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LOW DIMENSIONALAMAGNETIC_SOLIDS AND SINGLE CRYSTAL ELPASOLITES:
NEED FOR IMPROVED CRYSTAL GROWING TECHNIQUES

Mafy L. Good(a)

and .
(b)

" Steven Watkins and Robert W. Schwartz.

A series of a-amido acid complexes of first row transition metals have = . .-
been prepared which crystallize as infinite linear chains and exhibit low di-.
mensional magnetic ordering (one or two) at temperatures below 40°K:. The
synthetic method appears quite general and a variety of materials can be
- systematically prepared. Correlations of molecular structure and magnetic pro-~
perties should provide access to design protocols for developing materials with
. specific properties and sufficient experimental data to evaluate existing and -
proposed theoretical models for magnetic interactions between localized metal
ion sites. To date, most experiments have produced only small crystals which
" have a tendency to be twinned or to contain imperfections. Crystals suitable
for single crystal X-ray diffraction have been grown with difficulty. The need
for extensive crystal growing experiments to develop techniques for preparing
crystals suitable for magnetic anisotropy measurements and detailed X-ray and
neutron diffraction studies is rationalized on the basis of the unique magnetic
. properties of the materials and their hydrogen bonded structures which have many
-features in common with metalloenzyme and metalloprotein active sites.

The rare earth complexes which crystallize in the cubin Elpasolite structure
(CsyNaLlnClg where Ln is a trivalent lanthanide) provide materials for carrying
out detailed and relatively unambiguous investigations of the sPectroScopic pro~.
- perties associated with f-f excitations or emissions localized on the 1anthan1de
‘ions. This crystal system has begun to yield information concerning the. energy
transfer processes that take place when two different lanthanides are present:
and certain formulations appear to be possible candidates for microlasers, =
Single crystals of the single and mixed lanthanide species are prepared by the v
Bridgeman technique -of- gradient solidification of molten samples. The effects
of crystal imperfections on the optical properties of these materialS'are‘an-ime
portant part of the projected research to be done in this area. Extensive
crystal growing studies on the CsyNalnClg systems and the analogous CszNaLnF6
systens can be justified in terms of the importance of the fundamental optical
studies which are possible on single crystals of these materials and the possi-
.ble relationship between crystal imperfections and luminescent propertles and
phase transitions. R

(a)
(b)

Division of Engineering Research, Loulslana State University, Baton Rouge '

Department of Chemistry, Louis1ana State Unlversitv Baton Rouge ,;"
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LOW DIMENSIONAL MAGNETIC SOLIDS AND SINGLE CRYSTAL ELPASOLITES:
NEED FOR IMPROVED CRYSTAL GROWING TECHNIQUES

INTROBUCTION

At the presenf time, an interdisplinary group from‘the Colleges of .
Chemistry and Physics and Engineering at Louisiana State University are
deveioping an intergrated research program in Material Science. One
: ﬁéjor component of this research is the synthesis and characterization

éf ﬁeﬁ inorganic ﬁaterials which exhibit unique magnetic and optical
ﬁéoperties. The ultimate potential of'the researéﬁ is limited by ouf‘
:aBility to grow suitable single crystals and to definitely assess the;
effects 6f crystal imperfectiéns. Crystal growth and solidification'-
phenomena have been identified as fundamental areas to be investigéted ‘
in the NASA program for materials processing in space and this Fluids
Experimént System Workshop has included significant discussions on
crystal growth experiments. Thus.it appears that extensive crystal
'groﬁth studies are priority activities for this program. The quéstions
to be answered are: What materials will be chosen for study and what
ﬁeasuremen;s and observations will be made? . It would appear that the 4
matérials to be.invesﬁiga;ed should have the following characteristics:
(1) they must have some intrinsic scientific or techmological signif-
. 1cance; (2) they must be complex enough that significant new infor@atibn
can be gained; and (3) they. should be easily available and not pro-
hibitively ekpensivé’éince many groﬁnd—fased experiments will be reqﬁired._
It would appear that two specific problems ffom the Material Science  _
Group.at LSU fit these requirements very well. One is the preparation
qf good quality single crystals of transition metal complexes with
. a—amido-écids from aqueous solution and the other is the ppeparation of
‘single crystalsvof the highly symmetrical Elpasolites of the genefal

