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I. INTRODUCTION

Recent years have seen tremendous strides made in the
knowledge and understanding of the solid state. An important
factor in this advance has been the use of high gpeed
electronic computers which have allowed the theoretician to
apply the principles of quantum mechanics to the problems of
the solid state and get solutions guickly which would other-
wise be impossible or would require years of tedious work.
The burden of testing the theories so obtained now falls
upon the experimentalist who must carefully examine various
materials to determine where the theories are valid, where
they fall and where they must be slightly modified. High on
the 1ist of those materials under investigation are the
metels, which include approximately three-fourths of the
known elements.

Chief contributors to the advaﬁce in knowledge about the
solid state have been the disciplines of phygics, metallurgy,
and chemigstry. The contributions have been so intertwined
that one cannot discern exactly where the artificial academic
boundaries of discipline should be placed and to do so would

be a waste of time.

In outlining the present research, two articles from the
area of solid state research were influential in delineating

the problem studied. The first was by B. R. Coles (1960)



who said, in part

There can be little doubt that,. if as much attention
had been given to the electrical and magnetic properties
of alloys as has been to their phase equilibria, we
should probably understand the alloying behavior of
metals very much better than we do. It is a forlorn
hope to expect that the determination of more and more
equilibrium diagrams more and more accurately will,
without extra information, enable us to understand
why they take the forms they do; but intelligently
conducted experiments on the physical properties of
alloys can always be expected to reveal aspects of the
electronic structures on which, in part, their phase
congstitution must depend.

A constructive suggestion to metallurgists in general was
made by J. C. Slater (1956) in a paper presented at the 37th
National Metal Congress. He very aptly summed up the plight
of many metallurgists when he said:

« « o the theory has advanced far beyond the point

which most metallurgists seem to be aware of. If they

would put themselves in the front of the advancing

theory, instead of living with the theory of twenty

years ago, they would stand a better chance of making

real progress in the study of the theory of metals.
These viewpoints were foremost in outlining the scope of a
literature survey of the state of knowledge of physical
properties of metals and alloys which might yield informa-
tion pertaining to their electronic structure.

At the present time the behavior of the alkali metals,
which have the simplest electronic structure, is just reaching
a quantitative stage of understanding. The behavior of the
transition metals, however, is not well understood even

though they have been the subject of a great many investiga-
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tions and many of them are the metals ofkgreatest industrial
importance. One avenue to a better understanding of the
transition metals might be a study of the rare earth group,
including scandium and yttrium, since they form a bridge
between the divalent alkaline earth metals and the polyvalent
transition metals. According to the "aufbau™ principle, one
would expect the free atoms of Sc, Y, La, and Lu to have one
d electron in their unfilled 4 shells, while Ti, Zr, and Hf
have two d electrons in their unfilled 4 shells, etc. through
the transition series. Across the rare earth group, elements
58 to 71, the 4 f shell must first be filled with electrons

- before the next electron is added to a 5 d orbital, as in

the element hafnium. Thus elements 58 to 71 form a
“transition series within a transition series."”

The electronic structure of the metallic state is not aé
simple as that indicated by the "aufbau® principle. The
outermpst,'or valence electfons,.form a conduction band and
are free to move throﬁghout the whole solid. Those energy
levels occupied by d electrons in the neutral transition metal
atom broaden into bands or formlhybrid orbitalé, depending
upon which explanation one chooses, in the metallic state.
Either approach leads to a concept of direct interaction
between atoms via the d electrons. Electrical and magnetic
measurements on alloys indicate that the empty states in the

d band are filled between Ni, Pd, and Pt of Group VIII, and
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Cu, Ag, and Au of Group I B. Many studies have been
directed toward characterizing the electronic structure at
the end of the series where the d band is nearly filled, but
few have examined the electronic structure at the beginning
of the transition serises. An gxamination of such properties
in rare earth metals and alloys might be helpful in
determining how the electronic structure changes between
the divalent alkaline earth metals and the begimning of the
transition series.

The rare earth metals have been investigated in detail
only in recent yéars-because they were not available in
sufficient quantity or purity until about 1944. Through
the efforts of F. H. Spedding and his co-workers at the Ames
Laboratory, improved téchniques for separating the rare
earths (F, He. Spedding and J. E. Powell (1954)) and preparing
the metals (F. H. Spedding and A. H. Daane (1954)) have been
devised and the metals_made‘accessible in a state of purity
not hitherto éttéined. Spedding early recognized the
significant contributions to knowledge that a study of the
rare earths migﬁt prdvidé and instituted a program to
systematically investigate their properties. This program
has now proceeded to the point where many of the physical,
'metallurgicél and thefmodyhamié barameters of these elements
are now available.

The present picture of these metals which has unfolded



is that of a trivalent metal with the appropriate number of
4 £ electrons buried deeply within the ion core. The number
‘of 4 f electrons is not strictly as one would predict from
the “aufbau® principle since europium and ytterbium are
divalent. These two elements should possess ‘respectively

one less than a half-filled f shell and one less than a
completely filled f shell. However, the half filled and
filled 4 f shell apparently are the more energetically
favorable configurations, and one of the conduction electrons
1s required to meet this specification in europium and ytter-
bium. Cerium too, displays anomalous behavior in its low .
temperature or high pressure a - Ce allotrope. According to
K. A. Gschneidner and R. Smoluchowski (1961), this allotrope
is best characterized by a valence of 3.62 at 116°K. and

1 atm. pressure, and is pressure and temperature dependent.
Magnetic susceptibilities of the rare earths show that in the
‘metallic state Hund's rules are followed quite closely and
there is 1little or no quenching of the orbital angular
momentum as is the case in the transition metals. Thus the
L f electrons do not directly enter into interactions in the
metallic state and are considered to be localized on the ion
éores. The effects of their presence is visible in the
physical propérties, however, and such mechanisms as exchange
interactions with the conduction electron and super-exchange

have been proposed to treat the indirect interactions.



The rare earth metals, then, provide excellent subjects
for a study which can be expected to yield information
leading to a better understanding of the metallic state in at
least tﬁree specific areas. The first area deals in general
with the change of properties from the alkaline earth metals
to the Group IV metals at the Beginning of the transition
series. The second area considers the change of properties
across the rare earth serles from lanthanum to lutetium as
the 4 f shell progressively fills with electrons. The third
area 1s concerned with a better understanding of magnetic
properties of metals by a comparison and contrast between
the magnstism of the rare earth type arising from localized
electrons and the magnetism of the transition metals arising
from cbllective electron effectse.

Alloy studlies of metals have proved useful in gaining
knowledge applicable to the 1nterpretat16n of the electronic
structure. If the electronic structure of a particular metal
is not easily 1nterpreféd from its physical properties, clues
may often be gleaned from the change in properties upon
alloying. A judicious cholce of the materials to be studied
is required, however, so as to change as few parameters as
possible outside the one under investigation. Here again the
uniqugness of the rare earths offers many advantages. Subtle
ch;hges in physical properties, which might be obscured by

large size or valence differences between components, may be
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more evident ih studies of inﬁra-rare earth alloys.

The information to be gained by the use of rare earth
alloys in a study such as that proposed by Be. R. Coles (1960)
appeared promising= Solid solution alloys wére particularly
appealing because several of the unique properties of the
rare earths could be exploited, such as the similarity in
their metallic size, valence, crystal structures, and the
slight changes of properties across thg seriess This reduces
the number of parameters which must be considered and should
simplify the inter.cetation of the results. The same
advantages might be cited for a‘study of isostructural
intermetallic compounds, but these materials are presently
the subject of several investigations, while the area of
solid solution alloys remains virtually untouched. There are
several distinct advantages in choosing alloys among the
heavy rare earth metals G4, Tb, Dy, Ho, Er, Tm, Lu, and Y,
rather than the light rare earths or the whole series for
that matter. The need for a single crystal structure to
obtain complete solid solubility between two rare earth
metals obvioﬁsly limits the cholce to either the heavy or
light group of rare earths. Not only does the heavy group
contain more metals with the same crystal structure, but the
erystal structure is less complex and the nature of the
magnetic properties is better understood. An added advantage
i1s that the heavy rare earths are less reactive than the light



group and may be handled in- air at room temperature without
sérious oxidation problems, thus simplifying the preparation |
of the samples.
| The electronic structure cof the rare earth metals has
been a subject of sgpeculation since their first preparation.
Although the more obvious features are known, there are
several aspects not completely understood, and for this
reason a propert& which might reflect chaages in the
electronic structure of the alloy system under consideration
was soughte. Several properties which appeared to be
particularly applicable to such an investigation were magnetic
susceptibility, conductivity, thermo-electric power, aﬁd Hall
effect. The magnetic susceptibility reflects changes in the
inner electronic structure, while the last three are
influenced mostly by the conduction electrons. Actually, the
specific influence of the electronic structure on these
properties is not fully understood even in the case'of pure
metals; that it has some effect is unquestioned. Ideas
presented by several authors discussing the behavior of the
electrical conductivity (or its reciprocal the resistivity)
in terms of the electronic structure appeared to have aspects
which could profitably be explored in an investigation using
solid solution alloys.

A. Ho Wilson (1936) had a rather low regard for the

information to be gained from a study of the electrical



resistivity of metals for he said in the first edition of
his book, |

It is perhaps unfortunate that so mucia attention
has been paid to the resistance of metals, since
it is probably one of the least characteristic
properties of the substance, and depends on the
electronic distribution and the elastic constants
in a very complicated way.

D. K. C. Mac Donald (1956), however, profiting by 20 years
of progress in science had a more optimistic attitude, and
replied in rebuttal,

From some points of view this outlook might still

be maintained, but we should not forget that one of
the most striking and valuable properties of a

metal is its ready conduction of electricity. It

is true that a complete fundamental understanding
of electrical resistance in metals is still lack-
ing today despite unremitting experimental
investigation for at least a century; however, the
wealth of useful information on metals gained by
studies of electrical conductivity appears
unequalled by any other comparable measurement. It
is of course the rather subtle dependence of the
electron scattering on the characteristic parameters
of a metal that renders a full theoretical interpre-~
tation so difficult; nonetheless, it appears a
fortunate fact that so sensitive and informative a
parameter can be so readily measured.

Several interesting aspects of the problem were apparent
before the present investigation began, while others appeared
as the investigation progressed. Althoﬁgh these aspects will
be developed in detail in a later section it is perhaps in
order to mention them briefly at this point.

There are several questions regarding conduction

phenomena in rare earth metals that are not fully understood.
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Why are resistivities of the rare earth metalé among the
highest known for metals? Why are the temperature coeffi-
cients of the resistivity so different for the various
metals? An observation of this latter property prompted
B. R. Coles (1958) to postulate different conduetion
electron configurations within the rare earth series. A
gradual change of these prcperties across a solid solution
system might prove to be helpful in answering these questions
‘since any change in the electronic structure would be seen.
Information pertinent to the magnetic interactions in a
metal or alloy can also be gained from a study of the
resistivities, because the ordering temperature is seen as a
sharp change in slope of the resistivity vs. temperature
curves. Therefore, the ordering temperatures can be
obtained as a function of composition in the alloy system.
The rare earth magnetism arising from localized electrons
represents an idealized model for a study of spin-disorder
effects in the resistivity. In contrast to this, a recent
study by A. I. Schindier4§1‘gl. (1956, 1957) on Ni-Pd solid
solution alloys characterized the resistivity behavior in a
system possessing collective electron magnetism. N. F. Mott
and K. W. H. Stevens (1957) made some predictions about the
differences in resistivity behavior near the Curie point for
the contrasting models of magnetism which were based upon a

comparison of the resistivity of a ferromagnetic metal and



11

the reslistivity of one of its ferromagnetic alloys. As the
investigation progressed it became apparent that a
characterization of the interaction of the conduction
electrons with the 4 f electrons would be possible and the
scope of the investigation was accordingly broadened.

To summarize then, this investigation was conducted to
determine how a physical property, the resistivity, changed
as a function of composition in solid solution alloys of the
rare earth metals, and hopefully, to interpret the results in
terms of the electronic structure. Specific objectives
included comparison of the results with those for the pure
rare earth metals and also with lnformation on the transition
metals and their alloys, an examination of the influence of
composition on the magnetic ordering temperature, and a test
of Mott and Steven's proposal concerning the behavior of the
localized electron model magnetism. Results obtained in
accomplishing the above objectives led to the investigation
of the conduction electron-magnetic ion interaction which

represents the most important contribution of this study.
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IT. LITERATURE SURVEY

The following survey of the literature covers previous
studies of the variation of resiétivity as a function of
composition in solid solution alloys, studies of physical
properties in rare earth - solid solution alloys, and
measurements of the electrical transport properties of the
rare earth metals. Papers dealing with interpretation of the
resistivity phenomena and conduction electron - magnetic ion

interactions are cited in Section IV dealing with theory.

A. Studies of Resistivity in
Solid Solution Alloy Systems

M. Hansen (1958) lists approximately 50 binary alloy
systems that form continuous so0lid solutions over some
temperature range. In addition to those listed in Hansen,
there are about thirty-five more binary systems based upon
rare earth components which satisfy thé'requirements for
complete solid solubility. The bulk of this group consists
of alloys among the heavy rare earths, but there are a few
among the light rare earths, and also a few with non-rare
earth elements as one component, such as Yb-Ca, Yb-Sr, Sc-Zr,
Sc~-Hf, and Ce=Th. Of the systems cited in Hansen, many have

been studied by resistivity methods, especially in the earlier
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literature, where resistivity techniques were used to establish
the presence of ordered structures and continuous solid
solutions before x-ray equipment was commonly available. If
the resistivity is examined as a function of composition at
some given temperatufe'two general patterns of behavior are
apparent; the first shows a symmetrical inverted parabola
while the second is unsymmetrical. For those cases in which
there was no change in electronic structure across the system,
L. Nordheim (1931) proposed the relation, p = Cx(l-x), for
the symmetrical case. In this equation p is the resistivity,
C is a constant characteristic of the alloy system and x is
the mole fraction of one component. Deviations giving rise
to the unsymmetrical curves were eiblained in the case of the
transition metals by N. F. Mott and H. Jones (1936).

Several typlical examples of both types of behavior were
described by Mott and Jones and have since been reproduced in
many articles pertaining to the subject, for example Ag-Au
and Pt-Pd represent examples of the symmetrical case and
Cu-Pd, Ag-Pd, and Au-Pd the unsymmetrical case. A listing
of these and other systems 1s given in Table 1. The list is
not intended to be comprehensive but does include examples
of the solid solution systems listed in Hansen for which
applicable data have been published.

Many of the workers prior to 1930 published only the

data at room temperature taken on annealed samples. In
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Table 1. Examples of resistivity studies of complete
solid solution systems

Alloy system

Reference

Ag=Au
Ag-Pd
Au-Cu
Au-Pd
Au-Pt
Co~-Ni

Co=Pd
Co~Pt
Cr-Fe
Cs=K

Cs=Rb
Cu-Mn
Cu=~Ni
Cu~Pd

Cu=Pt

Ge-Si
- Ir-Pd
Ir-Pt
K-Rb
Mn-Ni
Mo=-W
Ni-P4
Ni-Pt
P4-Pt
Pt-Rh
Ta-W

. Ti-Zr .

Ti-Mo
Ti-Nb
-V
U~-Mo
U~Nb

Beckman (1911)

Svensson (1932)

Ho Johansson and J. O. Linde (1936)
Geibel (1911a)

H. Johansson and J. O. Linde (1930)
Masumoto (1927)

Broniewski and W. Pietrek (1935)
Grube and He Kistner (1936)
Gebhardt and W. Koster (1940)
Adcock (1931)

Rinck (1936)

Rinck (1937)

S. Dean et ale. (1945)

Chevenard (1926)

Svensson (1932)

H, Johansson and Je. O, Linde (1927)
Hs Johansson and J. O. Linde (1927)
0. Linde (1933)

Levitas (1955

E. Carter (1928)

Geibel (1911b)

S. Kurnakow and A. J. Nikitinsky (191%4)
Valentiner and G. Becker (1934)

North American Philips Co. (ca. 1948)

Ao
Ve
We

i. Schindler et al. (1956, 1957)
Esch and A. Schneider (1944)
Geibel (1911a)

E. Carter (1928)

Braun gt al. (1959)

H. De Boer and P. Clausing (1930)
B. Hake et al. (1961)

L. Ames and A. D. Mc Quillan (1954)
K. Adenstedt et al. (1952)

F. Bates and R De Barnard (1961a)
F. Bates and R. D. Barnard (1961b)
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systems where ordered phaées occurred, the curves, of course,
were not smooth but showéd the presence of ordered phasese.
Other deviations from symmetrical curves appeared when one of
the components was magnetic or where the temperature coeffi-
cients of reslistance were not equal, because, to be strictly
valid, the Nordheim relation should be applied ohly to that
‘portion of the resistivity due to the effects of alloyinge.

To eliminate the other factors which contribute to the
fesistivity the measurements sﬁould be made at helium
temperatures, a technique avallable only in recent years.

A. I. Schindler et gl. (1956) is the lone example found
which empioyed this technique over the whole composition
range, althoughwthere have been several studies at helium
temperatures over restricted composition ranges.

