was

2
employed and the exposure time was four hours.

The photograph has a diffraction pattern of lines,

From measurements of the position of a line, the Bragg angle, 6, of
the line can be derived,

There are several effects that cause the lines to be displaced
from their true positions, so that the measured angles will not be the
true Bragg angles, But a small error in O should produce a vanishingly
small error in "a". as 0 approaches 90°, This can be done by
determining "a" from several reflections with different 6%s and
extrapolating the result to 6 = 90°,

(4)

For high angle, the following formula was used to find 6%77:

6 =90 - 45 (2-3)
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where T is half the circumference of camera and is the distance between
the average of the mid~positions of the low-order and high-order, S is
the separation of any paif of high-order lines,

From the value of © for each line a value of the cell

dimension "a'" can be derived from the relation:

o
L]

%‘/ﬁ‘K cosec 0 ' (2-4)

ne + k2 + 22,

where N

The values of "a'" are then plotted against the corresponding

l_(c0326 + COSZS)
2 ) sinf’"*

If there is no error due to eccentricity of the specimen the

value of

resulting points should be randomly distributed about a straight line.
The higher accuracy of the points for which 6 is near 90°
requires that these should be given more weight in the drawing of the
line. |
The point where the straight line cuts the vertical line for
which 6 = 90° gives the value of a, which is the value of the cell

dimension at the temperature at which the photograph was taken.

The value a = 3.89023A° which was found for the (1.0 at Z Ti

in P4) is about 0,017 less than the value for pure Pd, 3.8907.
Having determined the length and volume (mass/density), one can
then obtain the average cross sectional area, A = %-,

The errors in the determination of form factor (%), can lead

to large uncertainties in Ap, particularly at high temperatures where

Ap  may be a small fraction of the total resistivity.

The form factors can be determined to within + 0,5%, even if
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there is significant irregularity in the cross-sectional area of the

specimen,
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Introduction

Up to the present time, there has not been a detailed study of the
two-band model in dilute Pt and Pd based alloys.

To summarize the work that has been done, DMR were observed by

(1)

De Haas and De Boer in measuring the resistivity of pure platinum.

They found DMR due to physical impurities (mechanical deformation) at

temperatures above 10°K.

(2)

Krautz and Schultz suggested using the K.S.W. equation

1 1 1

= + (3-1)
AT yo,  Be,

with constant coefficients Y and B to correct for DMR, while Klemens

(3

and Lowenthal in an analysis of the resistivity-temperature relation-
ship of 17 platinum resistors as determined in various laboratories show
that DMR can be classed in different groups, in one of them, the two-
band model works satisfactorily but combination of data from different
laboratories gives a complex form for DMR which is not consistent with
K,S.W. equation even when Y and £ vary with temperature.

The only quantitative study of DMR in Pt alloys of known

(4)

impurity content was made by Stewart and Huebener , who measured the

electrical resistance of pure Pt, four dilute Pt Au alloys and one

concentrated Pt Rh alloy from 4.2 to 300K. They used the two-band
model with constant Y and B to calculate DMR at all temperatures.
However, in order to explain the low temperature maximum which appeared

in the low concentration Pt Au alloys (about 30-50K), they found it

necessary to make Yy and f temperature-dependent.
In the case of Pd, there 1s no clear example of deviation from

Matthiessen's Rule in dilute Pd based alloys which do not manifest
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resistivity minimum,

In the present work, the temperature dependence of the resistivity
of dilute Pd and Pt Dbased alloys was investigatéd over a temperature
range from 4.2 to 300K.

The experimental results can be explained on the basis of the two
band model with constant B and temperature-dependent Y in Pt Ti
and PtV alloys and temperature-dependent £ and Y in the case of

Pd Ti alloys.

Results and Discussion

The resistivities of samples were'calculated using the experimentally
determined electrical resistance of the samples as a function of
temperature and their geometrical form factor.

Small errors in the determination of the gometrical form factor
can lead to serious errors in the determination of A(T) from resistance
values, particularly at high temperatures where total resistivity is
large.

In the case of p >> A(T), - the errors can be very large.

