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1. Introduction

I ntroduction

Multinary oxides, especially the oxides of firstwotransition metals constitute a
remarkably versatile and prolific class of materialf technological importance. The
interest which they have aroused in the recent igastidenced by the zeal and zest of
experimentalist and theoretician publishing wealtlexperimental and theoretical results
and conferences dealing solely with these compowamdk their propertiesl{5]. The
alkalioxometallates have continued to play a mepte in the fields of high temperature
superconductivity (HTSC)6] and colossal magneto resistivity (CMRJ],[ or, more
recently, multiferroics, thermoelectricity and gpamics B]. Yet, despite the wealth of
information that has resulted from these invesioget many of their properties are not at
all well understood, for example the phenomena 88 in cupratesd] and of CMR in
manganates. In the first place, this unpleasate¢ ssadue to the high complexity of the
problems resulting among others from strong electrorrelation, and coupled charge,
spin and orbital ordering in collective systemstti@rmore, virtually all oxide materials
showing HTSC or CMR include severe structural disor even decay into multiphase
systems (phase separation, stripe formai@il2], a fact that has impeded theoretical
analyses commonly relying upon translational ireMace, and blurred experimental
observations by inhomogeneous signal broadeningctstf Thus, it would be highly
desirable to employ fully periodic and chemicallyelivdefined materials as model

systems for studying charge spin and orbital ordgreither coupled or independent.
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Solid state chemists relentlessly try to obtain&tire-property relations of solids so as to
be able to design better materials towards desmegberties. Synthesis, structural
characterization and alongwith measurement ofrisiti properties of pristine sample has
always remained the candid strategy of solid statmists. The work described in this
thesis is based on such an excelsior approachliof State chemist towards synthesis
coupled with understanding and realization of nowelterials properties among the
family of new ternary metal oxides.

The magnetic properties of these materials depgodgly on the arrangement of
magnetic ions in the crystal structure. The existeof long-range ordering depends on
the dimensionality (D) of the system, i.e. on wieetthe interaction takes place in one,
two or three directions of space. Changing the dsimnality of a magnetic lattice has a
dramatic effect upon the thermodynamic propertidsis has been clearly illustrated
throughout the study by considering the specifiathand magnetic susceptibility

behaviour of the magnetic system particularly at temperature.

In principle, the two fundamental quantities whicharacterize a magnetic
material are the ordering temperature and the exgghategral. A magnetic interaction
between two nearest neighbour idnandj is described best by the Heisenberg-Dirac
Hamiltonian.

H = -2 [aS;S; +b(S;ST + SIS))]
>
where Sand $are spin operators. The exchange integyélas the dimension of

energy and falls off rapidly with the increasingtdnce between the neighbouring

atoms i and j. Summation is taken over neareshbeigring spins with exchange
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constant (J). If we put a= b= 1 we obtain Hesenberg model, in which the

interaction is wholly isotropic. The other extrentlee anisotropidsing interaction, is
obtained by setting = 1 andb = 0. The third casa= 0,b = 1, is called the XY model,
or theplanar Heisenberg model if one puts the additional requirement that thesare
constrained to lie within they plane [L3].

Another scale to measure the amount of orderinggmtein a system below the
critical temperature is the Order parameter (rspimn-dimensionality). The ordering
parameter are n = 1 for an Ising model, n fof the xy model, and n == Br a
Heisenberg model.

Whereas the sign of exchange constant (J) is ane#inable beckoning quantity.
When J is positive, the interaction is ferromagngfr); when it is negative, the
interaction is antiferromagnetic (AF).

Additionally in order to estimate the magnetic ondg temperature precisely, the

magnetization data is fitted normally to the engaitiequation:

M (T)=M, D{l—(%N)aT

where M is the saturated magnetic moment at T=0jsTthe Néel temperature,andf} are

the refineable exponential parametdise important feature here is the estimated “@itic
exponent” parametegddescribing the vanishing of the magnetizatioii.and has value
around p= 1/8 for 2-dimensional system, whereas for 3-disnimmal systems, for
instance, the observed f+ values are all near 1/313]. The numerous theoretical

calculations of critical exponent parameters toratizrize 2Dor 3D magnetic systems
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have resulted ultimately in the emergence of aaled “Universilaty law” devised by
DeGennes14].

Obviously a determination of the magnetic structuith neutron diffraction is a
most valuable tool. On the other hand, one can dmng way by simply combining
specifc heat and susceptibility measurements, dndpossible by moessbauer

spectroscopy. The height of the specific heat marir€., the ratio of the temperatures
at which the maxima i€, andy occur and the quantity (1fgxmax T ((may together

provide a handy set of criteria for the determiratof the model appropriate to the

investigated compound3].

The study of low-dimensional magnetic systems hasnbquite pleasing and
rewarding for theoretical physicists, since thegvited the means of obtaining exact
solutions of cooperative phenomena involved. Sore# known many body problems
that have defied solution in three dimensions cansblved exactly in one or two
dimensions. The alkalioxocuprates have continuedldag a major role in the fields of
high temperature superconductivity (HTSC). Yet,pikesthe wealth of information that
has resulted from these investigations, many oir theoperties are not at all well
understood, for example the phenomena of HTSC prates. In good and successful
collaboration with the theoretician, we exercisde tfreedom to study new one

dimensional Wigner crystallized chain cuprate aqmbrted our findings

Transition metal oxides with two dimensional layerstructures became the
subject of interest for scientific community aftee discovery of superconductivityl{ =

5K) in Na,Co0,.yH,0 [15]. In addition to high-temperature superconducyivibhey also
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exhibit a multitude of exotic phenomenon like, theelectricity, multiferroic behaviour,

metalinsulator transition, colossal magnetoresaiCMR) effect, cathode materials in
solid oxide fuel cells, spin (up/down) and charggrmes of freedom, which shifts the
attention of the scientific community entangledfitad reason of superconductivity in
cuprates related compound.

However a layered transition-metal oxide NaQgpfirst identified by Jansen and
Hoppe [16], became the focus of interest after 23 years$sofliscovery when I-Terasaki
et. al. in 1997 reported high thermoelectric (TE) perfonees in NaCgD, and reported
it as a potential thermoelectric materia¥]. Layered structures are considered superior
to other structures according to the concept ohanpn glass and an electron crystal
[18]. Optimizing electronic structure by adjusting $tal structure is a way to improving
TE performances, which provides theoretical sustaint for the choice of material.

