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FOREWORD

This tinal techimical report was prepared by J. F. Miller, F. J. Read, L. K.
Matson, J. W. Moody, R D Baxter, and R. C. Himes of Battelle Mcemorial Institate,
Columbus, Chio, on Contracts AF 33¥olo)-7321 and A} 23{6537)-10687, Project
Neo.o 4150, Tasas Nus. 417097 and 413002, respectively. The waork was ander the
tecnmical cogmzance of Dr. €. R. Darvnes ol the Electromes Rescaren Branch,
Electronics Technology Division, Air Force Avionies Laboratory, Rescarch and
fechnology Ihvisron, Air Force Systems Comnand, Wright Air Developiuent Genter.
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ABSTRACT

This investigation was concerned with the compounding, crystal growth, characteri-
zation, and evaluation ot compounds forined between the rare-carth elements and
clements of chemical Groups V and VI, Special emiphasis 1s nlaced on providing basic
information to make possible the ultimate development of useful seird==tate electroni
devices based on these materials. In samphing the members of the rarv-evarth tamily,
the elemients coriwin, neodymsumn, samarnium, pedobnium, erbium, and yiterbium have

been used 1n the preparation of representative compounds and alloys with amons, »a
as, selenium, tellurium, Oxyges, arsemc, antimony, phosphorus, and nitrogen,
Single crystal, bulk, and thin-f{ilm specimens have been prepared, and details re-
parding methods of cumpounding abid crystal growth are given. Crystal structure and
phasc relationships indicate that, in soie Canes, as many as todr distinet crystailine
phases may exist within a single binary system. MWhile electrical conduactivities 1in

the meterials treated fall generally in tne semiconductor range, transport nechanisms
are not entirely consistent with classical semiconductor theory., The ciectrical proper-
ties of specimens of the various compounds and compusitions are consistent, 1 general,
with the present understanding of the chemastry and crystai structare of the rare-carth
elements and compounds  In many cases it ia evident that tne presence of unfilled 4t
shells, assuciated with the rare-earth elements, strongly intiuences electron transpurt
in these materials, which fact 1s of both practizal and theoretical interest. Several
applications of rare-earth compounds and alioys studied are suggested. These include
application in thermistors and related devices, adjustable-témperature-cocificient re-
sistors, high-temperature thermoelectric generators, and active devices consisting of
metal-insulator structures.

PUBLICATION REVIEW

Publication of this technical documentary report does not constitute Air Force
approval of the reports findings or conclusions, It is published only for the exchange
and stimulation of ideas,

FOR THE COMMANDER:

R At D ofone .

ROBLERT D, LARSON
Chief, Electron:cs Research Branch
Electronic Technology Division
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STUDY OF SEMICONDUGT NG PROPERTIES
 OF SELELCTED RARE-r.ARIH METALS
AND COMPGURDS

At s AT TR 2 b VKT,

INTRUDUC HION

This 1s the {1nal Tedhnical Docunicutars Report on the subjedt progean: and covers
the rescarch accomphishments trom June |, 1960, to December 31, 1903, The pritiary
abjective of this investigation is to develop new knowledge and control of the prepara-
tion and properties of selectcd rare-carth compounds through studies of the materials,
altimately as single crystals and films, and thus to assay the potential of these mate-
riais for electromc applications, To this end, a number of representative compounds
and alloys of the rure-carth elements 1n combinatiou with elamnents of chemical Groups
V and VI have been investigated, Research has beoen conducted in the arevas of com-
pound preparation, purification, crystal growth ard structurc studies. film deposition,
and electrical analysis,

Considering that there are 14 rare-earth e ements, that information obtained i
the varly work pointed to the existence of several compounds in cach of the sysienis,
and that a numbuer of Groups V and VI mncetaliold species are involved, the number of
pussible compounds 1n the systems under consideration is seen 1o be extreanely larve.
To undertake investigation of all of the cumpounds would constitute a probibitively larac
task. Therefore, available information on the chemistry of the rare-earth clements
was uttlized in the selection of representative compounds for stady.  In addition, since,
in an initial exploratory study (Ref, l);':_, tiw more interesting ciectrical nroperties v.ere
eiserved for the sclenides and tellurides, initial and major portions of this investi-
gation were devoted to study of these compounds and their alloys.

In discussions of the chemistry ¢f the rare-carth elements, the similarity of their
behavior and the predominance of the tripusitive oxidation state are often stressed -
thus creating popular miscounceptions. As shown in Tabie ]| other important oxidation
states also are observed for a nember of the elument=s. Conversion to the dipositive or
tetrapasitive state is, in fact, utilized in cifecting the chemical separation of some
clements from (naturally occurring) mixtures. Hence it is apparent that scveral types
of chermical behavior of the rare-earth elemoents must be considered if one is to stady
representative rare-earth materials,

Among the tripositive ions, high stability 1s associated with the electronic con-
figurations of the La3*, Gd3*, and Lu3t 1ons in which the 4f levels are empty . ha!f
filled, and Iilled, respectively. The dipositive and tetrapositive oxidation states ot the
nvighboring care-varth elements ('I'a_l.]le 1j appear 1o arise as a result of approach to,
or achievement of, the stable 4%, 4/ 4{14 confipurations. Among thes., the dipositive
states of samarium, curopium, and ytterbram and the tetrapositive state of ceriam are
the more important; the corresponding states of thulium, praseocdymaunia, and terbiam
appear te be less stable and are observed unly ander special conditions,

TRefuroneos dre Fives oo Pay
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TABLE }. OXIDATION STATES AND ELECTRONIC

e S ELEMENTS :
R o g D TRy T T - e e o
Known Corresponding 4f
Element Oxidation States Electronic Configurations
La 3 4
Ce 3-4 afl - ap
Pr 3-4 412 - 41!
Nd 3 af3
(Pm) 3 464
Sm 2-3 b - 4f°
Eu 2-3 4f7 - 4f®
Gd 3 4
Tb 3-4 418 - &7
Dy 3 419
Ho 3 4110
Er 3 4fll
Tm 2-3 4113 - 4412
Yb 2-3 M - 213
Lu 3 “#M

Within a given class of compounds, 1t is reasonable to expect that different
characteristics will be obtained as the chemical nature of the rare-earth element
changes. Accordingly, rare-earth elements were selected irom the three types noted.
Neodymium, gadolinium, and erbium were chosen as representatives of the ''regular’,
rare-earth elements which exhibit only the tripositive oxidation state. Samarium and
ytterbium were selected for study as representatives of the elements whicl exhibit both
dipositive and tripositive states. Compounds of cerium were also prepared and studied,
since this element exhibits both the tripositive and tetrapositive states.

Another factor which one might expect to warrant consideration is the possible
effect of the lanthanide contraction. The decrease in atomic and ionic radii with pro-
gression through the rare-earth series certainly produces an effect on properties of the
elements and compounds. Hewever, results indicate this to be of secondary importance
amone the effects and phenomena noted and discussed,

COMPOUND PREPARATION AND CRYSTAL GROWTH

The principal technique employed for compound synthesis has been a solid-vavor
reaction between rare-earth-metal filings and vapors of the Group V or Group VI
element at relatively low temperatures (450 to 1050 C). This reaction yields the
materials in granular form from which bulk cryvstalline specimers are prepared by
melting techniques or by powder-metallurgical techniques. Ailthough the majority ot
the materials studied were prepared by this solid-vapor reaction, employed in special
cases were other synthetic techniques such as liquid-vapor reactions and solid-vapor

2>
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nd compounds is found in a later section on

involving thin films of rare-earth metals a

"Thin Films'.

Three general methods of crystal growth have been investigated: (1} growth from
steichiometric or nearly stoichiometric melts, (£) growth by vapor deposition, and
{3) growth from sclunion. Study of the low-temperature crystal-growth methods,
Itenss {2) and {3), was attractive, since the preparation of purer, more ncarly perfect
crystals through reduction of contamination and attainment of better control over the
crystallization process should be possible at the low temperatures,

Vapor-Solid Reaction

In the most successful method developed to date for the preparation of bulk speci-
mens, the compound is first prepared in powder or granular form. The granular
material is then melted down and cast into an ingot from which bulk specimens suitable
for evaluation can be obtained.

The compounds were prepared in granular form by recacting vapor of the Group V
or Group VI element with filings of the rare-earth metal at moderate temperatures.
Some contaminants were probably introduced in producing the filings. However, the
increased reaction rate obtained thereby is believed to cutweigh the contamination
effects, at least in an exploratory program.

The vapor-solid reactions were carried out in sealed, evacuated Vycor tubes,
which were designed so as to maintain physical separation of the rare-earth metal and
the Group V or Group VI element in the condensed state. Maintaining this physical
separation precludes the possibility of the rapid, violent reaction which tends to take
place on direct contact of the condensed phiases. For example, the reaction between
dysprosium and selenium has been observed to reach explosive proportions at about
400 C.

To carry out the desired reaction, vapor of the Group V or Group VI metal was
distilled over rare-earth-metsal filings at teinperatures in the range 450 to 1050 C. The
reaction conditions were varied scmewhat, deperding on the specific reaction being
carried out. In general, temperature was increased siowly ina perind of 4 to 50 hours,
and was held at the selected level for an additional i4 to 150 hours. Periodic checks
were made to determine when the reaction was complete. The reaction was considered
to be complete when (1) a condensate of the volatile constituent failed to form on the
reaction-tube wall as it cooled after being removed from the furnace, and (2) the product
had a homogeneous appearance (i.e., contained no visible particles of partialiy reacted
or unreacted metal). In the first experiments on the preparation of a given compound,
the approximate minimum thermal treatment required for synthesis was thus determined
empirically; these conditions then were duplicated or exceeded in subsequent
preparations.

The reaction conditions varied widely as the identity ol the campound being pre-
pared changed. For example, the temperature was increased more slowly when a high-
vapor-pressure element such as selenium was invelved than for initiation of a reaction




involving a Iow-— por*presaure elemem such as bxsmuth kaewxse the ionger re-
action times and hig » - . ) _

“Thtfey group Tnvoiving the less volahie metaiimds This is amply ﬂluslrated by com-
parison of the reaction between yttrium and bismuth, which required 140 hours &t
800 to 900 C, with that between dysprosium and selenium to form the sesquiselenide,
which appeared to be complete in approximately 6 hours at 400 C. Other examples of
reaction ¢conditions employed are given in Table 2.

As is indicated in the preceding discussion, the vapor-solid reaction has been in-
vestigated for the preparation of a number of classes of rare-earth intermetallic com~
pounds. - Several general observations can be made regarding application of the pro-
cedure to the synthesis of compounds of the various classes. Although the observations
are based on work with just 2 few representative systems, it is reasonable to expect
that similar behavior will be exhibited in nearly ail the subject binary systems. In the
majority of the cases, the reactions to form the compounds in a powdered or granular
state were carried out in evacuated, sealed, fused silica or Vycor ampoules. In such
containers, it was necessary that the maximum reaction temperature be held at 300 C
or lower, since it was noted that the rare-earth metal and/or compounds react with the
fused silica at higher temperatures. X-ray diffraction studies on the Gd«~Te system
showed that single-phase specimens of compositions in the M3Xy4 to M,X, range can be
prepared directly in the granular form by the vapor-solid reaction 2t temperatures
% 900 C. The compositions corresponding to the monotelluride;, however, are not con-
verted to the compounds by similar treatment; in these cases, the particles are ob-~
served to consist of unreacted centers of gadolinium metal covered with surface layers
of a phase having the {(M3X4-M7X3) structure. Conversion to the monotelluride was
observed to have occurred only after the material had been subjected to higher tempera-
tures {31300 C). This usually was accomplished in the course of the subsequent melting
of the granular materials. Hence, no attempt was made to determine the low-
temperature liriit for the transition.

The solid-vapor reaction also has been used for the preparation of rare-earth
bisrnuthides, antimonides, arsenides, phosphides, and nitrides, in granular form,
as indicated in Table 2. The reactions between the rare-earth metals in finely divided
form and the elemental vapors of the metalloids, bismuth, antimony, arsenic, and
phosphorus, seemed to proceed at reasonable rates to form the 1:1 compounds having
the fce, NaCl-type structure. To prepare the nitride, however, it was necessary that
a nitrogen compound {ammonia) be used as a source of reactive nitrogen.

The various reactions also were attempted using bulk specimens of the rare-earth
metals rather than the small particles {filings). Since only thin surface layers of the
majority of the compounds (specifically, the selenides, tellurides, antimonides, and
phosphides) were formed, the results suggested that, in most cases, the reaction rates
may be limited by the rates of diffusion of the metalloid species through the initially
formed layers of the product cempounds. An exception to this was encountered in the
arsenides. It was possible to prepare bulk specimens of the arsenides (e. g., YAs,
GdAs, NdAs) by diffusing arsenic into sizable solid specimens of the rare-earth metais
at moderate temperatures, To illustrate, arsenic (vapor at 1 atmosphere of pressure)
diffused into and reacted with solid neodymium metal at 1100 C so rapidly that the com-
pound which formed spalled off and the solid disintegrated. At 750 C and with arsenic
vapor pressure at 0, 02 atmosphere, however, the reaction rate was lower and solid
specimens of NdAs were obtained.




TABLE 2. TYPICAL CONDITIONS FOR PREPARATION OF
COMPOUNDS BY THE SOLID-VAPOR REACTION

Reaction

Synthetic Temperature, Time,

Composition C hours
Ndz'l‘e3 25-800 4
800 156
Nd;Tey, 25-700 4
Gd,Te; 700 12
800 144
Nd_,,Se4 25-350 2
350 10
400 17
450 74
Nd25e3 25-300 6
300 12
350 4
400 5
450 14
NdSb 25-600 14
600 123
NdAs, 25-500 8
SmAs 500 15
600 20
680 20
NdP 25-900(@) 24
900 32
1050 2
NdN 10000} 125

{a) Pressure of phosphiorus vapor held at ~1 aun by use of twa-furnace technique,

{b} Vapor phasc =~ anhydrous NH 3.