(3)

solvent

(5)

Alley and Serin and other workers have normalized the

resistance data by dividing by the ice point values, which cancels the

geometrical factor assuming thermal expansion effects to be negligible.
In order to compare the experimental results with the predictions

of Matthiessen's Rule, we define A(T) by the relation:

A(T) = by = (py + P) (3-2)

where Py is the resistivity of the specimen as measured at 4.2K.

As can be seen in Figures (3~1) to (3-5), the temperature



37.

00¢
|

06¢ 00¢ 0SGi ooL 0S
! ]

(M)1

11%"1el0 .

000

7€0

8€0

¢Y0

g0

0

o
w0

(woun(1)4V

(3-1)

Fig.



AP(T) (pNem)

38.

Il
"

Pt Ti

212f T T T ]
208 T Y T TR T I S A D IC I LRI N

- . . N
204} . 0.5at.% Ti i

L -

]

200F -

= . J
186 ¢ -

.

-/l -
192 I o 1
104fF S0 0000000008 000008000 0 5 @ 000 08 @ . -

= .. o
100k ’ 0.25at%Ti .
1001 -

0

-, i

088 .
4

/ -

0_96 1 1 L 1 1 1
000 50 100 150 200 250 300

T(K)

Fig. (3-2)



39.

AP(THUNCM)

L21F
4A7F
4A3}
408 |
405F

401 /

321
347
313
309
3.05
301F '

257

e#I%000000 00000000 0 0

100 at.%Ti

:.

0.75at.% Ti

—S iy

i
1

| | -
"

000

50

100

150

T(K)

Fig,

(3-3)

200

250

300



AP(THHNCM)

—

40.

( Pt)y

4

el o |

L1}

.ouluuuuoooooo.oo o o0 0 @ ¢
o 100at.% v
50 ;./' ]
:‘ -
nuuuuun-n!H'O" s 000 ¢ 1 h
o’ 0.75at %V ]
38f o = |
g -
’..u 900000C00000 0006900 0 © e g0 0 o s I o]
o'. i
0

25F 05atlbV |
ZAE ]

. T
..nou"ouuunotouooon00 ) o gs e o i N
_E/ 0.25at.%V ]
T =
0.6 ;.Nﬂuonnnununoncooo ) s 000 O o 1 .
05 " 01at%V |

O.IL 1 1 ' , , '

50 100 150 200 250 300

T(K)

Fig. (3-4)



41,

£ PdTi
q i ¥ ¥ v L ¥
2
-
o
<
a1k 100at %Ti
27_-.““,..".0"“"»”"9" ees s 0 0 o 0 00 0 o I |
23 -
T 075at%Ti =
2.3‘ "..nnouuooo 00006 9 008 0 o ¢ o P I -
19| MO”'."
15T -
T 05at% Ti T
1.5'-m”"....n.unnnooo %0008 90 80 €& 0 ¥ 0 s 9 I -
11F i
07 -
o= 0.25at.%Ti ==
1.00'm“"”".““,,ouuuuo 9000 s 00 8 ¥ 00 9 () I J
06 J
02} | .
o= ohe
oah 01at%Ti
0.1, oesnts8se §1 § 90 WII0000000 000 80000 80 95 o o o0 o () I 1
QOO . : 1 1 1 1
000 50 100 150 200 250 300

T(K)

Fig. (3-5)



42,

dependence of the DMR in Pd and Pt based alloys follows approximately
the form suggested by the Kohler-Sondheimer-Wilson type equation, Viz.
having a sharp rise with increasing temperature at low temperatures and a
temperature independent behaviour at high temperatures.

The errors in geometrical form factors are shown and the nominal

concentrations are also indicated in these figures.

