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I. INTRODUCTION

This work presents data for the Hall effect in a metal alloy sys-
tem containing dilute amounts of a magnetic impurity, and examines this
data in light of existing theories and ideas.

Susceptibility measurements of very dilute alloys of third-row
transition metals in other metals often indicate the presence of a localized
magnetic moment at each transition metal "impurity" atom. As the tem-
perature is lowered, the localized moments gradually disappear around a

characteristic temperature T, which depends on both the impurity and

k
the host. They can be restored by raising the temperature again or ap-

plying a magnetic field large enough that ngH> kT Anomalous tem-

k.
perature dependences in the resistivities and specific heats of these

alloys around T, are other indications of the change in the state of each

k
impurity. Theoretical calculations show that many-body effects lead to
a compensation of the impurity moments by oppositely-polarized host con-
duction electrons at low temperatures, and give estimates for the char-

acteristic temperature T The overall correctness of the theoretical

K
picture for the susceptibility, resistivity, and specific heat has been
fairly well established. Further calculations show that this transition
leads to an anomalous contribution to the Hall coefficient as a function
of temperature and field. The purpose of our experiment is to observe

this anomalous behavior,

The system chosen for study was Cu-Au (Fe) which has several

-



advantages, perhaps the most important of which is the fact that as Au

o
is added to Cu, T, decreases continuously from roughly 3OOK to 0.3 K.

k

This allows us to study the effect of varying T Hall coefficient data

K
was taken on the Cul—xAux (Fe) system fromx =0 to x =1, The

measurements were made at I.So K and 4.20 K in fields from 0 to 60 kG.
The observed variations of the Hall coefficient as a function of temper-

ature and field are discussed in terms of a gradual transition from the

spin-compensated state to the magnetic state.



II. BACKGROUND INFORMATION

We begin by summarizing, in a brief review, some of the pertinent
background information. We will start with discussions of the Hall
Effect (Section A) and the magnetic impurity problem (Section B) sepa-
rately, and close this section with a discussion of the Hall Effect in
magnetic impurity systems (Section C).
A, The Hall Effect

In 1879 E.H. Hall1 observed that a voltage was developed trans-
verse to an electric current passing through a plane oriented perpendi-
cular to a magnetic field (See Fig. 1). This effect, known as the Hall
Effect, has been used along with magnetoresistance measurements, to
determine mobilities and carrier concentrations in semiconductors. In
metals, this effect has given qualitative information about the departure
from free electron behavior. Band theory has been quite successful in
describing much of the Hall effect data, and we will need to draw on the
concepts of this theory to discuss our results.

(1) Definition of the Hall Coefficient

The Hall coefficient is defined as R = —\I—% , Where V is the Hall
voltage, t is the sample thickness, I the current, and H is the magnetic

volt-cm
field. Practical units most often used are —————, Conversion to
amp-gauss

other units is discussed in Appendix F. Results on Hall effect measure-

ments are often presented in terms of a Hall resistivity, defined by the

vt

T - Although this has the dimensions of resistivity,

expression PH =

-9-



it differs from ordinary resistivity in that V, t and I are all mutually per-
pendicular. Another quantity often quoted is the Hall angle tan & = E/EL ,
the ratio of the Hall electric field to the longitudinal electric field; then
tan g = PHg:where g 1is the elecirical conductivity.
2) Free Electron Model

In this case, a simple derivation of the Hall effect is possible,
and a simple physical picture of the mechanism emerges. If we consider
the geometry shown in Fig. 1, the electrons will be deflected in the po-
sitive y direction by a magnetic field in the z direction. The electrons
will tend to accumulate on the positive y surface. This will result in an
electric field force acting on the electrons in the negative y direction.
Equilibrium will be reached when the magnetic and electric field forces
on the electrons are equal in magnitude. The electrons will then flow
straight through with zero net transverse force acting on them. Thus we
obtain the condition (Fm) = (Pe), or 2 VH = eE. Noting that J = nev =

I I \' s ,
—= —— = —— for the above charge distribution, we have
5 Wi’ and E W g i u

e I _ \Y
E(neWt )H-e(W)
, , vVt 1 ) , .
resulting in R = —— = —— (cgs) where n is the number of carriers in a
IH nec

unit volume, and e is the charge of the carrier (negative for electrons).
In this simple case R is independent of field and temperature; this is not
true in real materials where a more realistic model must be considered.

We can also calculate the Hall angle for this simple model, Tan g =

-10-



RHg = H = w,T where W is the cyclotron frequency,
m is the electron mass and s+ is the electronic lifetime.
(3) Hall Effect in Noble Metals

Table 1 shows observed values of R for the noble metals, and
values of R calculated using the free electron model. It is clear that
the free electron model does not adequately describe the noble metals.
The first orderly and detailed explanation of these discrepancies was
undertaken by Ziman‘2 . At that time the qualitative shape of the Fermi
surface had been established for the noble metals3 . A rough sketch ap-
pears in Figs. 2 and 3. There is a marked distortion from the free elec-
tron sphere, especially along the 111 direction where it actually
touches the Brillouin zone boundary. Ziman2 constructed an eight-cone
model as a crude approximation of the noble metal Fermi surface. In
this approximation, assuming lifetime to be a valid concept, he calcu-

lated R to be
3 [, a -1 2 caga”! 8 Tl -‘] .4_5..
3%%1? XT,K [(U,+U;)MR+(U3+U§)M“ +(V1*UL)M77 U
o g
2*h VIK&S

where the integrals are over the Fermi surface, Ty is the relaxation

time, and Mzz , etc. are the inverse mass tensors. The contribution
from the necks (See Fig.2) to Mzz— is negative and this reduces the
Hall coefficient from the free electron value. However, if one makes

the simplifying assumption that Ty is isotropic, then this overcompen-

sates, and to get a correct value of R Ziman allows for variation in T

-11-



over the Fermi surface. In particular, he assumes Ty on the neck is
less than Ty on the bellies. This will reduce the negative contribution
and raise R back to the proper value. A recent review by Springford4
discusses this topic further. It has been shown by more direct measure-
ments5 that 7 neck < T belly at low temperatures. However, for room
temperature it appears that Tk is isotropicé.

The electron-phonon scattering in pure metals is relatively well
understood. However, the contribution to the Hall coefficient from the
scattering of electrons by impurities presents yet unsolved problems in
noble metals.

@) Noble Metal-Noble Metal Alloys

We will limit our discussion to the Cu-Au and Ag-Au systems be-
cause data exist for the entire composition range of these alloys. The
resistivities of disordered Cu-Au and Ag-Au alloys behave in the classi-
cal manner as a function of composition7. They follow the Nordheim rule
which states Pac(l—c) where c is the solute concentration.

The Hall data for the two systems are not similar. The Ag-Au
data have been analyzed in some detail by Hurd8 and I—Ieineg° They
found that the Hall coefficient could be split into two contributions.

One contribution is small and linear in concentration and is the result of
a continuous change in band structure upon alloying Au into Ag. The
other contributions was an impurity contribution (Au in Ag or Ag in Au)

and its concentration dependence is ultimately based on the Nordeim

_12..



1 .
“c(i-c) )9, Unfortunately, the Hall data for Cu—Aulo (See

rule (ra
Fig. 10) cannot be analyzed in such a simple manner. It does not sep-

arate into two nicely analyzed contributions as for Ag-Au. BRarnard,

et al, used a two band11 model, where

2. —_

Ngleg. _  NuTu

= ' e My~
2.

ec ( 293:_3_ -+ n.NTN

Mg My

Here B refers to belly contributions and N refers to neck contributions
(See Fig. 2). They ascribed the change in R to a variation in TN/ Ty
while nN/nB and mN/mB remained constant. However, without an ex-
planation of the variation of »rN/ s with host composition (theoretically
or experimentally), this conjecture is not too useful. We can safely
say that little is understood about the variation of R in Cu-Au. Cer-
tainly, the difference in lattice constants for Ag, Au and Cu must be
taken into account. The lattice constants for Ag (4.08 Ao) and Au (4.07
AO) are almost the same, while Cu (3.61 Ao)is quite different.

It is interesting to note the qualitative difference between the re-
sistivity data and the Hall data. In the multi-band picture, the resisti~
vity depends upon the direct sums of lifetimes. This is just an average
over the Fermi surface and can be explained by a relatively simple the-
ory. In contrast, the Hall effect is very sensitive to contributions from

different parts of the Fermi surface, which may have different signs,

and the resulting description is much more complex. This difference is

-13-



a general feature of resistivity versus Hall data.

Although the understanding of the Hall data is vague and incom-
plete, and many parameters important to the data are not known, it is
clear that the lifetime is not isotropic over the Fermi surface at low
temperatures and it is necessary to resort to (at least) two bands to de-
scribe the data in the Ag-Au and Cu-Au systems.

B. Magnetic Impurity Problem

Much has been written on this topic, ard we will discuss only
briefly the basic ideas which have led to some understanding of the
problem of dilute magnetic alloys. Detailed reviews exist by Van den
Berglz, Daybell and Steyert13, Heeger14, and Kondo15 . The reviews
by Var{ ‘den Berg and by Daybell and Steyert are from an experimental
point of view; Kondo's review is theoretical in nature; and Heeger's re-
view examines, in some detail, the data in light of existing theories.

In the present context, dilute shall be defined as the limit in which
the magnetic impurities do not interact with one another, In this limit
the results for n impurities can be obtained from the results for a single
impurity, by superposition. Experimentally, one is guided by the con-
centration dependence of various physical properties to determine
whether or not the above conditions are met.

We consider the effect, then, of placing an isolated magnetic
impurity in a non-magnetic host. In this case the important interaction

is between the impurity and the conduction electrons of the host. The

-14~-



problem was first treated in the one-electron approximation, which
works well in the non-magnetic case. However, in the magnetic case
this approximation breaks down, and it is necessary to consider a many-
body problem.

We will start by considering some of the early ideas of Friedell()’l7
as applied to impurities in general. In an isolated atom the energy
levels are sharp. However, if we put this atom into a metal as an im-
purity, and if one of its outer atomic orbital§ ‘(d states in transition
metals) falls within the conduction band, this orbital will resonate with
the conduction electrons of the same energy. For transition metals this
results in a state occupying a region in energy, localized on the im-
purity, and of strong d character. This is called a virtual bound state,
for it is not truly bound like the core states, yet it does have some lo-
calization.

IF‘riedel17 has formulated these concepts on a more mathematical
basis by treating the electrons as free and independent, and assuming
the perturbation of the impurity to be spherical. He then analyzes the
perturbation in terms of spherical harmonics. This results in the virtual
bound state being broadened in energy (in a Lorentzian way) about the
resonant energy.