Now, researchers begin to study the effects ofouarications substitutions on TE
performances1P-20]. Ag substitution among Na-site substitutions skavremarkable
enhancement of the power fact@l]. Cations substitutions mainly change the carrier
concentration, and then affect the electrical cotidity and Seebeck coefficient.
Furthermore, a key facet of cobalt oxides thatimystish them clearly from its
counterpart is the spin state degree of freedothef-d*—ions: it can be low spin (LS,
S=0), high spin (HS, S=2) and even intermediata §3, S=1) p2]. For the archetypal
LaCoQ; compound, for instance, various early studies eaited the low temperature
spin state change to be of LS-HS nature, whileistuid the last decade put a lot of effort
to propose a LS-IS scenario instead. Various spsobpic studies unearthed spectacular

results in recent past about the spin state &f ©as in different local coordinatior2Z).
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However, in contrast to octahedral coordinationtrainsition metal, a less common
coordination geometry observed is the tetrahedroergithe weaker crystal field splitting
of energy levels [10Dq (Td) = 4/9* 10Dg (Oh)] faweithe high spin complexes. In the
present investigation the crystal and magneticctire of recently identified new two
dimensional layered cobaltate, CsGo@ill be discussed with Cb in a unique

tetrahedral coordination.

Geometrically frustrated systems are being widaldied due to the possibility of
unconventional ground states and their suscepyibiti weak perturbations. The two
dimensional triangular lattice Heisenberg antiferagnet (TLHAF) is a prominent
example where exotic magnetic phenomena have beserned[23]. In this context
ACrO;, [A=Li, Na and K] are the extensively studied faynif compounds that crystallize
in the a-NaFeQ layer structure (space group R-3m).these 2-D oxochromates, the
increase in the interlayegr-Cr distances with increasing the size of alkali catjan),
compare to intralayer distances results in sigaific reduction of the ordering
temperaturg24]. Various theoretical model and formula were proposedonstruct a
model for the spin interactions in 2-D Heisenbengjffarromagnet and to estimate the
intralayer exchange integral using the series expansion coefficients computed b
Rushbrooke and Wood and similarly mostly used 8taahd Kaplan formula to derive
the Curie temperature of a 2-D Heisenberg ferromabgvith good accuracy. In the
ACrO, family, the magnetic structure is built by stackiwell-separated, triangular
planes of Ct with spin S = 3/2 in an ABCABC sequende.this study, we present
results on yet another high temperature polymoffgh@ACrO, family (A = Li, Na, K),

namely 8-KCrO,, built by stacking well-separated, triangular glsrof CF* ( S = 3/2)
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with oxygen ion stacking sequence of ABBAAB with usoal trigonal prismatic
coordination of K cation, in contrast to ABCABC sequence observedtsnalpha

analogues.

In retrospect, different phenomenological paranseteere proposed in order to
systematize the statistics on the high Néel tentpess observed in various magnetic
oxides, and even to predict them. For exampl¢2%h, the Ty in RFeQ (R= rare earth)
was found to be proportional to the average cosfribe Fe-O-Fe angles, ranging from
~630 to ~740 K for the cos (Fe—O—Fe) changing fren78 to ~0.92. Likewise, In
[26], a value ofT./ n, whereT, is an antiferromagnetic transition temperaturel @ms
the effective coordination number of Fe in diffdaremmple and mixed iron oxides was
found to be on average equal to 115K (ranging fid@6 K to 132 K). Apart from the
mentioned above empirical quantities, also othessjilities have been explored. For
example in[27], for the case of the RMnOmanganites (R= rare earth), a puzzling
Tn~<cog@> proportionality has been established, reporting variation of the Néel
temperature § with decreasing bending of the (180fMn-O-Mn bond angles. In our
present neutron scattering experiments on iron doasagnetic sub-systemARe()
wherein we observed unexpectedly strong superegeharteractions between the Fe
ions leading to the exceptionally high values Néel temperaturesT(=1055K in
CsFeQ).We discussed the various possibilities of origirsuch a high Neel temperature

in the family ofAFeG, compounds and tested various theoretical models.

The "azide/nitrate route" has proven to be an iefiicapproach in present work

for the solid state synthesis of new magnetic axidevering the whole dimensionality,
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starting from 3-dimensional oxoferrates, two dimenal oxochromate and oxocobaltate
respectively, and also new intrinsically doped direensional cuprates. As a particular
strength of this procedure, the oxygen content,thod the valence state of the transition
metal, can be precisely fixed by the alkali azidedte ratio weighed in. The basis of the
reaction is the Zintl and Baumbach’s concgp8] of mixing of sodium azide with
sodium nitrate or nitrite, however their propossalnot frequently exercised for the
synthesis of NgD because of explosion danger. Nonetheless, wihritorporation of
respective transition metal binary oxide, in sitoquction of the alkali metal oxide that
react with the corresponding transition metal oxXidiuting the azide/nitrate mixture) to
give the desired product in pure amo{2@]. The main advantage of this route is the
simplification of the preparative work and wide iegy of systems that can be handled. In
addition to the acid-base reactions, it is possii@leperform redox reactions with
simultaneous reduction or oxidation of the coumtsion, so just like to kill two birds

with one stone”.

Later in order to construct a model for the spiteractions in these alkali
oxometallates, the intrinsic magnetic propertiesehbeen measured and the resulting
magnetic properties were later justifiably analydsd employing various theoretical

models.

The dissertation is structured as followShapter 1 is introductory giving
historical perspective on the overall propertiesaldalioxometallates, more focused on
the aspects that have been central to current iexpatal work.Chapter 2 refers to the

instrumentation and methodology employed througtbat study. Wherea€hapter 3
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shed light on themportance of active material (high surface area] their in house

synthesis procedures, which play a pivotal rolsdid state chemistry.

