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SUMMARY

We have emphasized the development of an understanding of the
chemicai equilibria involved in the synthesis and crystal arowth of pure and
doped europium chalcogenides. We have also further explored the relationship
of defect structures and dopant concentration to the magnetic, optical and
transport properties of these materials.

Since nonstoichiometry is a significant factor determining the
physical properties of the chalcogenides, vapor-solid equilibria in Eu0, EuSe
and EuS were investigated. Knudsen effusion and mass spectrometric analyses
show that EuSe and EuS dissociate to yield essentially equal pressures of Eu
and chalcogen in the vapor phase. In contrast Eu0 has been shown to be in
equilibrium with only Eu vapor. This information made possible the
establishment of the conditions for single crystal growth. One important
consequence of this has been a meaningful correlation of sample preparation
with physical properties.

A study of the reaction between HZS and Eu203 was carried out to
determine the amount of residudl oxygen in EuS as a function of reaction
temperature. Samples produced at 1250-13N0°C in flowing HZS were found to
contain less than 75 ppm oxygen. The use of this material resulted in the
growth of more perfect EuS single crystals with a significantly lower oxvgen
content.

Magnetic measurements for the system Eu]_dexS show ferromagnetic
properties with Curie temperatures up to three times that of insulating EuS.
Surprisingly, however, the low temperature saturation moment decreases with Gd
concentration. This decrease in moment is believed to reflect the development
of a canted magnetic structure.

iid



Transport properties in both metallic and semiconducting europium
chalcogenides have been investigated. In the former the effort was directed
toward understanding the exchange interactions between conduction electrons
and the localized spin of the rare earths. In the latter, the purpose was to
understand the conduction process and its dependence on magnetization and
impurity concentration. One technique which has been particularly successful
is photoconductivity. The results of static and transient photoconductivity
measurements in EuSe show that just as in lightly doped EuSe:Gd there is
thermally activated conduction in the paramagnetic region which increases with
increasing magnetic field. The thermally activated conduction may be due to
either hopping or thermal excitation to the conduction band. The activation
energy is magnetic in origin.

We have also shown that the insulator-metal transition in Eu0O:Eu may
be understood in terms of thermally activated carriers and an activation energy
linearly dependent on magnetization both with and without an external
magnetic field. The data are not consistent with an interpretation based on

short range order.
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1.0 INTRODUCTION

The magnetic, optical, and electrical properties of the semiconducting
ferromagnetic europium monochalcogenides have been shown to be critically
dependent on electron concentration. The stoichiometric compounds are
insulators with resistivities of the order of 108 to 1010 -cm. The electron
concentration can be varied by doping with trivalent rare earths, halide fons,
or by developing vacancies on the anfon or cation sites. At concentrations of
about 1%, or 10'9 carriers per cc, the chalcogenides are essentially metallic
1f compensation does not occur. Since single crystals of the monochalcoaenide
compounds are grown at very high temperatures (2000-250N°C) 1n sealed tungsten
crucibles, the stoichiometry of the compound will be strongly dependent on the
partial pressures and the composition of the vapor species, on the thermal
history of the crystsl as the temperature is reduced to ambient, and on the
inclusion of impurities not segregated during the crystallization process. The
concentration of impurities and dopants can be chemically measured to a level
of several atomic parts per million using electrcn probe ard mass spectrometric
techniques. What cannot be measured readily from a chemical viewpoint is the
dearee of compensation or the vacancy concentration on either lattice site.
Investigation of these materials therefore depends critically on correlation of
the conditions used for the growth of single crystals with physical measurerents,
in order to develop insight into the nature of the defect structures.

With this in mind we established the followinag obfectives:

1. To determine the nature of solid-vapor equilibria in europium
chalcogenide systems.

2. To synthesize single crystals with lower impurity content.



3. To systematically study the effect of trivalent rare earth
dopants on Curie temperature.
4. To establish methods for characterizing single crystals with

respect to stoichiometry,

5. To clarify the electron transport mechanisms in these magnetic

semiconcuctor svstems.
6. To determine the nature of and extent of the gqlass forming

reqions in divalent europfum systems,

e > s

2.1 Preparation and Charecterization of Europium Onide (rystals

1.2 have described¢ the growth of curopous oxide (Fuf)

Previous studies
single crystals from melts containing excess europium. In this techniaue o
mixture of previously synthesized fu0 and [u-metal, or {u?(\3 and fu-metal, 15
sealed in tungsten or molybdenum crucibles, heated to 2000-2200°C, and cooled,

The growth from metal-rich solutions is necessary because at high temperatures ful
preferentially loses europium into the vapor phase and converts to ru‘nd.‘

The partial pressure of fu over these metsl-rich solutions at the meltina point

of tu0, f.e., 2000°C, is thus sufficient to prevent the fu loss from the (i,
and single phase crystal can easily be grown. Although cryvstals have been arown
from various metal concentrations, little is known about the details of the
liquid-solid-vapor phase relationships between Eud) and Eu-metal and what the

relationships are between these material parameters and the physical properties,

We report the results of our recent work on this system,
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2.1.1 Experimental

The experimental procedure involved the reaction of Fu-metal with
E0203 or Eu0 at various temperatures followed by either rapid quenching or slow
cool ing to room temperature and examination of the resulting charge.‘ Metalin-
graphic examination, used to determine the phases present, also proved useful
in {dentifying primary vs. secondary phases. [n many cases chemical analyses
for total europium content were made and on some samples, particularly those
in single crystal form, conductivity measurements as a function of temperature
and infrared optical absorption measurements were made.

A tungsten mesh furnace manufactured by Centor was used almost
exclusively as the heating source (Figure 1). The tungsten mesh heating
element (2" dia. by 4" length) was surrounded by numerous radiation shields and
this whole arrangement was enclosed in a gas-tight, water-cooled jacket. The
furnace can he operated either in a vacuum or an inert atmosphere, but most of
our experiments were done in a flowing atmosphere of high purity argon.
Commercially available high-purity argon was further purified and oxygen
contents of less than 0.01 ppm, as determined by an in-line analyzer, were
normally attained. Such low oxygen content atmospheres are essential to
prevent the oxidation of the eating element and radiation shields and prolong
their 1ifetime. [In our case we have been operating with the same element and
shields for about one year. The temperature was sensed both optically and by
3 W/W-26%Re thermocouple. The opticel sensor and control system consisted of a
Barnes photoelectric pyrometer, the output of which was fed into a Leeds &
Northrop CAT temperature controller with feedback to a 50 amp silicon

controlled rectifier. The output of the thermocouple, the junction of which



was located on the crucible containing the charge, was monitored on a separate
recorder and in many cases was used for thermal analyses in detecting the heat
content differences involved in phase changes. The temperature could he

controlled to within ¢ 0.5°C in the 2000° range with this systerm.

2.1.2 Results and Discussion

The prelimingry results in terms of a phase diagram for the eurcpfur-
oxygen system sgre shown in Figure 2. This is a conventional temperature-
composition plot which also shows the compositions of the condensed phases in
equilibrium with the vapor pressure of pure europium at the terperature
indicated (heavy dashed line). This line was determined by heating [yl
crystals in Eu-vapor which was in equilibrium with Eu-11quid. Experirentally
this was done by containing the Eu0 crystals in an oper crucitle which was
supported inside a sealed crucible so that the excess fu-metal in °he liquid
phase would not be in contact with the crystals. After heating at the rrorer
temperature for about 20 hours the charge was auenched and erarired retal.
lographically and then analyzed chemically. [t was unneccessarv to re~ove t%e
charge from the tungsten crucible since the crucible is highly insoluble in
dilute HC1, while the Eu0-Eu melt is highly soluble. From Figure 2 1t ig
evident that Eu-vapor 1s in equilibrium with a liquid oxide, the corrosition of
which is given on the heavy dashed line, at temperatures above 1350°C. A
about 1350° there are three phases, Eu-vapor, liquid oxide of composition "
and so01id Ev0 of composition Xgo in equilibrium. Since this defines an
invariant point at this pressure, any further lowering of the terperatuyre

results in the 1iquid crystallizing to solid Euld which rerains in equilibriy~
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with Eu-vepor as the temperature is lowered. The significance of this curve is
that 1t shows that single crystals of Eu0 can be grown from the 1iquid phase at
much lower temperatures than was thought possible. In fact, we have grown
moderate sized crystals at temperatures as low as 1850°C and crystal #89B which
showed a sharp metal-insulator transition and on which resistivity and infrared
abosrption measurements were made, was grown by cooling from 1650° to 1375°C.
Another important aspect of the diagram shown in Fiqure 2 is that at
high temperatures stoichiometric Eu0 does not exist. This is shown by the
curvature at high temperatures of the phase boundary between Eu0 and the liquid
plus crystal region. The fact that it curves toward the oxygen-rich side i.e.,
to the oxygen side of a hypothetical vertical line where Eu/0=1.000, means that
these compositions contain europium vacancies and trivalent europium. Although
the Eu0 phase is shown to exist over a compositional range in the diagram, the
exact extent of this range has not been accurately determined and is thus shown
by & dashed line. Our present information indicates it to be no more than a
few percent. The important feature, however, is that it presumably narrows at
lower temperatures so that some Eu0 compositions grown at high temperatures
with excess oxygen cannot be slowly cooled without the formation of a
precipitate of an oxygen-rich phase, i.e., Eusoa. 0On the other hand, samples
grown under the same conditions, but quenched rapidly to room temperature, are
single phase EuD containing some trivalent europium compensated by Eu-vacancies.
The bust evidence for this is from infrared absorption measurements by
J. Torrance which show an absorption line associated with E'*t, as opposed to
8 high bacrqround edsorption when an Eu304-like precipitate is present as a
separate phase. The precipitates were also easily monitored by conventional

metallographic techniques and the composition confirmed by electron microprobe



analyses. Transport measurements on samples prepared according to the phase
diagram to have excess oxygen, showed high resistivities and no metal-insulator
transitions.

