TN e R W ST R T T R TR ARTTT T
.

S B LTI -y
| RS T
e

R e T

AD-765 646

SYNTHESIS OF RARE EARTH COMPOUNDS
AND STUDY OF THEIR MAGNETIC OPTICAL
AND SEMICONDUCTING PROPERTIES

F. Heoltzberg, et al

{bM Thomas J. Watson Research Center

Prepared for:

Advanced Research Project Agency

July 1973

DISTRIBUTED BY:

Niunal chnical Inftimi evice
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151

- . /




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
'NUMBER OF PAGES WHICH DO NOT

,REPRODUCE LEGIBLY.




SYNTHESIS OF RARE EARTH COMPOUNDS AND
STUDY OF THEIR MAGNETIC OPTXCAL AND

SEMICONDUCTING PROPERTIES

IBM Corporation
Thomas J. Watson Research Center
Yorktown Heights, New York 10598

FINAL TECHNICAL REPORT

July 1973

AD 765646

Contract Ne. DAAHOL~71-C-1313

sponsored by

Advanced Research Project Agency

ARPA Order Nc., 1588

ARPA Support Office - Army Missile Command

' Directorate for Reszarch, Development

Engineering and Misslle Systems Laboratory
U.S5. Army Missile Command

Redstone Arsenal, Alabama

Reproducad sy

NATICNAL TECHNICAL
INFORMATION SERVICE

U & Sepertment of Commerea
sSormgfinld VA 27V51




i NOTICE
"This reseaxrch was sponsored by the Advanced Research
Projectes Agency of the Department of Deferse under ARPA
Ordex No. 1588 and was monitored by the U.S, Army Missile
Command under Contract Wo. DAAHOl~71-C-~1313, Views and
conclugions expressed herein are the primary responsibility
of the author or the contractor and should not be inter-
preted as representing the official opinion or policy of

USAMICOM, ARPA, DOD or any other agency of the Government,"




4
& A A 0
Unclassified !
Securty Classificas an

COCUMENT CONTROL DATA-R&D

Secursty «lassilication of title body of abstract amd indexing annotation must be ontored when the uverall repart is \ lassilied,

! ORIGINATING ACTIVITY (Corrorate author; 2. REPORT SECURITY CLASSIEICATION
International Business Machines Corporation Unclassified
Thomas J, Watson Resesrch Center, P, 0, Box 218 25, GROUP
Yorktown Heights, New York 10598

3. REPORY TITLE

RESEARCH IN THE SYNTHESIS OF RARE EARTH COMPOUNDS AND A STUDY
OF THEIR MACNETIC OPTICAL AND SEMICONDUCTING PROPERTIES

-
4 REICRIPTIVE NOYED “Type of teport and Inclusive datoa)

Final Report (30 June 1972 through 30 June 1973)

t AUTHOR(S) (First namo, middio Initiel, (ast name)
F. Holtzberg, M. W. Shafer, L. J. Tao, S. von Molnar, J. B. Torrance, T, Penney, and
T. R. McGuire

6. AEPORT GATE 74. TOTAL NO. OF PAGES 75, NO. OF REFS
July 1673 XL 20
b4, CONTRACT OR GHANT ND 90, ORIGINATOR'S REFPORT NUMBER(S)
DAAHO1-71-C-1313

b. PROJECT NO. IBM Prrnject #2567

€. b, OTHER REPORT NOUD) (Any other numbers that may bo assignod
} thia report)
| . ‘

10, DISTRIBUTION STATEMENTY

Distribution of this document is unlimited

11 SURPPLEMENTARY NOTI'S 12. SPONSORING MILITARY ACTIVITY

Advanced Research Project Agency
Arlington, Virginia 2.209
ARPA_QOrdex No. 1588

e g i

13, ADSTRACT

During the course of this program we have developed methods for
growing single crystals of the very high melting rare earth chalcogenides. We have
demonstrated that many of the binary compounls exist over a range of homogencity
(e.g. Eu0, EuS, GdSe and Gd,, (I S,) and that the resulting defect structures have
profound effects on the physical properties of these materials. We have further shown
that it is possible to grow cingle cryst .ls of mixed valence :ompounds and obtain
sufficiently large nomogeneous regious ilor Leausport and magnelic measuremenls.