Chapter 4 deals with the comparative study of crystal stited, structural phase
transitions, twinning, lattice dynamics and spird@ing Phenomena in tddeG, (A: K,
Rb and Cs) Family. Which are among the simplestestwariants of the cristobalite type
of structure, whereby the alkali metals enforceecHic tilting pattern of the tetrahedral
framework structure. We've studied in great ddigiktate of the art techniques including
single crystal diffractometry, high resolution sknatron X-ray powder diffraction
coupled with neutron scattering experiments thas thully ordered orthorhombic
structure is undergoing a structural phase tramsito a cubic modification with a
dynamically disordereOy-framework. The mechanism of phase transition autbic
phase is explained in detail by synchrotron datae(tand space averaged structure) with
the strongly anisotropic character of the atomarrial vibrations of the oxygen atoms,
and in the split atom model based on neutron iya&sbn. The magnetic ordering
phenomenon has also been investigated in detankbtron powder diffraction technique
reporting the highest ever reported Neel tempesatdirl055 K in case CsFgQn Fe
oxides. The origin of the high Neel temperatureKke0, and RbFe@and CsFe@has
been addressed by employing different phenomernmbgheoretical parameters and

empirical quantities.

Chapter 5 introduces two new two dimensional magnetic oxidéth layered
structure with special focus in terms of their sgomagnetic interactions, and the

respective structural phase transitions at higleenperature. Single crystal X-ray
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analysis of the CsCoQOreveals a first and unique structure of its kindthe field of
ternary oxide chemistry which consists of pairsColO, tetrahedra edge-linked to form
bow-tie-shaped G®s dimer (butterfly-motif) which share vertexes torrfo layered
structure. In order to construct a model for tha $pteractions in CsCofthe magnetic
properties of CsCof have been measured and further endorsed by spdusat
measurements. Also the structural phase trangitiannew cubic modification (Fd-3m)
at T ~500K has been observed and repottethe second part of Chapter 5, a new two
dimensional oxochromat@g;KCrO, is reported for the very first time. Single crysta
ray analysis reveals the unique trigonal-prismati@ngement of k ions entrenched
between the layers of edge-shared £y@ahedra perpendicular to [001]. In the last part
of the chapter the thermodynamics of phase tramsitsystematically investigated by
high resolution X-ray powder diffraction and DSChaiques is presented, showing
transitions to occur at ~629 K from low temperaturd&KCrO, (R-3m) to high
temperatures- KCrO, (P-31c). Magnetic measurements were performed andNted
temperature () of 26K is confirmed here for the very first timgy Magnetic

susceptibility and further endorsed by specifictimaasurement.

Chapter 6 introducesthe enduringly interesting subject in the field lofv-
dimensional magnetic oxides, i.e charge orderingynéf crystallization. The solid state
chemistry of low dimensional materials has bothesipental and theoretical interest
particularly in connection with their physical peypes. In here, we report MausOs, the
first charge ordered compound where the importasfceirtual excitations across the
Wigner gap has been convincingly demonstrated.cfystal structure description as well

as the results for the magnetic susceptibility specific heat are discussed.sNezOg,

10
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represents a new member of the family of mixedntatéain cuprates with a hole filling
factor of 1/3. From the effective one-dimensiongins’z Heisenberg model used to
analyze the magnetic properties of;8&0, and NaCusO,o the magnetic structure of
NasCuwOg is expected to be particularly simple: the spiafbey divalent copper ions on
next-nearest lattice sites within the chain shdolen dimers which are only weakly
coupled among each oth&urprisingly, this is not the case. We discuss the reasons for
the unexpected magnetic properties and presenautitptive theoretical analysis of the
susceptibility data. Also we developed the theoattmodel to describe the magnetism
and discuss the differences to the previously gsitled chain cuprates showing Wigner
crystallization, with special note on importancevotual excitations across the Wigner
gap. In the second part of chapter 6, we presemtezlv potassium copper oxycarbonates
Ks[CuO,][CO4] prepared along the azide nitrate route. In sgteat, such an option of
including carbonate anions in pervoskite relatedtimary oxides is widely excercised
and has proven to be a versatile measure, not tnlgnodify the stacking modes
encounteredd0], but also to improve the performance of cupratsdd superconductors

[31]. Thelast section is devoted to outline of results with eventual dosions.
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Chapter-2

Methods and instrumentation

2.1 Working methodology

2.1.1 Working under inert atmosphere

2.1.1.1 Vacuum and inert gas glass apparatus

Inert conditions are a prerequisite for the prefianaof most of alkalioxometalates
because of the sensitivity of not only startingivecthigh surface area) precursors but
also the end products towards moisture and airmidtly, argon is used as an inert gas
media under which these moisture and air senss#@raples are handled. The apparatus
(vacuum line) as shown iRigure 2.1 is made from borosilicate duran glass and is
attached to a rotary valve oil pump (Type: RD4, Mawand GmbH). The quality of
vacuum is controlled by a Pirani manometer (ThemeoVM 20, Company: Leybold)
within a range of 10-10° mbar. The vacuum assembly is filled with driedcargas.
Before use, the Argon gas from source is passedghrfour successive drying towers of
blue gel, potassium hydroxide, molecular sieve fmeike 3 A) and phosphorous
pentaoxide(FO10) on an inert substrate (Sicapent with Ga&$ an indicator, Merck),
respectively. This arrangement is used to remoeehtimidity and traces of Gand N
from the gas. And later after passing through tieler setup finally the gas is passed
through the “titanium oven” operated at 1023 K itite vacuum line assembly for further
usage. Equipments/tubes connected by glass spiraagled glasses (L-shaped angled
glasses connectors) can be evacuated and filled dited argon by opening the

concerned valve. The joints are sealed with siliggease (Wacker Chemie AG). Before
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use, the necessary glassware is heated under vagthutmmes and is simultaneously
rinsed with dried argon. The process of evacuategting, and refilling with argon is
repeated a couple of times to ensure that the apsais completely inert and free from
moisture. The flow rate can be controlled as perrdguirement. To find leakage in the
glass tubes and throughout the whole vacuum asgerabhigh frequency vacuum
examiner (VP 201, Company G. Lauer) is used. Thelevassembly is firstly evacuated

and then filled with helium gas throughout the adslg.

kanometer

Figure 2.1:Schematic representation of vacuum assembly

Later apparatus with special nozzle (sensitive utelisensors) are used to detect the
leakage in the assembly line. This whole procedsineevitable, if the “titanium oven” is

intended to be used at 1023 K.
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Hazards: The presence of moisture or oxygen may cause eres@xothermic reaction
(oxidation of titanium blocks into titanium oxideghich may burn the whole set up if

handled not professionally!!

