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13 ABSTRACT

~-*Regsearch on preparation of, characterization of, and physicai-property measure-
ments on rare-earth compounds of technological poctential is described. Work was in
four areas: magnetoferroelectric materials, narrow-band narrow-gap cemiconductors,
rare-earth pnictides, and cooperative excitation of luminescence of rare-earth ions
in insulators. In the first area, study of heavy rare-earth manganites and chromites
and their solid solutions has been emphasized. Ranges of solid solution and weak
ferromagnetism have been determined for Yb compounds. High pressure orthorhombic
phases of Y, Ho and Yb manganites were shown to be antiferromagnetic. Work is in
progress to determine the extent of ferroelectricity in all of the systems prepared.
In narrow-band narrow-gap materials, it was attempted to determine the nature of a
localized excited state in SmB_ in order to understand the conductivity transition.
However, work on very well characterized SmB, has thus far been inconclusive. Work
on the pnictides was primarily on production of near-stoichiometric oxygen-free
samples of DyN for magnetic resonance studfes. Finally, studies on two-photon
infrared~-exci' :d red fluorescence of YoY™ ions in CaF, have established that at ion
concentrations greater than about 0.57 the fluorescence arises from cooperative
energy transfer between Ho3t ions rather than from successive excitation of a single
ion, -
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SUMMARY

This report describes the first year of a research program on prepara-
tion, characterization, and measurement of relevant physical parameters of =
number of rare-earth compounds of potential technological significance. The
program includes work in four distinct, although not entirely unrelated, areas,
which will be descrited in turn.

The first of these areas is what we have termed magnetoferroelectric

materials. This has been the area of greatest effort - a little over half the
total., The primary objective of this work is to develop a material that is both
ferroelectric and at least weakly ferromagnetic (see Appendix A) in some useful
temperature range. A pumber of possible devices using such materials are de-
scribed at the end of Section IIA and in the references given there. The work
during the first year has emphasized the heavy rare-earth manganites and chrom-
ites and their solid solutions with each other and with the rare-earth ortho-
ferrites. The ranges of solid solution and of weak ferromagnetism have been
largely determined for the ytterbium compouﬂds, although a few questions remain
about possible ferrimagnetic impurities. Work is now in progress on determining
whether any of the weakly-ferromagnetic materials are ferroelectric, -as the anti-
ferromagnetic hexagonal forms of the heavy rare-earth manganites are known to be.
The work is also being extended to holmium solid solutions; other cations may be
considered later.

The second area is that of narrow-band, narrow-gap materials. While

such materials have a numter of interesting properties, the greatest attention
during the past few years nas been to those materials which undergo conductivity
transitions - rapid changes from semiconducting to metallic behavior as tempera-

ture or some other external parameter is varied. For practical application,
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those transitions which can be influenced by an applied electric field are most
important., although no cases where this happens are known for certain. Among
rare-~earth compounds, those containing divalent samarium are of greatest interest
because of the unique combination of low-lying excited states and narrow-band
gapas. OJur research has aimed principally at establishing conclusively the nature
of the excited state in well-characterized samarium hexaboride, which undergoes a
rather gradual conductivity transition at low temperature. Understanding this
excited state should provide information about the nature of the transitions in
other samarium compounds. We have not yet been able to prove the validity of
present theories on the nature of the excited state, although we were able to
characterize our samples quite thoroughly. Recently work has been extended to
samarium sulfide-selenide solid solutions, but only preparative work has been

done so far.

The third area is called rare-earth pnictides, although the experi-
mental work has been limited to nitrides. There has long been controversy over
whether the pure stoichiometric rare-earth mononitrider are semiconducting or
metallic. If semiconducting, and if not too extraordinarily difficult to pre-
pare, these materials should have useful optical and electronic properties.
After following some relatively unprofitable trails, we concluded that the best
test of the inherent naturc of the material would be nuclear magnetic resonance
measurements of hyperfine field (indicating conductivity character) and quad-
rupolar broadening (indicating relative stoichiometry) on powder matzrials as
near stoichiometric as possible. Samples of DyN which appear to be close to
stoichiometry and free of oxygen impurities have recently been prepared, but

the MMR measurements have not yet been carried out.
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Finally, a small part of the effort was directed toward study of
the interaction of rarz-earth ions (specifically H03+) in CaF2 and similar
insulating crystals. It was shown that excitation of visible luminescence
proceeds by a cooperative process involving two ions rather than by a sequen-
tial (two-step) process when the H03+ concentration is greater than 0.5%.
Such effects may be important factors in limiting the performance of doped

crystals as infrared-to-visible converters and similar optical devices.

=Tk
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I, GENERAL INTRODUCTION

This report describes the first year of = program of research on
several classes of compounds containing rare earths:

1) Magnetoferroelectric materials

2) Narrow-band narrow-gap materials

3) Rare-earth pnictides

4) Fluorides containing dilute concentrations of rare-earth ionms,
Although these are rather diverse areas, the electronic, optical, and magnetic
properties resulting from the rare-earth 4f electrons are of primary impor-
tance in ail of them. We proposed rescarch in these areas because it appeared
that they were all promising (and widely considered so) fur applications within
a few years, but that insufficient syste: i1tic work was being done to assess
accurately their potentialities. The present work has therefore involved
systematic exploration of some of the more promising groups of compounds,
together with careful characvzrization of the materials synthesized, the prin-
cipal objectives being i) to understand the factors affeqting material param-
eters, ii) to attempt to develop better materials on the basis of this under-
standing, and iii) to develop some of these areas to the point that relatively
specific application possibilities emerge. This is an ambigious undertaking,
an! has not, of course, been completed in one year; work is continuing under
an extension of the program. Because of this, this report does not always
present final conclusions, but does present in each section a discussion of

present status, conclusions reached so far, and future plans.




The grea%est part of the work (probably a little over half) has been
in the first area listed, magnetoferroelectvics. In the second and third areas,
the work has been primarily on methods of preparation anéd characterization,
while in the last area, which represented only about 5% of the total effort,
no preparative work was necessary, only measurements on commercially obtained
samples. Well over a hundrad scparate preparactive eXperiments have been carried
out and the products characterized by X-ray diffraction and a variety of other
means, principally optical emission spectroscopy, electron-probe microanalysis,
puclear magnetic resonance, and electron paramagnetic resonance. More than

sixty substantially different samples (not ju§§ag%§£e§55t ptg?es_gffﬂgﬁepigl o

I AL

fro t been u or more of i
rom the Sfme prepara =i°-p) ha_y_e‘ een 28.?91;‘5!0_3: e?e; ur .'";fg:o".«,- }:hf \Yarl%lesf‘z serl3

physical measurements necessary to determine ;he ; parameters q§ ;nter st.

P iei =~

¥ Fid

&

Ihe fogn,areas of reseqrph are discussed in furn 1n this rep( 5 each

r ’
[E AL e :Iiled E3ir 3 GSE

in a relatively self-contained format, Certain detailed or _bg.a?f round, mat .,13}
has been relecgated to several appendices. The reﬁerendes in the main text are

numbered consecutively snd listedL;Qgethefxon pages 71 and,72. ggghxgpgend}xg'
on the other hand, stands independently and pasldt§{9§n ;efegedgesg as_ye}l as
its own table, figure, and equation npmpers. »99¢a§10nal‘refepenee 3 made.tp

the Semiannual Report on this project.>iWh11e‘gothiqg oﬁ.gajgx_fégn}ficapce_l"
has been omitted from the present report, in a few cases it has not been_i
thought worthwhile to repeat minor details from the SemiannuglgRegoFt: A

number of the results given in the Semiannual Report have teen modified

through measurements on better samples or more thorough analysis of data.




II., MAGNETOELECTRIC MATERIALS

JiA. INTRODUCTION

The term "magnetoelectric' encompassec more than cne type of physical
phenomenon; these phenomena and the types of materials which may be expected to
exhibit them are discussed in Appendix A. The primary objective of the present
work i3 the development of ferromagneto-ferroelectric materials - that is, ma-
terials which in some temperature range are ferroelectric and at lecst weakly
ferromagnetic - containing rare earths and displaying magnetoferroelectricity
at relatively high temperatures - at least liquid nitrogen temperature (77 K)
and preferably room temperature. A secondary objective is determining whether
the materials studied may have other magnetoelectric properties, and a tertiary
objective is of course noting whethe’ these materials have any other interesting
or useful properties. There is no fundamental reason thes development of magnetc-
ferroelectric materials should be limited to, or even concentrated on, compounds
containing rare earths; but a previous theoretical study and review of known
ferroelectrics indicated that tl. rare-earth manganites and molybdates and solid
solutions based on them would be of interest; so they were selected for initial
study. The work on the manganites was later extended to some rare-earth chromites
and manganite~chromite and manganite-ferrite solid solutions.

The proposed applications of magnetoelectric phenomena are mainly based
on the idea of electric field control or variation of the magnetization depen-
dence of some property. Among the possibilities are electric field control of
amplification of spin or magnetoelastic waves, electric field modulation of
Faraday or other magnetooptical effects, simultaneous electric and magnetic stor-

age in thre same volume element (providing, with optical readout, what amounts to




a 3- or 4-position switch or ternary or quaternary memory element), and frequency

doubling and other non-linear processes in the microwave region.

IIB, MANGANITES AND CHROMITES

The simplest manganites o. the heavy rare ecarths (Ho through Lu and
yttrium) have formula (RE)Mn03, have a hexagonal crystal structure, and are
ferroelectrics with very high transition temperatures, 600 - 700 C. They become
antiferromagnetic at low temperatures and weakly ferromagnetic only in a few

cases when the rare-earth ions order at temperatures below 10 K.5’6

By contrast
the light (Ce through Dy) rare-earth manganites are orthorhombic, not ferroelec-
tric, and weakly ferromagnetic at low temperaturea.6 The hexagonal heavy-rare-
earth manganites can be transformed under high pressure and temperature to an
orthorhombic form;7 no studies of physical properties of materials in this rform
had been undertaken prior to the present work. (By way of completeness, we
mention at tnis point that the rare-earth ferrites of similar composition are
all ortherhombic, not ferroelectric, and weakly ferromagnetic with high transi-
tion temperatures; while the chromites of composition (RE)Cr03, are orthorhombic,
weakly ferromagnetic at low temperatures, and are claimed in some cases to be
ferroelectric.s) Our reseuarch on these materials has aimed at providing answers
(at least partial ones) to the following questions:
1. What are the properties cf the orthorhombic forms of
heavy rare-earth manganites?
2. Can weak ferromagnetism (at higher temperatures) occur
or be made to occur in hexagonal manganites?
3. Can weak ferromagnetism be produced (in conjunction with
ferroelectricity) in solid solutions of manganites

(ortho or hex) with chromites or ferrites?




4, Are rare-earth ortnochromites actually ferrcelectric?

A study of the symmetry properties of these materials enables cne to
determine what sort of electrical and magnetic properties may be expected. The
normal-form manganites have either the hexagonal space group9 P63cm or the tri-
gonal one P3cl. The latter structure is only s very slight distortion of the

former, and one cannot distinguish between them by X-ray diffraction, although

they are not Buerger groups of each other. There are differences in the allowed

magnetic symmetry, though. The group P63cm allows botii the antiferromagnetic
groups P65c'm and P65cm' and the ferromagnetic group P63c'm', while the trigonal
group allows only ferromagnetic P3c'l. The antiferromagnetic order observed by
neutron diffraction has led to the bellef that the former structure is correct.
It should be noted that in either symmetry, any net magnetic moment is parallel
to the c-axis, as is the polarization direction in the ferroelectric state.
Although these structures permit magnetoferroelectricity, of more general device
interest are ones having an orthogonal relationship between magnetization and
polarization. This requires orthorhombic, monoclinic, or triclinic structures.

The orthorhombic high-pressure phases of the heavy rare-earth mangan-
ites have one of two possible space groups, centrosymmetric Pbnm or noncentro-
symmetric an21, the latter being necessary for ferroelectricity. These two
groups are Buerger groups - that is, they cannot be distinguished by X-ray dif-
fraction alone; and physical property tests for acentricity are required for
each compound. This is also the case for the light-rare-earth manganites and
for the RE orthochromites and orthoferrites of similar composition. Some of

the rare-earth gallates, such as NdGa0O,, are known to have the acentric structure.10

3

The possible magnetic structures for these two space groups differ; for Pbnm there

are both antiferromagnetic and ferromagnetic groups, while for Pbn2 , the groups

1
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are all ferromagnetic. In the latter case, for two magnetic groups, an'2'1 and
Pb'n2'1, the net magnetic moment and electric polarization are orthogonal.

In the research performed this year, we prepared polycrystalline ma-
terials, and studied the properties of both forms of Y, Ho, and Yb manganites.
The rare-earth cations were selected to provide a variety of atomic radii and
magnetic moments. An investigation was started on the extent of solid solutions
of YbMnO, with both YbCrO, and YbFe0O.,. We also measured magnetic susceptibil-

3 3 3

ities of the solid solutions and of YbCr03. Ytterbium was chosen as the cation
in the initial solid-solution work on the basis of greatest compatibility of
molecular volumes. It does tend to lead to somewhat low magnetic transition

temperatures, though, and other cations will also be studied.
IIBl. Preparation and Characterization

The rare-earth manganites YHnO3, YanO3 and HoMnO3 in powder form were
prepared by solid-state reaction. Initially samples were made by the reaction
of an intimate mixture of 99.9 percent pure rare-earth oxide and MnO2 in pletinum
containers. The reaction conditions and phase analyses are given in Table I.
These samples were used for establishing conditions for the high pressure trans-
formations and for initial electric and magnetic property studies. It was found
that at about 1300 C in oxygen there was some reduction of the manganese to form
Mn30

4° The detection of Mn304 in YMnO3

irdicated reduction even at the lower temperatures of 1250 to 1300 C. The rare-

by magnetic susceptibility measurements

earth manganites YanO3 and HoMnOQ appear to be slightly more stable than YMnO3.

The preparations of YMnO Yan03, and HecMnO, made by the sintering

3 3

reaction of tne oxides were checked for phase by X-ray diffraction, The materials

had the hexagonal rare-earth manganite structure., The unit cell parameters and




TABLE I.

oxides.

Data on the preparation of
rare-earth manganites from

Reaction Conditions

Detected in Product by
X-ray Diffraction Analysis

—Reactants
+

Y203 Mno2

(refired)

Y203 +-Mn02

H0203 + MnO2

above + 1 wt? Mno2
Yb203 + MnO2

above + 1 wt% MnO2

1350 C in oxygen, 4 hrs.
1275 C in oxygen, 6 hrs.

1250 to 1300 C in oxygen 3 hrs.

1350 C in oxygen, 5 hrs.
1280 C in oxygen, 5 hrs.

1350 C in oxygen, 5 hrs.
1280 C in oxygen, 5 hrs.

YMnO3 + minor Mn304

YMnO3 only

phase

YMnO., *'

Hoﬂn03 + minor Hozo3 phase

%*
HOMnO3 + trace H0203

Yano3 + minor Yb203 phase

YanO3 + trace Yb203

*
Sources of material used for initial high pressure transforration and for
electric and magnetic measurements.




volume per molecule are given in Table II. The X-ray diffraction data are

indexed for hexagonal space group P6_cm. The heavy rare-earth manganites can

3
be transformed under high pressure from the normal hexagonal phase into a more

dense orthorhombic phase.7 The conditions for the transformation of YMn03, YanO3 and
HoMnO3 were investigated using both girdle and piston-cylinder high-pressure devices.11
Powders of the campounds were sealed in platinum and heated to 1000 C for 2 hours

at pressures from 35 to 60 kbar. The specimens were quenched from 1000 C while

kept under high pressure. Hewxagonal YMnO, and HoMnO3 were transformed completely

3

at pressures greater than 35 kbar, while hexagonal YanO3 required pressure of

40 kbar at 1000 C for transformation. The specimens were produced in the form
of sintered discs, 2~3 mm diamrter. The hexagonal phase of YanO3 was also
compressed into sintered discs at 1000 C under 35 kbar pressure.

The X-ray diffraction data of the high-pressure phases are indexable

on orthorhombic unit cells (Table I1). The possible space groups are centro-

symmetric Pbnm and noncentrosymmetric an21. Thus the crystal structure is
similer to that of the rare-earth orthoferrites, orthochromites and light rare-
earth manganites, and the space group of each compound must be determined by
physical property tests for acentricity. There is a volume decrease of about
9% in the transformation from the hexagonal to orthorhombic phase. This is inm
part due to the it.crease in cation~-oxygen coordination, with that of manganese
going from 5 to 6 oxygens and that of the rare earth going from 7 to 12.

To a}d in interpretation of observed electrical and magnetic properties,
several samples of YMnO3 were analyzed by the optical-emission spectrographic
method. Samples of Mn metal and Mn oxides also were analyzed to evaluate these

materials frr potential use in future preparative work. The results, which are

given in Table III, show significant concentrations of several impurities in the




**  Volume per formula unit, A
‘(a) Literature values.

- S S e S
9
TABLE II. Crystal structure data on rare-earth

manganites, chromites, and ferrites.