Vapor-Liquid Reactions

g,

A number of compounds have been prepared by reacting vapor of the Group V or
Group VI species with the molten rare-earth metal. These reactions are carried out
in evacuated, sealed quartz or Vycor tubes. Induction heating is used to melt the rare-
earth metal, which is placed in a boat {container materials are discussed later in this
section} within the scaled guartz envelope, The remainder of the gquartz envelope is
heated, usually with electric furnaces, so as to create and maintain a suitable concen-
tration of vapor of the Group V or Group VI species,

The vapor-liquid reaction has been carried out in two different ways, both of
which yield bulk specimens of the compounds, In both of the methods, an excess of the
Group V or Group VI species 1s used, and vapor pressure of this component is con-
trolled by controlling minimuwin temperature of the condensed excess. In the first,
the ingot of rare-ecarth metal is nielted and maintained at a temperature just above its
melting point.  Mimumum temperature of the quartz envelope is then gradually increased
so as to slowly increase concentration of the vapor of the Group V or Group VI species.
As concentration o the vapor is increased, the compound crystallizes first in the cooler
regions of the inductively heated melt and, under proper conditions, the solid-liquid
interface progresses gradually toward the high-temperature regions (Ref. 2). In the
second method, the ingot of rire-carth metal is melted and maintained at a temperaiure
just above the melting point of the compound being synthesized. Pressure of the vapor
of the Group V or Group VI species is then made equal to decomposition pressure of the
compound {at 1ts melting point) by raising the minimum temperature of the quartz
envelope to a suitable value. Progressive crystallization of the compound is accom-
plished by withdrawing the {rmolten) ingot laterally from the induction coil.

In carrying out the vapor-liquid reactions, a container problem has been en-
countered. Wnereas tintalum apparently is a satisfactory container for simple melting
of the compounds, the tantalum boats are severely attacked during prolonged periods of
exposure to selenium, tellurium, or antimony vapor. Graphite containers, which are
not noticeably attacked by Group V or Group VI vapors or by *the molten compounds, are
attacked by the molten rare-earth metals. In the course of the work, a number of con-
tainer materials havo been investigated. A listing of these materials and observations
as to their short smings are given in Table 3. There has been no visual evidence of
reaction between magnesia containers and the melts of the rare-earth metals or com-
pounds. However, some difficulty has been experienced with regard to fracturing of the
containers. It appears that this can be eliminated by avoiding thermal-shock stresses.

Growth From a Melt

In efforts to develop methods for crystallizing sound bulk specimens and, ulti~-
mately, for growth of single crystals of these high-melting materials, a number of
methoeds have been investigated. The basic methods, involving growth from a melt,
include the vertical Bridgman methed, button casting, zone melting, and czochralski or
Yerystal-pulling'' methods.

Ingots cast by the Bridgman methot slmost invariably contained voids, presumably
resulting from the entrapment of pockets of {orei'n gases or metalloid vapor in the




TADLE 3., EVALUATION OF CONJAINER MATERIALS
FOR COMPGCUND sYNTHESIS

P — e o =

Containe r Material Observation

Graphtte Attacked Ly molten rare-cvarth metal;
appears lo be satistactory for short-
terrm use with molten compouands

Tantalumn Attacked Uy vapor of Group V oor

Group VI ¢leraents; appears 1o be
satisfactory for short-term use with

compounids

Alumina Attacked by melten rare-earth metals;
subject to fracture by thermal-shock
stresses

Boron nitride Attacked by molten rare-carth metals,

hydrolyges sliphtly in normal
atn:osphere

Titanium diboride Attacked by molten rare-carth uctals

Magnesia No evidence of attack by molten rare-
earth metals, vapor of Group V or
Group VI clements, or moiten com-
pounds; molten compounds diffuse
through ceramic sections; subject to
fractare by thermal-shock stresses




crystallizing mater:al _Some fracturing ingots wrred.. w
“PEEGMEd Trom compressive stresses impused by the contamer waﬂ
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Improvement in both respects was expected for button-cast specimens because
of the large expused surface area, which should favor expulsion of gases, and lack of 2
constraining container wall, which should minimize compressive stresses. However,
specimens which were cast 1n this way contained numerous voids and were fractured
throughout. The poor results are believed to be due to extremely steep thermal
gradients which were present under the experimental conditions prevailing.

Zone melting in an open boat did not yield goeod specimens. Again, the extremely
steep thermal gradients developed appeared t¢ have a detrimental effect. Although
graphite has appeared to be satisfactory as a container material in short-term use,
appreciable reaction is observed between the graphite and the melt in the long-term
zone-melting runs. [ngots which were zone melted in graphite were bonded to the con-
tainer and were fractured throughout, presumably because of the difference in thermal
expansion of the two materials.

I initial attempts to zone melt in tantalum beats, one difficulty was encountered.
Ir the molten state, the materials "wet" the tantalum and ''‘creep* up over the side of
the boat, leaving only a thin layer of sample in the boat. One solution to this problem
lies 1n the use of a tubular container.

A tubular container has been used for the zone melting and zone crystallization
as shown in Figure }. Thne melting zad crystallizat.on are done in a tantalum ‘'test
tube' which is placed within a long tubular susceptor. The apparatus is set up so that
the longitudinal axis of the test tube is tilted from the horizontal. Directional crystalli-
zation is caused to occur by moving the container slowly through the rf coil. Direct in-
duction heating of the tantalum test tube is possible, but better results have been ob-
tained when a tubular susceptor was used a5 shown.

This relatively simple setup is seen to have several advantages. The crystalli-
zation process can be observed directly ti: ough the viewport in the end of the tube.
Crystallization can be initiated in the smali "tip" which is formed at the shallow end of
the meit. Such a procedure promotes growth of single, or iarge, crystals. No signi-
ficant compressive stresses, which cause fracturii.o, are imposed on the ingot by the
container if melt level is kept below the midplane of t.-e tube. Usually no difficulty is
experienced in r2moving the ingot {rom the container {.-.o2wing the run.

Crystallization by the simple technique described has consistently yielded sound
ingots of a number of rare-earth materials, some of which vere single crystals and
most of which contaired relatively large crystals. Voids anc fractures have been
virtually eliminated. The combination of the large exposed surface area and a favor-
able thermal pattern is apparently conducive tc evolution of the gases {or vapors) which
caused voids to form when other techniques were employed.

The melting points of the samarium and ytterbium monoselenides and monotel-
lurides are high, ca.2000 C. At these temperatures thes materials ''wet" the tantalum
containers, and thin sections, such as are obtained from the tilted-tube zone melting
procedure fracture on cooling. However, the slow cooling of melts contained in upright
3-inch-high tantalum crucibles has yielded a number of ingots which contain large
single-cyrstal sections. The melting is done in argon using a 4-inch-long, 10-turn
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polnt ‘by gradual reduction of output of the rf gemrator‘ Typica. rates of deé:reaae

were 20 C per minute in the range >2000 to ~1000 C. Single-crystal specimens, such
as those shown in Figure 2 which are large enough for usz in ¢lectrical-property .
studies, can be cleaved from the ingots. Table 4 shows the melting-temperature ranges
applicable to the growth of sound specimens of varicus rare-earth compounds and alloys
from the melt.

wt

FIGURE 2. SINGLE-CRYSTAL SPECIMENS CLEAVED
FROM INGOT OF MELT-GROWN SmSe

Crystal-pulling experiments were carried cut on gadolinium and neodymium
tellurides in both a "standard" Czochralski and 2 sealed Gremmelmaier-type magnetic
crystal puller. Runs were made in argon, helium, and tellurium vapor atmospheres.
The melts, which were containad in tantalum crucxbles were heated inductively. Seed
rods were of tantalum or graphite.

The experiments failed to yield sound, coherent ingots. In all experiments,
heavy deposits which formed on the crystal puller wall seriously hampered the work;
this was most severe in the attempted pull of Gd;Tej in tellurium vapor. In the case of
the Gd-Te compounds, a crust which interfered with the crystal-growth process formed
on the surface of the melt. Thia crust appeared to be formed of loosely bonded parti-
cles of materials or phases which were higher melting than the main portion of the
charge. l.oss of tellurium from the surface layers or the presence of high concentra-
tions of impurities could account for the crust formation. In view of the generally dis-
couraging results of the experiments, no analyses were made to check this,

In experiments with the Nd-Te compounds, 'clean' melt surfaces were obtained,

and it was possible to crystallize short, irregularly shaped ingots. However, in both
systems (Gd-Te and Nd-Te), the material seemed to melt and freeze over a range of

10
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tempe ratures™ rather than at a discrete melting puint. As a result, large portions of
the palled raate rial frequently remelted and dropped away from the ingot back into the
el because of this, no sxzable mguts or crystais were obtaincd. Deviations fromi a

Biven storcluoineisry. 0L s 1y i i
Tluis tnetiod i crystal browth nnaiiy was abandoned

Growth By Vepour Deposition

Experiments on the low-temperature vapur-phase growth of crystals of GdTe;
and Nd,Teg have been moderately successful. Sizable crystals of GdTe and small
peediclike erystals of GdpyTey of good physical quality have been prepared by the vapor
ticinthiosdd

In the vapor-growth work, the sealed-system method has been utilized. Speci-
mcns Of rate-earth telluride plas a small quantity of elemental halogen {I3) or a source
of halogen (eop., NHyl, NHCl) were sealed in evacuated quartz tubes. Alternatively,
viciments i the proper proportions to yield rare-earth tellurides were used as starting
tnaterials. The majority of the experinients to be discussed were of this type. In these
cases, the standard procedure for low-temperature vapor-solid reactions was used to
form the compound prior to the vapor-growth run. Two bases were used for addition
of the helogen: charges were made up to correspond to initial compositions of the types
(1) x RE,Tey + y REX3, or (2) x RE,Te3z + y X2. As is indicated in Table 5, various
cuncentrations of halogen, corresponding to those required for reaction with 1 to 20
atomic per cent of the rare-earth metal present to form REX3, were used in both types
ot sdditions. Vapor growth was carried out by placing the sample tube in a tempera-
ture pradient.  Maximum temperature was varied between 820 and 1045 C. Minimum
tenwperature was varicd between ~200 and 910 C. Vapor-growth time ranged from 39 to
28% hours, and both horizontal and vertical systems were used. In the vertical furnace,
a temperiature inversion was used, i.e,, the higher temperature was at the bottom and
the fower temperature at the top of the tube,

Small acicular crystals of the Gd;Tey phase, ~0.5 mm across and up to 5-mm
long, were grown by use of charges containing low concentrations of halogen (1.e., on
the basis of Gdly formation, equivalent to % 5 atomic per cent of the gadolinium metai
present), as is indicated in the data for Experiments 37, 36, 39 (Table 5). Although the
crystals were small, results ot X~-ray diffraction analyses indicated that they were of
gpood physical quality. Single-crystal X-ray diffraction patterns obtained with them were
mitich sharper than those previously obtained with material crystallized from the melt.
As a result, it was possible to index structure of the GdzTe3 phase {crthorhombic with
umt cell constants a = 11.83 A, b=12 0l A, c=4.28 A)., The c-axis was found to be
parallel to the needle axis in the vapor-grown crystals.

Fairly large platelets of GdTe, up to -5 mm by 5 mm by 3 mm thick as shown in
Frzure 3, were grown by use of charges contaimng higher concentrations of halogen
{1.¢., on the basis of Gdl3 formation equivalent to 3 5 atomic per cent of the gadolinum
metal present; sce Experiments 36, 37, 41 in Table 5). Physical quality of these
crystals also apprared to be good, Several of the crystals were large encugh to yield
single-crystal Hall specimens. Comparison of results of electrical measurements un

Aabt s tiar te watof irornre mietals wi ol are sand to have a - biot=short” range,
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melt-grown and vapor-grown GdTe, {sec Tabic 13 m section on "Electrical Properties”)
"indicates that the latter material is of better guality aiso Measurable Hall effect and

carne" mobxhty were observedo ez the v
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FIGURE 3. VAPOR-GROWN SINGLE CRYSTALS
OF GdTe,

Significant rates of crystal growth were obtained in vertical, but not in horizontal
systems, presumably vecause conditions are more favorable for convection currents
{and mater:ial transport therein) in the former case. Run times in excess of 200 hours
were required to obtain significant amounts of crystal growth. When excess iodine was
added, as in the first group of experiments in Table 5, appreciable concentrations of
free tellurium were present {e.g., 312 + GdpTe3< 2GdI3 + 3/2 Te ) and the higher
tellurides, GdTe; and GdTey4, tended to form readily. Four example, high concentrations
of GdTe4, which is bronze colored and therefore readily identified, were present in the
feed stocks of Experiments 46 and 54 following the runs. No appreciable vapor trans-
port was obtained in cases in which amumonium halides were used.

Appearance and characteristics of the residual feed stocks, particularly for
charges containing the higher concentrations of halide or halogen, suggested that halide-
telluride solid solutions may have formed gradually, thus reducing activity of the halide
and hence its effectiveness as a vapor-transport agent. Homogeneous-appearing, soft,
brown crystalline masses (in contrast to the hard, metallic gray or black of the Gd;Te;
and GdTe, phases) formed, which, when heated strongly with a torch in vacuum, disso-
ciated into {(clear) Gdl; and dark (Gd-Te) phases.

Although the data presented in Table 5 do not clearly so indicate, best results
were obtained with charges of presynthesized compound and with the lower concen-
trations of halogen.
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vvuigiowtlls of GdTe platelcts
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(see Figure 2)
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No appreciable crystal growth.
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the pruparation ot other compounds may aot be pracbeal.

Growtth b Solution

Lxploratory experitnenls o the prowtis vl crystals of the sesquitellurides trom
swlubivis We it catiicd wuiwalh dade g, CTie eilurnide was tound (0 be soluble 11 the
anhiydrous halides, GdCl3 and GdI3, which were sclccted as solvents. However,
ory stals O thic seaquitcliviides were Lol vulaamd T sucn solutions.

Ly the lantial caploratosy experinent, o specimen o1 GdyTeg was placed 1n o quan-
tity of aalpydroas Gdiil, {(melting pomt, 602? C). Ine temperature was raised to etfect
sotutton, then was 1o cred antil regryataliteolion occurred.  As the temperature was ni-
creased (to Yot )
abzove the melt in the scaled guartz tube. As the solution was cooled, very small dark,

, tne Gd,Tey dissolved and tellurium vapor appeared n the {ree space
ucedivlike crystals were precipitated.  These were found by X-ray analysis to be
Crystals of the GdTe, phase. Since the temperatare-gomposition studies had shown

tioat torisation of the desired GdsrTo o phase welld be favored by use of higher tempera-

3
L=, Galy Gu.clting point, 920 C} was usced as the solvent in subscquent experiments.

Experirnents with Gdlz as the solvent were ran in both horizontal and vertical
systeras. A sulution of 25 mole per cent Gd) Te g in Gdlz was directionally frozen at a
lHicar rate of J/4 inch per hour in a hurizontel quartz tube. A soluilon of 30 mole per
cent GdpTe 3 1n Gdly was crystaliized by 2 Bridgnian drop (vertical) at a rate of 1/16
inch per hour,  Both experiments yiclded sincdar polycrystalline ingots which, by
hardress checks, - Hocarved to be uniform along their length, indicating that hittle or no
precipitation or sepr . gation of Gd pTey nad occurred. The materials, simiiar in
appearance tu the cesidual feed stocks trom vapor-growth experiments, again sugge st

that t -llaride-halide solid soiations proubaliy were formed.