2.1.1.2 Glove box

In the whole duration of work starting from day odéferent kinds of glove boxes were
used extensively. The glove box apparatus is ndynusled for picking single crystals,
preparing pellets for various reactions and alsgfeparing the reaction mixtures when
the active reactants (with high surface area) aresisve to moisture and/or oxygen.
Pellets of such reaction mixture can also be gdnadeixed in mortar pestle and later
pressed inside the glove box. These things arpassible with the inert gas setup shown
in figure 2.1, while they can be mastered effortlessly in thesglbox compartment (MT
200 - M. Braun). The cleaning of the inert gas @urpis done by passing it over the
molecular sieve. The quality of the inert gas (A0;39.9995%) and moisture contents
can be automatically controlled by special sensbh® water content inside the glove
box compartment is maintained below 0.1ppm andothgen content below 0.1 ppm.
Apparatus (e.g. evacuated Schlenks / tubes etsgraples can be taken inside or outside
the glove box compartment through airtight evaamthambers (big and small). The
chambers are filled with argon and evacuated sanaltusly three times (big chamber
automatically for 20 minutes and small chamber napdive times for 10 minutes) to
ensure the inert atmosphere inside the respediamiser and the whole glove box. For
certain samples even the long duration open staraglve box is not advisable due to

high sensitivity of sample to moisture. The glowe s a perfect tool for working and
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handling the moisture and air sensitive sampleshould not be recommended as storage
medium for ternary alkalioxometallates investigatedhe present study. For long term
storage the sealed ampoule under dried argon Sadenk technique is, however,

recommended.

2.1.1.3 Schlenk technique

Although latest glove boxes are good enough fortgieom handling of the compounds
but for long term storage purposes, the Schlenknigae is mostly used and is ideal for
handling such substances. The schematic representat the Schlenk apparatus is
shown infigure 2.2.

This technique was developed by Schledk [specially for handling air sensitive
substances. This equipment also allows for homagéon of the substances by
pulverizing it into powder with the use of a driglhss rod. The apparatus also helps in
filling the substances into glass or quartz capékaof various diameters (under flow of
argon), which are further used for X-ray analy3ise remaining substance is sealed in
small glass ampoules under the flow of dried ar§mnfurther magnetic and other
physical measurements. The Oxroehr (oxygen tubdjsatayed irfig. 2.2 (right panel)

below are used for drying the substances overnigtier vacuum.
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Figure 2.2i and ii) Schlenk tubes (upper cross section: LV of 29, iamg cross section LV 14.5:

a) = ampoules sealing unit and b) = capillaryrfiliunit.iii) A common drying tube (ox-Rohr).

2.1.2 Investigation under high pressure

For applying hydrostatic pressures during synthasd for inducing phase transitions, a
belt press and a multi anvil press were utilif2d The basic principle involved is the
generation of force by a hydraulic ram, that igHar transmitted via suitable anvils to a
miniaturized sample volume in order to generatgdaoressuresc(f. P = F/A). A belt
press (PUS 300A, Diefenbacher GmbH) is capabldtaineng sample pressures up to 8
GPa and temperatures of 12@ The sample is located in a sealed pot (voluraeset
mm®), which can be made of different materials (BN, Rty Pd, AJOs). The central part
comprises of a two conical dies of tungsten carlitierein the pressure cell is built up.
This is surrounded by two conical steel supporgsiand a hollow outer ring that allows
for cooling water circulation.

The press is powered using a fluid medium (hydeanilipump) and sample compression

is achieved by a pair of opposed conical tungstabide anvils. The hydraulic pump
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forces the assembled module upwards onto the wppél The uniaxial load generated
is transmitted to the sample via the pyrophillésembly that surrounds it. Pyrophillite is
a layered silicate that begins to flow under presand in this manner allows for the
exertion of a quasi-hydrostatic pressure (tangeftraes) on the sample. An electrically
heated thin graphite tube serves as the furnaaendrthe sample capsule attached to a
Ni-Cr/Ni thermocouple. Whereas in case where higitessure is solicited, a ‘6/8 type’
multi-anvil press (1000-Tonne, Voggenreiter & Soh@mbH) equipped with a steel
Walker module was employed. The material was pregtoand compacted into gold
capsules (diameter: 4 mm). The sample capsules Wwmaded into MgO/GOs
octahedron. Sample pressure was determined ora#ig &f predetermined pressure/load
calibration curves and sample heating accomplistied LaCrQ resistance heater and
temperature monitored/controlled by an in-situ tih@couple. Experimental conditions
employed were typically p=16 GPa, T= 1173 K, and@.%=h. Experiments were
terminated by rapidly quenching the sample to antbiemperature and slow pressure
release 15 h. Moreover, since at higher the prestue 'damping' effect due to the elastic
response of the anvil material to the applied Isagdronounced, thereby require the use

of calibration curves (applied load sample pressure) is inevitable.
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2.1.3 Azide-nitrate / nitrite route

Azide-Nitrate route is a very prospective routestmthesize ternary oxides of alkali
metals. In all the cases, the experimental proeedemains the same. The weighed
reactants: respective alkali metal azide, nitrai&jte are blended carefully with the
corresponding oxides of the transition metals. Ttiezy were finely ground in a ball-
mill, pressed in the form of pellet (6-13 mm diaergtunder 1®N, dried under vacuum
(10° mbar) at 423 K overnight, and placed under argoa fightly closed steel container

provided with a silver / copper inlay. This reaaticrucible is shown ifig. 2.3.

y

:
/'Y

&)

N

Figure 2.3:Reaction crucibles specially designed for the azideate route (hexagonal, steel
9S29-K) with Ag, Cu inlays. Double hole Crucible) Single hole crucible (c) Single hole with

double lining.
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Special temperature regime was applied for thetaeés that are kept in the crucibles.
Rapid heating of the mixture may cause some exgioas the nitrogen pressure shoots
up inside the crucible because of presence of azidelt was found to be safe when the
temperature was increased at the rate of 5 K/ith@l complete decomposition of the
corresponding alkali azide, particularly in the parature regime of 533 K till 653 K.
After the decomposition of the azide, the rateeofiperature can be varied. Silver inlays
can be used for the reactions in which the finedgerature does not exceed 1023 K.
Above this temperature, there may be a possilfitthese silver inlays getting damaged
or melted. Molybdenum or platinum crucibles weredigor carrying out the reactions
above 1023 K. Or preferably Alumina (Corundum) doles were also used.
As a particular strength of this procedure, thegaxycontent, and thus the valence state
of the transition metal, can be precisely fixedtly alkali azide/nitrate ratio weighed in.
At various illustrative examples, the "azide/nirabute" has been proven to be rather
versatile in providing highly defined materials shiog interesting structural and physical
properties 3-6]. The basis of the reaction is the Zintl and Baaniiis concept of mixing
of sodium azide with sodium nitrate or nitrite (Hqund Eq. 2).