These materials represent an important subclass of magnetic
semiconductors in whicu the moment of the 4f electrons is localized at each cation site,
The interest in these materials derives primarily from the dramatic magnetic, optical
and transport effects which are sensitive to changes in electron concentrxation., Among
these are: 1) The insulator-metal trans.tion (a 13 order magnitude effact) in EuO.

This transition was shown to be magnetically driven and 2 microscopic model centered on
the cuncept of the magnetic polaron was develcped; 2) Tuoneling properties of EuS,

The temperature dependence of the tunneling conductance was explained on the basis of
critical scattering of electrons by magnetic fluctuations and conduction band splitting
below the ordering temperature. These concepts were verified experimentally; 3)
Anomolous transport properxties of EuS and Gd __Iﬂx: . It was demonstrated that the bandﬁ
tail model for disordered materials, modified to Include magnetic interactions, success-
fully describes ihe experimental results; 4) Color changes in the homogeneity range
of GdSe. The reflectivity spectrum was shown to be directly correlated to the carrler
concentration.
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SUMMARY

During the course of this pr.gram we have developed methods for
growing single crystals of the very high melting rare earth chalcogenides.
We have demonstrated that many of the binary compounds exist over a range

of homogeneity (e.g. Eu0, EuS, GdSe and Gd x clxsé) and that the rcsulting

3
defect structures have profound effects on the physical properties of these
materials. We have further shown that it is possible to grow single crys-
tals of mixed valence compounds and obtain sufficiently large homogeneous
reglons for transport and magnetic measurements,

These materials rerresent an important subclass of magnetic
semiconductors in which the moment of the 4f electrons is localized at
each cation site. The interest in these materials derives primarily from
the dramatic magnetic, optical and transport effects which are sensitive
to changes in electron concentration. Among these are: 1) The insulator-
metal transition (a 13 order magnitude effect) in Eu0, This transition
was showm to be magnetically driven and a microscopic model centered on
the concept of the magnetic polaron was d.veloped; 2) Tunnaling properties
of Eud. [Ihe temperature dependence of Lhe tunneling conductance was ex~
plained on the basis of critical scattering of electrons by magnetic
fluctuations and conduction 5and splitting below the ordering temperature.
These concepts were verified experimentally; 3) Anomolous trausport
properties of EuS and Gd3—x£jxs4' It was demonstrated that the band tail
model for disordered materials, modified to include magnetic interactions,

successfully describes the experimental results; 4) Color -hanges in the
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homogeneity range of GdSe. The reflectivity spectrum was shown to be
directly correlated to the carrier concentration,
This concludes a major part of our effort in studies of
- + . R
compounds of Gd and Eu  ions which are characterized by a spherical
ground state. Investigations of exchange enhancement of La doped SmS

reflects our developing interest in more complex rare earth systems.
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L. INTRODUCTION

This report summarizes a three year effort in the study of the
synthesis of rare earth compounds and an investigation of thelr magnecic,
optical and semiconducting properties.

we shall trace the development of the growth of single crystals
from the simple face centered cubic magnetic insulating rare earth chal-
cogenides, to the more complex Th3P4 type structu.os and lower symmetry
layer compounds. Our objectives include the synthesis of higher purity
materials, the improvement of crystal perfection, and measurement of
deviations from stoichicmetry. We develop the techniques for growing
single crystals of varying compositicns of solid solutions between di and
trivalent rare earth chalcogenides and methods used for th.l+~ ciarccteri-
zation,

