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Table
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TABLE CAPTIONS
Characteristic temperature Tq and spin fluct­
uation temperature Tg of alloys characterized 
by local spin fluctuations (taken from Ref. 2)
Comparison of the variations of A p  (AT) ,A/o (AH), 
and the concentration C of polarization clouds 
with composition in Cu-Ni alloys.
Ap (AT) ■ p (1.75°K) -/o(20°K), A  p (AH) = P (H=0) 50kG),
and values of C are deduced from the suscept­
ibility measurements of Ref. 82 (taken from 
Ref. 92)
Approximate rate dT/dt at which the ambient 
temperature changes at various ambient temper­
atures T
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FIGURE CAPTIONS
Fig. 1

Pig. 2

Fig. 3

Fig. *»> 

Pig. 5

Fig. 6 

Fig. 7

. Basic thermoelectric circuits (taken from D.K.C. 
MacDonald, Ref. *t, p. 2)* (a) Closed circuit.
If 1 and 2 are different conduction materials, 
a thermoelectric current will generally flow.
(b) Open circuit. If 1 and 2 are different 
conducting materials, the thermoelectric potential 
difference generated, a v 19, will be proportional 
to AT if AT/T«’l. With tne polarity of AV _ as 
shown, and with AT>0, Sj?S2.

. Sketch of idealized absolute thermoelectric 
power of a single quasi-free electron metal.
(taken from D.K.C.MacDonald, Ref. 4, p. 23)

;Air Electron diffusion component of thermo­
electric power approximately proportional to T.

B* Phonon-drag component with magnitude 
increasing as for T«Oj>and decaying as 
for T^^.

. Typical behavior of the incremental thermo­
electric power in Kondo systems resultimg from 
the addition of various small concentrations 
e,,p2 , and Co of a magnetic impurity to a 
nonmagnetic host metal, (taken from M.D.Daybell 
and W.A.Steyert, Ref. 1*0

. Curie-Weiss curve fit approximately to G.S. 
Knapp’s-susceptibility "data for Ir oatiFe nnK 
(from data in Ref. 70).

. Excess resistivity per percent Fe impurity 
in Ir, as a function of temperature, (c 
refers to iron concentration) (taken from 
M.P.Sarachik, Ref. 5*0

. Thermoelectric power as a function of temper­
ature in Pd-Ni alloys and in pure Pd and Ni.
(taken from C.L.Foiles and A.I.Schindler, Ref.
71) Curve A is the pure Pd data of Fletcher 
and Greig (Ref. 125) and Taylor and Coles 
(Ref. 126)i Curve B is the unannealed pure 
Ni data of Blatt et al. (Ref. 117)1 Curves 
C, D, E, and F are the data for Pi-Ni alloys 
with the at.# of Ni as followst C=0.5i D=*1.0t 
E=l,66j and F»6.l6,

a. Thermoelectric power of pure Ir and Ir with £ 
and 1 at.# Fe, plotted as a function of temper­
ature between k,2 and 300°K.
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Fig. 7b. Details of the plot shown in Fig. 7a, showing 
actual data points between 4.2 and 100° K.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8. AS vs. temperature between 4.2 and 300°K for
Ir QO5Fe>005 6111(1 Ir 99Pe.oi» where s 18 'the 
difference between the thermopower of Ir-Fe 
and that of pure Ir.

9. Thermoelectric power of pure Ir as a function 
of temperature between 4.2 and 1800°K (high 
temperature data taken from Ref. 73)*

10. The Electrical resistivity of Cu-Ni alloys as 
a function of temperature (taken from Houghton 
et al.. Ref. 91)•

11. Low temperature resistivity of Cu-Ni alloys as 
a function of temperature. The scale is the 
same for all curves, as shown at the top of 
the figure, but the baslines have been shifted 
to allow all curves to appear in detail on the 
same graph, (taken from Houghton et al.. Ref. 92)

12. Resistivity of Rh-Ni alloys as a function of 
temperature from 2 to 700°K. The five curves 
have been separated vertically for clarity.
The resistivity of all alloys is '~39-n--cm at 
77°K. (tkken from Houghton et al.. Ref. 93)

13. Thermoelectric power of Cu-Ni alloys having 
from 30 to 50 at.# Ni, shown as a function of 
temperature between 4.2 and 300°K. The seven 
curves have been separated vertically for clarity.

14. Details of thermopower vs. temperature curve 
for Cu Ni_ between 4.2 and 100°K, showing 
actual data points.

15. Details of thermopower vs, temperature curve for 
Cu N i ^  between 4.2 and 100° K, showing actual
data points.

16. Details of thermopower vs. temperature curve for 
Cu.gNi^g between 4.2 and 100°K showing actual
data points.

17. Details of thermopower vs. temperature curve for 
Cu^gNi^g between 4.2 and 100°K, showing actual 
data points.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

18. Details of thermopower vs. temperature curve 
for C u ^ N i ^  between 4.2 and 100°K, showing
actual data points.

19. Details for thermopower vs. temperature curve 
for Cu -Nij^ between 4.2 and lOO^K, showing
actual data points.

~\

20. Details of thermopower vs. temperature curve 
for Cu^Ni^g between 4.2 and 100° K, showing
actual data points.

21. Details of thermopower vs. temperature curve 
for Cu Ni- between 4.2 and 100°K, showing
actual data points.

22. Absolute value of thermoelectric power vs. Ni 
concentration at constant temperature in Cu-Ni 
alloys. Basic idea of plot and circled data 
points are from Ref. 106. Uncircled data points 
are our own. Data points enclosed in squares 
are from Ref. 103. These enclosed in triangles are from Ref. 86.

23. Comparison of thermoelectric power vs. tepperature 
in freshly annealed Cu^gNi^g and in Cu^gNi^
with a shelf life of roughly four years. Data 
is shown between 4.2 and 140°K. Between 140°K 
and room temperature the two curves coincide, 
and are as shown in Fig. 13.

24. Thermoelectric power of Rh-Ni alloys having 
from 56 to 64 at.# Ni, shown as a function of 
temperature between 4.2 and 300"K. The four 
curves have been separated vertically for clarity.

25. Details of thermopower vs. temperature curve for 
Rh.-Ni-, between 4.2 and 100°K, showing actual
data points.

26. Details of thermopower vs. temperature curve for 
Rh NigQ between 4.2 and lOO^K, showing actual 
datS. points.

27. Details of thermopower vs. temperature curve for 
Rh pNi>.« between 4.2 and lOO^K, showing actual

la points.
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Pig. 28. Details of thermopower vs. temperature curve 
for Rh .Ni^ between b,Z and 100° K. showing
actual data points.

Fig. 29. Comparison of the concentration dependence of 
the room-temperature thermoelectric power in 
Pd-Ag and in Cu-Ni.

Fig. 30. Schematic diagram of the annealing apparatus.
Fig. 31. Design of sample holder used for measuring 

thermoelectric power.
Fig. 32. Sample holdert details of sample chamber and 

activated charcoal chamber.
Pig» 33* The mounting of the sample within the sample 

dhamber.
Fig. 3*K Block diagram showing the main elements of the 

electronics for measuring thermoelectric power.
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I. INTRODUCTION
This work presents data for the absolute thermoelectric 

power in two distinct types of metal alloy systems, con­
taining dilute and concentrated amounts of a magnetic 
impurity, respectively, and examines this data in the light 
of existing theories and ideas.

Resistivity and susceptibility data in certain dilute
magnetic alloys have been explained in terms of a theory

1 2of local spin fluctuations * , in which it is assumed 
that because strong repulsive Coulomb interactions between 
d-electrons of opposite spin, the long wavelength, low 
frequency fluctuations in the spin density of the d-electrons 
will have a greatly enhanced amplitude in the vicinity 
of the magnetic impurity, and s-d spin flip scattering of 
the conduction electrons will occur. In 1968, Rivier and 
Zuckermann-^ argued that the results predicted by local spin 
fluctuation theory for 411 physical observables are the 
same as those predicted by the Kondo-Nagaoka spin-compensated 
state, in which one assumes the existence of an impurity 
spin, and this spin is considered to be screened at low 
temperatures by a cloud of antiferromagnetically coupled 
conduction electrons —  that is, the impurity spin is 
compensated.

This aroused interest among experimentalists in
seeing whether some observable property could be measured
for which different results were predicted by the Kondo-
Nagaoka and local spin fluctuation theories. A private
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communication from A.B.Kaiser suggested that a possibility 
for such a property might be the thermoelectric power of 
Ir-Fe. one of the systems which had been successfully 
treated in terms of local spin fluctuations, and for which, 
according to qualitative arguments put forward by Kaiser, 
widely divergent results were predicted by Kondo-Nagaoka 
and local spin fluctuation theories. Our Ir-Fe measure­
ments were undertaken with this motivation, and the thermo­
electric power was measured for pure Ir and for Ir with 
J and 1 at.# Fe.

The seoond portion ©f this work deals with thermo­
electric power measurements in concentrated Cu-Ni and 
Rh-Ni alloys, where the problem of interest is quite dif­
ferent. In these alloys, the low-temperature spontaneous 
magnetization in the weakly ferromagnetic concentration 
range is located in magnetic polarization clouds of large 
total moment, and these clouds have been shown to persist 
well into the paramagnetic range.

The resistivity of Cu-Ni in a range of concentrations 
straddling the critical concentration for ferromagnetism 
showed anomalous behavior which has been interpreted in 
terms of these giant moment clouds. However, the resistivity 
of Rh-Ni in a similar concentration range showed no such 
anomalous behavior. We undertook to measure the thermo­
electric power of Cu-Ni and Rh-Ni over the concentration 
ranges of interest in order to determine what effect 
the giant moments- might have on another (and rather

- 11-



sensitive) transport property, and to see whether th6 
thermopowers for these systems differ as their resistivities 
do. The thermoelectric power was measured between 4.2 and 
300 K in a series of Cu-Ni alloys containing from 30 to 
50 at.# Ni and in a series of Rh-Ni alloys containing from 
56 to 64 at.# Ni.

Since this thesis deals with two distinct problems, 
much of the body of the thesis will be divided into two 
sections (IV and V). For this reason an introduction 
to the experimental apparatus and procedure and general 
information on thermoelectric power are presented prior 
to the sections which discuss results for the dilute and 
concentrated magnetic alloys.

- 1 2 -



II. THERMOELECTRIC POWER« GENERAL THEORY
A. The Basic Thermoelectric Phenomena

Thermoelectricity, known to physicists since the early 
part of the nineteenth century, has received increasing 
attention in recent years as a tool for studying the 
scattering of electrons and various excitations, e.g. 
phonons, magnons, and perhaps paramagnons (see Section IV) 
in solids, and for obtaining information about the Permi 
surface in metals and alloys. A survey of thermoelectricity 
was published in 1962 by D.K.C.MacDonald,, and a recent 
review article by R.P.Huebener^ reflects the considerable 
progress made in the field since that date.

Three thermoelectric phenomena are commonly consideredi
(1) The Seebeck Effecti In an open circuit con­

sisting of two different conductors joined as shown in 
Pig. 1(b) , if the junctions are maintained at tempera­
tures differing by T, a thermovoltage V^2 can be measured 
across the terminals. This effect is known as the Seebeck 
effect, after the man who discovered it in 1822. The 
relative thermoelectric power is defined by SSS1-S2 
sdV^2/dT, where and S2 are the absolute thermoelectric 
powers of conductors 1 and 2. S is taken to be positive 
for the polarity shown in Fig. 1. If conductor 1 is a 
superconductor Si=0, and for the polarity shown S2 is 
negative. In this situation, if the circuit were closed, 
electrons would flow from the hot end of conductor 2 to
the cold end, as one would expect. Hence, in ordinary

-13-



metals one expects a negative thermoelectric power.
The thermoelectric power is the most commonly measured 

of the thermoelectric phenomena. The others are of interest 
here insofar as they relate to the thermopower.

(2) Peltier Heati If two conductors are now joined 
in series at constant temperature and a current flows 
from conductor 1 to conductor 2, heat may be evolved or 
absorbed at the junction of the two metals according as 
the heat current density associated with the electric cur­
rent is greater or smaller in conductor 1 than in con­
ductor 2. The Peltier coefficient of a metal is defined 
by/r=Ux/Jx, the ratio of heat current density to electrical 
current density. The property one actually measures is 
fJ'n.=rrl-/Tzt the so-called Peltier heat. For the given 
current direction represents the heat evolved or absorbed 
per unit time per unit electrical current according as 
TC,Z is positive or negative. From thermodynamic arguments 
or from Boltzmann transport theory, one finds that 7T=TS.
A negative S indicates a negative 7T, Physically, if the 
heat current is in the direction of electron flow, it 
is opposite to the conventional electric current and hence 
7T=Jx/Ux is negative as is S for ordinary metals.

It should be noted that while the properties one 
ordinarily measures, S12 and 77̂  2, are relative properties 
of two conductors, 7T and S are bulk properties of a single 
conductor,

-Ilf-



(3) The Thomson Effecti If a current flows through 
a conductor along which a temperature gradient is main­
tained, the heat generated per unit volume is 

<5 ̂  J* + * (|c d Z ) 4DC .(f dht <*■*■ ' obc
cr and kr are the electrical and thermal conductivities.
The first term on the right represents Joule heating.
The second term involves the divergence of the heat cur­
rent density. The last contribution requires both an 
electrical current and a temperature gradient. This con­
tribution is the Thomson effect, and /« is called the 
Thomson coefficient. From thermodynamic arguments^ or 
Boltzmann transport theory, one finds that /u =TdS/dT.

has the advantage of being a directly measurable 
bulk property of a single conductor. By integral methods, 
one can then obtain the thermoelectric power of a single 
metal from S(T)-S(0)=f0 , or, since S-*0 as T-»0
by the third law of thermodynamics, S(T)* fQ ,
Hence, an absolute scale of thermoelectric power can be 
established for a metal at all temperatures (at sufficiently 
low temperatures one measures the thermopower of the metal
in question vs. a superconductor) as has been done for 

7Pb. Once an absolute scale of thermopower exists for 
one material, it is possible to obtain the absolute thermo- 
power of any other material by relative thermopower 
measurements, i.e. by measuring V12 and A T  in a set-up 
such as that shown in Fig. lb.

-15-



The Thomson heat is also useful in understanding the
temperature dependence of the thermoelectric power,
since for simple power laws, =TdS/dT will have the
same T-dependence as S. Neglecting other heating terms,
the Thomson effect is described by Q. - - y U dT/d* ,
Hence , so that =.-̂ nevh. =-/*ne» and one getsal dx dt
A* =”nei?r • 0ne can ^us think of j* as something like 
a specific heat per unit charge of the conduction electrons. 
Maxwellian statistics would thus suggest a value for ju of
0 k1 -Jt . However, because electrons obey Fermi statistics,

L -rthis value must be reduced by a factor , the fraction 
of electrons sufficiently close to the Fermi surface to 
be able to exchange thermal energy (Ep is the Fermi 
energy). This gives us a linear variation of /a with T, 
and hence of S with T. A more rigorous calculation of
the conduction electron specific heat for a free electron

/ 2 5metals gives C v =7TzK'jS n T / l E p  t so that
yu T/2eEp , and $= f j dT = nzkl T / 2eEF , 
differing from our previous result only by a small numerical 
factor. S is still linear in T, and is negative because 
e is negative.

The result we have obtained thus far is for the 
electron diffusion thermopower. Only the heat associated 
with the electrons themselves is considered. Inter­
actions of electrons with a non-equilibrium phonon system 
are neglected. Even for the electron diffusion thermo­



power, however, actual thermopowers may differ sub­
stantially from the values predicted by the free electron 
model, in magnitude (as in many transition metals) and/or 
sign (as in the noble metals).
B. Boltzmann Transport Theory and Thermoelectric 

Power
A more general expression for the diffusion thermo­

electric power is obtained from the Boltzmann equation.
One assumes that in equilibrium the electron distribution

iis given by the Fermi-Dirac distribution, function t0 j"
fyj=l/kBT). If a field or temperature gradient is applied, 
the equilibrium distribution is disturbed, and in a steady 
state situation one assumes a distribution function f 
which differs from fg by a small amount, i.e. 
f=f0+f^(k,r,t). For the steady state, Boltzmann’s 
equation says that - (fj )arlf+i‘ (f?)f implying a 
balance between the fields and temperature gradients 
which disturb equilibrium conditions, and collisions 
which tend to restore them.