STRUCTURE AND PHASE RELATIONSHIPS

Lnthe course of studies directed tovard understanding and control of the etectrical
properties of rare-earth compounds, somic study has been made of crystalline phases
and phase-tamperature-composition ralationsimps in the systems involved  In order tou
discern miore general relationships anione the compositions, ¢rystai-structure data,
and electrical properties, literature data nave been considered as well,

Data obtaincd in the course of tue vork (sume ot which are presented in Figures 4
and 5) indicate that there sre typically ot least tour orystalhine phases in the binary
systeras contatng a Gioup VI element such as seleniin or tellurium.  Inese are:

(1} & high-melting MX compound, {2) on M3X - M X 3 phase whnich puersists through the
i

composition range indicaeed, and {3 and 1) several compouands containing higher concen-

N

traticvi:s of metallowd, such &5 GdTe; and GdTeg.
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“dppcdred to be the highest-melting phase in the system. The data on the Gd-Te system
(tigure 4} indicate that a phase boundary, exteading from Gd to GdjTey may exist at a
temperature between 800 and 1000 C; its exact location on the temperature scale has
not been determined. However, it has been noted that if a powdered mixture of equi-
atumic proportions of gadolinium and tellurium is held at 800 C, two phases, gadolinium
aud the Gd 3Tey phase, are tormed which persist even after several hundred hours at
teinperature. On the other hand, in less than 6 hours at 1300 C, reaction is complete
and single-phase GdTe powder is obtained. It is believed that this type of behavior is’
general and that high-temperature treatment is necessary in the preparation of the rare-
¢orth monoselemdes and monotellurides,

Monoselenides and Monotellurides

The monuselenides and monotellurides (MX) crystallize in the face-centered
cubic, NaGl-type structure with cell sizes as indicated in Figure 6. The open data
points are from Reference 3. The relatively large unit cell sizes for the samarium
and ytterbium compounds indicate that, in these compounds, the divalent ions of the
rare-earth metals dominate. A similar situation would be expected for the europium
compound, since europium also exhibits a high stability in the +2 state, while the
smialler cell parameters for NdTe, GdSe, and GdTe suggest that the rare-earth
elements are present essentially as the +3 ion in these latter compounds.

In Figure 7, cell-size data, which are plotted for several sets of alloys of rare-
carth monoselenides, show that cell size does not deviate significantly from Vegaard's
law in the composition ranges studied. In the SmSe-NdSe system, in which both com-
pounds exhibit n-type clectrical conduction, the cell size is seen to change gradually
from the high value for the samarium compound to the low value for the neodymium
compound. In the YbSe-NdSe system the trend is seen to be similar; however, the
vffect of the lanthanide contracticn in going from SmSe to YbSe also is apparent in the
graphical data, and the range of cell sizes is much less in the latter system. {(The
clectrical properties mentioned in this paragraph are discussed in greater detail in a
subsequent section.)

M3X4-M2X3 Phases

The electrical properties most nearly resembling those of typical semiconductors
were observed for compositions in the range M3X4-MX3, where M is a rare-earth
element which normally exhibits a tripositive oxidation state, and X is selenium or
tellurium. Consequently, some study was made of these materials to develop some
measure of understanding of the interrelation between their physical and chemical
properties.

I8
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The Thorium Phosphide Structure

C The body-centered cubic, ThyPg-type {ID73) structure has usually been obsdrved
to prevail across the M3X4-M2X § composition range in the subject systems in which
M 18 2 rare~earth element and X is sulfur, selenium, or tellurium. Available data ui
lattice constants for these compositions are presented in Table 6,

if it is assumned that all metal-metailoid bonds are equivalent in the crystais ot
the rare-earth compeunds, metal-metalloid and inetalloid- metalloid internucliear
~distances can be calculated from the lattice constants. These data are given in
Table 7.

A nirst indication of the nature of the chemical bonding in the subject crystalline
phases can be obtained by comparing the swns of the jonic and covalent radu of the
appropriate elements with the obscrved internuclear spacings (Table 6). It is apparent
trom such a comparison that, even though some uncertainty may exist concermnyg the
radius values. and further uncertainty may result {rom the assumption of eguivalent
bonds (Rel. 9} the bonding must be neither purely 1onic nor purely covalent. Specitically,
1t can be noted that the metal-plus-metalloid radius sums are less than the obse rved
internuclear distances in all compositions for both the ionic and covalent cases. It is
probable then that the cell sizes are d=termined by the anion-anion internuclear
distances. From the radius data for the metalluids it appears that, if the bonding were
purely covalent, the cell dimensions would be smaller than observed. On the other
hand, if the bonding were purely ionic, the unit cells would be larger than observed, as
can be seen from the data given. One is then led tu the conclusion that the chemical
bonding in the materials is partially 1onic and partially covalent in character. Pre-
viously reported (Refs. 5,9 10) observations on structures of individual compounds
in these systems and on transport properties are consistent with this conclusion.

An estimate of the covalent coentribution tu the bonding can be obtained in the
foliowing way. It is assumed that (1) anion-anion contacts prevail in the crystals,
(2} all metal~metalloid bonds are equivalent, and (3) the degree of covalent {(or 10nic)
character of the bond varies linearly with the apparent radius of the metalloid between
the 10nic and covalent values. The apparent radius of the metalloid element in the
crystal is then just half of the 1 etalloid-metalloid internuclear distance calculated from
the cell constant. The covalent contribution to the bonding can be calculated from the
apparent radius values, which are given in Table 7, by utilizing the relationship:

s (rx ion - s ap.)x 100
Joe COV = s

Tx ion = Tx cov

in which ry jon. r'x coy, and ry app are the 1omic, covalent, and apparent metalloid
radu, respectively. The absolute values of the covalent contributions, so obtained, will
depend upon the radius values used. Since the tetrahedral covalent radii of the metalloid
elements were employed, the estimates of the covalent contributions given here

{Table 7) are thought to represent lower limits. It is probable that the octahedral
covalent radii of the metalloids (which must be considered since CN = 6 for the metallowd
elements in the Th3P4~type structure) will be souniewhat greater than the tetrahedral
radii {or the respective elements. For example, 1n selenium it is likely that the 44
orbitals may be utilized in the octahedral {covalent) bonds, thus increasing apparent
radius of the nmictalloid. 1t has, in fact, been noted {Ref. 8} that the octahedral radii of
selV and Telv are ~23 per cent greater than the tetrahedral radii of the respective
clements, (Ref. B).
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TABLE &. CRYSTAL-STRUCTURE DATA ON MgXg. MyXg COMPUSITIONS
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Lagsey ress 3 3.135 3,04 2.83 3.335 3.6 2.28
(163524 | 3 3.104 3.01 2,73 3.386
E’rJSc,z | LA 3 3.054 2.33 2,73 3. 348
-.‘Jd:35c4 .24 3 3. 065 2.38 2.78 b I et
Stigsvy H,o24 3 3.00 2.3 .80 3.32
Udgnsy B.71n 3.024 PO Pl 2.73 3. 269
LaaSey 3.05 3. 13 3.04 2,83 3.3
Ce sy 8. 46 3.3 3.91 2.73 3.36
NdoSey 8. 85 3.066 2.8 2.78 3.32
Sm_:'Se:; 8, 785 3 3. 940 .34 2.80 3. 294
Gd:Se;; B 72 4 3,02 2.38 2,15 3.27
CegTey 3, 560 3 3,303 3.24 .37 3, 587 4.42 2.64
Nd3Tey 3.4357 3.27¢ 3.21 2,36 3.546
LasTey .82 3.33 3oy .61 3.61
(:\.';TCS 1,35 3. 30 3.4 2.0 3,58
Nd,Tey 3. 438 @066 3.2 2.48 3.533
SmoTey ERE B 3.17 2.08 3.56

{4} Nonitvlctesced salues are Trom the wotk

(b} Raduraken from vanout sources: 1y tonte (Rell 8); g and 1y covalear {Ref. 7); ry tonic (Ref. 8),

(<) spevunen contaticd 3 manat. sevond, foe phase.
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TABLE 7. CALCULATED COVALENT CHARACTER OF BONDING

Calculated Calculated
Per Cent Per Cent
Apparent Covalent Apparent Covalemt
Composition Ty, A Bond Characted®)  Composition N, A Bond Chatacterdd)

L3354 .63 & L&;S:3 1.5¢ 33
CeySy 1.61; I8 Ceysey 1.68 35,8
P15y 1.611 28. 8 NdoSeg 1.68 33
Ny 1. A48 30 SincdSeg 1.647 3
Smgdy 104 30 GaSey 1.64 40. 3
EUSS_; 1.601 30

CuyTey ) P 4.
La;\53 1,630 25 Ndgley 1,77 43.3
Ce.Sy 1613 2.5
Ptosq 1.61c 28.2 La. Tey 1.20 46
Nd,$4 1,538 30 CeaTeg 173 4
SinaSe 1. 554 2.5 NdyTeg 1,750 EE RS
EupSy 1.578 s Sy Teal®) 1.78 38
Gdo Sy 1,572 33.8
Dy,53 1,355 35
LagSey 1.638 33
CegSey 1.693 34,8
P!’3Sn’4 1,674 Kin
Nd3Sey 1.661 35
SmgSey 1.66 33
GdqSey 1.634 41,7

{(a) Focov =

U jon " Fx app? ¥ 100

™X ion " TX cov

(b) Two-phase specimen,
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depend upon the

Although the absolute values-of the covaient contributions will
radius values used, the relative magnitudes will not. Hence, anelysis of trends in the
rewults should be valid. Tre calculated values of the degree of covalent bond character

{Table 7) show, 1n general, the expected trends. The covalent contribution is

' » piven series, as the rare-earth compounent trends toward ccrease in size {e.g., in
proing from LuagSi- Dy 53), the calculated covalent contriby' on increasee, as might be
expected from consideration of other general principles wi.. h apply.

least in

A £Acks e e e o g -t o M g ian v . »ehE T X - Y

- o P

Lo biri £

Mo difterence uetween vaiues, and trends in the values, for the two compositions
(M X4 angd MpX3) i3 apparent in the tabualated values of tne covalent contribution, How-
vvelr, a plet of the {raction of covalent bond character against atomic number (Figure 8)
revesds that ) while the curves for the MiXg sulfides and selenides do not deviate :
seriousiy from a monotonic tucrease, the curves for the M3X4 compositions tend to
fevel off tor samartumn and euaropa.un, . The degree of covalent character in the bonding
f the compounds or cempesitions containing these elements may remain low because of
tne tendency of these rare-earth elements {samarium and europium) to acnieve the
sprctroscopically stable 417 electronic configuration (Ref. 11}, and thus to hold closely
electrons whicn might otherwise contribute to covalent bonding.

Relationship of Structure to Electrical Properties

Trne Luservations regarding the natare of the chemical bonding in these rare-earth
salfrde, sclemde, and tellunide phases (ThyPg type; also are, in general, consistent
with observed electrical properties of the materials. QOuwserved carrier mobililies for
the Tnii’d prases of the sulfides and selenides have been very small - of the order of
magnitude of these expected for solids tn which highly polar bonding prevails. It has,
in fact, been suggested that vlectrical conduction in ae sulfides can be characterized
in terms of 4 hopping mechamsm (Ref. 10) or a polaron model {Ref. 12), both of which
wnply localized charges. On the other hand, apprecia carrier mobilities, suggesting
sunilarity to tne covalently bonded bread-band semiconductors, have been observed for
certain of the rare-earth tellurides which, although falling within the subject composi-
tron range, exhibit a somewhat different structure, Highest observedcarrier mobilities
have been for GdpTey, tor which the covalent contribution to the bonding, as calculated,
wuuld seem to be approaching 50 per cent. In addition, Eattelle has, in its labora-
tories, been able to prepare both n- and p-type specimens (single-phase material) of
only NdpTey and GdzTey in the subject class of compositions,

The Gudolinium Telluride Structure

Along with the observed change in character of the electrical properties, a change
in crystal-structure type also has been noted. As is illustrated in Figure 9, the
TihiPy-type structure has not been obtained in specimens of GdaTe3, Gd3Teq, or these
{3-4 and 2-3) selenides and tellurides of tne listed rare-earth elements beyond gadolin-
1urn an the series,  The method of preparation, which has been described previously,
wis sinular in all cases {(with the exception, as noted below, of that employed for
Dy 8¢ 3) Quenching in air from temperatures near the melting points was involved,
thas miaking st unlikely that the transformauon to a low-temperature phase occurred.
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Ce8ey Nd;S5e3 GdSeq Dy25e3 ErS8ej3 Yb;Se3
Th3 Py ThyPy ‘Hruhu.» Orthorh, Two phase, | Two phase,
a= 3.69A} one {cc one {cc
b =10.85A {ErSe) (YbSe)
c=11.0A
|
Ce>Tey Nd)Tes SmpTey Gd;Tej Er;Tes Yb,Tex
Th3Py | ThiPy Thy Py Orthorh. Two phase, | Two phase,
>1000 C plus minor Ja = 4.28 A one fcc one fcc
{otthorh.) | fcc phase b=11.83A (ErTe) {(YbTel
similar {(SmTe) c=12.01A
to GdTe3
21000 G
A-44120
FIGURE 9. CRYSTAL STRUCTURES TYPICALLY OBSERVED IN RARE-EARTH

SESQUISELENIDE AND SESQUITELLURIDE SPECIMENS




Ia addition, alarge numbék-ofépécimena ol Geg 't ey and Gdileq have been prepared,

C T andatbhave drsplaye d tne oTHhoronoIc strunti ¢ This struclufe Was indexed 16
patterns obtained on single crystals grown by vapor deposition. It appears to be related

spl of 4%ls; 4nitl cell voluines are the same.
The composition linats of the structure appear tu be near the GdpTe 3 composition un
the tellurium-rich side. Specimens from GdiTeq synthetic compositions occastionally
were observed to contain traces of the 1ce GdTe phase, while those from Gd2Tes
syuthelic compositivne Ooiten contained race s of the tetragonal GdTep pnase.  In the

Lattes vase, andicativns of the ubsct of petype cleditical conduclivn accuitpanied
apprarance of the second GdTe, phase. Huwever, single-phase (vrthorhombic) p-ty pe
specimens were obtained, and it is therciore concluded that the limit of stability of the
Gd;Tes phasc is probably at slightly higher tellumium concentrations = i.e. | slight
coucentrations of excess tellurion can be dissolved in the solid urthorhumbiie phase.