The Pure Pt resistivity

The pure platinum sample used in this investigation has a re-
sistivity ratio of 2000 and a room temperature resistivity of
pP(296K) = 10.644 U cm.
The plot of p for Pt versus temperéture is shown in Fig. (3-6).
At temperatures below 15K, the resistivity is well described by

the expression:

5

o] =0, + AT2 + BT 3.3)

phonon
where the solid line in figure (3-7) uses:

1.6 x 107> uQ Cm g2

>
]

and

1.4 x 1078 U Cm K0

=
[}

The values are in fair agreement with the values:
A=1.4x20" U0 Cm K2 and B=1.1x 108 12 cm K°
found by White and,Woods(6)

$

Analysis of the Results

The two-band model is used in an analysis of the temperature
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dependence of deviation from Matthiessen's Rule in the following
manner,

By combining the equations:

pé(C,T) = pp(T) + o, (C,T) + A(C,T) (3-4)
and
1 1 1 -
5D " Yo, T Bey, (3-)
we get:
Y8 p,(T) p, (T)
p. =-p.. =p P = (3-6)

a ia P + YDP(T) + Bpia(T)

In this formula, if the impurity resistivity is temperature in-
dependent we can replace Psa in the second term by po and po is
the value of pia(T) at T = 4,2K..

From a plot of pa(T) - pia(T) against Py at fixe@ temperatures

we obtain:

Py = Pia " Pp a P o0 3-7)
Py = Py, = Pp tBo,  if p B <<y py (3-8)
Py = Pya = QtMo, if p B >> Y 0, (3-9)

pP can be determined if the intercept is clearly defined. 'B
and Y can be determined fromslope of the linear part of the graph and the

constant value of pi - p at large po (saturation region), respect-

ia
ively. But because the linear and saturation regions are not clearly
defined at all temperatures, another procedure has been used to deter-

mine <y and B .
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- is plotted against L where:
A -0, Po
A - Po = pa - pia " Pp

A linear relation is predicted by the previous equations.
In these graphs the slope is equal to %- and the intercept is

equal to —!;_'9
YPp.

Knowing pP, we can determine 7Y for each temperature. pP is
equal to Phetal (which can be found from the graph of pmetal versus
temperature) after substracting po + ppara from it,

Plots of zr%fg—- versus 1 at different fixed temperatures for

o 0 :
Pt Ti alloys are shown in figures (3-8), (3-9) and (3-10).

Values of £ and 7Y have been determined at a series of
temperatures,

In Pt Ti alloys B is independent of temperature and equal to
0.24, although Y 1is temperature~dependent,

Plots of Yy versus temperature for different concentrations are
shown in Figure (3-11),.

Plots of Z—%—B—- against %~ at different fixed temperatures

) o
for Pt V are shown in Figures (3-12), (3-13) and (3-14).

For these alloys B 1is independent of temperature and equal to
0.22, while Y is dependent on temperature and the plots of Y versus
temperature for different concentrations are shown in Figure (3-15).

In the case of Pd Ti alloys we could not fif the experimental
values by using a temperature independent B, so we allowed both £ and
to vary with temperature,

Plots of Z—l~5— against %— for these alloys are shown in

Q o

Y
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Figures (3-16), (3=17) and (3+~18),

The values of 8 for each'temperature are shown in Table (3-1).

The graphs of vy Qersus temperature for different concentrations .
are shown in Figure (3-19),

In Pd Ti alloys deviations below 40K were small and we did not
get a smooth variation for <Yy below 40K but above this temperature we
get a smooth variation of vy with temperature.

Knowing the values of B and Yy, the parameters o and aP'
have been calculated,

o4 is the ratio of the conductivity o (on the neck) to that

N
on the belly (OB) of the Fermi surface when the scattering is due to
impurity and ap is the same ratio when the scattering is due to

phonon alone,

These values can be found from the formula:

1 % Otp 2
Y= Grvs) (3-10)
P i
and
O, = O
1M 2
b= T ) (-11)
i P
(Appendix 1)
By inverting these equations we get(4):
U R | 4y's
a, =l+5atsa(l+) (3-12)
- 1,.,1 4y’
ap =1 + 5 b i_z b 1+ b) (3-13)

where a and b are defined by:

az(y-8 -6y’ - (3-14)
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b=(@B -y~ BY)Z/YBZ (3-15)

(¢
XN while the
Bo

other sign gives the inverse value of the first one ap = 5
2

One sign in the above equations gives a value for a_ = 5

& 2w

The values for ap and o; are shown in tables (3-

(3~4) and (3-5) for Pt Ti (two concentration) and Pt V and Pd Ti,

s (3"3) 5

respectively.