In linearized Boltzmann theory, one regards 
(|£) drift as dI’if'fc ‘term occurring in the absence of
collisions to which one then adds the collision term,

Jp
The Liouville theorem says that (at)drift®0• Thus,

^drift3 i  ff • m  one dimension,
neglecting magnetic fields (the theory for thermoelectric 
power in the presence of a magnetic field is quite com­
plex and not relevant to our work), we can write

-17-



/ af \ .. if. v* + ifvat'drift” *T ** m •
For the collision term one makes a relaxation time 

approximation! i.e. one assumes that the rate of re­
storation to equilibrium is proportional to the deviation 
from equilibrium. Hence, ( §y )co|| - ~ {f.ifsl - ~jji ,

yL,so that f-f ~ e  . The Boltzmann equation thus becomes
fv + §r*xV% » or* keePing only terms of
lowest order, ff ,JVjt m ay frf-
One can assume a well-defined temperature at each r
in order to write down a quasi-equilitrium distribution
function fQ(r) or, equivalently, fQ(T), and hence one
calculates . One also calculates ~  .

a r  a v x  a v *  V )

With these calculations the Boltzmann equation becomes
—  ( ev%E* + T§r ( )Vx ̂  ) = -ii' * * &T ' -p / * dyC. / <r ’

We next set fi=( ~~ )% • ( behaves essentially
like &(€-<&), which is reasonable, since we expect trans­
port properties to involve only electrons near the Fermi 
surface). Thus, + T v x

Since only f^, the non-equilibrium part of the 
distribution function, contributes to transport properties,
the current j > = nev* -V / f* v* J3k .af (<•
We then use the Boltzmann equation to write 9̂  explicitly, 
and if for one-dimensional isotropic situations we define 
a set of integrals K <h> ~ j-fifrMv,,’ *£s d’k .one then
gets..j-*K‘,,[‘E - T (Eq- !)• 

The electrical conductivity is defined in the
absence of a temperature gradient by j" =.<rE •

-18-



Eq. 1 with ■—  =0 thus gives <T = .
We now consider a situation with a temperature gradient 

but no external field, such as is shown in Fig, la.
In this situation a current results, which we can associate 
with an internal field = = " c [ $
The thermal EMF is then £ =̂ > E'dl . Since the chemical 
potential does not change in going from one metal to the 
other, ^  &  ** =0 and £ (■— , -q) JL d*

~ e J r  t  1  k ‘%  e  W T > 1  

Hence, the relative thermopower is given by
q _ J- _ j./ Kfin _ <.12” dT "CtIk11)/, e T V .  k o>/“ S*« i Ka>and the absolute thermopower is S= .

The same result for S can also be obtained from
Eq, 1 if one defines S by S=( "e 'Jr

Another alternative defining expression for S is
s- - s f  f l t - V r M g  die ,

where <r(6) is defined by j <TCO ̂  dz « This
expression corresponds to the relationship 77" =T»S
between S and the Peltier heat 77" , since e-ij is the
internal energy minus the free energy of an electron,

g
hence its "heat".

We shall consider briefly some implications of these
expressions, In particular, using the fact that (T2rezK (l̂

, .. . _ K (°  _ -rr^kgT f  3 lh cr ce)nwe note that S=£f T̂T, L — ^ — J 6=t}
Writing out explicitly, we get

, fr(k)v' =J=1, ffr(kX(-M)£dt = £  ̂ fv;dSc ~-£h 5PjxttV * K nn'JJ i m ^ n J k F
Here acts like <J(e-£p)in reducing the integral over



volumes dSdt in energy-space to an integral over the Fermi
8surface , and A = v̂ r is the electron mean free path.

With this expression for <r , one obtains 
s= + ajnSp j  0ne expects x  to

3e 36 ^
increase with energy, since higher energy particles are
less easily scattered j thus should be positive,
and since e is negative, the first term in the expres­
sions for S above should be negative as one ordinarily ex­
pects for metals.

However, the area S? of the Fermi surface increases 
until the Fermi surface touches the Brillouin zone 
boundary, then decreases for further increases in £ .
When the Brillouin zone is nearly full, then,one gets a 
positive contribution to S and, in fact, S itself can be 
positive. This is reasonable in view of the fact that as 
one approaches the zone boundary, the dynamical mass of the 
electrons becomes negative, and one is dealing with holes. 
In any event, it is clear that the thermoelectric power can 
be sensitive to change in the Fermi surface.

In transition metals, the term becomes
important. Here the high resistivities observed are con­
sidered to be due to the scattering of s-electrons into 
the high density states in the d-band^, so that A
and one gets a term " f 1. ^  in the thermo-3e ae
power. This term will be considered further in Section V.

In many situations the thermoelectric power is
- 20-



* K a) (2) (1)calculated from S= , where Kv ' and Kv '
are written explicitly in termswof the relaxation time
for the system of interest. (This is done, for example,
to obtain the Kondo thermopower —  See Section V.) It

(n)should be noted from the form of the K that since
is only non-zero in the vicinity of the Fermi sur- 

face, the thermopower is sensitive to the behavior of the 
relaxation time t (€) in this vicinity. In particular 

will be large and small if T(€) is an even
function with respect to the Fermi energy, and alternatively 

will be large and small if T ( 0  is odd.
(This point is elaborated on by Bailyn*0 and Huebener^). 
if r(e) is odd, one would expect a significant con­
tribution to the resistivity since /o'—^  ~  "j<7i) » tu't a 
more pronounced contribution to the thermopower is expected 
since * and while is diminished, is
enhanced.
C. Phonon Drag and Other Drag Effects

We next take into account the fact that a temperature 
gradient will result in a non-equilibrium phonon dis­
tribution, i.e. a flow of lattice energy from the hot end 
of a sample to the cold end. "Momentum" (actually , 
rather than a true momentum) must be lost by the phonons 
going from the hot end to the cold end, or the thermal 
conductivity would be infinite. At sufficiently low 
temperatures in nearly perfect metals, this "momentum"
is transferred to the conduction electrons by means of
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electron-phonon collisions, and the electrons in effect 
get dragged along by the phonons. This process is known 
as "phonon drag". Its contribution to the thermoelectric 
power can be understood qualitatively in terms of the 
lattice specific heat. The change in lattice energy oc­
curs spatially as one goes from the hot end to the cold.
If all this energy is transferred to the conduction electrons, 
the energy gained per ° K per unit conduction charge
(which is how we interpreted u ) will be Sl~ • where Cone
is the lattice specific heat and ri the density of 
conduction electrons. S, as noted previously, will have 
the same T-dependence as /4 • If other processes com­
pete with electron-phonon collisions as mechanisms for

£the loss of lattice energy, we must multiply _i byne
a factor o' ( °<<l), the relative probability of a phonon 
colliding with a conduction electron as compared with 
all other things the phonon might collide with. Thus 
one gets Sg~£lo<'.

At sufficiently low temperatures the total 
phonon "momentum" is unaffected by phonon-phonon col­
lisions. "Normal" collisions only redistribute the energy 
flow among the phonons, so that in a perfect metal, 
collisions with conduction electrons are the only mechanism 
by which lattice energy is dissipated. At temperatures 
small compared with the Debye temperature Op , we there­
fore have cxx-t . At these temperatures Cq~ T 3and therefore

3‘ the phonon-drag .thermopower Sg ~  T .



At temperatures larger than , umklapp collisions, 
in which lattice momentum is not conserved, are common, 
and phonon-phonon collisions become a viable energy- 
dissipating mechanism. The phonon-phonon mean free path

i ^A Pf'%'T= at these temperatures , so that the phonon-
phonon collision probability increase linearly with T,
and o<~J- . is roughly temperature-independent at high T
temperatures, so that Sg's/4r ^or For ideal
pure metals, then, one expects the total thermoelectric
power to behave as shown in Fig. 2, i.e. S is the sum of
a phonon drag contribution, which peaks at about 1/5 0"D •
and an electron diffusion term linear in T.

If the predominant electron-phonon collisions are
umklapp rather than normal processes (as may happen, for
example, when the Fermi surface is very close to the

5,llxBnllouin zone boundary ) the change in electron 
momentum will be opposite in direction to the heat flow 
and the phonon-drag peak will be positive rather than 
negative.

In metals with impurities (including dilute alloys 
and metals with lattice defects), the impurities act as 
an alternate scattering mechanism to the conduction elec­
trons for reducing the total phonon "momentum", ex’ 
therefore decreases with increasing impurity concentration, 
and for more than a few atomic percent of the impurity, 
the phonon drag peak will ordinarily be completely 
suppressed.



Drag peaks due to excitations other than phonons
may. be understood analogously to phonon drag* For

12instance, magnon drag will have the same T-dependence 
as the specific heat of the magnon or spin-wave system, 
i.e. it will vary as T^/2 ^ . In Section IV we will 
consider a similar picture with regard to the possible 
existence of a paramagnon drag effect.
D. Multiple Contributions to the Diffusion Thermoelectric 

Power
Although the electron diffusion and drag terms are 

directly additive, if there are two or more contributions 
to the diffusion thermoelectric power, the total diffusion 
power is not ordinarily the simple sum of these.

If, for example, one considers thermoelectric power 
due to two (or more) conduction bands, one treats these 
bands as conductors in parallel. If parallel conductors 
1 and 2 have electrical conductivities <5\ and <£, and 
heat current densities and U2 respectively, their

— , fjrespective Peltier coefficients are 7i - andn CF EI I  •Since for parallel circuits in general, the heat 
currents and conductances add directly, and since for 
parallel bands within the same metal the physical dimen­
sions are the same for the individual bands as for the
total circuit, it follows that for parallel bands the
heat current densities and electrical conductivities add 
directly, i.e. U-Uj+Ug and <r ;=■ <rx *■ <r̂  . Thus
the Peltier coefficient for the total circuit is given
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ere <r e  <r
Since 7T =TS, S= tf~,3| + <rzSx for two conduction bands,

cr " <T' i ■ /and for n conduction bands Sa i J/tT where
n r  J - i  )

<r = S o ; . 5 
j--.
If one considers a single conduction band but two 

independent scattering mechanisms (such as phonons and 
impurities, or the two components of a binary alloy), 
one may consider the total temperature difference A  T 
across the conduction band to be the sum of two con­
tributions A  T^ and A  T2 sustained by the thermal 
resistivities and W2 respectively, of the two scat­
tering mechanisms, just as if the mechanisms were two con­
ductors in series. The size of each contribution is 
proportional to the thermal resistivity associated with 
it. Hence, AT= AT^+ A T 2» where AT, = and
AT0 = — -^7 • p°r a series circuit AV (whereL W|+ Wj_
AV=SAT), the thermovoltage produced by A  T, must

equal the sum of the thermo volt ages AV]^ and A V2
across the two circuit components. Specifically,

ATx , and AV2=S2 ATg. Thus 5 A T  = 5, AT, + JrATz
_ W,.S|OT + W ^ A T  , or 3= 5.W, + W 2 • vv,+ w t w,+ w t VV.+w*
For more than two scattering mechanisms, S= I w l5l/z;w,‘ •i 1
In situations where the Lorentz number is constant,
this becomes S= where the are the electrical

%Piresistivities associated with the several mechanisms.
Further considerations of thermoelectric power

are deferred to subsequent sections of this work, where
-25-



their introduction seems more appropriate.
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III. OUTLINE OF EXPERIMENTAL PROCEDURE
Thermoelectric powers for all alloys studied were 

measured as a function of temperature between 4.2 K and 
300 K. To measure thermoelectric power, a heater is 
placed at the free-standing end of a rod-shaped sample 
which is anchored at the other end to a heat sink. The 
heater is used to impose a small temperature difference 
AT (0.1-0,2 K) across the sample. A  T is measured by 
a differential thermocouple, the junctions.^of which 
are anchored at the two ends of the sample. The voltage 
across the sample, AV, is measured directly by a 
nanovoltmeter, thus enabling us to calculate the thermo­
electric power S, given by S=AV/AT.

The ambient temperature is achieved by using the 
following arrangement. The heat sink is a copper block 
in direct thermal contact with a large reservoir of 
activated charcoal. The charcoal is immersed, in liquid 
helium, and the liquid helium is then boiled off. The 
temperature of the charcoal, which has adsorbed a good 
deal of helium, then rises very slowly because of the 
large heat of adsorption, and quasi-steady' state conditions 
suitable for measuring S are achieved. The ambient 
temperature is measured by a thermocouple with one junction 
anchored to the heat sink and the other immersed in an 
ice-water bath. Cu-constantan thermocouples are used 
throughout. -?7-



The error in our thermoelectric power measurements 
is estimated to be no more than 2-3# for most of the 
temperature range considered. The principal sources of 
error were thermovoltages arising in the leads, and 
possible discrepancies between (a)AT between the two 
points at which the differential thermocouple junctions 
make contact (the measured AT) and (b) A T  between the 
two points at which the voltage leads make contact 
(the A  T actually producing the measured thermovoltage. 
AV).

For the details of the experimental procedure, see 
Appendix A.
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TV. DILUTE MAGNETIC ALLOYS
A. The Dilute Impurity Problem« Background

The problem of understanding the electronic structure
associated with magnetic impurity atoms in dilute magnetic
metal alloys, and the local magnetic moments which often
arise from such structure, has been considered quite
extensively in recent years. The phenomena associated
with these moments fall loosely into two categories —
local effects, which are studied primarily by various
types of magnetic measurements, and modifications in
properties of the electron gas away from the impurity
site, as manifested in the transport properties.' The
problem has been treated in depth both theoretically

10  1 3 - 1 9and experimentally in several reviews * J , so
that most of the theory will simply be outlined here,
with amplification of those aspects which bear directly
on the present work.

A dilute alloy is considered to be one in which
the effect of impurity-impurity interactions is negligible,
so that calculations can be done for a single impurity
and results for n impurities are obtained by superposition.

A useful concept in the understanding of local
moment formation is that of the "virtual bound state",

20-22as developed by Priedel . When one of an impurity's
outer atomic orbitals (d-states in transition metals)
falls within the conduction band of the host, the d-state
will resonate with conduction electron states of like
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energy, and the correct electron states will be linear 
combinations of the d- and conductive states. The result 
is a state which is strongly d-like, occupying a small 
spread of energies about the original resonant energy, 
and localized in space about the impurity rather than 
truly bound like the core states —  hence a "virtual 
bound state".

In the formal treatment, for simplicity, the per­
turbing potential of the impurity is regarded as spherical, 
and the wave functions of the alloy can be analyzed 
in spherical harmonics, with the states of quantum 
number undergoing a phase shift . This results in 
a Lorentzian broadening of the density of states about 
the resonant energy, which can be regarded as a virtual 
bound state of energy EQ and width A  ,

Friedel's calculation subjects the phase shifts 
r}/ to a condition of local electrical neutrality, i.e. 
a net screening charge must arise from the conduction 
electrons equal in magnitude to the excess charge of 
the impurity relative to the host. This condition is 
expressed formally as the Friedel sum rule,
Z= t where Z is the excess
charge, and the phase shifts irjĵ  are evaluated at the 
Fermi energy.

Friedel noted that the distributions of spin-up and
spin-down electrons would be separated in energy because
of Hund's rule and the Coulomb repulsion acting between

-30-



electrons of opposite spin. If the virtual bound state
is sufficiently narrow, the number of spin-up levels will
exceed the number of spin-down levels for energies below
Ep. The d*° level is thus split into two d^ levels.
Using the Friedel sum rule to estimate occupation numbers

21for spin-up and spin-down levels, Blandin and Friedel 
constructed a table predicting whether a local moment 
would occur in various alloys.

Anderson2-̂ treated these ideat qualitatively by 
means of a self-consistent Hartree-Fock calculation.
He began with a Hamiltonian of the form 
H = Hc/H co;rHjd s E nd«r+
The first two terms are the unperturbed energies of the 
free electrons and the impurity d-state, the third term 
represents the repulsive Coulomb exchange interaction 
between d-electrons of opposite spin, and Hg(j is an ex­
change term between the conduction s-states and the 
impurity d-states, which accounts for the broadening of 
the virtual bound state. = <3*0^ is the number operator 
for a state c* , where c* and c^ are the creation and 
annihilation operators for that state.

The problem is then solved self-consistently by 
letting U < h 0|t> n d^+-U<n^>Mdt - U < n df><nd4,>
so that the Hamiltonian is now given in terms of average 
interaction strengths and one-body operators.
One-then gets H 0j + Hcorr= constant terra,
where E^=E-+^^nd -31-



Prom here Anderson gets Lorentzian densities of states
A*4,(e)= t , where the level width A  = rr (E)

is obtained by the golden rule. The result is that the
centers of the virtual levels for spin up and spin down
have been shifted, and not necessarily by the same amount,
so that the average occupancies y =/^A^(E)dE
may also differ. Through further calculation, Anderson
arrives at the criterion >1 for magnetism.

13  21 2U’A commonly presented heuristic argument
for this criterion is as follows. If virtual bound states
for up and down spins, initially with equal occupation
number n, are split, there will be a splitting energy
A E and a moment will be formed by the transferral of
in electrons from spin down to spin up. This represents
an increase AK.E = <5nAE in the kinetic energy of the
system. The corresponding change in potential energy
will be AP.E. = U<'ri4-4n>< h-6n> - U<n>£= - U  C<Sn)2
The moment will be stable if the energy of the system is
decreased by moment formation, i.e. if AK.E. tAP.E.< O .
Now A  K.E.+AP.E. = <Sn (AE-Uin) , or, since in the
Anderson model 4n=A(EP)AE # the change in energy
is AE(I-UA(Ef)) • so that the criterion for moment
formation is UA(E )>1. Since we see from the criterionF
of Aj^(E) that the maximum value of A(Ep) is I/7TA •

Uone then gets ^  >1 as the condition for magnetism.
21A similar criterion is obtained by Friedel by
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relating ih to a splitting of the f- =2 (d-band) term 
in Z . The contribution for & 42 are small. We note 
from the condition for magnetism that the likelihood 
of moment formation varies inversely with the width of 
the virtual bound state. The s and p bands are too broad 
to allow moment formation, but the d band is narrow 
and thus conducive to such formation.

Rondo* took a different approach to the dilute 
impurity problem. Rather than explain the formation of 
local moments, he assumed the existence of a local 
moment at the impurity site, assigned to it a spin S, 
and considered the effect on physical properties of an 
interaction of the form - J Q  21 5*S; 6 (r-r-) f whereI
J is the exchange integral,n is an atomic volume, 
and the s^ are the conduction electron spins. By applying 
a second Born approximation to this Hamiltonian, Rondo 
was able to explain the existence of the low-temperature 
resistivity minimum which is one of the most notable
features of local magnetic moment systems.