Unit cell parameters in angstroms*

at 25C.

Hexagonal Orthorhombic
Compound a c Q a b c Qe
0 o o o o
YMnO3 6.12 11.39 61.6 5.24 5.84 7.36 56.3
HoMnO3 6.13 11.43 62.0 5.26 5.84 7.35 56.48
YanO3 6.05 11.36 60.04 5,22 5.81 7.30 55.34
YbCrO3 - - - 5.19 5.50 7.48 53.46
YbFe03(a) - - - 5.233  5.557 7.57 55.02
Yan.95Cr.0503 6.05 11.34 59.97 - - - -
Yb"“.zscr.75°3 - - - 5.19 5.55 7.46 53.72
YbFe.SHn.503 6.02 11.50 60.15 - - - -
YbFe.ZSMn.7503 6.024 11.43 59.87 - - - -
o

* Error = 0.01 A °q



TABLE III.

10

Concentration of Impurity Elements, weight %*

Spectrographic analysis of manganites and chromites.

Fe Si Mg Mo Al Ca Ti v Co
YMnO3 .03 .1 <,001 1. .02 .01
(from Y203+Mn02)
Mno2 .1 <.001 <.,001 <.002 <.001 <,001
Mn metal <,001 <,001 <.001 <,002 <.001
YanO3 <.001 .02 .002 .05 001 .02 <.003 <.001 <,003
YbCro3 <.001 .002 <.001 .003 .001 .005 <.003 <.001 <.003
Ni Cu Cr Mn
YMnO3 .0605 .002 <.001 High
(from Y203+Mn02)
MnO2 .003 <,001 .01 High
Mn metal <.,001 <,001 <.003 High
YanO3 <.001 .0005 .001 High
YbCrO3 <.001 <,0005 High <,001

XL

* Accuracy + 50%.
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manganite samples: Al, Si, Ca, Co and Fe. X-ray data indicate that these im-
purities may be present in minor phases (e.g., YAIOB). The analytical results
suggest that the high Al and Si concentrations did not originate in either the
M:zOz or the Y203.

tions were monitored carefully in follow-up preparations. The analyses of sources

Contamination during processing was suspected, and all opera-

of Mn indicate that the Mn metal is, from the standpoint of purity, to be pre-
ferred over available MnO; so this was used in subsequent preparaticns. (The
success of these procedures in reducing impurities is indicated by the spectro-
graphic data also given in Table IIT on a later preparation of Yan03. This is
discussed further below.)

Compositions across the YanOB-YbCrO3 and YanOB-YbFeO3 system were
prepared, The method consisted of solid-state reaction of an intimate mixture
prepared by evaporating to dryness a solution containing the reactants. Higﬁ-
purity manganese metal (99.97%) (see Table III), ammonium dichromate (reagent
grade), and ferroue chloride (99.999 + %) converted to oxide were sources of
the 3d elements, while 99.9% Yb203 was used., The solutions were mixtures of
nitric and/or hydrochloric acid solutions of the separate constituents. The
mixed oxides from the evaporation were calcined in platinum at increasing tem-

_peratures up to 1175 C in air. This temperature was chosen to avoid Mn.go4

formation. The YbMnO -YbCrO3 mixtures were also subsequently fired to 1300 C in

3
air. The YanOB-YbFeO3 mixtures were finally fired to 130u C in one atmosphere
of 02. Table IV lists the reaction conditions and phase analysis by X-ray

diffraction. Spectrographic analyses of the YanO3 and YbCrO3 preparations
(Table III) show much lower impurity content compared to the initial preparation
of YMnO3 from Mhoz, particulurly of the 3d elements which could substitute for

Mn or Cr and affect electric conductivity.
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TARLE IV. Reaction cenditionz and phase analysis
of YbMnO_, - YbCr0O, and YbMnO, - Yb¥eQ_*
3 3 3 S 3
Tcap. Time Temp. Time
Composition C Hr. C Hr. Phases** Produced
YanO3 1100 15 hex YanO3
1250 2 "o
1175 15 "
Yb““.9scr.05°3 1175 21 hex YanO3 + t?ace ortho YbCrO3
YbMn 90Cr 1003 1175 21 hex YanO3 + YbCro,
1300 8 " " " 4 trace Yb203
Ytin.75Cr.2503 1175 110 hex Yan03 + YbC'.‘O3
1300 8 " " "
" " "
Yan.SC.r.SO3 1175 16
1300 8 L L ] I "
, A
YbMn ,Cr ;.05 1175 20 A Yber3 + hex YanO3
1300 8 " + trace YanO3
YbCru3 1100 16 ortho YbCrO3
1300 17 o
1300 17- "
YbFeO3 1175 . 21 YbFeO3 + trace Yb2_03
1300 36 ortho YbFeO,
YbFe 25Mn 750q 1175 16 hex YanO3
1300 16
YbFe SMn 503 1175 17 hex YanO3
1300 16 "
1300 24 "
YbFe.75Mn.2503 1175 16
1300 16 YbFeD3 + hex YanO3
YbFe.6Mn.403 1175 16
1300 16 hex YanO3 + YbFeO3
* From culcination of evaporated solutions.
*% YanO3 and YbCrQ3 denote type of phase.
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YMnO3 was alsn prepared from 99.99% 'Y203 and high-purity manganese

metal by evaporation to dryness of a solution of the elements. The final cal-
cination conditions were 1175 C in air for 21 hours and yielded single-phase

hexagonal YMnO This preparation was converted completely to the orthorhombic

3.
phase by treatment at 35 kbar and 1000 C for 2 hours.

The solid solution fields between hexagonal Yano3 and orthorhombic

YbCrO3 were found to be quite restricted at 1175 C, the limits being less than

5 mol percent YbCrO and 25 mol percent YbMnO, in YbCrO,.

3 3

052, 954

5Mn.zso3 for the orthorhombic chromite

phase. The unit'céll constants and molar volumes of these phases are given in

3 in hexagonal YanO3
At 1300 C the solic solution was extended slightly to approximately YbCr

for the hexagonal Yan03 phase and YbCr 7

Table II. Chromium add@tion decreases the molar volume of the manganite phase
while manganese substitution increases the @clar volume of the chromite phase.
In the latter case the shift in the unit cell parameters is not unitorm,there
being an increase in the b- and a decrease in the c-axis. This is in accord

with the difference between the orthorhombic phase of'YanO ‘and YbCrO..

3

In contrast, extensive solid solution was found of YbFeO, in hexagonal

3

YanOs, with the limit at about 50 mol percent YbFeO The solid solution has a

3¢
decrease in the a parameter and an increase in the c'parameter with almost constanc
molar volume (fable 11). This marked difference between §e3+ and Cr3+ in sub-
stitution in YanO3 must be depe~dent on the cation-cxygen bonds and not on ionic
radii which are quite comparable: 0.614 for Cr3+, 0.634 for Mn3+ and 0.64A for
Fe3+. This is similar to the differencé in site stabilizaticn energy for octa-
hedral versus tetrahedral coordination in spinels where Cr3+ has larger excess
octahedral stabilization energy while that of Mn3+ and Fe3+ is zero. Thus the

Cr3+ ion is much more stablz for the octahedral coordination in the orthorhombic

chromite than for the five-fold coordination in the hexagonal manganite.
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Reactions under high pressure (up to 40 kbar) of the YanOB-YbCrC*.5

compositions were investigated to determine the range of solution betweca tie

orthorhombic YbMnO, phase and YbCrO For these isomorphous structures, one

3 3°
should expect a region of complete solid solution. The powder samples were
pressed and sealed in platinum tubing to form specimens about 3 mm diameter and
6 mm long. These were reacted under 40 kbar at temperatures from 1000 C to

1240 C for about 6 hours and were quenched while under high pressure. The spec-
imens were sintered solid discs. Phase analysis was done by X-ray diffraction,
CrKy radiation, of crushed powder. At 1000 C there was no appreciable increase
in the solid solution range of YanO3 in the orthorhombic YbCrO3

the prior reaction at 1300 C and one atmosphere. The hexagonal YbMnO

beyond that for

3 phase was

transformed into a new phase which did not have the orthorhombic structure found

previously in YMnO The new phase is termed YbMnO, III,

3 3° 3
since it was also found as a minor phase in experiments with just the YanO3 at

35 to 40 kbar and 1009 to 1100 C. The stability field of the orthorhombic YbMnO

YanOa, and HoMnO

3
phase ranges from 1100 C at 30 kbar to 1000 C at 35 kbar with the hexagonal

phase being stable at 30 kbar and 1000 C. The composition YbMn 0, at

.95%% 0593

1000 and 1240 C under 40 kbar was converted to the new YanO3 ITI phase plus

some of the orthorhombic YbMnO,. The other YanOa-YbCrO compositions after

3 3

reaction at 1030 C under 40 kbar were composed of YanO3 I1II and orthochromite

phases. The pure YbCrO, composition remained unchanged.

3
However, reaction at 1240 C under 40 kbars did extend the solid-solution

field of the orthochromite phase to about YbMn 5Cr 503. The manganese-rich com-

positions remained two-phase, the orthochromite phase and the new YbMnO, ITI.

3

The composition of the latter phase 4id not extend beyond YbMn Fig. 1

.95%F 0503°

shows these phase fields for pressure versus composition at 1000 C and about
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1200 C. The regicn of stability of thz new phase YanO3 II1 has not been well

defined, though. Both hexagonal and orthorhombic YanO3 phase fields have quite

limited so0lid solution with YbCr03.

The homogeneity of the sintered solid specimens from the 40 kbar-1240 C
reaction was investigated by electron probe microanalysis. Of the three appar-
ently single-phase samples, only the YbMn 75Cr 2503 was uniform in composition

from grain to grain. It did have a very small amount of Yb203 also. The

YbMn 5Cr 503 specimen had a variable ratio of Mn to Cr from grain to grain, and

it apparently would require much longer reaction time than 6 hours of the present

experiments. The YbMn Cr 0, specimens had chromium concentration fluctua-
P .95°F.05°3 8P€

ting from zero to 1.9 weight percent versus the nominal 0.9 weight percent.
Nevertheless, the vtterbium concentration remained essentially constant and agreed

with that of hexagonal YbMnO

‘Thus the new phase YbMnO, III has the same

3.

composition and is not a higher manganate.

3

The structure of the high pressure Yan03 III phase has not been re-
solved. Powder X-ray diffraction data indicate probable orthorhombic symmetry
with a unit cell which is almost tetragonal. Further experiments oun Yan.95cr.0503
at 1100 C under 35 kbars show both high-pressure phases. Apparently there is a
narrow temperature-pressure region for the new phase field.

For the study of electrical conductivity, solid sintered specimens of
XanO3 and YbCrO3 were annealed at 1175 C in argon for 22 hours. The YbCrO

remained stable but the YanO3 decomposed into Yb203 and MnO.

3

Chemical Vapor Deposition. Single crystals of YMn03-type compounds
nave been grown previou=ly from molten fluxes of lead and bismuth oxides. 1In
this method there is always scme question of impurities in solid solution and of

trapped inclusions. An alternative method of crystal growth was sought which
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might also permit growth of oriented thin films suitable for optical transmission
measurements. Chemical vapor deposition appeared to be suitable for growth of
YMnO3 crystals free of the impurities encountered in the flux method and also
for deposition of thin films. The process is similar to that employed for growth
of ferrites and garnets.12
Various vapor-phase reactions th-.t could be used for growth £ rare-
earth manganites were evaluated thermodynamically., Favorable processes were:
1. Growth of rare-earth mangenites by hydrolysis of the
rare-earth and manganese chlorides in a continuous flow
system.
2, Deposition of rare-earth manganite by decomposition and
oxidation of the rare-earth and manganese acetylaceton-
ates in a continuous flow system.
3. Regrowth of the rare-earth manganite by chloride vapor

phase transport through a temperature gradient with a

HC1l atmosphere is a sealad tube.

Experiments on vapor transport through HCl were first tried with source
material of YMnO3 powder. Thermodynamic calculations for vapor transport13 st.ow
that there is no dependence of the free energies of reaction on HCl pressure and
that the hot and cold temperatures respectively should be above and below about
1000 C. Accordingly, experiments were tried using a source of YMnO3 powder at
1025 C urder 0.2 atmosphere HCl in a sealed silica tube. Crystals of Mn_ 0, and

34

possibly Y were deposited in the cold end at 810 C. However, there was also

2%
some silica reaction with the HCl and deposition of some silicate phases. Because
of these side reactions in the closed system, the experiments were directed to

the first reaction using an open tube continuous=-flow system for oxidation of
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YCl3 and MnCl2 vapors by H20. With this method, the corrosive HCl gas should
be swept away by the carrier gae. The initial experiments yielded deposits of
YZO3 at 1000 to 1025 C. Increased temperature and oxygen pressure apparently are
needed for reaction of the MnC‘.2 vapor.

Further vapor deposition experiments on YMnO3 were done with substrates
of alumina and platinum separately heated at 1200 C in an ambient furnace tem-
perature of 1000 C using injection of wet oxygen. In one experiment, YMnO3 was
formed as small particulate platelets on a platinum substrate but only Mn304
was deposited on an adjacent alumina substrate on top of the platinum. The
YMnO3 was 1dentified by both X~-ray diffraction and electron microprobe analysis.
The difference was probably due to a lower temperature for the alumina substrate.
Subsequent experiments had deposits of Mn304 with some silicon contamination.

The latter appeared to result from reaction of hydrated YCl3 with the silica

tube. Therefore, the YCl, is tzing purified and cddition of HCl vapor is planned

3
to control the decomposition of the YCl3.

1IB2, Magnetic Properties

A complete series of magnetic susceptibility measurements from 4.2 K
to room temperature, and in a number of cases to several hundred degrees higher,

was made on samples with the foullowing nominal compositions and structures:

Hexagonal
*
YMnO3 Yb Mn.950r.0503
*
HoMn03 Yb Mn.sFe.SO3
YbMnO
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Orthorhombic
%
YMn03 Yb CrO3
%* %
HoMn03 Yb Cr:75Mn.2503
%*
YanO3

DyMr.O3 (77 - 300K only)

On *he materials marked with asterisks, no previous measurements have been reported
in the literature. For most of the other materials, we believe our measurements
are on samples somewhat better than those used in previous work. Results on
materials in the left-hand column were presented in the semiannual report, but

in most cases new measurements have been made on higher-purity samples and it

is those that are reported here. No measurements have yet been made on samples
in which the new orthorhombic phase YanOa-III (see Section IIBl) predominates.
The primary purpose of these measurements is of course to determine the tempera-
ture and compositionranges over which ferrimagnetism exists in these compounds,
in order to determine which might possibly be ferromagnetoferroelectric. 1In

most cases magnetic measurements properly take precedence over those designed to
reveal the presence of ferroelectricity, éince the latter are more sensitive to
the presence and nature of impurities and thus require more extensive preparation
efforts.

In several specimens, the susceptibility results had to be corrected
for the presence of small amounts of second-phase material which was often fer-
rimagnetic. The manper in which this is done is described for the most severe
case, an impure sample of ortho-YMn03, in Appendix B. A discussion of the gen-
eral problem of second-phase magnetic effects is given below in this section.

One specimen, orthorhombic HoMn03, was found to be metamagnetic at low tempera-

tures; a detailed data-analysis for such a case is described in Appendix C. The
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low-temperature-data analysis of a typical weak-ferromagnet, YbCrOs, is described
in Appendix D. A discussion and justification of the method of treatment of
high-temperature data for all materials, using YbCrO3 as an examp'e, is also to
be found in Appendix D.

The principal results of the magnetic susceptibility measurements are
as follows:

1. YbCrO3 and chr.?SMn.2503 are weakly ferromagnetic belc. around
114 and 111 K respectively. The latter material appears to have a region around
70 K where the moment disappears. Hexagonal Yan.9SCt.oso3 may be weakly ferro-
magnetic below 70 K, but this must be regarded as not yet proven. The apparent
zero-field magnetizations and high-field susceptibilities, as defined in Appen-
dix D, are shown respectively in Figs. 2 and 3. To make the curves clearer, we
do not show individual data points; the overall consistency of the data (apart

from possible systematic errors) is, however, indicated, and individual points

for the orthochromite are given in Appendix D.

2. Orthorhombic YMnO3 is antiferromagnetic below 42 K.

3. All the other materials appear paramagnetic down to 10 K, although
many of them are believed to have higher-temperature antiferromagnetic transitions

which are not signalled by any noticeable changet in the susceptibility.

4, Orthorhombic HoMnO3 becomes metaragnetic just below 10 ;.