Due to Ziman(7), in the noble metals the belly electrons will

have a relaxation time T3 which will tend to increase rapidly at low

temperatures since Umklapp Processes (which could cause wide angle

scattering) will die out with falling temperature. On the other hand,

the relaxation time of the neck electrons TN' will not increase so
rapidly because in the neck regions of the Fermi surface, the curvature
is large and quite small phonons can still cause appreciable changes in

the electron velocity. At high temperatures because of the large

number of phonons with large wave number, scattering will be more or less

isotropic.
T
i.e. ?E ~ ]
B
T
Thus we expect E to diminish as the temperature falls and becomes
B

almost equal to one at high temperatures.

The larger ap at high temperatures is interpreted in terms of
a phonon scattering which becomes increasingly isotropic as the

temperature increases.

(8) (8)

The electronic band structure in Pt and Pd are more
complicated than that in Au and we can not simply talk about belly

and neck electrons in Pt and Pd alloys. However, similar conclusions
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should hold in Pd and Pt at high temperatures when scattering in
the two "bands" should be thermally randomized.

An Interesting property of ap in Pt V and Pt Ti alloys which
we observed was that it has a smooth variation, in fact it increases with
temperature toward a value of unity (this increase has been attriButed to

phonon scattering becoming increasingly isotropic as the temperature in-

creases) and as the temperature is increased further, ap starts de-
creasing and decreases continuously up to room temperature.

The change in sign of the temperature derivative of ap and oy

which is a property of the two band model occurs in the region of transition

from y > 8 to B8 > y. This change will also occur in noble metal based
alloys if the decrease in Yy evident below 60K persists to higher
temperatures. |

Thus the phonon scattering which was assumed to become increasingly
isotropic as the temperature increases, must now revert to becoming
increasingly anisotropic as the temperature is increased still further.
The physical basis for such an effect is not clear. This result casts
further doubt on the physical basis of the two band model.

In Pd Ti alloys ap is increasing with temperature above 40K
and below 40K we can not get definite results because of the small

deviations below 40K for these alloys. Sd, in Pt Ti and Pt V we can

use constant @ and temperature dependent 7Yy, but in Pd Ti we had to

let B and Y both be temperature dependent.
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T B
25 0.041
30 0.042
35 0.045
40 0.041 .
45 0.059
50 - 0.084
55 0.093
60 0.100
70 0.130
80 0.180
90 0.220

100 0.240
120 0.270
140 0.260
160 0.170

TABLE (3-1)




63.

T pA Y ap ai(taking + sign) ai(taking—sign)
15 0,25 2,0761 0.021 0.291

20 0.25 0.7710 0,080 0.432

25 0,25 0.4950 0.150 0.581

30 0.25 0.4996 0.150 0.582

35 0.25 0.3521 0.280 0.866

40 0.25 0.2650 0,500 1.359

45 0.25 0.2013 0.930 2.402

50 0,25 0.1540 0.590 0.2217
60 0.25 0.0950 0.220 0.0659
70 0.25 0.0729 0.140 0.0352
80 0.25 0.0599 0.100 0.0210
90 0.25 0.0492 0.070 0.0110
100 0.25 0.0408 0.060 0.0097
120 0.25 0,0319 0.040 0,0044
140 0.25 0.0260 0.030 0.0023
160 0.25 0.0221 0.024 0.0019
180 0.25 0.0205 0.024 0.0018
200 0.25 0.0169 0.019 0.0011
220 0.25 0.0151 0.017 0.0009
240 0.25 0.0136 0,015 0.0007
260 | 0.25 0.0126 0.014 0.0007
280 0.25 0.0116 0.013 0.0006
300 0.25 0.0110 0.012 0. 0005

TABLE (3-2)




64.