27Schrieffer and Wolff used a canonical transformation
to relate the Anderson and Rondo models, and found them
to be equivalent, i.e. they gave the same interaction
matrices in the limit of small s-d mixing, which is
the optimum condition for local moment formation. Noting
that the exchange integral is of interest only near the
Fermi surface, they obtained the result X , = X = 2|V .| __LI—fcFkP ° M



If a local moment exists, ̂ < 0  and ^ol+ U  > o t
28and so Jq is negative. More recently, Schotte included 

zero- and two-particle states, and obtained a J for the 
Kondo model equal to half the value predicted by the 
Schrieffer-Wolff transformation. Difference in other 
parameters as well led Schotte to conclude"that the 
Kondo and the Anderson model are not that intimately 
connected."

The Kondo calculation treats the scattering 
amplitude T= ^-f|-JSzSiz| between initial states 
|{^=|kfjdt> and the final states I k T,diX The
first order Born approximation gives a value T^1- i , 
and does not account for any of the interesting temperature 
dependence of the resistivity. The second order Born 
approximation gives a contribution t ^  containing terms 
from three second order proceddes*

(1) kt goes to k’l' via k"t
(2) the exchange of (1)
(3) kt goes to k'T via k" V . In the intermediate 
state, the impurity is also spin-flipped to conserve 
angular momentum.

In the exchange of (3)» the impurity must first interact 
with an electron in state k"4> and have its spin flipped 
up. This does not conserve angular momentum, and there­
fore cannot occur. Calculating the three second order
terms and summing these and the first order terra gives

-3^-



a scattering amplitude T^otal= ( I + J" In )
where D is the conduction band width. The resistivity

I 2varies as "y , which by the golden rule varies as
Kondo*s result for the total resistivity, including the
standard phonon term (first term below) and a term due
to potential scattering from the impurity (second term
below) is .(keeping in terms to first order)

/0= aT 5 + cpA + C/0M Cl+4:TN
0where N is the density of states per atom of the crystal

at the Fermi surface and c is the impurity concentration.
When J is negative (which is the prediction of the
Anderson model for a magnetic state), a minimum occurs
in the resistivity. Moreover, when J < 0  , setting

gives for the temperature at which the minimum
occurs T . = c/s. This c1^  law hadmin ' 5 a '
previously been known from experiments.

The main difficulty with the Kondo treatment is 
that for sufficiently small T, the second Born term is 
larger than the first. Hence, the Born series may diverge, 
and as is perhaps more evident, the resistivity diverges 
logarithmically as T->0. The divergence is considered 
to occur below a characteristic "Kondo temperature" T__,

_i K
usually defined by kTK e<D e  ,:r,N in accordance with 

29Abrikosov,
The breakdown in perturbation theory below a

characteristic temperature suggested to Nagaok^°an analogy
-35-



to the case of superconductivity, where perturbation
theory breaks down below the critical temperature, and
correlations between electrons must be considered,

31giving rise to a bound state (Cooper Pairs). Nagaoka 
treated the correlation between localized spin and con- 
duction-electron spin using retarded double-time Green's 
functions, and showed the existence below TK of a quasi­
bound state near the Permi surface in which the nearby 
conduction electron spins are antiferromagnetically 
coupled to the impurity spin and effectively screen it.
This quasi-bound state seems to form gradually over a
range of temperatures in the vicinity of T . AboveK
this range, Nagaoka confirmed the In T resistivity 
behavior calculated by Kondo. Below this range he cal­
culated a resistivity behavior of the form p = p0 C• + ~

1 3 K
which for T«T^ becomes p  « po (/”—  (t^J an<* reduces to
a constant T->0 .

29Other models, based on many-body perturbation theory 
32,33or ‘dispersion theory have been shown to be closely

3^.35related to that of Nagaoka • Many authors, though
not all, still consider the spin-compensated picture

36to be a valid one.
In certain situations, the single electron picture

proved unsatisfactory. Theoretically the Hartree-Fock
approximation predicted the existence of a local magnetic
moment for • But it is precisely in this region that

37the Hartree-Fock theory breaks down, since, as Schrieffer



4*points out, if U>7r& "the interaction time is less
•tthan the time required for electrons to hop on

or off the impurity into the conduction band." 
Physically, the failure comes about when an electron 
on the impurity interacts sufficiently strongly with near­
by electrons that one can no longer regard the electron 
on the impurity as seeing an average potential through 
interaction with all the electrons, as Hartree-Fock theory 
assumes. It then becomes necessary to treat the situation 
as a true many body problem.

Experimentally, as well, it was found that despite
the considerable success of the scheme used by Blandin 

21and Friedel in predicting whether or not a localized
moment would occur in a given alloy, evidence of local
moments was found in the resistivity behavior of certain
alloys where none was predicted by a- straightforward
application of the Friedel virtual-bound-state viewpoint.

38,39Caplin and Rizzuto observed a weak low temperature
resistance minimum (a characteristic feature of a magnetic
impurity) in Zn-Fe. Al-Mn. and Al-Cr, which in Al-Mn,
at least, was sufficiently pronounced to indicate a 

2negative T temperature dependence of the impurity resist­
ance at very low temperatures. They suggested that local 
spin fluctuations were responsible for the behavior.

Similar resistivity behavior, but with a positive
2T term, was observed by other experimentalists in Pd-Ni,
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ir-Fe. and Rh-Fe. The behavior of these systems has 
since been explained in terms of local spin fluctuations.
B. Loc&l Spin Fluctuations

The theory of local spin fluctuations is a many- 
body theory which)treats specifically the strong local 
interactions responsible for the breakdown of Hartree-

T TFock theory when -=-> 1.
TTA

Just as one finds that appreciable short range
order is retained in a ferromagnet above its Curie
temperature T , as was evidenced by early neutron scat- 

0 40tering experiments, one might reasonably expect similar
^1short-range spin order in what Schrieffer calls 

"incipient ferromagnets", i.e. systems which have greatly 
enhanced susceptibilities. In these systems the magnetic 
susceptibility may be given by X ~ X p  ( i-UNfo)]*’ 
where Xp is the Pauli free-electron susceptibility, and 
(J-Un(o)J ig the so-called Stoner exchange enhancement 
factor, in which N(0) is the density of states at the Fermi 
surface and U is the same repulsive Coulomb electron- 
electron interaction that enters into the Anderson 
Hamiltonian. Since the spin-spin correlation time 
increases as one approaches ferromagnetism in either of 
the two situations described above, the dynamic suscept­
ibility X (**>«>) in incipient ferromagnets depends pre­
dominantly on small co (i.e.^~;p and is small compared
to E ). One therefore expects long-wavelength, lowF
frequency intrinsic fluctuations in the spin density to
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play an important role in determining the properties of 
41such systems. These intrinsic fluctuations arise be­

cause even as T-*0 the ground staste of the local cell 
interacts at least residually with the conduction electrons 
through direct Coulomb and exchange interactions and
also via residual crystal fields and residual spin-orbit;

42 1coupling. Lederer and Mills argued that if one adds
a small amount of magnetic impurity to such a system
(e.g. if Ni is added to a Pd matrix) the spatial
homogeneity of the Coulomb exchange field greatly enhances
the intrinsic spin fluctuations locally and in effect
produces local spin-density fluctuations in the vicinity
of the impurity cell with amplitude large compared to that
of the host metal. In this picture one may also regard
the local spin fluctuations as critically damped spin 

43waves.
Theoretically, Lederer and Mills treat their model 

of locally enhanced spin-fluctuations as an extension 
of the Stoner exchange enhancement idea. In the Stoner 
theory for exchange-enhanced pure metals, one considers 
the response of the electrons to a spatially uniform 
static magnetic field. A Hartree-Fock calculation 
taking into account the Coulomb exchange interaction 
then gives rise to the Stoner exchange-enhancement factor 
mentioned earlier. The paramagnon theory considers the 
response of the pure matrix to an applied magnetic field
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that varies in space and time. Then, invoking the fluctua- 
tion-dissipation theorem, the dynamic sysceptibility 
(defined below) which is thus developed is used to obtain 
the amplitude of the spin-density fluctuations in the 
alloy, which do not require an externally applied field.

More specifically, Lederer and Mills begin with a 
Hamiltonian for the electrons of the form

H = r  + (tf0+ A U ) £ n . tnu + V £ n Ur-'-Hl .
T is the kinetic energy of the electronsj and A U  
respectively are the Coulomb interaction potential in the 
host and the change from the host potential in the im­
purity celli V is the deviation from the periodic potential 
of the lattice, which is largely restricted to the impurity 
celli and n J<r(<r=ty)is'the number operator for electrons 
in the Wannier function centered at the ith cell.
Finally, H z is the Zeeman energy due to a field h
of frequency P  , and is given by H z - “££(nj -h;. ) k e ,mi 1
where is the amplitude of the field in the ith cell.

The expectation value of the spin component parallel 
to the field in cell i is then given by<5;Z)=£]E?tf»'>j,A)fijt X(i,j,Sl) 
is called the dynamic susceptibility and represents the 
response of conduction electrons in cell i to a field fi 
of frequency P i  applied to cell j.

One now lets (U0+ A U )  £  n 
where K ^ if 4, in the presence
of the external field, and FT is time-independent.
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iThe Hamiltonian can then be re-arranged so that the 
effective part of the Hamiltonian can be rewritten as 
He f f nxrf T V ^ where - V + a U  h.
is the Hartree-Fock approximation to the change in crystal 
potential produced by the impurity, and

is the effective magnetic field seen by an electron in cell

should be quite small in Pd-Ni. since Pd and
Ni are isoelectronic. In the approximation that VHF=0
(the case for V *£0 has also been treated by Lederer and 

1Mills ), the effective Hamiltonian describes the response
of a non-interacting electron gas in the pure matrix to
the effective field. In this case -^%0

and <5.*> = k =t % % o ^ A ^ j +LTo^o(i*j>/v)<-sj)+AUx(<-lX^1}
But (‘jj.j-A.) hj . Equating the
two expressions for (s*"} and solving for , *
Lederer and Mills arrive at the result J;hat

/y /• • n l - v f  * a LT ^  ( I-J)-0-)X(i,j}n)-x.Ci-j,xi; i - Auxin.)
which may be understood in terms of the following definitions: 

X o  C?,-H.) 5  | \ r ' £ e ' T  * % D ( i;A )
r t

- Xocit-n.)
^  ~>~VoX0 iy)

and X(n)= N~'Z $(<£ >A) = %  (i-j j n)|i=j
The expression for % (£,«) has also been obtained

from the random phase approximation (RPA) of many-body 
45theory and is central to the arguments of Berk and
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q- 6 4 3Schrieffer and Doniach and Engelsberg for enhanced
spin fluctuations in Pd. In the static long wavelength
limit, X(o,o) - X p [i-UN(ojJ"'
—  again the Stoner expression. As Mills et a l ^  point 
out, introducing the effective field to obtain X 
is equivalent to RPA.

The physical significance of the result is as fol­
lows. In the static limit, where X  (-n.) = X(o) f e-tc.,
the result for gives (-S*} - j-haXs(l +°<aUXs(i-x))
where o< = (i-aU Ks) and is called the local exchange
enhancement factor. Far from the impurity Xs (i-I )->0 

2: ^
and O l  value f°r the pure metal. At
the impurity ~ X s ex' and is enhanced.

+Oo
If one defines a correlation function 5- 

then 5[[(fL) is the spectral density and is a measure 
of the amplitude of a spin fluctuation of frequency 
at the i_th cell. The fluctuation-dissipation theorem 
then says that ~ frfi n ^
where n(/l) - _*jn./*B-r _. is the Bose-EinsteinC “ I
factor (magnons and paramagnons are bosons). If one 
takes I m  X (-H)-iX Ul) for small /I, one can calculate

c 7 'that far from the impurity ^
for small -O. , and at the impurity ■£-_ (-Q.) = -j£ ---
which for small fi becomes -Sx-r = tLlfD  <** y! Pi

Z1X

Hence the spin-fluctuation amplitude is enhanced by a
2factor at the impurity site.

-Jf2-



Sjj peaks at the frequency = } from
which one can obtain a characteristic spin fluctuation
lifetime = ~~ , or a spin fluctuation temperature

SLS
Tg defined by kgTs= k 5 •

The lifetime of the spin fluctuations is of central
interest in the question of local moment formation.
As one reaches temperatures of Order Tg the motion of
the axes of local moments (and hence the fluctuations
in their field-parallel or z-components) comes to be
dominated by thermal fluctuations rather than by intrinsic

if. 2 3spin fluctuations ’ , i.e. one gets thermal fluctuations
of frequency !»_ > .O.s . Above T_, then, the spin-
fluctuations are long-lived compared to the thermal
fluctuation^ and for the duration of a thermal fluctuation
one sees a well-defined spin, or Curie paramagnetism.
Otherwise stated, if one regards the susceptibility as
showing Curie-Weiss-like behavior, X  = ' > one Sets
Curie behavior ( %~-=- ) when T is large compared to

A failing of the RPA description of local spin
fluctuations is that "starting from the HF criterion for
formation of a local moment (c*.-±oo), all the corrections
to the RPA happen to be equally important and to diverge

IlIlto infinite order." Attempts to renormalize the theory 
have included the "Renormalized Random Phase Approximation" 
or RRPA of Suhl and co-workers,  ̂and the functional 
integral method of Wang et al. Neither of these ap­
proaches has been fully successful. However, the
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expression obtained for X(i,}>A) from the RPA is a 
general one, even if the RPA is not itself valid, provided

VW /V

X (i-j 5 A) and X (A) are replaced by suitable particle- 
hole propagators, and the physical results derived from 
the RPA treatment may have more general validity if 
is treated as a phenomenological parameter which can 
differ from the RPA-predicted value.

We next consider the effect of local spin fluctua­
tions on the physical properties of dilute alloys.

(1) Susceptibility! from the expression for < 5 ^  
obtained by Lederer and Mills, one gets the static 
susceptibility X ^  of the alloy, given by
<5t!t > --S <j.'> =4 h.X'A> =N£;(Xs + °<yixlJ;

i.e. X = 1C, + £3L is the sum of host  s S Ni 5
and impurity contributions. For low impurity concentrations, 
the impurity susceptibility varies linearly with impurity

I i y *vconcentration c, and it follows that -xt ~ °<.
K  dc

Thus for large local enhancement c< , one gets a large 
change in X  , which is even greater if the static sus-

■v
ceptibility of the host is itself large, as it is in 
Pd. The data of Shaltiel et al^1 suggests that in

J  Y

Pd-Ni ~TZ ~  100 and o< «  20.
/ C cf  C

(2) Specific Heati One also obtains a strong
concentration dependence of # , the coefficient of the
term linear in temperature in the specific heat. A

40general expression developed by Brinkman et al, re­



lates ~r to concentration-dependent change in
\susceptibility ^ . Qualitative corroboration is

provided by experimental data^ but numerical values 
are a factor of 3 smaller than predicted. (See also 
Sec. IV-D.)

(3) Transport Propertiesi We shall discuss
these in greater detail since they are of more direct
relevance to the present work.

At very low temperatures a positive impurity con-
2tribution to the resistivity of Pd-Ni varying at T

and strongly dependent on impurity concentration was
53observed by Schindler and Rice. A good account of this 

behavior was provided by the calculations of Lederer and 
Mills. These authors assume that the conduction 
s-electrons sample the spin-fluctuations in the d-band 
through an s-d interaction in the form JS*s. From this 
interaction, an expression is obtained for the relaxation 
time T  for spin-flip scattering in terms of a spectral 
density function A(q,A), which is essentially a Fourier 
transform of S^. A(q,A) is in turn given by 
A(q,n)= i [*r (4’T- > A  + ie) ~
where £ is an infinitesimal positive number and X r (^S^jA)
is a Fourier transform of the response function X(i>j;A)
discussed at length previously. Hence Lederer and Mills
proceed from their result for %(b}>A)through a formidable

I 2sequence of calculations to obtain =A(c)T , where
A(S) is given explicitly and is roughly linear in
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c at low concentrations. A calculation of
gives the very large value of ?50, in good agreement
with the data of Schindler and Rice.

The resistivity calculations of Lederer and Mills
were extended to higher temperatures by Kaiser and 

2Doniach, giving a good account of the resistivities
5^ 55observed in Ir-Fe and Rh-Fe as well as in Pd-Ni.

In broad outline* a procedure somewhat like that used 
by Lederer and Mills is used to obtain a general expres­
sion or universal curve for the resistivity* The 
resistivity is written down in terms of a transition 
probability QC^k1,) for paramagnon absorption, which 
in turn is given in terms of the spectral density function 
A. One then gets an expression for p  of the form

p  - /  dco l ( u > ) h (u>) A ( uj)

in which , p 0 [ f  ( j?) 7?%%
( V is the number of atoms per unit volume),, +-CX>
x (w)=J-oo I — a

gives the overlap of the Fermi-Dirac distribution functions 
for electrons and holes separated by energy co ,
is the Bose distribution function (which characterizes

—" I f  - j 2paramagnons), and A(̂ J)~ y; )̂ cfy ef Aj
is a weighted average over wave vector of the impurity

2portion of A(q,o> ) (|F(q)l is a form factor for the 
impurity d-orbital). As in the Lederer and Mills cal­
culation, Aj(q,^ ) is obtained using the fluctuation-
dissipation relation A(q,^o )=2 Im X (qtq, )» using
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‘ as obtained from the RPA.
The central result obtained by Kaiser and Doniach

^  j /• 00 rJ
is the expression p-z-zr cfao . M — ^r 
Here/3 = /OXa resistivity scaling factor, <£> =aykBT5 , and 

= X. , where Tg is also treated as a scaling parameter.
In the low and high temperature limits (T« Tg and T>>Tg),

+ (Iff

and .
If the scaling parameters are temperature-independent,
one obtains the same temperature dependence for p  .