In light of this, it is interesting to consider the case of transition
metal impurities in Al. Measurements of the excess resistivity due to

various impurities ranging from Ti to Ni show a maximum near Cr. For

-15-



Ti the impurity d level is above the Fermi energy of the Al host, and for
Ni it lies below. In between (for Cr) the d level lies near the Fermi
energy and thus causes strongest resonant scattering, which is evi-
denced as a peak in the excess resistivity. It is interesting that there
is only one peak, even though for reasons outlined below, one would
expect the d state to be split into several levels. Apparently, the
virtual bound level is so broadened and the individual states split so
little that they are not discernible.

Friedel17 discusses three possible mechanisms for splitting the
d10 level. The crystalline field in a cubic lattice splits the d10 level
into two states (xz—y2 like and xy like). Howevex.’: this splitting is
observed to be very small (a fraction of an electron volt), and it is not
expected to play an appreciable role, Coulomb correlations between
the d states would split the d10 level into ten states. Finally exchange
correlations split the d10 level into two d5 levels of opposite spin.

A striking feature of the residual resistivity data for transition
metal impurities in Cu, Au, and Ag is the existence of two peaks, one
at V and the other at Fe. Friedel correctly ascribed this to a splitting
of the virtual bound state into spin-up and spin-down states, where
the splitting is greater than the width of the virtual state. Thus two
separate resonances can be discerned.

Anderson18 built on the ideas of Friedel and formulated the prob-
lem by starting with the Hamiltonian:

H = I_IOf + HOd + Hcorr * Hsd

-16-



The first two terms are the unperturbed energies of the free electron
system and the d states on the impurity, respectively. Hcorr =Undis
the Coulomb repulsive energy between two opposite spin electrons on
the same d orbital. This term is responsible for the splitting of the

spin states which gives rise to magnetism. Hsd is a mixing term be-
tween the free electrons and d sfates, which broadens the impurity state
into a virtual level. Anderson solves the problem self-consistently in
the Hartree-Fock approximatibn. He assumes a split d state in which
one level (say spin down) is below the Fermi energy by an amount E,
and the other level (spin up) is split by the Coulomb repulsion U and is
above the Fermi energy by U - E. He then obtains conditions for the sta-

bility of this state. For the simple case of a single non-degenerate

level, Anderson obtains a broadening of the state to width A through

the s—-d mixing term. The condition19 for magnetism is > |. This,
however, is also the condition for the breakdown of the Hartree-Fock
approximation. As Schrieffer20 points out, in this limit "the interaction
time Ty 1 /U is less than the time N nh/A required for electrons
to hop on or off the impurity into the band." Hartree-Fock theory breaks
down because an electron on the impurity interacts with the electrons
nearby at that instant and does not see an average potential through in-
teraction with all the electrons as assumed by Hartree-Fock. It is a
true many-body problem because previous electron-impurity encounters

will affect what the next conduction electron sees. Therefore, pro-

perties of these systems can only be calculated by Hartree-Fock theory

-17-



in the non-magnetic limit U < A . A many-electron theory must be used

to calculate properties in the magnetic limit. In spite of these diffi-

culties with the theory, the concept of a local magnetic moment arising from the
splitting of the spin up and spin down d levels, which are broadened in

space and energy, is quite useful in describing such systems as Cu (Fe),

Cu (Mn), etc.

One of the most striking features of local magnetic moment sys-
tems is the existence of a resistivity minimum as a function of tempera-
ture. Experimentally, this minimum was first connected intimately with
the existence of a local moment by work of Sarachik et. al.21 122 on Fe
impurities in Nb~Mo and Mo-Re alloys. KondoZ3 gave an explanation
of the minimum in a theoretical calculation of the resistivity of local
magnetic moment systems. Kondo assumes that a local moment does in-
deed exist on the impurity, and calculates the resistivity of such a sys-
tem using a I§§ Hamiltonian, where S is the impurity spin and S is
the conduction electron spin. He calculates the conduction electron-
impurity scattering to second Born approximation. To illustrate the im-
portant contributions to the calculation, we consider the scattering from
the initial state |kf,d{ ) to the final state 'k'T ,d¥ ), where k re-
fers to conduction electrons and d refers to impurity electrons, and %
and ¥ refer to spin direction. For this initial and final state, the
second order processes are as follows:

(1) kP goes to k' via k"%

(2) The exchange of (1)

-18-



(3) kT goes to k' via k"\‘ . Here the impurity spin is flip-

ped to conserve angular momentum.
Note that the exchange of (3) is not allowed because it cannot con-
serve angular momentum. Due to the absence of this exchange term,
cancellation of the singular terms in the sum (¢k'P ,d{ 'Hexlk'/r d‘b 3
does not occur as it does for processes (1) plus (2). This gives rise to
the Kondo effect, and the contribution from (3) is often referred to as
the spin-flip term. Kondo's result for the total resistivity (including

first order terms) is
()-:G,TS-\— CPp CPML'+qINiM(E% )]

where the first term is the standard phonon term, the second arises
from potential scattering from the impurity, and the last is the magnetic
contribution. Note that for negative J (antiferromagnetic exchange) there
will be a minimum in the resistivity. It is encouraging that Anderson's
model predicts a negative J for the magnetic state, further supporting
this picture.

The perturbation calculation diverges at a characteristic tempera-
ture Tk' usually referred to as the Kondo temperature, such that kT, =

k
- 1 [ F) 3 » 3
D exp ﬁ-— Here D is the conduction band width and N is the density
of states which is assumed constant. Much work has been done on
theoretical calculations of the low temperature solution, and the reader

. , , 1 4 ,
is referred to the review articles by Kondo > and Heeger1 for details.

The following physical picture seems to emerge. As the temperature

-19-~



is lowered below Tk a highly correlated many body state is formed in
which the local moment is compensated by conduction electrons of op-
posite spin. As T - 0 the impurity spin b ecomes completely compen-
sated in the sense that the effective magnetic moment /""e £t in the Curie
law susceptibility formula x(T) = /A_Zeﬁ/kT, goes to zero. The resis~
tivity deviates from the In T behavior given by the Kondo calculation,
and saturates as the temperature is lowered. As thermal and magnetic
field energies are increased, there is a transition from the spin-com-
pensated state to a magnetic state. This transition occurs at energies
of the order of ka. As the state breaks up, one would expect the phase
transition to be gradual, because there are only a small number of par-
ticles involved, and thermal fluctuations would tend to broaden the tran-
gition in temperature.
C. Magnetic Impurities and fhe Hall Effect

In this sectiown we will review those calculations of the magnetic
impurity problem which specifically give results for the Hall coefficient.
As pointed out in the last section, they will necessarily be based on
many-electron theory. The calculations are quite involved and we will
concentrate mainly on a description of the type of theory involved, the
assumptions made,and the range of validity of the results. After this
introduction we will discuss previous experimental results in this area.

(1) Calculations

The first calculation of the Hall coefficient in a magnetic im-

purity system was done by Richard More24. More uses the Suhl
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equations, which are an application of T-matrix theory to the solid state
problem of magnetic impurities. This is a scattering theory, and thus
can give no information about what is happening close to the impurity'?A
This theory restricts itself to s-wave scattering only, and it is not clear
how important such a restriction is for the situation in real metals. Be-
fore going further, we will list some model assumptions of the More
theory (which are common to all the calculations):

(@) Small concentrations of impurities are assumed.

(o) The calculation is for a spin 1/2 impurity.

(¢) The results are evaluated for a g factor, g = 2.

(d) The Hamiltonian used is:
- - >
= t .

- .
+ ._[h_, EE) é, (VEW —T S- Sq.q,.l) C:;T Ch’u"
where s and § are the spin operators for the conduction electrons and
the impurity respectively, the ¢'s are creation and annihilation opera-
tors, N is the number of atoms and H is the external magnetic field.
The first term is the single particle energy of the electrons in a mag-
netic field, the second term is the Zeeman energy of the impurity, the
last term is the perturbation which includes normal potential scattering
and s-d exchange scattering.

More's calculation is valid at all temperatures and fields.

-21-



However, his expressions have to be evaluated on a computer, and
this makes it difficult to compare his results with experiment. More
considers two groups of electrons, spin up and spin down, and by in-
cluding ordinary potential scattering from the magnetic impurities, he
allows each spin state to have a different lifetime in a finite magnetic
field. One can write an expression for the Hall coefficient arising from
these two groups:
=
Re2  Tt+li_
heCc (Tt +TY)*"

where q-f and r) are the scattering lifetimes for spin up and spin

down electrons respectively. This is simply a two state model where
the two groups, both being electrons from the same conduction band,
have the same parameters m* and n which cancel out in the expression
for R. In a single carrier host (one electron energy band) the Hall co-
efficient (even in the presence of magnetic impurities) will have no
temperature or field dependence unless the lifetimes, 79 and ™n
are different. This difference arises from an effective density of states
which is skewed with respect to the Fermi level. According to More24
one of the spin orientations has its lifetime longer than the other; which
one depending on the sign of V. Using the above formula for R, More
obtains the T and H dependent R plotted in Fig. 5.

’

2 6
Using perturbation theory, B2al-Monod and Weiner calcu-
lated the first and second Born terms, and showed that the essential

features of More's results could be obtained from first Born approximation.
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Since it is a perturbation theory calculation, it is not valid at low
temperatures (T < Tk). The calculation is carried out specifically
is the Fermi energy). They obtain

for the case J<<V<< ¢, (Where

F €r

results for 1’[ and 'r# , and substitute these into the same cne band,
two spin state formula quoted above. For kT > g}LBH they obtain es-
sentially the square of a Brillouin function for the dependence of R on
H and T. This looks qualitatively like More's result, since the Brillouin
function is linear for low arguments so that its square is an upward
curving parabola, and for higher arguments it saturates. This behavior
can be seen in Fig. 7 (which is a fit to P. Monod's data which will be
discussed later). Note that there is little difference between the first
and second Born approximations. For higher fields (g}A,BH >kT) when
the Brillouin function has saturated, the predominant field dependence
is a -InH term.

Finally, Bloomfield, Hecht and Siever't27 did a Green's function
calculation which generalized Nagaoka's‘28 truncation procedure to
finite magnetic fields. Aside from the difference in calculational ap-
proach, there is an outstanding model difference. They assume no po-
tential scattering (V=0) and a symmetric density of states, Thus,
they find #4 = s#J and from the above formula, R = constant. These
authors point out that the spin-flip process for both spin directions is
being frozen out by a depopulation of levels as the magnetic field in-
creases. As H increases there is a decrease in the populations for

both the impurity spins and the conduction electron spins parallel to

-23-



the magnetic field since this is the state of higher energy. At low
temperatures a magnetic field couples to the individual spins and hence
prevents the spin-flip scattering from taking place; hence both 7-1‘ and
r¥ increase with H. With no asymmetry in the effective density of
states 7 and 'rl' increase precisely the same way27. However,
with V included the relaxation time of one of the spin states increases
more rapidly with H.