A structure sirsilar to that of gadolinium telluride was obtained in Nd Tuey by heat
treating specimens in vacuo tor £ hours at 1000 C.  Although the cell parameters have
not deen dete rmuu:d—;m—r_;rteiy, the X-ray dirfractiun patterns indicate that the
structure is orthorhombic, with the cell being slightly larger than that for GdpTe 3. As
is shown in Figure 9, an oribhurhomble structure has also been observed for D, 25¢5.
However, the possibility that this is a low-temperature shase cannot be ruled out in this
instance, since the single-crystal specimen was prepared by use of a chenmical reaction
at 909 C.  The tendeney for specimens of the erbiuin and ytterbium compounds to be
pulyphase also strongly suggests that the Th3Pg-type structure may not be stable 1n tive
selenides aud tellurides of heavicr rare-earth clements,

The Crystal-Structure Transition

The apparent liniat of stability of the Th;P4-type structure cannot Le explained on
the basis of limits of stability for the packing (i.e., a radius-ratio limit). As has been
shown, metalluid-inetalloid contacts probably prevail throughout the series of coni-
positions. Therefore, the changing cell size within a given series indicates that con-
sideration of the packing of fixed-size "hard-sphere’ anions does not apply. The radius
ratios normally apply only 1f the materials arc predominantly ionic. They were,
nevertheless, calculated for the subject compositions, utilizing ienic, covalent, and
apparent radii. The resuits show no trends toward pertinent limits of stability of the
coordination polyhedra in any of the cases. On the other hand, it is seen from the
analysis presented of the nature of the chemical bonding in the materials that an
appreciable degrec of covalent character might be c¢xpected in the bonding in selenides
and tellurides of rare-earth elements near the end of the series. It is hypothesized
that the observed change in crystal structure 1= brought about by the increasing degrec
of covalency of the bonding which, due 1o the directional character of the covalent
bonding orbitals, calls for a change in coordination.

From first caanunation it would appear that the coordonation which prevails in the
ThyP4-type structure could alsu prevail in situations which call for predominantly
covalent bonding. Stable arranpements might e the sp3dé configuration for the
octahedral bond orbitals of the metalloid, and & sugpested 5p3¥sdies! configuration tur
the required dodecahedral rare-carth orbitals. However, Xeray diffraction data in-
dicate an approximately 25 per cent increasce s density an going {rom the ThiPg tu the
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vrthoricnnine structure. This suggests that the dodecahe

dral arrangement of the
tactallord nucler around the

rarc earth (in which the rare earth is an oversized "cage')
no longer prevails, but may be replaced by an arrangement in which metal-metalloid
coordination 1s lower. Evaluation of the hypothesis does not appear to be possible with
tntormation available at the present time. Additional data on the specific crystal

structures involved and comprehensive examination of possibie covalent bonding con-
figurations will be required.

Alluys

Crystal-structure data were obtained also on some alloys which crystallized in
the ThyPi~type structure. Data for the alloys in which SrSe was substituted for CeSe
1 the base composition, Ce3Seq, are shown in Table 8. As can be noted, the structure
remains Th3Py-type thrcugh the alloy composition range studied, and the unit-cell size
increases sliphtly as the SrSe concentration increases. The change is slight, however,
aud the trend 1s consistent with the data presented in the preceding discussion, which
shows & gradual increase in cell size as size of the species of the metallic element
present as increased.

TABLE 8. CRYSTAL-STRUCTURE DATA ON
SryCe3-xSeq ALLOYS

Synthetic Lattice Parameter,
Composition Crystal Structure ag, A
CeqSey Bee, ThiP4 type 8.973
Sr0, 35C¢ 2, uoSeq Ditto 8.98
Srg. 75Ce . 255¢4 " 9. 0404
SrCeSey " 9.0998

Other Selenides and Tellurides

As is indicated in Figures 4 and 5, compounds containing higher concentrations of
the metalloid tend to crystallize in structures of lower symmetry. The GdTe) structure,
for example, is tetragonal, witha = 9,10 A, ¢ = 9. 30 A. The structure apparently
contains 8 formula units per unit cell; density calculated from X~ray data on this basis
was 6.8 g/cm3, which agrees well with the roughly measured density of 6. 7.

CeSe,, which was prepared by melting and casting material with composition near
CeSe, in an atmosphere of selenium vapor, was found to have a tetragonal structure
withaj = 8.40, c/a = 1.005. The TeSe) differed somewhat from t-he GdT_cz, and other
tetriagonal structures reported for rare-earth selenides and tellurides, with respect to
the atom arrangements,
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PURITY OF STARTING MATERIALS

 In general, the standard grades of rare-carth metals readily available from
commercial sources were utilized, In several cases, however, some lurther puriti-
cation of the metals was accomplished.

As can be scen in Table 9, where data on suppliers’ typical analyses and
analyses of the specific lots of metals utilized are tabulated, purity of the standard
grade of rare-ecarth inetals is low {99+ ?a), relative to the usual standards for electronic’

‘materinis. In mectals as reactive as the rare earths, one might tend to be concerned

first about the concentrations of oxygen and other gaseous lLmpurities. It can be noted
that oxygen concentrations are, indeed, high. However, the concentrations of several
of the metallic impuarities {e. g., tantalum, calcium, iron, and copper) are of comn-
parable magnitude, indicating that the importance of oxygen as an impurity in the com-
pounds may not surpass that of any one of several metallic elements.

As is shown in the first three entries in Table 10, significant purification of
samariwum metal was achieved by vacuum distilling the metal and ¢ondensing the product
at a temperature below its melting point {(work done in the course of this project). Con-
centrations of the metallic impurities calcium, magnesium, and molybdenum were
sharply reduced by the process. However, no difference was detected between the
electrical properties of SmAs prepared from the as-received metal, and those of SmAs
prepared from the purified metal. On the other hand, differences were noted between
the clectrical properties of NdpTe3 specimens prepared fromdiferent lots of necdym-
ium metal: Nd-I and Nd-II (see Table 10). The specimens prepared from Nd-I metal
were consistently p-type, presumably because of the calcium and/or tantalum present,
whereas the specimens containing Nd-II metal were consistently n-type.

The selenium, tcellurium, arseni¢, and antimony used to synthesize the com-
pounds were of higher purity {at least 99. 99+ %) than the rare-earth metals. The con-
tribution of charge carriers from these sources is, therefore, believed to be negligible
with respect to (1) those from impurities present in the rare-earth elements, (2} those
from impurities introduced in the course of synthesis of the compounds, and (3) those
arising as results of deviations from stoichiometry.

ELECTRICAL PROPERTIES

Electrical measurements were made on specimens cut or cleaved from the vari-
ous ingots, Parallelepipeds were shaped by lapping the specimens with 600-grit S:C
paper, Both the cutting and lapping were done in a dry state since the compounds, in
general, tend to hydrolyze, Ohmic contacts were made by applying indium solder with
an ultrasonic tool,

The apparatus used for high-temperature (to 1300 K} resistivity and Seebeck
coefficient measurements utilized spring-loaded pressure contacts. The specunens
were held between platinum end plates which served as sample-current contacts.
Platinum-platinum 10 per cent rhodium thermocouples, or Chromel-Alumel
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TABLE 9, TYPICAL ANALYSES OF RARE-EARTH METALS(#)

Linpurity Concentrations, ppin.

Trapanity w Indicared detal
Livineat Ce Nd Sm Gd Es Yh
" Ta ' ~ 1004 B0Q-1099, . .. L00~1000 ~30¢ ~2200 ~ 1000
Qa7 200-540 235500 100-1000 ~ 100 1000-2000 100-1000
ug 320-1090 ~ 100 10-10, 000 -- - ~ 103
Fe i o m"mﬁ £00-568 ~ 300 ~ 10Uy P ~ 300
T NI -- ~ 100 ~ 200 ~1000 ~ 1000 400-1000
Cu -- ~2000 ~ 100 ~100 - 10
Al .- ~500 ~ 100 - . -
51 -- - 100 ~ 100 ~ 100 -- .-
(ther
rare -earth
elements ~ 1500 - 280 206-1000 ~ 700 ~2000{Tm) ~ 1600
0, 500-2000 1000-2000 500-2500 1000-2800 ~1200 --
Nog 50 .- -- 20 -~ .-
Totai 3350-8500 5250 -7050 1700-6400(b) 4300-6100 7400-8400 2900 -4400

e,

(3} Results derived from supplters® typrcal analyses and analyses of specific lots utilized ase given. Ranges of impurity
concentrations given reflect variation of values from sample to sample, lot 1o lot, and supplier 1o supplier for the subject
metal.

(b) Exciuding magnesium.

TABLE 10, RESULTS OF SPECTROGRAPHIC ANALYSES OF SELECTED SPECIMENS OF RARE-EARTH METALS

Impurity Elements Detected, ppm by weight

Total
Marterial Ca Mg 51 N Fe Ma  Cu Al O Mo Ta Detected

wn, as received 500~ 10,000 5 - 5 2 10 <10 e go0u  ~10% ~12, o6c{®)
s, distilied,

condensed as liquid 10 5 10 -- 10 S50 T 20 <1o® 205(a)
a1, redistilied,

condensed as solid 1o 10 10 - 20 10 50 10 - 10 <ot 130(2)
-1 300 . - 500  -- -- -- 1600 -- 80U 2,600
- ND ND . e 500 -- -- -~ 1000 -- ND 1,500

1) Excluding tantalum.
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tm nnocoupha were utilized as CULLClLiie itk ST ETE TP PN UFE S At G8
ST OT the spe'mes. Puiat «.umacm f piatmum or Chromel were pressed agamst a
face of the specimen for resistivity-voltage measurements., All high-temperature
electrical measurements were made 1n vacuum at residual pressures in the range

1 x 10°%to 1 x 1074 mm of Hg. This was found to be necessary in an early stage ol the
study of the selenides and tellurides. At pressures (oi air) greater than 1074 nin ot
Hg, irreversible changes inelectrical propertics of specimens, presumably resulting
trum oxidation of the materials, were cbserved to occur. At pressures less than
~10" mm of Hg, reproducible resuits were obtained,

Monoselenides and Monotellurides

The rare-earth monoselenides and monotellurides form a family of refractory
matuerials with interesting and potentially useful electrical properties. These com-
pounds all crystallizce in a fcc NaCl structure and have melting points in the range
1700 to 2100 C. Table 11 shows the room-temperature resistivity of some of the mono-
selenides and monotellurides which have been prepared.

TABLE 11. ELECTRICAL RESISTIVITY OF
REPRESENTATIVE RARE-
EARTH MONOSELENIDES AND

MONOTELLURIDES
—

Synthetic Resistivity at
Composition 25 C, ohm-cm
SmSe 2000
SmTe 2000
YhbSe 160
YbTe 7000
CeSe 1 x 1074
CeTe 2x 1073
NdSe 5 x 1072
NdTe 4 % 10'5
GidSe 8 x107°
GdTe 7x 104
ErTe 1 x 104

In terms of their electrical properties, these materials fall into two general
classes: one class which will be referred to as Type I consists of compounds of rage-
earth elements which normally exhibit a stable dipositive oxidation state, such as
samtarium and ytterbium; the other claes which will be referred to as Type I tnclude -
compounds of rare-earth elements which normally exhibit a tripositive oxidation state,
such as neodymium, gadolinium, and erbium. The Type Il compounds exhibat re-
latively high resistivities, large negative temperature cocfficients of resistance
(nepative TCR), and have low room-temperature free-carrier concentrations (1017 o
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mﬁ)”!cml The Type Il compounds exhibit very low resistivities, positive TCR's, and,
appear to be dege : YAty i . 5 TN RAture, - -

B EE s it et - g e 8 Byt ol

Figure 10 shows the temperature dependence of the electrical resistivity of various
SmSe specimens. This material is characterized as n-type with room-temperature
resistivity of about 2000 ohin-cm and carrier concentration of about 10‘5}'cm3. Al-
though samples having resistivities which deviate from the more typical values in the
low-termperature range <an be prepared {e.g., Specimens 15B and 55 in Figure 10},
the differences usually can be rationalized by pointing up obvious additions of impurities
or defects {e.g., by deviation from stoichiometry) in substantial amounts. Single-
crystal specimens exhibit electrical properties not materially different from those of
polycrystalline specimens.

Hall data also indicate large temperature dependences suggesting a conduction
mechanism involving the thermal activation of charge carriers, The fact that the high-
temperalure electrical properties are the same for so many saniples prepared under a
variety of conditions (e. g. , with both purified and as-received samarium, with both ex-
cesses and deficiencies of samarium, and with additions of chemical impurities)
suggests that the observed conductivity characteristics may be intrinsic to the material.
Samarium in SmSe apparently shows a +2 oxidation state because the third normally
available valence electron tends to reside in a 4f level in an attempt to achieve a stable
half- fulled 4¢7 configuration (se¢ Table | and Figure 6}, Hence, the activation energy
for conduction giving rise to p « e0- 36 €V/KT sy he agsociated with an electron trans-
ition from a 4{ level to a 5d or 6s conduction band. If classical semiconductor theory is
applied, the forbidden energy gap, Eg, is calculated to be about 0.72 ev for SmSe, as
determined from the limiting slope in Figure 10.

In contrast to the n-type SmSe, the monoselenides and monotellurides of ytterbium
have exhibited hole conduction, presumably as a result of the presence of p-type im-
purities or lattice defects behaving as acceptor sites. Figure 11 shows the tempera-
ture dependence of resistivity for p-type YbSe and YbTe specimens., The two YhSe
specimens have carrier concentrations on the order of 4 x 1017/cm3, with the hole
mobilities being on the order of 0. 3 cmé/volt-sec. Activation energies of 0. 17 ev and
0.3 ev can be calculated from the data {. = 0. 17/kT and o= e0.3/kT in the range 300 to
500 K for YbSe Specimen 16B and YbTe Specimen 3, respectively, again assuming that
classical semiconductor theory is applicable. At higher temperatures, the data in-
dicate the poseihility of approach to an intrinsic-conduction range; however, a slope is
not well defined, and the specimen is still p~type at 1130 K {25 determined from the
sign of the thermoelectric power).

In the case of the Type lll compounds, such as NdSe and the monotellurides of
Nd, Gd, and Er, the above-described electron transition from a 4f level to a conducting
state appears to occur readily at all temperatures above 4 K. Itis noted that these rare-
earth elements normally exhibit only the +3 oxidation state. In contrast with the Type II
compounds, these Type Ill compounds exhibit low room-tempe rature resistivities, in
the 1073 to 10~4 ohm-cm range, and positive temperature coefficients of resistance, as
is shown for GdTe in Figure 12. Also carrier concentrations in these materials, which
are all n-type, are apparently very large; estimates of the concentrations fall in the
range 1021 to 1022/cm3. The source of these carriers is believed to be the excess
valence electrons contributed by the 2 x 104¢ rare-earth atoms per cm3 in the lattice.

32




—— - et

L Sample

- § -
(NN ER S
———-~ Legend - -+

éz;'nboi

70
75
B -

158

5 A
— 95

(s

& T T

O
Lo

v

[ —

b e

T

Resistivity , p,ohm-cm

Gl

e e PO X X M 0 |

ot

i
A

FIGURE 10.

