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RESEARCH SUMMARY 

Research has been performed to investigate potentially useful proper- 

ties of rare-earth materials. This work has included studies in the areas of 

magnetoferroelectricity, narrow-band and narrow-gap compounds, rare-earth pnic- 

tides, and cooperative fluorescence of rare-earth ions in crystals. Manganates 

of Dy, Y, Ho, and Yb (including high-pressure orthorhombic phases of the last 

three) and molybdates of Eu, Gd, and Tb have been prepared and their electrical 

and magnet .c properties studied. Although some of these compounds have inter- 

esting magnetic transitions, none appears to be even weakly ferromagnetic above 

about 10 K and hence they are not particularly attractive as ferromagneto- 

ferroelectrics (materials having simultaneously ferroelectric and ferromagnetic 

properties). Electrical properties of these materials are discussed in the 

report; work on related compounds and on crystal growth is continuing. Electron 

paramagnetic resonance studies of the gradual low-temperature semiconductor-to- 

metal transition in SmB, show a resonance which tentatively has been attributed 
6 2+ 

to an excited state of Sra . Transport measurements on a recently prepared 

high-purity, rf-meited sample of SmB, will be made shortly. Results of both 

studies should provide Insight into the conduction mechanism and the nature of 

the transition in such materials. Though recently reported research indicates 

that all rare-earth monopnictides ((RE)Pn: Pn « N, P, As, Sb, or Bi with NaCl 

structure) are metallic, this may be due to intrinsic non-stoichiometry, and 

the question of whether the nitrides, in particular, are "really" metallic or 

semiconducting must still be considered open. Samples of GdN have been prepared 

and nuclear magnetic resonance studies will be used to determine the role of 

defects and to try to elucidate the electronic character. Finally, studies on 
3+ 

the two-photon infrared-excited red fluorescence of Ho  ions in CaF have estab- 

lished that the fluorescence arises from cooperative energy transfer between 
3+ 

Ho  ions rather than from successive excitation of a single ion. Work is con- 

tinuing to determine the exact tr. chanism of the cooperative process. 
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INTRODUCTION 

This program is concerned with the preparation, characterization, and 

measurement of electronic, magnetic, and optical properties of a number of 

classes of rare-earth compounds which possess certain combinations of physical 

properties of possible technological importance. The areas in which investi- 

gations are being conducted are: 

1) Magnetoferroelee trie materials 

2) Narrow-band and narrow-gap materials 

3) Rare-earth pnictides, and 

4) Interactions of rare-earth ions in insulators. 

Our original thought in proposing research in these areas was that in each of 

them insufficient systematic research was being conducted to assess accurately 

their potentialities. Recent research trends have altered this viewpoint to 

some extent and have cauced and are continuing to oause some modifications in 

our research plans; considerable further work in all these areas is desirable, 

but priorities naturally need frequent re-examination. We shall discuss each 

of the above areas of research in turn. Each section will contain, as appropri- 

ate, an explanatory introduction, a discussion of materials preparation and 

characterization, a discussion of experimental results and their interpretation, 

and a summary of conclusions and plans for future work.  It should become apparent 

that despite the diversity of the research areas, our work in them is connected 

in many ways by the distinctive physical and chemical propertips of the rare 

earths. 



NACNETOF^RROELECTRIC MATERIALS 

Introductioa 

There are two classes of physical phenomenon which might be described 
12 

by the term "magnetoe leetrie". '  The first is the simultaneous existence in 

a solid of magnetic ordering and spontaneous electrical polarization. This 

phenomenon, which is the one of predominant interest in the present program, is 

usually called magnetoferroelectricity, assuming the electrical polarization is 

ferroelectric rather than antiferroelectric, and sometimes ferromagneto-ferro- 

electricity when the spin ordering is at least weakly ferromagnetic. The other 

phenomenon, usually just called magnetoeleetrie ity, is an induced effect involving 

a change in the electric polarization proportional to an external magnetic field 

and a change in the magnetization proportional to an applied electric field. 

This effect can occur in materials with certain types of magnetic ordering; spon- 

taneous electrical polarization is not necessary, although in principle it is 
3 

more likely to lead to large values of the magnetoeleetrie coupling coefficientc. 

In uagnetoferroalectric materials with the appropriate symmetry, the magnetiza- 

tion and polarisation may be coupled through the magnetoelectric effect, so that 

a reversal of one leads to a reversal or a diversion through a fixed angle of 

the other. Other things being equal, magnetoferroelectrics are a little more 

interesting than magnetoelectrics from the device standpoint. It  seems more 

sensible to approach the problem of developing new magneuoferroeleetric materials 

by discovering or introducing magnetic properties in Known classes of ferro- 

electrics rather than the other way around, since so little is known of why 

things are ferroelectric.  (One should consider the possibility, though; that a 

material might be ferroelectric in the magnetically ordered state but not 

otherwise. ) 

There is no fundamental reason why classes of materials containing 

rare-earth ions should necessarily possess magnetoferroelectricity more fre- 

quently or more strongly than others, but several classes of materials that have 

been suggested as containing magnetoferroelectrics do involve the rare-earths 

and seem to have other interesting properties as well. The classes of materials 

selected for initial examination were the rare-earth manganates and molybdates. 



It is a little difficult to treat diese classes together; KO we shall discuss 

them sequentially. 

Manganates 

The light (through Dy) rare-earth manganates, (RE)MnO , are ortho- 
5 

rhombic, weakly ferromagnetic at low temperatures, and not ferroelectric. The 

manganates of Y and the heavy rare-earths are normally hexagonal and are ferro- 

electric with very high transition temperatures (around 700 C). They are sub- 
5 

stantially antiferromagiietic at low temperature,  showing only weak terromagnetism 

of the rare-earth ions at very low temperature (9 K for ErKnO„ (private communi- 

cation from R. Pauthenet)). By application of high pressure and temperature, 

the hexagonal materials can be converted to an orthorhombic form.  One could 

guess that this form might show a weak ferromagnetism associated with the Mn 

lattice, such as occurs in the light rare-earth manganates. However, no measure- 

ments of physical properties other than lattice parameter appear to have been 

made on these materials. We have prepared polycrystal1ine samples and studied 

properties of both forms cf Y, Ho, and Yb manganates and of orthorhombic DyMnO-. 

The cations were selected to provide a range of ionic radii and magnetic moments. 

Preparation and Characterization 

Rare-earth manganates in powder form were prepared by solid-state 

reaction. YMnO.. was prepared in two ways:  (1) by reacting intimate mixtures 

of 99.9% Y.O. and MnO-, and (2) by dissolving YjO- and Mn metal in nitric acid 

solution, evaporating to dryness and reacting the coprecipitated material. The 

ether three rare-earth manganates were prepared by reacting intimate mixtures 

of 99.9Z pure rare-earth oxide and MnO?. Platinum containers were used for the 

high-temperature reactions. Mn and MnO„ purity is discussed below. 