Note that in these three calculations all scattering arises from
the magnetic impurity so that all r's are inversely proportional to the
concentration. Thus R has no concentration dependence.

One of the main observations in our measurements is the strong
linear concentration dependence of R. Since the Cu-Au hosts contained
many defects, we first tried to explain our R behavior by including non-
magnetic background scattering. In Appendix B we calculate R for a two-
spin single electronic band. We find that R equals a constant plus terms
of order c2 and higher (see also section V B (2) ). Bloomfield has done
a further calculation which includes band structure effects. This cal-
culation has not yet been published, and it is outlined in Appendix C.
The results show that, aside from the host contribution (which is inde-
pendent of field and temperature), the next largest term which results
from the presence of the Fe is linear in impurity concentration , depends
upon the band structure of the host, can be of opposite sign to the host
Hall coefficient (this fact is a direct result of having both electron and

hole-like carriers), and behaves like the magnetoresistance, p.Bloomfield,
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Hecht and Sievert27 have done a computer calculation of the magneto-
resistance (in which 74 =+¥ ) for Tk = 16° K, shown in Fig. 6. This
calculation as well as that of 1\/Iore24 shows that the magnitude of P
decreases with H. Thus Bloomfield would predict a decrease in AR as H
increases when AR depends linearly on c.

These results of Bloomfield appear to be qualitatively in disagree-
ment with those of More and of Béal-Monod and Weiner. However, the
difference between +4 and ¢ is influential in higher order terms of
Bloomfield's formulation (Appendix C)., Certainly, 'Bloomfield's new cal- |
culation is more realistic because it includes the effect of the band
structure of the host (which is known to be quite important), while the
other calculations ignore this.

(2) Previous Experimental Results

The first experiments that we will describe were done by P. Monod
on 150 ppm Mn in Qu at 1.2° X in fields from 0 to 15 kG (see Ref. 25).
These data fall within the range of validity for the Béal-Monod and
Weiner calculation, since Tk ~ OalO K. A comparison between experi-
ment and theory appears in Fig. 7. The agreement is quite good at low
fields. The down-turn in the data at higher fields is attributed to a
low field-high field transition; this will be discussed below. It is un-
fortunate that no data were obtained for different concentrations. This
would have been most interesting, since the single band mechanism,
which includes background scattering from the host,is quadratic in

concentration (see Appendix B), and the leading influence in the
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Bloomfield mechanism is linear in concentration (see Appendix C).

Band effects should be important in this case, and it seems reasonable
that Bloomfield's calculation would be more appropriate, and the con-
centration dependence would be linear. However, the field dependence
is a separate matter, and reference to Fig. 6 shows that for temperatures
well above the Kondo temperature, as is the case here, the dependence
on field due to the linear Bloomfield mechanism has flattened out. Thus,
it is very likely that the observed field dependence arises from the c'2
contribution. This is probably related to the mechanism of unequal life-
times, which can enter into the single band calculation (Appendix B) or
into the multiband calculation (Appendix C).

Results for Cu (Fe), Au (Fe) and Cu (Mn) for various impurity con-
centrations at T = 4,.20 K in fields from 0 to 16 kG were obtained by
Alderson and Hurd29 (see Figs. 8 and 9). Note that they plot the Hall
resistivity rather than the Hall coefficient. The data are obscured by
two effects which make it impossible to observe the systematic behavior
(field dependence or impurity concentration dependence) predicted by the
above calculations.

The first effect is a low field-high field transition. At low fields
wc'r<<1 the Hall coefficient is affected primarily by scattering mecha-
nisms. This is the regime we are interested in. As the field is raised,
w7 becomes comparable to 1, and the electrons can travel a full cyclo-
tron orbit between scattering events. Thus, at fields above this (mcq- >1),

the topology of the Fermi surface becomes of primary importance. There
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is a gradual transition between the two regimes, and it is important that
this not be confused with the effects we are looking for. Under the
proper conditions (i.e. pure metal hosts with small amounts of impurity
so that T is long) this transition can occur in the field region of interest
and thus obscure the data. This is precisely what happens in the
Alderson and Hurd data (see Figs. 8 and 9).

The second factor obscuring the data is what Alderson and Hurd
refer to as a spin component. They attribute this component to super-
paramagnetic clustering. In support of this, they use an analogy to
the well known fact that in the ferromagnetic case the anomalous Hall
resistivity varies directly as the magnetization, and they fit their Pu
data to a Langevin function (see Fig. 8). They argue against explaining
the spin component by a Kondo scattering mechanism like that of More
or Bloomfield. This is based on the fact that there is no correlation
with a negative magnetoresistance, and that the behavior varies little

between Cu (Fe) and Cu (Mn) (see Fig. 8) for which the T, 's differ by

k
approximately two decades.

For these reasons the above systems are not good choices for in-
vestigating the Kondo effect in the Hall coefficient. However, the pos-

sibility of the above difficulties certainly must be considered when ana-

lyzing any Hall effect data.
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111, OBJECT OF THESIS

The aim of the present research was to investigate the anomalous
behavior in the Hall coefficient due to a dilute magnetic impurity in a
metallic host.

(2) Choice of Alloy System: Cu-Au

We began by investigating Cu (Fe), Cu (Cr), and Cu (Mn). Because
of the high Kondo temperature of Cu (Fe), the fields necessary to break
up the spin compensated state are quite large (~200 kG), sc this sys~
tem was abandoned. We did preliminary measurements on Cu (Mn) and
Cu (Cr), but did not continue with these systems because they have low

~ 0.1° K for Cu (Mn) and T ~1° K for Cu (Crn),

Kondo temperatures. T K

k
and for these alloys our lowest attainable temperature was greater than
Tk’ so that thermal energies alone have broken up the spin-compensated
state. Increasing the energy by applying a magnetic field would have
little further effect.

The system finally chosen30 was Cu-Au with Fe impurities. Loram,
‘Whall, and Ford31 made resistivity measurements on Cu rich alloys of
Cu and Au. They found that these alloys behave as Kondo systems, and
that Tk decreases as more Au is added. Their results indicate that Tk
varies continuously from ~24.-o K for pure Cuto ~0. 3° K for pure Au.

Even though the exact numbers for Tk are in doubt, it is clear that some-

where between Cu and Au there is an alloy that should produce a maxi-

mum effect for our available range of temperatures (1 .50 K and 4.2° K)
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and fields (0 to 60 kG). Also, varying the host composition enables us
to track the anomalous contributions to the coefficient as Tk is varied.

Another advantage of using the Cu-Au alloy is that the short elec-
tronic lifetime in such a binary host insures that the alloy systems will
always be in the low field condition (wc-,-<< 1), so that a low field to
high field transition will not occur in the available range of magnetic
fields. Furthermore, interactions with impurities would tend to be re-
duced in a system with short lifetimes. Thus if clustering does exist,
its effect is likely to be less pronounced.

Our experimental data show, however, that the Cu-Au system suf-
fers from a different, and perhaps equally severe, disadvantage. Name-
ly, our Hall coefficient results are very sensitive to band structure ef-
fects, and as we have seen, the band structure of Cu-Au is quite com-
plicated. Thus, the results are not as clear-cut and conclusive as we
had hoped. Although the data are found to be consistent with the theory
of Bloomfield in a qualitative manner, the band structure sufficiently
complicates matters so that it is not possible to extract numerical values
of important parameters, such as Tk’ V, and J. Furthermore, it is dif-
ficult to deduce from the data any clear-cut systematic quantitative be-
havior as a function of some known variation of these parameters.

The remainder of this thesis (exclusive of appendices) will dis-

cuss the experimental procedure and the results.
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Iv. EXPERIMENTAL PROCEDURE

The alloys were prepared from pure (99.9999%) starting materials
by melting the constituent elements in an argon arc furnace and quench-
ing. Some of the ingots were cold worked. Samples were then cut to
the shape shown in Fig., 35. Those samples cut from cold worked ingots
were annealed for 10 days under vacuum at 830O C, and quenched in a
brine solution.

Hall measurements were effected as a function of magnetic field
to 60 kG at 4.20 K and roughly 1.5o K. The magnetic field was supplied
by a superconducting magnet. A constant current of 1.9 amps was used,
and the resulting Hall voltage was measured with a Keithley 147 nano-
volt null detector. The error in Hall measurements is estimated to be
3.5%, stemming mainly from errors in sample dimensions, magnetic field
values and random thermal fluctuations in the Hall voltage. Sample
compositions and homogeneity are also a major factor. The major por-
tion of this error was systematic, however, and within a given run,
changes in Hall voltage could be observed to better than 1%. A detailed
description of sample preparation, apparatus, and measuring procedure

is contained in Appendix A,

-30-



V. RESULTS AND DISCUSSION

In this part we will present the results and discuss them in light
of existing t heories and ideas. We will start by presenting the data for
the Cu-Au alloys (Section A)., These results are discussed first be-
cause they have a strong influence on the Cu-Au (Fe) results (Section B)
which comprise the heart of the thesis.
A. Cu-Au Alloys

(1) Hall Coefficient Data

The Hall coefficient at 4.2o K is plotted as a function of atomic
percent Au in Cu in Fig. 10. Included on the above plot are the data
of Dugdale and Fir'th32 and Barnard et. al. 10 on disordered Cu-Au al-
loys. The agreement is very good qualitatively, and at the Cu rich
end the quantitative agreement is excell ent. As was mentioned earlier
(IT-A), these results can be explained in terms of a variation of TB/TN
as Au is alloyed into Cu. However, an explanation of the required vari-
ation o f TB/TN is lacking, and values of TB/TN deduced from other
types of experiments do not agree with those found from Hall coefficient
data. At the present time a more basic and solid understanding of t he
Cu~Au system does not exist, and interesting as it may be, this was
not our thesis. Thus, we did no further work and can o ffer no addition-
al illumination. The importance of this data is its use in interpreting
the Cu-Au (Fe) data, and the fact that it agrees with previous measure-
ments indicates that our samples are reliable.

More e xtensive data was taken for "pure" Cu and "pure" Au
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because a larger ﬂbody of data exist for these systems. Thus quanti-

tative agreement with previous work on Cu and Au would be the best

check on the validity of our experimental data. A more detailed de-
scription appears in Appendix D. Generally, the Cu data are repro~

ducible and in good quantitative agreement with previous results%0 139, 42-44
The Au data are not reproducible, and thus a reliable comparison can-
not be attempted.