2

3
1000

4q 5 6

A-458593

T, K

RESISTIVITY AS A FUNCTION OF TEMPERATURE

FOR N-TYPE 5miSe SAMPLES

33




+
b { 4o
T T
-
i - i
] .
ead 4 !
4
A -
P
; i |
£ R4
- s { ;
P y | y 4
< VN L4
1 A
3 ! I, §
[ 4 ; /‘
7
ot - éi‘r —
‘ﬁ‘ Legend
i 4 Sampie  Symboi
9‘ YoVe-3 O
o Ybss:‘SE o
7 Yb5e46A A |
I8 —
L4
p m——
— i} -—
ol
o 2 3 a4 5 e 7T 8 9
1000 A-4182
x

FIGURE 1l. RESISTIVITY AS A FUNCTION OF TEMPERATURE
FOR P-TYPE SPECIMENS OF YbTe AND YbSe

34




ktoi)

ooy ¥

Resstivity, g, ohm-cm

o GdTe

O

FIGURE 14,

et A-43100

RESISTIVITY AS 3 FUNCTION OF TEMPERATURL FOR
VARIOUS NOMINAL G Te AND Nd-Te COMPOSITIONS




AT e SRR

properties mtermedsate betu.een tnase of the two binary compounds. l“xgure 13 shows

the Hall : Bl "aﬁg;; a

\,sum. Ab samarium 13 repiaced prcgresswely with neodymium, the resistivity of the
resulting compositions decreases from about 103 to 10-% ohm-cm, with a precipitous
drop of 4 orders of magnitude occurring within a narrow range at about il to 13 mole
per cent NdSe., Carrier ~oncentrations measured for alloys in the range 0 to 40 per
cent NdSe also undergo an abrupt change at a composition co.taining about 12 mole per
cent (NdSe, suggesting that there are al least two distinet modes of conduction operating
in the alloy system. The Hall coelficient value at 100 per cent NdSe is a calculated
value based on the concentration of neodymium atoms, assuming one concuction electron
per avodymium atom,

At low NdSe concentrations, one might expect each neodymium atom in the SmSe
nalrix to act as a donor impurity which is iomized at all temperatures. This is indeed
not the case as illustrated by the following exarmple. At concentrations of 2 mole per
cent NdSe, approximately 4 » 1020 ¢lectrons/cm3 should be seen if the neodymium
atomns act as iontzed donors. However, this alloy composition exhibits electrical
properties essentially the same as those of pure SmSe, containing only about 1015
clectrens/em3. In fact, at alloy compositions of 16 per cent NdSe {or about 3 x 1021
neodymium atoms/cm3), orly about 1.6 x 1020 electrons/ecm3 are found experimentally.
In view of the very low electron mobilitie~ observed for these materials, it would not
e surpresing to find that the mean free path for electrons 15 so smali that standard
tand theory does not apply.

Electrical Conduction in the SmSe-NdSe Alloys

Consideratior has been given to poscible modes of electrical conduciion in
pavudobinary alloys of the SmSe-NdSe type. The nature, location, and cause of the
abrupt change in ¢lectrical properties with composition (see Figure 13) were the initial
subjects for analysis.

It should be recalled that, since samarium normally exhibits a highly stable
dipositive oxidation state, in SmSe formal ionic valences are balanced {(Sm*2Se~¢) and
fow free-electron concentrations might be expected. On the other hand, neodymium
normally exhibits only a tripositive oxidation state. Nevertheless, it is reasonable to
cxpect that, in the compound NdSe, the bonding also will involve only two electrons,
leaving one luosely held electron associated with each formula unit or each neodymium
atom {Nd* 35c°2+e') whicn is free to act as a charge carrier. Thus it appears reason-
abl to consider the neodymium atoms a source of charge carriers and tc expect a
correlation berween the carrier concentration and the concentration of neodymium
ators an the alloy.

The correlation between the two concentrations is not a direct one, howevear; the
net carrier concentrations are observed to be very much smallerthanthe concentrations
of ricodyrniun atoms | as has been pointed out previously. In alloys containing less than
approx mately 11 mole per ceut NdSe, the carrier concentrations are found to be lerss
than 0.0 per 2ent of the neodymiiumi=atom concentrations, For compositicns containing
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“miore than about 13 per cent NdSe, the net carrier concentrations are only 3+ per cent
of the necdymium=~atom concentrations,

" The folluwing hypothesis was advanced and examined as a possible explanation
for the abrupt changes in electrical properties. Electrical conduction is presumed to
occur through interactions invelving the third, loosely held, valence electrons of the
neodymium atems, It is further suggested that, above about 11 per cent NdSe,
neodymium atoms which are close enough to interact can form chains of significant
legth; whereas, below about 11 per cent NdSe, the concentration of neodymium atoms
11: long chains becoine s negligibly small compared to conduct.on electron concentrations
assuciate . with the SmSe matrix. '

A rough ztotistical analysis was made to obtain an estimate of the concentration
4t which long chains of neodymium atoms on nearest-neighbor sites might begin to form.
The essentials of the statistical analysis, the results of which appear to affirin the
hynothesized involvement of nearest-neighbor interactions in the conduction process,
ire as follows. Consider a cube of material containing Ni neodymium atoms and
N{1-f) samarium atoms {where f is the mole fraction of NdSe)}. The number of
neuvdymium atoms on one face of the cube is (NfE/3, LN s very large, the number,
N¢, of chains of nearest-neighbor neodymium atoms beginning on this face of the cube
ind extending to the opposite face can be shown to be approximately:

w —
Ne = (Np2/3 g7 [ 1 - qeptem ) mP | (1
p=0

shere nis the number (12 in the NaCl structure) of cation nearest neighbors of a given
cation and m is the average number of neodvinium nearest neighbors of each neodymium
itom. We assume o 1o be equal to nf, and we ignore anv interlocking of chains or any
“loop'" formations. Equation (1) becornes

oc
NN = T [1-(:-{)““’-”!’ = ¥ (f) (2)
p=0

The function ¥ {f) is zero for 12f < | (i.e., for m < 1), increases very rapidly as
‘he composition is adjusted toward that at which 14f > lfand approaches 1 for 121 >> 1.
Thus this analysis predicts an abrupt, almost discontinuous rise in the concentration of
asccdymium atoms in long chains on nearest~neighbor cation sites at { = 1/12 = 0. 0833.
if interactions between such atoms are involved in electrical transport, a similar, rapid
rise in conductivity would be przdicted as the mole fraction of NdSe is increased through
3. 3 per cent and values just above. The 8.3 per cent 1s, however, seen to be a lower
.imit because loop formaticns and the interlocking of chains have not been taken into
iccount, and, i1n addition, no directional sclection has been imposed. Also, the rise
.n conductivity would be expected to occur at a slightly higher concentration than that
;or the inception of chaic formation.

The hypothesis was also evaluated by a second method., The statistical arrange-
nents of atoms in alloys were investigated by randomily placing representative
wodymium and samarium "atoms' into crystallographic models, varying both the alloy
-omposition and the size of the model. The formation of chains or strings of neodym-
arn atoms in nearest-neighbor sites was noted as the models were randomly filled,
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Esnmates of tr.e concentrduuns of excess valeosce vlectrons which mi ht be a,szsuu.;u;;i

BETWITHE ThAt one Trec. Tor foosely Held) clectron is
assocxated \ch Each neudynuunx atomn:.

It is not pussible, with the present snadequate knowledge of band structure and
energy levels in these compounds and alluys, 1o obtarn corresponding conduction-
electron concentrations from the estimdates 01 excess valengce~clectron concenlrations.
However, 1t was tound that some information could ve gained aboutl the cmzdu\,uun proe
cess by treating the data un atom arrangements in scveral v-a) 5 .md cOre: pik’lhg Uu
results with vuserved net free~carrier concentrations.

I{ 1t is assuwined taal the equivalent of one electron is contributed to the con-
duction process by each neodymium atom in the VLonduction chains™, then the calculated
carrier concentrations (Curve A, Figure 14) are much higher than the experimentally
measured values {cpen circles in the figure).

In 2 secound way of examining the data, 1t i1s assumed that the excess valence
electron initially associated with a neodymium atum is distributed such that the electron
densities between the atom and all nearesi-neighbor cations, regardless of identity, are
the same. That is, or the average, the electvun density between Nd-Nd nearest
neighbors i1s equal to that between Nd-5Sm neusrest neighbors. Thus, for analytical
purpuses, the fraction of an excess valence electron considered to be occupying a given
coordination leg in the cation sublattice changes with composition (i. €., as identity of
the other 11 nearest neighbors of the atoms changes) as illustrated in Table 12. Note
that at high "free' electron concentrations (f = 1), both neodymium and samarium show
their lowest formal charges, as would be expected. With this assumed distribution,
the concenfration of excess valence electrons in Nd-Nd nearest-neighbor chains across
the models shows the tvpe of variation with changing alloy composition that conduction-
electron concentrations would be expected to display.

TABLE 12, ASSUMED DISTRIBUTION OF VALEYWCE ELECTRONS IN CATION SUBLATTICE
OF SmSv-Ndse ALLOY

Fraction off3) Execss Vuloner
Electron Associated With

\ole Fraction wd-Nd or Nd-5m Formaiéh) Charge Formai(¢) Charge
NdSe, f Coordination Lug, > G Nd, Oy on sm, Cq
M 1/ < (1
' LT el te2/=
{. RESVE] -1/0
; 1o e VA 1-2/1
I TS R Jed/n
o 131 S-h/0 =107
(1/12) -1 Y
i
fay f(l‘) < i(1-9) of v = T
. §
M Oxg= -y
. {
{r) € =h-TT
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EERFatinm c' u't’ NdSc*¥ , the caicuiawd vaiuas arc
in good agreement with the measured carrier concentrations, between 20 and 33 per
cent NdSe, as can be seen in Figure 14. Curve Bisa compasite of data from analysis
of the crystallographic models: a 1/8-unit-cell model over the range 50 to 100 per

cent NdSe, a l-unit~cell model over the range 31 to 100 per cent NdSe, a 27/8-unit-ceil
model tor 32 to 54 per cent NdSe, and an 8-unit-cull model for the |9 to 31 per cent
NdSe cumposition range. For each of the models, Gurve B was 2xtended down to some-
what lower NdSe concentrations (dashed branches)] by use of the approximation:

P
C,~—£% C; ,
Py

where P; is the probability of finding a chain across a certain model at a known concen-
tration C | and P, is the probability of getting a chain at a lower concentration C,.

As can be seen, the carrier-concentration curves for the /8~ and l-unit-cell
models fall of at higher NdSe concentrations than do those for the 27/8- and 8-unit-
cell models. The trend indicates that if a much larger model were used, the abrupt
change in predicted carrier concentrations would occur at a lower NdSe concentration,
with the curve falling even nearer to the experimentally determined points.

Utilizing the crystal-model analysis, the effect of allowing next-nearest-neighbor
interactions along with the nearest-neighbor interactions was investigated. The results
do not agree with observed properties of the alloy specimens; predicted carrier concuen-
trations are several orders of magnitude higher than experimentally determined
concentrations.

Thus, the analyscs indicate that, if the conduction process involves interactions
between neodymium atums in chainlike arrays on nearest-neighbor cation sites, an
abrupt change in clectrical properties would be expected to occur as the composition is
varied between a lower limit of about 8. 3 mole per cent NdSe, which is predicted by the
approximate statistical analysis, and an upper linnt of about 16 mole per cent NdSc¢, as
determined by the crystal-model technique of analysis. This is in good agreement with
experimental observations which place the break at about 12 per cent NdSe, In addition,
as has been pointed out, both analytical techniques probably would predict transitions
for compositions closer to experimental 12 per cent composition if the techniques were
refined.

M;X4-M;X3 Selenides and Tellurides
(Nd, Gd, and Ce)

Rare-earth selenide and telluride compositions ranging from M X3 to M3Xy, in
which the rare-earth element is one normally exhibiting a stable 43 oxidation state | have
been observed to have good thermal stability and to crystallize in either a bece thoriam
phusphide structure or an ertherhombic structure. The lower atomic number rare-
earth elements form phases which exhibit the Th3P4-type structure. For elements of
higher atomic number than about 60 (neodymium)}, the tellurides assume the lower

*The theoretical value ysed was e coneenttation of nuodynuam atam & an pare NdSe,
Thus it i assumed that one electron o contributed by cacl pvadyoune: aton,
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symmetry structure. The seiemdes o*’ rare»earth elements heavsertan ado i -
dyrpsuriinve- i tie-Ur Lo ! oBEeTrYAtions on this
subjec! are presenkd in the aecnon vn "Structure and Phase Relationships‘".

Figure 12 shows the temperature dependence of resistivity for Gd;Te 3 and
Gd3Tey compositions which crystallize in the orthorhombic structure. For the 2-3
composition, both p- and n-type conduction are observed with carrier concentrations
iri the range | x 1017 to 6 x 101%/cm 3. The top curve of Figure 12 is for a specimen
which is p-type at low temperatures and crosses over to n-tybe at about 300 K. This
sample was single-phase {the orthorhomibic structure) material, which by chemical
analysis was found to conmtain 0. 9 per cent by weight excess tellurium. Above 900 K
the negative temperature coefiicient of resistivily suggests the onset of intriasic con~
duction with o 2 eb. 7/‘3\7 for kT expressed in ev,

Without exception, specimens of the 3-4 composition are n-type with free-
electron concentrations in the range 1620 to 1022/em3 and RHO values <] cmé/volt-sec.
It 1s noted that, if the rare~earth elements are present as trivalent ions, it is possible
that each molecular umt could contribute a free conduction electron. At 100 per cent
ionization of the rare-earth elements, about 4 to 8 x 10¢} electrons/cm?3 would be
available for conduction.

As is shown in Figure 1Z and Table 13 (in which the properties of representative
specimens are given), corresponding compositions containing neodymium or other rare-
carth elements exhibit properties which are generally similar to those of the gadolinium
compounds.

TARLE 13. ROOM-TIMPFRATURE FLECTRICAL PROPERTIFS OF SFILENIDES AND TELLURIDES

Carrier secheck(?)