T % Y ' OLp ‘OLi(taking + sign) oci(taking-sign)
15 1.0 3.5087 0.01 0.272

20 1.0 1.0530 0.05 0.360

25 1.0 0.6825 0.09 0.449

30 1.0 | 0.5459 0.13 0.538

35 1.0 | 0.4081 0.21 0.711

40 1.0 0.3476 0,29 0.889

45 1.0 0.2985 0.39 1.111

50 1.0 0.2482 0.58 1.546

60 1.0 0.1743 0.78 0.300
70 1.0 0.1458 0.52 0.192
80 1.0 0.1259 0.38 0.133
90 1.0 0.1035 | 0.26 0.082
100 1.0 0.0879 0.19 0.053
120 1.0 0.0678 0.12 0.027
140 | 1.0 0.0556 0.09 ) 0.018
160 1,0 0.0465 0,07 0.012
180 1.0 | 0.,0432 0.06 0.009
200 1.0 0.0356 0.05 0.007
220 1.0 0.0318 0.04 0.004
240 1.0 0.0287 0,06 | 0.005
260 1.0 0.0265 0.03 0.002
280 1.0 | 0.0246 0.03 | 0.002
300 1.0 0.0234 0.02 0.002

TABLE (3-3)
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T 4 Y ap ai(taking + sign) ai(taking - sign)

20 1.0 2.8170 0,01 0,252

25 1.0 3.2460 0,01 0.246

30 | 1.0 1.3360 | 0.03 0.288

35 1.0 0.7632 0.06 0.352

40 1.0 0.5670 0.10 0.443

45 1.0 0.4911 .| 0,13 . 0.510

50 1,0 0.3902 0.19 0.635

55 1.0 0.3439 | 0,24 0.740

60 1.0 0.3023 0.31 0.888

70 1.0 0.2401 0,51 1.324

80 | 1.0 | 0.179% | 0.99 | 0.400

90 1.0 0.1497 0.65 0.257
100 1.0 0.1277 0.45 10.169
120 1.0 0.0996 0.27 0.091
140 1,0 0.0826 0.19 ) 0.057
160 1.0 0.0647 0.12 0.029
180 1.0 0.0583 0.10 o 0.022
200 1.0 0.0540 0.09 0.019
220 1.0 0.0510 0.08 0.015
240 1.0 0.0467 0.07 0.012
260 1.0 0.0443° | 0.07 0.013
280 1,0 0.0417 0.06 0.009
300 1.0 0.0398 0.06 0.c10

TABLE (3-4)




T Y ap ai(taking + sign)
25 0.433 . 0,004 0.0496
30 0.490 0.003 0.0498
35 0.491 0.004 0.0540
40 1.004 0.001 0.0446
45 0.780 0.004 0.0685
50 0.640Q 0.012 0.1090
55 0.550' 0.018 0.1302
60 0,500 0.024 0.1490
70 0,400 0,060 0.2530
80 - 0.292 0.210 0.6100
90 0.230 0.570 1.4600

100 0.194 0.990 2.5450
120 0.170 1.610 4.4830
140 0.149 2,010 5.6640

TABLE (3-5)
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Appendix 1

From the circuit in Fig. (1-2) we conclude:

ph o ph 0
. =(oB +op) (o + pN)
tot ph o ph o
Dii + DB + DN + DN
By using:
ph o
pph = EE— and po = EE-
N ap N ai
we get:
ph o
p p
ph o B _B.
h o
tot ph NI EE_.+ EE
pB pB ap ai
ph
pB ph
oPB Pl o Pp oPh
ph ph ph ph o + 1
Py * Py °s_, _ph
o PB
o
PB
p =
o) ai + 1

[(ap + 1)9Ph + po(ai + 1[0y pph(ocp + 1)+ o, po(oti + 1)]

p =
+
tot apqi pph(up + D+ apai po(oci + 1) + oy pph(ap 1) + ocppo(oai + 1)
o, (o + 1)2 p2 + (a0 + D@, +1)p p ., +0a,) +o pz(a + 1)2
_i'p ph p i o ph'p i p_o i
Prot ~ o (a0 + 1)2 +a p (o, + 1)2
i pph P p o i
But:

AC,TY = oy = Py = P,



which yields;

O

Py Pon {0y — @)

A(.C:T) =

By dividing numerator and denominator by (ai - ap)

2 2
ap po(l + ai) + oy pph(l + ap)

ACC,T) =
o (1 + o)
p
o .
o =~ O
( p )
we call:
o -~ o,
=L 2 _1iy2
Y= Tva.
P i
and
o = o,
B = 1 (_E____l)z
O 1+a
1 P
so we get:
_ Y8 PQ pph
AET) = 5 8
ph o
and
1 1 1

BCT B, Y ey