(2) Effect of Metallurgical Treatment and Structural Ordering

Most of the measurements of this thgsis were done on samples
directly from the arc furnace. However, a few samples were cold-
worked and annealed as described in Appendix A. The "pure"” Cu,
"pure" Au, and Cu rich alloys seem little affected by this treatment,
while there seems to be a large effect for the Au rich samples. This is
possibly due to the amount of structural ordering in the samples which
will be discussed below.

As a crude check on ordering in the Cu-Au alloys, we ran abso-
lute resistivity measurements as a function of atomic percent Au, and
these appear in Fig. 11. There is reason to suspect a small amount of
ordering in the Au rich samples, as evidenced by the departure below
the expected parabolic behavior with concentration. Resistivity data
indicated that several samples were highly ordered, and the data for

these were therefore disregarded. As was pointed out by Barnard et.

10 . . . ,
al. , increasing disorder leads to an increase in the magnitude of
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the Hall coefficient R. It is quite possible that the increase in the
magnitude of R upon cold-working and annealing is related to an in-
crease in the disorder. Therefore, the Au rich alloys which are more
ordered to start with exhibit a greater effect when cold-worked and
annealed.

(3) Field and Temperature Dependence

The field dependence for all the host data indicates that we are
always in the low field condition - i.e, within experimental error the
host data are independent of field. Thé host data appear in Figs. 14
through 17, together with data for Cu-Au (Fe). To further support this
claim, we can calculate the tangent of the Hall angle (tan § = Rg H)
which is edqual to w7 in free electron theory. Even though we have
shown that this theory does not apply, we can still get an order of
magnitude estimate for 0T at most it is 0.03, and typically it is
0.005. Certainly, we remain in the low field condition throughout
the entire experiment.

The Hall coefficient of the Cu-Au hosts was observed to be in-
dependent of temperature between 1. 5O K and 4.2o K. Therefore,
most of the host samples were measured at 4.2°K only, and these
results are used in the analysis of the Cu~Au alloys containing Fe,
at both 1.5 and 4.2° K.

(4) Summary of Cu-Au Alloy Data

In summary, we can conclude that the sample preparation and

experimental technique are reliable, based on good agreement with
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previous results. Also, we should be aware of the following factors
in analyzing the Cu-Au (Fe) data:
(1) The host Hall coefficient is a strong function of composition.
This must be taken into account by normalizing the data to the host
value.
2) Structural ordering in the samples can affect R considerably.
(3) The samples remain in the low-field condition throughout the ex-
periment.
B. Cu-Au (Fe) Alloys

Before presenting and discussing the Cu-Au (Fe) data, a few pre-
liminary measurements important to the evaluation of the data will be
discussed below.

(1) Preliminaries

(@) Sample Analysis

The nominal Fe concentration in the Cu-Au (Fe) alloys was calcu-
lated from the weights of the starting materials. As a check on this,
the alloys were analyzed commercially for Fe content by chemical and
spectroscopic techniques. The results, which appear in Table 2, are
not always in good agreement with the nominal concentrations. How-
ever, the analysis does confirm the existence of Fe in concentrations
comparable to those calculated. The nominal concentrations always
gave more consistent and reasonable results than did the concentrations
as determined by chemical analysis. We therefore used nominal values

of concentration throughout this work.
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(b) Resistivity Data
As previously mentioned, Loram, Whall and Ford31 observed

Kondo behavior in the resistivity of Cu-Au (Fe) alloys. For complete-
ness, we measured the resistivities as a function of temperature for a
few of our Cu-Au (Fe) samples. The results appear in Fig. 12 on a semi-
log plot. Although the error in absolute resistivity is large it is mostly
systematic, and the characteristic Kondo contribution, proportional to
InT, is readily discernible in all the data. Where data exist for more
than one Fe concentration, the impurity resistivity is seen to be linear
in concentration at low temperatures within experimental error, and the
position of the minimum shifts to higher temperatures for higher concen-
trations.

(c) Effect of Ru as an Impurity

In order to investigate the effect of an equivalent but non-
magnetic impurity, Ru was substituted for Fe in the Cu-Au (Fe) alloys.
Although its mass is different, Ru is non-magnetic and immediately be-
low Fe in the periodic table, and should thus give us a rough idea as to
what portion of the data is magnetic in origin. Measurements for the
same concentrations of Fe and Ru in the same Cu-Au host appear in Fig.
13. Note that the contribution due to Ru is small and field independent.
By contrast, the Fe impurity gives rise to a large contribution which is
strongly field dependent. These effects due to the Fe are apparently

magnetic in origin,
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(d) Effect of Metallurgical Treatment and Structural Ordering

A certain number of Cu-Au (Fe) samples were cold-worked and
annealed to observe the effect of this treatment on the contribution due
to the Fe. The details are presented in Appendix E. The first cycle of
metallurgical treatment merely shifted each data point within a particular
Cu-Au (Fe) alloy series (i.e. same Au composition) by the same amount,
and did not qualitatively change the results. Further cold-working and
annealing produced little additional effect. For this reason; the data
presented is for samples direct from the arc furnace without further treat-
ment.

Residual resistance ratios (RRR) were measured for all the Cu-Au
(Fe) samples. The RRR give a measure of the amount of structural order-
ing, being larger for more ordered samples. When examining Hall effect
data for a Cu-Au (Fe) series of a particular Au composition, only samples
which have a similar degree of order should be included, for only then
will we be looking solely at the effects of the Fe. From the RRR's in
Table 3 it appears that for each of the series, except Cu—Au60 and

Cu-Au the amount of ordering within the series is in fact comparable.

80"’
This is evidenced by the monotonic decrease in the RRR as Fe is added.
Since the RRR data are not very sensitive to ordering, it is possible that
there are small differences among the samples. However, it does appear
that the major contribution to Hall effect changes within a series is due

to Fe.

Data on the 80 at. % Au system is presented to provide a clear-
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cut case of the effects of structural ordering. Notice (Fig. 17) that
this is the only case where the Hall coefficient of the host alloy is less
than that of the same alloy containing Fe. This change in sign could
indicate a dramatic change in band structure. However, the RRR value
for the host is anomalously large, and this indicates structural ordering.
As pointed out in section V A2 on Cu-Au alloys, ordered samples have
lower Hall coefficients. This explains the low value of the host, and
we need not resort to major changes in band structure to explain this
anomalous result.
(e) Effect of Composition and Temperature Differences

It should be noted that for the 1.5° K data the measuring tem-
peratures differ by about 0 .01o K for different samples. This is not a
problem, because the resulting change in Hall coefficient is approxi-

-13 V-cm

mately 0.001 x 10 ———————, Also, when examining the Fe con-
amp-gauss

centration data for a given host, variations of 0.1 at. % Au are not seri-

-13 V-cm

ous because they produce changes in R of only 0.02 x 10 —_—,
amp gauss

(2) Data for Cu-Au Alloys with Fe

Most of the measurements were made on Cu rich alloys for which
the Tk's are moderately high, so that the available temperature and field
energies are comparable to the energy of the Kondo state. Also, sample
preparation for the Cu rich alloys is more reliable.

The Hall coefficient (at 1.5O K and 4.2o K) as a function of mag-

netic field from 0 to 60 kG appears in Figs. 14 through 17 for all the

measured alloys. Each graph presents data for different concentrations
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of Fe in a particular host. Note that the vertical scale is the same for
all graphs. Before going into a detailed analysis of the data, some
general features are immediately apparant. Upon alloying Fe into Cu-
Au, there is a strong reduction in magnitude of the Hall coefficient for
small amounts of Fe (of the order of 100 ppm), and this reduction is
strongly field and temperature dependent. To first order, this reduction
is linear in Fe concentration ¢, with the possible admixture of a small
c2 term. Generally, the dependence on temperature and field is much
greater for the Cu rich alloys than for the Au rich alloys. This can be
understood in terms of the Kondo state as follows. Tk is of the order of
degrees for Cu rich alloys, while it is a fraction of a degree for Au rich
alloys. Thus, for the temperature and fields available, we span the
Kondo state in energy for Cu rich alloys and see a large effect. For Au
rich alloys there is little dependence on temperature and field. This is
evidence of the fact that we are well above the Kondo state in energy, so
that increasing temperatures and fields have little effect on the spin-com-
pensated state. These ideas will be put on a more quantitative basis later.
(@) Dependence on Fe Conceniration

One of the most striking features of the data is the concentration
dependence, which is predominantly linear. The most extensive data
for a single host (i.e. largest number of different Fe concentrations)

was obtained for the alloy Cu-Au This data can be nicely fit to R=

14,3°

Ryma (H,T) ¢, where R, is the Hall coefficient of the host alloy without

H

Fe, and a(H,T) is a phenomenological parameter derived from the data
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which depends on field and temperature, but not on concentration. The
data are presented in this manner in Fig. 18.

These data cannot be explained merely in terms of More's mech-
anism of unequal lifetimes. If we assume, as More and Béal-Monod-
Weiner did, that the host's lifetime is infinite, then ¢4 and 7 are
proportional to ¢, and the concentration dependence, as mentioned in

Section II C, will cancel out in the expression

> Ti+TL
ec  (Tr+Td)*

As a first attempt at including the effect of the host, we can make

a reasonable assumption, such as

| = de 41—
T T, T
where _'rL # 0 is the host's contribution and T'}T 5 is the impurity contri-

o)
bution which is linear in ¢. Using this to evaluate R, we obtained an ex-

pression in concentration in which the linear term in ¢ is missing (the
algebra appears in Appendix B). Thus we must go to a more realistic
calculation to get even qualitative agreement with our data. Bloomfield's
calculation which includes both finite host lifetime and the band structure
of the host, does yield a linear term in concentration, as discussed in
Part II and Appendix C. Thus we see the importance of the band structure
of the host in explaining the observed concentration dependence of the
data.

Bloomfield's calculation also predicts a smaller c2 contribution.
As the data for different concentrations were necessarily taken on dif-

ferent samples, the error in the thickness measurement was important
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in comparing these results. Unfortunately this error was rather large,

2
and a smaller ¢ term could not be reliably discerned directly. How-

a(H,T)

Ry 1
various concentrations are set equal at a particular field and temperature
a(H,T)
]RH !

(normalized as described) vs., H for different concentrations would indi-

ever, an indirect method was possible., If the values of for

(60 kG and 1.5O K in our case), then deviations in the plots of

cate the presence of c2 (and higher) terms. The presence of such a term

in c2 is clearly indicated, especially for the Cu-Au data, in Figs.