2This in fact gives the T -dependence at lowest temperatures,
changing gradually to linear dependence on T at about

56tT , which is observed in Pd-Ni. Ir-Fe. and Rh-Fe.s
Using the scaling parameters, Kaiser and Doniach obtain
a good fit of the data for these systems to their universal
curve. The fact that the resistivity starts dropping
below linearity in T at sufficiently high temperatures
relates to the fact that the scaling factors are not
truly temperature-independent but diverge significantly
from their zero-temperature values at high temperatures.

Kaiser and Doniach also showed that for T>Tg , p~T£X>
where A X  is the increase in static susceptibility due
to impurities. Hence, at high T there is a decrease
in A X  which corresponds to the deviation of p below

57linearity. Kaiser later did a calculation for the 
thermal resistivity and Lorentz number of spin-fluctuation 
systems. No formal calculation for the thermoelectric



power has been published.
A point mentioned earlier should be repeated here, 

namely, that the physical results derived from the RPA 
may have more general validity than the RPA itself 
if -H-s is treated as a phenomenological parameter which 
can differ from the RPA-predicted value. This is pre­
cisely what Kaiser and Doniach have done.

An alternate physical picture of how local spin
58fluctuations arise is given by Rivier et al. One be­

gins with a d-like virtual bound state of width A . A 
conduction electron can hop onto the impurity state where 
it stays for a time A *. During this time, because of 
the Coulomb repulsive interaction U between electrons 
of opposite spin the electron is surrounded primarily 
by conduction electrons of like spin. Hence, a 
"fluctuation” in the local magnetic moment density is
produced. Although the electron on the impurity site

A-1remains for a time A  , memory of its spin is kept for
a longer time by the surrounding electrons because of
the Coulomb repulsion, and that time may become infinite
if U is much greater than A , giving rise to a static
local moment. In this model, the memory time is taken
to be the lifetime of the spin fluctuation. The local
spin fluctuation is taken to be "the repeated scattering
between an electron and a hole of opposite spin on the 

3impurity site."
-**8-



kbMills*et al. point out that the two physical pictures
are identical, and differ "only in detail." They yield
the same -0.$ and low temperature susceptibility, and
very similar frequencies for the self-energy of the
electron on the impurity cell. However a difference
arises in the way the resistivity is obtained in the
two pictures.

In the case of systems like Al-Mn. as described by
Rivier et al. the interaction of the conduction electrons
with local spin fluctuations comes about indirectly
through s-d mixing, i.e. through the term in the
Anderson Hamiltonian. In systems like Pd-Ni , on the
other hand, the d-electron contribution to the electrical
current is small in a host like Pd, and innthe model

59treated by Lederer and Mills, the s-electrons (which 
actually have an admixture of s and d character in their 
wavefunctions) sample the spin-fluctuations in the 
d-band directly through an s-d exchange interaction JS’s.

Central to this difference is the presence of 
virtual bound states in systems like Al-Mn. Kaiser 
and Doniach point out that in such cases, where there 
is a virtual bound state at the Fermi level, the & =2

77-phase shift will be at T=0 , and the resistivity,
2 22which goes as sin , will be a maximum. Spin

fluctuations at higher temperatures will then have the
effect of changing the phase shifts, so that the re-

2sistivity will decrease. A negative T - to - T



transition in the impurity resistivity similar to the
positive effect treated by Kaiser and Doniach, has been

60
calculated theoretically and observed experimentally 

6lfor Al-Mn.
In 1968, Rivier and Zuckermann argued that in its 

effect on observable physical properties such as sus­
ceptibility or transport coefficients, the local spin 
fluctuation picture is equivalent to the Kondo-Nagaoka 
spin-compensated state. This aroused interest among 
experimentalists in finding a physical property of some
system for which the two pictures might predict measurably

6?different results. This in fact was the motivation
for our thermoelectric power measurements on Ir-Fe. and
more will be said later in this regard.

The Rivier and Zuckermann argument is essentially
the following. With increasing temperature a dilute
alloy proceeds gradually from a non-magnetic regime to
a magnetic regime with marked physical characteristics
(resistivity minimum, Curie-law susceptibility behavior,
and giant thermopower). This is so whether one associates
the gradual change in properties with (1) a break-up
of the spin-compensated state over a temperature range
characterized by the Kondo-temperature Tĵ , or with (2) an
increase in the frequency of thermal fluctuations of
local moments with increasing temperature. In the latter
case, at temperatures above the order of the spin
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fluctuations are long-lived compared to the thermal
fluctuations and "there is no physical difference between
a spin fluctuation and a genuine spin." On this basis
Rivier and Zuckermann postulate a Kondo temperature

sf -1obtained from spin fluctuation theory given by kT.. =T (h=l)K. O
rather than by Abrikosov's defining relationship 

A - -kT^ =De ,J,N . They then derive expressions on the basis 
of spin-fluctuation theory for resistivity, susceptibility, 
and low temperature thermopower and associate with the
behavior of each property p a characteristic temperature

o s %TK . Tr and TK (for thermopower and susceptibility
respectively) are both roughly equal to Tj(. T^ (for
resistivity) is about a factor of 3 smaller. In the
Kondo-Nagaoka picture as well, characteristic temperatures
associated with the thermopower peak and with an extra- 

»polation of ^ at higher temperatures to a Curie-Weiss 
law are both equal or nearly equal to T^.

Recent theoretical approaches to the Kondo problem 
have demonstrated continued interest in relating the 
concept of Spin fluctuations to the Kondo model.

Many of these approaches have certain features 
in common. As in the original Kondo treatment, the 
impurity is assumed to have a spin S, but now its 
z-component is not fixed. Rather, the spin orientation 
is considered to fluctuate and, in particular, can hop 
between spin-up and spin-down states. This hopping be­
tween spifi orientations is identified as a general
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28kind of spin fluctuation.
Feynman path-integral methods are applied, in 

which the various "paths" are the possible time sequences 
of events, each with a certain amplitude. Equivalences 
are obtained between the Kondo problem and certain class­
ical one-dimensional statistical ones. The J>0 and J<0 
regimes are regarded as separated by a phase transition 
and the Kondo problem, "really a problem of very low J 
v a l u e s , i s  thus closely related to the critical-point 
behavior of the equivalent classical system. Numerical 
treatmonts give computer results for susceptibility 
behavior in good agreement with experimental observations.
A fuller description of some of these approaches is given 
in review articles by Anderson and Yuval.^ Hamann and
Schrieffer discuss the application of similar methods to

6kthe Anderson model.
Certain conclusions have been drawn from these

65approaches. Anderson et al. see their approach as
confirming that the ground state for the antiferromagnetic
(J 0) case is the bound singlet state predicted by
Nagaoka* Anderson and Yuval argue that all antiferromagnetic
Kondo systems behave in the same way, and that T is theK
parameter which scales a particular system to this 
universal behavior. This is not unlike the use of TS
as a scaling parameter by Kaiser and Doniach. Anderson
and Yuval also conclude that at very low temperatures
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the system behaved like a localized spin fluctuation.
They assert that their method succeeds in dealing with the 
connection between the LSF and magnetic regimes, whereas 
more detailed LSF approaches have not dealt with this 
connection.

The more general approaches discussed above, however, 
have only just begun to yield results for physical 
properties. Calculations for transport properties have 
not yet been published. Moreover, these approaches do not 
concern themselves with specific kinds of physical mechanisms 
associated with local spin fluctuations, such as those 
discussed by Lederer and Mills and Kaiser and Doniach, 
and by Rivier and Zuckermann.
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C. Thermoelectric Power in Dilute Magnetic Alloys 
One of the prominent features of Kondo systems 

is a large peak in the thermoelectric power occurring 
near Tv. Typical behavior of the thermopower in these

14
systems is shown in Fig. 3 , taken from Daybell and Steyert. 
The magnitude and position of the peak are concentration- 
independent for impurity concentrations large enough 
so that exchange scattering will provide the dominant

11tcontribution to the thermopower, but small enough so
that impurity-impurity interactions are unimportant.
The sign of the peak is opposite to that of the ordinary
scattering potential V of the impurity, and the magnitude

66also depends on V . A considerable broadening in the 
peak is observed as the concentration is increased.

This thermopower behavior has been observed ex­
perimentally in a substantial number of systems. Re­
sults and references for many of these systems are pre-

66sented in a table in Daybell's review article.
Theoretical calculations of the thermoelectric power

in Kondo or Kondo-Nagaoka systems have been published by
a number of authors. On the basis of an S-matrix

32formalism, Suhl and Wong obtain'sdmplitudes for spin-
flip and non-spinflip scattering of a conduction electron
by a paramagnetic impurity, using an interaction energy
of the form f  ( V (r)/o(rj + J(r)5'S(r) J d V
These are used to calculate a relaxation time which in
tUrn is used to calculate K ^  and K ^ ( S e e  Sec. II for
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i 1 c 17 \
definitions), from which the thermopower S= eT \ 7̂ 7) ~
is.obtained. (Although these authors choose to include
€ in their defining equation for S, the physical re- F
suits obtained for metals, as was indicated in
Section II , should not differ from those predicted by

1 K a)the more usual defining equation, S= , which
we shall see below is used by other authors to calculate
the Kondo thermopower.) Suhl and Wong do not present
an analytical result for S» rather, plots of S
vs. /3 = £l  are obtained numerically for various values k^r
of V and J. Their calculations do in fact indicate a 
large peak in the thermopower, the magnitude of which 
increases with increasing V and the sign of which opposes 
that of V.

Another calculation, due to Rondo**? with a sub-
68 .sequent correction by Fischer , is based on a perturbation 

treatment of the sort which leads to the resistivity 
minimum, as discussed in Section IV.-A. Here, however, 
the imaginary parts of the scattering amplitudes are 
retained, and a rather complicated calculation leads to 
an expression for the inverse relaxation time of the 
form T " < - T 0"’ + T,"’/h |̂ -/ t C 2.f ((■) - I )
The first two terms are familiar from the resistivity 
calculation, but it is the last term which is an odd 
function of £ and hence contributes to the thermo­
electric power. A rough calculation of the diffusion

fh T"1thermoelectric power then proceeds from S ^  — rt—  ,



a more general form of the — /?- expression for S.
d In W  T."' ^  -ipNow —  = ---!---.— L_i_jBEZ_ , where isr*’ d£

large near the Fermi surface and dominates the numerator,
and T0-1 is the dominant term in the denominator.

kl«> T'j’1 \ k 'T'*'Hence S —  ~~ ~  ~  J ~  "-g- -^r, . When the
s-d interaction is the dominant scattering mechanism 
TJ1 and T j 1 are proportional to the impurity con­
centration c and independent of temperature, and S is 
both concentration- and temperature- independent.
This condition is observed experimentally to a reasonable 
approximation for a substantial range of concentrations 
and temperatures, as can be seen in Fig. 3.

For this range, the detailed Kondo calculation, 
as corrected by Fischer, leads to*^

5 0 = *£££ [ Vz + Jzs(s+i) (i + * Jg)+ m ' p 7-j3vs(sh)(zF-i)] 
where g= J [■£($')~%J £SJL2 de' . As T decreases, kT 
eventually drops below the Zeeman splitting energy of 
the impurity spins. When this happens, it is found that 
S=SQ( ~jr ), where and S drops linearly to zero
as T-*0. An interpolation formula S=s q ( ) connectsT  4* IQ

the two regimes.
• Alloy systems which have been described in terms 

of local spin fluctuations also exhibit giant thermo­
power peaks, but the shapes of these peaks, as well as 
the temperatures at which they occur, differ from what 
one would expect from Kondo theory. A more detailed



discussion of these features appears in Section IV-D in 
connection with our own data.

Theoretically, no calculations based on the local 
spin fluctuation picture have been published to account 
for the thermopower peak. Rivier and "Zuckermann use 
the self-energy of the d electron to obtain a result

3for S at very low temperatures which is linear in T, 
as is the low-temperature Kondo result, but no cal­
culation is offered for the higher temperature behavior.
Their characteristic temperature for thermoelectric 

S 7TA Tpower Tv  = u t j t , » i*3 defined to make S linear in .K 69 'k
Kaiser has suggested that the peak observed in

local spin fluctuation systems may be a "paramagnon
drag” effect, analogous to the better know phonon and
magnon drag peaks. This suggestion will be considered
in more detail in the discussion of our own results.
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D. Thermoelectric Power in Ir-Fei Results and Con­
clusions
We have measured the thermoelectric power between

4.2 and 300°K for Ir with 0.5 and 1.0 at.# Fe and for
pure Ir. The motivation for these measurements proceeded

3from arguments of Rivier and Zuckermann that in its 
effect on observable properties, the spin-fluctuation
model is entirely equivalent to the Kondo-Nagaoka spin-

69compensated state. On the other hand, Kaiser suggested 
that for Ir-Fe one might expect the thermopower curve to 
peak at very different temperatures in the spin-fluctuation 
and Kondo pictures, and that a measurement of this sort 
might allow us to distinguish between the two models.

In the Kondo theory, the peak is expected roughly
at Kondo temperature. As is seen in Fig, 4, a rough

70attempt to fit a Curie-Weiss curve to Knapp's suscept­
ibility data for Ir-Fe suggests a Kondo temperature on 
the order of 100°K, though Knapp argued that a Curie- 
Weiss curve could not be fit to his data over any con­
siderable temperature range, and that therefore his data 
did not indicate a normal local moment.

In the spin-fluctuation picture, on the other hand, 
one might expect a peak for Ir-Fe at Tq, which in Ir-Fe 
is 7 K. (it should be recalled that TQ=iTs is an ex­
perimentally determined parameter marking roughly the

ptransition from T to T dependence in the resistivity.
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QThis can he seen to occur at about 7 K in Sarachik’s
Ir-Fe data, shown in Fig. 5. Table 1 lists T_ and T_c s
for the systems considered by Kaiser and Doniach.) As

71Fig. 6 shows, Foiles and Schindler had observed a
negative peak in the thermopower of Pd-Ni at 19°K, which
is for that system. Moreover, Kaiser suggested that
a peak at iTg would be reasonable for a paramagnon drag
contribution, somewhat analogous to the phonon drag peak
which occurs typically at about one fifth of the Debye
temperature. No formal calculations of the spin-fluctuation
thermopower have been published.

Anticipating a peak, then, at about 100°K for the
Kondo picture, or 7°K for the spin-fluctuation picture,
we performed our IreFe measurements. The results are
shown in Fig. 7a. (Results up to 100°K are shown in
greater detail in Fig. 7b.) A large peak occurs near
28°K independently of Fe concentration for both alloys
but does not occur for pure Ir. This peak is positive,
whereas the Pd-Ni peak is negative. It should be noted
that this peak clearly does not occur near the 100°K
predicted by Kondo theory, nor does it occur at ^Tg as
it does in Pd-Ni. Instead it occurs at 28 K, which is
the spin-fluctuation temperature Tg for Ir-Fe. In other
words, on a universal curve the peaks for the two systems
occur* at temperatures differing by a factor of four.
Kaiser and Doniach acknowledge that their value of Tg
for Pd-Ni. determined from the resistivity data of
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53Schindler and Rice , may be inaccurate, since that
resistivity data did not go up to high inough temperatures
to permit an accurate determination, but this inaccuracy
could not account for a factor of four.

Moreover, recent thermopower measurements in Rh-Fe
seem to indicate that for that system there is also a
thermopower peak occurring roughly at Tg, which was
determined by Kaiser and Doniach to be less than 1.6 K.
Although measurements have not been made for a temperature

72range which includes Tg, measurements by Nagasawa 
between 1.7 and 50°K on R h ^  28Fe0 72 show ‘bhai' below 
about 8°K the thermopower increases sharply in magnitude 
(it is negative) with decreasing temperature, and this
increase continues down to the lowest temperatures con-

73sidered. More recently Graebner et al reported thermo­
power data for Rh-Fe with 0.1-1 at.# Fe at very low 
temperatures (below Tg) and found the magnitude of the 
thermopower to be monotonically increasing with increasing 
temperature over this range. It seems clear that a 
negative peak between the two temperature ranges con­
sidered is indicated, which would place it in the vicinity 
of Tg.

Returning now to our Ir-Fe data, one notes*also 
a broader, higher-temperature shoulder or peak in the 
curves for the dilute alloys which is also seen in pure 
Ir, and is most likely related to phonon drag. It is



the larger, impurity-incBuced peak noted previously 
which is our primary concern. Pig. 8 explicitly shows 
AS, the change in thermopower due to the iron impurities.
The peak is larger in magnitude for the greater impurity 
concentration, but is not significantly broader. In these 
respects, the peak we observe is much like the peak found

71in Pd-Ni. In these respects also, as Poiles and Schindler 
point out for the Pd-Ni peak, it is in contrast to the 
kind of peak one expects for Kondo systems. Fig. 3 
shows typical thermoelectric power curves for Kondo systems. 
As the impurity concentration increases in Kondo alloys, 
the height of the peak remains roughly the same and the 
peak shows atvery considerable broadening. ThelIr-Fe 
and Pd-Ni alloys clearly do not exhibit this behavior.
In both cases, the peak changes in magnitude and no 
broadening occurs, and it is thus likely that the be­
havior observed for both alloys is attributable to spin 
fluctuations. However, the differing temperatures at 
which the peaks occur poses a problem.