Data on some of the oxide reactions are given in Table I. The data 

indicate that single phase rare-earth manganates can be prepared by direct re- 

action of the oxides at moderate temperatures (in the range 1180 C to 1300 C). 

If the temperature is higher, it is indicated tl at an Mn^O, phase may form 

(second preparation in Table I).  In some case,*, a rare-earth oxide minor phase 



TABLE I.  DATA ON THE PREPARATION OF 
RARE-EARTH MANGANATES 

Reactants Reaction Conditions 
Detected in Product by X-ray 

Diffraction Analysis 

Y203 + Mn02 
1300 C in oxygen, 4 hrs. YMnO- only 

Y^O-j + Mn02 

(refired) 

1350 C in oxygen, 4 hrs, 

12V5 C in oxygen, 6 hrs, 

YMnO, -t minor Mn-O, phase 

YMnO, only 

(Y203 + Mn) in HN03  Dried 125 C, 1250 G in air, 1 hr  YMn03 + trace unidentified phase 

Y203 + Mn02 1250 to 1300 C in oxygen 3 hrs.        YHxiO^ 

Dy203 + Mn02 1180 C in oxygen, 5 hrs. DyMnO- only 

Ho^O- + MnO-        1350 C in oxygen, 5 hrs, 

above + 1 wt7, Mn02   1280 C in oxygen, 5 hrs. 

HoMnO- + minor Ho-O- phase 

HoMn03 + trace Ho203 

Yb203 + Mn02 1350 C in oxygen, 5 hrs. 

above + 1 wt7. Mn02   1280 C in oxygen, 5 hrs. 

YbMnO- + minor Yb203 phase 

YbMn03 + trace Yb 03 

Seurces of material used for high pressure transformation and for electric and magnetic 
measurements 



has formed. The cause of its appearance and persistence lias not been determined. 

However, the more recent of those results presented indicate that the rare-earth 

oxide phase can be eliminated by adjusting the mangenese oxide concentration in 

the starting material. 

To aid in interpretation of observed electrical and magnetic proper • 

ties, several samples  f YMnO. were analyzed by the optical-emission spectro- 

graphic method. Samples of Mn metal and Mn oxides also were analyzed to evaluate 

these materials for potential use in future preparative work. The results, which 

are given in Table II, show significant concentrations of several impurities in 

the manganate samples: Al, Si, Ca, Co and Fe. X-ray data indicate that these 

impurities may be present in minor phases (e.g., YA10_). The analytical results 

suggest that the high Al and Si concentrations diu not originate in either the 

MnO or the Y«0_. Contamination during processing is suspected, and all opera- 

tions are being monitored carefully in follow-up preparations. The analyses of 

sources cf Mn indicate that the Mn metal is, from the standpoint of purity, to 

be preferred over available MnO or Mn„0_; so this is being used in subsequent 

preparations. 

The preparations of YMnO_, YbKnO_, and HoMnO, made by the sintering 

reaction of the oxides were checked for phase by X-ray diffraction. The mater- 

ials had the hexagonal rare-earth manganate structure. The unit cell parameters 

and volume per mole are given in Table III. The X-ray diffraction data could be 

indexed on a hexagonal unit cell with either hexagonal space group P6_cm or 

trigonal space group P3cl. The structure parameters have been given for the 
g 

hexagonal space group P6.cm, but the crystal structure might also be that of 

the alternative space group. The distinction in crystal atomic parameters may 

be quite slight, but there are differences in allowed magnetic structure symmetry. 

The hexagonal space group P6~cm is of puint group 6mm, which allows bzch  anti- 

ferromagnetic groups P6' c'm, P6' cm' and ferromagnetic group Pö-c'm', while the 

trigonal space group P3cl ir of point ^roup 3m for which the magnetic group 

P3c'] can be ferromagnetic. It should be noted that in both classes the net 

magnetic moment is parallel to the c axis, as is the polarization direction in 

the ferroelectric, state. 

The heavy rare-earth manganates can be transformed under high pressure 

from the normal hexagonal phase into a more dense orthorlicmbic phase.  The 

conditions for the transformation of YMn03j YbMnC^ and HoMnOß were investigated 



TABLE  II.    RESULTS OF OPTICAL-EMISSION SPECTROGRAPHIC 
ANALYSIS OF YTTRIUM MANGANA1E AND SOURCES 
OF MANGANESE 

Concentration of Impurity Element, wt '7. 

Material Fe BStM&Cu Ni6.1_2£CaC3£lJi 

YMnO    (from .1        <.001    0.03      <.001      .001      .003      .001      .005      .007      .01 

Mn metal) 

YMnO-  (from 

Mn02) .03      <.001      .1       <.001      .002      .005    1. .01        .02     <.001 

Mn metal* <.001    <.001    <.001    <.001    <.001    <.001    <.002    <.001      .001    <.003    <.001 

Mn02 .1        <.001    <.001    <.001    <.001      .003    <.002    <.001    <.001      .01      <.001 
I 

i  ! 
Mn203 .2   <.001  .08   .003  .002  .003  .02   .001  .02   .003  .007 

I 
l 

New supply; not that used In the preparation of YMnO- 

• 

■ 



TABLE III, CRYSTAL STRUCTURE DATA ON RARE-EARTH MAHGANATES, 
UNIT CELL PARAMETERS IN ANGSTROMS* 

Hexagonal Orthorhombic 

Cpd. a 
o 

c 
o 

n a 
0 

b 
c 

co n** 

YMn03 6.12 11.39 61.6 5.24 5.84 7.36 56.3 

YbMnO^ 6.02 11.36 59.4 5.16 5.76 7.30 54.2 

HoMnOj 6.13 11.43 62.0 5.28 5.82 7.3^ 56.3 

* Error = 0.01 A, 

** Volume per formula unit (A ) 



9 
using both girdle and piston-cylinder high-pressure devices.  Powders of the 

compounds were sealed in platinum and heated to 1000 C for 2 hours under pres- 

sures from 35 to 60 kbar. The specimens were quenched from 1000 C while kept 

under high pressure. The YMnO,. and HoMnO Wt-a transformed completely at pres- 

sured greater than 35 kbar. The YbMnO» required a pressure of 40 kbar at 1000 C 

for transformation. The specimens were produced In the form of sintered discs, 

2-3 mm diameter. The cxagonal phase of YbMnO. WcS 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 III). The possible spsce groups are centro- 

symnetric Pbnm and non'tentrosymmetric Pbn21  Thus the crystal structure is 

similar to the rare-earth orthoferrites, orthochromites and light rate-earth 

manganates. It should be noted that physical property tests for acentricity 

are needed on each compound of these types. There is a volume decrease of about 

9 percent in the transformation from the hexagonal to orthorhombic phase. This 

is in part the increase in caticn-oxygpn coordination, with that of manganese 

going from 5 to 6 oxygens and that of the rare earth going from 7 to 12. 