5.0
19, 20 and 21.
(b) Dependence on Temperature and Field

The qualitative behavior of the Hall coefficient as a fﬁnction of
temperature and field can be compared with Bloomfield's results. Our
phenomenological parameter a(H,T) is the coefficient of the linear ¢
term in Bloomfield's expansion. Thus a(H,T) should vary directly as the
magnetoresistance (see Appendix C) which is presented in Fig. 6 from
the theory of Bloomfield, Hecht and Sievert27. In order to compare our
data with the behavior predicted by Bloomfield at low fields, a careful re-
measurement of one sample was undertaken including additional low field
points. This appears inFig. 22, and the results for a(H,T) as a function
of temperature and field are in good agreement with Bloomfield's pre-
diction for linear c-dependence. Note that not only is the linear c-de-
pendence different from the one-band prediction, but so is the decrease

in the magnitude of AR with H. It is not possible to make a quantita-

tive comparison for many reasons. The band structure and Kondo

-40-



parameters are not well enough known, and a fit would be rather mean-
ingless with so many unknown parameters. Also, the computer calcula-
tion is too costly to warrant the undertaking of such a task.
(c) Dependence on Host Composition
We now examine the behavior of the data as a function of host

composition. The quantity chosen to represent a measure of the overall
Re0Rao
]RH e 60

coefficient at 60 and 20 kG. The low value was not chosen at 0 or 10

, where R

field effect is and R2 are the values of the Hall

0

kG, because R, can be deduced only by an unreliable extrapolation, and

0

has a large error. The difference R, -R__. was normalized to con-

R0 60 %20

centration and to the host value RH’ as would be indicated by Bloomfield's

Reo™Ra0

R orT- 1.5° K andT = 4.2° K) as a
Ry

theory. The variation of
function of atomic percent Au appears in Fig. 23. The most prominent
feature of these data is the maximum around 20 at. % Au for the 1.5° K
data. This feature is consistent with the existence of a low temperature
spin-compensated state through the following arguments. For high

Kondo temperature alloys to the left of the maximum, the available fields
are not sufficient in energy to produce a large effect on the spin-com-
pensated state. As more Au is added and Tk decreases, the field energies
become more effective in breaking up the low temperature state, the lar-

gest effect occuring at 20 at. % Au. As more Au is further added (alloys

to the right), T, is reduced further, so that the ambient temperature of

k

1.50 K becomes comparable with, and eventually higher than, Tk' For

these alloys, the thermal energy is sufficient to break up the spin-
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compensated state, and the effect of fields is progressively reduced.
The data at 4.20 K fit with this explanation, because the peak shifts to

the left (or higher T ) for our higher measuring temperature. More quan-

k

titatively, if we assume that for the peak value (i.e. at 20 at. % Au for

the 1.5o K data) T, is centered in our range of field energies, then we

k

can estimate Tk for this host. Since we are making the measurement at

1. 5O K, this temperature will have to be added to our estimate. The
center of our field range is 40 kG, or 4° K (using 10 kG as roughly equi-

valent to 1o K). Thus our estimate for T, is 5.5O K for the Cu-Au2 host.

0

This agrees reasonably well with the estimate of 3O K by Loram, Whall

k

and Ford for Cu—Au2 , considering that it is only an order of magnitude

0
calculation.

For data far to the right in the Au rich region, we see in Fig. 17
that the slope of the Hall data as a function of field changes sign, and
we get negative values. Although the Au rich data are less accurate,
due to the necessarilya"3 lower concentrations, the minus sign does
seem to be real. For the Au rich hosts we are well above the Kondo tem-
perature, and according to theory the contribution to the term linear in
¢ has flattened out (see Fig. 6). Although the difference (RH-R) would
still principally be linear in concentration, the field dependence would
arise from the c2 term. Bloomfield has computed the expressions in-
volved and they indicate that the c2 term can be opposite in sign to

the ¢ term and can increase with H. The field dependence of this term

arises from the difference between + 4 and 7 | . Thus, both the

42—



Béal-Monod and Weiner calculation, whiéh shows a -1nH term in this
region (i.e., T > Tk and g/uBI-I > kT), and the Bloomfield calculation
are consistent with the observed dependence. However, further careful
measurements would have to be made in this region to establish whether
these theories describe the behavior correctly.
(d) Equivalence of Temperature and Field Energies

In order to show the equivalence of thermal energies (kBT) and
magnetic field energies (g /uBH) in breaking up the spin-compensated
state, the Hall data obtained at both temperatures (1.5 and 4.20 K)
were plotted as a function of the sum of the two energies. This proce-
, while above T, we expect R to be-

T K
have as a Brillouin function of H/T. Thus in Fig. 24 the 5 at. % Au data

dure is expected to work below

(for which we are below Tk) are plotted: (1) as a function of the sum of
the energies treating them as scalars; (2) as a function of the square
root of the sum of the squares, treating them as orthogonal vectors. The
second approach produces better agreement between the two temperature
runs (see Fig. 24). Still better agreement can be obtained by scaling

the energies differently. We assume that k_T = sg/u,BH, where s is the

B
scaling factor. The data are plotted in Figs. 25 through 30 for several
Cu-Au (Fe) alloys using such a scaling factor. The matching of the two
temperature runs is rémarkably good. This scaling factor s appears in
Table 4 for the various Cu-~Au hosts. It is interesting to note that the

value s = 0.75 for the 5 at. % Au data was also deduced by Fenton34

from his magnetoresistance measurements. A possible explanation for
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values of s other than unity is that we are not far enough below Tk'

This conjecture is supported by the growing asymmetry of temperature

and magnetic field energies (i.e. smaller s) as we go towards systems

with lower Tk. Table 4 shows that s decreases between the 5 at. % and

the 11.6 at. % Au alloys, corresponding to a sizable decrease in Tk be-

tween these two alloys, and then remains roughly constant within ex~
perimental error for alloys with higher Au content, for which Tk varies
less rapidly.
(e) The Case of Cu-Au5 (Fe)
The 5 at. % Au data deserve special attention. We have mea-

sured both the Hall coefficient and the magnetoresistance for this sys-

a(H,T)

!RH\

A p/po from from the magnetoresistance data are plotted as a function

tem. The parameter from the Hall coefficient data, and

of field in Fig. 31. At first glance, the magnetoresistance data have
the qualitative behavior predicted by Bloomfield (see Fig. 6), while the

Hall coefficient data do not. A possible explanation would be the ex ~

istence of a large c2 term, so that direct subtraction of the‘host and al-

a(H,T)
TR |
two concentrations, the coefficients of the linear and quadratic terms

loy data would not simply yield Since data were taken for

could be determined by solving two equations for two unknowns. The

resulting coefficient of the linear term appears in Fig. 32 as a function

of field. The coefficient of the linear term derived in this manner does
; , . 3s 2

behave as expected, so that this analysis indicates that a ¢ term may

2 . , .
indeed exist., The reason that the ¢ contribution is so much more
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important in the 5 at. % Au data is that the Fe concentration is more
than a factor of two larger than for any other host, increasing the c2
contribution roughly by a factor of five. One would expect the magneto-
resistance and the linear term in the Hall effect to behave in similar
ways. A close look at the magnetoresistance reveals, however, that its
curvature has not changed sign at higher fields. This can arise in two
ways: (1) in the Bloomfield calculation of the resistivity in impure alloys,
there is a positive c2 contribution (not related to impurity-impurity in-
teraction effects): (2) the presence of interactions between impurities at
these high concentrations would also lead to a higher resistivity. Thus,
the fact that the curvature has not yet changed sign may indicate that a

freezing out of these additional scattering mechanisms is still occurring.
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Vi. CONCLUSION

By studying the ternary alloy system Cu-Au (Fe), we
were able to see manifestations of the Kondo effect in Hall co-
efficient data. This has yielded more information than previous
experiments on binary.systems such as Cu(Fe) and Au(Fe), where
superparamagnetic effects and low-to-high field transitions
totally obscure the results. In particular, we can make the follow-
ing observations:

1. The temperature and field dependence as a function
of host composition is consistent with the existence of a low temper-
ature, spin-compensated state.

2. The contribution to the Hall coefficient due to the
Fe impurity is predominantly linear in impurity concentration,
and opposite in sign to the Hall coefficient of the host. This result
can be derived from the theory of magnetic impurities by including
the effect of the band structure of the host. Calculation shows
that the field dependence arises from the fact that spin-flip scattering
is "frozen out" as the magnetic field is increased. OQur observed field
dependence agrees well with theory.

3. In addition to the predominant linear contribution,

a smaller cZ term is observed for the samples with the largest Fe

concentrations. It is quite likely that the field dependence of the
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c2 term derives from the difference between the lifetimesT4 and
TV as the magnetic field is increased.

4. We were able to relate the effects of thermal and
magnetic field energies in breaking up the low temperature spin-
compensated state. It appears that for all of our data, we were

not far enough below T,, so that thermal and magnetic field

K’
energies were not directly equivalent in their effect on the spin-
compensated state.

The above observations are qualitative in nature. It
was not possible to obtain more quantitative results (eq. Kondo
temperatures) primarily because of the strong influence of band
structure. Although the present experiment shows that Hall
coefficient data for a system with dilute magne tic impurities can
be understood in terms of existing theory, it appears that the Hall
coefficient will not be a useful tool in studying magnetic impurities

until more details are known about the effects of band structure

of the host.
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APPENDIX A: EXPERIMENTAL PROCEDURE
A. Sample Preparation
(1) Materials
The starting materials were as follows: 99.999% purity
copper and gold purchased from the American Smelting and Refining
Company; 99.999% purity iron and 99.999% purity ruthenium sponge
purchased from the United Mineral and Chemical Corporation.
(2) Cleaning
The starting materials and copper hearth were cleaned
in the following manner: The copper was etched in nitric acid
diluted with water (1:1), rinsed in water, and rinsed in acetone. The
gold was in the form of clean spatters and was used without etching
or cleaning; the iron was etched in hydrochloric acid, rinsed in
water, and rinsed in acetone; a master of gold-iron (see Section C
on melting) was etched in aqua regia, rinsed in water and rinsed in
acetonre;the ruthe nium sponge was melted into small pellets and
used as such; the hearth was etched in a solution of one part H NO3,
two parts I—IZSO4, two parts water, then rinsed in water, rinsed in
alcohol, and air dried with a heat gun.
(3) Melting
The starting materials for the CuAu alloys were
cleaned as described above and weighed out in appropriate proportions.