formulé, CsoNalnX¢ where Ln is a trivalent lanthanide and X is.chloride

192



ORIGINAL PAGE iS5
OF. POOR QUALITY

or fluoride. Both of these projects are presently underway [1] .and
extensive work on sample preparation hss'been-done. However, little
detailed research on the crystal growth proceSS itself has'been,done'and,
present funding does not include_resources for such activity. The?
. projects wouldexemplifyntwoseparate crystal growing problems. The_low
dimensiOnal transition metal materials are prepsred from aqueous and
mixed squeous—alchol solutions of metal ion and_ligandiand are-then_
recrystallized. The Elpasolites are'prepared from high tenperature
melts of stoichometric mixtures»of'the appropriate metal?halides; Thus
experiments devoted to single crystal growth in tlese projects should
'prov1de fundamental knowledge ‘about the theory of crystal grawth from .
aqueousAsolution and from high-temperature melts.‘ Outlined briefly _
below are the status of our. research in these areas and the proposed
ground work we feel needs to be done before space experiments are f
designed .The ability to provide extensive ground—based data’ on a ‘.
| variety of specific materials means that any projected space experiments
would be clearly definedvand adequate ground comparisons would be in A

place.

LOW. DIMENSTONAL MAGNETIC MATlBRIALS g

Chemists have routinely examined the magnetic properties of-inor_;.
ganic»complexes at high tenperatnres (77°K-and above) where normaIICuriei»-
: or'Curie;Weiss-behavior is generally observed. For paramagnetic mste-‘..
rials, the assumption has usually been made that they are magnetically
dilute and the calculated susceptibility data have been used to: determinel
the magnetic moment of the metal ion ani the presence-of_low:symmetry,
and to deduce the_Boltzmanen distribution between the ground electronic

state and thermally accessible excited states, Current cryogenic
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fechnolégy has now progressed to a-point where many materials are
characterized at very low temperatures,,4.2°K'and belbw. At these
;emperatureé, deviations from Curie and Curie-Weiss behavior-aré common
'and new information about cooperative magnetié phenomena can be corre-
iated with molecular and atomic structure; Mathematical models for such
interactions have been a long-time interest of theoretical phy51cists
and the determination of structural and magnetic data for a varilety of
magnetically non-dilute systems provides the necessary focus for the
fefinement and ultimate ﬁtility of such models [2]. We have now pre-
pared aﬁd characterized one such set of cémpéunds, a series of first ;ow
tr#nsition metal complexes of.a-amido acids which crystallize as 1inéa¥.-
éhaiﬁs and exhibit low-dimensional magnetic properties.

Earlier communicationsu[3;4,5] from oﬁr l;boratory'have.reported,v
the structure and magnetic properties for the essentially isostructural
A c.<‘)ba1t (II), nickel (II) and iron (iI)‘ hippurates (hippurate is
C6H5¢0NHCHZCd£; see Figure 1) which have been charactérized as canted,
iinear chain systems and have molecular formilas of M(hipp)z(H20)3-2H20.
Tﬁé site symmetry of the metal ions was essentially Cyp (see Figure 2)
with two hippurate ions (bonde@ through a single carboxyl oxygen) and |
two Qatef moletu;es in the central plane and two bridging (;hrough tﬁe‘
..Qxygenlétom) water molecules in the axial positioﬁs. The unit'cell.(see.
Figure 3).indicated that. the linear chains were-arranged in "rows"-with
-interéhain hydrogen bonding (see Figure 4 and 5) [6]. The ihtrachainv
‘metal-metal distance was about 4A° and the interchain distances were
 approximately 7A° within the "rows" and 20A° between "rows". 1In the -
Co(II) and Ni(II) cases, antiferrqmagnetic superexchange was pqstulated'