5 NaN; + NaNQ = 3 NaO + 8 Nb 1)

3 NaNs+ NaNGQ =2NaO +5 N (2)
The method is not frequently used for the synthekiSa0 because of explosion danger
with uncontrolled pressure of;Njenerated within the closed crucible. However it
incorporation of respective transition metal binaryde as explained in detail 3], in
situ production of the alkali metal oxide that rieaih the corresponding transition metal

oxide (diluting the azide/nitrate mixture) to gitree desired product in pure amount.
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The main advantage of this route is the simplifaraof the preparative work and wide
variety of systems that can be handled. In additmrthe acid-base reactions, it is
possible to perform redox reactions with simultareeeeduction or oxidation of the

counter cation which is as shown in the followingiations.

5 KN + KNOs+ 3 CpO3=6 KCrG,+ 8 N» (neutral ) 3
14 CsN + 4 CsNQ+ 6 CgO,= 18 CsCoQ+ 23 N, (oxidizing) 4)
2 NaNs+ 4 CuO =2 NaCuyO,+ 3 N, (reducing) (5)

2.1.4 Crystal growth

Crystals were grown by high temperature annealingressed pellets of powder sample
welded in silver crucibles particularly designed &mnealing. Because of sensitivity to
air and moisture, pellets were prepared insidgltvee box. This silver crucible was then
transferred into a quartz tube, which was sealatiduin the form of ampoules under the
flow of dry argon as seen Fig. 2.4below. Later the sample was annealed between 500
to 1000 hours at a selected temperature insidectlved tube furnace. Depending upon
the thermal behaviour of sample at higher tempegatis seen by DSC, the respective
annealing profile was used. After long annealingeti the suitable crystals were
separated in the glove box compartment under tleeostope and picked up using a 0.1
mm sharp edged glass capillary and inserted in@3amm capillary. This zipped
capillary is finally sealed under dry argon usirgating filament, to be finally used for

single crystal analysis.
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Sealed guartz tube
1 Argon (low pressure)

*

Ag oylinder Aglid

Figure 2.4: Schematic of commonly used quartz foberystal growth.

2.1.5 High — temperature laboratory furnaces

The key in high temperature synthesis in solidestaemistry is the well calibrated single
zone furnaces that can be operated at higher temoperconditions with temperature
difference of less than 5 K. The high temperatwetiseeses in present study were
conducted in tube furnaces (LOBA type, HTM Reetz Bin Berlin) featuring
KANTHAL heating wire and capable of achieving temggares up to ~1273 K).

The temperature is monitored using Ni-Cr/Ni therogaes and regulated by Eurotherm
controls. Normally the quartz tube were placeddeghe furnace whereby the streaming
argon was required, however for annealing the sangil higher temperature, an

encapsulated sealed quartz tube was placed insdeotundum tube in the furnace with

automated central temperature control unit.

'H L
§ 11l

Figure 2.5: Single zone furnace (HTM Reetz GmbHiBeused for synthesis in present this study.
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2.2 Analytical techniques

2.2.1 X-ray diffraction methods

The close scrutiny and knowledge of atomic striectifrmaterials plays a pivotal role in
order to understand and improve the propertiehadd materials. An effective way to do
this is by means of diffraction techniques usiegitronsfrom nuclear reactors and particle
accelerators or X-rays from X-ray tubes aydchrotronsThesingle crystaldiffraction
technique, using relatively large crystals of thetenial, gives a set of separate data from
which the structure can easily be obtained. Howeawest materials of technical interest
cannot grow large crystals, so one has to resahtetpowderdiffraction technique using
material in the form of very small crystallites.&tirawback of this conventionabwder
method is that the data grossly overlap, therebygmting proper determination of the
structure. The "Rietveld Method" creates an effectieparation of these overlapping data,

thereby allowing an accurate determination of thecsure.

2.2.2 Powder X-ray diffraction

The variety of diffractometers that were frequentbed throughout the present research
study for recording the X-ray diffractogram to asam the phase purity and for
identification of the component phases of polyalste powder samples are listed in

Table-1.
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Table 2.1: The specification of various diffractdars used in present investigation at
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Max Planck Institute for solid state researckK}-Stuttgart

X-ray radiation

Sample geometry

Detector

Stoe Stadi-P: Cu- Ky

Capillary (Debye-Scherre

Image Plate PSD
26 angle range:140°

(A=1.54060 A) or Transmission mode (A26=0.1°)
Linear PSD

Stoe Stadi-P: Cu- K& | Capillary (Debye-Scherren 26 range:6°

(A=1.54060 A) or Transmission mode (A26=0.08°)
Linear PSD

Stoe IPDS: Mo- Koy

Capillary (Debye-Scherrer

20 range: 6°

(A=0.70930 A) or Transmission mode (A26=0.06°)
Stoe IPDS:  Ag- Ky, | Capillary (Debye-Scherre (222rgl_ngi:o)
(A=0.55941 A) or Transmission mode e

20 range: 6°

(A20=0.0001°)

Véantag-1 PSD

opening angle @= 6"

and resolutiom20 = 0.009.

Brucker D8:
(A=1.54060 A)

Cu Koy

Debye-Scherrer mode

20 range: 3.5°
(A26=0.1°)
LynxEye PSD Detector

Brucker D8:
(A=0.70930 A)

Mo Key
Debye-Scherrer mode

X-ray diffraction is based on the principal of ctmstive interference of monochromatic
X-rays and a crystalline sample satisfying the Bsalgw. These X-rays are generated by
a cathode ray tube (Cu, Mo, Ag) and consist of sdv@dmponents [I§, K,z and Kg].