There are two factors complicating the interpretation of the low-

temperature data:
1. The su.ceptibility varies rapidly with temperature at the lowest

temperatures, and the temperature varies fairly rapidly with time as the system
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begins to warm up. This means that data points must be caught on the fly, lead-
ing to some scatter in the data and possible systematic temperature errors due

to thermal lag of the thermometer. These effects might be amplified by the
smoothing arl extrapolation procedure used to analyze the data (Appendix D). On
the other hand, a meaningful kink in the data might be interpreted as scatter

and smoothed out of existence. All this is principally a problem below 10 or 12 K,
which is hardiy the region of greatest technological interest. More detailed
measurements in this range might be helpful in separating cut the effects of
various possible minor second phases, as would neutron diffraction measurements,

but we have not felt that the substential expenze involved was justified.

2. There ar-, =everal possible compounds which may be present in one
or another of the sampl.. as second phases. Even below the 1% level, these
materials may significantly affect thke observed susceptibility and magnetization,
since the effective moment per molecule in the ordered state of the weakly fer-
romagnetic materials is very small (Fig. 2). The principal such compounds are:
a) Mn304, hausmannite, a tetragonally-distorted spinel. This compound

14,15

orders ferrimagnetically at around £2-46 K, and was responsible for the be-

lief held for several years that hexagonal YMn0, was weakly ferromagnetic below

3
.such temperatures. As discussed in Section IIBl, we have succeeded in substan-
tially eliminating this material in certain cases, and could presumably do so in
others if we felt that it was worthwhile.

b) MnCr204, a cubic spinel. This material has a Curie temperature
and magnetization curve similar to Mn304, but the maximum moment developed is
somewhat smaller.16

c) MnZCroa, a slightly tetragonal spinel. Very little seems to be

known about this compound, but its Curie temperature is reported15 to be 65 K.
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d) YbFeO Although this weakly ferromagnetic orthoferrite has a

3'
much smaller magnetic moment17 than the ferrimagretic spinels listed above, it
has a high Curie temperature (around 625 K) and its effect is noticeable in the

iron-containing solia solution,

The effective magnetic moments of these possible impurities, insofar as .hey are
xnown, are shown as functions of temperature in “i~, 4. One might expect that
second phases of importance would show up in some of the preparations in amounts
sufficient to be detectable by X-rav analysis. The compounds MnCr204 and MnZCrO4
have not been found by this means iu any of our preparations; this is scarcely
proof, however, that they are not there, particularly since when present as
impurity phases, they may not show up in their pristine form but rather with
Jissolved rare-earth or other 3d ions.

The high-temperature (150-20C X to 300-400 K) magnetic pcoperties of
the samples measured are summavized in Table V. The effective high-temperature
moment is in all cases close to the "thwnoretical" value obtained by essuming the
spin-only moment for the 3d-ions and the stirong LS coupling moment for the rare
eacths. The most obvious generalizatiocns about the paramagnetic Curie
temperatures (Op's) are

i) ;he Sp's for the orthomanganites are smaller than those for

the corresponding hexagonal - anganites, and

ii) therve seems to be the same genecal sort of dependence of FP
on rare-earth ion found in the hexagonal manganites ard the
orthochromites.

We now proceed to give a few details on the measurements on each material.

1. Hexagonal YMn03 The susceptibility »f a sample of hex-YMnOa. nearly

free of Mn304 is shown in Fig. 5. Within the accuracy of the data there is not
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TABLE V, High-temperatuvre magneric properties of
rare-earth manganitzs and chromites and
solid solutions based on them.

Effective "Theoretical"
Crystal Piramagnetic moment uef moment p.p
Material System Curia Temp.,ep(K) Bohr magnegons Rohr magnetons
YMnO, hex -550(-502) 5.37 (5.34%) 4.90
YMnO3 ortho -67 4.98 4.90
HoMnO, hex -23(-35%) 11.1(11.4%) 11.68
HoMnO3 ortho =23 11.3 11.68
Ybiino, hex -200(-219%) 6.43(6.74%) 6.68
) b. b
YanO3 ortho -83(-79 ) 6.72(5.707) 6.68
YbCro, ortho -102(-110°) 5.87(6.05%) 5.96
YbM".9scr.os°3 hex =16€ 6.31 6.64
Yan.Zscr.7503 ortho -83 5.99 6.15
YbMn qu S03 hex =173 6.00 7.08

a. Resuits of Pauthenet and Veyret (Ref. 6).
b. Results on sample prepared with lower purity starting materials.
c. Results of Pertaut et al (Ref. 18).
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the slightest break at 80 K, which is known from neutron diffraction measurement36
to be the Néel temperature. There is no noticeable break in the 1/X vs T curve
either. The extent to which this behavior is related to the unusual spin order-

ing in the hexagonal compounds is an important unanswered question.

2. Hexagonal HoMnQ, Above 77 K the susceptibility of this material

3

is in close agreement with that found by Paut:henet.6 Results of measvrements

down to 4.2 K have not yet been analyzed, but no unusual features were noted.

3. Hexagonal YanO3 The inverse susceptibility of this material, cor-
rected for the presence of around 0.6 weight percent Mn304, is shown in Fig. 3.
No ordering above 4.2 K is apparent; Pauthenet (private communication) stated
that in his material the Yb spins ordered at 3.8 K, the Mn at 86 K. It is to
be noted that the deviation from simple Curie-Weiss behavior occurs well above

the Mn ordering tcmperature.

4, Ortho-YMnO3 The susceptibility of a Mnsoa-free sample iz shown in
Fig. 5. Data a* both 5.7 and 9.9 kOe are included. The sharp Nfel trarsition

at 42 K is particularly striking since it is the only case we have found in these
systems where a purely antiferromagnetic ordering of the 3d-ions shows up in the
susceptibility. The reason Hr this is completely unknown. This system is simple
enough crystallographically and magnetically that cne can make a guess at the
magnetic ordcring using molecular-field theory. Following the work of Bertaut18
on the orthochromites, one finds that '"G'"-type ordering (Fig. 6) 1is strongly
favored and that second-nearest-neighbor interactions are relatively weak. The

absence of weak ferromagnetism requires that the spins lie along the crystallo-

graphic "b"-axis,
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5. Ortho-HoMno3 This material is metamagnetic below 10 K. It is

discussed in decail in Appendix C.

6. Ortho-YanO3 Like the hexagonal form, orthorhombic YanO3 shows
no magnetic transitions above 4.2 K. It shows slight deviations from Curie-
Weiss behavior below about 200 K (Fig. 3). The data have been corrected for

the presence of a very small amount of some unknown ferromagnetic compound.

7. Ortho-DanO3 Measurements above 77 K on this normal form cf

DyMnO, agreed very well with those of Pauthenet6 and served to provide a check

3

between our data and his on an essentially paramagnetic material of the same

general type as the others investigated. (The data are not plotted.)

8. Hexagonal Yan.95§£.0593 Data on this solid solution are shown in
Figs. 2 and 3. We believe the apparent dip in the magnetization around 8 K is
specious; there is a great deal of scatter in the data in this region. It is
possible the low temperature rise in the magnetization indicates an incipent
ordering of the Yb ion; on the other hand, it may be specious too, since except
for these lowest tempevatures the susceptibility is very similar to that of hex-
agonal Xan03. The question immediately arises whether the observed magnetiza-
tion below around 70 K is a property of the material itself or whether it is
due to some impurity phase such as MnZCroa, which as ment:ioned above is supposed
to have a Curie point of 65 K. We hope to resolve this point in the future
through work with nearby compositions. It will also be interesting and helpful

to compare this data with measurements on the Yan03111 phase material.

e
9. Hexagonal ‘bhn.529.593

magnetic at all temperatures between 4.2 and 300 K. Analysis of the apparent

This material appeared slightly ferro-
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moment showed that it was very similar in temperature variation to that of YbFe03,
which is known from X-ray work to be present in small amounts in the sample.
This seems to account adequately for all the observed moment, and the high-field

susceptibility (Fig. 3) is again quite similar to YbMnO It is somewhat sur-

3.
prising that the introduction of such a large amount of iron makes such a small

change in the magnetic properties, but perhaps not as surprising as the fact

that the iron enters the lattice in the first place.

10. Orthorhombic Yngg_3

114 K. 1Its properties are discussed in detail in Appendix D.

This compound is weakly ferromagnetic below

11, Orthorhombic YbCr This solid solution has the most un-

L7548, 2523
usual magnetic properties of any we have studied so far (Figs. 2 and 3). A small

magnetization sets in at about 111 X, which we have chosen to call the Curie
point, although, given the shape of the magnetization curve, the actual Curie
temperature might be somewhat lower. There appears to be some further change at
about 108 K in the original data, but this does not show up in Figs. 2 or 3.

As the temperature is reduced, a small moment builds up, and then, surprisingly,
_falls to zero or a very small value in the range 65 - 75 K. One is tempted to
.believe that there is some structural change at 75 K. Before this is looked for,
further checking of the magnetic data will be required, although it must be said
that data from low-temperature (4.2 - 140 K) and high-temperature (77 - 300 K)
runs match well in the region of overlap. Below 65 K, the magnetization again
increases, and then decreases sharply below 23 K. The possibilicy that much of
this low-temperature moment is due to ferrimagnetic impurities is not great,
since the small magnitude of the moment at 4.2 K is quite certain. Through all

these changes, the high-field susceptibility varies very smoothly. If these
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magnetic properties are confirmed, preparation of compact samples, preferably

films, should be undertaken in order to observe the domain structure.
IIB3. Electrical Properties

In the investigation of magnetoelectric materials the most important
electrical property is the electric polarization, which may be induced by a mag-
netic field or, in the case of ferroelectrics, may exist spontaneously. Generally,
the electrical resistivity and other transport properties are of secondary impor-
tance. However, all of the manganites and chromiies examined to date are low-
activation-energy semiconductors which at room temperature have sufficiently
high conductivities that the standard techniques for detecting electric polari-
zations are not reliable. Thus electrical resistivity measurements become more
important, especially since some authors claim that such measurements may be used
to infer the existence of ferroelectricity.8 We first discuss the problem of
electric polarization measurements in these types of materials and then give a
detailed descriptionnof the electrical resistivity of several manganite and
chromite specimens,.

A standard method for measuring the electric polarization, and thereby
detecting ferroelectricity, is to study in detail the temperature dependence of
the dielectric constant using capacitance measurements. Most ferroelectric
materials are characterized by very large dielectric constants in the ordered
state and much smaller values in the paraelectric state so that it is not neces-
sary to vary the temperature continuously, or even in small steps, to infer the
existence of ferroelectricity below a certain temperature. But in some materials
the dielectric constant in the ferroelectric state is comparable to that in the

paraelectric state and the transition can only be detected by ar increase in the
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dielectric constant very near the Curie point. An example of this is Gdz(M°04)3
in which the dielectric constant has almost identical values in the two states
and increases by only 30 percent over a few degree temperature range around the
Curie point of 159 C (as reported in the semiannual report this material was

used to test our apparatus). This small effect is readily observed in Gdz(M004)3
because it is an insulator. The difficulties encountered in applying the same
capacitance techniques to low=-activation-energy semiconductors may be seen by
considering our results for orthorhombic YMn03. A very large room temperature
dielectric constant, of order 1000, was measured with a fixed-frequency capaci-
tance bridge operating at 1600 Hz. This result suggested the existence of

ferroelectricity in ortho-YMnO, at 300 K. Subsequent measurements with a variable

3
frequency capacitance bridge showed a pronounced frequency dependence in the
apparent dielectric constant. Since capacitance and resistance effects at the
surface of the sample could produce this result, we were led to suspect that the
large dielectric constunt observed at 1600 Hz was due to contact problems. This
suspicion was confirmed by DC and pulse conductivity measurements which yielded
the typical current-voltage relationehip, i = io(eeV/kT - 1), of a Schottky
barrier. It was concluded that the low-frequency capacitance studies actually
measured the capacitance of the fired silver-paste contact to the specimen. By
extending the frequency range to 100 MHz it was determined that the dielectric

constant of orthorhombic YMnO, at 300 K is less than 3 indicating either that

3
this material is not ferroelectric at room temperature or that the dielectric

constant in the ordered state is comparable to that expected in the paraelectric
state. In either case the existence of ferroelectricity in orthorhombic YMn03,
or any other low-activation-energy semiconductor, can be established in this way

only by tsing high frequency capacitance measurements. When there is little




34

difference bectween the ferroelectric and paraelectric dielectric constants, these
measurements must be made at closely-spaced temperature intervals. The extreme
difficulty of performing such measurements in a reliable manner on small, poly-
crystalline specimens has led us to seek other methods to infer the existence of
ferroelectricity and to indicate the Curie point.

One general method is to determipz whether the crystal structure is
centrosymmetric or acentric since the latter is required for ferroelectric order-
ing. 1In Appendix E we discuss four techniques for detecting acentricity. Three
of these, X-ray diffraction, pyroelectricity and piezoelectricity, have been ap-
plied unsuccessfully to all the manganites and chromites mentioned in the previous
section., The X-ray technique fails because the crystal space groups are Buerger
groups. The pyroelectric technique and a very sensitive piezoslectric resonance
technique (see Appendix E) are believed to have failed because any induced pola-
rization of the lattice was screened out by the free carriers. Such an effect
is known to occur when measurements are made at frequencies below the free car-
rier relaxation frequency, f = 0/2m¢. The fourth method discussed in Appendix E
is to establish acentricity by the observation of second-harmonic generation.
Since such experiments involve optical or infrared frequencies, free carrier
effects are a problem only in metallic samples. The necessary apparatus to per-
form second harmonic generation exi2riments is currently being assembled.

Recently it has been reported that electrical resistivity measurements
can be used to infer the existence of ferroelectricity in semiconducting mater-
ials. In these experiments ferroelectric-to-paraelectric transitions are corre-
lated with subtle changes in the temperature dependence of the electrical resis-
tivity.8 Before attempting to use this method for the investigation of ferro-

electricity in the high-pressure orthorhombic phases of YMnO3 and YanOa,
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measurements were made on hexagonal ‘lenO3 and orthorhombic YbCrO3 to test the
reliability of the technique. The former compound is known to be ferroelectric
with a Curie temperature of 993 K,5 while in the latter case the existence of
ferroelectricity is the subject of controversy. Other reasons for performing
resistivity measurements were to obtain data necessary to estimate the free-
carrier relaxation frequency of each of these compounds (as discussed above and in
Appendix E this quantity determines the degree to which piezoelectric resonances
may be observed at a given frequency), and to provide general knowledge about

the conduction mechanisms in this important class of materials.

All data were obtained by the Van der Pauw method19 applied to pressed
and sintered discs having a nominal diameter of 3 mm and thicknesses in the range
of 0.3 to 1.0 mm. Initial measurements were made using four fired-silver (Dupont
7713) electrodes arranged in a symme‘ric pattern on the perimeter of the discs.
These electrodes were found to be unsatisfactory at temperatures above 900 K,
however, and were replaced by four stainless-steel knife-edge contacts. In
general, it was found that the room temperature resistivities were controlled by
impurity and/or defect levels, while at higher temperatures, up to 1070 K, the
conduction process seemed to be dominated by levels which are b+ ~"~+.d to be
. characteristic of the materials. Below we discuss the results for each compound.

The variation in resistivity with inverse temperature for two differ-
ent specimers of hexagonal YbM’nO3 is shown in Fig. 7. The data points represented
by solid circles were obtained with fired-silver contacts on the sample prepared
under 36 kbar pressure and 1000 C using the lower purity starting materials (see
Section IIBl). At temperatures above 400 K the resistivity may be represented

by the familiar expression ¢ = Po ec/kT where o is the activation energy, k is

Boltzmann's constant and T is the temperature in degrees Kelvin. From the obvious
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straight line fit the activation energy is found to be 0.37 eV. Below 400 K
(dotted line) the limited number of data pcints suggest a slightly smaller acti-
vation energy. The results for this sample are in disagreement with those re-
ported by Rao et a1.8 for hexagonal YanOa. The activation energies are much

iithan theirs (0.99 eV and 0.73 eV), the resistivities are lowecr, and the

slight" Xk in the log p vs 1/T curve occurs near 400 K as opposed to 973 K

«
reported by‘ihem. Since these results suggested the presence of additional im-
purities in our samples, similar experiments were performed on specimens prepared
from higher;purity starting materials. 1In addition, the stainless-steel knife-
edge contacts were used to allow measurements above 900 K. Starting at room
temperature and procueding to 580 K the data, represeir:ad by the open circles in
Fig. 7, conformed exactly to that observed in the previous case. Above this
temperature, however, the resistivity was found to be unstable, showing a monotonic
increase with time as the temperature was held fixed. This effect is indicated
by the two non-equilibrium data points (*) lying above and to the left of the
curve described previously. It is likely due to oxidation of an initially re-
duced surface. After holding the temperature at about 700 K for several minutes
the specimen was cooled to room temperature and examined for any obvious degra-
dation. Showing no signs of such degradation the specimen was remounted, again
using nressure contacts. Subsequent measurements yielded much higher resistivity
values and, more significantly, showed no further changes upon cycling the tem-
perature over the entire range of 300 to 1070 K. These results are shown by the
triangles (increasing temperature) ard the squares (decreasing temperature) in
Fig. 7. These resistivity values are similar to those reporte? in Ref. 8.
Above 740 K the activation energy is found to be 1.07 eV, in very go- agreement

with the value 0.99 eV determined ty Rao et ai. In their case the 0.99 eV valus
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was observed only above 970 K. Below this temperature they found an activation
energy of 0.73 eV, and they attributed the »rea% in the log p vs 1/T curve to
the known ferroelectric transition in hexagonal YbMﬂOB' It is obvious that no
such break occurs near this temperature in our sample. At this point, it can
only be speculated that the level which yields an activation energy of 1.07 eV
in our sample is the same as that which gives an activation energy of 0.99 eV in
their sample. In any case, our results show that, apart from the remote possi-
bility that our sample has a very iow Curie temperature, the ferroelectric-to-

paraelectric transition in hexagonal YbMnO_, does not necessarily cause an anomaly

3
in the temperature depeulence of the electrical resistivity. This conclusion is
ceinfoirced by similar results obtained on orthorhombic YbCrOB.