At lTower temperatures the phase boundary between Eu0 and the tiquid
plus crystal region falls on, and probably crosses, the stoichiometric Eu0
composition (see insert in Fiqure 2). Samples prepared in this region,
particularly those on the Eu side of EuQ, presumably have oxygen vacancies
which are responsible for their metal insulator transitions and multiple
absorption bands in the fa~ infrared. The width of the Eu0 field at these
temperatures is very narrow, i.e., probably less than 0.57, and cannot be
easily determined by conventional analytical techniques. A complicating
factor in determining the width of a compositional field this small by chemical
methods is the high background impurity level of most europium compounds, which
may be many thousand PPMA. From the transport and the infrared measurerents
and metallographic examinations, however, it can be concluded that the
shape of the Eu0Q field as a function of temperature must be very similar to
that shown in Figure 2. The important feature is that the boundary crosses
the stoichiometric Eu0 composition, and we believe that compositions on the Eu
side have oxygen vacancies while those on the oxygen side have Eu-vacancies.
Further, it appears that in the temperature range of 1700-1800°C, the boundary
curve falls on top of the vertical stoichiometric Eu0 line and any crystals
grown with excess metal in this temperature range would have an europium-to-
oxygen ratio very close to one.

The validity of this diagram has been checked by growing crystals
from compositions containing different Eu-concentrations and by cooling and

quenching from different temperatures. From these experiments reproducible



results consistent with the diagram have been obtained. The congruent melting
point of Eu0 is 1980 + 10°C, lower than had been previously reported.2 and the
minimum temperature at which liquid oxide can be in equilibrium with
crystalline Eu0 under the vapor pressure of Eu-metal is 1350°C. The pressure
at this temperature is ~ 400 mm Hg.

The shape of the Tiquidus curve for the high Eu-metal concentrations
and the eutectic composition between Eu and Eu0 is still uncertain (dashed
lines). There is some evidence from quenching experiments that two immiscible
liquids, liquid metal and liquid oxide, are formed between 3 and 15 mole?
oxygen. Within experimental error (+ 3°C), thermal analyses showed that
the freezing point of Eu-metal was not lowered by the addition of EuQ, which
means that the eutectic temperature is roughly 860°C, the melting point of

the metal.

2.2 EuS Preparation and Characterization

Previous studies have contributed much to elucidate the relationship
between the magnetization and the conductivity of the divalent europium
chalcogenides. But, despite the fact that the conductivity is strongly
dependent on the composition and purity of the samples, little has been done
to understand the details of this dependence. It is rather well established
that the stoichiometry of these compounds, as well as the number and type of
impurities present, are the two materials parameters which are primarily
responsible for conductivity variations between samples. The question of
stoichiometry, i.e., the Eu/S ratio, and its effect is a complex one and can

only be completely understood if the background impurity level is lowered to a
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TABLE I

Solid State Mass Spectrometric Analyses of Eu Metal and Eu20 *

3
Eu Metal Eu Metal Eu203 Eu203
Element A 99.9 B 99.95 A 99,995 B 99.999

Ta 3
Lu 10
Yb 20
Tm - 30
Ho, Dy, Tb, Gd 30 120
Sm 10
Nd <10
Ce <10
La <10
Ba 10
Cs 10-100
Ir <10 10
Y 20
Sr <10 50
C 100 300 1600 200
In 300 300
0 1400 1000
Mn 300 100
Fe 30 30 10 10
Cr <10
Ti <10
Sc <10
Ca 200 100 60 60
K 10 20 50 200
Cl 2000 300 <10 <10
5 500
Si 500 100 <10 100
Al 10 10 <30 <30
Mg 3000 300 100 <30
Ne 10 50 18 <100
Se
Ga 20
Cu 20 <2
N 50 60

* Impurity concentration in ppm atomic
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degree where its contribution to the conductivity is not significant. This
study is concerned with lowering the total impurity content so that the effects
of stoichiometric variations can be studied.

The origin of impurities in europium compounds is mainly from the
eurcpium or the europium salt used as the source material. The listed purity
of the purest commercially available europium salts ranges from 99.95 for
Eu-metal to 99.999 for Eu203. However, these results are usually derived from
emissfon spectrographic analyses and the lighter elements such as HZ‘ C. N, otc.,
are not reported. Table I shows the results of our analyses of two 3-9's
Eu-metal samples and two typical 5-9's Euzo3 samples by the Solid State Mass
Spectrometer. It is seen that if the lighter elements are included, the total
impurity concentration is generally higher than that claimed by the
manufacturers. Further. although the overall impurity level is high,
particularly when compared to the more conventional semiconductors, it is
significantly lower ir the sesquioxide than in the metal. Ffor this reason, and
because of the extreme difficulty in removing impurities from the metal, it was
felt that the overall impurity level in EuS would be lower if Euzo3 rather than
Eu-metal were used as the europium source material. The problem then was, how
effectively can the oxygen be removed from EuZO3 in the formation of EuS?

Domage, et al..5 first showed that europium sulfide is readily forme
by heating the sesquioxide, Euzoa. in HZS gas at 900°C, the reaction being:
4EuS + 6H

2 Eu203 + 6H N + 52' ()

<
2” 2
Although their EuS was shown by chemical analyses to contain the theoretical

amount of Eu (and S), no analyses were made to determine trace quantities of
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impurities such as oxygen. Me have now Studied the st-l’uzo3 reaction as o
function of temperature (300°-1800°C) and determined the phase relationships

as well as the oxygen content,

2.2.} Experimental

The HZS-EuZO3 reactions were carried out by passing H2S gas throuqh
a horizontal silica alass tube in which a boat containing the Euzo3 sample was
placed. For reactions up to 1250°C a platinum container was used and this was
heated with a kantnal resistance furnace. Above 1250°C a vitreous carbon boat
lined with partially sintered EuS was used. This prevented sample contact with
the container and mintmized any reaction with the carbon. At these i‘qh
temperatures RF heating was used, with a carbon susceptor inside the qas-tight
silica tube. Temperatures as high as 200N°C were attainahle by this arrangement.
In both heating arrangements the semples could be cooled to room temperature
in a matter of minutes, either in "25 or an inert gas. The st q9as contained
less than 50 ppm impurities, the major one being n2n. The reaction time<
varied from several days at low temperatures to several hours in the 1800°C
ranqe. After reaction the samples were quenched and the phases identified by
conventional x-ray diffraztion techniques. In certain cases magnetic
susceptibility measurements were used to further characterize the phases. The
oxygen was determined by neutron activation analyses at the Sterling Forest
Laboratory of Union Carbide. The total impurity content was obtained by an
AEl MS-7 spark source mass spectrograph.

In many cases, the powders prepared in the above manner were

converted ‘nto sinqle crystals by sealing in tungsten crucibles and cooling
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from ZCOO'C.Z'6 The optical absorption measurements on the single crystals

were done at room temperature on 8 Carey model 14 spectrometer.

2.2.2 Results and Discussion

The hydrogen sulfide dissocfation reaction

(2)

+

2H,5(9) Myq) * S2a)

has been studied in corsiderable detail and the degree of dissoctation, ., as a
function of temperature is well knoun.7 Knowing -, the partial pressures of
st. "2‘ and Sz con easily be odbtained and the equilibrium constant ¥p for
reaction (2) fs given by:

Kp . ___:ﬁl_._?' (3)

(74a)(1-q)

where P is the total equilibrium pressure, Since large excesses of "25(9) have
been used in the reactfon, 1t can be assumed that the ["203 and EuS will only
slightly effect its dissociation. Thus, the partfal pressures of H,S and S,

from the "25 dissocfation (reaction (2)) can be substituted into the expression

for the equilidrium constant for reaction (1). Thus
K R L ()

and K’Eus can be calculated assuming Py * ! .(p" ¢ P Y. From this the

2 2’ 5
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Figure 3: Isothermal sections showing the phases present in the

l'u?03 - 'Eusz" - EuS system. Open circle shows the
composition at the temperature indicated.
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following values for Ko were obtained:
EuS

TABLE 11
fquilibrium Constant, L
at Yarious Temperatures for Eauation (1)

K

T (°C p
750 1.08 x 1079
800 1.02 x 10°8
850 6.3 x10°8
900 .9 x 10"’

1050 6.66 » 10°°
1150 1.64 » 1077
1200 1.05 x 107

From the slope of the straight line in the 1/T vs. Log KPEuS plot,
a value of :H = 58,000 Ca) for reaction (1) s obtained.

The equilibrium phases formed at the various temperatures are shown
in Figure 3 in terms 0/ the ternary system Eu203-’[u253“-tus. The composition,
at the temperatures indicated, is shown by the open circle. It is seen that
below about 4N0°, the sesquioxide Eu203 is the principle phase. Since the
resction rates at these low temperatures are extremely slow, it is unlikely
that true chemical equilibrium has been reached in these experiments. However,
the fact that Euzo3 still remains after "reacting™ for several hundred hours.

is sufficient justification for the diagram to be constructed as it fis.
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Between 400° and 550°C the Euzo3 i« converted to the oxysulfide Eu,0,5. a
hexagonal compound with a = 3.86 ; and ¢ = 6.702 3. in which the europium is
still trivalent. Eu3s4 can be detected at 575°C and it is in equilibrium with
Euzozs between 575° and about 650°C. There is no evidence for the existence of

cuzozs above 650°C, at which temperature fu Sy 1s the major phase containing

3
traces of EuS. Even at 700°C, where Euzozs is no longer present as a distinct
phase and where EuBS‘ and EuS are in eauilibrium, there is still a considerable
amount of oxyaen present. This is shown by the composition (oper. circle) at
this temperature being off the "Euzs3"-EuS join and by the results of the oxyaer
analvses shown in Figure 4. As the temperature is increased, the Eu3S4 phase

is converted to EuS and the total oxygen content becomes smaller. EuS is the
only detectalt:le phase above 900°C, and fts oxygen content reaches a minimym at
about 130N°C. There s evidence from previous microstructure studies8 and
Hﬁssbauer9 measurements that EuS can contain up to several percent trivalent
europfum tn solfd solution. It would be expected that this solubility would

perhaps be a maximum at about 8MN°-900°C where the fu 04 phase is in

3
equilibrium with EuS. Precision lattice constant measurements did show a
slight difference between the 800° samples and those prepared at higher
temperatures - see Table II1. It is probable that this difference is due to

trivalent europium in the Eu0 lattice at the low temperatures.
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TABLE I1i.