The work of A. I. Schindler et al.. (1956, 1957) on Ni-Pd
is notable because_it-demonstrateé the type of information to
be gained from such a study and provides an example of the
resistivity behavior for a solid solution system of transi;
tion metal alloys. The system was judiciously chosen to
simplify the interpretation of the results, for both Ni and
Pd have approximately the same band structure with 0.6 hole
in the d band and 0.6 electron in the s band. A maximum in
the p vs. composition curves was observed at 70.a/o Pa af
temperatures below the Curie temperature in all alloys, but

this shifted to 50 a/o Pd at temperatures above the Curie
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temperature of all alloys. This was interpreted as evidence
for a change in occupancy of spin étates in the 4 band, since
in Pd the number of occupied spin states in the d band is
equally divided between spin up and spin down, while for Ni
in the magnetic state, all states with one spin are believed
to be occupied; thus leaving only half as many vacant

states into which the éonduction eiectrons could be scattered.
Above the magnetic transition temperature in Ni the distribu-
tion of occupied spin states is the same as that found in Pd.

A. Levitas (1955) characterized the behavior of semi-
conductor solid solutions in the intrinsic conduction region
in his study of the Ge~Sl1 system.

A subject which is of current interest is the anomalous
behavior of meta-stable bee solid solutions of Ti and U in
the systems indicated. Such alloys do not follow Nordheim's
relation and have a nggative temperature coefficlent of
resistivity. The behavior is not entirely understood éf
'present. Examples of this behavior are the systems Ti-V,
Ti-Nb, U-Mo, U-Nb, and Ti-Mo.

B. Studies of Physical Properties in
Bare Earth Solid Solution Alloys

Ee M. Savitskii and V. F. Terekhova (1958) report the

~only p vs. compogition data for a rare earth - rare earth
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system, La-Ce, which has been published ih the literature.
They cite no x-ray data which leaves some question as to
whether the alloys were exclusively the fcc structure of
ceriume In addition, the techniques used to prepare the
metals did not appear to be likely to yield pure metals.

The p vé. composition curve for the alloys was approximately
symmetricalf ,

L. F. Bates and M. M. Newmann (1958) investigated the
magnetic susceptibility and resistivity of alloys in the Ce-Th
system. Resistivities were reported for 5 alloys as a func-
tion of temperature from 90°K. to 273°K. The results, when
plotted as a fgnction of composition, are somewhat difficult
to interpret because of the low temperature modification of
cerium and the change in electronic structure associated with
it; but they appear to follow an approximately symmetrical
curve. The magnetic susceptibilities also showed the effects
of the change in electronic structure as the susceﬁtibility
éhofed a sudden drop at low temperatures. The effective
moment per cerium atom in the alloys was higher than the
‘effective moment for pure cerium in all the samples.

We Co Thoburn et ale. (1958) studied the magnetic
properties of Gd-La and Gd-Y alloys, of which the Gd-Y alloys
gliow complete solid solubility. They found that in these
‘alloys gadolinium had a higher effective moment per gadolinium

atom than the theoretical moment for pure gadoliniume. The
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magnetic ordering changed from ferromagnetic to antiferro-
magnetic at about 60 atom percert gadolinium, while the
paramagnetic Curie temperatures showed an approximately
linear decrease with gadolinium content.

L. M. Roberts and J. M. Lock (1957) investigated four
alloys in the La-Ce system by means of magnetic susceptibility
and specific heat measurements. They observed peaks in the
specific heat curves for alloys of 27.0, 37.6 and 78.9 weight
percent cerium which they attributed to antiferromagnetic
ordering, although the alloys showed double 'peaks rather
than the single peak observed in pure cerium. Anomalous
behavior in the magnetic susceptibility appeared to be
assoclated only with the lower peake The effective moment
per cerium atom in the alloys was higher than the moment for
pure Eerium in all the samples.

Ge S. Anderson gt al. (1958a) studied the change in the
superconducting transition temperature as a functioa of
composition and crystal structure in some lanthanum rich
La-Y and La-Lu alloyse.

Je Me Lock (1957) studied the magnetic susceptibility of
three La-Nd alloys. The Neel point and effective moment per
neodymium atom were found to increase as the neodymium content
of the alloys decreased for 60 a/o and 40 a/o neodymium
alloys, but further dilution to a 20 a/o neodymium alloy

caused both the Néel point and effective moment to decrease.
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C. Measurements of Electrica. Transport

Properties of BRare Earth Metals

Knowledge of the electrical transport properties of the
rare earth metals is essential to the interpretation of the
resistivity behavior of the alloys. Data on high and low
temperature resistivities, Hall coefficients, thermo-electric
power, and pressure coefficients of resistivity are available
for most of the rare earth metals.

The first measurements of low temperature resistivities
on polycrystalline materials were reported by N. R. James gf
al. (1952) for La, Ce, Nd, and Pr, and S. Legvold et al.
(1953) for Gd, Dy, and Er. More recent measurements on
materials of higher purity by R. V. Colvin et al. (1960) on
Gd, Tb, Dy, Ho, Er, Tm and Lu; M. A. Curry et al. (1960) on
Eu and Yb; and J. K. Alstad gt al. (1961a) on La, Pr, N4,
and Sm; and (1961b) on Y, represent the best data presently
available. The results in all the above papers are presented
as a function of temperature over the range from helium
temperatures to 300°K. The curves for the weakly para-
magnetic metals Lu and Y are linear from 40°-300°K. while La
and Yb, which are also weakly paramagnetic,kshow a curvature
toward the temperature axis over this temperature range.

"The curves for Pr, Nd, and Sm show two changes in slope

at the magnetic ordering temperatures and are fairly linear
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in the paramagnetic region. The curve for Eu shows a peak

at 90°K., assoclated with a magnetic ordering point, but the
peak is followed by a 50° range over which the slope of the
curve is negative. The curves for G4, Tb, Dy, Ho, Er, and Tm
are similar in showing a sharp change in slope at the
transition point from magnetic ordering to paramagnetism;
however, they differ in the behavior immediately above the
transition point, for Dy, Ho, Er, and Tm show a pronounced
minimum over a 10-20° temperature range. In addition Tb and
Dy show anomalies at lower temperatures associated with a
ferromagnetic-antiferromagnetic transition. Although all

the curves are linear in the paramegnetic region their

slopes are not the same, Gd having the lowest and Tm the
highest. The magnitudes of the resistivities at room
temperature are higher than usual for a métal, being exceeded
only by Mn, Bi, and Pu. Ytterbium is an exception in that it
has a lower resistivity, but its other physical properties are
also exceptions to the behavior typical of rare earth metals.
Part of the excess resistivity is obviously assoclated with
the magnetic properties of the metals, a point which will be
further explored in Section IV, but La, Y, and Lu which are
not magnetic still have resistivities of about 55 micro ohm=-
cm. at room temperaturé. In comparison, copper has a
resistivity of 1.673 micro ohm-cm. at 20°C.; aluminuﬁ, also a

trivalent metal, has a resistivity of 2.655 micro ohm-cm. at
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20°C,; and among the typical metals only titanium and
hafnium, with resistivities of 42 and 40 micro ohm.-cme.
respectively, approach the values of the rare earths.

Single crystal measurements of the resistivity over the
temperature range 4°K. to 300°K. have been made by P. M. Hall
et al. (1959a) on Y, and (1959b) on Dy; R. W. Green et al.
(1961) on Er; D. L. Strandburg (1961) on Ho; H. E. Nigh* on
Gd; and D E. Hegland** on Tb. The most striking features of
these curves are the large anisotropies in the resistivity
parallel and perpendicular to the ¢ axis and the marked
effects of the magnetic ordering on the resistivity parallel
to the c axis.

The case of Er is especially striking for it shows three
distinct changes at points where the magnetic ordering is
known to change. In general, the anisotroples in the regions
of magnetic order are less than in the paramagnetic region
and the resistivity curve perpendicular to the c¢ axis shows
only one anomaly, a simple change in slope at the transition
point from magnetic ordering to lack of ordering.

The high temperature resistivities of polycrystalline

'*Nigh; H. E., Physics Department, Iowa State University,
Ames, Iowa. Information about the resistivity of gadolinium
single crystals. Private communication. 1961.

**¥Hegland, D. E., Physics Department, Iowa State
University, Ames, Iowa. Information about the resistivity of
terbium single crystals. Private communication. 1961.
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samples of several rare earths have been reported by F. H.

Spedding et al. in several papers listed in Table 2.

Table 2. Investigations of high temperature resistivities
of rare earth metals

Metal Temperature Reference

range
La, Ce, Pr, Nd 25°C. - mep. Fe He Spedding gt al. (1957)
Y 25°C, - m.p. C. E. Haberman (1960)
Gd, Tb, Lu 900°C - m.p. F. H. Spedding et al. (1961)
Eu 28°C, - 208°C. F. H. Spedding et al. (1958)
Sc room temperature F. H. Spedding gt al. (1960)

These results show the resistivity - temperature curve to be
fairly iinear near room temperature with increasing
curvature toward the temperature axis above 300°C. A
discontinuous change in slope of the curve is observed at
the temperature at which a crystallographic transformation
occurs in La, Ce, Pr, Nd, Gd, Tb, and Y, and a much smaller
anomaly is observed in Lu.

The Hall effect has been studied by C. J. Kevane gt gl.
(1953) for Y, La, Ce, Pr, Nd, Gd, Dy, aund Er and by G. Se
Anderson et agl. (1958b) for Lu, Yb, Tm and Sm. The

temperature range covered in the investigations was from 20°K.
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to 300°K. except for Gd which was measured to 3509, but the
data for the magnetic materials was evaluated only in the
paramagnetic region. Anomalies associated with the magnetic
ordering temperature were observed as well as a large
hysteresis in cerium believed to be associated with the
change in electronic structure. The number of effective
carriers calculated for a one band model were reported, but
both authors believed that a more sophisticated model was
necessary to explain the results. The number of carriers
calculated was approximately -3 for La, Y, and Lu, *0.7 for
Yb, -2 for G4, Dy, Er, and Tm aud +2 for Ce, Pr, and N4,
where the - indicates electrons and the *+ indicates holese.
The thermoelectric powers of polycrystalline samples
of Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu
were measured by He J. Born et al. (1961) over the
temperature range 7°K. to<300°K. Anomalies in the TEP vs
temperature curves were observed at the.magnétic 6rdering
temperatures of many of the metals. With the exceﬁtion
of Sm and Yb, the TEP's of the metals are negative
throughout most of the temperature range covered, and with
the same exceptions, the curves have about the same slope
near room ﬁemperature.

L. R. S111* has measured the TEP of single crystals

‘%3111, L. Re., Physics Department, Iowa State University,
Ames, Iowa. Information about the TEP of holmium single
crystals. Private communication. 1961.
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of Ho cut with the long axis of the crystals parallel to the
a, b, and c axes respectively. Anomalies were observed both
at the Neel point and the anti-ferromagnetic to ferromagnetic
transition peint; in addition, anisotropy in the TEP was
observed between the ¢ and a directions.

P. W. Bridgman has measured the resistivity as a
function of pressure over the range 0-100,000 kg/cm2 (1952)
for La, Ce, Pr, and Nd; (1953) for Gd; (1954) for Sm, Dy, Ho,
Er, Tm, Yb and Lu; and (1955) for Y. All except Y, Nd, Sm,
Tm, and Lu show some type of anomalous behavior but the most
striking are the cases of Ce and Yb. A discontinuous
decrease in the Bp/Ro vs pressure curve is observed at the
point where cerium changes to its low temperature collapsed
fce structure. The behavior of ytterbium is most unusual in
that the resistivity increased to a maximum value at
50,000 kg/cm® which is 13 times greater than its value at
normal pressure and then drops with increasing pressure to
3/4 of its initial value. Bridgman measured the temperature
coefficient of the resistivity between 0° and 200°C. under
pressures up to 7,000 kg/cm2 and found an inversion of the
temperature coefficient characteristic of semi-ccnductor

behavior.
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IIT. EXPERIMENTAL PROCEDURES AND APPARATUS

The following section describes the techniques used for
preparation of the alloys, the apparatus for measuring the
resistivities, the method by which the x-ray data were
obtained and processed, and an analysis of the errors
inherent in the measurements. The apparatus used to measure
the resistivities of the samples was made available for use
by Dr. Se. Legvold and was designed, built, and originally
described by R. V. Colvin (1958). The description of thé
.apparatus here includes a few minor modifications of the
original design but is included in this thesis only to assure
the reader a complete description of the techniques involved
in the investigation. The x-ray program for calculating
precision lattice constants was written in conjunction with
D. H. Dennison to satisfy a frequently recurring demand for

such a tool.

A, Sample Preparation

1. Materials
The metals used to prepare the alloys for this study,

with the exception of yttrium, were prepared by C. E.

Habermann. The lutetium, gadolinium, and terbium were taken

from the same stock as that used to prepare the resistivity
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samples for B. V. Colvin ef gl. (1960). All the metals,
except yttrium, were prepared by the standard fluoride
reduction with calcium described by F. H. Spedding and A. H.
Daane (1954). In addition, the dysprosium, erbium, and
holmium had been distilled by a process used by A. H. Daane
et al. (gge 1962) to distill rare earth metals. Although
most of the other rare earth metals have been distilled in
small quantities, it was not feasible to so produce the
quantities required in this investigation. The yttrium was
prepared by F. A. Schmidt by a magnesium-calcium reduction
procegs described by O. N. Carlson gt gl. (1960). Analyses
of the metals arellisted in Table 3.

Analysis shpwed the "as reduced™ metals contained
appreciable amounts of unreduced fluoride and calcium metal
as well as some tantalum. An arc melt treatment under
reduced pressure was found to be effective for removing the
volatile impurities. For example, the fluoride coﬁtent of
the lutetium was reduced from 1050 ppm. to 48 ppm. by arc
melting. Thls was preferred to a vacuum casting which would

have increased the tantalum content.

2, anmnmnmmg

The constituents for each alloy were mixed together and
homogenized by arc melting. The weighed samples were placed
in the arc melter and the arc melter evacuated. An argon

atmosphere was bled in and thoroughly "gettered" by melting a



Table 3. "Analyslis of metals

Impurity Lu Gd Tb Er Y
c 106 ppm. 160 ppme. 137 ppm. 120 ppm. 115 ppm.
No 800 ppm. 147 ppme 496 ppm. 2l ppm. 56 ppm.
Fo 48 ppm. 170 ppm. 895 ppm. 80 ppm. 159 ppm.
05 735 ppm. 1150 ppm. 1360 ppm. 60 ppm. 430 ppm.
C3 .02% .005% W .01% 400 ppm.
Fe .005% .015% VW W 200 ppm.
Ni VW T T - -
Si .025% «025 FT - -
Ta v «05 - - -
Ty - - - - 20 ppm.
Ho - .02% - .01% -
Yb .005% - - .0001% -
Dy - «01% - .005% -
Tb - 001% - - -
Eu - .001% - - -
Sm - 002% - - ket
Nd - .05% - - : -
Tm 0002% - - 0001% .-
La - VW - - -

4z
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*button”" of zirconium before the alloys weré melted. Each
alloy "button® was melted, turned over, and remelted a total
of six times to insure a homogeneous sample. Weight losses
on arc melting and in the succeeding casting operation were
monitored to detect any gross chaﬁge of composition which
might have occurred with some of the more volatile metals.

The highly directional cooling in the arc melting
process introduces a high degree of preferred orientation
in the samples and 1t is necessary to further treat the
samples to obtain random orientation. This is perhaps the
most important step in the sample preparation process because
of the large anisotropies observed in the single crystal
studies of resistivities of the rare earth metals. The most
pronounced anisotropy is that of yttrium as was shown by
P. M. Hall et al. (1959a). Two methods have been used to
remove the preferred orientaﬁion; a swéging and annealing
technique and a pressure-differential vacuum casting
technique. |

The swaging and annealing technique was recently used
to prepare the samples used by J. K. Alstad ef al. (1961b) and
it was successful in rémoving preferred orientation. Previous
attempts by C. E. Habermann* to prepare samples by this

technique were not uniformly so successful. The samples used

*Habermann, C. E., Chemistry Department, Iowa State
University, Ames, Iowa. Information about the preparation
of resistivity samples.  Private communication. 1960.
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by Alstad et al. were cut frqm much larger size arc melts
(70 1bs. vse. 30 gr.) and this probably was a factor in their
success. One distinct advantage of the method is that it
introduces no more tantalum into the sample.

The pressure-differential vacuum casting technique used
in this work was previously used to prepare the polycrystal-
line samples used by R. V. Colvin et al. (1960) and J. K.
Alstad et al. (196la). The success achieved in randomizing
the orientation in the semples can be judged by comparing the
results obtained by the authors cited above with the results
of P« M. Hall gt al. (1959a)(1959b) and R. W. Green gf al.
(1961) on single crystals of Y, Dy, and Er respectively. If
one applies the averaging rule, p poly = (2 3 + oIl )/3, to
the resistivities for samples cut perpendicular and parallel
to the ¢ axis, one obtains the theoretical resistivity for a
polycrysfalline sample; the validity of this rule for the
raré earths has been shown in a paper by J. K. Alstad et al.
(1961b). There is 1ittle deviation between the curves
predicted from single crystal studies and the experimental
results on polycrystalline samples. It was, of course, also
desirable to prepare the alloy samples used in this study in
the same manner as that used to prepare the pure metal
samples because a comparison of the reéults was of interest.
The samples were molten in the tantalum containers for only

a brief period and since they already contained some tantalum
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. the small amount taken into solution in this step was not
deemed to be of major 1mportgnce.