The electrical resistivity of two YbCrO, specimens is shown as a func-

3
tion oS inverse temperature in Fig. 8. %The lower resistivity valuer at each
temperature (open circles) show the behavior of the specimen which was prepared

by reacting the starting materials ir air {see Section IIBl). Again uvsing an
equation of the form p = Po eG/kT, the high temperature activation enerzy is

found to be 0.26 eV in excellent agreement with the value of 0.24 eV reported by
Rao et al. But just as in the case of hexagonal Yth03, thexre is a problem in
ecuating these activation levels because the onset of such behavior occurs

at very different temperatures; Rao et al. reporte.! 760 K for this temperature,
whereas the results on this specimen yield a value of abcit 590 K and show no
evidence of a break at 760 K. Equally gignificant is the fact that our low
temperature activation energy, 0.55 eV, is much higher than Rao's value of 0.37 eV.
This suggests that the low-temperature resistivity of their specimen was controlled

by additiocnal impurities despite the fact that they found, in general, lower

resistiv’ty values. Support for this jdea is fourd from the data (solid circles)
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cbtained on the sample which was prepared by further reaction of the same prepa-
ration in one atmosphere of cxygen at 1300 C. As discussed in Section IIB1,

this procedure was usa2d to improve stoichiometry by enhancing the ratio of Cr3+
to Cr2+ oxidation states. The rv:ulting cowder was pressed and sintered at

40 kbars and 1200 C. It is seen In Fig. 8 tiict over the entire temperature range
studied both the resistivity and the activation energy are much iarger than in
the case of the air-fired sample which is believed to contain an appreciable
number of divalent chromium ions., Likewise these quantities are much “arger

than the corresponding cnes found by Rao et al. Even this sample showed no
evidence for a break in the log p v3 1/T curve at 760 K. Thus either YbCrO3 does
not undergo a ferroelectric-to-paraelectric transition near 760 K or such a
transition is not reflected in the temperature dependence of the resistivity.
Since Rao et al. do not show their data for the reported ferroelectric hyster-
esis-loop measurements or pyroelectric measurerents and since our resistivity
results are in disagreement with theirs, the existence of ferroelectricity in
orthorhombic YbCrO, remains an open question.

3
These results for hexagonal YbMnC, and orthorhombic YbCrO, raise serious

3 3
doubts about the use of electrical resistivity measurements to infer the exis-
tence of ferroelectrici%y in the orthorhombic phases of YMn03 and YanO3. Never-
theless such measurements were made on these materials in order to estimate ihe
free carrier relaxation frequencies. In Figs. 9 and 10 the variation of resis-
tivity with inverse temperature is shown for ortho-YMnO3 and ortho-YanO3
respectively., The most striking feaiure about the two curves which have been
drawn to fit the dava is that they are remarkably similar in all respects. 1In

particular, both curves axhibit the same transition teinperature between rcgimes

having different activation energies and in each temperature regime the activation
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energies of the two samples are identical within experimental error. Even the
magnitudes of the resistivities are nearly the same. Since the van der Pauw
method employed in these measurements is not affected by contact resistance, the
observed resistivities are believad to be characteristic of these specimens.

The fact that two different compounds show the same results suggests that the
activation levels are produced by the same kind of impurity and/or defect. In
this regard, it is interesting to note that in the range of 530 to 770 K, Rao,

et al. found an activation energy of 0.41 eV for hexagonal YMnO It is possible

3°
that the impurity and/or defect which causes this activation level is the same

as that which produces the 0.32 eV activation energy in our orthorhombic materials.
In any case, the fact that both materials show a break point in the log p vs 1/T
curve is not regarded as definitive evidence for ferroelectric transitions even

though the break points are almost identical and the two materials, if ferro-

electric, might be expected to show similar Curie temperatures.
IIB4. Prospects

The development of rare-earth magnetoferroelectrics has been approached
by introducing ferrimagnetism in kncwn ferroelectrics and also by seeking ferrc-
.electric properties in magnetic compounds where crystalline symmetry and chemical
gimilarity to known ferroelectrics make the occurrence of such properties rela-
tively likely. The initial classes of compounds studied were ferroelectric
rare-earth molybdates and hexagonal manganites. Neither of these classes was
found to exhibit magnetoferroelectricity above about 10 K. However, the heavy
rare-earth manganites remain promising hecause of the extensive solid solution
of other 3d cations, particularly Fa3+, which may develop ferrimagnetism. Here
studies of the field dependence of magnetic susceptibility will be needed on the
solid solutions in the hexagonal phase. Also solid solutions between the mangan-

ites and ferrites of other heavy rare eartihs besides ytterbium need investigation.




T Ty PO 9

Lt i

Lhibichad il

44

There remains the question of possible ferroelectricity in the high-
pressure orthorliombic phases of the heavy rare-earth manganitee and also in the
rare-earth orthochromites., As previously mentioned, the recent report of non-
centrosymmetric space group an21 for the isomorphous compound NdGaO310 confirms
the need for separate examination of each compound. The observed weak ferromag-
netism of YbCrO3 below 114 K accentuates the need fer clarification of whether
it is also ferroeiectric., Here study of single crystals grown from alkaline
borate flux is needed. Probably other rare-earth chromite single crystals should
also be studied. The rather extensive solid solution of YanO3 in orthorhombic
YbCr03 may lead to further control of the magnetic properties. Also we expect

there will be solid solutions between the high-pressure phase of YanO3 and

YbFe03.

The present results indicate the need for further study of the effects
of partial substitution of a second 3d caticn in both the hexagonal heavy rare-
earth manganites and in the orthorhombic phases.

The solid solutions between bismuth ferrite, BiFe03, and rare-earth
orthoferrites appear similarly to offer regions with possible magnetoferroelec-
tric properties, Here BiFeO3 is a ferroelectric antiferromagnet while (RE)FeO3
compounds are weak ferromagnets. Recently, a study of the BiFe03-PrFe03 sys-
t:em20 has indicated the presence of both ferroelectricity and weak ferromagnetism
at room temperature in a phase of 20 to 25 mole percent PrFeO3. This system and
those with other rare-earth ferrites should be investigated further with emphasis
first on obtaining single-phase solid solutions for study of magnetic and

electric properties.




IIC_MOLYBDATES

In the P-phase, the rare-earth molybdates of formula (RE)2 (Mooa)3 are
ferroeiectric21 below about 430 K. Although this phase is nominally metastable,
it is stable for all practical purposes. Onz might not anticipate these compounds
would order magnet-cally at very high temperatures, but at least one molybdenum
compound , M0F3, or: :rs antiferromagnetically22 at 185 K; and in view of the in-
teresting elastic propertie523 and good optical characteristics24 of the molybdatesg,
they seemed to warrant at least preliminary investigation.

Accordingly, powder sarples of gadolinium, terbium, and europium molyb-

dates were prepared by direct reaction of the oxides. Single crystals of GdZ(M004)3

and sz(Mooa)3 were then grown by the Czochralski method. While the achievement
of outstanding optical quality was not a major goal, it was found that transpar-
ent material could best be grown by melting prz=-reacted molybdate powder and by
using low growth rates. The reported ferroelectric transitions were verified
dielectrically and, in the case of GdZ(McOQ)B, optically, The existence of piez-
oelectricity and pyroelectricity at room temperature was also verified. The
magnetic susceptibility of GdZ(M°°4)3 was measured from 77 K to above the ferro-
electric Curie point; no anomaly at the transiticn was noted. At abcut this time,
we received a preprint of the work of Keve et al.,25 in which it was stated that
no magnetic transitions were found .n gadoiinium or terbium molybdates down to
1.6 K. Their high-temperature data for Gdz(M004)3 agreed well with ours. 1In
view of these results, and since we could not think of a reasonable way to induce
a transition by adding other ions, we decided these materials were not of suffi-
cient magnetoferroelectric interest to justify further invcstigation. These
materials have been most useful in testing and calibrating the piezoelectric

resonance spectrometer described in Appendix E, and they appear to have some
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possible applications which are being actively pursued by other workers. Some
further details concerning our work in this area can be found in the Semiannual

Technical Report.
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II__NARROW-GAP AND NARROW-BAND COMPOUNDS

IIIA INTRODUCT ION

There is great current interest in materials which undergo transitions
from a semiconducting or insulﬁting state to a metallic one. Such transitions
occur with changes in temperature or pressure, and also possibly with applied
electric field, although this has never been unambiguously confirmed. Such an
electric-field~induced transition might be of great practical value. While the
understanding of these transitions as a general phenomenon is at best rudimentery,
the difficulties, both experimental and theoretical, being formidable, it apnears
that mauy transitions involve the formation, from what were localized states,
of some sort of norrow conduction band. Certain samarium compounds, where low-
lying excited states may be just localized, are among the most interesting mater-
ials having?such transitions.26 Of particular importance for initial studies
because of the gradual low-activation-energy transition it shows at low tempera-
ture is samarium hexaboride,27 SmB6. It was at first thought that tae transition
in this material simply reflected a gradual valence change of Sm2+ to Sm3+ Wit
increasing temperature. Subsequently, Mpssbauer measuremencs28 were interprated
as showing that both divalent and trivalent ions were present in a propcicion
independent of the temperature. More recently, a model of activaticn of localized
excited states has been propcsed to explain the electric and megr:tic yroperties
of SmB6.29 3imply stated, this model assumes that the electrizal proneriies
may be accounted for by the promotion of a 4f electron of the divalent Sm ion
(4f6 configuration) tc the 68 conduction state, but that this excited electron
is sufficiently well localized that the magnetic properties may be described by

applying Hund's rules to the pseudo-ion &f5-6sl(in Section IiIB2 the magnetic

properties of this pseudo~ion are discussed in detail). It ies important to
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establish the degree of validity of such a model for SmB6 so that extensions can
be made to the samarivm monochalcogenides, which are technologically more inter-
esting because they undergo pressure-induced insulator-to-metal transitions at

room temperature. It seemed to us that the situation in SmB6 could be clarified
5

by i) electron spin resonance studied to establish the existence of the 4f -681
pseudc-ion, or alternatively to determine the valence state of the Sm ion, and
ii) resistivity measurements on single crystals, rather than the powders pre-
viously used. Also it seems that SmB6 might be a gnod material in which to look
for an electric-field-induced transition.

In the following section we describe in detail the preparation and
characterization of SmB6 specimens and then discuss the results cf electron spin
resonance, nuclear magnetic resonance and electrical resistivity measurements

on these samples. In Section IIIC we describe preliminary work on the prepara-

tion of samarium monochalcogenides and some solid soluticn alloys which might

have similar electronic properties.

11IB  SAMARIUM HEXABORIDE

IIIB1 Preparation and Characterization

SmB6 was prepared in powder form by reacting an intimate mixture of

Sm,0, and B,C powders. The reaction was accomplished by raising the temperature

273 4
of the mixture of 1500 C in a rf-heated tantalum susceptor-container in vacuo

and holding at that temperativre for several hours. The reaction is presumed

30
to be

Sm203 + 3BQC s ZSmB6 + 3CO0 .

T—————
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Following these steps the material was ground and re-mixed, and the reaction
procedure was repeated to ensure completeness. Initial preparations were made
with 99.9% szoa, while subsequent preparations were mde with 99.99%+% Sm203-

The boron carbide was nominally 984% pure, with a measured boron content of 76 wt%
versus 78 wt% theoretical.

The SmB6 powder was hydroscatically pressed at 6 kilobars into ~ 1/4-inch
diameter rodlike slugs which were used as starting material for the preparation
of dense, bulk specimens.

Three methods were used to prepare the vulk specimens: sintering, rf
melting, and arc melting. Sintering was accomplished by rf heating at 1500 C -
1900 C for 0.5 to 2 hours in a tantalumsusceptor-container in an atmosphere of
pure helium. The sintered slugs we-e still porous, with porosity estimated at
about 107 in the better cases,

For the rf melting and crystal growth, the pressed slugs were placed
in a water-cooled copper boat in vacuo or in a hydrogen or helium atmosphere and
were melted by use of a 4 MHz rf field., The melting temperature, determined by
uncorrected optical pyrometry, was about 2300 C. In the course of melting, some
material vaporized from the melt and deposited on adiacent cooler portions of

. the system. In vacuo, this rate of vaporization was found to be unacceptably

high, thus forcing use of atmospheric pressure. Material melted in hydrogen was
found to contain numerous bubble-like voids, presumably due to the dissolution

of hydrogen in the molten material and its exsolution as freezing occurs.

Material melted in helium, however, was virtually void-free. Although melting

in a water-cooled copper boat yielded the first sizable fused pieces of SmB6,

the portions of the charge in contact with the copper were held at ‘ow temperature,
and it was not possible to fuse the material completely. In an attempt to improve

the technique, with the aim of preparing larger sound apecimens and single crystal
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specimens, pyrolytic boron nitride was utilized as a container material. Follow-
ing a run, Y-ray diffraction analysis of material from the interface region

showed only 8N and SmB, to be present. This suggests that there was no reacticn

6
between the BN container and the molten boride, ard that pyrolytic BN is a suit-
abie container for the fusion and growth of crystals of rare-earth borides and
possibly other refractory rare-earth compounds of this type.

"Buttons" of dense material were prepared by arc-melting the pressed
slugs or. a water-cooled copper hearth in a pure helium atmosphere using a tung-
sten electrode. These buttons contained some voids and fracture lines, presumably
because of the intensely localized heating and the severe thermal gradients
imposed in the nrocess. The best SmB, melt-growth results were obtained b, rf

6

melting. Sizable, sound pieces of SmB, were prepared with dimensions up to 1 cm.

6
These contained relatively.large crystals with faces up to & mmz, revealed by
cleavage. Further development of the method to yield large single crystals
should be possible.

SmB6 powder, prepared from stoichiometric quantities of Sm203 and th’
was found “y X-ray diffraction analysis to contain SmBA as a second pha... It
was possible to eliminate this second phase and to get roentgenographically
single-phase powder by adding a calculated excess of BAC' However, the observed
loss of material by vaporization during melt growth suggested the possibility of
a shift in composition in the course of this processing step.

Material vaporized from the melt during growth runs could no. easily
be identified "~y X-ray diffraction analysis since it was amorphous, but emission
spectrography showed that the vaporized material contained major concentrations

of both samariam and boron. When one specimen that contained a minor phase of

SmBA was melted, X-ray diffraction analysis revealed that the SmBA concentration
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was decreased appreciably in the process. In the course of arc melting, also,
samarium was lcst preferentially from the melr; when the starting material wasg
stoichiometric, the arc-melted material was found by electron microprobe analysis
to contain boron intergranular phase. By starting with excess Sm, material was
prepared wh'ch did not contain this boron phase after remelting. This was shown
both metallographically and by electrc- probe microanalysis.

The above discussion on the characterization of the SmB5 specimens can
only be made complete by reference to some particular results of the ESR and NMR
experiments described in the following two sections. Among other things, both
resonanance techniques clearly showed the presence of remnant BAC and/or amorphous
boron even in those specimens which were shown to be substantially single phase
by X-ray diffraction. In fact, it was this result which suggested the use of
emission spectroscopy ~and elect ‘on-microprobe analysis discussed earlier. For
example, ﬁe consider the powder sample which was prepared with an excess of BAC'
The B11 NMR studies showed two types of resonances, one being cﬁaracteristic
of SmB6, as described in Section IIIB3, and the other characteristic of BAC as
determined by comparison with NMR measurements on this compound alone. Relative
intensity measurements on this "SmB6" sample suggested that only about 80% of the
boron nuclei were contained in the SmB6 compound. Assuming the remainder were
contained in BAC’ the éalculated weight percent of carbon would be about 2 per-
cent. Subsequent micro-combustion analysis reve&led a carbon content of about
1 weight percent. A sample of remelted SmB6 (not however, prepared with excess
BAC) was also analyzed for carbon content and was found to contain only 0.01
weight percent carbon. This is not surprising since BQC has a considerably
higher melting point and lower density than SmB6 so that any unreacted excess

will tend to float out on remelting. This was confirmed metallographically.