As noted earlier, a secondldifference between the 
two systems is that the jbmpurity peak for Ir-Fe is 
positive, whereas that for Pd-Ni is negative. This is 
probably a less important consideration for two reasons. 
First, since the Rh-Fe peak is negative as in Pd-Ni. 
but occurs at Tg as in Ir-Fe. it seems unlikely that the 
difference in sign is related to <.th'e difference in the tem­
peratures at which the peaks occur. Second, a preliminary



6 9calculation by Kaiser indicated that the spin fluctua­
tion contribution to the electron diffusion thermo­
electric power is far too small to account for the peaks 
seen in Ir-Fe and Pd-Ni. If, instead, the spin fluctua­
tions contribute to the thermopower by means of a drag 
effect, as Kaiser suggests, then the sign of the peak 
simply indicates whether normal or umklapp processes 
are dominant.

The notion of a local spin fluctuation or paramag- 
non drag peak is consistent with both the Kaiser and Don­
iach picture and the Rivier anddZuckermann pictures of 
local 8'pin fluctuations. The former:authors'*•.note that the 
linear T-dependence of the resistivity is a general 
consequence of electron scattering from a low-lying Bose
excitation spectrum. A recent resistivity calculation

60based on the Rivier and Zuckermann picture also shows 
the impurity resistivity to be linear in T over a con­
siderable temperature range, in agreement with experiments 
al results for Al-Mn^1. Although negative, this term is 
attributed, as in the Kaiser Doniach model, "to the 
scattering of conduction electrons by a quasi-boson, 
the LSF."^° Since it is scattering of conduction electrons 
from a spectrum of Bose excitations that gives rise to 
both the phonon and tnagnon drag peaks, one might reason­
ably expect a peak of this sort in the case of local

61spin fluctuations as well. Oddly, Babic et gl, note 
that as yet unpublished thermopower measurements on



2Al-Mn indicate a linear behavior in the T region of
resistivity and temperature-independent behavior above
about 100°K. No peak was observed. However, it should
be pointed out that for Al-Mn. TS~530°K. It is unclear
whether the thermopower measurements were extended to
such high temperatures. Finally, we note that&S for
Ir-Fe (see Fig. 8) is also temperature-independent
above about 150 K.

Two additional observations can be made about our
Ir-Fe data. First, the temperature dependent part of
AS as seen in Fig. 8 occurs over roughly the same range
of temperatures for which a significant contribution
to the specific heat of Ir-Fe has been observed by
Geballe et al.^^ This is unfortunately not as useful
as one would hope. For phonons and magnons, the low-
temperature specific heat varies with temperature according

3 3/2to a simple power law (T and T respectively). The
Thomson heat fA is taken to have the same T dependence,

fr
and in these cases the drag thermopower, given by S=y ^  dT,

0
also has the same T dependence. If the thermopower 
given by S=AT+BT* , i.e. if it is the sum of a linear 
diffusion term and a drag term obeying some power law, 
one can plot S/T vs. T*"*1 to determine A and B, and 
thus separate out the drag and diffusion terms. This 
analysis is not applicable to our Ir-Fe data, however, 
since no simple analytic expression is available for the 
specific heat of Ir-Fe as a function of temperature,



either from experiment or from theory. Some evidence
for a T^ or In T dependence has been found in the

52,76specific heat of Pd-Ni at temperatures up to 4.2 K.
Contributions of both forms have also been calculated

77,̂0,44 , .for Pd-Ni theoretically, but the validity of
the theoretical expressions is limited roughly to the 
temperature range for which measurements were made ex­
perimentally. No analytic expressions for the specific 
heat in local spin fluctuation systems have been cal­
culated for the temperature range of our own measure­
ments, and none have been calculated for Ir-Fe in any 
temperature range.

A second observation is that the thermoelectric 
power of pure Ir has only been measured previously at 
room temperature and above. Our data fits continuously
with high temperature data (173°K and up) published by

*73Vedernikov which is a composite of the measurements 
of several authors. Fig. 9 combines our data with the 
higher temperature results and shows the thermopower of 
pure Ir between 4,2 and 1800°K. The thermopower of 
pure Rh has been measured between 83 and 1700°K^® and 
behaves very similarly. Our pure Ir data may be of 
interest to investigators studying the properties of 
pure transition metals.

Of primary interest, however, are the similarities 
and contrasts between the thermopower data for Ir-Fe and 
Pd-Ni. To summarize, the two systems show similarly-



shaped impurity peaks which increase with impurity con­
centration but do not broaden, in contradistinction to 
what one would expect of Kondo systems. Moreover, the 
Ir-Fe curve peaks at a much lower temperature than Kondo 
theory would predict. But whereas Pd-Ni exhibits a peak
at Tc , or |TS , the thermopower of Ir-Fe peaks at the
spin fluctuation temperature Tg. While there is good
reason to reiateithe behavior of both systems to local
spin fluctuations, this difference is puzzling and sug­
gests a need for further theoretical work.



V. CONCENTRATED MAGNETIC ALLOYS \
A. Concentrated Magnetic Alloys and Giant Moment Clouds <

Background
In certain binary transition metal alloys, in

which one of the two components is magnetic, the mag­
netic susceptibility increases rapidly as the concentration 
of the magnetic component is increased, and becomes 
infinite (the alloy becomes ferromagnetic) at a critical 
concentration. The properties of these systems for 
nearly ferromagnetic compositions are thus characterized 
by susceptibilities much larger than the Pauli spin 
susceptibility Xp for free electrons, and have attracted 
considerable attention in recent years. Of particular 
interest have been the Pd-Ni. Pt-Ni, Cu-Ni, and Rh-Ni 
alloy systems, in which the susceptibility varies rapidly 
with Ni, becoming infinite at a critical Ni concentration 
which is different for each system.

Such systems are said to be "exchange enhanced"» 
i.e. the sysceptibility is enhanced because of a screened 
short-range intra-atomic Coulomb repulsion between electrons 
of opposite spin. This interaction does not occur be­
tween electrons of like spin, which have an anti-symmetric 
spatial wave function that keeps them further apart 
than the effective range of the potential.

Until the late 196o*s it was thought that the
behavior of these systems could be explained on the

43,53,40basis of a "uniform enhancement" theory. In
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I this theory one considers a susceptibility of the form
)£=%_(----- ), in which the Pauli spin susceptibility1-UN(0)
is amplified by the Stoner exchange enhancement factor. 
The theory assumes that the density of states N(0) at 
the Fermi surface and the exchange term U of the screened 
Coulomb repulsion vary with alloy composition but are 
roughly constant throughout a given solid. Thus UN(O) 
would approach one from below, and ferromagnetism would 
occur at the critical Ni composition which results in 
UN(0)=1.

For dilute alloys, such as Pd-Ni and Pt-Ni. this
viewpoint has been largbly superseded by a "local en-

1.79.77.2hancement" theory. Developed for the case of
a host matrix containing a single impurity atom (with 
results obtained thereafter by superposition), this 
theory assumes the interelectronic interaction to be 
especially large in the impurity cell. Depending on 
the host, short-range intra-atomic Coulomb repulsions 
between d-electrons elsewhere in the solid may or may 
not be taken into account.®0 In short, this has evolved 
as the theory of local spin fluctuations which was of 
central interest in Sec. IV. Hence, dilute exchange- 
enhanced alloys will not be considered further in this 
section.

The applicability of "uniform enhancement" theory
to concentrated alloys, such as Cu-Ni and Rh-Ni, assumed
that the magnetization is uniform throughout the solid.
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(However, in 1969, neutron scattering experiments per-
81formed by Hicks et al. on a series of weakly ferro­

magnetic Cu-Ni alloys showed that near the critical 
composition (Mf at.# Ni) the low temperature spontaneous 
magnetization is located in magnetic polarization clouds 
of large total moment —  roughly 8-11 Bohr magnetons —  
and extending over many atoms. The existence of these 
clouds was indicated by a forward peak in the neutron 
scattering cross-section which would not occur if the 
magnetization were uniform. Similar results were re­
ported for weakly ferromagnetic Rh-Ni.

Observation of Curie-Weiss behavior in the sus-
82ceptibility of paramagnetic Cu-Ni alloys has shown 

that these polarization clouds persist well into the 
paramagnetic range. High field saturation values of 
magnetization obtained for the same Cu-Ni samples at

Oolow temperatures were combined with the Curie-Weiss 
coefficients obtained from susceptibility measurements 
to give values for the moments of polarization clouds 
in paramagnetic samples comparable to those deduced 
by Hicks et al. for weakly ferromagnetic samples.
Hence, one concludes that the total moment of such a 
cloud shows little variation either above or below 
the critical Ni composition, but the concentration 
of clouds increases with Ni content.

QpKouvel and Comly note a correlation between the
concentration of clouds and the probabilities that a
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lattice site in fee Cu-Ni will be occupied by a Ni 
atom and have either 10 to 12 or 11 to 12 Ni nearest 
neighbors. (The correlated quantities are each con­
sidered as a function of Ni concentration). On this 
basis they suggest that the clouds are nucleated at 
highly local Ni-rich regions, and that it is the align­
ing forces between neighboring clouds which give rise 
to ferromagnetism as the cloud concentration is in­
creased. They suggest, further, thaf'the exchange- 
induced moments in the atomically disordered matrix 
around each nucleating site are probably situated 
only at the Ni atoms, and vary in magnitude with their 
proximity to the nucleating sites as well as with their 
local atomic environment." In this sense they are analogous 
to polarization clouds which -had been observed earlier

Qtfin dilute Pd-Fe , in which nucleation occurs about 
the Fe sites, and the distribution of moments induced 
on surrounding Pd sites could be more readily determined.

However, systems like Pd-Fe and systems like Cu-Ni 
and Rh-Ni are different in the following sense. In 
the former, moments are induced at Pd sites, since 
the Pd host is highly exchange enhanced, so that only 
dilute concentrations of the impurity are required for 
nucleation of polarization clouds. In the latter systems, 
where moments occur only at the Ni sites, impurity- 
impurity interactions between Ni atoms are necessary 
if polarization clouds are to form, so that more than



dilute concentrations of Ni are required. This is true
by definition, since the dilute regime is considered
to be the range of impurity concentrations sufficiently
small so that impurity-impurity interactions can be

86neglected. In systems like the Cu-Ni and Rh-Ni. by 
contrast, there is an absence of the kinds of behavior 
discussed in Section IV-A (e.g. resistivity minimum 
and giant thermopower peak) associated with magnetic 
moment formation at dilute impurity concentrations.

Unlike the dilute impurity problem, which has been 
the subject of an extensive corpus of theoretical 
literature, the question of giant moment clouds and 
associated properties in concentrated magnetic alloys 
has thus far been treated predominantly on a phenomeno­
logical basis. It is therefore an accurate reflection 
of the state of the art to proceed with a discussion 
of some observed physical properties of giant moment 
systems, and after, to touch on some recent theoretical 
developments.

Further experimental support for the existence 
of giant moment clouds is provided by the low-temperature 
behavior of the specific heat C. In both Cu-Ni®^'®® and 
Rh-Ni®^ an "upturn'' in the C/T vs. T2 graph as T-+0 
is noted for paramagnetic alloys. Schroder^0 attributed 
the upturn for Cu-Ni to ferromagnetic clusters as early 
as 1961. He suggested that these clusters (which one



could take to be giant moment clouds) behavedlike 
a system of independent oscillators and can be described 
by the Einstein Specific heat for such a system, which 
above the Einstein temperature (below l.^K for Cu-Ni) 
is essentially constant. Hence, a specific heat of 
the form C=A+*T+/3T^ is assumed (the latter two terms 
giving the conduction electron and lattice specific 
heats) and is found to fit well with the data.

89Bucher et al. , on the other hand, found that their 
low temperature Rh-Ni data could be fit to an expression 
of the form Cy=#T+/8T^+bT^ln T, where the last term is 
expected from electron-paramagnon interactions in
the "uniform enhancement" picture. Finally, Robbins

88et al. found that either expression could be fit to 
their Cu-Ni data, but that the RMS deviations are con­
sistently lower for the cluster or giant moment cloud 
expression. Moreover they noted that plastic deformations 
of their samples increased the observed upturn, and that 
this change could be reversed by re-annealing. They 
argued that this effect could not be explained on the 
basis of electron-paramagnon interactions, but that one 
could account for the increase in the anomaly by assuming 
that the number of clusters or clouds is increased 
"when the clusters are subdivided as a result of de­
formation by slip (i.e. the passage of dislocations 
through them)."

Of particular interest is the resistivity behavior



of these systems. Measurements of resistivity in Cu-Ni 
and Rh-Ni have been made for a broad range of con­
centrations. The results reported by Houghton, Sarachik

91and Kouvel for Cu-Ni alloys ranging from 30 to 50 at.# 
Ni are seen in Pig. 10. The critical concentration is 

at.# Ni. A resistivity minimum is seen between 50 
and 80°K, depending on concentration. A maximum at a 
higher temperature is noted, and then a second minimum 
at around 600°K, slightly below the Curie temperature 
of pure Ni. These authors suggested that the rise in 
resistivity below 600°K is associated with the formation 
of giant polarization clouds, which give rise to a spin- 
disorder scattering term in the resistivity.

92The low temperature minima shown in Fig. 11,
as well as negative magnetoresistances reported by the 

92same authors, resemble the behavior of Cu with dilute
transition metal impurities, such as Pe and Cr, which
carry local magnetic moments. As has been noted, however,
dilute Cu-Ni alloys do not exhibit localized moment
behavior, and the effect observed by Houghton et al.
in concentrated Cu-Ni alloys seems to extrapolate to
zero at about 2? at.# Ni. Moreover, as is seen in Table
2, also due to Houghton et al.. both Af> (AT) —  defined
as the difference between the resistivities at 1.75 and
20°K —  and Ajo (ah) —  defined as the difference between
the resistivities at zero field and 50 kiloGauss —  vary
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linearly with the cloud concentration c deduced from the
82susceptibility data of Kouvel and Comly.

In contrast, Fig. 12 shows the resistivity 
data reported by Houghton et al. for Rh-Ni^3t in which 
no such structure as that seen in Cu-Ni is observed. 
Hence, while both systems shoW similar evidence of 
giant moment clouds on the basis of neutron scattering 
cross-sections and susceptibility and specific heat 
measurements, Cu-Ni shows resistivity behavior which 
can be related by phenomenological arguments to the 
giant moment clouds, --whereas the resistivity of Rh-Ni 
behaves quite differently.

Theoretical calculations of physical properties 
based on a giant moment picture have only recently 
begun to appear. At this point it should be noted that 
on the basis of the phenomenology, it has been con­
cluded that the giant moment clouds exist, that they 
nucleate about locally Ni-rich regions, and that at 
sufficiently large cloud concentrations, aligning forces 
between clouds give rise to ferromagnetism. However, 
no conclusions were drawn as to the mechanism of 
nucleation or the nature of the aligning forces between 
polarization clouds.

The aligning forces between clouds, but not the
9*4-nucleation mechanism, were treated by Fibich and Ron ,

who proposed a model for the susceptibility of paramag-
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netic Cu-Ni. In this model the clouds interact via 
the itinerant electrons. An electron interacts with a 
cluster only when it is very close to one of the con­
stituent Ni atoms. It is assumed that the intracluster 
aligning forces correlate the Ni atoms very strongly, 
so that itinerant electrons interact with the magnetic 
moment of each cluster as a whole rather than with its 
atomic constituents. The interactions between clouds 
is shown to exhibit Ruderman-Kittel type oscillations, 
with a wavelength of the order of the cluster size.
On this basis the authors obtain a Curie-Weiss con-

TJtribution to the susceptibility, of the form *
where B= -CM , C is the cluster concentration, and M 3k0
the magnetic moment per cluster. Both B and tr decrease 
with decreasing Ni concentration and -S’ becomes negative 
when the Ni concentration is low. This is in qualitative 
agreement with the measurements of Kouvel and Comly,
although a good numerical fit is not obtained.

95Fibich and Ron also calculated a Kondo-like
minimum in the resistivity arising from a cluster of
spins, again considering an itinerant electron to
interact with the cluster as a whole. However, Levin 

96and Mills point out that this calculation neglects
the spatial separation between spins in the cluster
and they therefore consider it a poor approximation.

A model for the formation of magnetic moments in
97Cu-Ni was proposed by Robbins et al. The linear



98*99decrease in the average atomic moment of ferro­
magnetic Cu-Ni with decreasing Ni content was for a 
long time interpreted as resulting from the filling of 
a rigid d-band by the extra electron of Cu, so that below 
critical Ni concentration the d-band is completely 
filled. Robbins et al. point to an extensive amount 
of experimental evidence, including much of what has 
been discussed in this section, indicating that this 
is not the case, but rather that permanent moments 
exist well into the paramagnetic range, the number of 
d holes per Ni atom stays roughly constant at all con­
centrations, and the Ni solute atoms give rise to a high 
density of virtual bound d-states at and just below the 
Fermi surface. In analogy with the interpretation of 
the behavior of several other alloy systems, in which 
the moment of one type of atom is considered to depend 
on the composition of its nearest neighbor environment, 
Robbins et al. proposed that the spin moment on a Ni 
atom in Cu-Ni must depend on its local environment, 
as specified by the number of Ni atoms among its near­
est and second-nearest neighbors. They express the
average moment per Ni atom in the alloy as 

u 6,
u l*) - 51 51 'Pn yJ'*) h*n.m'• where x is the atomic fraction
• n=e> m-o ‘

of Ni in the alloy, ]^m . (x) is the probability for 
a given x that a Ni atom will have n nearest and m 
second-nearest Ni neighbors, and /An,m 'fclie moment
assigned to a Ni atom wi-tdvn nearest and m second-



nearest Ni neighbors. With reasonable choices for the
values of the a good fit is obtained to exper-

o o  q qimentally determined values of/J. 177 Moreover, on the
basis of these values, a moment of 8 per giant
moment cloud is estimated to require about 30 Ni atoms
per cloud, in rough agreement with the observations 

81of Hicks et al. As noted earlier, this nearest-
neighbor approach had also been suggested by Hicks et al.
An approach similar to, but somewhat simpler than that
of Robbins et al. is taken by Perrier et al.100, who
also obtain a reasonable fit to experimental data.