The préssure differential vacuum casting method consists
of melting the alloy under vacuum in a tantalum crgcible and
forcing the molten metal up into another inverted crucible
suspended in the melt. The pressure-differential necessary
to accomplish this is produced by bleeding 1/3 atm. of argon
into the system. The inverted crucible, being at a lower
pressure, is immedlately filled with metal. The equipment
1s illustrated in Figure 1. The inverted crucible was made
from a 2% inch length of tantalum tubing sealed at the‘upper
end. This crucible was held above the melt with a length of
tantalum tubing coupled to a brass rod’which extended to the
top of the vacuum system and out through an "o“ ring seal
which allowed vertical motion. As soon as melting of the
alloy was detected, thelrod and crucible were pushed below
fhe surface of the melt and positioned so that the lower lip
of the inverted crucible was about % inch above the bottom of
the melt. The vacuum system was then sealed off and about
1/3 atm. of argon was bled into the system. The solidifica-
tion in this type of casting occurs first at the top of the
casting and proceeds downward rather than the usual case
where the first solidificat;on takes place at the outer walls
of the crucible and leaves a shrinkage cavity in the‘center

of the casting.
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.The samples were furnace cooled after the casting
~operation. The graphite insulation in the furnace cooled
rather slowly and about two hours were required to cool the
furnace to room temperature. Thus, after the first sharp
drop in temperature from the melting point, the samples

cooled more slowly and were left in an annealed condition.

3. Machining of the sample fo shape

The tantalum tubing and excess sample were reﬁoved by
maching in a lathe. The resulting sample was a cylinder
about 3/16 inch in diameter and two inches in length. It was
later discovered that this machining introduced some strain
in the samples which was detectable in the méasurement of the
residual resistivities. This was removed by a strain anneal
at 350°C. for three hours.

The pressurs-differential vacuum casting method described
in Section 2 was not universally successful and several of the
samples high in lutetium content were found to contain small
holes. All samples were examined for holes with a radiograph
employing an iridium gamma ray source. To conserve the
limited stock of lutetium a smaller rectangular parallelepiped
was cut from the solid portion of the faulty castings rather
. than preparing additional samples of the larger geometry.

This was then formed to final shape by the techniques used to
prepare single crystal samples. This technique involves the

use of sanding block, sanding table, and manual labor to
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abraid and polish the sample to the desired geometry. The
resistivity of several samples was measured on both geometries
and the agreement was well within the limits of experimental
error. It was also necessary to strain anneal samples formed

in this way to remove the effects of cold work.

4. Dimension measurement
The diameters of the two inch long cylindrical samples

were measured with a micrometer at four points along the
length of the sample with three measurements at each point.
The average of thege twelve measurements was taken és'the
average diameter from which the cross sectional area was
calculated.

The dimensions of the rectangular parallelepiped samples
were measured with a Sheffield depth gauge at three points
along the length on each side. The average of the readings
along each pair of pazéllel sides was used to.determine thé
two dimensions required for the calculation of the cross-

sectiocnal area.

Be. Resistivity Apparatus

1. Electrical registance meagsurement
The electrical resistance of the sample was measured by
the standard dc four probe method with current reversal. A

simplified circuit is illustrated in Figure 2. The current
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was Supplied by a 6 volt storage battery which provided a
sufficiently steady current of 0.1 or 0.3 amp.; the choice
depending upon the current required to provide a measurable
potential drop across the sample. The current was adjusted
to the desired value by a variable resistor in a series-
parallel connection with the current limiting resistor. The
current was measured precisely by the voltage drop across a
standard .0.1 ohm resistor in series with the sample. The
current was thereafter monitored continuously during a run
with a separate potentiometer-galvanometer circuit and any
small compensations required were effécted as described above,

The potential across the poteptial contacts was measured
with a Rubicon type B potentiometer using a Leeds and
Northrup type 2430 galvanometer with a sensitivity of
approximately 0.5 microvolt per mm. for the null indicator.
To eliminate the effects of any small temperature gradients
- across the sample, two measurements of the potential were
made at each tempsrature. The average of the two, before and
after current reversal, was used to determine the resistivity.
A voltage stabilizer employing a Zener diode which had been
designed and built by the Ames Laboratory eleétronics shop
was used to supply the battery voltage for the potentiometers.
This unit provides a more stable voltage source than a battery
and hence reduced the drift in the potentiometer. The

exclusive use of copper or manganin wire and shielding of
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switch contacts from air currents kept the thermal emfs small

and reasonably constant in time.

2. Ilemperature meagurement

The temperature of the sample was measured by means of a
copper~constantan thermocouple. The wires used to make the
thermocouples were taken from spools of wire calibrated by
W. C. Thoburn et gl. (1958) and R. V. Colvin (1958) against a
platinum resistance thermometer. The thermocouple was
calibrated at the boiling point of nitrogen and the boiling
point of helium and appropriate corrections apriied to the
data so as to give correct readings from the calibration
curves against the platinum resistance thermometer.

For the cylindrical samples the thermocouple was glued
direcﬁly to the sample but insulated by a thin sheet of
paper. For the smaller rectangular samples the thermocouple
was glued into the sample holder in close proximity to the
samplé. Some error was undoubtedly introduced by not having
the thermocouple in direct contact with the sample but the
reproducibility of the resistivity-temperature curves was
excellent and indicates the temperature was known to a few
tenths of a degree except below 20°K. where the uncertainty
was somewhat greater. The same type potentiometer and
galvanometer as previously described were used to measure the
thermocouple emf above or below an ice bath reference

point.



37

3. Sample helder

Two types of sample holders were used as necessitated by
vthé different sizes and geometries of fhe samples.' Both were
held in position in the sample chamber by a stalnless steel
tube with the appropriate fittings to make the sample chamber
vacuum tight. The copper wires supplying current, the maganin
wires to the potential probes, and the thermocouple wires all
ran down the center of this tube.

The sample holder which accomodated the two inch long
cylindrical samples is illustrated in Figure 3. Copper blocks
served the dual role of sample mount and current contact, the
sample being held firmly in place by Allen screws. The
potential probes consisted of two sharpened brass wedges
mounted on a quartz bar. The probes were held in contact
with the sample by a spring under tension.

The sample holder for the rectangular paralleleplped
samples was a modification of one described by D. Le Strand-
burg (1961) and is pictured in Figure 4. The sample geometry
is somewhat distorted in the perspective drawing in Figure 4
as the actual dimensions were about 1.5 X 1.5 X 20 mm. The
fiber base was attached to an adapter and this in turn was
mounted to the stainless steel tube. The sample was held in
'place between bronze strips used as current contacts. The
upper strip was bent to a right angle, sharpened, and held
against the sample by tension. The knife edges were made by
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Figure 4. Sample holder for rectangular parallelepiped samples
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soldering sections of razor blades into écrew'heads wnich
were in turn mounted on a strip of fiber reinforced in the
center by a plastic block. The assembly was held in contact
with the sample by a.spring under tension.

The distance between the knife edges was measured with a
traveling microscope; directly.on the probe for the brass

wedges, and from the marks on the sample for the razor blades.

k.  Cryostat
The cryostat, which consisted of a heat leak chamber and

system of Dewars, is pictured in Figure 5. The outer glass
Dewar was filled with liquid helium for measurements in the
temperature range 4.2%K. to 77.4°K. and liquid nitrogen for
measurements at higher temperatures.

The heat leak chamber was immersed in the liquid
contained in the inner Dewar. The outside copper tube on the
heat leak chamber kept the joint to the Cu-Ni tube (point A
in Figure 5) at the bath temperature even when the liquid
level was below the joint. When heat was applied to the
copper sample chamber by the 140 ohm heater wound around it,
a temperature gradient was set up between point A and the
sample chamber, thus raising the temperature of the sample
chamber above that of the bath.

After initially evacuating the heat leak chamber, sample
chamber and walls of the inner Dewar to approximately 2 x 10-5

mm. of Hg, the sample chamber and heat leak chamber were
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pressurized to about 0.1 mm. of mercury with helium exchange
gas. After cooling the apparatus to nitrogen bath temperature
and then helium bath temperature, thé measurements at bath
temperafure were made and the heat leak chamber again
evacuated. Temperatures above bath temperature were obtained
by sending pulses of current through the heater coil. By
proper adjustment of the magnitude and time of the current
pulses, temperature equilibrium could be attained in about

5 to 10 minutes or at least approached closely enough soO

that the temperature change during tﬁe time required to make
the two measurements was essentially nil.

Measurements on the series of dilute alloys in lutetium
were made only at the ice point, nitrogen bath temperature,
and helium bath temperature. For this series of experiments
the cryostat was not used; instead the sample was immersed
~directly in a liquid nitrogen bath and then into the liquid
helium storage Dewar. This practice conserved liquid helium
and nitrogen and insured the same temperature for each
measurement. It also provided more rapid cooling than could

be attained in the cryostat.

5. ZIemperature coptroller

An automatic temperature controller designed and built by
the Ames Laboratory electronics shop was used to automatically
maintain.any desired temperature. A copper or carbon sensing

element on the sample chamber formed one leg of a Wheatstone
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bridge. Unbalance of the bridge when the temperature dropped
below some pre;éet value operated a servo-mechanism which in
turn caused pulses §f current to be sent through the heater
coil until the sample chamber temperature rose above the. |
desired value. Unbaiance in the opposite direction shut off
the current and the cyclé repeated. The sensitivity was such
that a constant temperature could be maintained during the
time required to make the two potential measurements and the

thermocouple reading.

Ce Lattice Constant Determinations

1. X-ray diffraction measurements

X-ray data for the lattice constants of the alloys were
obtained from 114.6 mm. diameter Debye-Scherrer powder
patterns. The filings, taken directly from the resistivity
sample; were strain annealed at a temperature of 375°C. for
three hours. To prevent oxidation, the filings were placed
in a small Ta container previously outgassed and these in
turn were sealed in Pyrex tubes under a partial atmosphere

¢f helium.

2. Computer program

Lattice constants'were evaluated with an I.B.Me 650
computer using a prcgram which basically was an application

of Cohen's method to determine precision lattice constants.
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The diffraction‘equations for the hexagonal system give
sin 20 = 1%/38,2 (h%4nk+k®) + Xz/hcoz (1%) + const. %
(cos?0/sin ¢ + cosze/o), for each line of the pattern, or
symbolically Z = AX + BY + CW. The last term in the above
equation represents the error from the true sin20 value for
the line. The normal equations are

XZ = X%A + XYB + XWC

YZ = XYA + Y2B + YWC

WZ = WXA *+ WYB + W2C

Data for the values of o, (h2+hk+k2), and 1% for each
line were fed into the computer and the normal equations for
each line calculated, summed over the n lines of the pattern
and solved simultaneously for the best values of A and B from
which the lattice constants were calculated. The deviation
of each line from the calculated value was also computed.

The Nelson - Biley function, % (cos?e/sin @ *+ cos20/0),
provides an accurate extrapolation function for lines greater
than 20° 2@, but only lines above 40° were used for the |
present computation. All Kﬁz lines and lines where K&l and
Kﬁz weré not clearly resolved were converted to a value
appropriate for Kﬁl wavelength radiation since the program
could only handle da*z for radiation of one wavelength. The
program can éompute lattice constants for crystals of the

cubic, hexagonal and tetragonal systems as presently written

and is an invaluable aid in carrying out this tedious
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calculation.
D. Analysis of Errors

The errors inherent in resistivity - temperature
measurements in this work arose from errors in measurement
of dimensions, potentials, current, and temperature.
Variables influencing the sample itself, such as composition
and preferred orientation, were probably as great a source
of error. The analysis of errors which follows represents a
calculation for a pure metal sample, and hence shows a greater
error in the potential measurement than was present in the
measurements on higher resistivity alloy samples. Table 4
shows the influence of the various sources of error on the
resistivity as a function of temperature for both sample
geometries.

The potentiometer used for measuring the voltage was
readable to * .1 microvolt, but due to internal thermal

voltages was probably only accurate to * .5 microvolt, or a
total error of 1 microvolt. The percentage error caused in
the reading was of course dependent upon the magnitude of the
potential measured. The lowest potential measured for any
sample was 20 microvolts while the hiéﬁest ranged up to
several thousand microvolts.

The current was measured and monlitored to better than
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Table 4. Maximum errors in resistivity

| 4, 2K, 273°K
puflcme. 3 qp]icm.

Cylindrical gample

Potential 4,0 0.1 0.2 0.1
Current 0,07 0,002 07 04
Probe separation o2 0,005 . o2 <04
Cross sectional area 0.8 0.01 0.8 0.4
Overall L4 0.11 l.1 0.
Rectangular parallelepiped sample

Potential ' le2 04 07 o0l
Current 008 .002 .08 004
Probe separation ol .01 ol .2
Cross sectional area 1.2 Ol 1.2 065
Overall 2.8 009 1.7 09

0001 amp., for currents of .1 or .3 amp.

The diameters of the cylindrical samples were measured
with a micrometer readable to % 0001.mm. but the greatest
source of error was the taper in the samples which at most
amdunted to * .01 mm. The calculated error shown in the
table was determined for 0.02 mm. taper on a 4.80 mm.
diameter sample. The rectangular parallelepiped samples
were measured with a Sheffield depth gauge readable to
+ .00001 inch or * .00025 mme The tolerances on the standard
gauge blocks were observed fo be ¥ ,0001 inch or .0025 mm.

Agalin the taper of the sample was a greater source of error

+ .,005 mm. maximum.

amounting to
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Typical dimensions were 1.750 mm; X 1750 mm.

The probe separations were measured with‘a traveling
microscope which could be read to * .001 mm. The probable
error wag assessed as the width of the knife edge or the
indentation in the sample which was at most * .025 mm. The
separations were about 25.00 mm. for the cylindrical samples
and 12.90 mm. for the rectangular cross section samples.

Errors in the temperature measurement with the copper
constantan thermééouple varied from i 0.1°K. at room
temperature to * .25°K. at temperatures below 209K. The
uncertainty in temperature for those samples immersed in
the liquid bath should have been less than this. |

The compositions of the alloys containing Ho and Er were
determined by a spectrophotometric method accurate to * .2%.
The cbmpositions of the Tb-Lu and Y-Lu alloys were determined
by spectrggraphic methods accurate to * .1% for the dilute
alloys and * 2% for the others.

Although the errors in the resistivity of a given sample
did not exceed 1.7% at 273°K., the deviation from the value
for a true polycrystalline sample may have been 5% (the
difference quoted by P. M. Hall gt al. (1959a) between the
predicted.and experimental values of the resistivity of
yttrium).

Other errors, such as holes in the sample, were less

easily analyzed but were potentially the source of much
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greater errors. For example, one sample with a hole had a
resistivity 15% greater than the value subsequently measured

" on a solid sample. All samples were examined radiographically
to detect imperfect samples; such samples were rejected to
eliminate any errors of this type.

No correction was made for the thermal contraction of the
sample because such a correction wasgs not applied to the data
for pure metals with which a comparison was made. Such a
correction is less than the experimental error in the

measurements.
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IV. THEORY

The various aspects of the theory of electrical
conductivity in metals and alloys discussed in this section
are confined to those applicable to the phenomena observed
in this investigation. The presentation is begun with the
1egst complex situation, a pure metal, and is developed
through increasing stages of complexity to the case of a

solid soluﬁion alloy with one magnetic component.

A. Mechanisms of the Resistivity in Metals and Alloys

l. Resistivity of é non-magnetic metal

A perfect metal at absolute zero would be made up of an
infinite periodic lattice with the ion cores situated exactly
on the lattice points and the valence electrons free to move
throughout the whole lattice. Such a metal would have no
resistance. Any deviation from the perfect periodicity of
the lattice, however, will give rise to a scattering of the
conduction electrons-and hence a resistance. A typical
resistivity - temperature curve for a real metal is pictured
in Figure 6 and is seen to consist of two parts, Pr and Pps
the resistivity due to imperfections and the resistivity due
to thermal vibrations of the lattice.

The terminology, imperfection resistivity, is used in
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Figure 8.
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this context to differentiate it from the residual
resistivity, an experimentally determined quantity, which
in alloys also inclﬁdéé several other contributions arising
from alloying effects. Another common expression for this -
term is impurity resistivity, but this is too restrictive in
its meaning, for the imperfection resistivity arises from a
scattering of the conduction electrons by an& deviations from
the periodic potential of the lattice. J. M. Ziman (1960a)
classifies these as point 1mperfeétions such as vacancies,
interstials, chemical impurities, and isotopes; line
imperfections such as dislocations; and surfaces of imperfec-
tion such as grain boundaries, twin boundaries, and stacking
faults. Volume disorders such as those found in disordered
solid solutions, which disrupt the periodicity of the lattice
on a massive scale, are considered separately in Section 3.
The imperfection resistivity is commonly considered to
be independent of temperature, as expressed by A Matthiessen
and C. Vogt (1864) in Matthiessen's rule, p = py * pp, which
was originally formulated on empirical grounds. This cannot
be strictly true, because recombination of vacancies and
interstials and coalescense of dislocations are known to be
temperature dependent. The fluctuation of the resistivity due
to such éffects is small, however, and a more serious challenge
to the validity of Matthiessen's rule has been raised by the

behavior of dilute alloys of transition metals in the noble



54

metals. Je. O. Linde (1958) has reviewed the experimental
results as has A. N. Gerritsen (1956) who concludes that
Matthiessen's rule holds as long as the temperature independ-
ent part is small compared to the temperature dependent part.,
and the solute impurity atoms do not measurably affect the
solvent lattice.