Single crystals of the YMnO -type compounds have been grown previously 

from molten fluxes of lead and bismuth oxides. In this method there is always 

some question of impurities in solid solution and of trapped inclusions. An 

alternative method of crystal growth was sought vhlch might also permit growth 

of oriented thin films suitable for optical transmission measurements. Chemical 

vapcr deposition appeared to be suitable for growth of YMnO, 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 

*    10 garnets. 

Various vapor-phase reactions that could bt used for growth of rare- 

earth manganales were evaluated thermodynamlcally. Favorable processes were: 

1) Growth of rare-earth manganates by hydrolysis of the 

rare-earth and manganese chlorides In a continuous 

flow system. 



2) Deposition u£ care-earth manganate by decomposition 

and oxidation of the rare-earth and manganese 

acetylacetonates in a continuous flow system. 

3) Regrowth of the rare-earth manganate by chloride vapor 

phase transport through a temperature gradient with a 

HC1 atmosphere in a sealed tube. 

Experiments on vapor transport through HCl were first tried with source 

material of YMnO_ powder. Thermodynamic calculations for vapor transport  show 

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 usl«» a source of YMnO powder 

at 1025 C under 0.2 atmosphere HCl in a sealed silica tube. Crystals of Mn.0. 

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

also 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 YCl. and MnCl. vapors of Ho0, With this method, the corrosive 

HCl gas should be swept away by the carrier gas. The initial experiments yielded 

deposits of Y?0, at 1000 to 1025 C.  Increased temperature and oxygen pressure 

apparently are needed for reaction of the MnCl. vapor. Further experiments will 

be made with wet oxygen and substrates heated locally to 1200 C to control the 

deposition reaction. 

Magnetic Measurements 

"he magnetic susceptibilities of the hexagonal Y, Ho, and Yb manganates 

and of DyMnO- were measured in the range 77 - 300 K, The results agreed c::tremely 
i 5 

veil with those of Pauthenet; so there seemed to be little point in giving any 

high priority to the extension of the measurements to helium temperatures. Next 

we discuss separately our results for orthorhombic YMnO-, YbMnO» and HoMnO- and 

compare them to those for the corresponding hexagonal phase materials. 

The magnetic susceptibility of orthorhombic YMnO» over the temperature 

range 4.2 - 559 K is shown in Fig. 1 where it is clear that there are two inter- 

esting temperature regimes. Over the range 78 - 559 K the susceptibility obeys 



a Curie-Weiss law, x ■ C/(T - 0)> with a negative d ana there is no field depen- 

dence of the susceptibility. Below about 40 K there is an onset of weak ferro- 

magnetism as exhibited by the discrepancy between the measured X values at two 

field jcrengths (9.88 and 5.82 kOe). 

To analyze the data, we make the reasonable assumption that the speci- 

men consists of YMnO. contaminated with Mn-0,, which seems to be invariably 

present in small amounts in preparations of YMnO,. According to the most recent 
12 

information,  the Curie temperature of Mn-O. is 46 K. This agrees very well 

with the temperature below which the susceptibility shows a field dependence 
13 

(Fig. 1). Using published data  on the magnetic properties of ferrimagnetic 

Mn-O., we mry calculate the fraction of this impurity which is present in the 

specimen. 

Below the Curie tenperature of the ferrimagnetic contaminant the 

susceptibility may be written as: 

i  *•  H.   ' 

where X. " susceptibility measured at field H. 

XQ, = susceptibility extrapolated to infinite field 

CT ■ saturation magnetization* of the ferrimagnetic contaminant 

of concentration c. 

(1) 

* (1.7 Bohr magnetons per molecule of Mn.O.) 

From the data of Fig. 1 we find c - 2.6 wt percent. Below the Curie 

temperature of Mn.O, the susceptibility of YMnO- is correctly represented by 

X^ and is thus directly measured. Above the Curie point of Mn.O,, the suscepti- 

bility of YMnO, must be determined from the experimental value by correcting 

for the paramagnetism of the Mn.O, impurity. This can be done either by using 

the moment, per Mn ion determined in the ordered state or using direct pugcepti- 

bility vs temperature measurements of pure Mn.O,. However, the lack of knowledge 

of the spin order prevents knowledge of the former and no data were available 

for the latter. In any case, with such a small concentration of Mn.O. , it is 

satisfactory to use an estimated value of the moment per Mn to correct tbe 
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12 

observed susceptibility to obtain the values characteristic of YMnO». Assuming 

an average moratnt of about 2 Bohr magnetons per Mn ion in Mn,0, the susceptibility 

of orthorhombic YMnCL is found t«. obey a Curie-Weiss law with a paramagnetic 6 

value of about - 50 K and an effective magneton number of about 4.8. In addition, 

a cusp-like behavior characteristic of ant1ferromagnetic order is observable near 

40 K. More refined analysis is in progress. 

The magnetic susceptibility of orthorhombic HoMnO was measured over 

the temperature range 4.2 - 296 K. Below 40 K a small amount of ferromagnetic 

contamination was evident and at 8.5 K a sharp peak in the susceptibility was 

observed. As in the case of the YMnO sample we assume that the onset of weak 

ferromagnetism near 40 K Is due to Mn.O,, and following the analysis given above 

we find it to have a concentration of about 1.5 weight percent. Above 40 K the 

paramagnetism of Mn-0, represents an insignificant fraction of the observed sus- 

ceptibility because x(HoMnO_) » xOln-O.). Thus the contaminant operated prin- 

cipally as a diluent. The corrected susceptibility characteristic of orthorhombic 

HoMnCL is shown in Fig. 2. The pronounced peak in the susceptibility of 8.5 K 

is typical of a transition from a paramagnetic to an antiferromagnetic regime. 

In the paramagnetic region the susceptibility can be fitted to a Curie-Weiss 

law of the form 

X - X0 + N pe£f
2 ß2/(T + 5.5 K) 

where N Is  the number of molecules, p ff  is the effective magneton number given 

by gv,/S(S+l) and 0 is "..he Bohr magneton. We find p .. Ä 10 and x0 ~ 45M.emu/gm. 

The latter quantity is believed to result from orbital paramagnetism associated 
2 

with the Ho ion. Assuming a value of pu =" 23 as determined for YMnO., we cal- 
nn j 

culate p  ^ 8.7. This is to be compared with the value of 10.6 expected for 

free Ho-"" ions. 