Lattice Constant of EuS

Preparation Temperatures Lattice Constant (;)
800°C 5.965 + .00
1200°C 5.967 + .0
1600°C 5.966 + .001
1800°C 5.967 + .00
2000°C 5.968 + .001

It is seen from Figure 3 that an oxygen content as low as 50-75 ppm
is achieved for samples reacted at 12,0°-1300°C. This represents the total
oxygen found in a powdered sample, and represents an upper 1imit for oxygen in
the lattice since no special precautions were taken to prevent surface
absorption from the atmosphere. It is not completely clear why an increase in
oxygen content occurs in those samples heated above 1300°C, but the most
plausible explanation is that at these higher temperatures there {3 an
increasing tendency for the EuS to sinter to a high density on the surface
where it 1s formed by the reaction with st. This high density coating then
prevents the inner core of Euzo3 from reacting with the gas phase. In fact,
when pressed pellets of Euzo3 were reacted at 1850°C for 16 hours, a sharp
boundary between the dense black EuS coating and the white oxide core could
easily be observed by normal metallographic techniques. By measuring the
thickness of this EuS coating as a function of time, a reaction rate of roughly
0.08-0.1 mm/hr, at 1850°C was obtained. At lower temperatures, f.e.,
1000-1300°C range where there is less grain growth of the EuS and it is much
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more porous, tke boundary became diffuse and the reaction rate increased.
Thus, it is 1ikely that at high temperatures some unreacted Eu203 is present
which is the source of the increased oxygen content.

Considerable differences in melting temperatures and crystal growth
were observed in a series of samples grown from powders containing different
oxygen concentrations. Thote with the lowest concentration had higher melting
points and grew larger and more perfect crystals than those which analyses
showed to contain several thousand ppm oxygen. The optical ahsorption
coefficients of the low-oxygen crystals were in general also lower, but since
the sulfur:europium ratio is a critical parameter in determining the

absorption, this may not be too significant.

2.3 Metallic Rare Earth Monosulfides and the Eu,_  Gd S System

The synthesis of trivalent metallic rare earth monosulfides has been

10,11,12 but there is little information on the growth of

previously described
single crystals of these compounds. The monosulfides all melt above 2000°C and
crystallize with the NaCl-type structure. During studies of solid solutions

of the insulating divalent europium sulfides and trivalent metallic
monosulfides, it became apparent that it was necessary to characterize the
latter materials with respect to their transport and magnetic properties. GdS

*, it has a half filled

had been selected as a dopant for EuS because, like Eu*
4f shell and avoids the complication of an orbital contribution to the magnetic
moment. It also provides a means of studying a solid solution system such as
Euy_,6d,S in which the number of spins is constant for all values of x.

Three compounds GdS, LaS and YS were selected for a study of

transport properties. As with GdS, LaS and YS crystallize in the NaCl-type



20

VACUUM GAGE

E——_ﬁ - VIEWING PORT

|

" HINGED DOOR WITH
» WATER COOLED SHELD

PYROME TER
VIEWING PORT
=D

COOLING WATER INLET

L
— WATER COOLED SHIELD

10
TURBOMOLECULAR
PUMP

Fiqure 5: High Temperature Vacuum RF Furnace



21

structure and the compounds are isoelectronic and therefore should have the

. ++4
same conduction electron concentration. La

and Y+++ have no 4f electrons
and thus no magnetic moment and their radii bracket that of Gd*** so that their
sulfides provide the requisite compounds for a comparative study of transport

properties,

2.3.1 Synthesis and Crystal Growth of GdS, LaS and YS

The simplest and most direct synthesis of metallic rare earth
sulfides involves the vapor transport of sulfur from one quartz chamber to a

1,12 In the reported

second chamber containing the rare earth metal.
procedures, reactants have been heated to ~ 1000°C in quartz in order to obtain
homogeneous samples. We have found that the quartz is attacked in the
temperature range 700-1000°C and have 1imited the temperature to 600°C in this
first stage of the synthesis. This material is then transferred to a tungsten
crucible for homogenization at 1800°C. With this procedure it is not necessary
to reduce the rare earth metal to fine filings for the first stage of reaction
and bulk metal is used to reduce handling and contamination.

Crystals were grown in an induction heated RF furnace (Figure 5)
using a 10'6 torr vacuum to protect the crucible from surface reaction. A
split tantalum shield surrounding the crucible reduces gradients and the
crucible, suspended from a fine Ta wire, is positioned to adjust the temperature
profile along its length. Temperature measurement and control was achieved
with an L&N automatic optical pyrometer, surface temperature having been
calibrated with a black body measurement obtained with the same geometry.
Pressed pellets of the homogenized powders were sealed by electron beam welding

in 3/8" x 2" tungsten crucibles and heated to 2400°C, then slowly cooled to

room temperature.
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2.3.2 Results

The resulting ingots of GdS, LaS and YS were gold-colored metailic
cylinders which showed no evidence of reaction with the tungsten crucibles.
The samples cleaved parallel to (100) planes as cleanly as the insulating
chalcogenides. Lattice constants shown in Table IV were obtained with a
Guinier x-ray focussing camera using Si as an internal standard. The lattice

constants are the same as those reported by IandeHi.]3

TABLE IV.

Lattice Constants of Metallic Rare Earth Monosulfides

a, (A)
GdS 5.566 + .00
LaS 5.854 + .001
YS 5.496 + .001

2.3.3 The Eu]_dexS Solid Solution System

It became apparent from initial attempts to prepare compositions in
the solid solution system Eu,_  Gd S that a single sub-solidus firing would
not produce homogenous samples. Repeated firing with grinding would be costly
in crucible materials and expose the materials to contamination. We therefore
decided to melt the samples, accept chemical gradients and determine whether
sulficiently large homogeneous regions could be found for analysis. Using the

same procedure described for the metal samples, appropriate mixtures of EuS and
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GdS were heated to melting and slowly cooled. The resulting ingot was
sectioned and the microprobe was used to map out regions of homogeneity. It
was found possible to select sufficiently large homogeneous regions for x-ray
and magnetic measurements. Using this technique a single ingot provided a
range of concentrations for analysis.

X-ray analysis shows that the NaCl-type structure is maintained over
the entire composition range x = 0 to 1 in Eu,_ Gd S. The 1inear dependence of

lattice parameter vs. composition is shown in Figure 6.

2.4 Vaporization Studies of EuS and EuSe

It is evident from the results of optical, magnetic and transport
measurements that the divalent Eu chalcogenides all exist over a range of
concentrations. The dependence of Eu concentration on pressure has been
discussed for Eu0 in section 2.1. Since it is possible to adjust the Eu
concentration and therefore the vacancy concentration in EuS and EuSe by
quenching from different temperatures during crystal growth, or by annealing
and quenching techniques, a study of the vapor-solid equilibria in these systems
was undertaken. The data were obtained with a computer controlled mass
spectrometer designed for high temperature Knudsen effusion measurements.14
The solids EuS(s) and EuSe(s), urilike the oxide, are in equilibrium with
gaseous EuS(qg), Eu(g), S(g) and Sz(g) and EuSe(g), Eu(g), Se(qg), and Sez(g).
respectively, Table V 1ists the heats of vaporization associated with the

reactions shown in equations 5 and 7 and the heats of dissociation associated

with reactions 6 and 8.



25

TABLE V.

Heats of Vaporization and Dissociation for EuS and EuSe

Reaction tH kcal/mole Temperature Range
5) EuS(s) <« EuS(g) 123 1730-2052°K
6) EuS(g) <+ Eu(g) + S(g) 94 1730-2052°K
7) EuSe(s) - EuSe(g) 122 1550-1927°K
8) EuSe(g) - Eu(g) + Se(q) 74 1550-1927°K
2.5 Divalent Europium Glasses

The high Faraday rotations associated with the divalent europium ion
car be used in mugnetooptical devices. Consequently, the ability to substitute
varying amounts of the Eu** fon into a stable, readily formable matrix such as
a glass, has considerable merit. We had previously investigated a number of
glass forming systems which would incorporate the Eu** fon and reported on the

where a large glass-forming region, up te 43 mole

Eu0, was shown to exist. We are currently studying this system in more detail
tn see if it is possible to extend the region to include more Eu’* wiere there
would be a possibii‘ty of magnetic order.

By using improved quenching techniques we were able to increase the
tota) Eu concentration in the stabie glass phase from 43 to 58°, However, at
the higher Eu concentrations roughly 10% of the Eu went into the glass as
trivalent. These glasses, therefore, must now be defined in terms of the
quaternary system EuO-R5203-8203-A1203. where RE is a trivalent rare earth.

3

The glasses are not restricted to Eu'’ because it is possible to eliminate
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3

most of the Eu’ by the substitution of other trivalent rare earths. The

addition of 5 66203 to the glass melt lowered the Eu’a concentration by

. 5%, with the Eu*?

concentration remaining constant.