Syntheue Hrmistivity, Hall Cectliciont, Ry Hall Mobility, Concemtration, Cocfficient,
Compaosition 1. olun-cm cot' feoutomb I em’” -sce n, em= a.uvl K
Ceuted Aoy e 0.01 3.7 5.3 100 .57
(I('_tTti{ 140 =315 -- - -
GdiSe g i, x 10-7 Nepative .- - - 14
Gdasey 1,3 x T Negarive -- .- ]
NdiTcyq L5 x 1074 Negative -- - -20
GdaTey a.6x 1074 Negative - - -
EriTey 2B % 10-4 Negative .- .- -
Nd, Ty 0,41 #1145 5 4,7 1618 +180
NduTey Leato? -0, 00 6 & x 100 -0
NdoTen o Negative .- .- -260
GdyTe L9 x 1077 +0. 734 13 i.9x 1ot 2190
Gd.Tey Lo x 10 40,16 1 4 x tolf +160
Gu,Tes 2.0 % 10°3 -0, 11 35 5.7x 1019 -80
GdoTeg R.1y 107 -0, 46 2 x 1519 -69
GJdTes

(meﬁ-gmwn) 5,5 x 100 s Positive .- -- -n
GdTe,

(uapor-grown) 1,70 +Z 13 2.7 x 103% --
Cuse,, 202, 0 posttive 0.4 5 x 108 N

o s e - ey

(‘1) ‘xt beek erelficiont values wore dotermed ar temperatuzes 20 e 40°C above rovm temperature,

42




F=worthy of note that ihe"iMZ}(Z, compositiins exhibit rather typical semicon-
ducting properties, being obtainable as both n- and p-type materials and possesnsing
higher resistivities and higher carrier mobilities, and, in the case of GdpTe at least,
shuwing the apparent onset of intrinsic counduction at higher temperatures. On the other
hand, for the M3X4 compositions, nc indication of a thermally activated condaction
process has been obtained from resistiyity data leken as a tunction of lemperature o
the range 77 to 1300 K; rcehable Hall data could not be obtained at the generally high
carrier concentrations. Both the resistivity and Scebegk cucdlicient for these materials
showed 2 temperature dependence that appears similar to that of a metal

The compounds which crystallize in the ThyP4 structure makce up a fannly of
materials, members uf which are of intervst as thermoelectric mate rials for power
generators operated at high temperatures. The ThyP, structure is body-centered
cubic with 28 atoms per unit cell. The M)X3 compositions are considered to have a
defect ThyPy structure with 16 anions per unit cell and 10-2/3 rare-earth atoms per
unit cell distributed at random over 12 equivalent sites. As addit'onal rare-earth
atoms are added, these vacant sites are progressively filled until the M3Xg4 composition
is attained, corresponding to all sites {illcd.

At the 2-3 composition, formal charge balance prevaios if the rare-earth element
assumes a tripositive state. At the 3-4 compoesition, as many as four excess valence
electrons are available per unit cell, or approxmnmately 6 x 102! electrons/em?3,

Or.e may adjust the carrier conceniration, with a corresponding change in the
vagancy concentration, by changing the composition of the compound in the range
M3X4 to MX3. Hence, the values of electrical resistivity and Seebeck coefficient may
be adjusted to optimize the thermoelectric figure of merit Z = a“/v ., where : 15 “he
Seebeck coefficent and ~ is the thermal conductivity. The carrier concentration also
may be adjusted, without a change in the vacancy concentration, by replacing rare-earth
elements with divalent alkaline-earth elements, such as barium or strontium,

The range of ~oinpositions of interest is shown in Figure 15, using the Ce-Sr-5e
system as an illustration. In analyzing series of specimens at points along the two
bold-face lines starting with the 3-4 compositicn anu progressively replacing cerium
atoms with vacancies or strontium atoms, electrical resistivity and Seebeck coefficient
of the specimens inc¢rease in a regular manner. This suggests that carrier concen-
tration decreases as the rare-earth atoms are replaced or as the concentration of excess
valence electrons is decreased. In the limited number of cases in which Hall eficet
couid e measured, carrier concentrations given by 1/Rpye were in fair agreement with
the calculated number of excess valence electrons. The most interesting compositions
for thermoelectric applications have been found 1n the regions of intersection of the
crouss-hatched region with the two bold-face lLiues, Actually, interesiing compositions
would he expected also within the cross-hatched region in which the normally vacant
sites of the 2~3 composition are filled only puartizily with rare-earth and alkalinc-carth
atoms.

Table 14 shows thermoelectric data at 298 and 1300 K for representalive com-
positions.  The tugh-temperature thermal conductivities were estimated by considering
{1} measured electrical resistivities, {2) the Wicdemunn-Franz relationship, {3) the
measured room-temperature thermal conductivities, and {(4) high-teraperature lattice

the rmal conductivities deduced from observed tronds in thrs perameter for CeS-Ce, 5
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cotnpositions (Ref. 13}, Estimates obtained in thes niinner are believed to be cone

servative,  In view of the fact that no serious attenipt hios yet been made to optingze

tov material compositions, 1t is encouraging that Z7T values greater than unity at

1000 C have been attiuned, High=tempcerature figures of merit of this magnitude arc
rarce, Other similar work reported (Refs, 13, 14) has been limited to sulfides of rare
ciarths with strontium or bariun doping, and estimated ZT values of unity have been ob-
tained with certain compositions. It has been observed that prevention of surface oxi-
datiun and application of contacts are more serious problems with the rarc-earth
sulfide s than with the tellurides or selenides.

PABLE i, THERMOLLEC IRIC DATA FOR REPRESEN T ATIVE RARE-EARTH COMPOUNDS AND ALLOY:

Syiuthett T, o, «, r (@),
Conpostiion K olin-an o v, dep walt cim-dep ZT (E-t.)

Cun oS 293 B X 1 weed

[CTCTRRFRT SIS N3Y 2us (SN lHA.) ER A Ve oAt
1300 RTINS | yod =2 1,J1h Vet

Cuy oBay 5y 298 o l’f‘j‘ -30 roirdd
13v0 171078 -144 Y ti

Cey poi 5y 2Yp Llstn™® - e
- 1300 4.0 1073 -2lu U tls 1.

Nd. 7, Tey 28 PRI N SRNE!

SVYLTL : .
1390 7.5~ Ly~ - e 1.1

(a) Thermal coudvnnaty, A, at 1000 K was caleulated iy & = A -4 Mo where A e = LT ¢,

™

. P ) i\ 1 , ) - ." X ,
l,=-";— (: ) C N ph (at Ligwo }\)=£ Nl at 2H3 KY, and L1 = T, nyp

Polyselenides and Polytellurides

Although compounds of the type MX,; and MX4 tend to dissociate at modzrate ’
temperatures, specimens of GdTe, GdTeyq, and CeSe, have been prepared by crystai-
lization of melts under atmospheres of the metalloid vapor. The GdTe4, so prepared,
was in the form of leaflets embedded in a2 matrix of lower tellurides, and only crystal-
structure studies or this material were undertaken. However, polycrystalline speci-
mens of GdTe, and CeSe;,, large enough to permit electrical-property mcasurements,
were synthesized. In addition, sizable single crystals of GdTe) were prepared by a
vapor-growth method in which halogens were utilized to promote transport through
the vapor phasc.

The observed electrical properties (lower portion of Table 13) indicate that these
compounds always exhibit p-type conduction, with resistivities being higher and the
Scebeck coefficient generally lewer than those of the p-type specimens of the §42X3 com-
pounds. The results for CeSe) show a combination of high resistivity, negative TCR,
low carrier concentration, and low carricer mobility, suggesting similarity to the
samarium and ytterbium mornoselenides in which ionic valences are balanced. In can-
trast, resistivity of the ditelluride of the normally trivalent gadolinium 1s low, while
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AT viade i Antineenide s (Nd, o, and Gd)

Ulie rare-carts lements form binary, compounds with the clements of chemical
Groeup Vooarsenie and antimony, which contain nominally equiatomic portions of the
clements and which crystallize in the fcc NaCl structure. Battelle's research on the
arserrc and antimony compounds was confined to study of such compostions, and no
mvestipgation was made of the possible existence of other compounds or phases in these
binary systems.  Electrical properties of reprasentative specimens of the compounds
arc shown i Table 15, All specimens measured have been n-type. If carrier concen-
trations are caleulated using the simple 1/Rpe relation, where Ry is the Hall coefficient
and ¢ the charge on an clectron, large free-clectron concentrations in the range 4 x 1020
to & x 1041/cm3 are obtained. Neve rtheless, the electron mobilities determined from
Ry(®. where Tas the electrical conductivity, are seen to be large relative to other rare-
earth cornpounds studied in this research,

TABLE 10 OdSERVED ELECTRICAL PROPERTIES OF NdAs, GdAs, SmaAs, AND Ndsh

Temperat e Carrier Secbeck
synthetic T, Resstivity, ¢, Mobihity, Concentration, Coefficiem,
saiple Commposition K 1071 e em e em?fv-sec n, 1020 ¢m-3 a, pv/dey
R NdA- Y .l 76 4.0 =22
' w1 0,12 130 4,2 -8
AIRA NdAs day 4. 185 5 4.1 -9
192 4.9984 270 4.3 -2
DR NdA: Jud U148 86 0.2 -1l
1uh; u,087 140 3.9 -4
R NdA» o u.1b 30 12 -3
R GdAs 345 0,12 70 8.0 -13
110 2.076 30 8.6 -6
4R SimAs 306 V.19 50 6 -5
1o 0.13 (Y 7 -2
47R Ndsbh RIVY 0.076 40 20
130 0.045 70 20

The electrical properties of SmAs prepared using purified samarium were found
to be substantially the same as for SmAs prepared with as-received samarium metal.
Thus, it appears that impurities initially present in the commercial rare-earth metals
are not contributing a significant portion of the free carriers. One can make the same
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Spectrographic analysis of & SmAs snecimeen revealed the presence of sigribicant
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levels of silicun, amamsn, ard geopper: concemtrations of 20006 2000 and 400 oony

]

{atorag), re-pectively {compared with apprasanatoiy 130, 4060, and 00 ppm | rocpeas-
tively, in the starting materials). [f the =sihicon and tantaium act as donor imparitics

,. . R 4
the contontration of each elemont could account for about 1 x 1020 electrons/ o7y

winnch 19 s1:1] somewhat smaller than the micasured carrier ¢concentration of thes partic-
wlar sample {(n = B x IO“U/cni3). Tue source of tantalum 1s no doubt the tental b
wittch holds the 3mAs charge. The source of silicon and copper may be the qunriz

envelepe used in the preparation. The carbon and oxygen concentrations in this sarple

teeve net been determined. Howewver, 1t appears that one st ook at other possibibitivs
in addition to cheniical tmpurities for the origin of the high frec-eclectron concentrations.

The results of chemical analysis of several NdAs specimens indicate that the
spechinens tend to be arsenic deficient. For exampie, analysis of Specimen 42RA,
which was prepared with excess arsenic and subsequently sintered in arsenic vapor
at 1 atm of pressure, gave a composition of NdAsy agy. Specimen 16R apparently lost
ars»enlc ln preparation, gowng from a syntneilc compoesition oif NdAsg, 97 to a {104l con -
positivn of NdAsg, g9¢. Carrier concentrations obtained from the electrical mrasure-
ments on the two specimens {see Table 13) retlect the differences between compositions
of the samples, suggesting lauttice defects as one possible source of the high carrier
concentrations,

Figure l& shows the teminerature dependence of RyyT for these materials. The
large concentrations of charged casriers present suggest the possibility of large con-
centrations of ionized scattering centers which would suppress the mobility of electrons
in these materials, However, using the simple relation Ry~ for mobility, one sces
that this is not the case. Relatively high mobilities are obtained, being on th¢ order of
100 cm?/volt-sec for the arsenides st room tempe rature, with a temperature depend-
ence suggesting that a lattice scattering mechanism dominates. This latter is in agree-
ment with the above~-discussed conclusion from analytical data to the effect that lattice
defects rather than ionized-impurity centers are the primary sources of change
carriers,

THIN FILMS

The preparation and study of rare-earth metals and compounds 1n [ilm form were
undertaken with full recognition of the magmtude of the task and of the fact that the base
«pon which the technolegy could be built (1. e. | the technology of the pulk materials) was
ot well developed. It was recognized that purity and crystalline state of the materials
over which Iittle measure of control has as yet been established, would have even more
pruteund effect on properties of the films than on those of the bulk materials. In
“idxtxé}’z’, al lhe inception of the research program, it also was recognmized that only a
eginning could be made within the time avaiiable in this contract period, It was

m
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[he preparation and study 01 Liuns ol the rarc-varth arsenides and of Fore-cvi et
compodands containing selentum woere undertaken witi: the altunate objective of miaking
th: 5o potentially usetal clectronie materie = avaalable i thin-filne form.  In the initd
caporitaental work winch s discassed here thick 1ilms (2.3 to 170 ) were prepered
so that synthet:c technigaes could be oveiueted Ly comvaring properties of the films
vath thuse of the balk mterials,

T'he preparation method, which wes utihized primarily, involved: (1) the formation
ot o tilm of the rire-cartn metas by vacuurn deposition, and {2) the reaction of the rare-

varth=metad fihn with vapor of the metailoind at immoderate temperatures (475 to 1000 C).

[ connection wath the Olm=preparsiion work, some study was made of the possi-
bility o1 oltaining vapor transport of the compound: whick could be utilized for the film
depusition. The results of experiments with SiaAs, utrlizing sme Ll concentrations ot 1,
tu penerate a volatile samarium compound, were negative.  flthough vapor transport
of samerium i1odide was onoserved at 850 C, nu vapcr transpor! of SmAs was obscerved
in. cither direction along a tempe rature gradient (e, g., in 48 hours at 670 to Y0u C).
This s 1n agpreement with resaits obtaanced in the studies on the vapor-growth of crystals
{of sclemides and tellurides) wihich are discussed :n a preceding section and which in-
dicated that rates of transport of the subject rare-carth compounds are extremely low
in these types of chemiacal systems.

To carry out the f[ilm preparation as initially described, a vacuum system, such
as 1s shown in Figure 17, was designed and constructed. The essentials were the two
stdearms, the substrate holder attached to a magnetic susceptor, and the suspended
tantalum crucible containing rare-carth metal, with provisions for induction heating of
the latter. The substrate {irst wad held in a sidearm and was baked out in the movable
resistance furnace. The rare-earth-metal source was degassed and the system was
gettered by distilling some rarc-carth metal. Next, the substrate was moved into
place for deposition of the metal film. The filin then was moved into the second, evacu-
ated sidearm, containing an excess of arsernic or selenium and was dropped from the
holder. Finally, the sidearm containing the specimen was sealed off, removed, and
placed 11 a furnace where the metalloid vapor was reacted with the rare-carth mmctal
film.