Aldred et al.10'1' carry the near-neighbor model
somewhat further, suggesting that the moment at a
Ni atom is effectively reduced by the presence of a Cu
atom as a nearest-neighbor because of the electronic
screening of the larger nuclear charge of the Cu. This
screening is largely localized within the Cu cell, but
a small residue extends to nearest Ni neighbors. The
net reduction of the Ni atom's moment arises from this
screening, and to a lesser extent from the magnetic
effect due to the replacement of a Ni nearest-neighbor
by a Cu nearest-neighbor. Cooperative magnetic effects
due to the reduction of the moments of other Ni nearest
neighbors by the Cu atom become more significant and
may have effects over more distant near-neighbor shells
as the Cu concentration is increased.

The most extensive theoretical treatment of giant
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moment clouds to date is that of Levin and Mills. On 
the bffcsis of a model of the type discussed above, in which 
the giant moment clouds arise from local environmental 
effects, the resistivity, neutron-scattering cross- 
section, and specific heat of giant moment systems are 
calculated, and the results applied to Cu-Ni.

These authors proceed from a Hamiltonian of the form

The first term represents the ferromagnetic Heisenberg 
exchange interaction between near-neighbor spins; i.e. 
it is an intracluster term. The second term is an inter­
cluster term, given in terms of a magnetic field H which is 
the sum of the anisotropy field and the internal molecular 
field which results from ferromagnetic alignment of the 
polarization clouds. The intercluster interaction is 
neglected in the paramagnetic regime. The last term 
represents an interaction between the conduction electrons 
and the localized spins. Hence this approach differs 
from that of Fibich and Ron in that it considers intra­
cluster effects and that it treats the conduction electrons 
as interacting with component spins of the polarization 
cloud rather than with the cloud as a whole.

This Hamiltonian is treated in a Born approximation
calculation in which the transition rate ^ •*£)<?') is
obtained for conduction electrons scattered by localized
spins. This in turn is used to obtain the resistivity.
The neutron-scattering cross section is obtained from
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spin cross-correlation functions of the form
^S^(t) (0)^ (^t^Xty. 2 ). The specific heat per
atom arising from the localized spins is obtained from
C = where ̂ E) is the expectation value of theV IN J  |
energy of the localized spin system.

Noting that it is difficult to obtain analytical 
expressions for these quantities*„ the authors do 
obtain explicit results in certain regimes.

In the paramagnetic regime with H taken as zero, 
it is found that the spin disorder resistivity p decreases 
with increasing temperature where kja£2.0 in fee lat­
tices, i.e. when the electron wavelength A= iskF
long compared to the lattice constant, which represents
the separation between spins in a cloud, and interference
effects are unimportant. At low temperatures (k T « J dd),B

a  j  £where J %105 K for CuNi), the spins in the cloud remain- 
strongly correlated as the cloud tumbles about, and the 
electron-scattering cross-section is proportional to 
((STS ) =NS (NS+1). At high temperatures (kBT » J dc*)i i D

the individual spins move in an uncorrelated way and
scatter independently. The scattering cross-section is
proportional to %.̂ S, ^“NSCS+l) and is a factor of N

i  J-

smaller, and hence the cluster resistivity decreases with
increasing temperatures. This accounts for the high
temperature minimum in Cu-Ni.

In agreement with the observations of Hicks 
0*1

et al. , Levin and Mills find that the neutron scat-
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/I*taring cross-section -j— peaks in the forward direction.dil
This is of physical significance in the resistivity be­
havior. A further result obtained by Levin and Mills 
is that if terms of third order in Jsd are retained in 
calculating the transition rate when kBT « J dd(so that 
the spin clusters are in a correlated ground state 
and rotate rigidly from one N+l-degenerate ground state 
energy level to another) a Kondo-like minimum occurs 
in the resistivity. (This is the low temperature minimum 
obsefeveftclh -CuvNi). However* the size of this minimum is 
suppressed relative to a Kondo minimum resulting from a 
single spin of the same magnitude, and the suppression 
is more pronounced as the cloud increases in size, so 
that the Kondo divergences’, of p must disappear when 
N ->oo. This suppression comes about because there is a 
forward peak in the differential across section for the 
scattering of electrons from large clusters in the first 
Born approximation, and in the cross-section for the scat­
tering of electrons into intermediate states in the second 
Born approximation. Forward scattering does not con­
tribute to the resistivity (p ~  l-lc*lc'«0 when ic/'k'). The 
size of this minimum is also diminished as the parameter 
kpa is increased.

Finally, in disagreement with Schroder^0 and 
88Robbins et al. , Levin and Mills find that the cluster 

contribution to the specific heat is probably not temp­
erature independent, but rather in the ferromagnetic



regime it increases slowly with temperature and in the 
paramagnetic regime it decreases somewhat more rapidly 
with temperature.

These authors treat Cu-Ni specifically using as 
parameters a cluster size of 50 atoms and a spin of \ 
for each Ni atom (this assumes exactly one d-hole per 
Ni atom). The clusters are all assumed to be in the 
most closely packed configuration, and are all assumed

ato be in the same local magnetic field H. Reasonable 
semi-qualitative agreement with experimental results 
is obtained for the resistivity, elastic neutron-scat­
tering, and the low-temperature specific heat of Cu-Ni.

No comparable treatment is available for Rh-Ni.
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1 B. Thermoelectric Power in Giant Moment Systemsi 
Background
To date, no theoretical calculations of thermo­

electric power have been published for concentrated 
magnetic alloys characterized by giant moment clouds. 
Moreover, relatively little published experimental data 
exists for these systems. We know of no published thermo 
power measurements for Rh-Ni prior to the present work. 
Some measurements have been made on Cu-Ni, but not for 
all ranges of temperature and concentration.

As early as 1926, measurements of the thermopower
of Cu-Ni relative to Pt between 0 and 1000°C were pub-

102lished by Chevenard for fourteen samples ranging in
concentration from pure Ni to pure Cu. An anomalous
bend in the plots of S_ vs. T is noted at about* Cu-Ni Pt
450°C and is most pronounced in the 40 to 60# Ni con­
centration range. The thermopowers are llarjge. and 
negative. At temperatures below the bend, the magnitude 
of the thermopower increases monotonically with temper­
ature. At temperatures above the bend, the magnitude 
of the thermopower remains roughly constant or decreases 
slightly with temperature. Recent measurements, however,
taken over a broad range of concentrations between 200° K

O • 103 • •and 900 K by Ahmad and Greig , show a monotonic in­
crease in the magnitude of the thermopower with a 
gradual decrease in the magnitude of the slope over the 
entire range. There is no^sign of the pronounced



bend observed by Chevenard. The difference cannot be 
accounted for by the fact that the earlier measure­
ments were taken relative to Pt, since Spt is itself

IQllmonotonic over the entire temperature range of interest ,
and its magnitude increases much less rapidly than that

of SCu-Ni*
Low temperature thermopower measurements were

86performed on Cu-Ni by Schroeder et al. , but only for 
low Ni concentrations. These authors measured the 
thermopower of Cu-Ni between k,2 and 300°K for samples 
containing from 0 to 17.1# Ni. In this concentration 
range, for Ni concentrations sufficiently large for the 
phonon drag peak of pure Cu to be completely suppressed, 
the thermopower behavior was observed to be completely 
monotonic. Similarly, low temperature measurements for 
Ni with dilute amounts of Cu (0-5 at.#)10  ̂showed that 
at 5 at.# Cu the thermopower peak in Ni was completely 
suppressed and the thermopower varied monotonically with 
temperature.

More recently, Zrudsky and Showalter^0^ measured 
the low-temperature thermopower of CuNi samples contain­
ing 6.2, 11.6, and 23.6 at.# Ni and presented their data 
as a function of Ni concentration at several fixed 
temperatures. At each of the temperatures considered, 
the thermopower varied linearly with Ni concentration.

Prior to the present work, no low-temperature
thermopower measurements have been published for Cu-Ni

- 82-



in the nearly ferromagnetic and weakly ferromagnetic 
regimes of Ni concentration.
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C. Thermoelectric power in Giant Moment Systemsi 
Experimental Results and Conclusions'’
W» have measured the thermoelectric power between

4.2 and 300°K in Cu-Ni and Rh-Ni for a broad range of 
Ni concentrations straddling the critical concentration 
for ferromagnetism in each system. These measurements 
had a twofold motivation —  to see what effect the giant 
polarization clouds would have on the thermoelectric 
power in the nearly ferromagnetic and weakly ferromag­
netic regimes, and to see whether the differences 
observed in the resistivity behavior of Cu-Ni and Rh-Ni 
would be paralleled by similar differences in the be­
havior of the thermoelectric power of the two systems. 

Thermopower data for Cu-Ni was taken for samples 
containing from 30 to 50 at.# Ni. The critical con­
centration is 44 at.#Ni. The results as a function of 
temperature between 4.2 and 300°K for several samples 
are displayed together for comparison in Fig. 13. The 
origins for the several curves have been uniformly 
displaced by 5fJf/°¥L in the vertical direction for clarity. 
Plots for individual samples between 4.2 and 100°K, 
the range of primary interest, are shown in somewhat 
more detail in Figs. 14-21. A contribution which 
peaks at about 50°K is in evidence over most of the con­
centration range. This extra contribution is largest
near the critical concentration of 44# Ni and is greatly
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diminished at the extremes of the concentration range,
just as was true of the extra low temperature contribution
to the resistivity of Cu-Ni.

As mentioned in part B of this section, Zrudsky 
106and Showalter reported thermopower data for Cu-Ni 

over the same temperature range but for much lower Ni 
concentrations. For the concentrations they considered, 
they found no extra term at low temperatures. In Fig.22, 
the circled points represent the data of Zrudsky and 
Showalter. Plotting their data for 6.2, 11.6, and 23.6 
at.$ Ni as a function of Ni concentration at fixed 
$6mperatures they find that over the concentration range 
considered, the thermopower varies linearly with concentra­
tion at each temperature. Our data for higher Ni con­
centrations, designated by uncircled points, are shown
on the same plot. For comparison, we have also plotted

103the 300°K data of Ahmad and Greig for a broad range
of Ni concentrations (data points enclosed in squares)

0 86and the 300 K data of Schroeder et al. for very low
Ni concentrations. Clearly, the linear behavior observed 
by Zrudsky and Showalter does not extend to the very low 
Ni concentrations considered by Schroeder et al. How­
ever, the data of Schroeder et a1. do appear to continue 
smoothly into the data of Zrudsky and Showalter at 
higher concentrations.

We have extended the straight lines determined
by Zrudsky and Showalter*s data. On the higher
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temperature (200°K and 297°K) plots, our data follows 
these straight lines for the lower compositions and 
falls below at higher Ni concentrations. This decreasing 
slope is also seen in Greig*s 300°K data and seems 
reasonable, since the magnitude of the thermopower 
(-S) must eventually drop down to the value for pure Ni.
On the lower temperature plots, however, itaseems 
that, due to the extra contribution which we noted on 
our S vs. T plots, the values of -S start rising above 
the straight line well below the critical concentration 
of **4 at.$ Ni, then drop back toward or below the straight 
line above the critical concentration. One notes further 
that this anomaly has essentially disappeared at 200°K, 
so that these plots give a measure of the effective 
temperature range of the additional term.

As can be seen in Fig. 22, the numerical values 
of our 297°K data seem to be a reasonable extrapolation 
of the data of Zrudsky and Showalter for lower Ni con­
centrations, which in turn fits well with the data of 
Schroeder et al. at still lower concentrations. However, 
they differ somewhat from the values obtained at 300 K 
by Ahmad and Greig. These authors note that constantan,
Cu Ni„ ,Iirt falls within the concentration range 0.55
considered, and has a comparable thermopower. Actually,
the thermopower of constantan is commonly tabulated
relative to copper, since the two materials are often
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used together as a thermocouple. Its value at°300 K,
1 oftwhen corrected for SCu is about -39.3/mV/°K. This 

is slightly lower in magnitude than the values of 
-*K).l f<V/0K obtained by Ahmad and Greig and about 
7/mV /itK lower than our own. However, compositions for 
commercial thermocouple grade constantan are in fact 
varied according to the material with which the constantan 
is to be coupled, and constantan produced for use with 
copper (Instrument Society of America code TN) contains

1Q9Z% Mn . The various constantans do not have the same
thermal EMF characteristics110. Considerable differences
may therefore be reasonably expected between thermopower
values obtained for pure Cu-Ni samples and values obtained
for commercial constantan.

Our 300°K data agrees considerably better with
the data of Chevenard after corrections are made for the
fact that Chevenard*s measurements were obtained relative
to platinum (Chevenard's data has appeared in works by
other authors111 without mention of the fact that the
measurements were relative to Pt. While the plots of
S„ versus Ni concentration presented by these authors Cu-Ni
retain the correct shape, the numerical values are in­
correct. )

It seems reasonable that the differences among the
room temperature values obtained by various authors can
be attributed at least in part to differences in metal-
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lurgy. Legvold et al. have noted that the low tem­
perature resistivity values for a freshly annealed sample 
with at.# Ni differed somewhat from values obtained 
for a sample with a three-year shelf life. The add­
itional low-temperature resistivity contribution was 
present in both cases. The authors attributed the dif­
ference in numerical values to abnormal Ni cluster 
growth during the sheIf-life of the sample. With this 
in mind, we re-annealed our C u ^ N i ^  sample to see if 
similar differences were observable in the thermopower 
of Cu-Ni. Our original measurements were on samples 
with roughly a 4 year shelf life.

Pig. 23 shows our thermopower data for the same 
sample before and after annealing. The higher temper­
ature values for both samples are the same to within 
the experimental error of 1 to 2#. If the differences 
noted previously among the room temperature measurements 
of various authors do arise from metallurgy, we can at 
least assume that the metallurgical factors involved 
are not simply a question of shelf life.

More importantly, the freshly annealed sample 
retains the extra low temperature contribution. The 
effect is lessened but not substantially, and it re­
mains the most prominent feature of the thermopower 
behavior of Cu-Ni in the range of concentrations we have 
considered. -88-



The extra thermopower contribution seems con­
sistent with the Levin and Mills calculation of a 
Kondo-like minimum in the low-temperature resistivity 
of giant moment systems. If this Kondo-like viewpoint 
is correct, it does not seem unreasonable to expect 
that a thermopower contribution of the sort typical 
of Kondo systems should also arise, peaking roughly 
at a Kondo temperature determined from the resistivity 
data. Since the size of the resistivity minimum due to 
a polarization cloud is suppressed relative to a min­
imum due to a single spin of the same magnitude, one 
would also expect the thermopower peak due to polar­
ization clouds to be correspondingly suppressed. Un­
fortunately, while one can subtract the host metal 
thermopower from that of the alloy in dilute magnetic 
alloys to determine the behavior of S due to impurities, 
a similar analysis for concentrated magnetic alloys 
would require finding the difference between the thermo­
power of Cu-Ni with and without polarization clouds. 
Clearly;this cannot be done. However, on a rough qual­
itative basis our thermopower measurements for Cu-Ni 
are not inconsistent with an interpretation in analogy 
to the thermopower behavior of dilute Kondo systems.

The fact that the temperature at which the extra 
thermopower contribution appears to peak varies very 
little with composition is also consistent with the
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thermopower behavior exhibited by dilute Kondo systems.
r .

It may also reflect the fact that, while’ tire-cloud con­
centration increases withi.increasing Ni, the size of 
an individual cloud remains roughly constant. This 
suggests the possibility of a characteristic energy and 
a corresponding characteristic temperature.

For the Cu^Ni^g sample (Fig. 21) there appears 
to be a slight but abrupt change in the slope at about 
1fO°K, which is the Curie point T_ for that concentrationw81as given by Hicks et.al. There has been some recent 
interest in cusp-like anomalies of this sort occurring 
in gY an(* also in in ferromagnetic metals and
alloys which arise from short-range thermal fluctuations 
in the spin system.11^ A logarithmic or exponential*0  ̂
drop is observed empirically in ^  an(j i above and
below T . Theoretical calculations based on criticalc
fluctuations give a satisfactory account of these 
resistive**1* and thermoelectric**^ anomalies.

The scatter of data points makes it unclear whether 
a similar effect is occurring in our more weakly ferro­
magnetic samples. It should be noted, however, that 
this is an effect which occurs at Tc, which drops to 
zero at the critical Ni concentration. It is therefore 
a distinctly different effect than the extra contribution 
which occurs at;a roughly constant temperature over our 
concentration range.