In addition we will develop the reasoning which led to the
variety of experiments referred t¢ in the body of this report, with em-
phasis on the relationship between magnetic and electronic properties
of these systems., We probe the direct relationship of magnetism to the
band structure as reflected in transport, tunneling and optical measure-

ments,




11. MATERIALS

In this, the final report of three years of research under ARPA
Contract DAAH01-70-C-1309 and DAAH01-~71-C-1313, we present the results
of our work and refer only to publications which were generated by this

support., Since we have published continuously during the term cf the

contract, the references cited will take the reader to the open literature,

At the initiation of the contract, in June 1970, we had estab-

lished that single crystals of the europium chalcogenides could be grownm,
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that they were magnetic semiconductors, and that it was possible to signi-

ficantly increase the Cur'e temperatures o{ these compounds by doping with

-
-

trivalent rare earths., Our original interest had been an exploration of
the very dramatic changes in msgnetization with changes in electron
concentration,

Some work had been done on the tranmsport propexrtiaes of these
materials and this revealed very large effects of magnetic oxdering on
the semiconducting properties of the compounds. With growing interest
in these semiconducting properties it became clear that refinement of
crystal growing techniques, with emphasis on reproducibility, improved
purity and perfection, was of the utmost importance.

Our first task was to develop a system which wonuld repeatedly
reach the very high temperatures (v2500°C) required for crystal growth,

1)

Two systems evolved, one using a tungsten mesh resistance furnace and
2

the second a vacuun rf furnace with direct coupling to the crucible.( )
Both systems were found to give excellent temperature control and have been

used to produce all the materials studied in the course of this program.
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The next phase of the program involved the synthesis of higher
purity materials and a means of controlling crystal stoichiometry. Since
the purity of rare earth metals and oxides has steadily improved over the
years, no effort was mad2 to further refine thc suppliers' wetals. We did,
however, find that the method of shipment commonly used pexmitted de-
terioration of metals in tramsit. Protective oils or sealing waxes used
in packaging were found to contribute to serious contamination. We have
therefore required that all metals be shipped in sealed quartz containers
filled with purified inert gas., The metals no longer arrive discolorad
by surface oxidation. The purity of recently received europium metal is
approximately 99,997 and that of the oxide about £9.9997%.

P During efforts to grow and characterize single crystals of EuO and
EuS it became evident that these 'compounds' existed ovex a range of homo-
geneity with solid solubility almost entirely on the metal xich side of the
stoichiometric compound. Non-stoichiometric crystals are "n" type with
vacancres on anion sites. The development of crystal growing methods which
permitted control of vacancy concentration was correlated with the develop-
(3,4)

ment of methods for characterizing single crystal samples.

.

Synthesis of the sulfide from Eu203 with HZS was Investigated
. at veiry high temperatures in order to determine the optimum temperatwure for
(s)

produccion of EuS with minimal oxygen contamination. The growth of

single crystals of EuS with variation in excess Eu metal concenvration
established that a nomogenei .y range existed for this compound.(6)

Deviation from stoichiometric compound formation was also studied

for trivalent rare earth metallic compounds. Previous rcports indicated that
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solid solubility occurred ouly in the metal rich rezion of these systems.
Such limited homogeneity was found for GdS, but GdSe showsd an extra-
ordinarily large homogeneity range extending to about 7 % into the anion
field. Single crystals of the selenide exhibited the normal gold metallic
color for the stoichiometric composition but the color changed progressively
toward the blue with increasing cation deficiency.

With the initial success in treating transport in discrdered

(6,7)

Eus we directed our attention toward the Th3P4 type magnetilc semi-
conductor systems. Representing the rare earth compounds by RE3_xva4
(where x = §,5e,Te; v = vacancy and 0 < x < 1/3) It was found that these
materials change ccntinuously from metals to insulators with increasing
vacancy . concentration, x, with the insulator being antiferromagnetic and
theﬂmetal ferromagnetic., Although crystals of varlous compositions of the
Gd3~_xch34 and Gdg__xvxSe4 have been grown successfully with different
vacancy concentration, %, we still have difficulty measuring composition
with standatd aaalytical techniques., Systematic transpo. : and magnetic
measurements have thus far beea relied upon for sample characterization.(g’lo)
Investligations of pseudobir .y solid solution systems, in order
to study effects of difierent dopanis on magnetic and electrical properties,
were further explored. The substitution of monsvalent anions for the
divalent chalcogenide was found to increase magnetic ordering t:mperatures.(lJ
In the limite. range of solubi .ity of these systems essentially the same
increase in paramagnetic Curle temperature was observed as that for the
substitutlon of trivalent cations for europium.