The magnetic susceptibility of orthorhombic YbMnO. was measured over 

the temperature range 4.2 - 322 K. The absence of any ferromagnetic contaminant 

was demonstrated by the absence of any field dependence of the susceptibility 

at any temperature. The data could not, however, be fitted with a single Curie- 

Weiss law over tiie entire temperature range because of excess paramagnetism at 

the lower temperatures. 
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Over the temperature range 78 - 322 K the susceptibility does nearly 

obey a Curie-Weiss law with a paramagnetic P value of - 65 K and an effective 

moment of 6.5 Rohr magnetons per molecule.    This is shown in Fig. 3 where we 

have plotted x as a function of 1/(T + 65 K).    The * intercept of zero indicates 

the absence of temperature-independent contributions such as orbital paramagne- 

tism, and suggests a simple Curie-Weiss behavior given by 

Xl = N peff2 02/(T + 65 KJ '      with Peff " 6-5 

• 
The  failure of this same equation to represent the observed suscepti- 

bility at temperatures helot« 70 K is shown in Fig. 4 where we extend the range 

of Fig.  3 to include  the lower temperature data.    The temperature dependence of 

this excess paramagnetism is found to obey a Curie-Weiss law given by X« ■ C2/(T + 3 K 

Having obtained these approximate solutions  for the extreme temperature ranges 

it  is possible to perform a self-consistent fit of all the data to two Curie-Weiss 

laws.    The result  is: 

NPeff2ß2    . C2 

T+65K T + 3K 

where now 0 ,- " 6.1 per molecule. r8ff 

(2) 

It would seem that the first term in Eq. 2 represents the Mn spins 

while the second corresponds to the Yb spins. However, the effective moment 

value of 6.1 is much larger than that found for the Mn spins in the YMnO- sample 

and thus must include contributions from the Yb spins. This implies that mag- 

netic order within the Yb sublattlce occurs almost simultaneously with the onset 

of antiferromagnetism among the Mn spins. Using the value of p," » 23 found for 

the YMnO_ sample and assuming p ff = p^. + p  we find p , =3.7. This is to be 

compared with the value of 4.5 expected for trivalent Yb. We conclude that the 

second term in Eq. 2 results from impurities in our YbMnO. sample. Further 

measurements at lower temperatures are being conducted to confirm this conclusion 

and the foregoing analysis. 

: 
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Ferroelectric Measurements 

Another important question about the orthorhombic phase of rare-earth . 

manganates is that of the existence of ferroelectricity. Such behavior can only 

exist in non-centrosytnmetric crystals and as indicated previourly the X-ray powder 

patterns do not allow one to state with certainty that the point symmetry is such 

that this phase is acentric. The simplest test for acentricity is the Wooster 

test for pyroeiectricity. This test consists of loosely placing the sample on 

a metallic plate at room temperature and immersing the assembly in liquid nitro- 

gen.  If the sample is pyroelectric, the electric polarization will change with 

temperature causing a polarization charge to be built up on the surface. This 

in turn Induces a charge of opposite sign on the metal plate and coulomb forces 

cause the sample to adhere to the plate.  It was found that our orthorhombic- 

phaso samples failed the Wooster test for pyroeiectricity whereas the hexagonal- 

phase materials passed the test. Admittedly, the Wooster test is rather crude; 

however, these results show that the pyroelectric effect is at least significantly 

reduced under transformation to the orthorhombic ph- e. Dielectric constant and 

electrical conductivity measurements were also made on orthorhombic VMnO, in order 

to detect the existence of ferroelectricity. Preliminary dielectric constant 

measurements made with a capacitance bridge operating at 1600 Hz indicated a very 

large value of order 1000. Subsequent frequency dependence measurements, h- _ver, 

suggested that these effects resulted from contact problems. These suspicions 

were confirmed by DC and pulse conductivity measurements where it was demonstrated 

that the fired silver-paste contact to the specimen formed a Schottky barrier 

In the interface region. The current-voltage relationship was found to obey an 
eV/kT 

equation of the form 1 = 1 (e    -I). The result strongly indicates that the 

low frequency capacitance studies actually measured the contact capacitance. By 

extending the frequency range to 100 MHz we have determined that the dielectric 

constant of orthorhombic YMnO, .at 300 K is less than 3. DC electrical conductiv- 

ity measurements using a 4 terminal technique to avoid conta t  difficulties have 

been made over the temperature range of 300 - 700 K. These showed p-type semi- 

conducting behavior. There is a break in the c_nductivity - temperature curve 

at around 500 K. This might indicate a ferroelectric-paraelectric transition, 

but breaks not associated with such a transition do occur in the hexagonal 
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manganates  along with breaks at the ferroelectric Curie temperatures. A sim- 

i > situation occurs in the lattice parameters. 

From our results and those in the literature, it appears that the hex- 

agonal phases of the heavy rare-earth manganates are magnetoferroelectric only 

at very low temperatures (< 10 K), while the orthorhombic phases investigated 

are antiferromagnetic and probably not ferroelectric, and thus not magnetoferro- 

electric. There are, however,a number of investigations on these and related 

materials which nee to be carried out, some of which have already started.  In 

view of reports of ferroelec.tricity in orthorhombic rare-earth chromites,  and 

since there are a number ^f interesting magnetic-ordering possibilities in ma- 

terials with more than one kind of 3d-ion, it appears that a study of (RE) 

(Mn. Cr )0- compounds is desirable. In this work, synthesis will be made using 

higher purity starting materials, which should facilitate further electrical and 

optical measurements. We are considering measurempnts of second-harmonic 

generation in these materials, which could settle questions regarding acentricity 

as well as being of Intrinsic interest.   We are also looking into direct mea- 

surements (on polycrystalline samples) of the magnetoelectric susceptibility. 

Molybdates 

We now turn to the rare-earth molybdates of formula (RE)„(MoO.) . 

In the mjtastablc "beta" phase, these materials are ferroelectric  at temper- 

atures below about ^30 K.  Inasmuch as they contain only rare-earth ions, one 

would not expect these compounds to order magnetically at very high temperatures, 

but one might anticipate being able to raise the ordering (Cu.-ie or N6el) tem- 

perature somewhat by introduction of 3d-lons, although extensive replacement does 

not seem favorable because of the smallness of these ions. We prepared ß-phase 

Gd, Eu, and Tb molybdates in powder form to provide material to be used for 

magnetic susceptibility studies, for piezoelectric studies, and as starting 

material for crystal growth. 

Preparation and Characterization 

For the initial studies, the molybdates were prepared in powder form by 

the direct reaction of intimate mixtures of 99.57« pure MoO and 99.9X jmre rare-earth 
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oxides.  (In the latter materials, the purity refers to the rare-earth content 

only; this is the usual basis for purity assay data among suppliers of rare-earth 

oxides). The compound was formed by firing this mixture, prepared by grinding 

the constituent oxides together, in air or in oxygen at 1100 C for 5 hours or 

more.  In several cases, single-phase Gd„(MüO.)  charges for crystal growth were 

prepared simply by fusing the oxide mixtures in a Ft crystal-growth crucible. 