The temperature dependent portion of the resistivity
in a non-magnetic metal, pq, arises from scattering of the
conduction electrons by small deviations from perfect
periodicity which are caused by thermal vibrations of the
lattice. An analysis of various thermal vibrations of the
lattice into normal modes of vibration, or standing waves,
simplifies the déscription. Energy in these lattice waves
1s quantized and a quantum of lattice vibrational energy is
termed a phonon, in analogy with the quantum of electro-
magnetic radiation, the photon. Attempts to compare the the-
ory of lattice vibrations with a physically observable quan-
tity, the specific heat, have required approximations and
simplifications to reduce the formulae to dependence upon a
single parameter. 'This parameter GD, the Debye temperature,
which is proportional to the maximum frequency of a lattice
wave, ls a useful parameter by which to compare the energies
of vibration of various solids. It must not, however, be
regarded as an absolute quantity because of the simplifica-

tions of the theory required to derive it.
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The dgscription of the electron system is also a
simplificatién of the real situation. The independent
electron model considers the nuclei to be fixed at lattice
points with the closed shells of electrons forming a charge
cloud around the nucleus and rigidly attached to it. The
valence electrons, which were confined to the region near
the atom core in the free atom, are no longer localized, but
free to move throughout the solid. Treating the conduction
electrons in terms of their wave nature and introducing the
periodicity of the lattice leads to the description of a
metal proposed by F. Bloch (1928).

The interaction of the electron - phonon system, which
glves rise to the scattering of conduction electrons and the
observed resistance in metals, is quite complex; and theories
dealing with it are of necessity an approximation to the real
situation. As yet, an exact theory has not been proposed
which can predict the magnitude of the resistivity to much
better than a factor of two or three, for even the simplest
case of the alkali metals.

Experimental results are most commonly compared to the

Bloch = Grilneisen relation, formulated by F. Bloch (1930) as
Py = L“(T/e)5 Jj(e/T)PQ

where € and py are parameters and JS(B/T) is an integral of

the Debye type
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8/T Z5dz
0 (e%-1)(1~e"2)

At temperatures'greater than 8, this reduces to a linear
temperature dependence, pp = (T/8) pg, in accord with
experimental observations; while at low temperatures a 75
dependence ls predicted, pp = 497.6 (T/8)5 Pgs which is
seldom observed. Tables of these functions were tabulated

by E. Griineisen (1933) and more recently reproduced by D. K.
C. Mac Donald (1956) among others. The parameter 8, or 8y,
is nearly the same as the Debye temperature in many cases,
although there are theorstical reasons to believe they should
not be identical. M. Blackman (1955) has reviewed the current
views regarding GB, and values of it for many metals have
been tabulated by D. K. C. Mac Donald (1956), A. N, Gerritsen
- (1956), P. G. Klemens (1956) and J. M. Ziman .(1960a).

2. Resistivity of a magnetic metal .
A magnetic metal has, in addition to the scattering

mechanisms previously described, another scattering process
obviously related to the state of magnetic order in the
metal. The experimentally observed temperature dependence
for the total resistivity of a magnetic rare earth metal is
1llustrated in Figure 7. The resistivity increases more
rapidly than in the previous case showﬁ in Figure 6, until

the magnetic ordering temperature is reached, after which the
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 curve flattens out and follows a linear temperature
dependence with the same4slope as that displayed by the
non-magnetic metal.

| Begistivity anomalies associated with the Curie-
temperatures of the magnetic transition metals weré'explained
by Ne Fe Mott and He Jones (1936) on the basis of changes in
electronic structure when the metals were heated above the
Curie temperature. Nickel, for example, can be described in
terms of overlapping s and @ bandse The s band carries most
of the current and has a low density of states, i.e. a broad
range of energies over which the available states are
distributed. The 4 band, on the other hand, has a high
density of states, i.e., a narrow energy band which must
accomodate a large number of states. It enters into the
conduction process mainly because there are a large number of
vacant states near the Fermi level into which the s electrons
can be scattered. Mptt and Jones showed the probability that
such a transition would occur was éroportional to the density
of states in the d band. Nickel is considered to have about
0.6 electron in the s band and 0.6 hole in the d band. Mott
and Jones showed that the non-integral values of saturation
magnetization observed experimentally could be explained if
one postulated a polarization of 4 band electrons, i.e. an
increase in the number with one type spin,lsay spin up.

Since there are a fixed number of states in the d band the
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electrons of opposite spin, spin down, are decreased in
number and their Fermi level decreases. The unequal
distribution is energetically stabilized by the exchange
~interaction which gives rise to the ferromagnetism. In the
case of nickel, all vacant states for spin up electrons are
filled, and the number of states near the Fermi level into
which the s electrons can be scattered is reduced by a factor
of two from the number of states available in the unmagnetized
state. Thus the difference in electronic structure above and
below the Curle temperature gives rise to an anomaly in the
resistivity.

The observation qf a resistivity anomaly at the Curie
temperature of gadolinium by S. Legvold et al. (1953) evoked
much interest, because an interpretation based upon the
above mechanism conflicted with the generally accepted
conceptions of the electronic structure of rare earth metals.
The model of ferromagnetism proposed by W. Heisenberg (1928)
also appeared inapplicable to the rare earth metals becéuse
the extension and shielding of the 4 f orbitals did not
permit sufficient overlap for a direct exchange coupling. A
growing literature concerned with explaining this and related
effects in the rare earths has developed over the past eight
"years. One consequence of this study of the rare earths has
been a re-investigation of the concepts of electronic

structure in the transition metals, and doubt has been cast
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on the validity of the modél as described, except perhaps
for cobalt and nickel.

The anomalous resistivity in gadolinium has been
explained by B. R. Coles (1958) in the following manner:

At 0°K. the metal is in a ferromagnetic state with the
spins of the unpalred 4 f electrons all perfectly aligned,
and hence the conduction electrons are not scattered. As
the tempéfature is increased,.deiiations from pérfect
alignment appear, and the periodic potential of the lattice
is disrupted. The conduction electrons are scattered in
- proportion to the degree of misalignment, which continues to
increase until the Curie temperature 1s reached. Above the
Curie temperature the spins are completely disordered, and
the resistivity from this source remains constant with further
increases in temperature. The situation in an antiferro-
magnetic metal is similar, in that the scattering below the
‘Néel temperature is dependént upon the pregence of magnetic
ordering, and not on the type of ordering. Resistivity
arising from spin disorder of orientation has been termed
spin—disorder resistivity, and in this paper is indicated
by Pge

This spin disorder resistivity is one manifestation of
the exchange coupling between the conduction electrons and
the unpaired spins in the 4 f shells which is believed to be

the source of maénetism in the rare earths.
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C. Zener (1951) and C. Zener and R. B. Heikes (1953)
were the first to propose such a mechanism to explain certain
discrepancies in the electrical and magnetic properties of
the transition metals which were not explicable within the
scope of existing theories. T. Kasuya (1956a) suggested that
Zener's mechanism provided. the best explanation of magnetism
- in rare earth metals, where the direct coupling between 4 f
shells appeared very unlikely. He made a detailed calcula-
tion of the exchange coupling for gédolinium, the simplest
case because spin~-orbit coupling need not be considered.

P. Ge. de Gennes (1958) suggested that the paramagnetic Curie
temperatures of the heavy rare earths varied as (g-l)2 J(J+1),
where g i1s the Lande g factor, and J is the total angular
momentum of the trivalent ions. S. He Liu (1961la) extended
Kasuya's treatment of gadolinium to those metals where it was
necegsary to consider spin-orbit coupling, and arrived at the
‘de Gennes relation starting from first principles. Others
who have examined the problem are S. He Liu (1961b) and R. J.
Elliott (1961).

Matthias gt al. (1958) found another example of the
effects of this exchange interaction when they observed that
one atom percent of various rare earths dissolved in lanthanum
lowered the superconducting transition temperature by an
amount proportional to the spin of the dissolved ions.

Recently K. A. Gschneidner et al. (1961) indicated that
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a similar mechanism mey be responsible for the lowefing of
the a-y transition temperature of cerium in dilute alloys of
cerium with various other rare earths. |

R. Brout and H. Suhl (1959), after taking into account
the spin-orbit coupling, arrived at the same relation for the
spin dependence of the resistivity as that proposed by
de Gennes for the Curie temperatures. They also pointed out
that the lowering of the superconducting trénsition tempera-
ture in lanthanum alloys and the spin disorder reéistivity
arise from the same type of exchange interaction. H. Suhl
and B. T. Matthias (1959) developed a theory for the phenomena
observed in the superconducting lanthanum alloys.

T. Kasuya (1956b) was the first to interpret the
resistivity anomalies of the magnetic rare earth metals in
terms of a conduction electron - 4 f electron exchange
interaction and points out that the spin disorder part would
be constant above the magnetic ordering temperature.

G. S. Anderson and S. Legvold (1958) examined the
experimental values of the resistivity of the heavy rare
earths and evaluated the spin-disorder part above the
ordering temperature by first extrapolating the linear
portion of the curve from the paramagnetic region to 0°K.,
and then subtracting the fesidual resistivity and a correction
term derived from the Bloch-Grilneisen relation. These results

were found to be proportional to S(S+1), where S is the spin
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quantum number for a trivalent ion. R. J. Welss and A. Se.
Marotta (1959) performed essentially the same operation on
resistivity data for G4, Dy, and Er and also on Fe, Co, Ni,
Cr, and several magnetic alloys of the transition metals.
Upon plotting their results against S(S+l) they found the
rare earth data fell on a straight line with one slope,
while the data for the transition metals and their allbys
also fell on a straight line, but with a greater slopee.

P. G. de Gennes and J. Friedel (1958) examined the
anomalous part of the resistivity of gadolinium, concluding,
as had Kasuya, that it arose from spin disorder effects,
became constant above the Curie temperatu.e, and tended to a
T2 temperature dependence atvlow temperatures. T. Kasuya
(1959) expanded his original work to include the case of
spin-orbit coupling and proposed transport equations for the
electrical resistivity, thermal conductivity and thermo-
electric power. He predicted a spin dependence of
(g-l)2 J(J+*1), and a temperatufe dependence of T° for a
ferromagnetic and T4 for an antiferromagnetic metal. I.
Mannari (1959) examined the temperature dependence of the
rare earths using a spin wave treatment to consider the
perturbations of the spins at low temperatures. He likewise
predicted temperature dependences of T2 for a ferromagnetic
and ™ for an antiferromagnetic metal. J. Seiden (1961la,
1961b) and J. Seiden and M. Papoular (1961) have also
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examined the resistivity behavior of the heavy rare earths

and found a spin dependence of (g-1)2 J(J¥1). Their
calculations of the magnitude of the spin-disorder resistivity
are in fair agreement with the experimentally determined
values.
| The most recent experimental results reported are those
of Re V. Colvin et al. (1960), who derived their results
from materials of higher purity than those available to
Anderson and Legvold. ‘Their values for pg wWere plotted
against both S(S+1) and (g-1)2 J(J+1), (which reduces to
$%(J+1)/J for the heavy rare earths), but their data did

not fit either relation exactly.

In view of the investigations discussed above, it
appears well established that the exchange interaction
between the conduction electrons and unpaired 4 f shell
electrons is important in explaining the cooperative
magnetic phénomena in the rare eafths, because it provides
a mechanism of inningg; interaction between the magnetic ions.
The Heisenberg model of ferromagnetism is also based upon an
exchange interaction, but this is between d shells in the
transition metals, or between f shells for the rare earths,
and 1s considered to be a direct interaction between the
magnetic ions. This type of interaction is likely to be
small in the rare earths because the 4 f orbital extensions

and shielding are not commensurate with the overlap required.
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As with all exchange interactions derived from the Heitler-
London model of the chemical bond, the interaction arises
from the Pauli exclusion principle and the indistinguisha-
bility of the electrons. To assure full understanding of
this point let us review the Heitler-London model of the
hydrogen molecule as discussed in C. A. Coulson (1958).

' A hydrogen molecule consists of two hydrogen atoms A and
B, each possessing an electron identified as 1 and 2. The
energy of fhe system is greatly lowered if the configuration
with electron 1 on atom B, and electron 2 on atom A, is
considered as well as the configuration with 1 on A, and 2 on
B. The terminology, exchange interaction, arose from this
mathematical operation, for the electrons were said to

change places. This is really a misnomer, because the ex-
‘change interaction arises because of the indistinguishability
of the electrons, and hence the necessity to consider a
combination of both configurations in the wave function of
the system. The lowering of energy arises from the greater
freedom of the electrons, for they now are free to move in
the vicinity of both nuclei. When more complex systems are
examined the spin of the electron must be considered, and
anti-symmetric wave functions must be used to describe the
system in accord with the Pauli exclusion principle. The
spin quantum numbers enter via this restriction.

The exchange interaction between conduction electrons
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and the 4 f shell electrons is based on the same general
principles, except that in a magnetic material the state of
lowest energy for the metal as a whole is assumed to be the
one with as many spins as possible aligned rather than paired.
The exchange interaction provides the energy necessary to
stabilize this configﬁfation. The spin dependent part of the
'Hamiltonian for the conduction electron ~ 4 f electron
interaction is of the form H = Iizg} °-;E s Where I is the
exchange integral,'g} the spin of the 4f electrons, andlge
the spin of the conduction electron. For those cases where
spin-orbit coupling must be considered P. G. de Gennes (1958)
and R. Brout and H. Suhl (1959) showed that ZE%.could be
replaced by the projection of S upon J, namely (g—l)ﬁz

A physical picture of this substitution is as follows:
The application of Bussell-Saunders coupling gives-g and-f
vectors for the spin and orbital angular momentum which are
coupled together to give a J vector for the total angular
momentum. These vectors precess in the magnetic field in the
metal at a fast enough rate so that the conduction electron
"gsees™ an average S which can be represented as the projection
of S on J, thus giving a Hamiltonian of the form H =
I (g-1) 355; o

*Mackintosh, A. R., Physics Department, Iowa State
University, Ames, Iowa. Interpretation of the physical model
of the validity of the substitution of (g-1)T for Zsf.
Private communication. 1961.
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" The interaction between ions for indirect coupling of
this type has been treated by M. A. Ruderman and C. Kittel
(1954) and leads to a spin dependence of the form
(g-1)% J(J#1) which is seen in observations of the bulk
properties of the materials. Since the basic 1nteractioh is
related to the spin configuration of the magnetic ion, one
would not expect a dependence upon the total angular momentum,
J, or the magnetic moment, g/T(J+1) even though these factors
are experimentally obsérved in magnetic susceptibility and
specific heat measurements. One should not be deceived by
the appearance of the formula (g-l)2 J(J+¥1), for a glance at
Figure 10 shows it is more closely related to S(S*l) than
J(J+1).

3. BResistivitv in a disordered solid solution alloy

The general form of the resistivity-temperature curve is
pictured in Figure 8. The most noticeable difference between
the resistivity of a pure metal and an alloy is the higher
residual resistance. This arises from the massive perturba-
tion of the lattice by a large number of "impurity" atoms. A
composition dependence is élso present, and L. Nordheim (1931)
has shown this to follow the relation p,. = C x (1-X), where
PAr indicates the resistivity arising from electrostatic
deviations of the periodic potential caused by alloying, x
and (1-x) are the mole fractions of the two components, and C

is a constant characteristic of the alloy system. This gives
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rise to a symmetrical inverted parabola with the maximum at
50 atom percent composition. The assumptions to be satisfied
are that the two metals have similar electronic structures,
atomic sizes, and no change in crystal structure tekes place
in alloying. J. M. Ziman (1960a) gives the relation of the
parameter C to the difference in potential an electron “sees®
near an A atom and near a B atom. The derivation is as
follows:

Let us define an average potential seen by each electron
as

Tr‘=va+(1-x) Vg ,

where x is as above, and VA and VB are the potentials at A
and B atoms respectively. At the site of an A atom the

potential deviates from the average by the amount

\'J

A" V= (1-x) (VA-VB) = (l-x)VAB

and at a B atom by

Other things being equal, the scattering by such a
perturbing potential is proportional to the square of the

matrix element, i.e. at an A site
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| Jorx (v yide | 2 = e0? | fyrr vy yktdr| 2

(@)% |V,

Since the density of A atoms is proportional to x, the
contribution to the total electron scattering at these sites
is

x(1~x)2 IVAB| 2 .

Adding the contribution of B atoms gives

[x(l—x)2 + xz(l-x)] IVAB l 2

= x(1-x) |V *

for the square of the matrix element at each site.

4. Resistivity of a disordered solid solution allov, ene
component magnetic with localized magnetic electrons

The general shape of the resistivity-temperature curve
is shown in Figure 9. The main difference from a combination
of the results for a magnetic metal and a disordered alloy is
an additional contribution to the residual resistivity. The
additional resistivity, designated Pas? arises from a spin-
disorder scattering of the conduction electrons, because the

magnetic atoms are distributed randomly over the lattice
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sites by alloying.

Apparently J. Owen et al. (1956) were the first to
recognize this effect and apply it to an interpretation of
the properties of Cu-Mn alloys. R. W. Schmitt (1956)
attempted to explain the resistance maxima observed in -
resistivity measurements of dilute alloys of the transition
metals in noble metals by such a mechanism. K. Yosida (1957)
expanded upon Schmitt's ideas and developed a more
comprehensive theory for dilute alloys 6f manganese in copper.
B. Re Coles (1958), in his review article, ﬁoints out
numerous other cases of transition metal alloys where it is
apparent the spin-scattering mechanism can be invokéd to
explain anomalous resistivities, although the original
authors of the various works did not realize the significance
of their results.