Susceptibility measurements on the highest Eu’z content glasses
showed no evidence of magnetic order at helium temperature. Severai experiments
were carried out where the glass was annealed in Eu vapor at high temperatures
in an attempt to produce sorie conductivity and perhaps enhance the Eu-Eu
exchange interactions. These experiments have not been successful because the
glasses devitrified into several crystalline phases. The annealing experiments

will be continued at lower temperatures and some glass melts will be made in

closed crucibles containing a positive Eu-pressure.

3.0 PHYSICAL PROPERTIES

K| Magnetic Ordering of Eul_lGdlS

In a continuing investigation‘6‘17

of europium-gadolinium
chalcogerides we have recently studied in detail the magnetic properties

of the Eul_dexS solid ~olution system. This system has several unique
properties which mak¢ it important from both a theoretical and practical
viewpoint. The compounds have the face centered cubic structure and form a
continuous series of solid solutions from x = 0 to 1. PRotn europium and
gadolinium in this structure have a spin-only moment (S = %) which is well
localized in the ion 4f shell. The above characteristic simplifies theoretical

work,
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One of the important features in Eu,_ Gd S is the valance differece
of the two rare earth ions: europium is divalent (Euz’) and gadolinium is

3’). Since the anion is divalent sulfur (Sz°). tuS is an fonic

trivalent (Gd
insulato-. €. however, is metallic because each Gd atom contributes an extra
electron. A striking effect caused by this change in electron concentration

is the large change in the magnetic transition temperature. The Curie
temperature (TC) of ferromagnetic EuS cen be raised by a factor of three with a
few percent addition of gadolinium. This allows the magnetic exchange

interactions via conduction electrons to be studied in a detailed manner.

3.1 Magnetic Properties:

The starting material, EuS, is 1’err(smagnet1c]8

with a TC of 16.5°K
and a magnetic moment of 212 emu/gm. This moment corresponds to 7 unpaired
spins in the europium 4f shell with all Eu ion moments aligned parallel. As
shown in Figure 7, the magnetic ions are at crystallographically equivalent
lattice sites, in this case in the center of a sulfur octahedron. Two exchange
interactions have been established in EuS: the strongest is a nearest neighbor
exchange (J‘. Figure 7) which is positive and a next nearest neighbor
interaction (Jz) which is negative. In the europium chalcogenides J; appears
to be a strong function of interatomic spacing while J2 is due to super-
exchange and is less sensitive to lattice parameter. In EuS, J1 is about 6
times more effective than JZ‘

The other end member of the solid solution series. GdS, is known to

19

be antiferromagnetic ~ with a tran-ition temperature of 60°K. In constrast to

EuS, GdS has a strong negative Jl' Jz. however, remains negative. Thus solid



29

160 ——o e
—2 140} 5 <7 4.2°K Eu, 964, .S {
20t |
$100 345 7
S kG 6
g | /O/J '

r . 5 X
: |
o | = am
=~ "=
W ~ ¢
F | //,//’///////’ 12

.0 -1:|
Lo +
Pt . 1. | 1 _ U S
0 50 100 150 200 250 300
TEMPERATURE (°K)

Figure 8:

Magnetic moment and reciprocal susceptibility of Eu.SGd.ZS.



MAGNETIC MOMENT (emu/gm) o
n ol H o <) ~ ®
o o o (o) o ) o
1

o

| R T i [N B B ! | | 1 1
32 36 40 44 48 52 56 60
TEMPERATURE (°K)
Figure 9: Magnetic moment of Eu.BGd.ZS vs. temperature in the vicinity

of the Curie temperature.



3

solutions of EuS and GdS bring together the complex combination of an
electrically insulating ferromagnet with a metallic antiferromagnet.

The magnetic properties of Eu]_dexS are given in Figures 8 through
Figure 14. A typical set of magnetic measurements is shown in Fiqure 8. For
this example we choose Eu.SGd.ZS having TC = 44.7K. The paramagnetic region is
plotted as 1/x vs. T. This straight line plot means that a Curie-Weiss law is
followed:

X = ng (9)
where y is the magnetic susceptibility, C is the Curie constant, T the
temperature, and 6 = 45°K marks the intercept of % on the temperature axis.
Simple theories]8 give 6 as the sum of the exchange interactions found in the
material: for a ferromagnet, # is approximately equal or slightly larger
than Tc'

Below Tc we are in the region of spontaneous moment, i.e. the
ferromagnetic state. From the shape of the magnetization curves in the region
of Tc (Figure 9) an accurate value for TC can bc determined. This is done by

using the re1ation20

a(1-T,) o + bToS = H (10)

where a and b are constants and o is the measured moment at temperature T in
field H. The above expression can be obtained from the thermodynamic free
energy or the expansinn of the Brillouin function. Plotting a series of curves
02 vs. H/o as indicated in Figure 10 allows the value of TC to be obtained from

the isotherm intercepting the origin (Tc = 44.7K).
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The values for - and Tc obtained from magnetic moment and
susceptibility measurements, as just discussed, are plotted in Figure 11. First
note the sharp increase in Tc and ¢ that occurs when only a few percent Gd are
added. This can be interpreted as a strong increase in J] caused by an
indirect exchange through the cenduction electrons that are now present. For
compositions from x = 0.03 to 0.2, both Tc and ¢ remain about the same,
indicating that the average exchange interaction is constant in this range. At
values of gadolinium concentration from x = .2 to .6, ¢ drops significantly
below the Curie temperature and for x > .5, & becomes negative. This
composition region reveals clearly the complexity of the magnetic properties.
For compositions above x = .8 a normal antiferromagnetic behavior is observed.

With the observed complex behavior of this system, a problem arises as
to the proper value to choose for the zero field magnetic moment (oo). The
values shown in Figure 12 are obtained from the magnetization curves plotted in
Figure 13. We have analyzed the o vs. H curves with an empirical equation of

the form20

o = o, (V-7) + x M (1)
where a and x  are constants fitted to the datz. Because of the % term, the
expression cannot be used in the demagnetization region below 10kG, The %—term
takes account of everything that prevents magnetic saturation, such as
anisotropy, imperfections and domain effects. In the high field region, 20 to
100 kG, the second term xH represents rotation of the ion moments against
exchange forces as will be described in section 3.1.3. The tabulated data
shown in Table VI, including % in Figure 12, were obtained by a least squares

fit of the curves in Figure 13.
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TABLE VI

Magnetization Data for Eu]_dexS

[0} Al

0 0
emu-gquass emu cm’
_X —_a __am gm
085 81.9 186.5 143 x 1073
.20 162.3 162.4 176
.34 173.4 131.6 217
.45 147.4 59.8 362
.82 255
.86 antiferromagnetic .16
1.00 .200

From the linear decrease of moment (Figure 12) with Gd3+

concentration, it is apparent that the gadolinium is not contributing to the
total moment. However. in the paramagnetic state, Gd3+ is contributing in a
normal manner as can be seen from Figure 14. Here the molar Curie constant,

Cm. is plotted vs x. Theory gives Cm = Nueff2/3k where N is Avogadro's number,
k the Boltzmann constant and u e = g J{J+1). Eu?* and 6a3* each have J = 7/2
and g = 2 and a theoretical value of Cm = 7.85 is expected. The fact that Cm is
somewhat below the theoretical value in the middle compositions possibly means
that trivalent europium is present. It is well known that Eu3+ has a total

quantum number J equal to zero because the spin and orbital contributions

cancel each other. (Eu3+ has a small field-induced moment, but this is
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negligible compared to the Eu2+ moment.) Figure 14 indicates that in the
composition range x = C to 0.6 an average of 3V £u3+ is suspected. In the
region x > 0.8, however, Cm takes on values greater than the theoretical value,
showing, on an average, that each ion has a moment about 0.1 ‘B greater than
expected. We attribute the additional moment to the polarization of the
conduction electrons. This polarization would be induced by the indirect

exchange mechanism in which the electrons are invoived.

3.1.2 Mangetic Structure

In this section we speculate on a magnetic structure which would fit
the data. Two models are illustrated in Figure 15. In discussing the models
we will limit the exchange to nearest neighbor interactions, treating the next
nearest neighbor exchange as being smaller and less sensitive to both Tattice
parameter changes and conductivity changes in the system.

Model I is essentially an oversimplification since only two
interactions are considered; the Eu-Eu (JE) and the Gd-Gd (JG). If we assume
JE is positive and JG negative, then Model I shows each pair (or cluster) of
Gd ions must order antiparallel. Under this condition the measured magnetic
moment would be the resultant ferromagnetic Eu contribution. Model I would fit
the data (Fiqure 12) over the range x ~ 0.3 but in the range x = 0.4 to 0.6, the
extra decrease would require special consideration. Model I is essentially a
two-phase magnetic structure and the linearity of 1/\ vs. T found in the
paramagnetic region (Figure 8) would nyt be expected.

Model il (Figure 15) is more realistin. It assumes that besides JE
and JG there is also a Eu-Gd (JEG) interaction which for the moment can be

either positive or negative. Either sign leads to a canted type (or spira]Z])
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magnetic structure as shown in the drawing. Taking JEG as positive (and
JE +, JG -, as before) means that when a Gd ion has a [u ion neighbor
antiparallel there is a rotation of the two ions to minimize the exchange
-nergy. Since each ion in turn is coupled to its own neighbors, we end up with
a structure whose magnetic moment is lowered by the amount of canting. The
exchange energy between two atoms with total spins S] and 52 has the form
J S] ) 52 and depends on the cosine of the angle between the spins. Thus for a
sp?n as:embly with several exchange interactions, the average angle between
spins to minimize the exchange energy will vary as some value of sine or cosine
with composition. The decrease in moment with Gd3+ concentration would,
therefore., not be Tinear in x but vary in some more complex way.