K. has a slightly shorter wavelength and twice thensity as K. Kpand Ky, are
sufficiently close in wavelength such that a wedghtaverage of the two is used.
However in advanced Brucker machine the monochrienkah line is isolated by the
Vario-1 Johansson monochromator at the X-Ray tule. more need to numerically
subtract out the & from your data. These rays are further filteredusyng Ge(220)-
single crystal as a monochromator, collimated toceatrate, and directed toward the

sample. These diffracted X-rays are then detegmrmtessed and counted. By scanning
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the sample through a range dfafgles, all possible diffraction directions of tlagtice
should be achieved due to the random orientatiorthef powdered material. The
geometry of an X-ray diffractometer is such tha ample rotates on goniometer head
in the path of the collimated X-ray beam at an arfglwhile the X-ray detector is
mounted on an arm to collect the diffracted X-rajhen the geometry of the incident X-
rays impinging the sample satisfies the Bragg Eqoatonstructive interference occurs
and a peak in intensity occurs. The unique setgpating derived from this pattern can
be used to ‘fingerprint' the compound under ingasitbn. For typical powder patterns,
data is collected attZXrom ~2° to 90° (Cu diffractometer), and from ~8°40° (Mo and
Ag diffractometer). The material to be analyzedfirely ground, homogenized, and
average bulk composition is determined. Air semsitamples were sealed inside the
borosilicate glass capillaries [outside diametenfr0.1 to 0.5 mm respectively (glass
number: 14, Hilgenberg)] inside the glove box. Vaerthe air stable samples were stuck
by means of silicon grease on plastic foils for tbeording of the radiographs using flat
disc. To collect the diffractograms at higher terapgres the quartz capillary was placed
in round furnace attached to respective D8 diftvaetter. This instrument was also
equipped with a water-cooled heater stage (mri iRAlysche Gerdte GmbH), with a
temperature stability < 1 K that could be usedHigh-temperature measurements. The
correction of measured raw data (zero shiftrnvalues, if any) was achieved by using
elemental Si standard (cubic, Fd-3m, a= 543.08(8) @r the NIST line profile standard

SRM 660a (LaB Pm-3m, a=415.695 pm).
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2.2.2.1 Structure solution and refinement from powdr diffraction

Precise structure determination from crystallinewger data has become more
demanding in recent years, particularly in thedfief material sciences. Unfortunately
not all phases can be grown as single crystalsaaral consequence the usage of X-ray
powder methods becomes inevitable. Scattering ef ghwder samples gives one-
dimensional projections of the reciprocal lattizecontrast to three dimensional data of
the reciprocal space in single crystal diffractoipe©wing to the limited resolution of
the involved detectors while recording powder pate the information about the
intensity of some reflections can be lost due todysstematic and accidental peak overlap
of symmetrically non-equivalent reflections partarly in the case of crystal structure
with low symmetry and large lattice parameters. $éguently, structure solution and
refinement methods based on structure factors efrifrom extracted reflection
intensities usually cannot be employed in such scasdowever, if a crystal structure
model is already available then this problem cagitieimvented by a method developed
by Hugo Rietveld7, 8].

In certain cases where the structural model isrmpdete or calculated intensities might
deviate significantly from observed ones, the Letedinement is infact a right choice to
get good fit. It's a structure free approach whgréte refinement of lattice parameters
(space group and unit cell parameters, alongwighZihcorrection) results in good match
between the generated profile and experimental Dhe.Lebail method is infact a peak
extraction method used to refine the backgroundef@bhev polynomials), lattice
parameters and the peak profiles (Voigt approxiomtiThe lattice parameters obtained

via Lebail refinement can be used further for whiefile refinement.
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The structure refinement should be carried out wiitrect starting structural model with
all atomic positions. However if some atomic pasitare missing, the aid of difference
Fourier map (difference in electron density) carubed to calculate the missing atomic
position and complete the structural model. Howewerthe case where totally no
structure model is available, the method of sinadatnnealing based on global
optimization algorithms is extensively employedattempt to solve the structural model
from powder data. Careful monitoring of results d@ase in GOF (goodness of fit)
values) after every least square refinement cyathesvs the right progress of refinement,
and refinement should be carried out until the rexté agreement between the observed

profile and calculated profile (as determined east squares fitting) is optimized.

Once the initial crystal structure is solved, vadgcsteps can be done to attain the best
possible fit between the observed and calculatgdtalr structure. The final structure
solution will be presented with d&value (the reliability factor), which gives therpent
variation between the calculated and observedtstres: Quality of a solution is assessed

by the values of R wR;, and GooF.

The reliability factor of the refined data was defil as follows:

* R, often called theR-value, is the agreement between the calculated and
observed models. The formula for this value is B |R)|-|Fc| | |2 |R| |. Ideal
solutions would have R-values of 0, however, dueatmlom errors, this is
never achieved. R-values (listed as percents)s¥ fean 5% are considered
good solutions; high quality samples will oftenuksn R-values lower than

2.5%.
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* WR; is similar to R1, but refers to squared F-valuBEsis results in wR2
always having a higher value than R1.

* The final value,GOF, refers to the "goodness of fit" of the solutidn.
addition to the difference in F values, the GOPoatskes into account the

number of observed reflections and the paramesad.u

» The Profile R-factor......... ==Y |(IFol - FeDI /X |Fol

+ The weighted R.......... wWR= /S W (Fo - F) T/ X W (Fo)]

© Rep=V/N-P)/ Ziw vy (obsy

« The goodness of fit......... GOR /Y. W(Fo - F)]/ (N-P)

For all stages of crystal structure determinaticmmf powder diffraction data (x-ray or
neutron) starting with indexing of powder pattele;Bail/Pawley fitting to solution of
crystal structures (via a simulated annealing aggptill the final Rietveld refinement,
the commercial program TOPAS (Version 4.1 or 3.ykBr AXS GmbH, Karlsruhe,
Germany) was employed. For all other work with pewdliffraction data the Stoe-
WinXPow software package (Version 1.2, 2001, Stoe & CiebBmDarmstadt) was
used. This encompasses the powder patterns vatiah using Graphics-interface, raw

data handling, zero-point correction alongwith peakbration, calculation of theoretical
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powder diffraction patterns as well as routine gaave phase analysis of measured
patterns with the aid of powder diffraction datasas(“Search/Match” ultility,
PCPDFWIN Version 1.2, JCPDS-ICSD, ICDD, USA). Alctorial representations of
crystal structures depicted in this thesis wereatexd using the program Diamond
(Version 3.1b 2006, Klaus Brandenburg, Crystal lobp@bR, Bonn, Germany) and
Atoms (Shape Software, USA) whilst all graphicabtplwere made using the program
Origin (Version 7.5 SR4 2004, OriginLab Corporatiddorthampton, USA). Microsoft

Office 2003 Professional Software is gratefully rrmkiedged.