Small crystals of Gd (MoO.) and Tb (MoO ) were grown by the Czochralski 

(crystal pulling) technique. For the crystal-growth runs, the materials were 

contained in Ft or Ft90-Rhl0 crucibles and were melted and held at the desired 

temperature by use of a 480 kHz rf generator with a feed-back loop from the out- 

put circuit to a fast-response current-adjusting control unit. Growth was 

initiated on platinum loops and pulls were made at rates in the range 1 to 2.5 cm 

per hour, with the growing crystal rotated at 60 rpm. Growths were made in both 

oxygen and air; no consistent significant difference attributable to the 

atmosphere was noted. 

In the growth of Gd (Mo0,)_, which was used as the pilot material, 

regions of dark material were sometimes obtained. No firm conclusion has been 

reached regarding the cause of the deposition of this material. Some possible 

causes are deviation from Gd/Mo ^i'.oichiometry, impurity effects, and oxygen 

deficiency. Nevertheless, the results indicate that transparent material can 

best be grown by using pre-reacted molybdate powder and by using low growth 

rates (•? 1 cm per hour). 

Gadolinium molybdate, Gd (Mo0,)_, was analyzed by X-ray diffraction on 

a powdered piece of single crystal. Cr Va  radiation was used with a 114.8 mm 

diameter camera for dispersion of the X-ray diffraction pattern. The data could 

be indexed either on the pscudotetragonal unit cell a = 10,414 A, c = 10.696 A 

or on the arthorhombic unit cell a = 10.386 A, b = 10.419 A, c = 10.700 A 
o o o 

with an error of 0.005 A. Varying breadths of overlapped reflections indicated 

the preference for the orthorhombic unit cell. These results are essentially in 
19 20 

agreement with recent data of Keve et al.   The data of Drobyshev et al.  appear 

In reasonable agreement; however, according to their published data there may 

be a second phase of Gd 0_ in their material. Analysis of the orthorhombic struc- 
19 - 

ture  indicates the transition from high tempcratu-c tetragonal ?U2.m  to low tem- 

perature Pba2 involves slight displacement of Gd and 0 from mirror planes in P42.m. 

Thus, conceivably by a shift of parameters with temperature, the transition might be 
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21 
second order rather than tirst otaer. A note by Kvapil  indicating a doubled 

c-axis is probably incorrect since the diffraction lines they claim are indoable 

on the orthcrhombic unit cell given above. 

Ferroelectric Measurements 

As a routine test, preliminary pyroelectric (Wooster test) and piezo- 

electric-resonance (described later) measurements to confirm acentriclty were 

made on powder specimens of each of the above molybdatcs and on one of the first 

of cur crystals of Gd (MoO.)..  (Such measurements are desirable because the 

presumed space group rba2 is again a Buerger group.) All of these samples were 

found to be acentric by both techniques. The dielectric constant of the Gd (Mo0,)_ 

crystal, which was not of good optical quality, was measured with a Wayne-Kerr 

capacitance bridge over the temperature range 300 - 500 K to check the reported 

small dielectric constant anomaly at the ferroelectric transition temperature 
18 

of 432 K.   This measurement could not be made In the .iost favorable manner 

because the crystal was cut such that the c-axls, along which the entire dielec- 

tric anomaly occurs, could not be made parallel to the electric field applied 

by the capacitor plates. After correcting for this misalignment, the observed 

change 1:' the dielectric constant was about an order of magnitude smaller than 

that previously reported. Indicating a high degree of strain in our material. 

This conclusion was further supported by the fact that an optical display of the 

ferroelectric domains, using crossed polarizers and a microscope, showed rela- 

tively few ferroelectric regions. Furthermore, the domains, which were randomly 
4 

oriented and very small, could not be made to grow in the presence of a 2 x 10 

volt/cm polarizing field as the temperature was cycled through the transition 

region. To test the reliability of theso experimental techniques a hlgh-optlcal- 

quallty single crystal of Gd.(MoO,)> was purchased from Isomet, Inc. This crys- 

tal was in the form of a thin platelet with the c-axls perpendicular to the broad 

faces. Small ferroelectric domains were easily observable in polarized light 

below the ferroelectric Curie temperature while above this temperature the sample 
4 

was uniformly clear. The application of a 2 x 10 volt/cm polarizing field as 

the temperature was lowered through the transition region was sufficient to 

reduce the number of domains in the entire sample to 3. The dielectric constant 

anomaly at the  ferroelectric transition was in good agreement with that reported 

in the literature. 



21 

Using the Isomet crystal, the feasibility of using piezoelectric res- 

onance experiments to measure both piezoeleccric coupling coefficients and pol- 

arization relaxation times in single crystals was demonstrated.  In these types 

of experiments the sample is placed in a capacitor which forms part of the tank 

circuit of an RF oscillator which is frequency modulated in the audio range 

(Fic< 5).  By virtue of the piezoelectric coupling, the applied RF electric field 

causes acoustic vibrations in the sample, and at mechanical resonances of the 

sampo-e large changes in the RF level of oscillation are observed. After diode 

detection the audio signal is amplified and displayed on the y axis of an oscil- 

loscope.  Fig. 6 shows a typical resonance observed at about 15 MHz, The decaying 

oscillations, seen after passage through the resonance (large peak), result from 

beats between the decaying polarization and the applied electric field. The 

envelope of these oscillations provides a measure of the decay rate.  In order 

to successfully measure the tensor components of the coupling coefficient and 

corresponding relaxation times in this way, it is necessary to study several 

single crystals cut in different orientations.  In the case discussed here it is 

assumed that only the shtar mode  jout the c-axis is excited since all other 

coupling coefficients are small in Gd2(MoO,)». 

Some other studies of the phase transition to the ferroelectric state 

in ß-Gd5(MoO,)„ were undertaken. The nature of this transition is of consider- 

able interest at present since the ordered phase is ferroelascic as well as 
18 22 

ferroelectric;  '  that is, there is a spontaneous strain which is reorief-able 

by an external stress. Measurements of bulk magnetic susceptibility showed no 

anomaly at the transition temperature. The order of this phase transition has 
22 

been the subject of much discussion;  application of the theory of phase 

transitions showed that there is no'hing to prevent the transition from being 

second order; thermodynamic arguments arc somewhat inconclusive. A short paper 

on this work has been prepared. 