Experiments with the formation of solid solutic.. tetween Eu chalco-

wenides and trivalent rare earth chalcogenides using sintering tec lques
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were only marginally successful because of the difficuliy in producing
homogeneous samples by this technique. We therefore decided to grow
crystals from the melt, knowing that -cncentration gradienté developed =
during growth. The sampling techniques then became crit.cal, but we
found that if small sections were cleaved f{rom the crystals, electron
microprobe analysis could be used to select sufficiently large homo-
geneous regions for physical measurements. All transport, magnetic,
optical and x~ray measurements were then made on the same crystal sectlon.
This technique was used in the study of the pseudobinary europium-gadolinium
sulfide system and the Sml_xLaxS-(lz’lS’lé’ls)
All materials investigated thus far had relatively simple cubic
structures lacking crystalline anisotropy. A considerable interest had
been developing in the transition metal layer dichalcogenides. These
compount.s have siigle layers consisting of metal ions strongly bonded
between two sheets of chalcogenides. Adjacent layers are weakly bonded
to each other making it possibile to introduce other ione or molecules
in the gap between layers without disturbing the atomic arrangement
(intercalation) within a given layer. Normal high temperature reactions
with alkaline earth or rare earth lons gene:r-lly yield three dimensional
structures. The divalent rare earths Eu and Yb, which are soluble in
liquid ammonia, have been intercalated in the group IV, V and VI dichalco-
genides at low temperatures. Ferromagnetic order is seen in the Eu inter-
calated compounds For concentrations grea.er than MSZ(Eu)0.5—0.6' The
(16)

¥b intercalated compound MoSz(Yb)x becomes superconducting at 2.4°K,

This materials program has taken us from the gimple cubic
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ferromagnetic semiconductors through disorder::d magnetic materials to the
highly anisotropic layer dichalcogenides, Intimately woven into the de-
velopment of this program are the physical measurements described in
Section III.

I1I. PHYSTCATL MEASUREMENTS

Our research effort in studying the various physical properties
of rare earth chalcogenides, particularly those containing Eu, stems
fundamentally from the observation that the magnetic behavior of these
compounds i1s an extremely strcng functicn of the electron concentration.
It was clear that the conduction electrons altered the exchange interaction
in a systematic way and that the conduction electron localized 4f spin
exchange interaction played a dominant xole in this.

An obvious hypothesis tc test was, therefore, the foliowing:
given that conduction electron-~localized spin exchange accounts for the
magnetic behavior, is there a concomirant stronyg dependence of electronic
motion on the magnetic state of the system?

To answer thi

[C]

latter question we have, in adddtion to Lhe
standard tools (i.e., resistance, magnetoresistance, Hall effect and
theruoelectric power) used photoconductivity and tunneling methods to
describe transport in magnetic semiconductors. Furthermore, we have
developed techniques to perform experiments on small single crystal samples
of these refractory materials (on the oxder of 3x3x10 mils) and have
prepared new alloyé, such as LuaAg eutectic, to form ohmic contacts,
Transport measurements in EuSe and EuS had already established

the anomalous giant negative magneto-resistance effect and eritical electron

it ’tizim‘f@'
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scattering by magnetic Lluctuations. But there still remained, at least
in the lightly doped, semiconducting samples, the unanswersd question as
to whether or not the magnetoresistance effects are due to changes in
mobility or changes in free cart ier dunsity. Resistivit, measuremeunts
alone cannot answer thls question since the conductivity is a carrier
density mobility product, o=neu. Hall effecc measurements, at the mag-~
netic field strengths available to us, could not be effectad because the
magnetoresistance effects swamped any Hall signal. The photoconductivity

a7 were undertaken to answer this question in Eube, the most

experiments
thoroughly studied material at that time,

The d.c., photoconductivity measures the quantum efficiency -
mobility - lifetime product, But. Transient photoconductivity measurements,
on the other hand, measure Bu and the decay time, 1' , separately if the
photoexcitation occurs in a time small compared to 1. The work of Penney
and Kasuya(17) demonstrates, by comparing transient and d.c., photoconduc-
tivity experiments with resistivity meusurements in deped EuSe samples,
that the mobility dominates the variation in the conductivity.