“to accur along the chains (c axis) via bridging water moleéulgs.
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Figure 1: Structures of a-Amido Acid Ligands

Figure 2: Projectlon View of the Site Symmetry About the Fe(II), Co(II)_

and Ni(II) ions in the Hippurate Complexes
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vFigure 3: The Unit Cell of the Fe(IIl), Co(II), and Ni(II) Hipourates A

as Viewed Down the ¢ Axis lines.

Since alternate spins were canted with respectAto one another along the -
ehains, the spin anisotropy of the Ni(II) and Co(II)Aions was expected
to generate a net spontaneous moment along the chain through the D-M -
(Dzyaloskinsky—Mbriya) interaction [7,8,9]. In addition to this mag—'
'netic order along'the ehains, a low temperature transition was attrib-
nted-to_&ipolefdipole interactiona between neighboring chains in the.
“rows" (along tne short or b anis) which resulted_in the antiferro;: _
.‘magnetic coupling of adjacent chains. The;stylized model of this two-
‘_dimensional system is shown in Figure 6.

The corresponding_Fe(II) hipporate wae'examined by Mbssbauer -
spectra at low temperatures as indicated in Figure.8. A'snmmary of the
proposed description of the magnetic and electronic properties of .
Fe(ﬁipp)z(H20)3m2H20 are as follows: (1) éingle ion magnetic momenta
lie essentiaily in the x—y'plane defined by the coordinate syétem of.the
electric field gradient, i.e. SBzg(dxy) electronic ground state (2) ‘
Isotropic superexchange aligns the spins antlparallel .along the chain or

¢ axié; (3) Anisotropic superexchange occurs along the chain and results
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in a weak net spontaneous (D-M) moment 'diregt‘ed parﬁllei to theAcrys_-.
tallographic a cell axis; (4) A sharp saturation in the supérexchange' '
ordering below T, indicates the Ising behavior of the Fe(II) ion; anci
(5) It;terchain interaction‘sk are not pAredicted to occur until T——}O‘ﬁ;.
Thus we conclude that the Fe(II) hippurate is a uniqp‘e exampl;z of a one-

dimensional‘ Ising chain system.
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'Figure 4: The M(hip),(H,0) 3-2ﬁ20 Molecule. (Hydj:ogen bonding inter-
actions are shown as dashed lines, while the solid portion
of each dashed line represents the position 6£ the hydrogen

atoms.)
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 Figure 6: The Proposed Magnetic Spin Structure for the Ni(II) and = -

-Co(I1) Hippurates (data points are for the Co(II)-Complei);
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‘In_addition to the Co(II), Ni(II) and Fe(II) hippurates, other

o similar ligands are being used to prepare new materials and other

transition metél ions, notably Ma(II), are being investigated. 'These

‘studies have provided new molecular systems for the evaluation of

‘existing theoretical models and the extention of the work should provi&e

an understanding of the relationship between structure and magnetic
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properties, Such understanding could ultimatély lead to the strategic

‘synthesis of new magnetic systems for practical applications.

- ELPASOLITES: LANTHANIDE ION OPTICAL

SPECTROSCOPY IN SYSTEMS OF HIGH SYMMETRY

Thé preparation of materials that are_efficient_and useful phos;

S phors,.lasers,'energy tranéfer or energy upfconversion systems is,}to a
large extent,. still an empirical process. It is not yet possible ﬁo

' predict whether a material will havé any of the above mentioned érop-
érties; nor is it practical to attempt any large scale desién of maﬁe-.
rials with-any of those p;operties.' In certain.caseé some of thé>