While this work was in progress, we received a preprint of the work of 
19 

Kevc et al.   in which they mention that they found no magnetic transitions in 

ß-Gd„(MoO,), ov  ß-lD (Mo0.)_ down to 1.4 K. Their high-temperature paramagnetic 

moment for Gd (MoO,)- agrees well with ours.  It is unlikely that a transition 

could be induced by adding other ions; thus it seems that the rare-earth molybdates 

of this type are not sufficiently interesting from the magnctoforroclectric 
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FIGURE 5.  SCHEMATIC DIAGRAM OF THE PIEZOELECTRIC-RESONANCE 
DETECTOR. BOTH A MARGINAL OSCILLATOR AND A SUPER- 
REGENERATIVE OSCILLATOR HAVE BEEN USED. THE 
RESONANCE SIGNALS DISPLAYED ON THE SCOPE MAY BE 
ENHANCED BY A FACTOR OF 100 to 1000 BY USING 
CONVENTIONAL LOCK-IN DETECTION. THE LATTER 
APPARATUS IS NOT SHOWN. 
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FIGURE 6. OSCILLOSCOPE DISPLAY OF A PIEZOELECTRIC-RESONANCE 
SIGNAL OBSERVED IN A SINGLE CRYSTAL OF Gc^MoO,)., 
AT 15 MHZ. THE X AXIS DEFLECTION IS PROPORTIONAL 
TO THE OSCILLATOR FREQUENCY WHIG" IS MODULATED AT 
60 HZ WITH AN AMPLITUDE OF ABOUT 10 kHZ. THE 
PATTERN IS A DUAL DISPLAY CORRESPONDING TO PASSAGE 
THROUGH RESONANCE (LARGE PEAK) FROM BOTH DIRECTIONS. 
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standpoint to justify further work on them. We have been giving some considera- 

tion to a number of othar rare-earth molybdates which might be of interest. 

These include compounds such as Pb2(RE)MoO,, Na(RE)(MoO,)2, and others.  (For 

Pb and Na in these formulas, some alkaline earth or other alkali metal, respec- 
23 

tivelyj might be substituted.) Very little is known of such compounds, though, 

and considerable preliminary investigation will be necessary before a decision 

to prepare any of them can be made.  (The sodium vare-earth molybdatee appear to 

be paramagnetic and centrosynunetrie, so some modification would obviously nave 

to be introduced there.) Other types of materials containing rare earths and 

3d-ions, principally nlobates and borates, are also being looked Into. 
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NARROW-GAP AND NARROW-BAND COMPOUNDS 

Introduction 

There is a great deal of interest at present in materials which under- 

go transitions from a semiconducting or insulating state to a metallic one. 

Such transitions occur with changes in temperature or pressure, and also pos- 

sibly 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 rudimentary, the difficulties, both experimental and theoretical, being 

formidable, it appears that many transitions involve the formation, from what 

were localized states, of some sort of (probably) narrow conduction band.  It 

appears that some samarium compounds, where low-lying excited states may be 

just localized, are among the most interesting materials of this type.     Of 

particular importance for Initial studies because of the gradual low-activation- 
25 

energy transition it shows at low temperature is samarium hexaboride,    SmB,. 
o 

It was at first thought that the transition in this material simply reflected 
2+     3+ 

a gradual valence change of Sm  to Sm  with increasing temperature.  Sub- 
26 

sequently, Mossbauer measurements    were interpreted as showing that both 

divalent and trivalcnt ions were present in a proportion independent of the 

temperature. A model of activation of localized excited states was proposed. 
24 

More recently, results on Sm chalcogenides    have revived the divalent- 

trivalent picture somewhat.  It seemed to us that the situation could be clari- 

fied by i) resistivity measurements on single crystals of SmB,, rather than 

the powders previously used and ii) electron spin resonance studies to determine 

the valence state of the Sm ion. Also it seems that SmB, might be a good 

material in which to look for an electric-field-induced transition. 

Preparation 

SmB, was prepared in powder form by reacting intimate mixtures of 
o 

Sm20- and B.C in dynamic vacuum. The reactants were mixed and ground together 
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and were slowly rf-heated in a Ta susceptor-container in vacuo to 1500 C and 

held for several hours. These steps were then repeated to ensure complete 

reaction.  The reaction presumably is Sm.O + 3B.C "• 2 SmB + 3C0t 

Initial preparations were made with 99.9% Sm„0 .  Subsequently, preparations 

were made with 99.99+% Smo0 . 

The SmB, powder was hydros tatically pressed at 6 kbar; then sintered 

at 1500 - 1900 C for 0.5 to 2 hours. The sintered slugs were still porous, 

with porosity estimated at about 10% in the better cases. 

The slugs were used as feed material for melt-growth of the compound. 

They were placed in a water-cooled Cu boat in a hydrogen or helium atmosphere 

and were melted by use of a 4 MHz rf field.  In the course of the melting, some 

material vaporized from the melt and deposited on adjacent coder portions of 

the system. This material could not easily be identified by X-ray diffraction 

analysis since it was amorphous. However, emission spectrography showed that 

the vaporized material contained major concentrations of both samarium and boron. 

In connection with the melting of one specimen of hexaboride which contained 

a minor phase of SmB,. the results of X-ray diffraction analysis before and 

after melting revealed that the concentration of SmB. was decreased appreciably 

by the melting. Thus, it appears that composition tends to remain near SmB. 
o 

during the high-temperature processing. 

It has been possible to obtain sizable (i.e., dimensions up to 1 cm) 

sound pieces of SmB, by rf melting. Material melted in hydrogen was found to 

contain 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, has been void free and found to contain relatively large crys- 
2 

tals (up to 4 mm faces), revealed by cleavage.  In further planned preparation 

work, attempts will be made to Increase ingot size and to zone melt or direc- 

tionally freeze the SmB,. 
o 

Physical Measurements 

Two basic measurements have been made so far on SmB,. These are DC 

electrical conductivity and electron spin resonance. 
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Two samples of SmB, were used for measurement of electrical transport 
o 

properties.  One was obtained from the initial pressed and sincered ingot and 

one from a fused ingot. As discussed above, there were substantial differences 

in porosity, density, and hardness and rather smaller differences in composition 

between the two types of 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 SmB. in trace amounts. 
4 

As a result of the high porosity in the one case, and the presence of 

SmB, in the other, neither sample was of the superior quality desired for 

meaningful evaluation of detailed electrical measurements. 

Nonetheless, resistivity data were obtained on both specimens at 300 

and 77 K. The results are presented below: 

Sample Res istivity p, ohm- cm Tempe rature, K 

Sintered 7.13 x 10'4 

8.58 x 10'4 

300 

77 

Fused 6.37 x 10"4 

9.05 x 10"4 

300 

77 

P77/P300 

1.20 

1.42 

Based on this data, both specimens appear to be semiconducting. 

The resistivity ratio is higher in the fused specimen and also appears a 
25 

little higher than that reported by Menth et al. '  It is not known at this 

time whether the difference between our samples is the result of voids, 

crystalline perfection, variation of composition, or impurities. Resolution 

of these questions awaits preparation of still better samples. 