Our data for Rh-Ni is shown in Fig. 2k, Data for
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the several samples are displayed together for com­
parison. The origins are uniformly displaced by 4/WV/e,K 
for clarity. The thermopower was measured between 4.2 
and 300°K in Rh-Ni samples containing from 56 to 64 at.# 
Ni. The critical concentration is 63 at.#. Data for 
the 4.2-100°K range is shown in more detail in separate 
plots in Figs. 25-28. First and foremost, we note the 
absence of any additional low temperature contribution 
such as was seen in Cu-Ni, and we correlate this with 
the fact that the additional low temperature resistivity 
term seen in Cu-Ni was also absent in Rh-Ni.

The lack of structure observed in the thermopower 
behavior of Rh-Ni is nevertheless surprising. Despite 
the fact that the resistivity of Cu-Ni shows consider­
ably more structure than that of Rh-Ni, some interesting
low temperature behavior has been noted in the latter

93system. Houghton et al. observed a low temperature
ptransition from T to T dependence analogous to that 

observed in local spin fluctuation systems, and dis­
cussed at length in Section IV. These authors suggest, 
therefore, that the observed behavior may arise from 
spin fluctuations associated with Ni atoms in nearly 
critical local environments.

Hence, while the resistivity of Cu-Ni exhibits 
Kondo-like behavior at low temperature, the low-temper­
ature resistivity of Rh-Ni behaves markedly like that of
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a spin fluctuation system. Interestingly, among dilute 
alloys, Cu-Fe shows classic Kondo behavior, whereas, 
as was noted in Section IV, the behavior of Rh-Fe is 
well described by spin fluctuation theory, which sug­
gests a certain consistency among alloys with the same 
host transition metal.

If one carries this analogy further, however, one 
might expect that, just as one finds an extra thermo­
power contribution associated with the Kondo-like 
resistivity minimum in Cu-Ni, one should find a thermo­
power peak in Rh-Ni analogous to those found in dilute 
nearly-magnetic alloys characterized by local spin 
fluctuations. The T -to-T resistivity transition occurs

pat ^T in the Kaiser and Doniach model. The resistivityO
data of Houghton et al. suggests that Ts goes through 
a minimum at the critical concentration but is about 
20°K for Rh^Ni^g, and even higher for Rh^gNigj*. A 
thermopower peak would then be expected either at
|Ta , as in Pd-Ni. or at T , as in Ir-Fe and Rh-Fe.(SeeS o
Sec. IV-D.) We find no evidence of such a peak. It 
must be noted, however, that the low-temperature resist­
ivity anomaly in Rh-Ni, in addition to being qualitatively 
different, is also orders of magnitude smaller than 
that in Cu-Ni. Thus, since the extra thermopower con­
tribution is small compared to the background in Cu-Ni,
it is quite conceivable that there may be an extra low
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temperature thermopower term in Rh-Ni as well which we 
have not been able to detect within the accuracy of our 
measurements.

While we find no evidence of a peak of the type 
described above, we do note a change in slope at about 
5°K for Rĥ gNigjj, (Fig. 28) which may be the same kind 
of anomaly discussed previously with regard to Cu^Ni^.

Returning now to a comparison of Rh-Ni and Cu-Ni,
it should be noted that the thermopower of Rh-Ni is
positive, whereas that of Cu-Ni is negative. This can

11 £%be explained using arguments by Fletcher and Greig , 
based on the — ln ̂  term which dominates the diffusion 
thermoelectric power of transition metals. These authors 
noted that alloying another metal with a transition metal 
such as Ni will increase or decrease the thermopower 
according as the number of empty d-levels is increased 
or decreased, so that increasing the concentration of a 
metal to the left of Ni on the periodic table, such as 
Rh, will make the thermopower of the alloy more positive 
or hole-like, and increasing the concentration of a 
metal to the right of Ni, such as Cu, makes the thermo­
power more electron-like or negative. (The thermopower 
of pure Ni is negative.) The analytic form of these 
arguments presumes a rigid band model, which is in­
applicable in giant moment systems. In cu-Ni, for 
example, the number of holes per Ni atom does not change



Qhappreciably with Ni concentration , and, as Robbins 
97et al. point out the contribution per Ni atom to Nfl, 

the density of d-states at the Fermi surface, for alloys 
with less than 30 at.# Ni, as estimated from specific

On
heat measurements , is only slightly less than that of 
pure Ni. Nevertheless, the total contribution to N^ 
from all the Ni atoms decreases with decreasing Ni con­
centration and the character of Nd is increasingly 
determined by the other component of the alloy, so that 
the arguments of Fletcher and Greig should still have 
qualitative validity for Cu-Ni and Rh-Ni.

A final point of contrast between the Cu-Ni and 
Rh-Ni systems is that the thermopower values for Rh-Ni, 
apart from sign, are more than a factor of three smaller 
than the Cu-Ni values for comparable concentrations and 
temperatures. What may be more significant, however, is 
that the thermopower values for Rh-Ni are further removed 
from the pure Ni values1*^ than are the values for Cu-Ni.

To reiterate, though, the major difference is that, 
while both systems exhibit giant moments, an additional 
low-temperature term is observed in the thermopower of 
Cu-Ni, while Rh-Ni exhibits no such term. An analogous 
contrast was seen between the low-temperature resistivity 
behavior in the two systems. Both effects appear to 
occur for roughly the same range of concentrations and
temperatures. As with the additional resistivity term,
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we believe the additional term in the thermoelectric
power of Cu-Ni to be a magnetic term which, since it is
not observed at very low Ni concentrations, seems to be
related to the presence of giant moment clouds. It should
be recalled thfct the relationship between the additional
resistivity term and the giant moment clouds in Cu-Ni
is supported experimentally by the observations of 

92Houghton et al. that A.p(4H) and A p (AT) (defined 
in Sec. IV-A) vary linearly with cloud concentration.
It is also^ consistent with the Levin and Mills calculation 
of a Kondo-like minimum in the resistivity of giant 
moment systems, which suggests that one might also expect 
a Kondo-like thermopower peak. It is puzzling, therefore, 
that in Rh-Ni, which is also a giant moment system, the 
transport properties behave strikingly differently 
than they do in Cu-Ni. We believe that further theoretical 
work in this regard is desirable.

One alternate viewpoint should be mentioned. A
118recent paper by Ahmad and Greig reports data for the

resistivity of tetween ^»2 and 900°K,- and finds
its behavior as a function of temperature to be similar to
the resistivity behavior of C u ^ N i ^  over the same range
of temperatures. For Pd-Ag the observed effects cannot
be due to giant moment clouds, and the following argument
is applied. The high resistivity of pure Pd follows
from the high probability of scattering conduction s-
electrons into a narrow d-band in which the density of
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states at the Fermi surface is large. The rapid de­
crease in density of states with increasing energy 
results in a decreased probability that electrons will 
be scattered by phonons into the d-band at higher temper­
atures. In Pd alloys that part of the impurity resistivity 
arising from s-d scattering is similarly modified with 
temperature* In both cases the modifying factor is 
(1-AT2)119. where A- (3 (\-^
Hence, in Pd-Ag the low temperature impurity resistivity 
p^(T) is given by /Oq (T)* /9Q(0)(l-AT2J, which, in combination 
with an ideal resistivity that increases monotonically 
with temperature, results in a low-temperature minimum.
At higher temperatures, the ideal resistivity is linear 
in T and the temperature dependence of the negative 
impurity resistivity term drops to a lower power de- 
pendence than T as it must in order that the impurity 
resistivity not become negative. This change in T- 
dependence of the impurity resistivity can thus, in 
combination with the linear term, give rise to a second, 
higher-temperature minimum.

Pure Ni, like pure Pd, has a large resistivity 
which may be similarly attributed to a high density of 
d-states at the Fermi surface, Ahmad and Greig argue 
that since 6u”Ni' alloys in the mid-range of compositions 
show the same resistivity behavior as does PdggAg^o* 
their resistivity behavior can be explained by similar 
arguments. They contend that the absence of this behavior



in Rh-Ni makes scattering from giant moment clouds a 
less likely explanation for the observed behavior.

The following points can be made in regard to this 
argumenti

1) The most pronounced low-temperature resistivity 
minimum in the Pd-Ag-series occurs for Pd^Ag^g121.
The most pronounced low-temperature minimum in the Cu-Ni
series occurs near Cu^gNij^, and is more than twice as
deep as that occuring at Cu^Ni^, which Ahmad and
Greig use as their basis for comparison. It is at least
an order of magnitude greater than the minimum in PdggAg^g.
Moreover, while the h4gh-teraperature minimum in Cu,-Ni_^

0 5  35
is about twice as large as that of Pd^Ag^g, the most 
pronounced high-temperature minima* for Cu-Ni occur in the 
weakly ferromagnetic regime and are again roughly an order 
of magnitude greater than the corresponding minimum in

pd60Ag40*
2) While there are unfortunately no low temperature 

thermopower measurements available for the middle range
of Pd-Ag concentrations to compare with our Cu-Ni measure­
ments, it is known that the concentration dependence of
the room temperature thermopower differs markedly in

111 P A  111the two systems. * (See Fig. 29.) Coles notes
that curves of room temperature resistivity vs. com­
position for the two systems show similar differences.

122The Pd-Ag curve can be analyzed into s-s and s-d
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scattering contributions. The former contribution 
follows a c(l-c) dependence on the concentration c of 
one component, and the latter contribution is zero for 
Ag concentrations sufficiently large so that the d-band 
is completely full. The Cu-Ni curve does not admit to 
this simple analysis. This is not surprising since, 
as noted earlier, a rigid band treatment is invalid for 
Cu-Ni.

3) In a recent letter, Greig*2^ acknowledges
that while magnetic clusters could not be the cause of
the Pd-Ag behavior they seem to be the most likely
explanation for the Cu-Ni behavior, although he still
considers the similarity between the resistivities in
the two systems "something of a fly in the ointment."
Interestingly, an opposite tack is taken by Edwards 

121et al. who conjecture that the Pd-Ag resistivity
behavior arises from spin fluctuations in the local
regions of exchange enhancement (non-critical)., in
rough analogy to the local critical exchange enhancement
associated with giant moment clouds in Cu-Ni. These
authors cite experimental evidence that the Pd and Ag
d-states do not interact strongly and that the Pd d-states
lie closer to the Fermi surface. They suggest that the
Pd d-band broadens with increasing Pd concentration, and
d-state holes emerge at the Fermi band at 50 at.# Pd.
^Pockets of holes" will occur at the Fermi level, at
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locally Pd-rich regions, characterised by an enhanced 
local d-spin susceptibility, and it is these, the authors 
argue, that are responsible for the resistivity behavior.

Whether or not this picture is valid for Pd-Ag, 
we feel that the arguments previously given support our 
contention that the resistivity and thermopower of Cu-Ni 
are associated with the occurrence of giant moment clouds, 
especially in light of the difference between the Cu-Ni 
and Pd-Ag systems noted in points (1) and (2) above.
There remains the difficulty of explaining the differences 
between the transport behavior of Cu-Ni and Rh-Ni, and as 
indicated earlier, we believe there is a need for further 
theoretical work in this regard.
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lVI. SUMMARY
We have measured the thermoelectric power between

4.2 and 300°K in one dilute (Ir-Fe) and two concentrated 
(Cu-Ni and Rh-Ni) magnetic alloys.

In the case of Ir-Fe. the most prominent feature 
of our results is an impurity-induced peak which increases 
in magnitude but does not broaden significantly with 
increasing Fe concentrations The peak occurs at the 
spin-fluctuation temperature Ts determined by Kaiser and 
Doniach to be 28°Ktrom resistivity data. The shape 
of the peak is similar to that observed in Pd-Ni and in 
contradistinction to what one expects for Kondo systems. 
Moreover, it is considerably removed from a Kondo temper­
ature on the order of 100°K determined from susceptibility 
data. We conclude that the observed behavior is at­
tributable to spin fluctuations, whereas the Kondo- 
Nagaoka picture does not give a satisfactory account 
of our observations. However, the Ir-Fe peak occurs 
at T , whereas the Pd-Ni peak occurs at TC»^TS, a char- 
acteristic temperature marking roughly the transition 
from T2 to T dependence in the resistivity. We believe 
that further theoretical work is needed in this regard.

In our measurements on Cu-Ni and Rh-Ni, two con­
centrated magnetic alloy systems characterized by the 
existence of giant polarization clouds, we observe an 
extra low temperature contribution to the thermopower
of Cu-Ni for a broad range of compositions straddling
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the critical Ni concentration for ferromagnetism. The 
thermopower of Hh-Ni over a similar range of concentrations 
exhibits no extra contribution. We correlate our ob­
servations with the fact that an extra low temperature 
contribution occurs in the resistivity of Cu-Ni in the 
same range of concentrations, while no similar contribution 
is observed in the resistivity of Rh-Ni.

We have noted that the low-temperature resistivity 
in Cu-Ni dhows Kondo-like behavior whereas the low-temper- 
ature resistivity of Rh-Ni shows the same T-dependence 
observed in dilute alloys characterized by local spin 
fluctuations. Interestingly, dilute Ou-Fe is a Kondo 
system, whereas dilute Rh-Fe is a local-spin-fluctuation 
system. Lederer and Mills calculated a Kondo-like min­
imum in Cu-Ni due to giant polarization clouds rather 
than single impurities as in dilute systems. This sug­
gests that interpreting the extra contribution to the 
thermopower as a Kondo-like peak is not unreasonable. 
However, nothing analogous to the thermopower peak observed 
in dilute local spin fluctuation systems is observed in 
Rh-Ni, though we recognize the possibility that such an 
effect may simply be too small to have been detected 
within the accuracy of our experiment.

The difference in the transport behavior of Cu-Ni 
and Rh-Ni, both systems characterized by giant moment 
clouds and showing similar magnetic properties, is strik-
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ing. A full understanding of these differences awaits 
further theoretical work.
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APPENDIX At . EXPERIMENTAL PROCEDURE
A brief outline of the experimental procedure was

presented in Sec. III. The details of our procedure
are given in this appendix.
A. Samples ^

The Cu-Ni samples were the same samples used by 
92Houghton et al. for their resistivity measurements 

The samples were in the form of thin bars (roughly 
.75" x .04" x .04") cut from the same cold-worked in­
gots as those used by Kouvel and Comly®1'®2 , to measure 
susceptibility* and were similarly annealed and water- 
quenched. More specifically* the ingots as prepared 
by Kouvel and Comly were induction-melted and chill- 
cast under argon. Before being cut to shape* they 
were severely cold-rolled to break up any gross chemical 
inhomogeneity such as one associates with the dendritic 
structure of a cast alloy. The samples were then cut* 
annealed at 1000°C for 3 days* and water-quenched.
The samples cut by Houghton et al. were similarly annealed 
and water-quenched.

The Rh-Ni samples were from the same source and 
were similarly prepared. These were also in the form 
of thin bars* typically about .80" x .04" x .03"*

When it became necessary for us to re-anneal some 
of the Cu-Ni samples (See Sec. V-C), the samples were
etched in nitric acid and washed with water then with
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acetone. They were then annealed at 900°C in a vacuum 
of 10“^mm for 2 days in a set-up such as that shown 
schematically in Fig. 30. Before quenching, helium 
was bled gradually into the vacuum system until a pres­
sure slightly greater than one atmosphere was reached* 
in order to prevent oxidation of the samples when the 
annealing system was opened to the atmosphere. The 
samples were then quenched as quickly as possible in 
a mixture of ice and salt-water.

The Ir and Ir-Fe samples were the same ones used
54by Sarachik for her resistivity measurements . They 

were thin bars, typically .40" x .04" x .02". The 
alloys were prepared by arc melting the constituent 
elements in an arc furnace. High-purity elements were 
used. As Sarachik points out, "the consistency of 
sample preparation is demonstrated by the fact that the 
excess resistivity per percent Fe was found to be the 
same for Ir containing £ and 1 at.# Fe."^

The Pd samples used for checking the accuracy 
of the thermopower measurements (See part C of this 
appendix) were prepared by the present author by arc- 
melting 99.99# pure palladium sponge into loaf-shaped 
ingots in an arc furnace under an argon atmosphere.
Rod-shaped samples (roughjty 1.00" x .*045" x.025") were 
then cut from the ingots on a surface grinder with thin 
alumina blades.
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B. Experimental Apparatus
The apparatus we used to measure thermoelectric 

power consists basically of three components -- the 
sample holder, the electronics, and the cryostat (plus 
vacuum system).

(1) The Sample Holderi A schematic diagram of 
the sample holder is shown in Fig. 31• The inset shows 
how the sample holder fits into the cryostat. The sample 
sits within an evacuated sample chamber (A in the diagram) 
and is anchored to the projecting portion of an OFC 
copper flange of large thermal mass (B). Immediately 
above the copper flange and in direct thermal contact 
with it is a chamber filled with activated charcoal (C) 
which is used in achieving the ambient temperature.
(See notes on cryogenics below),

Several lines of metal tubing (D,E) provide un­
interrupted vacuum-tight paths from the sample chamber 
through the top flange of the sample holder and out 
of the cryostat. Line 1 in the diagram is a vacuum 
line. Lines 2, 3, and 4 carry the electrical leads.
Copper refrigerator tubing is used for the portions of 
these lines (E) passing through the charcoal chamber 
in order to maximize thermal contact between the char­
coal and the sample chamber. Above the charcoal chamber, 
the copper tubing is soldered to the portions of the
lines (D) which continue up to the top flange and out
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of the cryostat. Thin-walled stainless steel tubing 
is used for the latter (£"0D for line 1, 3/l6"OD for 
2, 3* and *0 to minimize thermal links with room temper­
ature.