. necessary properties are known (for example: in lasers‘two useful
iprOpertiés are high emission cross-sections and long radiative lifetime)
but this is not true in general. The problem is exacerbated by the fact

_vthat even when it is known that certain properties»ére needed it is not |
always possible to choose in .advance materieals that have these'desired'
properties.

| All of the properties mentioned above are determined'By the
,glectrbnic'stateé of the materialland the interactions of.;hese statgé
with structural. features. Thus if we are to be able to design ﬁaterials_
for any of-the'above mentioned purposes, it is of prime importance.to
.correlate the electronic strﬁdture and its interactioms with'the‘prppf-
erties of intereét. Thisvrequires materials which have the desired -
propertie# and can be studied in detail. The Elpasolite system,
CsyNalnClg (see Figure 9), with its isomorphs and its éxtengions,
represents such a set of materials.v

The bulk of_Work done to date on trivalent rar2 earth ions in the solid

1 201
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state, has utilized crystal systems where the site symmetry:of the rare
’e;rth_ion was low enoﬁghlto remove all but Kramer's degenefacy. “This
low Syﬁmetry leads to a great deal of crystal field and J-level mixing
which makes it_essentially.meaningless to attach a specifi; label to a
"particular state and makes it difficult to obtain accuiéte metal wave-
'.functions {10,11]. In addiﬁion, in just about ail cases which have ‘been
studied to date, no account has been taken of the mechanism by which the
- various "transitions acquire intensity. Thus although the past work on
rare earth spectroscopy has been voluminous, these two major weakneSses
renain. No complete study has been made of trivalent:fare earth ions at
sites of known, precise,_octahedral (6-coord1nate) symmetry in the solld
state where detailed assignments of existlng states can be made and no
thorough study 6f the intensity mechanisms for rare earth f-f tran-

" sitions has been performed for a large number of thése ions with iden-
.‘ticai,Aweli defined crystal site symmetries. The work underway‘in;

Dr. Schwarfz's-laboratofy on the Elpasolitesvis designed to réctify;ﬁo;ﬁ

. of these situations [12-20].

: Figuré 9:_‘One Unit Cell of

Cs,NalnClg

O=CS "—'NQ ’O:Ln k:c\" -
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The luminescence,properties of trivalent lanthanide ions at sites
pof 0y spnmetry in the.cupic-crYStal system CséNaLnCI6 (In = Y3 or
trivalent lanthanide) are-remarkable;- Preliminary results indicate that
in single crystals of CszNeEuCI6 dopedeith 3+, extremely efficient,
‘long—rsnge, energy transfer from Tb3+.to Eudt occurs. - CsyNaHoCl g has.
been observed to be a brilliant red emitter with anAextrenelp high
efficiency and Nd3* in CsyNaNdClg and in Nd3+: -CsyNa¥Clg shows the
longest lifetime of any Na3t compound. These three oBservationsﬁindi—_,f'l
cate that either alone, or in various eombinations, lanthanide ions in
crystals of this type.could prove valuable in'such.diverse fields as .
commercialjphdsphors, laser naterials, energy"transfer or-energy-up-

conversion systems.

CRYSTAL ' GROWING EXPERIMENTS

As the discussion above indlcates, the thrust of our. studles is toA-.
prepare new materlals of hlgh solid state quality (the linear chain
magnetic materials) or to prepare well-defined and high quality crystalso
of rare earth ions in high_symmetry environments.; In other words we
gggg_high quality crystalline materials to stndy fundamentally importent"
magnetic and optical phenomena., The two prOJects involve totally
dlfferent crystal growing techniques. The magnetic materials are grown'
'.by m1x1ng,solutlons of the.metal ion and ligands.and.then reerystal—
lizing from aqueous or mixed aqueous—acnohol solutions, 1Tﬁe rare earth
Elpasolites are grown from the melts of stoicnometric mixtures of.thei
metal halldes. Inorgsnic chemists in general have been interested in
the properties of the materials synthes1zed and have had only peripheral
interest in the detailed theory and mechanisms of material formation.