NMR measurements on the low-carbon-content sample showed a much reduced intensity




52

for the unwanted resonance; however, these measurements were not commensurate
with the extremely low value found by microcombustion. This led to the suspicion
that the remaining unwanted signal was dJue to B11 nuclei in amerphous boron which
would not be detected by X-ray or carbon content analysis.

Finally, it should be mentioned that B11 NMR resonances were never

observed in owder samples of SmB, prepared from 99.97% pure szc3 while intense

6
resonances were seen in those powders prepared with the higher purity starting
material. The signal intensity observed in the latter case indicated that most
of the boron nuclei contributed to the pattern., This observation is the best
available evidence that the SmB6 portions of the samples are quite homogeneous,
siuce random deviations ffom crystallinity would cause a distribution of electric
field gradients and, thus, broaden the resonance to such an extent that it would
be difficult to see. It is unfortunate that such a good test of sample quality

does not seem to have been made on SmB, samples investigated in other laborator-

6

ies.
I1IB2 Electron Spin Resonance

As wentioned in Section IJIA, the conduction mecharism in SmB6 is
believed to irvolve the delocalization of a 4f electron of the divalent Sw ion
6 .
(4f configuration) by thermal excitation to the 5d or 6s conduction band. Indeed,
. . 28 . . ‘ .
Mossbauer experiments have been interpreted in terms of the simultaneous exis-
2+,, .6 3+, .5, . .
tence of both Sm” (4f ), and Sm™ (4f) ions. However, no changes in the Mossbauer
spectrum were observed as the temperature was varied through the region where
- .2 A . .
the electrical conductivity U undergoes a transition. In addition, magnetic

susceptibility measurements have been unsuccessful in detecting the expected

. 3+ . . .
paramagnetism of the Sm ion. Thus, one cof two points of view must be adopted;
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either the Mossbauer observation of the 4f5 configur .ion is in error, or one

must postulate a model whereby the paramagnetism of the 4f5 configuration is
cancelled by a relatively localized 5d or 6s electron which is generated from a
well-localized 4f electron of the Sm2+ ion. In the fcllowing we discuss separately
these two possibilities.

The ground state of the Sm2+ ion has no net angular momentum and is
thus nonmagnetic, while the Sm3+ ion has a J = 5/2 ground state which is highly
paramagnetic. It therefore seemed reasonable to use ESR experiments to determine
the valence state of the Sm ion in SmB6. Operating at both X-band and K-band
frequencies a very intense, extremely broad resonance was observed in the first
prepared specimens. However, the effective gyromagnetic ratio was not commen-
surate with that expected for the Sm3+ ion in a crystal fieid appropriate to the
SmB6 lattice. Crystul field calcwlations did suggest that the observed proper-
ties could result from the first excited angular momentum state (J = 1) of the
Sm2+ ion. This state, which we estimate to be about 380 K above the ground state,
is expected to have a very short relaxat ion time leading to an extremely broad
ESR signal in agreement with that observed. 1In addition, the signal intensity
showed apprrximately the temperature dependence corresponding co the population
predicted by the Boltémann distribution for a state situéted 380 K above the
ground state. Since the ESR of such thermally excited multiplet states had
never been observed it was felt that si.ilar observations in other systems were
necessary to establish the validity of the proposed explanation. Several unsuc-
cessful attempts were made to detect the E3R of the first excited state of the
It was concluded that the resonance

sm?* ion in SuF., SmSe and Sm-doped CaF

2°

specimen was due to large scale impurity

2’
observed in the initially prepared SmB6

concentrations of unknown origin. Subsequent ESR studies on higher purity
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specimens confirmed this by showing no evidence of the above-mentioned signal.

Thus it is clear that although Sm3_ may contain a large number of Sm ions having

6
five 4f electrons these ions do not correspond to the unperturbed Sm3r+ valence
state.

An alternative explanation for the lack of paramagnetism associated
with Sm3+ ions is that the transition from 4f6 to éfs-Sd or 65 leaves the 5d or
6s electron sufficiently localized that its magnetic moment cancels that of the
4f5 configuration. One possibility is that the excited electron occupies the 6s
state which has its spin angular momentum parallel to the net spin of the 4f
electrons. Assuming the 6s electron is relatively localized and applying Hund's
rules to this pseudo-ion yields the following total angular momentum vectors:
S=3,L=5and J =L =S =2, The interesting aspect of such a state is that

although the total angular momentum is finite the Land€ g factor,

J(I+1) = L(L+1) +5(S+ 1)
2 3@ + 1) ,

=1+
ng

is zero resulting in a magnetic moment which is likewise zero. Subsequent to
our recogniticrn that the 4f5 - 6sl] "ion" is non-magnetic, it was shown29 that

such a model is consistent with all known properties of 5mB However, these

6°
results do not confirm the validity of the proposed model, and a direct test of
the pcstulated state is needed, especially since the mechanisms involved are
believed to be responsible for the semiconductor-to-metal transitions observed
in a large number of Sm chalcogenides. One test of the above model is to detect
the paramagnetism associated with the so-called antiparallel state, i.e., the
state in which the spin of the 6s electron is opposite to the net spin of the
five 4f electrons. This state, designated 4f5-6s#, must also be present if the

5

4f -6s|! state exists, and it has been predicted29 that it lies about 80 K above

the ground state. The fact that this state is magnetic may be seen from Kund's
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rule, which predicts S = 2, I, = 5and J = L - S =3, and the Landé g factor which
for this case is gy = 0.5. We have searched diligently for the ESR associated
with this state. According to Cohen28 about 707 of the SM ions in SmB6 are in
the 4f5-63 configuration. Assuming the value of 80 K for the 4f5-6s# state rel-
ative to the 4f5-63H grourd state is correct, it is estimated that about 307 of
the available ions aré in the magnetic state at room temperature. Furthermore,
crystal field calculations have been made to predict an effective g value for
ESR of 8ogs ™ 3/2 gy = 3/4. Resonances have not been observed at this position

in any of the SmB_ specimens, but because various broadening mechanisms could

6
render such a resonance unobservable this rnegative result does not necessarily

imply that the proposed model is not applicacle to SmBa.
11
IIIB3 B = Nuclear Magnetic Resonance

Although the presence of small concentrations of unreacted Bac and/or
precipitated boron has complicated the study of the B11 NMR properties in SmBa,
it has not precluded a determination of the electric quadrupole coupling constant.
Since this quantity is the product of the electric quadrupole moment of “ne 811
nucleus, the value of which is well known, and the eiectric field gradient at
the boron site, information about the electron.distribution in SmB6 can be in-
ferred. Using a standard continuous-wave, induction spectrometer similar to that
manufactured by Varian Associates and conventional lock-in detection, a typical
powder pattern spectrum of the central (1/2 = - 1/2) transition and both satel-
lite (1/2 = 3/25 - 1/2 » - 3/2) transitions has been observed over the frequency
range of 4 to 24 MHz. The central transition is complicated by the fact that
resonances from Bac and/or free boron are superimposed on the quadrupole-bra dened

pattern. However, the satellites, being well removed, do not suffer from this

difficulty and the satellite splitting yields a well-defined electric quadrupole
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coupling constant of 0.58 MHz. Using this value it is possible to identify self-
consistently those peaks which belong to the central transition and to correlate
the extra peaks with B11 resonances from the unwanted éontaminants. As discus-
sed in the last two paragraphs of Section IIIB1l, the latter resonances have been
useful in characterizing the bhomogeneity of our specimens. Since the electric
quadrupole moment of the B11 nucleus is quite large, the rather small value of
the quadrupole coupling constant (0,58 MHz) indicates that the point symmetry at
the boron site (tetragonal CA) in SmB6 is acfually only a small distortion of the
overall cubic (Oh) symmetry of the lattice.

Finally, it is noted that the B11 resonance in SmB6 is easily saturated;
this indicates that the semple does not contain an appreciable number of highly
pgramagnetic ions, such as Sm3+, at room temperature. Thus in agreement with
;he fact that ESR signals associated with this state have not been found, it
seems improbable that the high conductivity can be explained as a simple ioniza-

tion of the divalent samarium ions to the trivalent state.
I1IB4 Electrical Iroperties

Two samples of SmB6 were used for measurement of electrical transport
properties. One was obtained from the initial pressed and sintered ingot and
one from a fused ingot. As discussed in Section IIIBl there were substantial
differences in porosity, density, and hardness and rather smaller differences
in composition between the two specimens. The sintered specimen was rather porous
and soft, but was single phase. The fused specimen, on the other hand, was hard
and dense but contained SmB4 in trace amounts. Measurements have not yet been
made on the newest arc-melted samples. These samples uo not contain SmB4 or free

boron and are not porous, but they do hive a small number of minor cracks and

voids.

e g s S e
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As a result of the high porosity in the one case, and the presence of
SmBa in the other, neither sample was of the quality desired. Nonetheless,

resistivity data were obtained on both specimens at 300 and 77 K. The results

were:
Sample Resistivity p, ohm-cm Temperature , %k p77/p300
Sintered 7.13 x 107% 300 1.20
© 8.58 x 107% 77
Fused 6.37 x 102 300 1.42
9.05 x 1074 77

Both specimens appear to be semiconducting. The resistivity ratio
is higher in the fused specimen and also appears a little higher than that
reported by Menth, et al. It is not known at this time whether the difference
between the samples is the result of voids, crystalline perfaction, variacion of
composition, or impurities. However, the differences are small indicgting intrinsic
conductivity as expected,

In view of the fact that the activation energy in SmB6 is intrinsic to
the material, rather than being controlied by impurity levels as in Ge, we are
considering the possibilit of using SmB6 as a low-tenperature thermometer (in

the range 4-40 K). The sensitivity is adequate, and the compound appears to have

other desirable properties.

Work was undertaken to estimate the change in conductivity resulting
from a rise in temperature when a narrow-gap semiconductor like SmB6 is subjected
to a short voltage pulse. Because of the non-linearity of the problem, and since
not all the i~levant thermal propertiee of the mzcerial are known ar curately, a
complete solution of the problem is rather difficult. But it appears that study
of certain limiting cases should enable us to rather simply identify relevant com-

binations of parameters and to make reasonable estimates of conductivity changes.
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The conductjivity change in SmB6 owing to a rise in temperature when
the sample is subjected to a short voltag: pulse was estimated for the condi-
tions of

a) a sample thin in the direction of current flow, and

b) thermometric ~o.:*ects (that is, no heat flow away

from the contacting surfaces).

The temperature rise above the ambient for a very short pulse is given by

T = 82 m o(T)
p c(T) ?

where € is the applied field, ™ is the pulse length, o the electrical conductiv-
ity, p the density, and ¢ the specifie heat, This is independent of the thermal
conductivity since it is based on a diffusion approximation tec < transport equa-
tion; in practice, this means there is some limitation on the sample thickness
for which the temperature may be considered constant across the sample. Util-

izing the recently put’‘shed data of Nickerson, et al,29

we find that at low
temperatures the ratio o(T)/c(T) is almost temperature-independent (as is
required for the above equation to hold). For a 20 ns pulse of strength 500
volts/cm, we obzain a temperature rise of only 18 degrees. Even with somewhat
stronger pulses, there does not seem much likelihood of thermal breakdown as
long as the pulse length is short. Also, the heat capacity of the contacts
will doubtless reduce the temperature rise below that which we have calculated
here. dhether fields of this order of magnitude are sufficient to induce some
sort of breakdown effects remains to be determined experimentally; it should be
noted that even for such a narrow-gap material as SmBG, tie Zener tunneling

breakdown field should be about 1000 to 20,000 volts/cm (depending on approx-

imations and values of parameters used in calculating it).

=%
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I11IC SAMARIUM CHALCOGENIBES

In Section IIIA it was emphasized that we regard our efforts to estab-
lish the validity of a simple model to describe the electrical properties of
SmB6 as prerequisite to understanding the condiction mechanisms in the samarium
monochalcogenides. These interesting materials undergo pressure-induced
semiconductor-to-metal .ransitions at room temperature; in the seleride and
telluride the transition is continuous while in the sulfide a discontinuous
transition occurs at 6.5 kilobars. These results suggest that solid solutions
of SmS-SmSe and SmS-SmTe might have extremely intere;ting properties; for
example, it may be possiﬁle to obtain discontinuous transitions in both pseudo-
binary systems and simultaneously to achieve semiconducting state resistivities
which are much higher than that of SmS.

fﬁe samariu.a monochalcogenides have been prepared31 by reacting.
samarium-metal filings or turnings with the Group VI element at moderate temper-
atures (400-850 C) in sealed silica ampoules. Subsequently the material was
melted in a tantalum container in an inert atmosphere to form a polycrystalline-
fused ingot. Usually the ingot contained large crystals from which single-
crystal specimens could be cleared or cut.

Work has been started on the SmS-SmSe solid solution. Granular
samples of Sms.5 Se.s, SmS.75 Se.zs, and SmS.9 Se.I were prepared by direct
reaction of the elements as described above. Melting these materials in an
rf field and refreezing yielded single-phase crystalline material only for

the compesition SmS This composition is estimated to be near the

.75 ¢ 25°

tt.reshold of the discontinuous transit.on.
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IV__PNICTIDES
IVA__INTRODUCTION

The rare-earth monopnictides are the compounds of formula (RE)(Pn)
where Pn denotes one of the sc-called pnigogens - N, P, As, Sb or Bi. Almost
all of these -compcunds have the simple NaCl structure. The nature of thesé
materials--whether they are semiconducting or metallic, or whether they are
inherently non-stoichiometric--hae been subject of investigation and contro-
versy for at least ten years. In the past year or so, however, a gool deal of
experimental evidence has been presented32 which is interpreted as showing that
these materials are all metallic. The evidence is rela.ively clear in the phos-
phides, arsenides, antiuonides and bismuthides, where there are fewer problems
with stoichiometry and where there are (in the first three cases) recent nuclear
magnetic resonance measurements33 which indicete a hyperfine field more typical
of a metal. The situation is not nearly so unambiguous in the nitrides, where
stoichiometry is very difficult (perhaps impossible) to attain. The principal
argument3 one might advance that the rare-earth nitrides should be semiconductors
are as follows:

1) Band calculations using neutral ion potentials indicate

semiconductivity

2) Optical absorption35 shows evidence of something resembling

an energy gzap

3) Metallographic examination36 of some nitrides shows a ten-

dency for metal to ccncentrate at grain boundaries.
Likewise, the principal arguments32 for metallic character of these compounds

are:.
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1) Transport property meacurements are generally typical
of metals

2) Specific heat measurements cau be interpreted as indicating
a considerable density of electrons at the Fermi surface

3) Changes in magnetic properties on adding small amounts of

oxygen or carbon are of the sort expected in a metal.

Objections can easily be raised to the arguments on ’ sides, but
it is more profitable to ask what would be convinzing expe-"~ .&ts8. When we
undertook work to understand something of the nature of these materials, we
considered transpert measuremer :8 on compact, polycrystalline specimens
(previous measurements having all been on pressed powders) of as near stoichio-
metric composition as possible. Reflection showed that this was not necessarily
a good idea, since one has no way of knowing how near stoichiometry is near
enough, What is more, it may well be that difficulty in obtaining sound samples
is not independent of difficulties in achieving stoichiometry (such is the case
in some III-V semiconductors), and to the extent that non-stoichiometry is
intrinsic, compact homogeneous samples of reasonable size might prove extremely
difficult to produce. In view of this, it seems more reasonable to undertake
nuclear magnetic resonance measurements on samples prepared as nearly stoichio-
metric as possible. 1In addition to providing information about metallic char-
acter by virtue of the hyperfine field at the nitrogen site, NMR measurements
may be used to reveal directly the degree to which the compound conforms to
stoichiometry. Large deviations from stoichiometry will lead to distortions of
the cubic symmetry of #he lattice and thus t» quadrupolar broadening due to a
distribution of electric-field gradients. Some previous NMR measurement337 on

TbN and TmN indicate that the nitrogen resonance is observable.




62

As described in the following section, we have quite recently succeeded
in preparing samples of DyN apparently near st_ichiometry for NMR studies. These
experiments have not been done yet, but should be completed soon. If we conclude
the nitrides are metallic, or if the results are ambiguous, we plan to report our
findings and dismiss the monopnictides from further consideration. If we find
they are clearly semiconductors, and that they can be prepared near stoichiometry,

we will consider possible further developments as part of a separate program.
IVB _PREPARATION AND CHARACTERIZATION

In work by others, rare-earth nitrides have been prepared by arc melt-
ing35 and by "flash" melting38 in nitrogen atmospheres and by reaction between

hopek In all cages for which analytical

the rare-earth hydrides and ammonia.
data have been presented, the material was found tec be nitrogen deficient, with
deficiencies ranging from a few tenths percent {concluded indirectly) to 10%.