T. Kasuya (1959), in his calculations of transport
properties influenced by the exchange interaction between the
conduction electrons and magnetic ions, predictéd that dilute
alloys containing a solute with localized spins should have a
residual resistivity of p = Cx{Az(O) + (g—l)2 j(j+l)J2(0)}
where A(0) includes all interactions other than the exchange
integral J(0), j is the total angular momentum quantum number,
_mn_

h{ Ne®

X is the concentration of solute, and C = 3/2

where [ 1is the Fermi energy and N is the number of atoms per
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unit volume.

B. Classical Conceptions of the
Resistivity Behavior of Dilute Alloys

The work of J. O. Linde (1931, 1932) on various metal
solutes dissolved in noble metal solvents was climaxed with
the formulation of Linde's rule, Ap = a+bZz, where Ao is
the resistivity increase caused by one atom percent solute,

a and b are constants for a given solvent metal, and Z is
the valence difference between solute and solvent. This
empirical rule held quite well for elements toc the right
of the noble metals on the periodic chart, but sizeable
deviations were observed for the transition metals.

Ne F. Mott (1936) calculated scattering cross sections
for various solutes in dilute alloys, but the results were
somewhat higher than the experimentally observed values.
Better agreement was obtained by F. J. Blatt (1957), who took
into account the strain in the lattice caused by the different
lonic sizes of the solutes. J. Friedel (1956) considered the
band structure of the transition metals in his interpretation
of the anomalous behavior of the elements to the left of the
noble metals in the periodic system.

The agreement between the experimental results and the

calculated results of Mott should be substantially improved
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by the use of é pseudo-potential, the difference between the
kinetic energy and potential energy of the electron, such as
discussed by Me H. Cohen and V. Heine (1961), and determining
the scattering cross section from the difference between this
pseudo-potential in the vicinity of a solvent and solute
atom.

None of the methods discussed above, however, are
capable of explaining the results observed in this

Investigation.

C. A Proposal by Mott and Stevens

Concerning Electronic Structure of Ferromagnetic Metals

No Fo Mott and K. W. He. Stevens (1957) discussed the
electronic structure of the transition metals in relation to
their electrical and magnetic properties. They pointed out
that there are certain fundamentalAdifferénces between the
electronic structures of the close-packed transition metals
nickel and cobalt, and body centered cubic iron. These
differences in the electronic structure are manifest in the
behavior of the electrical resistivity in the neighborhood of
the Curie temperature. The resistivities of cobalt and
nickel, on the one hand, appear to be consistent with the
original band structure proposed by N. F. Mott and H. Jones
(1936); while the resistivity curve of iron, on the other
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hand, is similar to that of gadolinium, and the electronic
structure of iron might better be described in terms of
localized 4 electrons. They propose that a distinction
between magnetism of -the collective electron type and the
Zener type can be made by comparing the reduced resisfivity
vse reduced temperature, (p/pc VSe T/Tc) curves of ferro-
magnetic alloys of two representative materials.

The behavior predicted for the localized electron case
is a superposition of the reduced resistivity - reduced
temperature curves for the alloy and pure metal, both above
and below the Curie temperature, while for the band model
the two curves will diverge above the Curie temperature.

B. RBR. Coles is purported to have examined the behavior
of iron and an Fe~Ru alloy,* but apparently has not yet
published the results. A. I. Schindler et al. (1957)
have published data applicable.to the other case in their
study of Ni-Pd alloyse In view of the uncertainties in the
electronic structure of iron, it would be wise to examine
as well a case known to be characteristic of the localized
electron model, such as gadolinium and one of its

ferromagnetic alloys.

¥Information cited in footnote by N. F. Mott and
XK. W. H. Stevens (1957), Pe 13800
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D. Additional'Considerations

The resistivity-temperature curvés fof the light rare
earth metals differ from those of the heavy rare earth
metals in showing a pronounced curvature. BR. J. Elliott
(1954) has considered this phenomenon and proposed a
mechanism whereby the crystal field of the lattice causes a
Stark splitting of the energyllevels of the ionms. This would
cause small deviations from the periodic potential of the
lattice and give rise to an additional resistivity of the
form p = p sechz(A/ZkT), where A is the energy difference
between levels, and Po is a constant estimated to be about
one micro ohm-cm. Addition of this extra contributioﬁ to
that calculated with the Bloch~Grllneisen formula gives
qualitative agreement with experimental results. Elliott's
original calculations are not quantitatively correct, except
possibly for 1anthanum, because he was unaware of a low
temperature region of magnetic ordering in praseodymium and
neodymium, but his mechanism for explaining the curvature may
‘have some merit.

The anisotroplies of resistivity observed in single
crystal studies can not be explained by any of the theories
so far discussed. A. R. Mackintosh (ca. 1962) has recently
considered the problem in terms of a free electron model of

the Fermi surface; an approach which has been especially
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~successful in explaihing the uﬁuéual'resistivity behavibr of
the "c" axis single crystals of erbium. The Brillouin zone
appropriate for a description of the rare'earth metals is the
single zone for a hcp. metal rather than a double zone. The
spin-orbit coupling of the conduction electrons in hcp.
metals has been shown to 1lift the degeneracy between the
bands over the hexagonal face except along one line and hence
gives rise to an energy gap not present in early calculations
of the Brillouin zones of hcp. metals. In the reduced zone
representation of the free electron Fermi surface the portion
which will dominate most of the transport properties was
found to lie in the third zone. In the case of erbium. the
occurrence of antiferromagnetic ordering introduces additional
planes of energy discontinuity normal to the "c" axis which
profoundly influences the geometry of the Brillouin zone.
This change in geometry distorts the Fermi surface and
decreases the conductivity parallel to the "c® axis, an
effect which is seen in the'sharp changes in slope of the
resistivity curves for the “c" axis crystal. This model has
been successful in qualitatively explaining other transport
properties as well as the electrical conductivity but as yet
quantitative information about the Fermi surface geometry

of the rare earths has not been obtained.
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V. EXPERIMENTAL RESULTS

The data obtained from x~ray diffraction and
resigstivity studies of rare earth alloys are presented in
this part. The interpretation of the data is presented in
Part VI. |

A. X=-Ray Diffraction Data

All alloy samples examined were found to possess the
hexagonal close packed magnesium type crystal structure. The
1attice'constants were evaluated by means of the computer
program described in Part III and are reported to * .00l X.
The lattice constants, c/a ratio, and cell volumes are
tabulated in Table 5, and the variation of ¢/a ratio and
cell volume as a function of composition are illustrated
graphically in Figure 11 and Figure 12 respectively. The
variation of the c¢/a ratio for the pure metals as determined

by F. H. Spedding et al. (1956) is also included in Figure 1l.

B. Resistivity Data

1. Temperature dependence
The resistivity-temperature data for the thirteen alloys

examined over the temperature range 4.2°K. to 310°K. is



Figure 11. c¢/a ratio vs. composition for the
Gd-Lu, Tb-Lu, and Gd-Er alloy systems
and for the metals Gd to Lu
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Table 5. X-ray data

Sample a c c/a Va,a
° g ° % %

573 Gd-Lu 3.589 5.681 1.5829 63.38
40.2 Gd-Lu 3.565 5,64l 1.5832 62.11
20.0 Gd-Lu 3.539 5.604 1-5825 60.77
Tb 3.606 5.698 1.5804 64.15
66.7 Tb-Lu 3,583 5.655 1.5781 62.87
La 3.506  5.555 1.5845 59414
Gd 3.639 5.789 1.5907 66,41
63.7 Gd-Er 3.615 5,719 1.5819 64.73
45.0 Gd-Er 34601 54686 1.5791 63.86
25.7 Gd-Ep 3.587 5,650 1.5751 62.94
Er 3.561 5. 504 1.5707 6144

ay = .866aozco.
tabulated in Tables 14 to 26 in the Appendix. The temperature
dependent portion of the resistivity, (p - p residual), is
plotted as a function of temperature in Figﬁres 13, 14, 15

and 16 for each of the systems investigated. The abscissa's
of the varlous curves are progressively displaced upward to
providé a 10 micro ohm-cm. separation between the origins for
the different curves and to faclilitate comparison of the

curves.
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The curves for the alloys display the same general
behavior as those of the pure metals, exhibiting a change in
slope at the highest magnetic transition temperature.
Several of the alloys also have anomalies characteristic of
the resistivity behavior at an antiferromagnetic-ferromagnetic
transition temperature. The slopes of the resistivity
curves in the paramagnetic region are seen to change
gradually from alloy to alloy across the series.

The temperature dependence of the resistivity at low
temperatures 1s a quantity of interest as was indicated in
Part IV. If the resistivity is of the form p = cT® the
- exponent n can be determined from the slope of a plot of the
logarithm of resistivity vs. the logarithm of temperature.
Such plots were made for the heavy rare earths from the
date of BR. V. Colvin ef al. (1960)*, M, A. Curry et al.
(1960)*, and J. K. Alstad gf al. (1961a, 1961b)*, and for
the alloys examined in this investigation. The results are
shown in Figures 17 to 22 and are summarized in Table 6.

The scatter of the points in the region below 10°K. is
rather large for most of the samples as a result of the
expanded scale on the log-log ploté and is not unusual for

this region (cf. G. K. White and S. B. Woods (1959)).

*Legvold, S., Physics Department, Iowa State University,
Ames, Iowa. Made available the raw data from these
investigations. Private communication. 1961.
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Table 6.

Summary of temperature dependence of the resistivity in the

low temperature region

material

material

80.2 Gd-Lu
57.3 Gd-Lu
40.2 Gd-Iu
20.0 Gd-Lu
93.4 Tb-Lu
66.7 Tb-Lu
’4'6 . 7 Tb-Lu

Tm
Yb
Lu
La

92

L5.0 Gd-Er
25.7 G4-Er
50.0 ¥ -Lu

@Temperature range in which n is observed.
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2. CngOggplgg dependence

The residual resistivity of alloys is a composition
dependent quantity for solid solution alloy systems. The
values for this quantity were determined graphically from the
registivity-temperature curves; the residual resistivities
were evaluated at the point where the fesistiviﬁy-temperature
curve tended to a constant value at low temperatures. This
characteristically occurred at about. 5-10°K., slightly higher
than for the metals. Values of the residual resistivity so

determined are listed in Table 7.

Table 7. Reslidual resistivities of alloys

Alloy pres-
80.2 Gd-Lu 5003
57‘3 Gd-Lu 8107
‘30.2 Gd-Lu 79.6
20.0 Gd-Lu 55.9
93.4 Tb-Lu 20.2
6607 Tb-Lu 6106
4607 Tb-Lu 6804
23.3 Tb-Lu 42,7
81.8 Gd-Er 1?.6
63.7 Gd=Er 29.0
45.0 Ga-Er 33.3
250?Gd-Er 2803
50,0 ¥ -Lu 31.8
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The variation of the total resistivity with composition
for the alloy systems Gd-Lu, Tb-Lu, and Gd-Er is shown in
Figures 23 and 24, at 50° intervals. The isotherms below
the magnetic ordering temperature for all alloys in a system
are seen to be quite symmetrical, while the isotherms above
this temperature are seen to be ungymmetrical. The odd shape
of gome of the curves is due to the large difference in the
temperature coefficient of the resistivity above and below
the upper magnetic transition temperature.

The sharp change in slope of the resistivity-temperature
curves at the upper magnetic transition temperature permits
one to find the ordering temperature from resistivity data.
According to the theories presented in Part IV, this point
should correspond to a complete disordering of the ionic
spins. In practice, the transition is not this simple, for
a maximum in the resistivity-temperature curve is observed
for many of the samples.

The change in slope of the resistivity-temperature curve
is readily seen if one plots the slope, A p/A T, against
temﬁerature. A typical plot is shown in Figure 25. It is
apparent that the transition from ordered to disordered state
is not sharp, but occurs over about a 10° temperature
interval. The mid-point of this ¢ransition range was taken
for the ordering temperature tabulated in Table 8 for the

alloys examined.
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Table 8. Temperature of magnetic transition observed
in resistivity-temperature curves

Alloy op°k. 2 850K, P
80.2 Gd-Lu 240 -
573 Gd~-Lu 167 2
40.2 Gd-Lu 121 ?
20.0 Gd-Lu 61.0 ?
93.4 Tb-Lu 211 181
66.7 Tb=-Lu 157.5 ?
4607 Tb-Lu 120 ?
81.8 Gd-Er 261.5 ——
63.7 Gd-Er 225.5 ——
45.0 Gd-Er 170.5 138
25.? Gd-Er 128.5 70

89p indicates the transition temperature between
magnetic ordering and the paramagnetic region.

P9, _p indicates a possible antiferromagnetic-
ferromagnetic transition temperature.

Several of the alloys also displayed behavior typical of
that assocliated with a ferromagnetic-antifefromagnetic
transition temperature and these values are also listed in
Table 8. The variation of the upper magnetic ordering
temperature with composition is shown in Figure 26.

The spin disorder resistivity, determined by an
extrapolation of theklinear portion of the p vs. T curve
(the region aﬁove the ordering temperature) to T = 0°K.,

followed by a subtraction of the residual resistivity, is a
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quantity indicative of the magnitude of the conduction
electron - magnetic ion interaction.

Values of the spin disorder resistivity so determined
are tabulated in Table 9.

Table 9. Spin disorder resistivities of alloys

Alloy Ps Alloy Ps
80.2 Gd-Lu 7106 4607 Tb-Lu 22.0
5703 Gd.-Lu 3308 23.3 Tb-Lu 709
40.2 Gd-Lu 21.0 8l.8 Gd-Er 9“’09
2000 Gd-Lu 77 6307 Gd-Er 74.6
93.4 Tb-Lu 78.2 45.0 Gd-Er 55.6
660? Tb-Lu 35.2 25.? Gd-Er 3608

C. Dilute Alloys

The resistivities of some dilute alloys of various
heavy rare earth metals dissolved in lutgtium were measured
at 4.2°K. to determine the increase in resistivity caused by
the various solutes. The measurements were performed with
the samples immersed in liquid helium to provide a uniform
temperature for performing the experiment. The results are
plotted in Figure 27.

The slopes of the lines for the various solutes in
Figure 27 were used to evaluate the increase in resistivity

for a given solute and the imperfection resistivities were
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evaluated from the data for the lutetium sample. The
resistivity increase was then determined at 3 a/o composition
and divided by 3 to give the results in terms of the
conventionally reported increase of resistivity caused by

1 a/o solute. The raw data and A p are tabulated in Table 10.

All resistivities are reported in micro ohm-cm.

Table 10. Resistivity data for dilute alloys

Sample Measured Ap/1% solute

1.4% Ga 7.02 3.58

2.9% G4 12.47

1.4% Tb 5.89 2.67

1.4% Dy .9

2.8% Dy 2.52 2.11

1.4% Ho 3.93 1.78

2.9§ Ho 6.5g .

1.3% Er 3.1

2.9% Er 5,46 1.37

1.7% Y .91

3.3% ¥ 2:08 1.43
Lu 1.43 ——-
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VI. DISCUSSION

The results of this investigation are considered in this
part under the three categories of phase relations, evidence
of conduction electron - magnetic ion interaction in rare
earth metals and alloys, and results chiefly of interest

when compared to the properties of other metals.

A. Phase Relations

The information pertaining to phase equilibria obtained
in this study established the existence of complete solid
solubility in the Gd-Iu, Tb-Lu, and Gd-Er binary systems.
Such a finding is not unexpected, for these systems satisfy
the Hume-Rothery requirements for formation of extensive
solid solutions; namely, similar valence, electronegativities,
and crystal structures and a difference in metallic radii of
less than 8%. The last of these requirements would appear
to be the most critical for the systems investigated.

A study of the Gd-Y system by R. M. Valetta (1959)
established the existence of complete solid solubility for a
binary system of trivalent, hexagonal close packed rare
earth metals with a size difference of about 0.05% between
their metallic radii. The size factor for the Gd-Lu system,

3.9%4, was the greatest for the systems examined in this study
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and is well within the limits proposed by Hume-Rothery. A
very recent study of the Sc-Y system by B. J. Beaudry* has
revealed the existence of complete s0lid solubility in this
system, where the size difference of 9.7% lies slightly
outside the empirical limits suggested by Hume-Rothery.

The assumption that the rare earth metals will
universally form complete solid solutions in binary systems
among the elements of the group is of course unwarranted.

R. M. Valetta (1959) demonstrated the importance of crystal
structure in his studies of the La-Y and La-Gd systems.

Exploratory work on the Ce-Yb and La-Yb systems by
F. 4. Smidt (1960) showed the importance of valence in
limiting the extent of solid solubility. The solubility
limit for Yb in La was found to be less than 15% while the
limit for Yb in Ce was estimated to be less than 5%. In
contrast td the influenée of valence in these systems, B. Jo.
Beaudry* has found complete solid solubility in the Sc-Zr
system, where the valences are *3 and ¥4 respectively.