If we now examine the values for the linear term r (see Table VI)
we see that a maximum occurs around the cross-over point where - goes from
plus to minus, a condition where the exchange forces balance out. It is under
these conditions that the applied field is most effective in rotating the
canted system ion moments against the exchange interactions. Model 11
qualitatively fits the magnetic properties but a more quantitative

interpretation is necessary for final evaluaticn.

3.2 Photoconductivity Mechanisms in the Magnetic Semiconductor EuSe

Thermally activated photoconduction has been observed in the
paramagnetic phase of EuSe (TN = 4.6°K) by both steady state and transient
measurements. The transient measurements show that it is the photomobility and
not the relaxation which is activated. The photoconductive decay tends to be

long, nonexponential, sample dependent, and independent of temperature and
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magnetic field, below 100°K. The activation energy (several hundredths of an
eV) is at least partially magnetic in origin, for it can be decreased
significantly by a magnetic field. Of particular interest is the similarity of
the results to the dark conductivity of 1% Gd doped EuSe in the paramagnetic
phase.22 This connection has been previously noted with respect to the steady
state photoconduction.23

It appears that photoelectrons in undoped EuSe conduct in much the
sane manner as do impurity electrons in doped EuSe. In doped material,
activated conduction in the paramagnetic region has been explained in terms of

hopping between impurity sites.24’25

An electron, bound near an impurity,
causes nearest and next nearest neighbor Eu spins to be partially aligned due
to the strong s-f exchange interaction, lowering the electron exchange energy.
An electron bound to an impurity by the coulomb interaction thus has an
additional binding energy, magnetic in origin. The result is a magnetic
impurity state (MIS). In the model, it is the magnetic binding energy which

is the activation energy for hopping, but it is the Coulcib energy which causes
the localization to begin with.

Since our undoped material has impurities in concentration 10'3 -

-4

10 7, it is ratural to construct a similar defect model for photoconductivity.

In this model. electrons are excited from localized f levels in the band gap to

24,26 1pe exciton

f-hole d-electron exciton states degenerate with the s-band.
breaks up and the electron rapidly relaxes to the bottom of the conduction band
and then to an excited state of a deep defect or to a shallow defect.

Activated conduction then occurs by hopping in the shallow states or
by thermal excitation to the band. Conduction ends when the electron relaxes

to a deep defect state which acts as a recombination center. Spin clusters
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form around the occupied defect states, that is they are MIS similar to those
proposed for doped material. The activated conduction will be magnetically
sersitive just as in the case with doped material.

In this model the long, temperature and magnetic field independent,
rhotodecay results from the decav of an electron in a shallow level associated
with one defect to a deep level associated with another defect. Since there
will be a distribution in space between defects there will be a distribution in
decay times. Since the relaxation is between defects, it will be slow.

For steady state photoconductivity we may write,

(T4c/V) (erw) (E/P) = oovi i - (12)
where Idc and V are the steady state current and voltage. ( and w are the
sample length and width. E is the photon energy and P the power per unit area
of radiation absorbed by the sample. FRRE and v, are the quantum efficiency,
mobility and lifetime for a component, i, of the photocurrent. A similar
expression,

(19) (e/w) (EW) = v e

may be written for the transient case, where a pulse of light short with
respect to the lifetime 14 is used. IT is the current immediately following
the pulse and W i5 the energy per unit area at the sample.

Transient photoconductivity measurements have been made using a xenon
flash which has 0.8 of its energy in 10'5 sec or a dye laser with a 2 x 10'6

sec pulse.
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Figure 16 . and ' vs inverse temperature for EuSe. White light source
is a Xenon flash at 1077 J/cmz. Dye laser source is 2.12 eV at
3x107° J/cmz. Bias is 100V. 2y = 0.1 corresponds to 1073 amp
for the laser with 100V bias. Current and decay are measured at
107> sec. The slopes are indicated in eV.



45

The current amplitude at 10-5 sec is taken as a measure of :., and
the time, ', to fall to 1/e of that value i< its initial decay after the pulse.
The results are shown in Figure 16 for both white flash and dye laser
excitation.

The data of Figure 16 show a number of interesting results. The ..

product is thermally activated, while the response time, :' is constant below
80°K. The activation energy is similar to that of the d.c. photocurrent
measurements and the dark conductivity of Gd doped EuSe in the same temperature

range.zz'23 Also. the Ry product increases with an external magnetic field, H,

while ' does not. The model described earlier is in agreement with these
results since it predicts a thermally activated mobility and temperature
independent response time, 1' equal to the lifetime, -.

From these results we conclude that the final state of the optical
absorption (f-d exciton) lies degenerate with, or above, the shallow defect
states responsible for photoconduction. A shallow defect state will trap an
electron which then causes a spin cluster to form around it. The result is an
additional magnetic binding energy exactly like that proposed for Gd doped
EuSe. Conduction then occurs either by hopping within the shallow defect
states or by thermal excitation to the band. Conduction ends when the electron
relaxes to a deep defect state.

The conditions for the above model are as follows. In Gd doped EuSe,
the deep defects (Gd) must be sufficiently numerous (- 10'2) sa that their
wave functions overlap enough for hopping but not so much that inpurity banding
takes place. There must be some compensation so that there are empty sites to

hop to. In undoped EuSe, the deep defects must be sufficiently scarce

(10'3 - 10-4) so that hopping is unimportant. However, shallow defects with
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larger wave functions should be present in an amount ('IO'3 - 10'4) so that
impurity banding is not possible and hopping may or may not be possible. 1In
the latter case, the lectrons conduct by excitation to the band. Some
compensation is required so that holes in deep states will be available for

recombination and their number will be independent of the 1ight 1ntensity.27



47

3.3 The Insulator-Metal Transition and Long Range Magnetic Order in Eu0

In europium-rich Eu0, the conductivity may increase by many orders of
magnitude as the temperature is decreased below the ferromagnetic ordering
temperature (Tc = 69.3°K). This behavior has been reported by Oliver, et

28,23,30 and by Petrich, von Molnar and Penney3]. We have extended the

al
measurements to cover a wider range of conductivities both with and without
an applied magnetic field. The results are shown in Fig. 17. It is evident
that this insulator metal transition just below T. is related to the onset
of magnetic order. It is our purpose to explore the nature of this relationship.

The crystal (898) used to obtain the data of Fig. 17 was grown in the
following way. Euzo3 pellets were placed in an open tungsten crucible which
was in turn placed in a larger sealed tungsten crucible with a 100: excess of
Eu metal over that required to make stoichiometric Eu0 by the reaction
Eu203 + Eu. Liquid phase metal was not in contact with the Eu203 pellets or
the crystals which were subsequently formed. The reaction was, therefore,
only through the Eu vapor. This double crucible arrangement was heated to
1650°C, held for 16 hours, cooled slowly to 1350°C and then rapidly to room
temperature. Eu0 crystals and some excess Eu metal were found in this inner
crucible.

Another technique was used to grow the crystals (73) used in Ref. 31
which showed conductivity behavior similar to Fig. 17. Eu203 was reacted
with a large excess of Eu metal at 1100°C in an open W crucible. The result
was Eu0 and Eu vapor which distilled off. This Eu0 was sealed in a closed W
crucible with Eu metal and heated to 2070°C. It was cooled slowly ( 16 hrs.)

to 1200°C and then rapidly to room temperature.
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Figure 17: Conductivity vs. temperature for Eu0 sample 89R in 0 and 20 kQe.



49

A third technique was used to grow crystals 89A which also showed
behavior like Fig. 17. Eu203 + 2Eu was sealed in a W crucible and heated
to 2000°C. It was cooled to 1700°C in 16 hrs. and then rapidly to room tem-
perature. Since all three methods use excess Lu, it is likely that the
resulting crystals contain oxygen vacancies, More detail on this point is
included in Section 2.1 of this report.

For conductivity measurements, LaAg contacts were alloyed into
the material) under an inert He atmosphere and provided good ohmic contacts.
Wire leads were attached to these contacts with In solder. The conductivity
measurements were all made using the four probe van der Pauw technique.32
Two Keithly electrometers were used to monitor the current and voltage, A
guarded circuit was used so that current leakage through connectors and
feedthroughs was not measured. Current leakage on the surface of the sample
and sample holder 1imited our measurements to about 1013“ corresponding to

]](”—cm)'].

bulk conductivities of about 10

A cleaved surface of the sample was attached to a copper sample
holder using a thin layer of Apiezon N grease. The temperature of the
sample ho]der'was measured using a Pt resistance thermometer above 15°K and
an Allen Bradley 1/8 watt 1100.. resistor below 20°K. An Air Products and
Chemicals liquid transfer refrigerator was used to achieve temperatures
from 4K to 300K. A GaAs diode thermometer and P.A.R. controller were used
for temperature control.

The conductivity, -, shown in Fig. 17 may be divided into four
regions. Above 130°K, log ., if plotted against 1/T, shows thermally
activated conduction with a 0.285 eV activation enerqy. Between 70°K and

125°K the conduction is very small and of undetermined origin. Below Tc‘

there is a thirteen order of magnitude increase in . which we may well call
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an insulator metal transition. Below 40°K conduction is essentially metallic.
Hall effect measurements have been made at 5°K and room temperature

but not in the 40 to 70°K region due to the large magnetoconductance. The

results give a carrier concentration, n, of 10]9/cm2 at low temperature and

1014

at room temperature. It appears, therefore, that the sharp increase in
conductivity, o = nen, below 70°K is due to a change in n and not mobility,
p. The Hall effect and conductivity data for these samples showing the
insulator metal transition are summarized in Table VII. The expression

o(T) = o_exp(-E/KT) defines o_ and E in terms of the data, o(T). Hall
measureménts on sample 73 between 225 and 295°K show that it is n that is
changing exponentially.