In one investigation,35 films were formed by vacuum evaporation. However, the
films were kept in high vacuum and no analysis or characterization was made of
the film material other than that of optical transmission. 1In all other inves-
tigations for which material preparation has been described, powder material

was pressed and sintered to obtain bulk specimens for study.

One objective of our synthesis work has been the development of tech-
niques for the direct preparation of bulk specimens, thus circumventing the need
for the pressing and sintering step and avoiding its deficiencies. A second
ob jective has been the preparation of pure, stoichiometric nitride in powder
form for use in NMR studies. In working toward this second objective, emphasis
has been put on the use of low-reaction temperatures in order tv minimize poten-

tial deviation from stoichiometry resulting from a tendency for thermal disso-

ciation to occur in such compounds.
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Three methods were explored for the preparation of the nitrides.
They are reactions of:

i. éhloride with ammonia,

2. metal with ammonia,

3. metal with nitrogen.

GdN was selected as the pilot material and icitial work was concerned
with its preparation. When it was noted in a recent RCA report40 that GIN and
LaN were observed to be the most unstable of the nitrides, our effort was shifted
to the preparation of DyN.

Although thermodynamic analysis predicts that the reaction of rare-
earth chloride with ammonia will not proceed, Dismukes and Yidao reported suc-
cessful vapor-epitaxial preparation of scandium and rare-earth nitrides on
sapphire substrates by use of this reaction. Therefore this reaction was inves-
tigated as a method for preparing rare-earth nitride for NMR studies.

To avoid the formation of dysprosium oxides which would interfere
with NMR measurements, it was desirable to carry out the reaction in two steps,

with the anhydrous chloride being prepared, then converted in situ to the nitride:

2 py,0, + 3ccl, - & DyCl

3 4

DyCl, + Ni,

The reaction system that was designed and assembled also made possible the

3 +3 CO2

DyN + 3HC1 .

synthesis of the product nitride in a silica tubing section that could be
sealed off to form a silica ampoule suitable for direct use in the NMR studies.
The ammonia employed was dried with sodium metal.

Several runs were made on the chloride-ammonia reaction. The first
step for the preparation of DyCl3 from Dy203 proceeded satisfactorily in each

case in accord with our previous experience.41 However, no evidence of reaction




between DyCl3 and NH3 was seen, even after prolonged periods at temperatures in
the range 800 - 900 C. Tnis lack of reaction is in accord with our estimates

of the free-energy change of the reaction. Thus it is concluded that the nitride
cannot be prepared in this way.

Dismukes and Yim4° also -eported the involvement of rara-earth metal
vapor (e.g., Yb) in some of their "nitride-forming" reactions. The conclusion
reached in other work in our laboratories,42 which is supported by both thermo-
dynamic and experimental results, is that rare-earth metal vapor will react
with both Alzo3 (used as substrate material) and SiO2 (reaction-tube material)
to form complex oxides, including aluminates and silicates. Since the oxide
formation is thermodynamically heavily favored, it is not clear how a pure
nitride film can be formed on A1203 substrates under such conditions.

In synthesis involving direct nitriding of rare-earth metal, several
types of reactions were investigated:

1. the reaction of metal in solid, bulk form with ammonia

or nitrogen,

2, the reaction of metal in solution in tin or indium with

ammonia,

3. the reaction of metal filings with ammonia or nitrogen.

The reactions are very sensitive to traces of moisture and/or oxygen, and if
detectable traces of either are¢ present the material produced generally will

be predominantly oxide--with only minor amounts or thin layers of nitride
present. Oxygen and water vapor can be introduced by diffusion through system
parts--such as polymeric tubing and heated ceramic (e.g., mullite) tubing--and
as impurities in reacrant gases. Both of these were factors in early synthesis

on this project which yielded mixed oxide-nitride material. Mixed nitride-oxide
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compounds with a relatively large amounc of oxygen, yet retaining the halite
structure, are easily produced; we eventually found this out by electroux micro-
probe analysis--the literature has little to say on this point. These compounds,
which are almost surely metallic ond of very little intrinsic interest, do have
slightly reduced lattice parameters cocvared to supposad echt material (see below).
Theo diffusion was eliminated or minimized b, making all tubing of copper, stain-
lees steel,\or silica; and by utilizing fused sili-a reaction chambers with the
chamber walls kept at low temperatures through use of rt induction heating of

the reactants. The ammonia was dried (and deoxidized) by forming sodium-liquid
ammonia solutions, then utilizing the dry ammonia that aistilled from the solu-
tions. Pure, dry nitrcgen was obtained by using the gas that distilled from a
100-liter resexvoir of liquid nitrogen; in other work at our laboratories it has
been determined that this is a high grade of nitrogen.

Attempts to prepare bulk specimens of nitride by reacting nitrogen or
ammonia with bulk, solid rare-earth metals were unsuccessful. Reactions attempted
involved Gd, Py, and Er and ammonia at temperatures in the range 1000 to 1200 C,
and Gd and nitrogen at temperatures in the range of 1200 to 1530 C. If the rare-
earth metal was heated gradually, only a thin skin or layer of nitride formed
and this apparently retarded further reaction greatly. If the rare-earth metal
was heated rapidly in nitrogen,-a highly exothermic reaction was initiated and
the heat generated melted the rare-earth metal. In such "runaway" reactions,
small cubic crystals of GAN (< 1 mm on a side) were formed from solution in the
molten Gd matal, and scme GAN crystals formed on the surface of the Gd metal
that remained solid. Lattice constants for this material ranged from a = 4.9855

39

toa = 4.9664. Since these values are below that reported for pure GdN,” it is

presumed that the nitride contains some oxygen38 or is nitrogen deficient.
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Attempts to grow bulk crystals of rare-earth nitride from solution
in molten metal likewise were unsuccessful. A number of experiments were con-
ducted which involved the reaction of Dy in solution in molten tin or indium
at temperatures in the range 820 to 1500 C. No evidence of nitrid. formation
was scen.

Samples of granular DyN for use in NMR studies were successfully pre-
pared by reacting Dy metal filings with nitrogen. The filings were contaiﬂed
in a pyrolytic boron nitride container within a graphite susceptor. The nitrogen
flowing through the system was that distilling frowm a liquid nitrogen reservoir
(as discussed above). The Dy was heated slowly to the selected reaction temper-
atures which were 1625 C and 1800 C, respectively, for the two samples prepared
for NMR studies. The temperature was held for 10 - 15 minutes, then was reduced
gradually at a rate of aSout 100 C per hour to about 900 C. The main portion of
the material was poured into the sample-tube section of the re.ction system and
sealed off. A small sample was retained and removed from the reactor in a dry
atmosphere for X-ray diffraction analysi:. Lattice constants for the two samples
vere a_ = 4.9015 % 0.0005% and a = 4.9060 + 0.0005%, respectively. These are
close to the literature value39 for pure DyN, a = 4,905 + 0.0058. Since either
oxygen impurity or deficiencies of either Dy or N would be expected to reduce
the lattice constant, it is believed that these samples, particularly the one
prepared at 1800 C, are of good quality.

Studies on powder samples prepared in the manner just described should
help determine whether the rare-earth nitrides are semiconductors or are semi-
metallic. Further development of material preparation techniques appears
feasible. Although efforts to produce bulk specimens_directly have not so far
beer. successful, only limited experimentation with appropriate combinations of
pure reactants, reaction and heacing conditions, and reaction temperatures has

been possible.
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V., RARE EARTH IONS IN INSULATORS

Our research concerning the optical properties of rare-earth-doped
dielectric crystals generally has been confined to the effect of interactions
among the rare-eurth ions on their fluorescence properties. The fluorescence
properties of the rare-earth ions present as dopants in dielectric crystgls are
relevant to the design and understanding of devices such as lasers and infrared-
to-visible converters. Though the spectroscopic properties of isolated rare-earth
ions in many host crystals have been studied extensively, until recently the
effects of interactions among the ions have not received much attention. These
interactions can have a profound influence on quantur efficiencies and decay
times of particular fluorescence schemes and can also lead to new fluorescence
excitatior schemes. Hence, a series of experiments designed to increase our
understanding of how interaction among rare-earth ious leads to cooperative
excitation of fluorescence was undertaken. Specifically, we have studied the
infrared excitation of red fluorescence in H03+, present as a dopant in Can.

In our initial experiments the steady-state red fluorescence output
was measured a3 a function of infrared input. That the output depended on the

square of the input intensity led to the conclusion that two infrared photons

were involved in the excitation process. Additionally, the dependence of the

steady-state red output on the H03+ ion concentration indicated that more than
one ion was involved in each fiuorescence event. Problems associated with the
study of optically thick samples precluded the determination of the number of
Ho3+ ions i1uvolved., Consequently, a dynamic theory applicable to pulsed exci-
tation of the fluorescence and measurement of the lifetimes of the optical energy
levels was developed. Comparison of this theory with the experiments using
pulsed infrared excitation clearly showed that two Ho3+ ions were involved in

each red fluorescence event.
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The explanation of the process by which the fluorescence was excited
is that two ions, each excited to the 516 level, cooperate in the transfer of
excitation from one ion to the other, with the result that one ion is further

excited to the SF level and the other deexcited to the ground state. Examina-

5
tion of the energy level diagram (Fig.ll) shows that the energy of the SFS level
is considerably less than twice that of the 516 level. Furthermore there is no
single-ion excitad state with this energy. This means that there is an apparent
lack of conservation of energy in this process which we felt had to indicate
the emission of phonons into the crystal lattice. The probability of this type
of event is a strong function o” the number of phonons involved. The CaF2 lat-
tice will support relatively energetic phonons compared to LaF3, which has a much
lower Debye temperature. To verify the participation of the lattice in the co-
operative event, the cooperative excitation experiment was attempted in LaF3.
No red output could be seen, thus confirming the notion that the lattice must
participate in the cooperative excitation process. A paper describing this work
will appear in the June 1971 issue of the Journal of Applied Physics.

More recently, our research has bezn directed to study of the role of
lattice phonons in the energy balance of the cooperative process. If emission
of phonons is involved-in the decay from the postulated pair-state to the single-
ion SFS state, the transition probability (at least in a naive sense) will be

proportional to (n + l)r. Here n is the temperature-and phonon-frequency-depen-

dent number density of phonons given by
-1
n= [exp (hv/kT) + 1] s

where v is the phonon frequency and r is the number of phonons involved in the

pair-state to 5F transition. For energy conservation, r x hv must be equal tc

5
the energy level spacing of 0.21 eV (leading to a value of r of 5 or 6 .n Can).




69

possible
pair - - -

state N 22 ev
5
F
5
T i.IGF_
1.4
3
I
6
65,
l.l6y.
5
: Y
8
3+

FIGURE 11. PARYTTAL ENERGY LEVEL DIAGRAM OF Ho~ IN Can



70

As the temperature is decreased, n will decrease leading to a corres-
pondi-¢ decrease in the rate of decay fror the pair state and a consequent de-

crease in fluorescent output from the 5F state. Witk this in mind the infrared-

5
excited red fluorcscence output was measured at room temperature and at 77 K.
Within experimental error (~ 107), the output did not change, providing no
information with respect to the role of pﬁonons in the decay process. If phonons
are involved one can only conclude that n << 1 at both temperatures and hence
the output does not reflect the change in phonon dersity in the crystal.

A straightforward method fqr observing the pair state would be by
direct optical absorption measurements. One would expect to observe a relatively

weak absorption about 0.22 eV away from a stronger absorption to the 5F single

5
ion state at 0.65 um. A perturbation calculation was performed to determine the
ratio of the absorption coefficients for these two absorptions. The results
indicate that this retio is on the uvrder of 10-8. This would make such an
experiment prohibitively difficult and it was not attempted.

This coﬁpletes the proposed work on non-radiative energy transfer.
While we were nof able.to prove ab;olutely the existence of a pair state, we
have shown rather\concl;sively through dynamic studies of the infrared-excited
red flﬁorescence of H03+ in CaF2 that one can differentiate between successive
and cooperative excitation of fluorescence. ForAH03+ concentration greater than
0.5 tc 1 atomic percent, this cooperative process is dominant. Since the coop-
erative process depends on the square of the concentration while the successive

5 5

process irsolvir: a single ion (518 = 16 = FS) is linear, the successive process

becomes dominant at lower coucentrations. The results on H03+ in LaF3 lead us
to postuléte the emission of phonons to conserve energy in the cooperative

process.
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APPERDIX A

MAGNETOELECTRIC PHENOMENA

In this Appendix, we present a brief description of those properties
of solids which may be classified under the general term "magnetoelectric'", in
order to provide some general background for the specific discussion in Section

II. We begin by defining a couple of terms relating to maguetic ordering which

are used frequently in the main text and these appendices.

Weak ferromagneti-a occurs when there exist two or more magnetic sub-
lattices lined up nearly antiferromagnetically, but tilted slightly away from
the direction of complete opposition, yielding a small net magnetic moment in a
éirection perpendicular to the principal component of sublattice magnetization.

This may be illustrated schematically in a two-dimensional case as follcws:

fror
D3 e
NN
Since the net magnetization is small, the coercive force is also small, leading
to the easy movement of domains which is exploited in the orthoferrites. This
phenomenon is sometimes called pyromagnetism, "'parasitic" ferromagnetism,
Dzialoshinskii-Moriya magnetism, or canted antiferromagnetism. None of the terms
is really entirely satisfactory.

In metamagnetic materials, discussed further in Appendix C, the ordering
is antiferromagnetic when there is nc applied field, but a net moment appears in
8 moderate external magnetic field, either through reversal of whole planes of

spins or through some more complicated process.
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Both of these phenomena may be considered as examples of ferrimagnetism

which in its most general definition is the term given to any incomplete overall
cancellation of magnetization among more or less opposing magnetic sublattices.
Now to magnetoelectric effects. We wish to define three terms:
1) "The" magnetoelectric effect is an induced effect in which an
applied magnetic field preduces an electric polarization, while
an applied electric field produces a magnetization. The consti-
tutive relations are most simply written in terms of the electric

and magnetic flux densities

D=e E+aH ,

B=u H+ wt E .

Here ”, is the transpose of the magnetoelectric tensor =, which is not symmetric.
This effect can occur in materials with certain types of magnetic ordering (which
:nay be ferro-, antiferro- or ferri-); time-reversal symmetry requirements preclude

its existence in para- or dia-magnetic regimes.

2) Magnetoferroelectric materials are ferroelectrics with some
sort of magnetic ordering (again, ferro-, antiferro-, or ferri-)
in some part of the temperature range in winich ferroelectricity
exists. They may or may not also show magnetoelectricity in

the sense of the previous definition.

3) Ferromagretoferroelectric materials are those magnetoferro-

electrics in which there is a net magnetic moment - that is, all
except the strictly antiferromagnetic ones. All the known cases,

as it happens, are weak ferromagnets.
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All these phenomena have been included in the catchall, and possibly
somevhat misleading, term "magnetoelectric effects". There is no uniformity in
the literature on the use of this or the other terms, and one should determine
in any case just what kind of order is being considered. The logical relations
among these phenomena may be made clearer by the accompanying diagram (Fig. Al).

Some examples of materials in each of these categories are given in
Table Al. Some of the entries are slightly conjectural; for instance, the fer-
roelectricity of the manganites does not seem to have been actually demonstrated
below the magneiic transition temperatures, though there seems to be little rea-
son to doubt that it is there. The materials displaying these phenomena gener-
ally seem to be rather complex oxides of transition metals and other constituents.
Questions concerning the homogeneity of some of the solid-solution materials ap-
pear to have been settled in a few cases Ly the preparation of single crystals.
In the materials discovered so far, the phenomena of interest tend to occur at
rather low temperatures, but there does not seem to be any fundamental reason
why this should always be the case. The magnetoelectric effect (1) seems to be
somewhat small in known materials and is estimated to require an order cf mag-
nitude increase to be useful. It may in principle be larger in magnetoferroelec-
trics than in paraeleétrics.

The magnetic symmetry of a material may be described in terms of its
magnetic space group. In the modificatioa of the notation for ordinary space
groups used in this report, a prime on a spatial symmetry element indicates that
the element followed by time reversal is an element of the magnetic group. Thus
m' indicates a reflection in some mirror plane followed by turning over all the
spins. (It is important to remember that the spatial reflection involved rever-
sing all spin components parallel to the reflection plane too.) Knowledge of

the magnetic space group lets one determine whether a compound may be ferromagnetic,
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TABLE Al. Examples of "magnetoelectric" materials.
T(d ) = temperature at which maximum
effeet is observed. T {
electric ordering tempg¥agures.