The change of unit cell volume with composition for the
various alloy systems in this study is shown in Figure 12. A
slight positive deviation from a Vegard's law relation was

noted for each of the alloy systems studied. The significance

*Beaudry, B. J., Ames Laboratory, United States Atomic
Energy Commission, Ames, Iowa. Information on the phase
equilibria in the Sc-Y and Sc-Zr alloy systems. Private
communication. 1961.
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of this is doubtful, because as pointed out by J. M. Sivertsen
and M. E. Nicholson (1961), almost all metal solid solutions
exhibit some type of deviation from Vegaid's law. The
behavior of the c¢/a ratio is more interesting, especially
when compared to the change of c/a ratio across the heavy
rare earth series as in Figure 11l. The curve for the metals
is observed to decrease from Gd to a minimum value at Ho and
Er and then to increase again for Tm and Lu. A curve of
similar shape is observed for the variation of c¢/a ratio
with composition for the Gd-Lu and Tb-Lu systems. If one
draws a line between the Gd and Er points on the graph for
the metals, énd expands the scale to match the composition
axis for the alloy graphs, a less pronounced minimum would be
observed. This coincides with the much smaller minimum seen
in the variation of c¢/a ratio with composition in the Gd-Er
system. A somewhat similar correlation between the spin
disorder resistivities of alloys made up to a given average
spin value, and metals of the same spin value, was noted in
the resistivity measurements and is discussed in the next
section.

Resistivity measurements are also capable of giving
information about the phase equilibria in alloy systems.
A. N. Gerritsen (1956) has summarized the characteristic
behavior of the resistivity as a function of composition in

various types of alloy systems. In general the resistivity
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varies iinearly across a two phase region, shows maxima at
compounds, and curves across both primary and intermediate
solid sclution regions. As shown in Figures 23 and 24, the
residual resistivities of the alloy systems investigated in
this study show the inverted parabola behavior characteristic

of complete solid solubility.

B. Evidence of Conduction Electron -~

Magnetic Ion Interaction

The existence of an exchange interaction between the
conduction electrons and the unpaired electrons in the 4f
shell, henceforth to be called the s-f interaction, was well
recognized before the present investigation was begun. The
influence of the s-f interaction on the magnetic and
electrical properties of the metals and on the super-
conducting transition temperatufé of lanthanum alloys was
previously considered in Part IV.

The existence of another manifestation of this s-f
interaction in rare earth alloys, namely an additional
contribution to the residual resistivity due to random
distribution of magnetic ions in the alloy lattice, and the
relation of its magnitude to the spin of the magnetic
component or components in the alloy, has been demonstrated

Ay

in this study. The scattering of the conduction electrons to
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give this additional contribution is éimilar to the mechanism
responsible for the spin disorder resistivity in metals, and
in fact its existence had been predicted, and seﬁeral
anomalous resistivities in transition metal compounds had
been explained on this basis. The utilization of the unique
materials available in the rare earth series, however, permits
one to characterize this effect in much greater detail and
evaluate the magnitude of the effect in comparison to the

effects of a simple atomic disorder in solid solution alloys.

l. Experiments on dllute alloys

The most definitive experiment performed was the
observation of the influence of various rare earth solutes on
the residual resistivity of dilute alloys of lutetium. This
experiment was of interest in two respects; defining the spin
dependence of the s-f interaction and evaluating the exchange
integral,

Although several theories have shown that the spin
dependence of s-f interactions should vary as (g-l)zJ(J+l),
experimental verification of this prediction was lacking.
Slight differences in the electronic structure of the
conduction band and the magnetic ordering structure lead to
scatter in the results when one attempts to compare the data
for the rare earth series to a (g-l)zJ(J+l) relation. The
scatter in the results of the supercondﬁcting transition

temperature experiments is more difficult to explain; perhaps
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" a mixture of the allotropic modifications of lanthanum was
present in the samples. A comparison of the results from
these experiments with the de Gennes relation is shown in
Figure 28, while the data from the present experiment is
compared with both the S(S*1) and the de Gennes relation in
Figure 29. The advantage of examining a system where the
effect of the s-f interaction can be observed without grossly
pertﬁrbing the electronic structure of the system is
immediately obviouse.

T. Kasuya (1959) in his study of the effects of
exchange interactions on the transport properties of metals
and alloys predicted that the increase in resistivity in a
dilute alloy above that of the solvent metal should be

described by the expression

;W?F{A (0) + (g-1)% j(3+2) 7%(0)}

where { is the Fermi energy, Nj/N the mole fraction of the
solute, h Planck's constant/2w, e the electronic charge of
the electron, m the electron mass, A2(0) a constant
representing all interactions other than the exchange
interactions JZ(O), j the total angular momentum gquantum
number, and g the Lande g factor. A plot of the increase

in resistivity for one atom percent solute over that of the
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lutetium solvent vs. (g-1)2 J)J+1) is shown in Figure 29.

The intercept of tﬁe line with thé registivity axis gives

4%(0), and 32(0) can be evaluated from the slope of the line.
An estimate of the Fermi energy at 0°K. can be obtained

from free electron theory as shown by A. J. Dekker (1958)

from the relation,

2
= hE (m)/j ’
F  2m ‘8w

where n is the number of free electrons per unit volume, m
the electron mass, and h the Planck constant. Assuming
lutetium has three free electrons, one finds a Fermi eﬁergy
of 7.87 ev. Substitution of Ep for [ in Kasuya's equation
gives a value of 1.12 ev. for A(0) and .45 ev. for the
exchange integral J(0). If one considers the ratio of ‘
'(g-l)z §(5%1) J2(0)/A%(0) for gadolinium, a ratio of about
2.5/1 is obtained, indicating the magnitude of the s-f
interaction in comparison to the coulombic interactions.

A similar equation for the spin disorder resistivity
evaluated at its constant value above the ordering

temperature,

= 37,70 . [(z-1)2 j(5%1) J2(0)

yields a value of 0.32 ev. for the exchange integral. The
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slightly higher value observed for the dilute alloy
experiments may be relatéd to the fact that maghetic
measurements of alloys invariably yield a higher magnetic
moment per magnetic atom than in the pure metal. This has
been attributed to a polarization of the conduction electrons
by the magnetic ions, cf. L. F. Bates and M. M. Newmann (1958)
and W. C. Thoburn gi al. (1958).

It is of interest to examine these results for dilute
rare earth alloys in relation to the existing concepts of the
resistivity behavior of dilute alloys, cf. J. M. Ziman
(1960a). Linde's rule states that p = a + b Zz, where p is
the increase of resistivity due to alloying, a is a constant
varying with the row in the periodic table, b is another
constant varying with the column in the table, and Z is the
difference in valence between solute and solvent. Most
studies of this type have been on transition metals using
one of the noble metals as a solvent. Linde's rule is found
to be valid for elements to the right of the noble metals but
shows deviations to the left of the noble metals in the
periodic table where there is uncertainty as to the valence
of the various transition metals. For a series such as the
heavy rare earths from Gd to Lu, Linde's rule would predict
that each member of the series would increase the resistivity
by the same émount, the Az(o) term in Kasuya's equation. The

dependence of the constant "a®” upon the row in the periodic
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table is shown in this experiment by the fact that the point
for yttrium in Figure 29 falls above the intercept of the
line through the other points. Linde's rule makes no
provision for the additional contribution to the resistivity
from the s-f interactions for the rare earth series, and a
similar s-d interaction should explain the anomalous values
for some of the transition metal experiments, especially for

manganese.

2. Yariation of resistivity snd ordering temperature with
 composition

The variation of the residual resistivity with composi-
tion in concentrated alloys was observed to follow Nordheim's
rule quite well, thus justifying the assumptions that the
sizes, crystal structure‘and electronic structure are similar
for both components of the systems examined. The émall
deviations from symmetry observed (a shift of the maximum
in the Gd-Er system by 5%) are attributed to subtle differ-
ences in the electronic structure of Gd and Er. This effect
can also be seen from the differences in the temperature
coefficients of resistivity.

The residual resistivity of the alloys studied in this
investigation differed from the type for which Nordheim's
rule was formulated, in that the composition depehdent part
of the residual resistivity was composed of two parts, PAE
and pAS’ the electrostatic deviations in the alloy and the



114

“magnetic spin" deviations. Since the sum of the two
contributions is observed to follow a parabolic curve, and
the conditions for p,p to follow Nordheim's rule are better
satisfied than in most solid solution alloys to which it has
been applied, it would appear that the assumption of a
similar behavior of PAS is warranted. The conditions under
which the parabolic behavior is followed, however, is limited
to the low temperature region, for deviations begin to appear
when the effects of pg become measurable.

The variation of the highest magnetic ordering temperature
(magnetic-paramagnetic) has been shown to vary approximately
lihearly with composition in the alloy systems in Figure 26.
Thislbehavior is similar to that observed by W. C. Thoburn
et al. (1958) in their study of the magnetic properties of
the Gd-Y system. The rather abrupt change from positive
deviations from a linear behavior to negative deviations
across the Gd-Er system is indicative of a change from
ferromagnetic to antiferrdmagnetic ordering at about 50%
composition.

Thoburn's results showed an interesting variation of
the magnetic properties with composition which closely
paralleled the change of magnetic properties across the rare
earth series from Gd to Lu. This suggested the possibility
that the type of magnetic ordering, the magnitude of the spin

disorder resistivity, and the ordering temperature were
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determined by S (or an average S for alloys), rather than
being characteristic properties of a given metal. As many
alloys as possible were made up with average spins
corresponding te 20% Gd-Lu, 40% Gd-Lu, 57% Gd-Lu (also the
spin of Ho), and 80% Gd-Lu so that a comparison of these
properties could be made for alloys of the same average spin.
It has since become evident that spin-orbit coupling must be
taken into account and the actual spin dependence is
determined by (g-l)2 J(J*+1), so a direct comparison between
these alloys was not possible.

This investigation has shown that although both the
ordering temperature and spin disorder resistivity indicate
the magnitude of the s-f interaction, both are affected by
small differences in the metals which cause deviations from
the predicted correlation with the de Gennes relation, and
these differences do not affect them in the same way. An
1l1lustration of this point is shown in Figure 30 where 6, the
highest ordering temperature, is plotted against Pgs the spin
disorder resistivity, for the values of these quantities for
the heavy rare earth metals. The values of Py determined for
the alloys, and the values for the metals, are shown in
Figure 31 as a function of (g-1)? J(J+1). The agreement for
the alloys 1s seen to be about the same as for the metals
except for Gd and the Gd-Lu alloys. H. E. Nigh has recently
compared the results of studies of the resistivity of single
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Figure 30. Paramagnetic Curie temperature
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for the metals Gd to Lu
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crystals with the de Gennes relation* and finds that an
evaluation of p_ from the "a" axis data fits a straight line
except for gadolinium.

There are several possible explanations why the point
for gadolinium is less than the expected value. B. R. Coles
(1958) pointed out the similarity between the pg curve and
the magnetic entropy curve for erbium; both rise sharply
to the upper magnetic ordering temperature and then level
off when the magnetic disorder is complete. M. Griffel et
al. (1954) observed that the magnetic entropy of gadolinium
d1d not attain its theoretical value of Spag = B 1n(2J+1)
at 355°K. Such behavior is indicative of the existence of
short range order above the Curie temperature. Since the
resistivity measurements covered approximately the same
temperature range, the low values of Ps might arise from the
same source. However, the ps values for the Gd-Lu alloys are
also observed to be less than expected, and measurements on
them were made well above the Curie temperatures. Another |
obvious difference between gadolinium and the other heavy
rare earths is the ferromagnetic ordering at the upper

trangsition temperature, and the absence of a ferromagnetic-

*Nigh, H. E., Physics Department, Iowa State University
of Science and Technology, Ames, Iowa. Information concerning
the agreement of the spin disorder resistivities of single
crgstals with the de Gennes relation. Private communication.
1961.
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- antiferromagnetic transition at lower temperatures.

There do not appear to be any changes in slope in the
resistivity-temperéture curves for the Gd-Lu alloys below
the paramagnetic region. Such anomalies were observed in
two Gd-Er alloys and one of the Tbh-Lu alloys, and are
believed to be caused by ferromagnetic-antiferromagnetic
transitions similar to the type observed in the metals. In
conclusion, there appears to be a definite correlation between
the average spin of an alloy and its spin disorder resistiv-
ity, but the magnitude of the s-f interaction is influenced
by several unknown factors which do not permit quantitative

comparisons.

3. Iemperature devendence of Lthe resistivity and magnetic
ordering

I. Mannari (1959), as well as several others, has
considered the temperature dependence of the resistivity of
ferromagnetic and antiferromagnetic rare earth metals using
a spin wave model to describe the perturbations of the spins
from a state of alignment at low temperatures. He concluded

2 temperature

that a ferromagnetic metal should follow a T
dependence for the spin disorder part of the resistivity.
The determination of the temperature dependence of the total
resistivity at low temperatures was shown in Figures 17 to
19. The results for Gd, Tb, Dy, Ho, and Er, which are

ferromagnetic at low temperatures, were approximately T3 in
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their behavior, while Tm which is antiferromagnetic at low
temperatures showed a T4‘5 behavior.

The total resistivity at low temperatures (less than
about 20°K.) includes a contribution from thermal vibrations
of the lattice which the Bloch-Grllneisen relation predicts
should show a T5 dependence. The total resistivity should
then be of the form p = aT2 + pTJ for a ferromagnet, and
p = aT® + v15 for an antiferromagnet. Thus a plot of
p/T? ys. T3 should give a straight line in the region where
this relation holds for a ferromagnet, and o/T™ vs. T should
give a straight line for the antiferromagnetic case. The
results of such piots are shown in Figure 32 for Gd, Tb and
Dy and in Figure 33 for thulium. The results are seen to be
in accord with theory over the range 10-20°K., although a
comparison of the “a“ constants is probably not meaningful
because the estimate of the residual resistivity required to
determine p is not sufficiently accurate. The results for Ho
and Er are not shown because magnetic transitions in this

temperature range limit the applicable data.

C. Behavior of Rare Earth Metals
and Alloys in Comparison to Transition Metals and Alloys

The effects of the s-f interaction were shown to cause

several effects unique to the rare earth elements in the
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preceding section, but the study of the rare earths is also
of interest in regard to information they might contribute
which would lead to a better understanding of the transition

metals and the metallic state in general.

1. Ihe proposal of Mott and Stevens
One such application is the proposal by Mott and Stevens

discussed in Part IV. To summarize briefly, they proposed
that the fundamental difference between the band model of a
ferromagnet and the localized electron model should be
reflected in the behavior of the resistivity in the
neighborhood of the Curie temperature. Specifically, a
comparison of the reduced resistivity - reduced temperature
curves for a ferromagnetic metal, and an alloy of this metal
with a paramagnetic metal of similar electronic structure,
should yleld superimposed curves for the localized electron
model and diverging curves above the Curie temperature

for thé band model. The work of A. I. Schindler ef gl.
(1956, 1957) on Ni and Ni-Pd alloys provides an example of
the band model behavior. A confirmation of the predicted
behavior for a localized electron model was provided in this
work by a comparison of Gd and an 80% Gd-Lu alloy as shown in
Figure 34. The slight deviation of the curves above the
Curle temperature is attributed to small differences in the

electronic structure of Gd and Lu.
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2. Ihe Ziman B parameter
- Je M. Ziman (1960a, 1960b, 1961) has been active in

furthering the'use of the “ordinary" transport properties
(electrical conductivity, thermal conductivity, thermo-
electric power, and Hall coefficient) in interpreting the
electronic structure of metals. Admittedly, these properties
are not capable of resolving the intricate geometry of the
Fermi surface, as are the De Haas - van Alphen effect,
cyclotron resonance, anomalous skin effect, etc. However,
they are capable of showing some of the major effects of the
Fermi surface, and can be observed under more easily
obtainable conditions of temperature, magnetic fields and
sample purity as well as on alloys. For these reasons Ziman
advocates a comprehensive study of the transport properties
to better define the complicated interactions between
electrons, phonons, and imperfections which govern the
transport properties. The lack of a complete understanding
of these processes at present limits the quantitative
interpretation of the transport propertieslto the alkali
metals at best.

To utilize the store of knowledge accumulated on the
electrical properties of metals Ziman relates a parameter R
to the area of the Fermi surface. This parameter is ‘
basically the inverse of the ¢/M82 parameter suggested by

Mott and Jones, but has been modified to relate more directly
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to the area of the Fermi surface; the derivation of the

equations is shown by J. M. Ziman (1960a). The final result

gives
2 2
5.04 e M k8% Me
= =33 = 8.125 x 107 [——p]
TTh N, DT DT

where e 1s the charge of an electron, M the molecular weight,
k the Boltzmann constant, 8 the Debye temperature, p the
resistivity from phonon scattering, B the Planck constant/2 =,
T the temperature, N, Avagadroes number, and D the Debye
radius given by (6 -rr2N)1/3 = 3,90 n/3 where N is the number
of atoms per unit volume (density+N,/M). The values of R
shown in Table 11 are those glven by Ziman with the following
exceptions: Mn, which was corrected for a spin disorder of
112 micro ohm-cm; V, Re, and Hf for which G. K. White and

S. B. Woods (1958) gi#e data for purer samples; and the rare
earths which were calculated from the data of R. V. Colvin
et al. (1960), J. K. Alstad gt al. (196la, 1961b) and M. A.
Curry et al. (1960). The resistivities for the rare earths
were evaluated at 300°K. after correction for residual
resistivity and spin disorder resistivities. The values of
8p used were taken from the compilation by XK. A. Gschneidner
(1961) except for scandium which was estimated with the
Lindemann melting point formula 8p = B TM% a=5/6 Dol/3 where

B is an empiricel constant equal to 120, Ty is the melting
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Table 11. Values of the parameter R for the metals
Group
I II IIT Iv \'f
Ii 1'.62 Be 3.76 Al 1.98 Sn 7.12 As 21,1
Na 1.0 Mg 2.36 Pb 7.12 Sb 38.0
K 2.08 Ca 2.30 Ga 2.12 Bi 82.0
B 1. 61 Sr 1l. 3 In . 26
Cs 2.78 Ba 27.0 Tl 5.76
Cu 1.67 Zn  3.94
Au 20.?3 Hg 7066
iransition metals
Ti 31.1 Zr 58.3 Hf 48.7
vV 28.3 Nb 27. Ta 28.1
Cr 22.8 Mo 13.1 W 17.5
Mn 56.3 TC == Re 47.8
Fe 1803 Ru 2300 Os 1907
CO 1006 Rh 110}"’ Ir 17‘2
Ni 11.4 Pd 15.4 Pt 20.0
dare earth metals
Sc 52 Sm 37.4 Er 55.1°
Y 53.6 Eu 14 Tm 49.8
La 30.9 G4 21.0 Yb 9.6
Ce 36.2 Tb 21.0 Lu 54.8
Pr 2306 Dy 2707
Na 24.8 Ho 39.2

point, A the atomic weight, and D the density; the value

obtained for scandium was 3089K.

this method of estimating 8 is indicated by the value of

201°K. obtained for yttrium compared to the value of 218°K.