The dilute iron alloys were made in two steps. First, a master alloy
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of about 1% iron in gold was prepared. This alloy was then diluted
with appropriate amounts of copper and gold to obtain the desired
Cu~-Au(Fe) alloy. All samples were melted in an arc furnace

(pictured in Fig. 33) under one atmosphere of argon. The arc

furnace was flushed by pumping out and bleeding in argon several
times before proceeding with the melt. Typical currents used were
around 125 amperes. After the first melt the samples were turned
over and remelted four additional times to insure homogeneity.

The hearth was cooled during thé melting by circulating cold water,
and under these conditions the sample cooled in a matter of seconds
after the arc was turned off. The sample weights ranged from

7-12 grams and the total amount of material lost was generally less
than 0.03%. The atomic weights used in all determinations of atomic
percent are as follows: Au-196.967, Cu-63.,54, Fe~55.847, Ru-101.07.

(4) Cold Working

Cold working was accomplished by compressing the
sample material between the platens of a 10 ton press. This was
done in two mutually perpendicular directions (or three whenever
possible). The samples were compressed until the force reached
8 or 9 tons with negligible creep. Under these conditions the samples
were compressed typically to 3/4 to 1/2 of the original dimension

along the axis of applied force.
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(5) Cutting
The samples were cut on a surface grinder with thin

alumina blades. The ingots generally were loaf shaped, approximately
1/4 inch to 1/2 inch thick. First, parallel slabs were cut (either
from material directly from the arc furnace or cold worked pieces)
in the range 15 to 20 mils thick. The slabs were hand lapped on
sand paper to the desired thickness. Samples of the shape shown
in Fig. 35 were cut from the slabs using a combination of jigs.
Resistivity rods were also cut from the same material. The thick-
ness was measured using a micrometer with the smallest division
on the vernier being 0.1 mils. Readings were taken at several
points between the Hall probes and an average value was obtained.
The estimated error is + 0.2 mils.

(6) Annealing

Several samples were annealed, mostly those cut

from the cold-worked material. The annealing apparatus is pictured
in Fig. 34. Annealing was done at 83 0O C in a vacuum of 10—6 mm.
At the end of annealing, I-Ie4 gas from a flushed-out system was bled
in slowly through a cold trap until the annealing system was» at
atmospheric pressure. The samples were quenched as quickly as
possible by dumping them into a cold brine solution.
B. Sample Geometry

The measured value of the Hall voltage can be reduced
considerably by short circuiting through the current contacts if they

are of high conductivity material. Isenberg, Russel, and Green 35
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have shown that this effect is negligible if the length to width ratio
of the sample is 4 or greater. Also, this shorting effect can be
reduced by making the current contacts small. However, this
changes the current distributions, and Isenberg, et. al. tested to
see if the Hall voltage was independent of the current distribution.
They found that asymmetric placement of the point contact current
leads, and even cutting off the corner of a sample, produced
changes of only 1 to 2%.

The final 36 sample geometry used in this experiment is
pictured in Fig. 35.All dimensions except AB were the same for all
samples. Platinum voltage and current leads were spot welded to
the sample. Care was taken to spot weld the current leads symmet-
rically and in roughly the same position on all samples. Since
point contacts were used, the current distribution near the ends
varied from sample to sample. However, using a length to width
ratio of approximately 4, following Isenberg, et. al Y insured that
the current distribution was uniform near the center. It should be
noted that with this arrangement, only 1 to 2% variations were
observed when the current distributions were greatly perturbed.

It can be noticed from Fig. 35 that the voltage lcads
were spot welded to projecting "ears" near the center of the sample.

It was felt that this placement would be less likely to perturb the

measurements as the current density in the "ears" gets small
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rather rapidly toward the edges of the ears. (For a quantitative
example of this see C.M. Hurd.37)
C. Experimental Apparatus and Measuring Procedure
(1) Cryogenics

The apparatus is pictured schematically in Fig. 37.
Volumes "A", "B" and "C" are separated by vacuum jackets. The
section labeled "A" is the outer nitrogen space. After pre-cooling,
the volume "B" which contains the superconducting magnet "D", was
filled with liquid He4. The innermost volume "C " contains the
sample holder "F"; this volume was pre-cooled and filled with

liquid He The volume "C" was pumped on until an equilibrium

4
was reached at the lowest attainable pressure. During data taking,
the temperature dropped at most 0 .OSOK, and generally much less.
The pressure in volume "C" was measured by a Wallace and Tiernan
pressure gauge calibrated in 0.5 mm steps. The temperature deduced
from this pressure reading was compared to a previously calibrated
germanium thermometer. The two differed at most by O.OIOK (see
Table 5).

The sample holder is pictured in Fig. 38. The sample is
clamped between copper blocks "A" and "B" in a plane perpendicular

to the magnetic field. "C" and "D" are insulated guides for the leads.

The CGe thermometer is mounted in copper block "A" when in use.
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(2) Electronics

A sample current of 1.9 amperes (See Fig. 39) was
provided by a North Hills constant current/voltage reference
source (Model TC602CR). The current regulation was better than
one part in 105 . The voltage was measured by a Keithley nanovolt
null detector (Model 147). The voltage leads from the sample were
# 30 high purity copper wire and were continuous from a point
one inch above the sample. Contact was made by spot welding
platinum wires to the "ears" of the sample; this was then soldered
to the continuous Cu lead. The leads were brought outside the
pumping space though epoxy bonds (this was found to be superior
to soldering to glass-to-metal feed-throughs which caused thermal
noise of approximately lpv). The amplified signal from the Keithley
nanovolt null detector was observed on a Moseley X-Y recorder
(Model 2D-2). The resolution of the voltage measurement was a
few nanovolts. Both the North Hills current supply and the Keithley
null detector were calibrated against a Leeds and Northrup 6-dial
potentiometer (Model 7556-1). For current calibration, the voltage
was measured across a standard 1£) resistor.

(3) Magnetic Field

The magnetic field was provided by a Westinghouse
60 kilogauss superconducting magnet. The magnet was energized

by a Magnion CFC100 power supply. The current output for a
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particular dial setting on the power supply would not repeat,

and therefore the current through the magnet was measured at every
data point (See Fig. 40 for circuitry). Westinghouse reports a coil
constant of 1.428 kilogauss/ampere with an accuracy of 1%. The
coil constant and linearity of the magnet were checked using a
snatch coil method. Two coils of different sensitivity were con-
structed. One was used to investigate lower fields, the other was
used at higher fields. From the results shown in Fig. 41, one can
see that within the error, the field is linear in current. Also a coil
constant of 1.41 + 0.03 is a good average for the two coils, This
is not inconsistent with the Westinghouse value, so 1.428 kilo-
gauss/ampere was used throughout to compute field values.

(4) Resistivities

Y

Resistivities as a function of temperature, absolute
resistivities, and residual resistivity ratios were measured on the
apparatus of M.P. Sarachik. The technique and apparatus are described
elsewhere .3
D. Data Taking Procedure

Data was generally taken using the following procedure.
After the liquid He4 was transferred, as previously described, the
sample current was applied and the zero offset on the Keithley 147
was adjusted to buck out the voltage resulting from misalighment of

the voltage probes. This voltage ranged from 0.01u volts for pure
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metals up to 30p volts for alloys. The system was allowed to come
to equilibrium - typically one hour - after transferring or pumping
so that the thermal drift rate was low. The thermal drifts, being
somewhat erratic, were the major source of error in the voltage
measurement. At most, the drifts were a few percent of the total
signal from zero to 60 kilogauss and usually they were below 1%.
For each sample (excepting most of the hosts where the behavior
was fairly constant) data was taken for each of the four possible
permutations of field and current directions. This would correct for
any change of misalignment voltage because of a magnetoresistance
effect. (Magnetoresistance is an even function of magnetic field
and the Hall voltage is odd. For a given current direction the
difference in measured voltage for the two different field directions
would give twice the Hall voltage, and the magnetoresistance
contribution would cancel out.) However, the magnetoresistance
of these alloys is so small that there was little difference (a few
percent at most) between the four sets of data. (That is, once the
peculiar low field behavior mentioned earlier 36 was eliminated.)
For each set of measurements, data points were taken in roughly

10 kG steps in the sequence 0, 10, 20, 30, 40, 50, 60, 10, 0 kG.
From this data an overall drift correction could be made, except for
random fluctuations which tended to be smoothed out when the

four sets of data were added together. As previously stated, the
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current through the magnet for a particular dial setting did not
repeat, so an average field point was obtained from the four sets

of data. The variation was only a few percent and the data could
be assumed linear in that region. An additional source of complica-
tion was that the zero kilogauss reading was not really zero because
of a leakage current in the magnet power supply which existed when
the dial was set at zero. The field due to this current was about
300 gauss. (The remanent field was not measured carefully, but

it was at least an order of magnitude smaller and therefore it was
neglected.) Thus, the measured quantity was the change in Hall
voltage from 0.3 to 10 kG. To obtain the change in Hall voltage
from 0 to 10 kG, the Hall constant was assumed to be the same
throughout this region (an assumption that would be incorrect by

5% at most), and the measured value was multiplied by the factor
10.3
10 '
error in the Hall constant at 10 kG would be 0.15% This is considerably

This is a correction of 3% . If it is off by 5%, the resulting

less than other errors in the experiment.
E. Errors

(1) Hall Constant

V..t V..t
. HT H
The Hall constant R = TH TR 1 .
m m

Here Km is the coil constant of the magnet, I]m

the current in the magnet. I is the current through the sample, tis
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the thickness and VI-I is the Hall voltage. VH and I were calibrated

to one part in 1000 against the same Leeds and Northrup six-dial
potentiometer, so that calibration errors in those quantities would
cancel out. The shunt used to measure Im was also calibrated

to one part in 1000 against the same potentiometer, so the error

from Im would be negligible compared with others in the expression

for R, The main sources of error are t, Km and random thermal
fluctuations in VH. The measurement error in t was typically + 1.5%.

It was systematic within a given field run but random when comparing
samples. The error in Km was already quoted at + 1% and is systematic
throughout the data. The error from random thermal fluctuations

in VH was typically 1% of the voltage change for 10 kilogauss change

in field - this was random throughout the data. Note that at higher
fields the percentage error was reduced because it is the sum of

several such 10 kilogauss intervals. For example, the percentage

error at 60 kilogauss would be reduced to 0.4%. Figures 42 and 43
show reruns of data on the same sample. As can be seen, they agree
within our error estimates for thermal fluctuations in VH. To summarize,
when looking at the data of a particular sample, there is a random

error from point to point of at most 1%, and when comparing two samples

there can be a random error between them of about 2.5%; finally, any

one data point can be off as much as 3.5% in absolute value.
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One other large source of error not yet mentioned is the
preparation of samples. Sample preparation is very difficult to dc con-
sistently, and the resulting error is hard to measure. The metallurgy
of the three component systems under study here is complicated and
not well understood. Given this situation, it would not be worthwhile
to improve the measuring error without improving the sample prepara-
tion - both of which would take considerable effort. Attempts to
produce identical samples resulted in measured differences in the
Hall coefficient of 2% in one case and 6% in another. The poor re-
producibility of the latter is related to structural ordering.