29,30 has compared the infrared free carrier absorption,

Oliver
amnxz/m*r, to the conductivity o = nezr/m* and has determined that the large
change in o below 70°K is due to a change in n and not p = ezr/m* assuming
m* is constant. Our Hall data supports this conclusion. In Eu0 the optical
absorption edge shifts several tenths of an eV to lower energy. This red
shift begins well above Tc and follows the short range magnetic order,

33,34

<Si'sj> According to the mode. of Oliver, Kafalas, Dimmock and

Reed28’29’30

, the optical absorption edge corresponds to a transition from

an atomic f level lying in the band gap to the conduction band and, therefore,
the red shift indicates that the conduction band decreases in energy, relative
to tightly bound atomic like levels, following the short range order. They
postulate that there are trap states associated with oxygen vacancies, (0].
The energy of an electron in such a trap will be independent of magnetic

order if it is very well localized and has no overlap with neighboring Eu

spins. They propose, then, that the activation energy, E, to promote

electrons from the traps to the conduction band decreases by several tenths
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of an eV following the red shift and the short range order. The decrease in

E causes an exponential increase in n and o according to
n(T)/n(0) = o(T)/-(0) = exp (-E/KT) (14)

in the region of the insulator-metal transition.

We have tested this model and find that the data are consistent
with Eq. 14 but E decreases with the magnetization, M, that is the long
range order, <S>, rather than the short range order -§.5-.

The data of Fig. 17, -(T) at H = 0, may be used with Eq. 14 to
determine experimental values for E(T). In order to test the relationship
between E and <S> we need -S(T)-. The hyperfine field h(T) is proportional

31

to -S(T)> and has been measured by Petrich”’ on Eu0-73. It is given by

<$(T)>/$(0) = h(T)/h(0) = 1.13 x (1-T/69.3)0-36 (15)

in the range 40-70°K. Sample 89B also has a Curie temperature of 69.3°K
determined by zero field extrapolation of M2 vs. H/M plots of magnetization
data taken at 4 to 10 kOe in the neighborhood of Tc. The exponent - = 0.36
is the same as that given by Menyuk, Dwight and Reed35 as determined from
magnetization measurements on Eu0. We will assume, therefore, that Eg. 15
is valid for 89B as well as 73. The data of Fig. 17 used with Eqs. 14 and
15 determine the dependence of the activation energy for conduction on

the long range order <S-. The results, as shown in Fig. 18 are:

1) E(T) vs. <S> is a straight line;

2) the intercept at <S5~ = 0 is 0.30 eV;

3) <$>/S(0) = 0.77 where E-0.
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The first result shows that the activation energy E is linearly dependent

on long range order <S>. A similar plot of E vs. short range order -S-S-

is not a straight line. The enormous increase in n and - below Tc

is, therefore, caused by a decrease in E which is linearly proportional to
the increase in <S>. The second result indicates that the Fermi level,

Ef, lies about 0.30 eV below the band edge for all temperatures where -S = 0,
that is T > Tc' In fact the o(T) data above 130°K obeys an exponential of
the form Eq. 14 with E = 0.285 eV in remarkable agreement with the 0.30 eV
value extrapolated from the low temperature data. The third result gives a
measure of the exchange coupling, J, between band electrons and the europium
4f spins, S, as we shall see. The point where E+0 corresponds to the knee
at about 40°K in Fig. 17. Below this temperature since E = 0 the conduction
is not thermally activated but rather metallic, as observed. These results

may be summarized by the expression
E= Eo - A<S> = 0.30 - 0.39 -S-/S(0) eV. (16)

The magnetoconductance in the neighboihood of Tc is very large.
The ratio o(0)/c(H = 20 kOe) at T, as shown in Fig. 17 is about 10°. It is
interesting to consider whether Eq. 16 1s applicable in an external field.
The 20 kOe data of Fig. 17 may be used to determine an activation energy
using Eq. 14 which in turn may be used to predict <S(T,20 kOe)- by Eq. 16.
The 20 kOe results are plotted as open circles in Fig. 19 along with the zero
field data obtained the same way. The fit of the 2ero field data (points)
to the solid Tine (<S>/S(0) or M/M(0)) through the points is equivalent to
the fit in Fig. 18.

The magnetization of a sphere made from the same crystal run as



54

T(KELVIN)

10 0O 20 30 40 50 60 70 80

. [ | | T | |
A
= oal DISC L H=20
s SPHERE
~ L -
& 98 H
@ — -
& 04- Eu0-89B 9
A - e H=0 \q\\:
o e ~
?é 02+ H=20kOe 3
el ]
Q? (o) ! ) A T [ S N S A , |

0 0.2 0.4 06 08 1.0 1.2
T/Te
Figure 19: Magnetization or long range order (solid lines) vs. T measured

for a sphere in H = 0 and H = 20k0e as well as long range order
calculated for a disc perpendicular to 20kOe. Also shown is
measured isotropic short range order (dashed lines) in H = 0 and
H = 20k0e. The predicted values of <S> from conductivity data
are shown for H = 0 (dots) and H = 20kOe (circles).



55

that used for the conductivity measurements has been measured as a function
of temperature and field. The data for an applied field, Ha, of 20 kOe
is shown in Fig. 19 and labelled "sphere H = 20". The internal field is
Hi = 2 - 4:M/3. From this data we may calculate what the magnetization
would be for a disc magnetized perpendicular to a 20 kOe field using
Hi = H3. 4:M. The data points for <S(T,20 kde) -(open circles) as determined
from o (20 kOe) are in good agreement with the solid line for a disc
1 H = 20 kOe inferred from the magnetization measurements. The actual sample
used is a rectangular solid 0.030 x 0.034 x 0.010 inches with the field
parallel to the 0.034" edge. The four van der Pauw contacts were on one
of the largest faces. Since the sample is not an ellipsoid it will not have
uniform magnetization. Over the sample, M{r) may vary between a maximum which
is that applicable for a disc || (Hi = Ha) and a minimum which is that appli-
cable for a disc . (Hi = Ha-4nM). Equations 14 and 16 show that variations
in M will cause exponential variations in 0. The average o which is measured
along a constant current path will correspond to an average of u'] = =
Py exp(Eo - A<S>) according to Eqs. 14 and 16. This highly non-linear average
can be approximated by using the maximum E = Eo - A<S> that is the minimum
magnetization rather than an average magnetization. The magnetization pre-
dicted by the o (7,20 kOe) data is, therefore, close to the mininum possible
value, that is, a disc perpendicular to H? as shown on Fig. 19.

Also shown on Fig. 19 is the short range order, <S-S-, for H = 0 and

36’37. It is apparent that the

20 kOe as measured by Argyle, Miyata and Schultz
conductivity data follows the long range order rather than the short range
order.

The conductivities at H = 0 for 70 <T<125°K and at H = 20 kOe for

80 <T<125°K do not fit Eqs. 14 and 16 as does the rest of the data. These very
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The center diagram shows the states resulting from two
interacting vacancies, [0]. The left diagram shows the two
electron density of states which results from a random
distribution of vacancies. It is assumed that one electron
is always in a 1s state and the second may be 1s, 2s or in
the band. The right diagram shows the dependence of these
states on magnetic order, <S>,
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low values correspond to some other weak conduction process or to current

leakage on the sample surface or sample holder.

Kasuya38 has proposed a model somewhat different from that of

28,29,30

Oliver et al. The trap state associated with the may contain

two electrons since [0 differs by two charges from 0. The Jrap may be
thought of as a helium-like defect rather than the common hydrogenic defect

2t or C1° substituted for 0°. The Towest

suitable for Gd3+ substituted for Eu
helium-1ike state is a non-magnetic singlet ]S with configuration 1st, 1Is..
The first excited states are magnetically active triplets, 3S(]s, 2s). A

large magnetic field such as the exchange field, if sufficiently large, will

3 ]

split the S5 so that the lowest branch SS(1s+, 2s+) lies below the 'S

(1s4, 1s+) and the electronic configuration will change. If some of the 3S
states are merged with the bottom of the conduction band, conduction will
result. In Ref. 31 it was shown that the electronic configuration (isomer
shift) began to change at low <S> (0.99 Tc) but that the knee of the ¢ (T)
curve did not occur until higher <S> (0.7 Tc). These results may be inter-
preted within Kasuya's model in the following way. Since there is a distri-
bution in the defect-defect distance, there will be a distribution in the

3

energies of the ~S states as shown to the left in Fig. 20. The two interacting

defect states are shown schematically in the center of Fig. 20. For a suffi-
ciently high density of defects, some of the 33 states will be hybridized

with the band and will be conducting while others will 1ie below the mobility
edge and be non-conducting but still be more extensive than the ]S states.

As shown on the right in Fig. 20, the long range order <S> will gradually drive

the 3S (1s42s+) states below the !

S producing initially an isormer shift,
AlS, and finally the insulator-metal transition, A-. Quantitatively, if the

exchange interaction is
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H = "2\JS'<§'\' , (]7)
then the energy difference AE between the 1S (trap) states and the 3S

conducting states is
AE = AEO - 2J<S> (18)

which is exactly the form we have derived experimentally. The long range
order <S> enters because the conducting electrons are in a band and are,
therefore, spread out over a long range. The Fermi level may be pinned at

]S and 35 states, therefore,

the ]S levels or it may lie halfway between the
our measured E = AE or E = 1/2 AE.

With this model we may return to the third result that <S$->/5(0) =
0.77 at E = 0 and using S(0) = 7/2 and Eo = 0.30 find J = 0.055 eV or

39 have

J = 0.11 eV corresponding to E = AE or 1/2 AE. Von Molnar and Shafer
measured the spin disorder scattering in metallic Eu0 doped with Gd and
find J ¥ 0.05 eV assuming m* = 1, This agreement for two different types of
measurement is encouraging.