Film thickness was controlled by controlling the time and (source) temperature
for deposition of the rare-carth metal film. Thickness of the resulting film of the com-
pound usually fell within = 20 per cent of the desired value and was in the thickness
range of interest. For example, in a serics of six films, thickness ranged from 4 to
v microns. The thicknesses of the films were determined with an optical micrescope
having a cal'brated eyepicce. Cross scctions rcequired for the purpose, which were not
appreciably distorted, were obtained by fracturing the substrate (and the film). Threc »
types of substrates were utilized: (1) dense, high-purity, ceramic alumina, (2) cleaved,
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dov peessaibie te o prepeere thins ol the arsenitdes with properticos very suntlar to thos
of the tndl soind, In the case o the seleaide filmis, however, une encounters o
storchonnetry problens: the s prepared at low temperatures (500 to 00 C)an . .
CXO s ob selcniutn were found to Le the polysclenide. MSep, while at the higher tem-
(v rature (1000 C) the sesquisclenide phase was obtained. These resulls are in accorda
with e rosuits ot the phase-relationship studies and with obscervations made 1 the
coursc ot the preparation of the bulk matcerials.,

Electrical resistivity versus temperature and optical transmission dita were
takca on the sesquisclenide phase; both sets or lata indicated that the conductivity n
the range around room temperature is dominated by an impurity-activation encergy of
~0. 35 ev.

T'he results 1or Reactions 74R and 111R show very clearly the reactivities of the
rarc-carth metals, In both cases, the metal films were taken to elevated temperatures
when coneentrations of the metalloid vapors were very low, and in both cases the metals
reacted with the substrate materials producinz material with unexpectedly high electri-
cal resictance.  That this involved reaction with the substrate was substantiated by ex-
amining a film ot padolinium metal on crystalline MgO which had been taken to 1080 C
(as Film 74R), 1n vacaum; the film was found, by X-ray diffraction, to be polycrystal-
line and no longer gadolinium metal but another unidentified phase.

The reaction times ased are believed to be far in excess of the minimum time
required to get essentially complete reaction. No attempt was made to determine the
mininum time or to shorten the procedure. It was felt that the use of excessively long
high-temperature treatments would have a salutory effect on specimen homogeneity.

Preparation of Oxides

From a review of previous work on the preparation of metal oxides (especially
rare-earth oxides), it appeared that it would be possible to prepare rare-carth oxide
films by the direct reaction of oxygen with the metal. However, little or no information
was available regarding the nature of rarc-carth oxide fitms. Hence, an experimental
investigation of these materials appeared to be advisable,

The first step taken 1n the preparation of thin oxide films was to prepare a4 smooth
metal sarface prior to the oxidation,  The two methods used in preparing smooth sur-
faces were (1) to polish a piece of bulk metal using Alp04 (€ 0. 3= particles) in kero-
sene for the final polish and (2) to vapor-deposit a layer ot metal {(a few microns thick)
onto a smooth substrate, Cleaved single crystals of MgO and the fused surfaces of Vycor
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TABLE 16. SUMMARY ON THE PREPARATION OF FILMS OF RARE-EARTH COMPOUNDS

Reaction Comditions

Film Characteristics

Substrate Pressurc of Reaction Electrical _
. Temperature. M :talloid Time, Thickness. Resistivity,
fyeonal Substrate C Vapor, atm hr microns ohm-cm Remarks
—— . : "

IR AlyO, ceramic 650 . 22 13 9x v

. Ditto 850 ) 15 ; 4.9 1074

o 1901 w5 fi 15 4.9x10,°%

: - 1150 -1.5 19 2.5 1.6xv 1073

Cleaved MsO crystal 1039 2,13 42 i LI _...L
Catto 1u80® .13 26 6.5 2.0 Polycrystalline, but high degree of
orientation on substrate (by X-ray
diffraction)

.- -- .- . .- 1.2v107?

i cicased MgO crystal 970 1.3 66 170 1.7a 1074

.- .- -- -- -- 1.5 x 1073
R ALy coramie 30 R 3 9.6 129
Cleaved MO crystal an veth ] al 3 ri B
Dittr 51 45 12.5 214

A RTINS ~63 3.9 198 SmSeg by X-rav diffracuon
o . ~31
) 30 17 atn ~3- 7 108 SmoSey by X-ray diffraction,
" 127 aum ~43 q:m_:\an.:r = 3.76
1 177 aun ~it

.- .o .- 14.0

¢elenumevapor atmosphere was generated.
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The rare-carth moetal was then, vapor-deposited onto the
suabstrate,

Oxidation was accomplished by heating the pulished bulk metal or vapcer-~deposited
inetal in an oxygen strean: in a resistance furnace designed for the experiments., In
exploratory experiments to determiine suitable conditions for film preparation, the tem-
perature of the metal was increased at a rate of 2 C/min, and interference colors
associated with the rare-carth oxide were observed through a slit in the resistance
furnace. After the furnace had reached the desired peak oxidation temperature, it was
allowed to cocl rapidly. Figure 18 shows the interference colors observed at the vari-
vus temperatures during the oxidation (at I atm of oxygen pressure) of gadolinium,
erbium, samarium, and yttrium metals. The apparent order for increasing resistance
to oxidation among the types of metal specimens employed is: polished gadolinium,
polished erbium and samarium, vapor-deposited yttrium, vapor-deposited gadolinium,
and polished yttrium. Microscopic observation of the surface of the oxide films in-
dicated that areas of the surfaces of a given specimen were oxidizing at different rates,
since several interference colors were seen with each specimen.

Precise correlation between the interference color and film thickness cannot be
made without reasonably comprehensive information on (1) the refractive index of the
film, (2) the effect of the metal-oxide interface on the reflected light, and (2) the widths
of the intereference bands. However, the order of magnitude of the thickness can be
estimated from data on other kinds of films (Ref. 15). Estimates made of the thick-

nesgses of the rare-earth oxide {ilms prepared in this work are in the range, 100 to
3000 A.

Oxide films were also produced on yttrium by anodizing the metal in a 4 per cent
boric acid solution using 1-1/2 to 4-1/2 volts. In order to get the reaction to proceed
over the entire mctal surface, it was found necessary to clean the surface by swabbing
it with NaOH solition until it would be wetted uniformly with water. As in the case of
oxides formed by solid-vapor reaction, the oxides formed by anodization contained
arcas which were oxidized at different rates,

To put the evaluation on a firmer basis, the naturc of yttrium metal surfaces
prepared under various conditions was investigated. It was found that the grain sizc
was brought cut nicely by etching for a short timec using 1 per cent nitric aid in ethanol
or by heating in oxygen, or to a lesser degree by anodizing in boric acid. The following
conclusions were drawn from observations of photomicrographs taken under magnifi-
cation of 600X. The vapor-deposited yttrium metal was blemish free (see Figure 19a),
whereas the bulk metal, which was polished with A1,03 in kerosene, showed a high _
density of blemishes (see Figure 19b), which could be removed by etching. Figure 20
shows the comparison in grain sizes obtained for various preoxidation trecatments. The
grain sizes of the polished bulk metal {see Figure 20a) and the metal vapor deposited
onto a single crystal of MgO (see Figure 20b) were about the same. However, the grain
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the melal vapesr doeposited-onte glass-{see Figure 206y was Neveral tumcs nal‘gt‘
xag, i a;ne!er and the grain size of the bulk metal after the sample was annealed
at 300 C for } hour and covled slowly was many tumes larger, ca 50 times (see Fag-

ure JUd), No experiments were conducted on the annealing of the vapor-deposited metal.
The surface of the annealed bulk metal showed some dark areas which were subgrain
size. Thesc dark arcas appear to be a vrecipitated phase o the metal, since they re-
migin when the surface 18 ground away and the metal 15 repolisned.

Although all rare-earth oxide Lhus prepared t date have been nonuniform in
thickness, as discusscd previously, some gualitative comparisons can be made amony
tine various materials and preparative techolgue s used. kssentially no differences are
noted which would suggest that uxidizing one rare-earth motzl yields a more unitorm
fiiny than oxadizing anuther.  Likewise, oxide {ilm uniformaty does not appear to depend
on maximum temperaturce for the solid-vapor reaction, on the temperature-time pro-
gram employed for the reaction, or whether or not the metal 1s ¢xposed to the atnios-
phere prior tc oxidation. On the other hand, less umiorm {ilms consistently are
produced when polished metal surfaces are oxidized, comipared with vapor-depos:ted
metal surfaces. The sizes of the crystal grains apparent on these surfaces are about
the same. However, one might expect the grains present in the vapor-deposited metal
to have a tendency to be oriented during growth so0 as to have fewer difterent crystal-
luprapliac fzces exposed during oxidation, In addition, one would expect tiie polished
surface to be in & highly strained condition because of work damage, and it may be less
smooth than the vapor-deposited metal surface. One or both of these factors nught
influence the oxidation and produce the observed difference. To this point, 1t is noted
that 3 more uniform oxide film 1s produced on a polished surface after the metal has
been annealed at 900 C for 1 hour. Of course, in addition to removing the effects of
work damage, the anneal produces grain growth which may lead to more uniform oxide
tilms if the grains surviving tend to be oriented similarly. The solid=-vapor reaction
and the anodization have produced oxide tilins of comparabie uniformity.

Contacts to the oxide films were made (1) with air-dry silver paint, {2} with
vapor-deposited gold and {3) with vapor-deposited rare-earth metal, The lateral dimen-
sions of the samples were large enough that, in some cases, a series of contacts could
be applied 1o the oxide, thus giving a number of metal-oxide-metal units on each sample.

One of the experimental difficulties encountered in this initial work was that of
poor bonding between the oxide filim and the metal contacts which were vapor deposited
onto the oxide film. It was found that this difficulty was alleviated when the preparation
of uxide and vaper-deposition of yttrium contacts onto the oxide were both carried out
in the same apparatus with no interim exposure to the atmosphere. The difference ob-
served may have been due to the influence of moisture on the surface of the oxide ex-
posed to the atmosphere.

To obtain basic infoermation as an aid in the evaluation of the Y203 f1lims, dense
bulk material was prepared. A bulk specimen of Y O3 was prepared by heating
powdered oxide at 800 C to remove water, pressing hydrostatically at 100,000 psi, and
sintering at about 2400 C for 10 minutes in a tantalum tube. The density of the sintered
oxide specimen was determined to be 4. 63 1 0. 01 g,’cm%. 92.5 per cent of the theoret)-
cal density from X-ray difiraction data. The resistivity and low-{requency dielectric
constant of this Y,03 specimen have been measured. The resistivity was obtained over
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the temperature range 100 to 160 C. In this range ;. varied as el 22/kT yp, alue at

The static dielectric constant was measured and found to be 1] between 100 and
100, 000 cps, the loss tangent decreased from 0. 00975 t4 0, 0005 over the same fre-
guency range. Chang {Ref. 16) reports a refractive index of 1. 93 for single-crvstal
Y, Gy, This wouid give an optical diglectric constant of about 3. 7 for the material.

Properties of Metal-Insulator-Metal Structures

Current flow between metal electrodes separated by a thin insulating region can
be established via the following processes (Ref, 17):

{1) Direct tunneling of electrons from one metal to the other

(2} Thermionic emission over the metal-oxide contact barrier into tne
conduction band of the insulator

{3) Tunneling through the contact barrier into the conduction band cf the
insulator

{4) Tunneling of electrons directly from the metal to impurity or defect
levels in the insulator and subsequent excitation of these electrons
into the conduction band.

Process (1) has been investigated theoretically by numerious investigators, most
recently by Simmons (Ref. 18) who calculated the current density versus voltage, J-V,
characteristics over the entire voltage range and included the effects of dissimilar
clectrodes. Meyerhofer and Ochs (Ref, 17) adequately described current flow through
thin films of Al;03 and BeO in terms of Process (i) by adjusting barrier parameters to
produce a calculated J-V curve which agreed quite well with their experimental data
over much of the voltage range.

Similarly, the theory for Process (2) has been worked out, and use of this
{Schottky) emission phenomenon is made in varactor diedes, for instance.

Process (3) is, in reality, a limiting case of Process (1) and occurs at biases
such that the applied voltage is greater than the barrier height at the metal-insulator
boundary.

Process (4) does not appear to have been treated in any great detail in the litera-
ture, but it 13 suggested in Reference (17) that the over-all effect would be a reduction
i metal-metal tunneling brought about by an effective increase in the barrier height due
to space charge buildup.

Thus, the analytical tools are available and under conditions such that one me-
chanism 1s dominant, quantitative information regarding effective barrier heights and
thicknesses can be obtained frorm analyses of the J-V data. In practice, however,
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certain experirmental ditficullies are soiLetime s encounte red. Amm_gg}ncggﬂa__g_hu;g%_j_;m.,_.,vﬂAA._
Preddnee v shorting paths thrfbﬁg". the i inaulating fum aid mat«amhty of the J-V

characteristics due to surface phenomena or pour physical and electrical contact at the
metal-insulator boundary. Similarly, the analysis s complicated by the addition of

such unknowns as nonunifurmity of the filins, the prescvnce of impurnities or traps, and

the use of dissimilar-metal electrodes.

The structures studied in this investigation were prepared by the methods dis-
cussed previcusly., The rare-earth mcotal {hulk or vapor-deposited vasce) served as ane
electrode, the cother being either vacuuwn-depusited gold or rare-earth metal” or air-
dry silver paint. As was already moentioned, when the base-metal electrode was a
fidm, 1t was several microns thick. The oxide films were {00 to 3000 A thick., Effor:
wWis Lapcudh) devuted te the development of procedures {orthe preparationof structures
with both electrodes of the same rare-carth (3ttriumj) metal, since analysis o1t J-V
characteristics 1s least complicated tor such structures. Lead wires were attachoed
using either silver pawmnt or a low melting In-Ga alley. Current voltage character:stics
were obtained by a point-by-point technique or from a Tektromx transistor curve
tracer.

The presence of shorting paths was indicated in most of the structures prepared
during this investigation. In some cases, these could be “"burned off” by passing re-
latively large cuorrents throegh the structures for short pericds of time. The contact
problems, however, were not so easily solved. L addition to the instability and non-

reproducibility of the characteristics, @ re was always doubt as to the true (electrical)
contact area and hence uncertainty in t: - current density. For this reason, Batielle's
results are presentedn terms of |- 7 rather than J-V characteristics.

Typical examples of such characteristics are shown in Figure 21 and 22, Fig-
ure 2] shows the I-V characteristics for Gd-Gd,03-Ag structures 124 RA and 124 Rb,
tormed on polished gadolinium metal oexidized tu 333 and 190 C, respectively. Altho“}_‘h
the I[-V curves for these specumens both have the same shape, the curve for 124 RA lies
above that for 124 RB. Assuming the thickness of the oxide layer to be the controlling
factor, the reverse should be true since the oxide layer was forined at a higher tem-
perature on Specimen 124 RA.

This discrepancy may arise in part from a difference in true contact area between
the two structures, or be a manifestation of nonuniform film thickness. It may be ob-
served, however, that the general features of metal-metal tunneling are indicated by
these curves, 1.e., ohmic behavior at low voltages and rapidly increasing current at
higher voltages. That significant departures from ohmic behavior are observed unly at
voltages greater than | voltindicates a high barrier, possibly 3 ev, while the magnitude
of the current indicates that the barrier is also narrow [scee Figure 7 of Reference (14)
for instancel.