In some cases, if the plane of the sample and magnetic
field are not perfectly perpendicular, the measured Hall voltage
can be altered dramatically. The apparatus was aligned carefully,
but no allowance was made for small (less than one degree) adjustments.
To check how sensitive the measurement was to angle, the sample
holder was rotated 90O and 180° which would change the angle slightly
because of slight misalignments in the apparatus. No change was
observed in Hall voltage - so errors from this effect can be ignored.

Also, thermal galvanomagnetic effects could be super-
improsed on the Hall voltage. However, all measurements took place
in liquid He4 which is an excellent thermal conductor, and the sample

was thermally anchored to a large Cu block. This would make the

thermal galvanomagnetic effects negligible.
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(2) Resistivities

RRR's were limited in accuracy by thermal fluctuations
in voltage. This produced errors in RRR's of about + 0.5%. Absolute
resistivities involve three geometrical measurements, and the error
is high for each. The error is typically + 5%. If great care was taken
to make samples of uniform cross-section, and careful measurements
were taken of the cross-section, and many samples were run, the
error oould be reduced to one or two percent. The random relative

error within a given resistivity temperature run was much smaller.
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APPENDIX B: CONCENTRATION DEPENDENCE OF R WITHOUT BAND EFFECTS

In this appendix we present the details of the algebra
which show that without considering band effects (i.e. electron - like
and hole - like contributions), it is not possible to obtain a linear
c term in the expansion of R in concentration.

A reasonable assumption for the effect of the host on

the relaxation time, T, is to take o= + —-L,'" where L is
o T ey To

the host contribution and -"———- is the impurity contribution, which

Ty o

will be linear in ¢ in the dilute limit. Thus we can say ==

Ty
H + C B«r ¥ ), where A and B are independent of concentration.
/

Putting this into the single band two spin formula, which assumes

w.T «< | ,

R-2  Tr+Ti
el (T T

yields

1 )?' ( 1 )l
R > RPTc) T \ A+Blc

nec A } =
(G‘\'@?C N F}rﬁxbc.)

L 4

Simplifying,

p -

R=_2 (AeBic)* (R+Bte)
hec (H’rB%C“’p‘* ESTC)L
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or

R = 2 Zﬁl-* 20 (Bﬁ*BJ[) C + (BT’—+ Bf) c,"
e (2R + (BT+BY)c )=

For our alloys A >>Bc so that, expanding the denominator, we obtain:

R 2 (2R 2R (AR e - (B BYY) c,’-)(z,ig;) .

(l - BT»fB& c + 3_&__1*8\1' + O<c3)>)

and to order c2

R=_2 1 (2R +2R(BMBYC-2R(BHBIC +

nec 468+
r S (Br-By)+ 0(c))

Thus we see that the term linear in c¢ drops out, and we are left with

2
a constant plus terms of order ¢ and higher. Note that the coefficient
2
of ¢ depends on the square of the difference between the spin up and

spin down scattering frequencies.
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APPENDIX C: BLOOMFIELD'S CALCULATION OF R, INCLUDING BAND
EFFECTS

Bloomfield has calculated the Hall coefficient for a
magnetic impurity in a host with an arbitrary number of bands. We
can generalize the two band model to obtain

R S % (j’_) n, (YE:“-)

( 5 oY
La m;,
where i refers to the different bands, g refers to the two spin

(1)

directions, and the + and - refer to electron-like and hole-like bands

respectively. Bloomfield approximates each band by a sphere so that
P . %{3
we can use the relation M, = _b_ ( 3 n, ) . A more realistic
3E ™
assumption would give different geometric factors for the different

bands. However, this would not change the results qualitatively

so the simplifying assumption is retained. Substituting for m, in

)"
R~ Z %71—)73

“ (% T

+ where .

(1) we obtain:

Bloomfield now supposes that I

t()d' -L I *LU‘ 1: t
]
is the host contribution and _[': 5= is the impurity oontribution which
'S

is linear in concentration. Assuming a common mean free path for
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l
all carriers »D, UF o+ Wwe have

l{@ | 2_€,= ) (n) -T&(n) <

T

We also assume 7:0' = C 0( . We now expand Tl in
K
terms of the smaller contribution ¢ O(K
[} . 1 ’ 2—
T T L Tt
—L.b, _ -ED'- [,,CQ{K‘EO +(C‘°(K—Eo) +]

and

() (1: [l 2T T +3 (el T ) ]

Before substituting these expansions into the expression (2) for R,

we make the following definitions:

(4)

W= ZE0S ge=a
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With these definitions Bloomfield obtains the following result for R

2
(to terms of order ¢ ):

R‘:E‘E’%i I+CHQ(%-—Y:.)+C(TQ) (_L‘_Q{:L_ an 3326 F%%)

For the case of one electron-like band (i = 1) and

one hole~like band (i = 2), we can show that .Q.é. — Z'_. is negative.

_ ] ! o
Defining )bb = (ﬁ 3 )/3 we have

3 3
= B (oon) [ - Rk

and
_7_%__ — L,"-Xﬁ_ = X, t+ X .
) X..-—-X,__

Thus
D}_.-%=(x,,+x,_)[|—>o ]<O.

40 X+ x,,_
Note that for two electron-like bands, .Q."- - .?LL. > O.
n! ‘Xo
Bloomfield's calculation shows that the predominant
contribution to the Hall ocoefficient due to the impurity is linear in
impurity concentration, with higher order terms in concentration being

progressively less important. For one electron-like band and one hole-

like band, the linear contribution has & sign opposite to that of the Hall
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coefficient of the host. The magnetic field and temperature dependence
of the linear term derives from the sum A, which also appears in the
magnetoresistance. Bloomfield, Hecht and Sievert27 have calculated
the magnetoresistance for the magnetic impurity problem and the
result appears in Fig. 6. Note that this result must be multiplied
by a minus sign when compared with the Hall coefficient data. |

The mechanism for the linear term is simply the freezing
out of the spin-flip scattering. As the magnetic field is increased, both
one of the impurity spin levels and one of the conduction electron spin
levels involved in the spin-flip scattering process become depopulated
and the spin flip scattering will decrease.27 Thus, the linear con-
tribution does not depend upon TT and T{ being different. However,
this difference is important in the magnetic field dependence of the
c2 term. (Bloomfield has discussed the H-dependence of the c'2

term in a private communication.)
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APPENDIX D: "PURE" Cu AND "PURE" Au DATA

The Hall coefficient of Cu at 4.20 K as a function of
field appears in Fig. 44 for three different samples. Field dependences

39, 40, 41 , .
? ? for Cu samples prepared in various

have been observed
ways, and as there are many variables to consider (i.e. impurities,
defects, low-field to high-field transition, etc.) it is not possible

to give a clear-cut explanation of our field dependence. However, it
is encouraging that the values seem to converge at higher fields,

) -13
and we can make a reasonable estimate for R in Cu of -6.55+ .20 x 10

V-cm

———— @t T = 4.20 K. This number agrees well with the results
amp-gauss

shown in Table 6.

The Au data appear in Fig. 45. Unfortunately, the
reproducibiiity is very poor, and this could be connected with the low
RRR's. Using spectrographic techniques, sample No. 118 was found
to contain 7 at,ppm of Fe. This alone does not explain the low
RRR's. As further experimental work would have to be done to obtain
reliable values for Au, we cannot obtain a comparison with other ex-

periments.
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APPENDIX E: EFFECT OF COLD-WORKING AND ANNEALING ON Cu-Au (Fe)
ALLOYS

The effect of cold-working and annealing (hereafter
referred to as CWA) was observed for various Cu-Au (Fe) alloys.
Plots of R vs H for various Fe concentrations in CUAU14,3 appear in
Fig. 46, where data is presented for both untreated samples and CWA
samples for comparison. In addition the results for a series of
untreated and CWA Cu-Au hosts containing Fe appear in Fig. 47.

The CWA treatment merely shifts each data point by the same amount
and the qualitative behavior of the data is unaffected. Note that for
the one sample which was annealed without cold-working, the effect
of the treatment was not as large as for those that had been cold-
worked also.

Successive CWA treatments were carried out on two
pieces of Cu-Au (Fe) alloy obtained from the same starting material.
Samples A and D were cut from material that had undergone CWA once,
B and E from material that had undergone two successive CWA treat-
ments, and C and F from material treated by CWA three times. Hall
coefficient data for the samples described above appear in Figs, 48 and
49, Beyond the first treatment, successive CWA treatments have no
systematic effect on the Hall coefficient, and the randomness in the
data is within experimental error.

In addition to the above described samples, two other
samples C' and D' were subjected to a long anneal after being cut

from their respectively treated materials, C and D. For both of these
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samples (see Figs. 48 and 49) there is a small decrease in Hall
coefficient (which is greater than experimental error in one case).
Thus, results appearing in the first paragraph of this appendix are
for samples that had been annealed after cutting.

Along with the Hall data for samples A, B, and C, we
obtained resistance data as a function of temperature. From these
data we obtained the temperature of the resistance minimum, T , ,

min

and g measure of the strength of the Fe impurity contribution,
R(27)=-R(T
(27)-R(T_. )
R(Tmin)
there is little systematic effect due to the successive CWA treatments.

. These quantities appear in Table 7 and, again,

One sample, A r gave results which were quite different. This

oute
sample was cut from the surface and was very probably strongly oxidized.

Note that we corrected for this problem in the preparation of succeeding

samples.
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APPENDIX F: CONVERSION FACTORS
Practical units are commonly used, but they are a

conglomeration of other systems. The conversion factors, from

practical units( —%::%n—- ) to other systems are listed below.
To Obtain Multiply Practical Units by
3
2
MKS Units (————) X 10
coul
. . 1
Gaussian Units X 11
9x10
cgsm X 109
emu X 109
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8,

Fig. 9.

Fig. 10.

FIGURE CAPTIONS

Geometry and conditions for observing the Hall effect: An
electron current I is passed along the length L of a thin slab
of thickness t in a magnetic field H which is perpendicular
to the slab. Under these conditions a voltage V, referred
to as the Hall voltage, is developed across the width W of
the sample.

A rough sketch of the Fermi surface of noble metals. The neck
(N) and belly (B) orbits are shown.