As mentioned above, it has been proposed that the mechanism for con- 
2+   6 

auction in SmB, is the delocalization of a 4f electron of the Sm  (4f config- 
26 

uration) by thermal excitation to the 5d conduction band. Mossbauer experiments 
2+     3+ 

were interpreted in terms of the presence of both Sm  and Sm , but no 

changes in the spectrum were observed as the temperature was varied through the 

transition region.  In addition, magnetic susceptibility measurements have been 
3+ 

unsuccessful in detecting the expected paramagnetism of the Sm  ion.  We began 
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2+ 
a series of EPR experiments to determine the valence state of the Sm ion.  Sm 

3+ 
has a J = 0 ground state and is thus not magnetic, while Sm  has J = 5/2. We 

have observed a very broad resonance in the SmB, sample, but its effective 
3+ 

gyromagnetic ratio is not commensurate with that expected for a Sm  ion in a 

crystal field appropriate to the SmB, lattice.  Since the first excited angular 
2+ 

momentum state (J ■ 1) of the Sm  ion is only about 380 K above the ground 

state it is conceivable that the observed resonance is due to this state. The 

leionance is very broad, as might be expected if the lifetime of the excited 

state is short, and shows an intensity variation with temperature which is 

roughly commensurate with the Boltzmann distribution. To our knowledge the EPR 

of a thermally excited angular momentum state has never been reported. We 

are therefore attempting to observe this effect in other systems where th' 

Sm ion is known to be divalent and we are considering appropriate distortions of 

cubic crystalline field wh zh would predict the observed gyromagnetic ratio. 

The direction of work in the near future should be clear from the 

foregoing.  Eventually we hope to look at some other narrow-gap compounds in 

which samarium is normally divalent; as mentioned below, Sm.As» (which does 

not seem ever to have been prepared) is one such possibility. We also wish to 

mention that some time in the next year we hope to have available results of 

band structure calculations (being carried out on a Battelle-sponsored project) 

on the samarium monochalcogenides which should be helpful in interpretation of 

some data. 
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PNIGTIDES 

Introduction 

The rare-earth tnonopnicLides are compounds of formula (RE)(Pn) where 

Pn denotes one of the so-called pnigogens - Ns P;, As, Sb or Bi. Almost all of 

these compounds have the simple NaCl structure. The nature of these materials-- 

whether they are semiconducting or metallic, or whether they are inherently 

non-stoichiometric--ha5 been a subject of investigation and controversy for the 

past ten years. In the past year or so, however, a good deal of experimental 

evidence has been presented which is interpreted as showing that these materials 

are all metallic (or perhaps semi-metallic, though it is hard to see how this 

could be). The evidence is relatively clear in the phosphides, arsenides, 

antlmonides and bismuthldes, where there are fewer problems with stoichiometry 

and where there are (in the first three cases) recent nuclear magnetic resonance 
27 

measurements'' which Indicate 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. Briefly stated, and omitting 

references, the principal arguments one might advance that the rare-earth nitrides 

should be semiconductors arc as follows: 

1) Band calculations on ScN indicate that it is semiconducting 

or semimetalilc, and introduction of f-levels should push 

the valence and conduction bands further apart, 

2) There is evidence in the optical absorption of something 

resembling an energy gap, 

3) Large crystal field effects are apparent in magnetic 

properties of some nitrides, 

4) Metallographic examination of some ni.^ides shows a 

tendency for metal to concentrate at grain boundaries. 
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Likewise, the principal arguments for metallic character of these compounds are: 

1) Transport property measurements are generally typical of metals, 

2) Specific heat and photoemission measurements can be interpreted 

as indicating a considerable density of electrons at the 

Fern.t surface, 

3) Changes in magnetic properties on adding snail amounts of 

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

Objections can easily bü raised to all the uvioeace on both sides. 

For instance, the plausibility of interpret.la., large crystal field effects 

as indicative of high ionicity, and thus of semiconductivity, is considerably 

lessened by the obscrviiLion that in hexaborides doped with rare esrths, crystal 

field effects on the dopant ions are clearly larger in the metallic than in the 
28 

semiconducting materials 

When we undertook work to understand something of the nature of these 

materials, wo thought cf transport measurements on sound materials (previous mea- 

surements are on prassed powders) of as near stoichiometric composition as 

possible. A little reflection shows that this is not necessarily such 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 the difficulty in achieving stoichiometry (such is the case in some 

III-IV 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 as near stoichiometry as possible, 

but with known deviations therefrom. Difficulties with unsound samples may 

thus be turned into assets, provided only that the samples are reasonably homo- 
29 

geneous. Some previous NMR measurements  en TbN and TmN, while not particularly 

conclusive, are encouraging in that they indicate that the nitrogen resonance is 

observable. Our measurements should start soon, awaiting only the preparation 

and characterization of somewhat larger quantities of GdN, the nitride previously 

selected for initial study. 
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Preparation 

In work by others, rare-earth nitrides have been prepared by arc 

melting  and by "flash" melting  in nitrogen atmospheres and by reaction 
32 

between the rare-earth hydrides and ammonia  .  In all cases for which analytical 

data have been presented, the material was found to be nitrogen deficient, v,ila 

deficiencies ranging from a few tenths percent (concluded indirectly) to 107*. 
30 

in one investigation , films were formed by vacuum evaporation. However, tae 

films were kept in high vacuum and no analysis or characterization was made of 

the film material other than that of optical transmission. In all other inves- 

tigations for which material preparation has been described, powder material 

was pressed and sintered to obtain bulk specimens for study. 

The objective of synthesis work on this program has been the develop- 

ment of techniques for the direct preparation of bulk specimens, thus circum- 

venting the need for the pressing and sintering step and avoiding its deficiencies. 

GdN was selected as the principal pilot material and the reactions of ammonia and 

nitrogen with Gd metal i i bulk form have been investigated. For the ammonia - 

metal reaction, temperatures in the range 1065 C to 1115 C and a gas flow system 

were employed. When initial results indicated the possibility of water in the 

ammonia, a calcium oxic'e drying column was added to the flow train to dry the 

ammonia. Although GdN was produced by this reaction, oxide always was present - 

usually as an outer lay<. • - and it did not appear that oxide-free material could 

be produced readily in the ammonia flow system. 

Subsequent preparations have utilized the Gd metal - nitrogen reaction. 

Reaction temperatures have been around 1500 C. Temperature was brought up slowly 

to 1500 C, and dry nitrogen distilled from a liquid nitrogen reservoir was 

employed. Results indicate that bulk GdN samples can be prepared by such reaction 

at moderate temperatures in this range. Most runs so far have only been par- 

tially successful because of equipment failures producing catastrophic temperature 

increases. At the other extreme, when the reaction rate is held down (by use 

of low reaction temparature) a surface layer of oxide is observed to form-- 

presumably due to diffusion of oxidic species through tubing connections of the 
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reactor in the course of the long reaction run. Plans ell for continued work 

on direct synthesis using completely sealed silica reaction ampoules. 

Discussion 

It is reasonable to inquire whether measurements on a single nitride 

would be sufficient to ascertain the nature of the conductivity in all the rare- 

earth nitrides (beyond Pr).  If one is willing to accept the premise that 

changes in degree of ionlcity generally will be reflected in changes in lattice 

parameter, some pertinent information :an be obtained just from studying the 
33 

published lattice parameter data. A non-metaphysical way to do this  is to 

plot the parameters for the rare-earth nitrides against the corresponding data 

for the trivalent sulfides. One finds on doing this that the plotted points 

fall rather closely on a straight line, which may be taken as an indication that 

the degree of ionlcity, and hence probably the conduction mechanism, is similar 

in all the rare-earth nitrides. Tl.a point for dysprosium falls a little below 

the line, but probably not far enough to be significant. 