= lower of magnetic and

4
Magnetoelectric 10 amax Toxmax)(x)
Cr203 5 250
Ga.gFel'lo 5 200
DyPO4 12 1.7
TbAlO3 350 2
Magnetoferroelectric Tc min(K) Magnetic Order
PbFe (Nb (0, i43 AFY
YMnO3 80 “¢M
Ferromagnetoferroelectric
PbCo.SW.SO3 9 WFM
N13B7013I 64 WFM
ErMnO 9 WFM

3
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antiferromagnetic, magnatoelectric, and so forth, but does not necessarily
specify any one par.icular spin arxangement, just as the ordinary space group
does no% determine a unique structure type.

Rather than references keyed to the text, it seems more appropriate

in this appendix just to list some of the more helpful general references.

Al. R. R. Birss, Symmetry and Magnetism (North Holland, 1964). (Weak ferromag-
netism, magnetoelectricity, magnetic point groups.)

A2, A. R. Billings, Tensor Properties of Materials (Wiley-Interscience, 1970)
(Magnetic symmetry, magnetoelectricity).

A3, N. N, Nerorova and N, V. Belov, Soviet Phys.-Crystallog. &, 769 (1960).
(Ferroelectr!c and ferromagnetic symmetries)

A4. R. M. Hornreich, Solid State Communs. 7. 1081 (1969). (Magnetoelectric
materials, known and conjectured - good list of references).

A5. G. A. Smolenskii and N. N. Krainik, Sov. Phys.-Uspekhi 12, 271 (1969).
(Review progress in ferroelectricity - section IX-2 on FMFE's.)

A6. S. M, Skinner, IEEE Trans. PMP-6 68 (1970). (Review MFE's).
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APPENDIX B

MAGNETIC SUSCEPTIBILITY OF ORTHORHOMBIC YMnO3

The magnetic susceptibility of two samples of ortherhombic YMnO3 was

measured over the temperature range of 4.2 K to 559 K. As discussed below the

first sample (ortho-YMnO,-I) is believed to contain a few percent of a ferri-

3

magnetic contaminant while the second specimen (ortho-YMnO,-II), obtained using

3
higher purity starting materials and a more careful synthesis, showed no trace
of such a contaminant. We treat this example in detail in order to demonstrate
the correction procedures discussed in Section IIB2 of the text.

The magnetic susceptibility of ortho-YMn03-I is shown as a function of
temperature in Figs. Bl and B2, There are two interesting temperature regimes:
i) over the range 78 K to 559 K, the susceptibility is independent of the applied
magnetic field and obeys a Curie-Weiss law, X = C/(T - 9), with a negative 8
value, 1ii) below about 40 K there is an onset of weak ferromagnetism evidenced
by the discrepancy between measured X's &t two different field strengths, 9.88
and 5.82 kOe. Since this change in behavior occurs very near the known Curie
temperatureBl of Mn304 and since magnetic studies of hexagonal YMnO3 often

B2 .
reveal = small amounts of this contaminant, we attribute the onset of weak fer-

tomagnetism to ferrimagnetic Mn304. Using published dataBa on the magnetic

properties of Mn304 in the ferrimagnetic state, we now calculate the fraction
of this impurity which is present in the specimen.
Below the Curie temperature of the ferrimagnetic contaminant the total

susceptibility of the sample may be expressed approximately as

X =— +X 5 (B1)

ul
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-ere X = measured susceptibility at the applied fieid H,

obs
X, = measured susceptibility extrapolated to infinite field,
o, = saturation magnetization, 1.7 Bohr magnetons per molecule of

Mn304, of the ferrimagnetic contaminant of concentration.

Eq. Bl has been fitted to the data of Fig. B2 at seven d;fférgnt tem-
peratures below 40 K. The extrapolated susceptibilities are listed in column 2
of Table Bl. The average value obhtained for the concentration of ferrimagnetic
contaminant is ¢ = 2.6 wt percent. This value of c is used to determine the
from the relation X

susceptibility of orthorhombic YMnU = X,/ (1-¢),

3

at the above seven temperatures. The results are listed in column & of Table %1

ortho-YMnO3

for temperatures below 40 K.

Above the Curie temperature of I-In304 the observed susceptibility of
the specimen must be corrected for the paramagnetism of the contaminant, and un-
like the low teuperature case this correction cannot be accomplished by infinite-
field extrapolations. Furthermore, a detailed description of the spin configu-
ration in the ordered state of Mn304 is not available so that the individual Mn
ion moments cannot be determined from the saturation magnetization per molecule.
Thus we cannot obtain coFrections for the.paramégnetism of “he contaminant by
simply scaling the measured quantity o, by a known factor and introducing a
Curie-Weiss @ value. Instead we use the reported susceptibilityB4 of Mn304
above tbz Curie temper;ture and our méasured_value of the concentration to obtain
the paramagnetic corr-ctions listed in column 3 of Tavle Bl. The corrected
susceptibilities feor this temperature regime aré listed in column & elong with
tho3ze obtained at the lower temperatures. In Fig. B3 we plot the corrected sus-

ceptibility over the temperature range 4.2 K to 100 K and compare it with the

observed susceptibility of the pure orthorhombic YMnO3 sample. It is to be noted
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TABLE Bl

Susceptibility of Impure Orthorhombic YMnO3
(units of pemu/gm)

Tempera:ure

3 Xes' a0, xmnos**
5 120 123
10 117 120
15 120 123
20 122 125
25 128 131
30 132 136
37 139 143
45 182 15.2 171
50 159 8.1 155
60 135 4.8 134
70 122 3.7 121
80 112 3.0 112
% 104 2.6 104
100 98 2.2 98
116 84.6 1.89 84.9
160 68.1 1.44 . 68.4
258 40.9 1.06 40.9
376 33.5 .97 33.4
460 28.3 .89 28.1
559 23.9 .82 23.7

* Extrapolated susceptibilities below 40 K; measured suscepti-
bilities above 40 K.

= X,/ (1~¢y, T <40 K; (Xp - X 0)/(l-c),T > 40K,

> xYMnO
3 3 374
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FIGURE B3.
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TEMPERATURE DEPENDENCE OF THE MAGNETIC SUSCEPTIBILITY
OF ORTHORHOMBIC YMnO,. THE LOWER CURVE IS OBTAINED FROM
A PURE SAMPLE WHILE ’}HE UPPER GURVE RESULTS FROM MAKING
CORRECTIONS (SEE TEXT) FOR MAGNETIC CONTAMINANTS




85

that despite a relatively low accuracy in the region near 40 K the lambda-type
anomaly of the pure sample is obtained for the contaminated specimen when these
sorrection procedures are used.

In the high temperature rezime (150 K - 560 K) we have fitted the
susceptibility to a Curie-Weiss law, X = C/(T - 8). The data for the pure sample
give a Curie constant of C = 3.10 emu deg/mole, an effective moment bogg = 4,98
Bohr magnetons and a 8 value of - 67 K while the corrected data tor the impure

sample yield C = 2,82 emu deg/mole = 4,75 Bohr magnetons and 6 = - 63 K.

> Bogg

For comparison, the uncorrected high temperature data of the impure sample give

C = 2,88 emu deg/mol = 4,79 Bohr magnetons and 6 = - 71 X. Results of

~» Bogs

new susceptibility measurements on Mh304 single crystals have just been published.

While there are some differences between these measuremente and the older ones
used in the foregoing analysis, changes resulting from using the new data are

relatively insignificant.

Bl. R. Buhl., J Phys. Chem. Solids 30, 805 (1969).

B2, R. Pauthenet and C. Veyret, J. de Physique 31, 65 (1970).

B3. K. Dwight and N. Menyuk, Phys. Rev. 119, 1470 (1960).

B4. A. S. Borovik-Rémanov, and M, P, Orlova, Sov. Phys. JETP 5, 1023 (1957).

B5. O, V., Nielsen, J. de Physique 32, C1-51 (1971).

5
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APPENDIX C

ANALYSIS OF LOW-TEMPERATURE MAGNETIC
SUSCEPTIBILITY OF ORTHORHOMBIiC HOMn03

Because of the large effective moment of the H03+ ion (about 10.6 Bohr
magnetons), the use of an extremely sensitive electrobalance to measure the
susceptibility of hclmium compounds necessitates using very small samples.
Difficulties in determining the mass 0~10-4g in apparatus such as ours) then
lead to some inaccuracy in the experimentally determined values of the
susceptibility, since the susceptibility is an extensive variable. This
inaccuracy only corresponds to a change of vertical scale, though, and the
relative accuracy of ‘he data to be discussed is quite high. The low-temperature
data on ortho-HoMnO3 given in the semiannual report was for a relatively large
sample (4 mg), and thus it was difficult to determine the field dependence at
low temperatures or even to make measurements at the highest fields. 1In
addition, the measured susceptibility had to be corrected for the presence of
a small amount of Mn304. More recently, we remeasured the low-temperature
susceptibility using a much smaller sample taken from the same lot. Fortuitously,
this sample contained much less Mn304; so no correction of the data was
necessary. To avoid unnecessary complication, only this new low-temperature
(4.2 - 53K) data is discussed in this appendix. The high-temperature data
(on the larger sample containing a small amount of Mn304) was analyzed in the

semiannual report along the lines discussed in the previous appendix, and the

results are given in the main text of the present report.
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The usual method of accurately determining the mass of a small
paramagnetic sample is by comparing its susceptibility at room temperature with
that of a larger mass of the same material. For the sample studied in these
experiments the mass found in this way is 0.124 mg. Using this wass in analysis
of the data leads, as we shall see, to considerably higher susceptibilities at
low temperatures than with the larger sample. While thls discrepancy may be
due largely to error in the mass, perticularly since these materials are some-
what hygroscopic, comparison of the results in the two cases shows that the
enhanced susceptibility cannot be ascribed entirely to this cause; we believe
it simply reflects the difficulty inherent in making accurate low temperature
measurements on heavy samples.

The overall low-temperature susceptibility data is shown in Fig. Cl,
for applied fields of 5.674 kOe (circles) and 10.120 kOe (squares). The high-
field data tends to lie above the low-field data at all temperatures, beginning
to depart significantly only below about 10 K. This low-temperature data is
shown in more detail in Fig. C2. The low-field data indicate an antiferro-
magnetic transition similar to that found at higher temperature in ortho-YMn03,
while the high-iield data scarcely show any break. In contrast to the cases of
minor -second-phase ferrimagnetism discussed in the Appendix B or of weak
ferromagnetism exemplified in the case discussed in the Appendix D, the suscept-
ibility increases with increasing field. This indicates that below about 10 K
the material is metamagnetic -- that is, it is antiferromagnetic in zero field,
but tends to have its spins aligned readily by an external magnetic field. To
determine the Néel temperature accurately, one should extrapolate the

susceptibilities to zern field. (Ideally, one should have measurements on
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FIGURE C2. LOW-TEMPERATURE SUSCEPTIBILITY OF ORTHO-HoMnO3
CIRCLES: 5.679 kOe; TRIANGLES: 10.120 kOe
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single crystals as well, but this of course seems cut of the question here.)

To determine the field dependence of the susceptibility, a large number of
measurements were made, in two separate rums, at 4.2 K, where the temperature
can be controlled most accurately, and at various fields. The results of these
measurements are plotted in Fig. C3. The error bars represent standard
deviations of the mean values plotted. Although the slight upturn in the curve
at low fields may not be statistically significant, in vizw of the difficulty
of making force measurements at such small fields, but an examination of the
original data suggests that it represents a real hysteresis effect in the
sample. 1In principle, initial magnetization curve measurements could be made,
but since the effect is small, we have decided this would not be worth while.
Symmetry requires that the metamagnetic susceptibility change be an even function
of H; thus thz curve should have zero slope at H = 0. Also shown is the
magnetization (M = XH) as a function of applied field. This is similar, for
instance, to the low-temperature magnetization curveC1 of the metamagnet FeClz.
About the simplest sort of expression that might be expected to fit the

" magnetization data reasonably well isC2

Nopi sinh y_ = b
M= W 1/2 exp (T /T) + cosh y’ Y T kT (B+1), (c1)
where H is the applied field, No is Avogadro's number, W is the molecular
weight, and u, 4, and T1 may be considered as parameteri:. This is a transcen-
dental equation which must be solved numerically or graphicully to determine M
for a given field and temperature. Solutions of this equation do fit the 4.2 K

data ocuite well -- the magnetization curve drawn in Fig. C3 represents the locus
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of solutions vf Eq. Cl for paraméters W = 4.856 Bohr magnetons, A = 384.9
(where M is in emu/gm and H is in Oe) and T1 = 8,720 K. Such an expression

does not provide such a good fit to the higher temperature magnetizatjon data,
perhaps because the parameters are temperature-dependent or because the simplified
molecular field theory on which Eq. Cl is based is not really adequate in the
present situation. Moreover, Eq. Cl is not particularly good for determining
the Néel point, since it does not have the cusp-like behavior charact:ristic of
a second-order transition but rather has a smooth maximum at T = 0.6835 T,

when H = 0, or, in the present case, at about 6 K. (A betier molecular field
approximation with more adjustable parameters would lead to a second-order
transition, but still would not necessarily be reliable for predicting the
transition temperature.C2 It should be pointed out that the Néel temperature

is sometimes defined in theoretical studies as the temperature at which the
sublattice magnetization vanishes; this can be slightly different from the
temperature at which the low-field susceptibility peaks.) Since the maximum

in the 5.674 kOe data occurs near this temperature, the actual Néel temperature
must be higher, and in fact should be above 8 K, where the low-field and high-
field curves become substantially parallel. About the best one can say 1is that
TN =9 +1K. It seemsllikely that this transition is associated with the
ordering of the Ho3+ ions, which order at similar temperatures (5 K, 12 K) in
the hexagonal manganite and the orthocbromite.c3 It is quite possible that the.
Mn spins order at around 40 K, since the Mn ordering temperatura varies very
little when Ho replaces Y in related compounds.C3 The .large paramagnetic

susceptibility due to the Ho3+ spin tends to nask effects of any such ordering.
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The data of Fig. Cl lead one to suspect that there may be small metamagnetic
effects associated with the Mn ions too, since, as previously mentioncd, ther:
appears to be a slight tendency (possibly not statistically significant) for
the high-field data to lie above the low-field data below about 40 K. This
would further complicate interpretation of the low-temperature ordering.
Metamagretism at very low temperatures (around 2 K) appears to occur
in the neighboring normaily orthorhombic compounds TanO3 and DyMnO3, but the
effect is not as pronounced as in the present case and requires stronger fields
3

for its observation.c Low-temperature metamagnetism in the closely related

compound ErCr0. has also been reported recently.Cé Metamagnetism at temperatures

3
c
in the range l-4 K has also been observed in several orthoferritescJ ani in
Dy Fex Crl_x O3 solid solutions.c6 Ortho-HoMnO3 appears to have considerably

higher rare-earth ordering temperature than any of these other compounds.

Cl. C. Starr, F. Bitter, and A. R. Kaufmann, Phys. Rev. 58, $77 (1940).

C2. P. Carrara, Rapport CEA-R-3535, C.E.N. Saclay (France), (1968).

C3. E. F. Bertaut et al., IEEE Trans. Mag. 3, 453 (1966); R. Pauthenet and
C. Veyret, J. de Phys. 31, 65 (1970) and private communication.

Ci. C. Veyret et al, J. de Phys. 31, 607 (1970).

C5. A. Apostolov and J. Sivardiére, Comptes Rendus B 267, 1315 (1968).

C6. A. Apostolov, Comptes Rendus Acad. Bulg. Sci. 22, 375 (1969).
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‘APPENDIX D

DETAILE' ANALYSIS OF THE
MAGNETIC SUSCEPTIBILITY OF ORTHO-YbCrO

3

The magnetic susceptibility of orthorhombic YbCrO3 was measured over
the temperature range 4.2 K - 560 K. The results are shown in Fig. D1. Above
115 K the data is seen to be independent of the applied magnetic field while
below this temperature the observed susceptibility has a pronouncéd field depen-
dence. There are three gross features of this curve which are noteworthy. First

is the onset of weak ferromagnetism at about 114 K, near the reported Curie

D1
3° _
the same change for both field values. Third is the disappearance of the field

temperature of YbCrO Second is the change in slope of Xobs V& T near 45 K,
dependence of Xopg OVEr @ very narrow temperature range near 18 K. The latter
effect, which could stand further verification, is alsu evidence that one s
observing a bulk effect. As discussed in the main text, no likely ferrimagnetic
contaminants exhibit such behavior. 1In what follows a detailed analysis of sus-
ceptibility data is given for both the paramagnetic region and the 'weak ferro-
wagnetic" region,

Above the trahsition temperature both the Cr spins and the Yb spins are
disordered and thus should obey Curie-Weiss laws. As a first approximation it
is assumed that a single Curie-Weiss law, Xobs = C/(T-6), may be used to describe
the data. Th°s assumptioa is justified later. In Fig. D2 the values of 1/Xobs
are plotted as a funcrion of temperature for temperatures above 115 K (for tem-
peratures below 115 . the data shown refer to X which is defined later). Using
data from well above the Curie point (150 K to 560 K) a least-square fit tc the
Curie-Weiss law yields C = 0.01538 smgaésg and 0 =-102 K. Despite the close-

ness of their values it is not possible to make a meaningful comparison between




FIGURE D1.