Their- approach to the improvement in crystal quality of their
203 ¢ - |



preparations has been essentially empirical, i.e. try a proposed tech-
nique and harvest the resulting crystals, Thus the preparation of high
‘quality crystalline materials has been an art form with suecess dictsted
by experience end luck; The‘two problems outlined here are no dif-
ferent. Recrystallizetion."recipes" have been-used to prepare tse>Sma11
and imperfect linear chainkcrystals reqsired for X-ray diffraction
.anaiysis asdAﬁnqwn temperature—gradient furnace techniques have been
used to prepsre the Elpaselites. In both cases, success has depended
" upon trial and error and experience. No basic information about crystai
formstien or crystal grewing theory has been gained. However both
Problems rely heavily on the availability of high quality crystals and
the low dimensional magnetic material 'studies hase suffered because. of
tﬁe lack of crystals of sufficient size and qﬁaiity to do single crystal
magnetic measurements, heat eapacity measurements, precise'X—raysdif—
fréctioh maps where hydrogen atoms can be located, and neutron diffrac-
tion experiments where hydrogen atoms can be found and spin structures :'
determined. Thus the motivation for carrying out detalled crystal
. grow1ng experiments is very high and the results, if successful w111
provide materials of sc1ent1f1c and technologlcal 31gn1ficance.
The p0391b111ty of carrying out crystal growing experiments inA

. ﬁicrogravity'enVironments has re-kindled interest inAthe theory of .
erystal growing and the delineation of'factors involved in single
eryétal growth. Carruthers [21, 22) has outlined the advantages of low .-
gravity crystel grOWth and has delineated several ground—based prsblems
ﬁhich must be solved before full advantage can be taken of spsce.devel—
opﬁent of nes techniques and materials.  Areas Qf_concern include_}

characterization and property measurements on materials of significsnt
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technological intereSt aud.the definition of processes'involved in
“crystal growth. Older theoretical approaches to crystal grouth'empha-.‘-
size the lack of definitive experiments which test theories currently in
vogue, particularly in the area of'growth from solution [23, 24]. - Thus
it would appear-that ektensive.cryStal growing‘experiments on the
msterials of interest in this report would be timely and have high
potential for future experiments designed specifically'for:IOngrauitj
space environments. ln both cases the starting materials are readily-
available and relativelyfinexpensive. facilities required are fairly
simple and for the-most part;'they.alreadyvexist at LSU. A brief
overview of the proposed experiments follow.

| The linear chain, tramsition metal'compleXes of a-amido-acids have

fairly complex, hydrogen bonded structures and it is not surprising that

~ material recrystallized under ordinary conditions with only cursary

attention paid to control of growth variables, con31sted of badly

twinned or extremely,small_crystals. .However, the fact that a more'”
elaborate, re—crystallizationvgrowth.procedure produced betterdcrystals‘:,
(although of minimal quality) would lead one to believe that high
'quality'crystals are possihlelif.the growth variables are underStood:and'
growth techniques are used which utilize that knowledge. _Tuo.approaches
are'possiblei dg.gggg.synthesis, with,crystallization controlled.in- ‘
part_by chemical reaction kinetics and amounts of excess-reagents;fandﬁ .
controlled recrystallization'of the pure compounds. Both approaches'.