Our continuing interest in transport properties was heightened
by th2 discovery at MIT that certaln sawples of Eud underge an insulator-
metal phase transition near the magnetic ordering temperature (TCN69°K).

(18), were able to demonstrate a direct relationship between

Penney, et al
the conductivity activation energy and the magnetization, This resultl was
observed in Eu rich samples, in which the resistivity changes by more than

13 orders of magnitude and showed that the transition is magnetically

driven, .
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N Such clear-cu’ cvidence for the mechenism for phase transitions 1s
unusual and has stimulated further research in several laboratories.

t The fact that the magnitude and temperature variation of

the resistivity was observed to be strongly dependent on sample pre-

paration led to a thorough study of the relationship of crystal growth

parameters to the stoilchiometry of Eu0.<3’4) The latter was determined

by correlating the infrared abgorption, conductivity and microstructure

with the Eu/0 ration of the starting compositions., These studies de-

termined a new phase diagram for EuO which has since been used as a guide

for growing Eu0 crystals of well defined composition.

The above-mentioned experiments involved defect structures {in
contrast to the doping with trivalent rare earths) in which the extra
electrons are trapped near the oxygen vacancy sites., This prompted a
re~examination of the electronic ground s:tate of singly and doubly oc—
cupied vacancies and ultimately led to a new description of the magneti-~
cally driven insulator-metal transitor in terms of a bound magnetic polaron,
This model differs from earlier models in that it assumes that the two
electrons do not occupy the same orbit. Thus we can envision a ground
state for the electrons exhibiting a finite moment which can couple to the
localized 4f spins. The name "bound magnetic polaron" derives from the
idea that the electrons are localized both by the magnetic interaction
and by the coulomb field of the vacancy. Torrance and co—workers(lg’zo)
were able to explain congistently both infrared and high temperature
(above Tc) magnetic data using this model. The latter data, which

showed that the high temperature susceptibility and extrapolated Curie
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temperature were dependent on the oxygen vacaney councentration, would not
have been predicted by earlier models.

During this period we also decided to make a concentrated effort
to study the magneto-transport properties of the Eu§. Previcus experience
had demonstrated thar Schottky-barrier tunnel junctions could be fabricated
with In on appropriately doped EuS. Inelastic scattering effects in the
barrier, wmodulated by magnons, had been examined. Elastic scattering,
on the other hand, had not been studied in detail, Furthermore EuS was
observed to be chemically the most stable of the Eu chalcogenides and the
only one in the group, other than Eu0, which was a true ferromagnet. It
was also thought that the low Curie temperature (16°K) wou.d enhance
changes in physical properties with applied magnetic field (the lower T,
the smaller the energy necessary .o change the magnetic oxrder of the
system). As in the EuO case, the carrier concentration was found to vary
with stoichiometry. 1In the process of perfecting techniques for controlling
the vacancy concentration to produce samples satisfactory for tunneling
studies, a series of excellent EuS samples spanning the concentration
range from insulator to metal were generated.

Tunneling studies were carried out on two classes of samples:

-3

1) those having electron concentrations less than leolgcm , which were

used as capacitance probes and 2) those having more than Nlolg carriers,
which were used in the tunneling studies, Capacitance measurements on the
lower concentration samples gave the barrier height of the Schottky barrier,

its change with magnetic order, and thus the absnlute value of the

conduction band shift.(G) To the best of our knowledge this experiment
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represents the first "direct measure" of conduction band splitting in the
presence of a (internal) magnetic field. The higher concentration samples
exhibited an anomaly in the tumneling cnnductance near Tc and this was
explained in tewms of electron critical scattering in the barrier. The
predicted magnetic field dependence of the conductance was also observed,
In acditior., well characterized samples made possible a systematic study

8(7). This led to an explanation for el:ctronic

of electron transport in Eu
motion in terms of a band tail model with disorder produced by the vi:can-
cies. One particular success of the model was its ability to preadict the
low temperature resistivity behavior, in the hopping regima, from the high
temperature data.