Illustration of the relative distortions of the Fermi surfaces
(solid lines) of : (@) Cu, () Ag and (c) Au from the free elec-
tron model (dashed lines).

Degenerate density of states diagram for spin-up and spin-
down electrons.

The Hall coefficient (in units such thate = n = 1) as a function
of magnetic field and temperature (in units normalized to the
Fermi energy, i.e. guBH/eP and kT/e.) from a calculation
by R. More (see Ref. 24). These curves are for the case J =
0.025and V = 0.10. For comparison, J = 0.4 in Cu (Fe) (see
Ref. 31).

Resistivity as a function of external magnetic field for a num-
ber of temperatures. The calculation is specifically for Tk=
16° K. (see Ref. 27).

AR/R(0) vs gu H/kT where A R = R(H) - R(H=0). The symbols
0 represent thé data of P. Monod (see Ref. 25) for 150 PPM
Fein Mn at T = 1.2° K, The solid curves represent Béal-
Monod and Weiner's second Born fit (@) and first born fit

(b) to the data.

Field dependence at 4,29 K of AP = P (alloy) - p .. (host) for
polycrystalline Au (Fe) samples. e dash-dot lines are
Langevin functions obtained for the arguments indicated.

Field dependence at 4.2° X of A =p H(alloy) - oy (host) for
polycrystalline Cu (Fe) and Cu (Mgs{.

The Hall coefficient R as a function of host composition. The

solid line is only for purposes of delineating our data. The
treated samples were prepared as follows:
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Fig. 11.

Fig. 12.

Fig. 13.

Figs.
14-17.

Fig. 18.

Fig. 19.

Fig. 20.
Fig. 21.

Fig. 22.

Fig. 23.

Fig. 24.

The material was cold-worked. A Hall sample was cut and
then annealed for ten days (see Appendix A for details). For
comparison, data of Barnard, et. al. 1 and Dugdale and Firth32
appear on the plot.

Resistivity oP as a function of host composition at T = 4.2°k
and T = 300 . The solid lines are only for purposes of de~-
lineating the data. The dashed lines are a symmetric continu-
ation of the data on the Curich side. Typical error bars are
included for a sampling of points.

Resistivity P vs. T for a selection of Cu-Au (Fe) alloys.

R vs. H. Typical error bars are shown on the host data. Note
that we have included only random error; the systematic error
is larger (see Appendix A).

R as a function of field at 1.5° K and 4.2° K (grouped by Cu-
Au host composition) for Cu-Au (Fe) alloys and their correspon-
ding hosts.,

R as a function of Fe concentration at T = 1.5O for the Cu Auyy 3
(Fe) alloy series. The different plots are for various magnetic
fields. For details of host composition and measuring tem-
perature refer to Fig. 15.

a' (H,T)RI_I vs. H for CuBug g (Fe) alloys. The values of
a(H,T)/RH are set equal at H = 60 kG and T = 1.50° K for all
concentrations. The resulting normalized values of a(H,T)/RH
are referred toasa' (H,T)/RH.

a' (H,T)/RH vs. H for CulAu Fe) alloys.

1493 (
a'(I-I,T)/RH vs. H for Cuhu,, o (Fe) alloys.
a(H,T) vs. H for 252 PPM in CuAu;, ,. The typical error

bars do not include systematic error because all the data is
for the same sample.

R, ~-R
o
6020 vs. alloy composition at 4.20 and 1.5 K.
C RH
gu H 5 9upH 213
R vs. +T and Rvs., | T +( —) for 801 PPM
B B

Fe in CuAu5 0° Notice energies appear in units of temperature.
For this and succeeding plots we take g = 2.
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5 gu_ H 2]—%
Figs. R wvs @ + (s —E——) for the alloys labeled on the
25-30. B
figure. Notice energies appear in units of temperature. Also
the value of s used to obtain the best matching of the two

temperature runs appears on the figure,

Fig. 31. w and Ap/ vs. H for 801 PPM Fe in CulAu at
Ry P/ Po 5.0
1.5° K. M was obtained by direct subtraction with-

Ry
out correcting for a c2 term.

a(H, T)corr vs. H for 801 PPM Fe in Culug g at 1.5° K.

Fig. 32.
R
a(H,% corr
Ry
Fig. 33. Schematic of the arc furnace.

2
was obtained after correcting for a ¢ term.

Fig. 34. Schematic of the annealing apparatus.

Fig. 35. Sample geometry and dimensions.

Fig. 36. AVy vs. Hfor 373 PPM Fe in CuBuy 3. The voltage AV
was measured with pressure contacts. AVy is the change
in Hall voltage and for convenience the change is measured
from the 4.34 kG value for all curves. The four different curves
are for the four permutations of field and current directions.

Fig. 37. Schematic of the cryogenic apparatus.

Fig. 38. Schematic of the sample holder.

Fig. 39. Schematic of the measuring circuit.,

Fig. 40. Schematic of the magnetic field circuit.,

Fig. 41. Magnet coil constant (H/I) as a function of magnetic field,
The error bars include systematic error. The random error is
obviously much less.

Figs. R vs. H for two runs on the same sample (see the figures for

42-43, details.) The error bars shown are for the random thermal

fluctuations only.

Fig. 44. Rvs. H for several Cu samples. The sample labelled CWA
was cut from cold-worked material and then annealed for 10
days. The typical error bar includes systematic error.

-76-



Fig. 45,

Fig. 46.

Fig. 47.

Fig. 48,

Fig. 49.

R vs. H for several Au samples. The sample labelled CWA
was cut from cold-worked material and then annealed for 10
days. Note for one ingot the starting material was etched.
This was not the usual procedure for Au (see Appendix 4).
The error bars include systematic error.

R vs. H for CuAu, 4 3 (Fe) alloys. The solid curves are for
untreated samples. The dashed curves are for samples which
were cut from cold-worked material and then annealed for 10

days. The dot-dash curve is for a sample which was annealed

for 10 days without previous cold working.

R vs, H for Fe in various Cu-Au alloys. The solid curves are
for untreated samples. The dashed curves are for samples
which were cut from cold-worked material and then annealed
for 10 days.

R vs. H for sample material (from the first half of an ingot)
which underwent successive treatments. Sample A was cut
from material which was cold-worked and annealed for 2

hours, Sample B was from the same material after reworking
and reannealing 10 hours. Sample C was from the reworked
material of B after again reworking and reannealing for 7 hours.
Finally sample C', in addition to the treatment of sample C,
was reannealed (10 days) after cutting.

R vs. H for sample material (from the second half of the ingot
mentioned in the figure caption of Fig. 48) which underwent
successive treatments. Sample D was cut from material which
was cold-worked and annealed for 15 hours. Sample D' was

from the same material; however, it was reannealed (10 days)

after it was cut., Sample E came from the material of D after re-
working and reannealing for 12 hours. Finally sample F was
from the reworked material of E which was again reworked and
reannealed for 18 hours.
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Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

TABLE CAPTIONS

Hall coefficients for the noble metals (from Reference 4).

Analysis of samples for Fe content. The nominal Fe concen-
trations were obtained from the weights of the starting materials.
The analysis was generally carried out using chemical tech-
niques. An asterisk appears by those valuées obtained by
spectrographic techniques.

Residual resistance ratios (R (3000 K)/R(4.2o K) ) for Cu-Au (Fe)
alloys, Cu-Au alloys, Cu, and Au.

Values of the scaling parameter s for various Cu-Au (Fe) alloys.

A comparison of temperatures measured by pressure readings
over liquid helium (T ) and a germanium thermometer

pressure
(Tther'm . ).

Observed values of the Hall coefficient of Cu and the appro-
priate reference in the text.

Resistance data for the samples treated as described in figure

caption 48. The quoted parameters are discussed in Appendix
E.
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Cu Ag Au
11 3
X 1011 m3/a°s -7.45 -10.65 -10.60

R free electron

TABLE 1




Ingot at. % Nominal Analyzed
Number Au at. PPM Fe at. PPM Fe
72 0 0 1+.5 *
113 5.0 401 430422
112 5.0 801 830+41

50 11.6 172 185410
41 14.3 100 B0 +4

40 14.4 175 193x10
38 14.2 252 31316
37 14,3 326 345417
53 17.5 174 184+10

51 17.4 224 266+13
54 20.7 175 188410

81 40.0 100 84+13
79 60.0 100 111%£13
84 60.0 201 211+13
95 60.0 100 9013
96 60.0 200 185+£13
115 70.0 51 45411 *
74 80.0 45 79413
77 80.0 100 79413
116 88.0 62 554£13 *
117 88,0 36 32410 *
119 95,0 37 34410 *
118 100.0 0 7+4 *




Ingot Number |at. PPM Pq RRR
72 0 0 460
75 0 0 420

114 5.0 0 1.83%
113 5.0 401 1.52
112 5.0 801 1.62
63 11.6 0 1.39
50 11.6 172 1.37
49 14.4 0 1.32
41 14.3 100 1.31%
40 14,4 175 1.31
38 14.2 252 1.30
37 14,3 326 1.30
61 17.5 0 1.28
53 17.5 174 1.27
51 17.4 224 1.261
62 20.7 0 1.25
54 20.7 175 1.24
80 40.0 0 1.20
81 40.0 100 1.20
78 60.0 0 1.32%
79 60.0 100 1.27
84 60.0 201 1.34
109 60.0 0 1.28
95 60.0 100 1.23
96 60.0 200 1.25%
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at. % Au at. PPM Fe s
5.0 801 0.75
11.6 172 0.56
14 .4 175 0.52
14,2 252 0.55
17,5 174 0.51
17.5 224 0.55
20.7 175 0.52
40.0 100 0.56
TABLE 4




Pressure T Pressure T Therm
(mm) (°K) (°K)
atmos. 4.22 4,22
22.2 1,98 1.99
10.0 1.74 1,74

6.4 1.63 1.62
5.9% 1.61 1.60%
5.7% 1.60 1.60
5.2 1.58 1.58
5.0 1.57 1,561
4.4 1.54 1.53%
4.0 1.52 1.51%
3.6% 1.50 1.50
3.3% 1.49 1.49
3.1 1.47 1.47%
TABLE 5
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REFERENCE R(10 e
10 -6.7¢ .1
39 -6.2
42 -6.88
43 -6.9
44 -6.5¢ .04

TABLE 6




) .
Sample R(2” K) = R(T min) T min
R(T min)

A o
OUTER .00073 102° k
A o
INNER .00481 17 K
B o
OUTER .00420 15%— K
B o
INNER .00422 16 K
C o
OUTER .00400 1617 K
c o
INNER .00439 163° K
c' o
INNER .00494 16 K

TABLE 7
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