A check of the accuracy of
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from specific heat measurements.

The periodic nature of the R parameter is apparent in
Figure 35. Varlations within the rare earth group are rather
larger than one might expect, but as will be shown later, |
for large values of R, the parameter is very sensitive to
slight variations in the electronic structure. The divalence
of Eu and Yb gives lower values of R than the trivalent metals
and the effect of crystal structure on the Ce and Sm values
is also noticeable. The iarge variation within the heavy
rare earth group is not so easily explained, but it does
faithfully reproduce the observed differences in the
temperature coefficient of resis%ivity in the paramagnetic
region (R is easily seen to be proportional to 4 p/d T).
There ié a correlation between R and the ¢/a ratio, for R
increases as c/a decreases from Gd to Er, and then R
decreases as c/a increases for thulium. Lutetiﬁm, however,
does not fol;ow’this trend. The above interpretation is
dependent upon the validity of the assumption that the c/a
ratio affects the number of electrons overlapping the zone
boundary in the c direction.

The free electron model provides a good approximation to
the behavior of the alkali metals and noble metals. A. V.
Gold (1958), for example, showed that the free electron model
qualitatively explained the De Haas - van Alphen data for

lead. The parameter R is also based upon a free electron



Figure 35. Ziman R parameter for the metallic elements
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model and is prop&rtional to the quantity Néz/B (Sfree/S)z’
where Né is the number of conduction electrons per atom,
S is the area of the Fermi surface, and Sfreelis the area of
a spherical Fermi surface calculated from the free electron
model (Sepee = 1205 x 102 n2/3 where n is the number of
conduction electrons per unit volume). The equality of the
relation holds quite well for the third perliod elements Na,
Mg, and Al, but deviations grow increasingly greater as one
considers higher or lower periods. J. M. Zimen (1960b) has
shown that the deviations in the group IA and IB elements are
related to the anisotropies of the Fermi surface which have
been directly observed in Fermi surface measurements on these
elements. Anisotropy of the Fermi surface reduces the
electron velocity in certain directions which decreases the
conductivity, increases the effective potential for écéttering
by phonons, and also increases the scattering contribution
from “umklapp® processes. Another factor which would decrease
the Fermi surface area (or increase R) is the reduction of
area when the Fermi surface touches the Brillouin zone
boundary, since Fermi surface areas touching a zone boundary
do not contribute to conduction.

Considering the above factors which affect the
’interpretation of the results, if is obvious that the
following tabulation of the ratio S/Sp..e and the

corresponding values of the effective number of carriers,
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Negg,s» must be regardéd only as a quaiitative interpretation.
In defense of the calculations, it would seem that any
deviations would affect the rare earths in the same way and.
differences among the members of the series certainly reflect
facts which must be explained in any future theories. In
addition, a proportionality constant can be added to the R
equation after the Ferml surface of one of the members has
been studied, which should allow one to predict the behavior
of the remainder of the series.

A perusal of the table shows that although there are
large differences in the parameter R, these actually
correspond to rather small differences in the Fermi surface
area and effective number of carriers. The sensitivity of
the eleétrical properties of the rare earth metals to impurity
content is also easily explained on the basis of these
calculations.

An independent check of the validity of thesge
speculations is afforded by the measurements of the
electronic specific heats of La, Y and Iu by L. D. Jepnings
et al. (1960). The value of this quantity for lutetium was
found to be 95 x 10~¥ joules/mole deg.z. This can be used
to find the density of states,

N(Ep) = 3v/ v%k%V, = 1.592 x 109t y/v,

where vy 1s the electronic specific heat, k the Boltzmann
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Table 12. Electronic structure parameters for rare earth

metals
Element Crystal R S/s N

structure free eff.
La hex. 30.9 259 40
Ce ' fcc 3602 0239 025
Pr hex., 23.6 <297 49
Nd hex. 24.8 «289 A7
Sm rhombe. 37 ol o 235 . 34
Eu bee - 14 <34 o4
Gd hep. 21.0 « 314 «53
Tb hepe 21.0 <314 .53
Dy hep. 27.7 274 43
Ho hcpe 39.2 «230 33
Er hcp. 55.1 019)-" 26
Tm hep. 49,8 « 204 « 28
Yb fce 9.6 1407 052
Lu hepe. 548 «195 «26
Y hcp. 5306 «197 e 26
Cat fce 2.30 .83 1.52
Al* fce 1.98 1.01 3.04

*Included as examples of metals with valences similar
to one or more of the rare earths.

constant, and VA the atomic volume. A comparison with the

N(Ep) calculated from a free electron model,
N(Ep) = 2.55 x 102651/3

where n is the number of conduction electrons per unit
volume, gives the effective mass parameter, or an effective

number of carriers. The calculations for lutetium give:s
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ESEEEL 852 x 1033 R o 3
NEp)gae, 125 %207 m Nerrt.
Nepr, = b4

This gives agfeement with the .26 carrier obtained from
conductivity data which is really quite good considering the
assumptions used in the calculations. Corresponding
calculations for La and Y yield values of N p. of 47 and

«51 respectively.

3. Iemperature dependence of resistivity at low temperatures
While the resistivities of most metals follow a linear

temperature dependence for temperatures greater than the
Debye temperature, in accordance with the predictions of the
Bloch-Grllneisen relation, the low temperature behavior shows
much more variation from the predicted T2 behavior. This is
especially true of the transition elements, as shown by the
‘excellent work of G. K. White and S. B. Woods (1959), who
found temperature dependences ranging from T2 to 7o for
various elements of the transition series as shown in Téble
13. They pointed out that there is an apparent correlation
between a T2 temperature dependence, attributed to electron-
electron interactions, and large values of the electronic
specific heat.

The temperature dependence of the rare earth metals Y,
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Table 13. Exponent of T in low temperature resistivities of
transition metals

Period 4 Period 5 P
Element n Element n Element n
Ti 5.3 (15°K)2  2r 4.5 (139K)%  Hf 4.7 (109K)2
v 3.4 (120K) Nb 2.7 (129K) Ta 3.8 ( 89K)
Cr 3.2 (159K) Mo 5.1 (200K) W 4.0 (200K)
Mn 200 Te - - Re 406 (lOOK)
Fe 3.3 (20°K) Bu 4.7 (259K) Os he7 (259K)
Co 3.3 (159K) Rh 4.6 (200K) Ir . 4.7 (129%)
Ni 3.1 (159K) Pa. 3.2 (10°K) Pt 3.7 (10°9K)
Cu 5.1 (100K) Ag L.7 (10°K) Au 5.1 (109K)

@The number in parentheses indicates the lowest
- temperature at which the exponent n is observed.

Lu, and Yb should yield additional information about the low
temperature conductivity for the elements at the beginning of
the transition series. As previously discussed, the part of
the resistivity due to thermal vibrations is only part of the
total resistivity for those metals which exhibit magnetic
ordering at low temperatures. The results of the temperature
dependence determinations for Lu, Y, and Yb were shown to be
T2’6, T3‘1, and T2’0 respectively, which is charactegistic of
transition metal behavior and indicative of a possible
electron-electron interaction such as suggested by White and
WOOde The total resistivity for such behavior would be
composed of two terms, p = a' T2 + T, This is similar to

the formula for the ferromagnetic metals but the constant



135

'a'ﬁ should be smaller than the "a" in that equation. A plot
of this equation for Y and Lu is shown in Figure’36. The
‘results are somewhat surprising in that the intercept for the
lutetium data indicates a T° contribution of the same
magnitude as that found for the ferromagnetic metals and a
rather small P> contribution for both yttrium and lutetium.
As previously emphasized however, the "a" constant is very
sensitive to the vaiue chosen for the residual resistivity
and might easily be in error by 5 units. The yttrium data

is more consistent with the expected behavior in the range
10-20°K, and in addition has more points in the temperature
range of interest. The low temperature "tail® below 10°K.

is highly unusual and if it is real would indicate a minimum
in the bT> part of the resistivity.

Ytterbium is unusual, in that it shows a 72 dependence
over a wide temperature range. Unfortunately no data were
found for the low temperature dependence of other divalent
metals, such as Ca, Sr, or Ba, so it was not possible to
determine if this type of behavior is characteristic of a

divalent metal.
D. Suggestions for Further Work

There are several interesting problems which this study

has suggested, ranging from some aspects of alloying theory
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to a better understanding of the conduction processes in
metals. Several alloy systems might profitably be studied
by the techniques used in this investigation. The
intermediate phase found in binary systems between light
and heavy rare earths has been found to form at a
characteristic c¢/a ratio intermediate to the two sub-
groups. The sensitivity of the conductivity to the change
in c¢/a ratio in the heavy rare earth group indicates that
this would be a useful tool in investigating this phase.
Another alloy system of interest is the Sc-Zr system
between a trivalent and guadrivalent metal. The deviations
from Nordheim's rule in this system should be pronounced
and such a study might also pfovide information about how
the electronic structure changes at the beginning of the
transition series.

The study of dilute alloys using light rare earth
elements for solutes might also be examined to determine
the validity of de Gennes relation for these elementse.
Another phase of dilute alloys which might be investigated
1s the existence of magnetic ordering at low temperatures.‘
R. A. Hein gt gl. (1959), for example, found dilute alloys
of gadolinium disolved in lanthanum to have Curie
temperatures ranging from 1°K. for 1 atom percent gadolinium
to 3°K. for 5 atom percent gadolinium. Still another aspect
of dilute alloys of interest is the possibility of the
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existence of giant thermopowers in dilute rare earth
alloys similar to those found in dilute alloys of iron

dissolved in copper.
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VII. SUMMARY

The examination of the electrical resistivity at low
temperatures in several rare earth solid solution alloy
systems has led to a better understanding of the conduction
processes in rare earth metals and alloys. As the first
such investigation on rare earth alloys it has ylelded
information about the variation of the resistivity with
composition; information which is enhanced in value if one
regards the behavior of these systems to be characteristic
of the localized electron model of a magnetic metal. The
properties of such metals are known to be influenced by the
s-f exchange interaction and hence the characterization of
the change of these properties with dilution of the magnetic
metal was of interest. The electrical resistivity was
admittedly a complex property to examine and inﬁerpret
because of the many factors which influence it, but the use
of metals with similar electronic structures and lattices
permitted one to effect a more meaningful separation of
these factors than is often possible. |

In addition to the benefits cited above, which were
largely envisioned before the investigation was begun, a
different manifestation of the s-f exchange interaction was
observed as an additional contribution to the residual

resistivity of the magnetic alloys. This effect was
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attributed to the random distribution of magnetic atoms in
the alloy lattice and the attendent introduction of an
additional scattering mechanism. The spin dependence of
thls effect was characterized in a series of dilute alloys
of lutetium which provided the first experimental confirma-
tion of the predicted spin dependence for the s-f exchange
interaction. The exchange integral was evaluated using an
estimate of the Fermi energy calculated from a free electron
model, and was found to be 0.45 ev,

A qualitative comparison of the ™normal® temperature
dependent portion of the resistivities of the heavy rare
earth metals (after correction for the spin disorder
scattering, imperfection scattering, and differences in
elastic constants) showed a correlation with the c¢/a ratio
of the metals, and yielded a value of approximately 0.5
effective carriers per atom; a value which compares
favorably with the observed electronic specific heat data
and the free electron model of the Fermi surface proposed

for the rare earths.
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X. APPENDIX

The data from the resistivity-temperature measurements
on the alloys examined in this investigation are tabulated
in the appendix. The resistivity values are recorded to
two decimal places for convenience in determihing relative
changes in the resistivity but the absolute accuracy is an

order of magnitude less.
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Table 14. BResistivity-temperature data for 20.0% Gd-Lu

Reslistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. OK.
56.04 4.2 79.82 92.7
55.98 L,6 8055 9645
55.04 5.0 81.25 100.7
55.98 6.6 81.91 104.3
56.11 7.8 82.81 108.4
56411 8.4 83.26 111.6
56.27 9.8 82.83 115.8
56454 11l.4 8L.65 120.2
56477 132 85.29 124.8
57.37 16.1 86.05 129.9
5773 18.0 86.87 134.9
5797 19.2 87.64 140.3
58.26 20.8 88.40 145.4
59.49 2542 89.99 156.1
60.28 274 90.89 161.7
61.21 29.6 91.65 167.2
62,20 32.3 92.44 172.8
64429 37.0 93.30 179.2
66.83 43.9 94.13 184.5
67+93 47.1 95.46 194 .4
69.02 50.0 96.51 202.0
70.18 52.9 97.58 209.4
71.34 5642 98.57 21647
73.39 63.8 99.66 224.9
74.29 66.8 101.02 235.1
74.92 69.1 101.81 241.1
75439 713 103.50 253.4
75.74 73.2 104.47 261.0
76.28 75.4 105.89 272.4
76.81 77 .4 106.82 279.1
7774 81.3 107.87 187.7
78.24 84.0 109.20 298.1
78456 86.1 110.09 305.9
79.23 89.0 111.65 317.7
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Table 15. Resistivity-temperature data for 40.2% Gd-Lu

Resistivity Temperature Resistivity Temperature

micro ohm-cm. OK. micro ohm-cm. OK.
79.76 4L 104.17 88.7
79.73 4.6 104.42 90.8
7956 5.l 104.92 92.3
79.60 5.6 105.71 9549
79.56 6.2 106.30 98.7
79.66 6.9 107.02 101.6
79.66 7.9 107.81 104.6
79.69 9.0 108.46 107.5
79.73 11.0 109.74 112.8
79.90 12.3 110.07 115.5
80.59 17.0 110.23 1175
81.07 19.2 110.76 120.6
81.53 21 .4 111.19 124.2
81.89 23.0 111.67 . 128.4
82.26 25.0 112.46 134.3
82.92 2649 112.95 139.3
85.1 33.1 113.58 144,.8
86.78 37.0 113.94 148.4
87.99 40.9 114.39 152.5
89,21 43.6 114.70 156.8
90.13 6.5 115.05 160.8
91.31 49.6 115.42  164.9
92.42 52.8 116.11 171.0
93.24 5540 116.62 176.8
93.90 57.1 117.15 182.3
94.39 59.3 117.55 187.9
95457 61.8 118.24 193.8
96.06 63.9 118.63 199.8
97.28 67.2 119.12 205.0
98.43 70.5 119.81 210.2
100.95 78.1 121.16 22243
101.94 81.8 121.64 228.4
102.55 83.7 122.17 234.0
103.32 86.4 122,82 239.7
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Table 15. (Continued)

Resistivity Temperature
micro ohm-cm. OK.
123.48 246.0
124,01 251.4
124.53 257.2
124.79 261.2
125.42 26649
126,04 272.9
126.76 278.9
127.52 _ 284.7
127.84 29047
128.47 296.7
129.03 302.3
129.62 308.8
130.27 315.4

130.89 322.0
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Table 16. Resistivity-temperature data for 57.3% Gd-Lu

Resistivity Temperature Resistivity Temperature

micro ohm-cm. oK. micro ohm-cm. oK.
81.94 4,2 10513 80.0
81.91 4.3 105453 81.6
81.83 4e7 106.25 82.0
81.79 5.0 106.85 84.6
81l.75 53 107.71 86.9
8l.75 5.6 108.57 89.0
81l.72 6.6 108.98 90.3
81.75 7.6 109.58 92.0
81.68 8.8 110.34 94,2
81.86 10.5 110.67 9643
81.91 11.4 111.73 98.7
82.02 13.0 112.43 100.8
82.17 13.8 113.00 102.5
82.32 15.5 113.78 104.8
82.54 17.8 114.46 107.1
83433 21.6 115.21 109.2
83.60 23.2 116.11 112.7
84.08 2542 117.38 116.5
84.65 27.0 118.25 119.4
85051 29.6 119.08 122.3
85.84 31.0 120,40 - 126.6
86459 32.7 121.10 129.3
87.83 36.0 121.74 131.7
89.74 L41.0 122.71 134.9
91.06 Ly.6 123.23 137.4
92.48 48.1 123.69 139.7
93.87 513 125 .44 142.8
94 .40 52.8 125.15 146.8
95.71 55.9 126.01 150.2
96.87 58.4 126495 15445
98.60 62.4 127.74 159.4
99.91 65.8 128.34 163.4
100.89 68.4 128.82 166.4
102.58 72.9 129.02 168.6
104.11 76.4 129.28 171.6
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Table 16 (Continued)