In reference 31, both Mgssbauer and conductivity measurements were
reported for samples made from the same crystal run (#73). Therefore, Tes
<S(T)>, and o(T) were all known for similar crystals. An analysis like that

described above gave a plot similar to Fig. 18 with the following results:

1) E vs. <S> is a straight line;
2) the intercept at <S> = 0 is 0.29 eV;
3) <$>/S(0) = 0.72 where E > 0.

These results are similar to those for sample 89B. The room temperature
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activation energy for 73 is 0.30 eV in good agreement with the low tempera-
ture extrapolation of 0.29 eV. The third result gives J = 0.057 or 0.115
depending on whether E = AE or 1/2 AE as before.

Although the data presented here and in Ref. 31 does not prove
that Kasuya's model is correct, it is consistent with that model. What we
have shown is that the insulator metal transition may be understood in terms
of thermally activated carriers (Eq. 14) and an activation energy linearly
dependent on long range magnetic order (Eq. 16) both with and without an
external magnetic field. The data is not consistent with an interpretation
based on short range order.

The low temperature data, when plotted as activation energy vs.
long range order (Fig. 18), may be used to predict a high temperature
value for the activation energy of 0.30 eV in good agreement with the
measured high temperature value of 0.285 eV. The low temperature conduc-
tivity data may also be used to determine the exchange coupling, J, be-
tween a conduction electron and the Eu 4f spins. J is .05 or .011 eV,
depending on the model. These values are in order of magnitude agreement
with a previous determination made from resistivity measurements in

degenerate Eu0.
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3.4 Transport Properties of Metallic Rare Earth Chalcogenides

It has been found convenient to separate the europium chalcogenides

! D Ch,
-x X

where Ch is the chalcogenide and D is the dopant, if x 0.01 the material in

into two major categories, depending on dopant concentration. Ffor Eu

general has semiconducting properties, whereas if x .01 meta !‘c behavior is
generally observed. We have, during the past year, carried out experiments in
both regions.

In the semiconducting region, the problems associated with measuring
and interpreting transport properties are severe, first because either chal-
cogen or rare earth defects, or both, as well as trivalent rare earth dopants,
contribute to conduction and because in many cases only the resistivity is
measurable.

Since a knowledge of the specific composition is necessary to relate
carrier number to transport and magnetic properties, a series of homogeneous
ceramic samples of Eu]-dexS containing accurately known amounts of trivalent
rare earths were prepared under varying Eu pressures. Thermoelectric power
and resistivity were studied near and above room temperature. It was concluded
that the samples measured fell into two general classes. The majority were
p-type with activation energies varying from 0.26 to 0.49 eV and resistivities
greater than 105 .=cm. The remaining samples were highly conducting and
n-type, representing materials with large Gd concentrations and/or anneals
under high Eu pressure. Although no specific relationship between transport
and method of preparation has evolved, the results suggest conditions for the

observation of n-type conductivity in EuS.
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In the metallic region, our purpose was to try to understand and
measure the exchange interaction between free electrons and the localized
spin of the rare earth ion. The experiment consisted of measuring the
resistivity, Hall effect, and thermoelectric power of EuS:Gd, GdS,

LaS and YS single crystals as a function of temperature. The Hall effect and
thermoelectric power yield the free carrier number and a rough measure of

the Fermi energy EF on the assumption that a simple parabolic band description
is valid, and that the dominant scattering mechanism is known. An estimate

of the effective mass can then be made. The temperature dependence of the

resistivity can be analyzed to obtain s vaTue for the exchange interaction
4]

Ic.f between the conduction electrons and the localized ionic spin. This
is accomplished with the use of the rcIation‘z
2
23 1
o= 2.7 x 1074 (1 )s(s + 1) —<=f (19)
N EF

where o_ {is the magnetic contribution at high temperatures, N is the number
of magnetic fons/cc, u the effective mass ratio, and S the spin of the
magnetic ion. Because the thermoelectric power of the metals GdS and LaS
was small and its varistion with temperature complicated, so that no
measure of u was possible, the analysis was made, therefore, by assuming &
value of u = 1. We expected to obtain large differences between lc-f in
EuS:Gd and GdS and no magnetic effect in LaS, since the latter contains no
localized spins other then accidental impurities. The former two materials
differ in that present evidence indicates that the free carriers are s-like
in doped EuS and d-1ike in (icls.‘3 These expectations were in part bome
out by experiment, although the values for lc-f quoted below must be regarded

as rough estimates. The results of our efforts and our conclusions concerning
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these degenerately doped or metallic samples are discussed in the following

paragraphs.
3.4.1 Results

Fig. 21 displays the temperature dependence of the resistivity for
the three metals, GdS, LaS and YS. Included also is the magnetic part of
the resistivity, “m® of GdS which remains after impurity and lattice con-
tributions, C and oL respectively, have been subtracted. The major features
of the curves are: 1) LaS and YS, which are non-magnetic but of the same
structure and electronic configuration as GdS, exhibit a temperature depen-

dence which follows the classic Bloch-Gr;neisen fonn.“

11) The magnetic
part of the resistivity exhibits a small increase near the Neel temperature
(TN = 50°K) of this antiferromagnet. ii1) Impurity scattering ("i = "mT->0‘)

5n-cm in all samples.

is comparable and ~10”

From i) we can infer the Debye temperatures, vp of 210°K for
both LaS and YS. % for the isomorphic compound EuS derived from the lattice
specific hnt‘5 is 208°K. Taking into account the differences in cubic axes
and in mass of the metal-ions for the different compounds, we obtain surpri-
sing agreement between these values, particularly since % deduced from the
two measurements tend, in general, to differ sc)lmuhlt.‘6 Furthermore,

1) demonstrates the validity of writing the expression
O(T) = L | ¢+ (‘L(T) + OM(T)' (20)

which is necessary to deduce o Here it is assumed that oy is independent

m
of T and L follows a Gruneisen curvature.
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Observation ii) is not as yet explained. The critical scattering

theory of De Gennes and Friede‘l42

as well as refinements by Fisher and
Langer47 do not predict a resistivity peak near the Née) temperature for
metals in which de\>l, where ke is the Fermi wave vector and d is the
distance between spins. For the present sample of GdS this factor is

(3n2n)]/3 d = 3.8 where n is the carrier concentration as measured by the

Hall effect. The work of Maranzana.48

which attempts to solve the Kondo
problem in a concentrated spin lattice above the ordering temperature, pre-
dicts a peak in the resistivity near the Née temperature, but the latter
theory is at variance with the fact that a magnetic field (in this case the
local exchange field) acting on the spins tends to quench the Kondo effect.49
It should be pointed out, however, that experimental observations similar to
ours have been made in other antiferromagnetic metals, notably, Dy and Er.50
The Hall effect measured at 300°K in LaS and as a function of temperature in
GdS is consistent with one electron per rare earth ion. From the Hall effect

22 2 -3

we derive carrier concentrations of 3.0 x 10 cm"3 and 2.5 x 10“cm ° for

GdS and LaS respectively, while the density of Gd and La ions is

Ozzcm'3 and 2.3 x 1022cm'3.

2.0 x1
The analysis is similar for the degenerately doped Eu]_dexS samples
but we were able to extract 2 v2%ue for u since, in addition to the other
transport measurements, the temperature dependence of the Seebeck coefficient,
a, was obtained. The results for two samples varying in carrier concentration
by one order of magnitude are shown in Fig. 22. o varies approximately linearly
with T from room temperature down to the transition temperature. There is
an anomaly near Tc and a change in slope below Tc. Non-linearities at the

lowest temperatures may be due to thermal emf's characteristic of the sample

holder. We may, to first order in kT/EF, use the expression for the Seebeck
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coefficientS]

. .05 T,
EF(e.V.)

(21)

where EF is the Fermi energy and x is defined by -(E) = constant X

where o = 1/p is the conductivity. For the special case that the electrons
are described by a parabolic band x = 3%5, where %-is the energy dependence
of the relaxation time. If we, furthermore, neqlect the variation with

energy of all factors in o(E) other than Tm(E) and ri(E) (the spin disorder

and impurity scattering relaxation times respectively), both of which vary as

g-1/2 82,52 yon x = 1,53 From this we obtain g %.05 eV for the Gd:Eus

19

sample containing 1.5 x 10"~ electrons/cc and EF %.2 eV for the sample with

2.5 x 1020 carriers/cc. Since kT ©.025, the analysis is not valid for the
former (which accounts for the deviations of linearity near room temperature),

but is a fair approximation for the more highly doped sample. If we set

2 1173 722
kF = (37°n) and substitute EF = F, the result is obtained that u *.65.
um

This is a relatively small mass and suggests a broad band of electrons. The

implications are far reaching. If the results of these admittedly crude
approximations are valid, it is difficult to invoke a magnetic polaron mode]54

to explain the giant magnetoresistance found in the low dopant corcentration

22

range for these materials. The existence of magnetic polarons depends

critically on the existence of a relatively narrow (<<1 eV) band of states.