The copper portion of the vacuum line (1) is bent 
and joined to the stainless steel through a copper block 
( P) .  The bend functions as a radiation baffle. (The 
continuation G of the stainless steel tubing below the 
block is not part of the vacuum system and serves only 
for structural solidity.) The stainless steel tubing 
passes at intervals through thin brass flanges which 
serve as further radiation baffles. Styrofoam (I) 
surrounds the tubing below the top flange to further 
diminish thermal contact with room temperature.

Vacuum sealing of the sample space is achieved 
as follows. An indium O-ring seal (J) is used where 
the can (K) used to enclose the sample chamber (A) is 
joined to the OPC copper flange (B). The ends of the 
stainless steel tubes where the leads emerge (points 
5* 6, and 7 in diagram) are sealed with Epoxy Adhesive 907 
(made by Miller-Stephenson Chemical Co.)

Fig. 32 shows the activated charcoal chamber and 
the portion of the OPC flange which is enclosed in the 
sample chamber in greater detail. Labeling is the same 
as in Pig. 1. To prevent undesired electrical contacts, 
all copper surfaces within the sample chamber are coated



with General Electric 7031 adhesive and insulating 
varnish. The adhesive is thinned with an alcohol- 
toluene mixture and several coats are applied. After 
each application, the coated parts are dried in an 
oven for an hour at 100°C and then allowed to cool 
before the next coat is applied.

All leads entering the sample are then wound around 
the cylindrical projection (M) of the copper flange 
(which acts as a heat sink),and then around either 
of the two teflon posts (N) before being brought into 
contact with the sample. This allows us to introduce 
greater lengths of wire to maximize the thermal re­
sistance of the leads. In addition, winding the leads 
about the copper heat sink assures that they are 
firmly anchored thermally to the ambient temperature.

All copper leads entering the sample holder are 
Leeds and Northrup best thermocouple grade #30 copper 
wire, which were found to minimize extraneous"thermal 
voltages. The constantan used throughout is from Omega 
Engineering.

The sample is mounted and the various leads brought 
into contact with it as shown in Pig. 33* The teflon 
posts are omitted from this diagram for clarity. The 
sample is clamped to the heat sink as shown, so that the 
contact with the voltage lead (I) at point a is a pres­
sure contact. The other voltage lead (V) also serves

-107-



as an element of the differential thermocouple which 
measures AT. Leads IV, V and VIII are for the differential 
thermocouple, and leads II and III form one junction of 
the absolute thermocouple.

All thermocouple junctions are spot-welded. One 
junction of the differential thermocouple is then in turn 
spot-welded to the sample at point c. The other is attached 
to the heat-sink in close proximity to the sample at b, us* 
ing the 7031 as an adhesive. The coating of 7031 on the 
heat sink allows good thermal contact while maintaining 
electrical insulation. One junction of the absolute thermo­
couple (which measures the ambient temperature) is anchor­
ed to the heat sink at d in the same manner. The other 
is immersed in an ice-and-water mixture (outside the 
cryostat) which provides a reference temperature.

A ^2-ohm carbon resistor (f) with the insulation 
removed serves as a heater for imposing a temperature 
gradient across the sample. The resistor is wrapped 
inia single layer of cigarette paper, which is attached 
with 7031 varnish, and anohored to a small copper block g, 
using the same varnish. The intent is once again to 
maintain good thermal contact while providing electrical 
insulation. The copper block is then soft-soldered to 
the sample at e. To insure that the sample is the major 
heat path from heater to heat sink, the heat is con­
nected by lengths of #kQ copper wire to the more sub­
stantial leads.
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Outside the sample chamber (P in Fig. 31), 6 feet 
of 50 ohm/foot stainless steel wire (from Sigmund Cohen) 
are wrapped around the charcoal chamber and serve as 
a heater for raising the ambient temperature. (In 
practice, the ambient temperature rose quickly enough 
so that for ordinary runs the ambient heater was rarely 
used.) A carbon resistor resting on top of the charcoal 
chamber acts as a liquid He^ level detector.

(2) Electronics 1 Fig. Jk shows a block diagram 
of the electronics.showing all lead connections. The 
section of the diagram above the horizontal dotted line 
shows the electronics outside the cryostat. The section 
of the diagram below the dotted line shows the circuitpy 
within the sample chamber. Identifying letters and 
numbers here represent the same features as in Fig. 33. 
Junctions b and d are in thermal contact with but 
electrically insulated from the sample.

A DC power supply (Power designs Precision Power 
Source Model 2005) connected between VI and VII sends 
a small current through the resistor f , and the con­
sequent Joule heating produces a temperature difference 
AT across the sample. The thermovoltage AV produced 
by AT across the sample (relative to copper —  see part 
C of this appendix) is measured directly between I and V 
using a Keithley #148 nanovoltmeter. The thermovoltage 
produced by A t in the Cu-constantan differential thermo­
couple is measured between IV and V using the same
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nanovoltmeter. As willbbe seen in part C of this ap­
pendix, this latter thermovoltage is a measure of AT.

The ambient temperature is determined by measuring 
the thermovoltage between junction d (anchored to the 
heat sink) and junction g (immersed in the ice-water 
mixture) of the absolute thermocouple. This measures 
the temperature difference between the ambient temperature 
and 0°C. Since these thermovoltages are on the order 
of thousands of microvolts, and since changes in ambient 
temperature between readings may represent a change 
of only a few microvolts, four-place accuracy is required 
in measuring these thermovoltages. For this reason a 
Leeds and Northrup K-3 Universal Potentiometer is used, 
and is connected between II and IX. The K-3 is in turn 
connected to a null detector which has microvolt accuracy 
or better. (At various times, a 147 Nanovolt Null 
Detector, a 149 Milli-Microvoltmeter, and a 150AR Micro­
volt Ammeter, all by Keithley Instruments, proved 
satisfactory for this purpose.)

Not shown in Fig. 34, since they connect with
nothing within the sample chamber, are the following
instrumentst (1) a Kepco regulated DC power supply,
which connects to the ambient heater, (2) a Simpson
meter which connects to the carbon resistor used as a 

4Liquid He level detector, and (3) a Vacuum instrument
Corporation cold cathode discharge gauge for measuring
the pressure in the vacuum system which includes .the
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sample space.
3. Cryogenics and Vacuum System

The sample holder was designed to fit into the 
inner chamber of a commercial Sulfrian cryostat of 
standard design. Liquid helium is transferred until 
the level rises above the top of the charcoal chamber.
A sharp rise in the resistance of the carbon resistor 
which serves as a level detector indicates when this 
has occurred.

The openwork section of the outer wall of the 
charcoal chamber (See Fig. 32), through which the 
chamber is filled, is screened in with copper mesh 
screening which allows access to the helium bath.
When the helium is boiled off, the high heat of ad­
sorption associated with the helium adsorbed by the char* 
coal prevents a rapid rise in the ambient temperature. 
When the temperature increases to 77 °K, further in­
creases in temperature may be halted (if desired) or 
slowed by the introduction of suitable quantities of 
liquid nitrogen to the inner chamber. Adsorption of 
nitrogen plays the same role in this temperature range 
that adsorption of helium does at lower temperatures.

The sample space is evacuated by an air-cooled 
diffusion pump to a pressure of about 5 x 10“^mm of Hg.
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C) Operating Procedure and Analysis of Data
The system is first pre-cooled with liquid nitrogen,

and then sufficient liquid helium to cover the charocal
chamber is transferred into the inner space of the
cryostat. The resistance of the level detector increases
from about 60A  at above nitrogen temperature to about
4200 ft when it is immersed in liquid helium.

When sufficient time has elapsed (a few minutes)
for thermal equilibrium to be reached within the sample
chamber, the voltage across the absolute thermocouple
is read, and is taken to be the thermovoltage between
4.2°K and 273 °K (0°C) for a given run. Typically
this value is 6255 y“V*3/uV, depending somewhat on the
run. The reading is then re-normalized (as are all
subsequent ambient temperature readings) to be 0 at
0 K, in agreement with the calibration tables of Powell 

107et al. , which we have used for our Cu-oonstantan
thermocouples throughout.

The assumption that the sample is at 4.2°K when
the charcoal chamber is immersed in helium is supported
by the observation that the absolute thermocouple
reading is unaffected if helium exchange gas is introduced
into the sample space.

The power supply to the heater at the end of the
sample is then turned on to impose a temperature gradient.
Typical power supply settings (which may vary from sample
to sample) range from about .50 volts maximum at 4.2°K
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!(when the heater resistance is about 2500H)to about .20 
volts or less at room temperature (when the heater resist­
ance is about ko ). Hence, typical power inputs range from
0.1 mW at 4.2K to 1 mW at room temperature. The power sup­
ply setting for any given data reading was determined on an 
ad hoc basis to produce a suitable temperature difference, 
typically between 0.1 and 0.2 K.

For a typical data point, the ambient temperature T was 
obtained from the absolute thermocouple reading using the 
calibration tables of Powell et al. For each ambient temper­
ature T, we then use the tables to find the thermopower of 
the Cu-constantan thermocouples for that temperature. We 
meanwhile get a reading for the thermocouple voltage across 
the differential thermocouple (denoted hereafter byAT^r.V)) 
and obtain the temperature difference in K(denoted hereafter 
byA T(°K) )using the fact that AT(<?K)*^-V] We then obtain a

dV/VT

value forA V directly in microvolts and can thus determine 
S(*~) in /^V/K at our ambient temperature.

Some aspects of the above procedures for finding 
S require further explanation. First of all, even when 
the power supply is off, AV and AT (yuV) as read directly 
from the nanovoltmeter are not typically zero. It is 
not at all clear how much of the non-zero readings 
(AV)q and (AT)q are due to an actual temperature gradient 
and how much are due to extraneous thermovoltages in the 
leads running up to room temperature. However, it was
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observed that if AV was plotted against AT for a fixed 
ambient temperature T and a varying temperature dif­
ference , one obtained a straight line, the slope of which 
could be taken as the thermoelectric power S. In practice, 
several temperature gradients were imposed for only a 
few ambient temperatures, to insure that we were in fact 
obtaining a straight line. For other temperatures, we 
simply measured (AV)^ and (AT)0 and then the values of 
AV and AT with a single non-zero power supply setting 
( (AV^ and (AT)Respectively). The values of AV and 
AT used to calculate S are then given by AV=»(AVi)^-(AV)Q 
and AT*( AT)1-(AT)q.

Onr procedure of taking S(T) to be the slope of Av 
vs. A T  for several values of A T  at a given T in order 
to avoid having to get rid of AVQ andATQ electronic­
ally can be justified on two grounds. First, whatever
part of AV. and AT is attributable to an actual 0 0
temperature difference across the sample will not alter 
the slope. Second, whatever part of AV q andATQ is 
attributable to extraneous thermovoltages in the leads 
between the ambient temperature and room temperature 
should not be affected significantly by the imposition 
of a temperature difference across the sample which is 
typically a few orders of magnitude smaller than the 
difference between T and room temperature.

Another factor in the determination of S which
needs further explanation is the fact that the S we
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determineaby taking S = ~  is not the absoluteat (at
thermoelectric power of the sample, but rather the
thermoelectric power of the sample relative to the
thermocouple grade copper lead, i ^  sn*ft8ur#d^ S{̂ ple-sCu*
Thus the absolute thermopower of the sample, which is
our ultimate object, is given by S^le^mBRBvr

The values used for S„ in calculations are es-Cu
sentially those given by the S vs. T curve reporteduu

12kby Gainon and Sierro . That the values they report 
are also applicable to our own copper leads is supported 
by the following*

To ensure that we were obtaining correct data for 
the samples we were investigating, we first performed 
our measurements on pure palladium, for which the thermo­
electric power has been reported between ^.2°K and room

^ , 10^,125temperature by several authors. Our measure­
ments reproduced published data to within 1 to 2%, after 
correcting for SCu. This is a routine matter at 
temperatures in the liquid nitrogen range and above , 
where thermopower measurements on various copper samples 
are generally in good agreement. At lower temperatures
however, S is highly sensitive to impurities, as is

108strikingly pointed out by Gold et al. For example,
the pronounced negative low temperature Kondo peak
resulting from the introduction of small amounts of iron
is well known. In this temperature range, however,
the S_ values required to give good agreement between 
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our data and published Pd data were essentially those 
reported by Gainon and Sierro. Their measurements were 
made on thermocouple grade copper leads used for thermo­
power measurements, and therefore were for copper wire 
of comparable purity to our own.

Our ability to reproduce the Pd data also gave us 
empirical justification for another aspect of our pro­
cedure. Each time the sample heater was turned on 
to produce a temperature gradient, some time was nec­
essary for a quasi-steady state to be attained, so that 
if (AV)q and (AT)Q were measured at time t, (AV^ and 
(AT)x were measured at t +At, where At might be any­
where from 30 sec. or less at the bottom of our temper­
ature range to 7 or 8 rain, at room temperature. Since 
the ambient temperature changes slightly during the 
interval A t , the background signals (AV)Q and (AT)Q 
change also. For this reason, after the heater is switched 
off at t + At, a second measurement of (AV)Q and (AT)Q 
is made at time t + 2At.- The values of (AV)Q and (AT)^ 
used to obtain AV and AT are an average of their values 
at t and t + 2 t. The fact that we can reproduce known 
results using this method seems to be sufficient just­
ification for the method.

An indication of the rate at which the ambient 
temperature changes in different temperature ranges 
is given in Table 3. The rate of temperature increase
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is sufficiently rapid to introduce a significant error 
in our measurements only between about 150 and 250°K 
and for about 3 or 4°K above about 24°K. An accurate 
picture of this latter range is obtained by repeated 
measurements and fitting to adjacent temperature ranges 
(which is quite simple for a range this small.) Somewhat 
larger errors are permissible for the 150-250°K range 
since none of the salient features of the S vs. T curves 
for the samples we have considered occur in this range.

After each few runs with unknown samples, we ran 
the Pd again to verify that we were still obtaining 
accurate measurements. Moreover, to make sure our data 
for the unknown samples was reproducible, each unknown 
sample was run at least twice. A greater number of runs 
was undertaken if the second run did not reproduce 
the first to within 1 to 2#.

It was found in the course of our early checks for
reproducibility that our results were considerably affect­
ed by the repeated mechanical manipulation of the ends 
of the copper leads which came in contact with the samples. 
Such manipulation was necessary each time a fresh sample 
was mounted. This difficulty was largely eliminated 
by cutting off the battered ends of the leads and re­
moving the insulation from adjacent fresh lengths
each time a new sample was mounted. It was always 
possible to do this since the large lengths of wire
wound around the teflon posts could be unwound when
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the leads no longer reached the sanple.
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Alloy
TC
(#K>

<
Ts

(°K)
Pd-Ni 19 76

Ir-Pe 7 28
Rh-Pe < 0.^ < 1.6

TABLE 1
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Alloy Comp. 
(at.% Nl) /°(1.75 K) (yun.-cm) i > A/o (a h ) 

(yun -cm) C
(*) -

42 47.1 0.258 0.309 0.2364o 45.8 0.243 0.199 0.16938 44.3 0.208 0.106 0.09236 42.9 0.160 0.0566 0.045
3** 39.5 0.102 0.0224 0.02332 37.5 0.062 0.0117 0.012
30 34.4 0.032 0.0048 —

TABLE 2
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T
(°K)

dt
(°K/minute)

5 0.1
10 0.2-
15 0.2
20 0.1
25 1.0
30 0.6
IfO OA
50 OA
6o 0A
70 oA80 0.2
100 0.05
125 0.02£
1^5 0.5160 0.8 < t'
175 0.8
200 0.7
2^5 o.i*
260 0.3

TABLE 3
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300K dcrfa ofSchrocdcr etof

60 90 100

X ( %  NO
FIGURE 22



FIGURE 
23

8 0 I oo6020

- -5

°  Cu 5gNixf2 with ^ 4  y r  shelf life 
•  F resh ly  an n ea led  C uSgNii,2o.

Om

Oo o»o
— 15

OO

The ‘tw o  cu rv es  
.c o in c id e  b e tw een  

|4 0  an d  3 0 0 °K .
~ l 5  >



S 
Or,
 /u

V
/°

K
)

16

12

8

4

0

0

0 THERMOELECTRIC POWER 
vs TEMPERATURE IN Nl-Rh

0
50 100 150 200 250 300

T  ( m°K)

FIGURE 24 
-150-



T
H
E
R
M
O
 
PO

WE
R 

0n
/<

V/
oK

)

8

6

4

2

O 40 50 60
T E M P E R A T U R E  (ineK;

to 30eo 8070 90 100

F I G U R E  2 5

-151-



o

IH*VAfOI 3]
o
c
jj
m
N<T>

in 8£TJ
rn inX o >Hc $ 
m
/-\ -v)
5' Oo:*0>O

VOO
Oo

T M E R M O P O W E R  ( \n /* V /* K )
_p- CN o °-i----------1--------- 1---------

XI "
z .
<T\Oo

e
«
o

o ' oQ
%

o°o 
Q «

ft
o

± I



T
U
E
R
M
O
P
O
W
E
R
 

(in
 /

<V
/°
 K

)

6

4

o 50 60 70 80 90 10 o3010 ZO
T E M P E R A T U R E  Cm°K)

F I G U R E  Z 7

-153-



T
H
E
R
M
O
 
PO

WE
R 

<Vh
 
/t
,V
/°
K)

&

6

4

2

o 30 AO 50 60 70 60 90 IOO10 2.0
TEMPERATURE (in°K)

p /g u r e  a s

-154-



io p— i------ 1 i 1------ 1------ i-------i-------i------r

Atomic %

Thermopower of alloys o f transition m etals (Coles, 1051).
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