Resistivity Temperature
micro ohm-cm. oK. -
129.35 173.5
129.65 176.1
129.76 179.1
130.21 182.1
130.31 , 184.0
130.44 187.2
130.67 190.6
131.00 194.4
131.15 199.4
131.45 20342
131.75 207.2
131.94 211.2
132.12 213.8
132.65 . 217.1
132.80 220.9
132.99 224 .3
133.18 227.7
133.66 . 2314
133.88 236.5
134.34 24] .2
134.60 246.
135.62 258.2
136.06 264.9
136.78 270.8
137.22 27647
137.57 281.9
138.05 287.8
138.43 293.4
139.10 301.2
139.70 309.9
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Table 17. Resistivity-temperature data for 80.2% Gd-Lu

Resistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. OK.
50432 L.2 88484 107.7
50430 L4 91.60 114.0
50.31 5¢3 9354 118.5
50430 6.0 95.59 1233
50.33 6.7 97.84 128.7
50456 8elk 98.94 131.3
50.53 11.7 -102.,10 138.9
51.01 16.6 104.93 14640
51.60 20.3 106.59 150.0
52.14 2342 110.92 161.2
52.41 24,5 114.20 169.6
53.31 30.6 116.62 176.5
54431 30.6 119.33 184.4
5445 31.3 122.13 192.9
54.93 32.4 124,27 199.8
55.82 3542 126.47 2073
57.49 39.3 128.09 213.1
59.12 43,2 129.75 219.1
60.64 L6.7 131.17 224.7
61.93 49.8 132.53 230.2
64.12 54.4 134.89 241.4
65.47 57-3 135.19 246.2
66.93 60.3 135.33 250.0
68.43 63.6 135.45 25340
690 6 09 1 3 2 608
58.83 68:3 132.23 520.6
73.85 7541 136.04 269.7
75470 79.2 136.13 274.0
7764 83.5 136.28 278.0
79.37 86.5 136.40 281.6
81.17 90.7 136.66 286.2
8325 9543 136.89 291.4
86415 101.8 137.13 29649
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Table 17. (Continued)

Resistivity Temperature
-micro ohm-cm. _ OK.
137.44 302.1
137.64 30643
137.92 311.0
138.20 316.6

138. 58 | 322.8
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Table 18. Resistivity-temperature data for 23.3% Tb-Lu

Resistivity Temperature Resistivity Temperature

micro ohm-~cm. oK. micro ohm-cm. oK.
42.88 4.2 62.49 2.7
42.66 5.8 64.09 96.6
L2.66 6.0 64.81 - 101.5
42.70 7.6 65.51 107.4
L2.77 8.8 66.66 114.6
43.05 10.4 67.64 121.9
43,12 12.6 68.76 129.9
43.64 16.2 69.90 137.0
Li.65 19.4 70.98 145.0
L5.46 24,3 72.20 153.4
4607“ 2805 73'49 161’9
48.65 33.8 784 169.3
50.15 37.8 7545 177.4
51.52 41.6 76.76 186.6
52.84 4s,6 77.98 195.9
54420 49,5 7920 204.8
55421 5245 80.42 214.5
56450 56.6 81.57 223.7
5750 60.0 82.83 233.2
58.30 62.6 84.15 243.2
58472 64.8 85.14 251.2
59.35 67.2 86.24 260.2
59.90 69.9 87.53 26949
60.36 7242 88.604 278.9
60.85 7.9 89.86 288.5
61 .4k 78.1 90.93 297.8
61.86 81.4 92.30 208.0
62.27 84.0
62.77 87.0
63.11 89.8
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Table 19. Resistivity-temperature data for 46.7% Tb-Lu

Resistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. oK.
68.53 4,2 103.20 115.9
68453 5.1 , 103.94 119.4
68.46 5.8 104.65 123.
68.39 6.7 105,00 126.
68.43 7.8 105.64 130.6
68.50 10.1 106.17 134.5
68.82 4.4 106.45 '138.1
69.59 17.5 - 106.81 141.9
70.20 20,1 107.16 145.7
70.97 23.5 107.59 149.0
72.02 27.1 108.15 ‘ 152.9
72.95 30.0 108.47 156.2
T4e33 33.8 108.86 159.7
75.43 3647 109.39 163.6
7731 41.6 109.89 167.3
78.26 Ly 4 110.20 170.8
79.32 46.1 110.70 175.3
80.56 5045 111.34 180.1
- 83.32 57.3 112.18 188.4
8h4.77 60.9 : 112,61 192.4
85.58 63.4 113.10 196.7
87.28 67.6 113.60 201.0
88.45 70.9 114.13 205.6
89.76 74.5 114.52 210.5
90.78 77 4 114.94 215.9
93.33 8.4 115.47 221.0
94.18 87.1 115.93 226.4
95.56 90.9 116.64 231.8
96.62 94.0 117.28 236.8
98.07 8.0 117.92 242,
99.06 181.8 113.28 247.8
100.30 105.1 119.05 253+5
101.32 109.0 119.68 259.5
102.32 112.4 120.36 265.
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Table 19. (Continued)

Resistivity Temperature
micro ohm-cm. . OK.
120.99 271.1
121.56 276.6
122.20 282.6
122.94 288.5
123.61 294.3

124.07 300.0
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Table 20. Resistivity~temperature data for 66.7% Tb-Lu

Resistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm=-cm. OK.
61.82 4,2 86.48 777
61.58 5.0 87.21 79.7
61.55 57 88.17 81.9
61.55 6.6 89.53 8542
61.55 77 90.66 88.0
61.55 9.0 91.93 91.1
61.61 10.8 93.12 94.0
61.75 12.9 94.35 97.1
62.28 16.6 95.91 100,7
62.81 19.5 97.44 103.46
63.11 21.0 98.27 106.5
63.71 23.7 99.61 109.8
65.27 28.5 102.39 116.9
65.91 30.2 103.79 - 12045
66.33 31.4 105.06 123.8
66.90 32.9 106.41 127.7
67.76 34.9 107.88 , 131.5
69.06 375 109.24 135.7
70.49 L0.9 110.43 139.6
71.75 43,7 111.60 143.6
74.08 4o.4 113.52 151.2
75.07 51.7 114.16 154.9
76.08 54.1 114.66 158.4
77460 57.6 115.05 162.0
78.76 60.3 115.23 165.7
79.63 62,0 115.23 169.2
80.13 634 115.39 173.1
81.12 65.6 115.62 177.2
82.36 68.2 115.82 181.1
83.22 70.1 116.12 185.0
84.51 735 116.35 188.7
85.42 75.6 116.68 193.0
86.21 775 117.12 197.4
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Table 20. (Continued)

Resistivity Temperature
micro ohm-cm. OK.
117.51 202.3
118.01 207.5
118.38 212.2
118.75 217.0
119.15 222.4
119.67 227.9
120.21 2333
120.78 239.2
121.33 245,1
122.03 25045
122.50 25644
123.14 262.3
123.66 267.4
124.29 2734
124,83 279.2
125.42 284.8
126.15 291.3
126.79 298.1
127.35 - 304.5
127.99 311.0

128.51 316.0
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Table 21. Resistivity-temperature data for 93.4% Tb-Lu

Registivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. oK.
20.38 L4y 53.70 90.7
20.18 5.2 55.61 L
20.11 6.8 57.74 98.3
20.15 8.3 59.42 101.6
20.18 9.4 61.55 105.5
20,22 11.2 63426 108.7
20.62 16.2 65.76 113.4
21.02 18.4 67.91 117.5
21.43 21.0 70.14 121.5
21.80 22.7 71.76 125.2
22.23 24,7 76.37 133.0
22.88 26.5 7759 135.4
23.38 28.3 8l.43 142.4
23.99 29.9 84.12 147.0
24,69 32.0 85490 150.2
250,67 34.3 90.05 157.7
27.42 38.1 95.0 166.8
28.66 L4o.9 98. 4. 172.7
30.08 43.9 100.02 175.7
31.64 47.3 103.73 181.4
33.25 50.6 110.19 189.7
34.30 52.9 113.36 195.8
35.81 559 116.46 202.1
37.09 5844 118.41 207.0
38.34 60.7 120.00 214.1
39.65 - 63.2 119.92 218.4
41.60 67.1 120.00 222.7
43.19 70.2 120.10 226.5
Ll .84 7365 120.23 230.2
46.65 77.1 120.50 235.3
47.00 775 120.74 238.6
48.41 80.4 120.90 2h1.8
50433 84,0 121.21 245.8
51.84 87.1 121.35 249.8
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Table 21. (Continued)

Besistivity Temperature
micro ohm-cm. oK.
121.61 252.6
122.05 25649
122.43 261.8
122.86 266.0
123.23 271.6
123.77 : 2772
124,31 281.7
124.84 286.6 .
125.15 290.4
125.92 298.6
126.36 303.5
126.90 309.4
127.14 314.7
128.22 322.1
Recheck

96.18 168.2
100.19 175.1
101.60 177.7
105.67 182.9
107.13 : 184.4
108.98 187.1
107.10 183.1
109.76 187.9
111.54 190.6
113.53 194.6
115.15 198.2
116.76 201.8
117.87 205.0
119.15 209.1

119.97 214.1
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Table 22. Resistivity-temperature data for 25.7% Gd-Er

Resistivity Temperature Besistivity Temperature
micro ohm=~cm. oK. micro ohm-cm. OK.
28.34 b5 81.60 123.8
28,34 5.2 82.6lL 127.9
28.38 6.1 83.22 131.2
28,42 7.9 83.56 134.0
28,65 9.9 83.79 136.6
29,23 13.2 84,06 139.8
29,97 16.2 8k4.52 144.0
31.15 19.7 84.99 147.4
31.80 21.8 85.33 150.9
32.92 24.8 85.79 1544
34.38 28.0 86.18 15645
36.07 31.3 86.64 160.7
37.65 34,7 87.45 165.3
39.92 4o.0 87.79 168.4
b0.95 2.5 88.25 171.8
k2,19 bs5.3 88.72 175.8
k3,57 48.2 89.14 179.1
Ls,49 51.8 89.83 183.5
47,57 55.9 90.48 187.6
4L9.11 58.6 91.18 193.7
51.11 62,1 91.83 198.5
53449 66.3 92.72 205.0
56.07 70.7 93.21 210.4
59.14 7545 94.10 216.4
62.45 79.9 94,83 222.6
62.83 80.5 95.60 228.3
64.68 83.5 96.48 234.0
66.60 86.9 97.10 240.0
69.72 92.8 97.94 24k4,9
71.41 96.8 98.64 250.6
73.76 102.0 99.37 25641
75.41 106.2 100.10 261.7
76.83 110.2 100.75 267.6
78495 115.3 101.59 27349

80.56 120.3 101.94 27643
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Table 22. (Continued)

Resistivity Temperature

micro ohm-cm. oK.
102.87 281.9
103.48 287.3
104.29 293.1
104.94 299.0

105.83 306.5
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Table 23. Resistivity-temperature data for 45.0% Gd-Er

Resistivity Temperature Resistivity Temperature
micro ohm-cm. oK. micro ohm-cmo. OX.
33.41 4os 90.72 131.0
33.29 5el4 92.61 135.1
33.72 644 94,50 139.0
33.84 75 97.93 144.1
33.60 9.5 101.05 148.5
32.80 11.2 103.14 152.7
34.12 12.9 10L.52 157.1
34.91 16.7 105435 160.5
35.34 18.5 105.94 163.4
36.96 23.7 106.57 166.6
8. 28,0 107.0 17042
go.fg 3242 107.2 174.0
43,31 39.7 107.40 179.0
4L6.38 L6.2 107.60 183.4
47.64 L9.4 107.87 188.3
48.99 5240 108.15 192.8
50,45 54,9 108.43 196.8
52.34 5845 108.86 202.3
54,86 63¢3 109.25 207.6
57.55 68.2 109.65 212.6
60.66 7349 110.20 217.8
63.30 79.2 110.79 223.4
65447 82.9 111.82 23343
68.91 89.0 112.29 238.0
70.72 92.5 112.76 243.2
72.69 96.1 113.32 248.6
74.31 99.2 113.87 25346
76452 103.2 114.38 259,2
78.81 .107.4 115.09 26541
80.30 111.0 115.64 271.0
82.83 114.9 116.04 276.3
84.96 119.1 116067 282.1
86.85 123.1 117.30 288.2
88.94 127.4 117.89 293.8
118.48 299.4

119.09 305.2
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Table 24. Resistivity-temperature data for 63.8% Gd-Er

Besistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. OK.
29.08 be2 73¢53 109.8
29.01 4.8 75.86 114.4
29.08 5.9 78.04 118.7
29,12 7.9 80.98 123.9
29.12 10.1 83.12 128.4
29.65 14.2 85.87 134.3
"30.27 17.6 88.16 139.3
30.72 20.0 90.57 144.6
31.22 22.0 92.82 149.5
32.10 25.1 95.08 154.7
32.67 27.0 9737 160.4
33.71 28.9 99.63 165.4
3443 32.0 101.92 171.1
35.65 35.1 104.02 176.7
37.03 38.2 106.16 182.4
38.56 41.9 108.34 188.4
39.63 b4 109.64 192.2
40.89 ' b7.2 110.90 110.9
42,65 50.8 111.97 199.4
LL.75 55.0 113.12 203.0
46.58 5846 114.30 20647
48.34 .+ 61.8 115449 210.5
52.81 70.5 118.12 219.4
54,80 4.2 119.31 233.9
5656 777 - 119.77 228.8
56.48 77.4 - 119.96 23247
58.16 80.7 120.26 236.6
59.58 83.4 120.45 240.4
61.76 87.4 120.57 244.2
63.67 91.0 120.87 248.2
65.62 9.7 121.26 25440
67.76 98.6 121.45 258.2
69.44 102.0 122.25 263.8

71.54 105.8 122.29 269.1
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Table 24. (Continued)

Resistivity Temperature
micro ohm-cm. oK.
122.59 275.2
122.86 280.8
123.43 286.2
123.78 292.2
124,24 298.1
124.70 303.6

125.19 309.9
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Table 25. Resistivity-temperature data for 81.8% Gd-Er

Resistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm-cm. oK,
17.61 4.3 58.60 101.1
17.61 k.9 60.53 104.7
17.62 5.7 62.16 107.6
17.65 6.6 63.92 110.9
17.69 8.2 65.74 114.5
17.78 10.1 68.21 119.1
17.90 11.7 70.37 123.4
18.24 14.6 72.94 127.8
18.72 18.0 75.47 133.0
19.33 20.9 7769 137.5
19.99 24.0 80.33 142.6
20.89 27.1 82.64 147.2
21.29 30.2 25.08 152.3
«23 33. 735 156.

22.60 36.9 89.70 161.6
26,18 40.5 92.11 166.6
27.81 43.9 94 . h42 171.4
29.43 k7.3 96.52 176.0
30.62 49.8 98.96 181.4
32.47 53.3 100.94 185.9
33.86 5640 103.01 191.0
35.03 58,1 105,01 195.8
36.77 61.4 107.29 201.2
" 38.69 64.8 109.42 206.6
0.40 67.9 111.24 211.3
41.71 70.4 113.27 216.9
43.86 7443 115.28 222.7
45,61 772 117.20 228.2
47.56 80.9 119.04 234.0
48.58 82.8 120.71 239.6
50612 85.6 122.43 245.5
51.57 88.2 123.97 251.1
53.15 91.1 125.49 256.8
54.79 94,2 126.72 262.5
56.60 97.5 126,98 266.3
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Table 25. (Continued)

Resistivity Temperature

micro ohm=-cm. 0K,
127.15 270.1
127.36 , 273.8
127.50 276.8
127.65 279.7
127.83 283.6
128.03 - 28745
128.25 291.4
128.46 295,2
128.66 299.0
129.03 304.8

129.37 310.4
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Table 26. Resistivity-temperature data for 50.0% Y-Lu

Resistivity Temperature Resistivity Temperature
micro ohm-cm. OK. micro ohm~-cm. OK.
31.88 ) 54.53 121.6
31.85 542 55465 126.9
31.85 6.2 56.71 131.7
31.82 8.0 5797 138.0
31.85 10.8 59.10 142.9
31.92 13.2 60.22 148.4
32.01 15.7 61.55 154.5
32.34 19.2 62.67 160.0
32.97 25.4 63.96 166.3
33.73 29.6 64.89 170.6
34.07 31.8 65.92 176.0
34.66 35.0 67.14 182.2
36452 k3.2 68.92 189.6
3757 48,1 70.41 196.9
39.60 56.6 71.94 204.9
40.92 62.0 73.49 21245
41.95 66.5 74.88 219.8
43,11 71.2 76.41 2277
43.97 75.1 77+90 235.3
Lk, 60 775 79.39 242.8
46.05 83.8 80.78 250.1
46.88 87.2 82.21 257.9°
L7.78 91.2 83.21 257.9
48.67 95.1 85.15 273.1
49.50 98.8 86.27 280.6
50022 102.0 87.86 288.3
51.08 105.7 89.32 296.3
51.91 109.6 90.68 303.7
52.64 112.9 92.20 311.5

53.40 116.4
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