2.2.3 Precession technique

This method is used to quickly test the qualityhef single crystals, prior to sending it to
single crystal X-ray diffractometer (IPDS). Crystalere selected inside a glove box with
the aid of an optical microscope and appropriaterariools, mounted on the drawn-out
tip of a thin glass capillary (0.1 or 0.3 mm) viacuum grease and sealed inside a wider
capillary (0.3 or 0.5 mm) using a heating filamand then mounted into tubular steel
split pins (spannstift) using molten wax. The sengtystals glass capillary is mounted on
the goniometer head and Laue photographs were taiag precession cameras (Huber
Diffraktionstechnik GmbH & Co. KG, Rimsting) equipp with a Mo source plus
zirconium filters § = 0.71073 A) and image plate detector systemsderao select the

best crystals.
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2.2.4 Single crystal diffraction

Single-crystal X-ray Diffraction is a non-destruegtianalytical technique which provides
precise determination of the lattice parametersitipns of atoms within the lattice

(atomic coordinates), bond-lengths, bond-anglesl, @etails of site-ordering (thermal

displacement parameters). X-rays from the respectource are collimated and directed
at the crystal. Diffracted rays at the correct mia¢ion for the configuration are then
collected by the detector. Modern single-crystdiraiitometers use CCD (charge-
coupled device) technology to transform the X-ragtpns into an electrical signal which
are then sent to a computer for processing. Molybdeis the most common target
material for single-crystal diffraction, with MgKradiation = 0.7107A. However the

CuK, radiation = 1.54060 A are also used depending upenintervening elements

involved. Single-crystal diffractometers use eitt8er or 4-circle goniometers. These
circles refer to the four anglest(2, ¢, andQ) that define the relationship between the
crystal lattice, the incident ray and detector. dar present study the three circle
goniometers were used.

Single crystal sample are carefully picked inside glove box under argon using pre
dried grease and are mounted on thin glass capiltaimm) tip which is later further

pushed in 0.3mm capillary and sealed under argba.Zlpped glass capillary containing
the single crystal of interest after quality cohtwa precession technique is further
processed for single crystal X-ray diffractometnhere it is mounted onto goniometer
heads. Diffraction experiments on single crystatdlect the reflexes in the three-

dimensional area individually and thus make a sampdsk to solve crystal structures in

contrast to powder diffraction.
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The centering of the single crystal is done by stiljig of the x, y and z orthogonal
directions by viewing the sample under an attach&noscope or video camera until the
sample is completely centered under the cross-fairall crystal orientations within the
X-ray beam. There are however certain limitatiohgt the crystal quality should be
good enough (single crystal), the sample shoulstélgle and of reasonable size (between
50microns—1mm in size).The twinned samples can dadlled with difficulty using
softwares like TWINABS 9]. Data is typically collected between 4° and 6@ f@r
molybdenum radiation. A complete data collectionymequire anywhere between 6-24
hours, depending on the specimen and the diffrastisn Exposure times of 10-30
seconds per frame for a hemisphere of data williregtotal run times of 6-13 hours.
After the data collection; corrections for instrurted factors, polarization effects, X-ray
absorption and (potentially) crystal decompositiaunst be applied to the entire data set.
Later assignment of phase to strong reflectionsitenating to produce a refined fit using
direct methods and least-squares, gives uniquefgatases that can be combined with
the structure factors to determine the electrorsitiemap. Elements can be assigned to
intensity centers, with heavier elements associaiéid higher intensities. Distances and
angles between intensity centers can also be wseatdm assignment based on likely
coordination and chemical knowledge. If the sanmplef a known material, a template is
normally used for the initial solution.

Single crystal diffraction data were collected orntheee circle diffractometer (Bruker
AXS, Karlsruhe, Germany) equipped with a SMART-CCAPEX ), at 293 K. The
collection and reduction of date were carried oith whe Bruker Suite software package

[10]. Intensities were corrected for absorption effeqglying a multi-scan method]].
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The structure was solved by direct methods andedfby fullmatrix least-squares fitting

with the SHELXTL software packagéZ].

2.2.5 Raman spectroscopy

Raman spectra of a single crystal were collecteaser Raman spectrometer (LabRAM
system, Horiba Jobin-Yvon) with a laser excitatmwurce at 784 nm (20 mW diode
laser) coupled with the optical filters and a nailannel CCD detector. There are,
however, laser excitation sources of 532 nm (4mWdelilaser) and 633 nm (4mW He-
Ne laser) also available, which can be used depgndn sample composition and
structure. The microscope allowed for measuremérgpot sizes on the micrometer
range. The spectra were taken in the range of Z4WB-tm’ with the single crystal

zipped in the glass capillary, at room temperaR88K).

2.2.6 Energy dispersive X-ray spectroscopy (EDX+SEM

The atom ratio of the heavy elements was confirméd a (SEM) scanning electron
microscope (XL 30 TMP, Philips, Holland, tungstdecerode, 25 kV), equipped with an
integrated EDAX (EDAX, Traunstein-Neuhof) with aAld'W-Si(Li) (Super_Utra Thin
Window) detector (polymer window, active detectorface area = 10 mfh The images
of the single crystals were taken using SEM. Olsteymus of the shapes of crystals, the
crystal morphology, can suggest the regular extdamm of a crystal and shape can be
an expression of internal order. Energy Disper3ivay Spectroscopy (EDX) is mostly
used to probe the presence of heavier elementbensample. Mostly this is not a

guantitative technique, but it is used to probedhystals composition and morphology.
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The principle involved in EDX is the interaction wicident electrons (electron beam)
with inner-shell electrons of the sample. Whengample is bombarded with fast moving
electrons the characteristic X-rays are produceding the ionization process, a high-
energy electron ejects an electron from the inhett®f the atom, leaving a vacancy in
the shell. The excited atom returns to its inistdte filling the vacant place with an
electron from an outer-shell (recombination). Besawf the difference in bonding-
energy, the recombination process results in thsstom of characteristic X-rays. The
intensity and the wave length of this X-rays yigleantitative and qualitative information

on the elements present in the sample.