In order to verify our value for u, we have analyzed infrared re-

55 19

flectivity data electrons

ean™3 and having a Hall mobility ~17 cm

taken on an EuS sample self-doped to 4.2 x 10

2 1 1

volt 'sec”'. A theoretical fit to

the data was obtained with the use of classical free carrier dispersion

56

expressions for the polarizability™ and the results are shown in Fig. 23.
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Figure 23: Observed and calculated reflectivity of EuS as a function
of wave number.
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14 sec and the

The parameters giving the best fit were u = .45, 1 = 3 x 10~
high frequency dielectric constant ¢ = 3.8. The values for u derived
from the reflectivity and thermoelectric power data are in satisfactory
agreement and indicate broad band behavior. e, " 3.8 should be compared
with the result of 5 + .6 inferred from reflectivity data on the pure insulating
materia1.57

The value obtained for 1 requires further scrutiny. If we sub-
stitute the value for the room temperature resistivity of the Gd:EuS, as
shown in Fig. 24, into the expression

0 =

] mu
— = == (22)
Ney Ne“"r

where e is the electronic charge and . the mobility we obtain + = 7.3 x 10']5

sec. This value is smaller by a factor of 4 and not consistent with the
reflectivity fit. Since we had assumed that the dominant energy dependence
r(E)aE']/z, the © describing the infrared data might be expected to be
smallcr than the static one. Two explanations of the difference suggest
themselves. First, the dispersion relation used in the fit did not include
lattice dispersion whose contribution in the spectral region of interest may

57

be considerable. Second, a quantitative comparison of a self-doped EuS

sample containing 4.2 x 10]9 carriers/cc with the Gd doped EuS sample con-
taining 2.5 x 1020 carriers/cc may not be entirely justified.
The temperature dependence of o shown in Fig. 24 yields, with the

use of Eq. 20, a magnetic contribution which is flat near room temperature

4

(o, = 3.7 x 10" "g-cm) and rises to a value 3 times larger near the ferro-

magnetic ordering temperature, Tc = 50K. This behavior is well explained by

LY4

the theories of spin disorder and critical scattering. In fact, substi-
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tution into Eq. 19 yield lc-f(Eu.WGd.O:is) .07 and lc_f(GdS) .03 eV, where
u = 1 has been assumed for the latter calculation. These results are in
order of aagnitude agreement with independent measurements of J in con-
nection with the metal insulator transition in Eu0 (See Sect. 3.3 of this
report).
In conclusion we would like to stress that, according to the
given experimental results and calculations based upon the assumption of a
simple parabolic band, the exchange energy between conduction electrons and
localized spins is of the same order of magnitude in GdS and EuS. This
result 1s unexpected, since the atomic values for I .25 1,  and, as
mentioned earlier, the conduction band of GdS as seen with photoemission.“
is d-1ike. Our results indicate the opposite trend, for exampie
l “".97“.035) %2 1 (GdS). A natural explanation may be found in the fact
that observation, in general, is a function of the experiment. Thus, whereas
photoemission is most sensitive to the highest density of states when electrons
occupy overlapping bands, transport favours the most mobile carriers. [t
is, therefore, concefvable that in photoemission experiments in Gds‘3
primarfly d-like electrons are observed and in transport s-like electrons.
It is also clear from the results that the effective mass of the
dominant carriers in Gd:EuS is smaller than the free electron mass. As
we have stated earlier, this observation makes a magnetic polaron model
an unlikely candidate to explain the very large resistivity peak near the
magnetic ordering temperature in the doped rare earth sulfide and selenide

systems.



ONOU"AP

10.

n.

12.

13.

4.

15.
16.

17.

72

REFERENCES

C. F. Guerci and M. W. Shafer, J. Appl. Phys., 37, 1406 (1966).

7. B. Reed and R. £. Fahey, 3rd Quarterly Report, Contract AF19(628)-5167,
Lincoln Lab., Solid State Div., p. 15 (1969).

J. M. Haschke and H. A. Eick, J. Phys, Chem., 73, 374 (1969).

M. W. Shafer, J. Appl. Phys., 36, 1145 (1965).

L. Domage, J. Flahaut and M. Guittard, Campt. Rend., 246, 697 (1959).

M. W. Shafer and T. R. McGuire, J. Appl. Phys., 39, 588 (1968).

H. Preuner and M. Schupp, Z. Physik. Chem. 68, 157 (1949).

M. W. Shafer and C. F. Guerci, Abstract, 67th Annual Meeting, J. Am.
Ceram. Soc., Philadelphia, 1965.

G. Petrich, private communication.

Mile M, Guittard, Compt. Rend., 261, 2109 (1965).

R. Didchenko and F. P. Gortsema, J. Phys. Chem. Solids, 24, 863 (1963).
G. V. Samsonov, "High Temperature Compounds of Rare Earth Metals with
Nonmetals " Consultants Bureau, New York, 1965.

A. landellf, Rare Earth Research, Ed. E. V. Kleeber, MacMillan, 1961,
New York, Vol. 1, p. 135.

The data were collected by M. Frisch of the IBM Thomas J. Watson Research
Center.

M. W. Shafer and J. C. Suits, J. Am. Cerem. Soc., 49, 261 (1966).

F. Holtzberg, T. R. McGuire, S. Methfessel and J. C. Suits, Phys. Rev.
Letters, 13, 18 (1964).

F. Holtzberg, T. R. McGuire and S. Methfessel, J. Appl. Phys., 37,
976 (1966).



18.
19.

20.

2.

22,

23.

4.

25.

26.

27,

28.

29.

30.

n.

J2.
1.

13

T. R. McGuire and M. W. Shafer, J. Appl. Phys., 35, 984 (1964).

T. R. McGuire, R. J. Gambino, S. .. Pickart and H. A. Alperin, J. Appl.
Phys.. 40, 1009 (1969).

T. R, McGuire and P. J. Flanders Chap. IV pages 128 and 132, "Magnetise
and Metallurgy:~ Editors A. Berbowit? and . rneller, Lcaderic Fress,
New York and London, 1969.

T. A. Kaplan, Phys. Rev., 116, 888 (1959),

S. von Molnar and S. Methfessel, J. Appl. Phys., 38, 59 (1067).

T. Penney. Proc. Third Int. Conf. Photoconductivitv, Stanford, Luqust 1969,
€. ™ Pell ed., Pergamon, Oxford and New Yory, 1971, p, 133,

T. Kasuya and A. Yanase, Ref. Mod. Ohys., 40, 1€6R4 (1968).

A. Yanase and T. Vasuya, J. Phys. Soc. Japan, 25, 1025 (19€F).

T. Kasuva. J. Appl. Phys., 41, 1090 (1970),

Sectfon 3.3 is a surmary of & more detailed publication 7. Penney anc
T. Kesuva, J. Appl. Phvs., 42, 1403 (1971).

M. R. Olfver, J. A. Kafalas, J. 0. Dirmock and T. B. Peed, Phys, Loy,
Letters, 24, 1068 ({7370).

M. R. Oliver, J. 0. Dirmock and T. B. Peed, IBM J. Reg, Develor., 14,
276 (1970).

M. R. Olfver, Thesis. Dept. of Electrical Enq., M.1.T., June 1970,
unpublished.

G. Petrich, S. von Molnar and T. Penney, Phys. Pev. Letters, 26, RRE
(9m).

L. J. van der Pauw, Philips Res. Repts., 13, 1 (1958).

M. J. Freiser, F. Holtzhern, S. Methfessel, . D. Pettit, *. k. Sha‘fer

end ). C. Suits, Helv. Phvs. Acta, 41, R32 (19AR).



4

G. Busch, J. Appl. Phys., 38, 1386 (1967).

35. N. Menyuk, K. Dwight and T. B. Reed, Phys Rev. 8, 3, 1639 (197).

3. B. E. Argyle, N. Miyata and T. D. Schultz, Phys. Rev., 160, 413 (1967).

37. B. E. Argyle and N. Miyata, Phys. Rev., 171, 555 (1968).

S. von Molnar and T. Kasuya, Proc. Tenth Int. Conf. on Phys.

Semiconductors, S. P. Keller, J. C. Hensel, F, Stern eds., Con?. 700 801,

U.S. AEC Div. of Tech. Inf., Oak Ridge, Tenn., 1970, p. 233.

39. S. von Molnar and M. W. Shafer, J. Appl. Phys., 41, 1093 (1970).

40. M. Pollack and T. H. Geballe, Phys. Rev., 122, 1742 (1961).

4). See, e.g. S. von Molnar, IBM J. Res. Dev., 14, 269 (1970).

42. T. Kasuya. Prog. Theoret. Phys. (Kyoto), 16, 58 (1956); P. G. DeGennes
and J. Friedel, J. Phys. Chem. Solids, 4, 71 (1958).

43. 0. E. Eastman and Moshe Kuznietz, J. Appl. Phys,, 42, 1396 (1971).

4. E. Gruneiseu, Ann. Physik, 16, 530 (1933).

45. V. L. Moruzzt and D. T. Teaney, Solid State Comm., 1, 127 (1963).

46. M. Blackman, Proc. Phys. Soc. (London), AG4, 681 (1951).

47. WM. Fisher and J. S. Langer, Phys. Rev., 20, 665 (1968).

48. F. E. Maranzana, J. Phys. Chem. So'ids, 31, 2245 (1970).

49. Ve are grateful to Professor J. R. Schrieffer and Or. T, D. Schultz for
several valuable discussions on this point.

50. See, e.g. B. R. Coles, Adv. Phys., 25, 40 (1958).

S1. N. F. Mott and H. Jones "The Theory of the Properties of Metals and
Alloys,” Dover Pudlications, Inc. (New York, 1958), p. 311.

52. C. Erginsoy, Phys. Rev., 79, 1013 (1950).



53.

55.

57.

75

This is not a strong assumption, since lattice scattering (see Figure 4)
which can have an energy dependence E" with - B/2 - n - 3/2, represents
only ~ 12X of the total at room temperature. This results in 3 maximum
error of at most ¢ 15X in the effective mass.

T. Kasuya, A. Yanase and T. Takeda, Solid State Comm., B, 1543 (1970).
We thenk Dr. J. Torrance for making his data available to us befcre
pudblication (this investigation is supported by ONR Contract
NO0O14-70-C-0272).

See, e.g. J. R. Dixon, U. S. Naval Ordinance Laboratory Report

No. NOLTR67-16 (1967).

J. D. Axe. J. Phys. Chem. Solids, 30, 1403 (1969).