" have been proposed and preliminary experiments carried out as .a prelude ','
to materials processing in space. Weiss and Lind [25, 26] have proposed-
techniques for growing crystals from the controlled mixing of two

solutions containing;the insoluble crystal.components. Professor Authier

205



ORIGINAL PAGE IS~
OF POOR QUALITY

of France has also désigned a crystallization chamber for carrying out .
such experiments in spéce [27]. ©Lal [28] and Miyagarva [29] have
'designed experiments for recryétalli;ing large single crystals under
" controlled conditioms, both with and without seed crystals. We wquld
”;éropose experiments of both types for our iinear chain molecules. The
gel methdd of_Lind [25] has pot been tried for matefials of this type
‘and should be investigéted. Also variations of'?rofessér Authier's
crysfallization,Vessel‘éhOuld be designed and controlled experiments
carried out. However, it is anticipated that recrystéllization tech-
niqués probably have the ﬂest chance of producing high'qﬁality crystals
- and oﬁr emphasis would be directed toward such studies. Thé first stage
of activity would be to qptimize the variables controlling spontaneoﬁs 
'nucieation and.grbwth from saturated aquéous solutions. Crystalé
-obtained should be suitable for X-ray difffaction studiesAand for
'sgeding growth of larger crystals in stage twq‘e#periments. These stage
 two efforts will.be directed to the fﬁrmation of"large.crystais by
. controlling precisely the degree of sgpersaturation aﬁi mass transpdrt
'phenomena. Several different'crystallization veséels have'bgen propééed
in the literature which could be used for initial design purposes [30;.
31]. Crysfal gfowth factors which will_be'investigatéd and optimized
are: (1) the'néture,of the solvent; (2) the effects;of additivesigpd
impuiities upon morphology_andAmaterial proﬁerties; and (3). the physical
'condifions of temperatufe, evapbration rate, and amount of_agitation.
The current technique for prepariﬁg the Elpasolites.is as followé;
A stoichometriq mixture of the respective metal chlorides is evgporatéd
'tq arYness and placed in a quartz tube haviné a tapered end (thé‘faperéd_

end.faéilitates the.nucleation of the single cryStal).-'The tube is
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. vacuum éealed and the single crystals are'grown'by tﬁe Bridgéman-tech-
"nique of gradient solidificatioﬂ of the molten sample. The furnace

‘consists of a tube of alumina wound with nichrome heating wire. The
’ ~winding of the heé;ing wire is made nohuniform‘across the length of'thé'
tube so as to produce a temperature gradient along ﬁhe length of the
.tube and to produce the highest temperatures atAthe center of-the~tdbe;
' The sample is lowerea through the'furnace by driving a slow moﬁing motor :
which has a timer arréngement which can control the rate of travel_of o
the'samplé. The time fequiréd to.grow a good single crystal-vafiesifrdmu 
a few days to several weeks; Similar techniques havé.been propéséd (and.
some experiments_carried out in Skylab) for brystal'growth'expé:iments“
‘from melts in low gravity environments.[26,‘32-34].' of spécial_iﬁterést
is the preparation‘bf single crystals of the fluoroelpasolite, AZ;BIMIII?G.
These materials are grown in a manner similar to that outlined,abqvevfor.
the chloréspecies éxcept thét the fluoride starting materials aré p1aéed '
in a platinumnér graphite crucible and melted down'in a>étream of drerzv;,»
in a zone meiting appafatus, .Tﬁis incongruently.melting material is
prepéréd in single érystél form.By using a very slow travel rate»throughA-‘
the furnace. Many singlé crystals of these-mate:ials will be pfepa:ed”:'
and their properties monitored by EPR, magnetic‘circular-dichréism-ana |
optical spectroscopy. Special'attentioﬂ will be givgn.t§ the effects of
crystal imperfections in luminescent properties and crysta}line phase |

transitions,

SUMMARY |

We presently have programs of study underway ﬁhére-the ultimate

 success depends on.bur_ability to prepare large, high Quality singieﬁ"
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crystals of transition metal and rare earth complexes. Extensive
' groﬁndébased-crystal growihg experiments would provide'definite déta on
optimization parameters which could be used to design significant
- crystal growing experiments in low.g;avity. The success of the program
would be two-f;ld; new insight into the parameters which control cfystal

growth would be obtained; and new materials of intrimsic scientific and

teghnological importance would be pfepared and characterized.
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