120}

100

95

3¥G-

0

2801

180}t . o 0O
160 | .

R o, ®
140 q.

8ol

L \0’\“\1::\

a0}

\'D\-o\'

A 'l L A A A A 1 '} A 'l . A A e vl A A
0 20 40 60 e0 100 20 140 160 180
T (K)

A i A )

' A A
200 220 240

Y

TEMPERATUKE DEPENDENCE OF THE MAGNETIC SUSCEPTIBILITY OF
ORTHORHOMBIC YbCrO.. SOLID POINTS: 10.120 kOe; OPEN POINTS:
5.674 kOe. CIRCLES REP“ESENT DATA FOR A SAMPLE RUN FROM
4,2 TO 300 K, SQUARES ARE DATA FOR A LIQUID NITROGEN RUN
ON A SPECIMEN HAVING A SIGNIFICANTLY LARGER MASS WHICH WAS
DETERMINED BY NORMALIZATION TO THE OTHER DATA AT ROOM TEM-
PERATURE. THE DISCREPANCIES AT LOW TEMPERATURE ARE BELIEVED
TO BE DUE TO THIS NORMALIZATION PROCEDURE.




96

NAWIDEdS FLVEVdIS V NO QANIVIEO T¥IM STIVNOS X9 QIALNIASTAI T CINIOd VIvd

‘¥ ZOI- 40 ENIVA ¢ V ANV SNOLINDOVW ¥HOE (8°¢ 4O INTWOR FAILOAALT NV HIIM MVI SSIEAM-ITVND

v Ol VIvd FHL J0 1Id TIvNdS ISVAT V SINASTIdTA ANI'T IN9IVILS MINIVYEdWAL-HOIH dHL .mOuonw
JTGWOHYOHI¥O ¥0od (IXJL FHL NI QIANTIJIIQ ) XILITISIIdHDSAS ASYAANI FHLI J0 FONIANIJEAA DINLVIAdWNEL

) 1
00% 0g2 002

*TU MNADId

[01°]] onw_ 0§

< s0C

4 o

) X/

4 sio”r

< 020"

- g20




97

the © value and the observed transition temperature. As seen in Fig. D2, the
single Curie-Weiss law with these parameters provides an extremely good fit to
the observed data sbove 150 K. The molecular weight iz 273.03 gm/mole, so the

4.31 emu de 2 .2
’ 3.91 emu deg,
Curie constant becomes = e ; equating this to Ncpeffs /3k where N is

Avogadro's number, B is the Bohr magneton and k is Boltzmann's constant, an ef-
fective moment of Pogs = 5.87 Bohr magnetons is obtained. For comparison a

theoretical value of p has been calculated assuming a single Curie-Weiss law.

eff

This means that the total moment is given by

_J2 52

Pegf = VPyp ¥ Pcr |

In YbCrO3 both the Yb and Cr ions are trivalent. For Yb3+, the ground state

electron configuration is 4f13 which according to Hund's rule gives S = 1/2,

L=3and J=L+S=7/2. Nowp, = goJ(J+ 1) where g is the Landé g
Yb J

factor given by

+J(J+ 1) - L(L+1) + S(s + 1)
2 J(J+ 1)

gy =1

From this we find Pyp = 4.54 Bohr magnetons. For Cr3+ it is assumed, as is
usually the case for transition metal ions, that the orbital angular momentum

is quenched by the c;ystalline electric fields. Thus Pc, is just g¢J§?§T;—T7 s
which is 3.87 Bohr magnetons. The theoretical effective moment is 5.96 Bohr
magnetons, in very good agreement with the observed value. This agreement, along
with the fact that the onset of weak ferromagnetism occurs close to the pre-
viously reported Curie temperacure of ortho-YbCr03, provides a good test of the
purity of our sample. (The slightly higher moment and Curie temperature reported
by Bertaut et al. probably indicate that their samples contained a small amount

of some lighter high-moment rare earth such as erbium.) The next step in analyzing
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the high-temperature data is to remove the restriction of a single Curie-Weiss

law. That this procedure yields only small corrections to the previous approx-
imation may be seen as follows: Again it is assumed that both spin systems are
disordered, and furthermore it is assumed that the spin systems are not coupled.

s,

In this case the total susceptibility is given “y

() Ca C; + Cy C, (8 - ©y) ]
Xtot=T+91+T+92=T+91 1+(T+92)(T+91)

e
= a B (pYb i pCr [1 + 1_ (D1)
tot 3k(T + 91) 2 (T +6 )(T + 0 )
Pyb

The first term in this equation-is entirely equivalent to the previous
assumption of a single Curie-Weiss law. The validity of its use can be demon-
strated by showing that the second term is such a minor correction that meaning-
ful values for 91 and 92 cannot be obtained from a fit of Eq. D1 to the data.
Using the theoretical values for Pyb and Per? the observed Curie point for 91

and zero for 92 (Bertaut et al. have shown that the Yb spins do not order down

to 4.2 K), the total susceptibility can be approximated as

o 8’ 66,98
Xeot ™ FR(T T0 B (pYb w Pc:’ [1 torns T (02)

At 150 K the correction term is 0.27 while at the high temperature limit of

560 K it has a value of 0.02%. Although such small corrections, which are equiv-

alent to curvature in the high temperature data, may change the calculated ©

value by several percent they make less than 0.17% change in the effective moment.
As previously noted, the data of Fig. D1 show a pronounced field

dependence of the susceptibility below 115 K. Although only two field values
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are shown for each temperature it has been demonstrated that in the range of
2 - 10 kOe the observed magnetization at fixed temperature points throughout
this region is a linear function of the applied field. Thus below the transi-

cion temperature the observed magnetization may be expressed as

Moo = M +x,H (D3)

where X  is a function of temperature only and the subscript denotes the fact
that D3 is not necessarily valid at very low fields.

Since YbCrO3 is known to be weakly ferromagnetic, it is quite reason-
able to assume that its magnetization would obey an equation of the form given
above. Mo would correspond to thé spontaneous magnetization, extrapolated to
zero field, resulting from incomplete cancellation of the Cr sublattice magnet-
izations and X would represent the sum of the Yb paramagnetism and the field-
induced magnetism of the Cr spins. In general, the latter quantity might be
expected to make a field-dependent contribution to X_, but the data suggest
that this is not the case. Eq. D3 may be rewritten in terms of susceptibility as

M

= 9 .
Xobs = 3 + X 5 (D4)

Using the smoothed curves drawn through the data shown in Fig. D1, X and Mb
‘have beer. calculated from Eq. D4 at temperature intervals of 2.5 K between 5 K
and 115 K. It is necessary to use a smoothing procedure because the observed
values at the two different fields do not correspond to exactly the same temper-
ature. For this temperature range the values of 1/X°° are plotted in Fig. D2 as
an extension of the 1/Xobs data., It is now seen that 1/X shows a dip at the
Curie temperature, as might be expected, and also exhibits a low-temperature

slope whi.a is larger than that observed above the Curie point. The increase
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in slope at low temperature corresponds to a substantial decrease in the para-
magnetic moment of the sample, leading to the conclusion that the tfield-
independent X no longer results from the paramagnetism of both the Cr and Yb
spins. This indicates that most, if not all, of the Cr spins have ordered
magnetically and the:eby provides further evidence that the observed weak ferro-
magnetism does not result from a small amount of second phase.

I.: Fig. D3 we show the temperature dependence of the field-independent
magnetization Mo. Apart from the obviovus transition at the Curie temperature
the most striking feature is the abrupt drop in Mo st 17 £ 2 K. Such behavior,
which has not been observed previously in this material, may be indicative of a
compensation point where the Cr sublattice magnetization is cancelled by the
polarization it induces on the rare earth sublattice.D2 Alternatively, it may
represent a reorientation of the Cr sublattice; a similar reorientation takes
placeD3 at around 10 K in YbFe03. No change in spin configuration between 4.2
and 77 K was observed by Bertaut, et al.,Dl so the former possibility seems
more plausible.

Since the calculated magnetizations are obtained after smoothing and
extrapolation of the original data and also are derived from relutively small
differences between large, rapidly changirng quantities, one may question the
detailed accuracy of the magnetization-temperature curve. But the smoothness
of the 1/X_ plot and an examination of the original data lead us to believe
that the general trend of the data is represented correctly. Nonetheless, we
have observed cases in which spurious, though much less pronounced, '"reorien-
tation points" occur, and confirmatory evidence would be helpful in understand-

ing the more complicated effects in alloys discussed in the main text.
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E. F. Bertaut, et al., IEEE Trans. Mag. 2, 453 (1966).

J. Mareschal and J. Sivardiére, J. de Phys. 30, 967 (1969).
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APPENDIX E

PIEZOELECTRIC RESONANCES

The complete characterization of new ferroelectric materials generally
requires the availability of bulk single crystalsor, at least, bulk specimens
having reasonably good homogeneity. The synthesis of such specimens often in-
volves laborious preparation procedures so that it is extremely important to
reject from consideration those materials which because of crystal symmetry can-
not exhibit ferroelectricity. What is needed is a reliable test which when
applied to small quantities of polycrystalline powder wili detect the presence,
or with some degree of confidence the absence, of acentricity, i.e., a lack of
a center of inversion symmetry. X-ray powder patterns are quite suitable for
this purpose except in those cases where the crystal space group is a Buerger
group. Unfortunately, this situation is often found. Another simple method
for detecting acentricity is the Wooster test for pyroelectricity; however, this
method is not reliable when applied to powders. Observation of second harmonic
generation is a sensitive method for materials which are sufficiently tr asparent.
The most popular method for determining acentricity in powdered specimens has
been to detect piezoelectricity at RF frequencies using an RF oscillator-detector
and a loudspeaker. In this program, a very sensitive piezoelectric resonance
spectrometer has been developed primarily for the purpose of detecting acentric-
ity in minute quantities of piezoelectric materials. With some modification the
spectrometer system may also be used to investigate individual components of
the plezoelectric-coupling tensor and polarization relaxation times. Here we
describe the spectrometer system in detail and discuss separately these applica-

tions.
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The piezoelectric resonance technique involves placing the sample of
interest in a capacitor which forms part of the tank circuit of an RF osciilator.
1f rhe specimen is piezoelectric, the oscillating electric field of the specimen
capacitor will induce acoustic vibrations by means of the piezoelectric coupling.
At mechanizal resonance frequencies of the sample (for powders many such frequen-
cies exist), energy will be resonantly absorbed and large changes in the level
of oscillation will be observed. With suitable detection apparatus these reso-
nances may be displayed by frequency-modulating the RF oscillator and slowly
sweeping the center frequency over the range of several tens of MHz. Fig. FEl
is a block diagram of the spectrometer system. Depending upon the required sen-
sitivity and/or the desire to study relaxation times, one of two types of oscil-
lators is used (this will be discussed later). The RF oscillator is frequency-
modulated with an audio oscillator by means of a variable capacitor in the tank
circuit. This audio oscillator also drives the horizontal axis of the scope and
the reference channel of the lock-in amplifier. After diode detection of the RF
level, which at resonance varies with the modulation frequency, the signal is
passed thru a narrow-band amplifier. As noted in the figure the narrow-band
amplifier should include both a low-frequency and a high-frequency cut-off filter
to suppress unwanted noise. When large modulation is employed (i.e., large
compared to the resonance width) a notch filter at the modulation frequency can
be used to reduce d rect modulation pick-up in the tank circuit. Of course this
filter also removes the signal component at the modulation frequency, but under
these conditions there is a sufficient amount of harmonic content in the signal
to display the resonance. For small modulation, it is often desirable to use a
60 Hz notch filter to remove line pickup. The output of the broad-band amplifier

is displayed on the vertical axis of the oscilloscope and, in the case of weak
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gignals, is 2lso f..d to the signal channel of a lock-in umplifier which serves

to enhance the signal-to-noise ratio by a factor of 1000 or more. The output of
the lock-in is directed -to a suitable recorder (not shown). The center frequerncy
of the RF osciilator is slowly varied using a motor-drivenvariable capacitor
in the tank circuit.

As previously mentioned, two types of RF oscillators have been employed.
For maximum. sensitivity a superregererative oscillator (quenched CW oscillator)
is used. The periodic quenching of the RF level (quench frequencies of about
30 100 kHz are most effective) is provided ty the audio oscil}atof lateled “ex-
ternal quench" in Fig. E1l. 1In Fig. E2 a circuit diagram of the superregenerative
oscillator i: shown. The tank ciicuit of the 6C4 contains: the sample capaci-
tor, the motor-driven sweep capacit-r (VU 45), the varicaps (H IN 750) to provide
frequency modulation, and the center tap coil which is custom-wound to resonate
at L"e-desired freqi:ency. With suitable tank coils the oscillator may be
operated cver ‘he range of a few MHz to about 100 MHz.

The sensitivit; cf the apparatus is demonstrated in Fig. E3 which was
obtained by photcgraphing the oscilloscope display of signals from a pclycrys-

tallina GdZ(MDO sample about the size of a pin head. In this experiment the

4)3 '
superregenerative oscillator was operated at : center frequency of about 20.4 Mhz
and was frequency-modulated at a 6y 'z .ate with an awplitude of about 80 kHz.
The horizontal sweep of the oscilloscope was triggered by the modulation signal
and the full range of thc horizontal display was set at 20 msec. It is seen

that the first and third signals are separated in time by exactly the modulation
period (17 msec). Thus these signals correspond to passage through resonance in
the same direction. The middle signal results from passage through resonance in

the cpposite direction as the modulation completes its cycle. The fact that this

resonance does not occur midway between the other two simply means that tl.e ce-ater
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FIGURE E3. PIEZOELECTRIC RESONANCES FROM A SMALL QUANTITY (ABOUT THE SIZE
OF A PIN HEAD) OF POLYCRYSTALLINE Gd (}1004) OBTAINEv WITH THE
SUPERREGENERATIVE OSCILLATOR DESCRIBED IN THE TEXT
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frequency of the oscillator was slightly off resonance. It is important to
emphasize that the: 2 signals were obtained without using the lock-in amplifier
which would greatly enhance the signal-to-noise ratio.

The reliability of the apparatus for detecting acentricity has been
tested by a systematic study of several known piezoelectric materials. The results
are shown in Table El. The somewhat indefinite terms "high" and "low" conductiv- 3
ity are used since detailed measurements of the electrical properties were not
made. In all cases the high-conductivity materials are nearly metallic. These
res1lts demonstrate one shortcoming of the spectrometer system, i.e. if the elec- 2
trical conductivity of the specimen is sufficiently high that the free carriers
can screen out the piezoelectrically-induced polarizations of the lattice, no
effect will be seen. As mentioned in the text this condition may be quantitatively
stated as follows: In order to observe piezoelectricity in materials containing
free carriers, the detection frequency must be much higher than the conductivity
relaxation frequency, fC = g/2n¢, where - .. th- electrical conductivity and ¢
is the dielectric constant. Finally, it should be noted that several known
centrosymmetric materials were tested and in no case were signals observed even
using the lock-in amplifier for signal enhancement.

The feasibility of using piezoelectric resonance experiments to study
both piezoelectric coupling coefficients and polarization relaxation times has
been demonstrated with a single crystal of Gdz(_Mooa)3 obtained from Isomet, Inc.
For this purpose the superregenerative oscillator was replaced by a continuous-
wave marginal oscillator.El Fig. E4 shows a typical res nance observed at about
15 Mllz. The decayirg oscillations, seen after passage through the resonance
(large peak), result from beats between the decaying polarization and the oscil-

lating electric field of the sample capacitor. This pattern is entirely annalogous
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TABLE E1. Observation of piezoelectric resonance
in various acentric materials.

— — ————— —— — —— _——— e

Piezoelectric
Materials Conductivity Resonance Observed

Gd2(M004)3 Insulating yes - very large
" "
sz(M004)3
11 "
EUZ(MOOA)B

NaClO3 " "

NaNo, " "

" "
KIO3

lmr03 w "

Tartaric Acid " M

GaAs low yes
CaAs high no

Ccds low yes
Cds : high no

Zn0 low yes
CdTe low yes
InSb very high no -
InAs " no
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to the familiar "wiggles" observed in nuclear magnetic resonance experiments.
The envelope of these oscillations provides a measure of the decav rate. In
order to measure the tensor components of the coupling coefficient and corres-
ponding relaxation times in this way, it is necessary to study several single
crystals cut in various orientations. In the case discussed here it is assumed
that only the shear mode about the c-axis is excited since all other coupling

coefficients are small in Gd2(M004)3.

El. R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950).

E2. A. Abragam, Principles of Nuclear ) gnetism, p. 86 (Oxford Univ. Press, 1961).