It is remarkable that the assumption of a band tail works as well
as it does. The samples were chosen by varying the Eu/S ratio and one might
expecs the density of electron states to change substantially as a function
of concentration. Apparently there is some contribution of unknown defects
common to all samples.

These observations led us to test accepted models of transport in
band tails by choosing materials where a rigid band is expected to apply.
The Th3P4

structure can accommocdate a large number of vacancies randomly distributed

system lends itself particularxly well to such studies, since the

throughout the lattice at the Th sites., These sites can be partially
filled to provide carriers, but as long as the ratio of vacancies to con-
duction electrons is small, a rigid band model ought to be wvalid. We
have studied the transport properties of single crystals of the magnctic

(9,10)

semiconductor Gd3_xvx84, where v denotes vacancies We were able
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tv interpret the results of resistivity, magncto resistance, and thermo-
pewer, in terms of a band tail model, but extended to include magnetic
interactions.

Toward the termination of this program we began to investigate
rare eacth ions which do not have a spin only ground statz, Cne interesting
example is Sm, which, in its divalent state his no net moment (J=0) bhut
wulch developes "Van Vleck" paramagnetism. This paramagnetism arises
because one or more excited state (J=l) etc. is either thermally populated
or admixed i.to the ground state by the externally applied magnetic field.
The relevant parameter is the energy difference between the J=0 and J=1
states which, in Sm chalcogenides, is modified by an indirect exchange be-
tween the Sm2+ions, via the conduction band, In order to explore this
erhancement we have studied the sgolid solution system SmloxLaxS. The ef-
fects of the extra electron contributed by the La ion reach a maximum near
3% La concentration as exhibited in the enhancement of the Van Vleck sus-

(14,15) We hope to continue investigation into the effects of

ceptibility.
other dopants on Sm2+—Sm2+ exchange interactions.
1y CONCLUSION

During the course of this program we have developed methods for
growing single crystals of the very high melting rare earth chalcogenides.
tle have demonstrated that many of the binary compounds exist over a range
of homogeneity (e.g. Eu0, EuS, GdSe and Gd}ﬁ{CJxSQ) and that the resulting
defect structures have profound effects on the physical properties of these

materialsz. We have further shown that it is possible to grow single crys-

tals of mixed valence compounds and obtain sufficiently large homogeneous
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regions for transport and magnetic measurements.,

These materials reprasent an Jmportant subclass of magnetic
semiconductoxrs in which the moment of the 4f electrons is localized at
each cation site, The interest in these materials derives primarily from
the dramatic magnetic, optical and transport effects which are sensitive
to changes in electron concentration. Among these are: 1) The insulator-
metal transition (a 13 order magnitude effect) in EuO. This transition
was shown to be magnetically driven and a microscopic model centered on
the concept of the magnetic polaron was developed; 2) Tunneling properties
of EuS. The temperature dependence of the tunneling conductance was e~
plained on the basis of critlcal scattering of electrons b' magnetic
fluctuations and conduction band splitting below the orde.ing temperature,
These concepts were verified experimentally; 3) Anomolous transport
properties of EuS and Gdz_xC1xS4. 1t was demonstrated that the pard tail
model for disordered materials, modified to include magnetic interactionms,
successfully describes the experimental results; 4) Color changes in “he
homogeneity range of GdSe. The reflectivity spectrum was shown to ve
directly correlated to the carrier concentration,

This concludes a major part of our effort in studies of
compounds of Gd+++and Ed++ ions which are characterized by a spherical
geround state. Investigations of exchange enhancement of La doped SmS

reflects our developing interest in mdre complex rare eaxth systems.
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