Our immediate plans for future work have already been described. If, 

as seems possible, the rare-earth mononltrides appear really to be metallic 

and/or to be inherently non-stoichiometric, we will not abandon 'rork on the 

pnictldes altogether, but rather will look at compounds ox  the type (RE)3(Pn)2. 

In these compounds, those rare earths that can easily be divalent will probably 
34 

assume that state, and the compounds will usually be narrow-gap semiconductors  , 
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liQ^^^I^^YLJ^ERGY_TRA1^FER AMONG RARE-EARTH IONS 

The fluorescence properties of rare-earth ions present as do^a.its in 

dielectric crystals arc of importance in the design of devices such as lasers 

and infrarcd-to-visible frequency converters. The spectroscopic properties of 

isolated rare-earth ions in many hosts are well known. However, the quantum 

efficiency and decay timep of particular fluorescent states can be influenced 

by the presence of other rare-earth ions in the crystal.  In addition. Interac- 

tions between ions may result in new fluorescence excitation schemes. Although 

there has been some investigation of nonradiative transfer of energy and of 
35 

cooperative interactions among rare-earth ions ", this is an area in which there 

is still much to be learned. Therefore, a series of experiments was undertaken 

which was directed toward increasing our understanding of a particular example 

of cooperative excitation, namely, th0 Infrared excitation of red fluorescence 
3+ 

in Ko , present as a dopant in CaF-, 

The initial experiments ware steady-state measurements of the red 

fluorescence output as a function of the infrared input. These established that 

two IR photons were involved in the production of each red photon. Additional 
3+ 

steady-stato measurements of the outpxt as a function of Ho  concentration 

indicated that, on the average, more than one ion was involved in each emission 

event. This situation was clarified after we developed a dynamic theory for the 

cooperative process. Comparison of this theory with experimental data taken on 

a pulsed basis established that two ions were involved in each event. 

The explanation of the process by which the fluorescence was excited 

is that two ions, oach excited to the 1, level, cooperate in the transfer of 

excitation from one ion to the other, with the result that one ion is further 

e:;citid to.the "K level and the other deexcited to the ground state. 

Examinccion of the energy level diagram (Fig. 7 ) shows that the energy of 

the i7  level is considerably less than twice that of the I, level. Further- 

more there is no single-ion excited state with this energy. This means that 
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FIGURE 7.  PARTIAL ENERGY LEVEL DIAGRAM OF Ho  IN CaF2, 
SHOWING ENERGY MISMATCH IN THE COOPERATIVE 
PROCESS. 
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there is an apparent lack of conservation tf energy in this process which we 

felt had to indicate the emission of phonon ■ into the crystal lattice. The 

probability of this type of event is a strong function of the r-imber of 

phonons involved. The CaF„ lattice will suppott relatively energetic phonons 

compared to LaF- which has a much lower Dcbye temperature. To verify the 

participation of the lattice in the cooperative event, the cooperative 

excitation experiment was attempted in LaF-,.  No red output could be seen, 

thus confirming the notion that the l-.ttice must participate in the cooperative 

excitation process. This work has been submitted for publication. 

Further work will provide a more detailed understanding of the cooper- 

ative excitation process. Previous theories of the process assume an Interaction 

constant for the ti'ansfer of energy from one ion to another which has no explicit 

dependence upon the distance between ions. This is an obviously unrealistic 

condition which can be avoided by assuming that the interaction has such a 

strong radial dependence that only neighbor ions can take part in the cooperative 

event. This model leads to results which agree with experimental data.  If 

these near-neighbor pairs interact strongly enough, then they ought to form 

pair states which will have absorption spectra with characteristics which are 

different from those of the isolated ion. We plan to look for these spactro- 

scopic features.  In addition, the role of the lattice will be considered 

In more detail. A particular experiment which will aid in this is t' c temperature 

dependence of the efficiency of the cooperative interaction. This will show 

whether the lattice merely acts as a sink for phonons or whether the transition 

from the pair state to the single-ion state is stimulated by the presence of 

phonons in the crystal. 
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19     ABSTRACT 

Research has been performed to Investigate potentially useful properties of 
tare-earth materials, Including studies in the areas of magnetofcrroelectrlclty, narrov- 
band and narrow-gap compounds, rare-earth pnictldes, and cooperative fluorescence of 
rare-earth ions In crystals. Manganates of Dy, Y, Ho, and Yb (including high-pressure 
orthorhombic phases of the lasi: three) and molybdates of Eu, Gd, and Tb have been pre- 
pared and their alectrical and magnetic properties studied. Although some of these 
compounds have interesting magnetic transitions, none appears to be even weakly 
ferromagnetic abow about 10 K and hence they arc not particularly attractive as ferro- 
magneto-ferroelectries. Electron paramagnetic resonance studies of the gradual low- 
temperature semiconductor-to-metal transition in SmDg show a resonance which tentatively 
has been attributed to an excited state of Sm^+. Transport measurements on a recently 
prepared high-purity, rf-mel.ted sample of SmBg will be made shortly. Results of both 
studies should provide insight into the conduction mechanism and the nature of the 
transition in such materials. Though recently reported research indicates that all 
rare-earth monopnictldes ((RE)Pn; Pn = N, P, As, Sb, or Bl with NaCl structure) are 
metallic, this may be due to intrinsic non-stoichlomctry, and the question of whether 
the nitrides. In particular, are "really" metallic or semiconducting must still be con 
sidered open. Samples of GdN have been prepared and nuclear magnetic resonance studies 
will be used to determine the role of defects and to try to elucidate the electronic 
character. Finally, studies on the two-photon infrared-excited red fluorescence of Ho^1" 
ions In CaFj have established that the fluorescence arises from cooperative energy tranj 
fer between Ho-"" ions rather than from successive excitation of a single ion. Work is 
contlnutna to dotcrmlne  the cxach mechanism of \\\o coonGmtlvn procoss. 

DD FORM 
I so\. r .1473 UNCLASSIFIED 



UNCIASSTFIKD 
.lf\r,l'lo 

E »    *0 HO» 

Ma^nctnferroelecttic Materials 
Sfjmiconcliict inp, Compotmrts 
Samlconducf.or-to-tpctal transitions 
Rare-earth man^anato.'" 
Rare-oarth mol-'hdafor. 
Rare-eart!i borWnR 
Rare-eartli nirrldrp 
Cooperative  luminoscence 
CaF„:Ho3+ 

LINK   n 

X 

UNCIASSIFI'JD 
5r",  inH f '.,>•.«-ifii iiri.>n 