Most deta on Y-Yp203-Ap structure 128 RA | the basic structure of winch was pre-
pared by the oxidation of & vapor-deposited yttrium alm te 370 C, gave curves similar
te those for 124 RA and 124 RB. On the vther hand, Figure &2 shows the 1-V character-
istics obsvrved in one case for the structure 128 RA,| which predict 3 very low barrier.
The expoerunental points can be fitted over the mmittal portion of the curve by an cquation

2 ~K,/V

L2
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of the form 1 = KL(-KV—&

This 1s the samme functional relationship occurring an

Oy truatt a8 hone cowsidered to ho of the tare ~oarth yroup.
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tunnel emassion. This sugpe :sta li.nt the um,:m barrier height atthe Y =Y Oainteriace 15,
MMMM»MM - oE- BV fot . ; o re ohtained (~ & evy. One possible
expianation for this incunsistency ts that the presence of interface states 18 dominating
the characteristics of these structures. In many specimens, difficulty in maintaining
physical contact between the oxide and the {ureign metal electrodes was encountered.
In still other specimens, the surface of the oxide layer appeared to be highly conducting.
Surface contamination could account for these cffects and such contamination is possible
since all of the st.uctures were exposed 1o the atmosphere during some stage of the

processing.

Before a meaningful assessment can be made of the properties of these materials,
there 1s a need for more extensive investigation of the mechanism of oxide growth and
{or moae precise control over the experimental technigues employed during processing
and muvasurement.

POTENTIAL DEVICE APPLICATIONS

Although electronic-grade rare-earth metals are not yet available, and, problems
connected with control of stoichiometry remain, the eventual utilization of rare~earth
compounds and alloys in electronic applications is definitely indicated. Studies to date
have indicated diverse applications for rare-carth compounds and alloys including
thermistor and related devices, power-gencration dev ces, and active devices, in-
cluding "tunnel-en.ission' devices as well as the mor - conventional p-n junction device.
Of these, realization of p-n junction devices utilizing rare-earth compounds is most
speculative at this time. However, the rare-earth compounds with Group V~A anions
appear to be a class of refractory, moderately-high-mobility semiconductors of
potential interest for active device components.

Thermistors

As has been shown, the rare-earth monoselenide and monotelluride compositions,
in which the rare earth is one such as samarium and ytterbium {and probably europium)
that readily exhibits a +2 oxidation state, have relatively large room-temperature re-
sistivities and exhibit large negative temperature coefficients of resistance {TCR}). The
materials are of special interest because of their high melting points and good thermal
stabilities which indicate the feasibility of high-temperature (500 to 800 C) operation of
thermistor-type devices made with these materials.

Figure 23 is a plot of specific resistance as a function of termperature for SmSe,
YbSe, and typical commercially available thermistors, It 15 seen that the TCR's of the
experimental samples of Sm8e and YbSe compare favorably with those of the commer-
cial thermistors and, in addition, it is indicated that thermistors based on these still-
to-be~-optimized materials could be operated over a much broader temperature range,
extending to considerahly higher temperatures,
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The degree of rt‘pruduubaht} Obtamcd in the preparation of the rare-earth com-

e ST ONS ) - COUPTEE Wt Lhe gt T ¢ ERE 1A Fge TOUR "make's these materials
still more attractive. The advantages seen for these materials over commerctal
thermistor materiais are based on these points, as follows:

{1} Potential operation at higher temperatures

{2} Less extensive calibration fur each device #lement, since
properiies are very insensitive to purity and crystalline state

{3} Less stringent production-process control, since purity and
crystalline state nced not be controlled precisely

{4) Improved stability as compared with that of ceramic compacts
(5) Faster response uimes, since thermal conductivities of the

crystalline materials may be expected to be higher than those of
the pressed oxide powders,

Adjustable TCR Resistor

Studies of the aforementioned pseudobinary alloys of the compounds point to
potential application for the alloy materials as well. Electrical-property studies of
the SmSe-NdSe alloys show that the temperature coefficient of resistance (TCR) for
low NdSe concentrations i1s negative, being quite large for pure SmSe and decreasing
as the NdSe concentration is increased, as shown in Figure 24. On the other hand, for
high NdSe concentrations, the TCR is positive, increasing in magnitude as the NdSe
concentration is increased further. Hence, it is suggested that alloy compositions
could be obtained which exhiLit a cliosen (even zero}) TuR over a relatively large tem-
perature range. For this particular alloy system the TCR for a composition containing
16 per cent NdSe is negative over the temperature range of the data shown in Figure 24
and is about 1700 ppm/C at 25 C. At 24 per cent NdSe, the TCR is found to be about
«-1000 ppm/C at 25 C, and at 33 per cent NdSe, the TCR is positive and <200 ppm at
25 C. Hence, the lowest TCR near room temperature would be expected for composi-
tions in the range 24 to 33 per cent NdSe.

An investigation of otner alloy systems of the same type (perhaps involving sulfur
instead of selenium) would be expected to yield higher resistivity material at the
ovtimum composition (i. e., the composition showing a minimum TCR). Alternatively,
it may be possible, upon further study of such systems to tailor the TCR of the material
to {it requirements for varivus applications and in various temperature ranges.

Thermoelectric Generators

Material in the group of rarv-earth selenides and tellurides with compesitions
having metal-to-metalloid ratios in the range 3/4 to 2/3, and which ¢rystallize in the
Th3P4 structure, are of interest with respect to energy-conversion technology utilizing
thermoelectric phenomena at high temperatures. Electrical resistivity and Seebeck
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coefficient of these materials can be cont roﬂed by adjusting the metal-to-metalloid . . ... ..
s RG-SR by-TEplECING B -POTHON OT the Fa¥e- i Atorne with those of the alkaline-earth

elements {calcium, strontium, bariumj. Table 14 shows thermoelectric data at 298 and

1300 K for representative compositions. Realizing that no serious attemnpt has been

made to optimize these materials, estimated values of the dimensionless figure of

merit ZT at 1300 K are extremely encouraging, being on the order of unity for a number

i compositions already studied. As mentioned earlier, compuositions lying within the

vruss-hatched area of Figure 15 may be expected to be especially attractive in this re-

gard and should be investigated thoroughiy.

Metal-insulator Structures

The recent trend toward minizturization of electronic components and circuitry
has crcated intense interest in depeosited-{ilm microcircuitry, thus prompting interest
in the so-called '"tunnel emission'' devices (Refs. 19-22) as potentially useful active
components, which conveniently are prepared in thin-film form. These devices, which
act as nonlinear conductors in a diode configuration and are capable of amplification in
multielectrode configurations, are basically metal-insulator sandwiches, 1n which
electruns pass through a thin ..3sulator between metals by tunneling or b, other
mechanisms.

Although it is premature to suggest that rare-earth metals and oxides will be im~-
sortant materials for such devices, one may consider them as potentially useful. As
indicated in the section on "Thin Films'™ (1) the rare-earth metals can be deposited as
thin films, (2) thin rare-earth oxides can be formed on the metals by conventional
techniques, such as, by anodization and vapor-phase reaction, (3) the rare-earth oxides
appear to be suitably insulating materials, and {4) nonlinear conduction has been ob-
served in metal-oxide-metal diode configurations.

SUMMARY

A considerable amount of progress has been made on the subject program in the
synthesis and evaluation of new rare-earth compounds and compositions. More than
70 compounds and compositions {principally the rare-¢arth selenides, tellurides, and
irsenides} have been prepared and studied in bulk and thin~film forms. The rare-earth
:ompounds investigated are refractory mater:als having melting points in the range
.400 to 2200 C for the selenides, tellurides, and antimonides and in exess of about
:500 C for the arsenides, phosphxdes, mtndes, and oxides. The rare-earth metals are
ound to be quite reactive, particularly in the liquid state, hence finding suitable con~
ainer materials for synthesis work was a problem. In addition, most of the reactions
nvolved in syntheses at high temperatures were found to be rapid and exothermic. In
.eneral, both problems were surmounted by utilizing solid-vapor reactions at re-
atively low temperatures (400 to 1000 C}. Methods have been developed for the growth
f single crystals of the refractury compounds, both from the meit and from the vapor
shase.
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tellurium content, a sequence of cumpounds can be formed, pussoessing a wade range of
properties. In some ranges of composition, the transition from one type of conduction
process to ansther appeatrs to be gradual, thus presenting the opportumty for study of

subtle differences betwees tie extremes.  When the changes in conductinily rmvchanitsm
are accompamed by changes in stracture, the Gpportunmty esists walinn 5 ol Litary

»

anpeab 2y

systemn:, fur a study of the effects of changes in latlice spacing, boending, and wther
crystaliine environmental factors, on the transport properties ot a sobid. Cenplicalivis
resalting {run changiog chemical species arc aveided. Thus, these are attractive
systeuys for studying interrelations between crystal =tructares, 2.na ~str.Ctares, and
transporll e Ghadhi sine,

Utihwzation of representative rare-carth clements to form compounds and alloys
with the Greup V-A and Group VI-A elements nas provided matenials forwhicholectrival
chariacteristics range from those of high-res.stivity semiconductors 1o those of metai-
Like conductors, and which exhibit electronic transport properties of both practical and
theoretical tnterest. It has been shiown that the mouoselenides and monatellurides of
samarium and ytterbiuwm are potentially valuable thermistor materials which can sorve
as a basis for the development o an improved device operabic at hign tempeoeratares.
Alloying these compounds with the monosclenides and monotellurides of tripositive
rare-earth elements yields, withiro a given alloy system, specimens having resistivities
in a wide range (IO'b to 104 ohm-~¢m). In addition, within a given alloy system, one
has control of the temperature coefficient of resistance, being able to vary it from
negative to positive and apparently the ability to obtain a TCR very near zero aver a
wide temperature range. Analysis of electron conduction in these alloy systems in-
dicates that the conduction process involves interactions between the tripositive rare-
earth atoms in chainlike arrays on nearest-neighbor cation sites.

Results obtaincd have indicated that neodymium telluride and alloys of certain
rare-carth and alkalinv-earth selenides and tellurides are sunerior high-temperature
thermoelectric generator mater ils which may be useful for energy conversion,

Metal-insulator configurations have been prepared with rare-earth metals and
rarc-earth oxides and analyzed electrically using diode structures. Electron transport
through thin layers of the oxides has been observed and current-voltage characteristics
consistent with tunneling have been observed qualitatively.

RECOMMENDATIONS

Results of this research have clearly shown the rare-earth metals and compounds
to be interesting and potentially valuable materials worthy of further consideration and
study as solid-state electronic maternials., Four general types of {future investigatiuns
arce recommended;

{1} Device development programes based on potentially useful properties
already observed

(2} Fundamental studies of transport phenumena and propertics, band
structures, and crystal structures of the rate vlals.
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Cuilinatd capivralury study of the bulk praperties of the materials,

movieg o »tady of other classes of compounds

(-4} Countinucd vxpluratory study of the materials tn thin films and thin-

frl stractures, an area which has barely been entered.

{t 1> believed that the cited resuelts and accomiphishiments clearly indicate thie
desiranlity of continuing research on rarv~-earth metals and compounds {ur clectronig
rpphications.  In addition to the section n this report which points out potential device

plivetivns, s~omowhiat detaled reconimendations on the development ol thermastor or
thernustor-tvpe, adjustable-TCR=resivstor, and thermorlectric-generator devices
ciocd i Farcsearth seivnides and tellurtdes previously have been submmitted to the
Llectronae Technolugy Laboratory; these recomimendations are reiterated here.

A5 oisandicated o the Summary above, MX,, binary systems are attractive as the
sebyedts ol tundamental studies of crystal structures, band structures, and transport
mivchanisius,  Such studies are recommended to advance the basic knowledge and under-
standing of the sowlid state,

Aitnougn vood progress has been made, a number of rare-earth compounds con-
eming Groups Voand VI elements (e. g, oxides and phosphides) deserve more study of
e seneeral ovaluation type.  In oaddition, the solid-state electronic properties of rare-
arth norides . sihicides | and poseibly carbides are of potential interest, and these
omeounds ultomately should be studied. With the amount of data generated in the past
e oy ears at Dattelle and with the stimulated interest in rare~earth research at other
aboratorics, one has a goud touandation on which to base choices of other rare-earth
naterials for more extensive rescarch and development,

Tue observation o character . stics counsistent wiih tunneling in rare-earth metal-
wide-ietal structare~, and the observed insulating properties cof the oxide point to the
lesirability of continuing study of such materials in these structures and of continuing
tudy of rarc-earth materniats an thin-film form. In this and in other cases, it appears
nat the luw pur ty of the rare-earth materials and the prescence of grain boundaries is
ow, or ultimately will be, factors limiting development of basic knowledge and potential
se ot the materiais. Hence, it is recommendedd that emphasis be plz:z2d on the puri-
weation ara control of the ¢rystalline state of the rare-earth metals and compounds in
iture research, and particularly 1n the research on thin films.

PAPERS PUBLICATIONS AND PATENTS

T provrde timely and fruitful dissemination of tech.ical information generated on
& progian, neterous technical papers have been presentrd orally uand published.
ient apuitcations have been filed for twoinventions made during the program and are
titled U Temperstare Sensuive Device:" and “"Resistance Devices'. Papers presented
wd publications ressiting frem the subject investizations are Lsted, as follows:
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of Groups V and VI'', Rare Earth Research, Edited by E. V. Kleber, The Macmillan
Gumpany, New Yurk, i9o0l

Miulicr, J. E., Matson, L. K., and Himes, R. G., "Studies on the delenides and
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, presented at the Electrochemical

Reiag, F. 1., Matson, L. K. Miller, J. F., and Himes, R. C., "Electrical Properties
of Compounds and Alloys of Rare-Earth Mctals with Elcments of Groups V and VI,
prescnted at the Electrochemical Society Meeting, Pittsburgh, April, 1963,

Miller, J. F., Matson, L. K., and Himes, R. C., "Observations on M;X4-MyX3
Crystailine Phases of Rarc-Earth Tellurides, Selenides, and Sulfides presented at
Third Symiposium on Rare Earth Research Developments, Clearwater, Florida,
Scptember, 1963,

Reid, F. J., Matson, L. K., and Miller, J. F., | "Electrical Properties of Refractory
Rare Earth Monoselenides and Monoteilurides'” | presented at the Electrochemical
Society Meeting, New York, September, 1963,

H4

Matson, L. K., Reid, F, J.
10 SinSe~NdSe Alloys"
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, and Himes, R. C., "Discussion of Electrical Conduction
presented at the Electrochemical Society Meeting, New York,
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subrtted for publication}.
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