2.2.7 Thermal analysis

As the name implies it is the measurement of chalmaod physical properties of a
substance as a function of temperature. In thikwoermogravimetric analysis (TGA),

differential thermal analysis (DTA), and differadtiscanning calorimetry (DSC) were
employed to study the phase transitions and reispet¢composition temperature of the
substance of interest. The difference thermal ama§pTA) and thermogravimetry (TG)

were performed simultaneously, up to a temperadfire673 K with a Thermoanalyser
STA 409 C (Company: Netzsch, Selb). Using a Skimoaeipling (Netzsch) the volatile

decomposition products can be directed to a quélnnass spectrometer (QMS 421,
Balzers) and their mass up to 1024 m/e can be mezhsu

A differential scanning calorimeter (DTA 404, Neth¥ equipped with a NiCr / NiCu-

thermoelement (type E, Argon) was used. As a sahmitier, cylindrical Pt/Rh/Al
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crucibles (external diameter 7 mm, height 2.5 mnth Wwd were applied. The change in
the mass of the sample due to its decompositionsivaied by heating the sample to a
controlled temperature program in oxygen/argon apphere The decomposition products
were detected with a coupled quadruple mass speetes QMS 421 (Company: Balzers,
Hudson, NH, USA).

DSC technique was extensively used for study okpheansition in various compounds.
Two different instruments were used for the saigppse. For routine or more qualitative
purposes, a DSC 404 Cell instrument (Netzsch)zutgi a NiCr / NiCu thermocouple
(Type E) and argon carrier gas was used startorg fioom temperature till 1473 K. For
measurements below 873 K, powder was pressed mted aluminum crucibles,
whereas for temperature above 873 K the substara=e weighed into a corundum
crucible and compared with the measurement of gityehtank reference.

However for more precise measurements, with thecqbbssibility of low temperature
scans till 100 K, a Perkin Elmer Pyris 1 instrumeperating in power compensation
mode was employed. In this case cooling is achliexa liquid N> and the sample
measured in an inert atmosphere of He gas (Heliun gurity > 99.996 vol. %).
Samples were housed in B crucibles (Perkin ElImer) with an empty one\seg as a
blank. Sapphire served as an external standaml s@dmple measurement range on this

Perkin Elmer machine is from 100K till 950K.
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2.2.8 Temperature dependence of the specific he&)

Specific heat as a function of temperature of gy@gbtalline sample of almost all the
mentioned compounds were measured between 2 an# 88thg a commercial PPMS
(Physical Property Measurement System, Quantumgbe$i325 Lusk Boulevard, San
Diego, CA.) employing the relaxation meth{d®, 14] To thermally fix the sample tablet
(@ = 5 mm and thickness 1mm) to the sapphire samipliform, a minute amount of
Apiezon N vacuum grease was used. The heat capddite sample holder platform and
grease was individually determined in a separate and subtracted from the total

measured heat capacities.

2.2.9 Conductivity measurements

The conductivitys (S n1, or Q' m™) of a material differs and depends upon the
investigated substances around several orders ghitde. For metals it is about 10
10* S m* (Ag: 62.5-16 S m™) [15], for semiconductors around 100 =468 m™ (Si: 4.3
10* S m™) [15) and for insulator below I8 S m* [16]. A further unique characteristic
is the temperature dependence of the conductivdy.metals the conductivity decreases
during rise in temperature, and for semiconductbesresistivity drops down (positive
and/or negative temperature coefficient). The tatahductivity of a solid sample
comprises of ionic (cationic, anionic) and electcorparts. lonic conductivity
measurements were carried out for polycrystallae@e using ion-blocking silver (or
gold) electrodes by means of impedance spectrosé¢apythis purpose the sample was
pressed in the form of compact tablet (& = 6 mncktiess = 0.8 mm) using pressure of

350 MPa. The sample disc was placed into a quéass gell L7] and the measurements
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were performed under argon atmosphere at a rat& ofiin® both heating and cooling
cycles. The temperature dependent AC impedancetrap&eere recorded with a
Novocontrol Alpha-A 4.2 Analyzer in combination tvithe impedance interface ZG 4 in
a 2-wire arrangement in the frequency range sf0.5 to 20 MHz. Measurements and
data recording were carried out with the WinDetagpam [L8]. The bulk conductivities
were determined by non linear mean square deviatiowe fitting of the impedance
spectra using the WinFit prograrh9. A programmable DC voltage source (TR 6142,
Advantest Corporation) was used for collecting D@nductivity data (electrical
conductivity). The current was measured by a digmaltimeter (195 A, Keithley)
serving as a serial switched ampere meter. Thag®livas measured by another digital
multimeter (HM 8112-2, Hameg Instruments) which waarallely switched as a
voltmeter. The conductivity is determined afterweaatcording to the four probe “van

der Pauw method20, 21 with an in-built measuring system.

2.2.10 Magnetic measurements

The temperature dependent measurement of the niagansteptibility of any substance
gives an idea about the presence of the unpaiestrehs in that substance. The magnetic
moment values gives the information about the camgowhether it is diamagnetic,
paramagnetic, ferromagnetic, antiferromagnetic @rrirhagnetic substance. The
temperature dependence of the magnetic suscefytivdis measured on a spin quantum
interference device: SQUID magnetometer (Superccimy Quantum Interference
device) MPMS 5.5, (Company: Quantum Design, Sarg@i€CA, USA). This device

allows Investigations in the temperature range.@f800 K in a homogeneous magnetic
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field up to 7 T. The samples were sealed in supgh-guartz ampoules under high grade
helium atmosphere. For measurements above 350 Katin@le was contained in warily
dried SUPRASIL ampoule (& = 3 mm) that was longugioto extend over the coils of
the magnetometer inside the oven. To avoid anyticerof the pristine sample with the

quartz tube, use of gold crucible is recommendeshas/n inFig. 2.6 However, prior to

measurement empty gold crucible correction oughetperformed.

Figure 2.6:A standard supraseal quartz tube (@ = 3 mm) witld goucible used for high temperature

magnetic susceptibility measurement.

On contrary for low temperature measurement 4 mrd onm quartz ampoules were

used. For non-air sensitive samples, special getatosules can also be used.
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Figure 2.7:.The common Honda Owen plot of ¢hol (exp)vs H(Tesla") at various

temperatures at magnetic field approaching infiftit *=0].

In order to nullify the contribution to the raw datwhatsoever, from spurious ferro-and
paramagnetic impurities the Honda Owen corredi@®) 23]was made to the whole raw
data obtained at 1, 3 and 7 Tesla, at magnetid fipproaching infinity [H = 0] as
displayed inFig. 2.7. Later the data is further corrected for core etacttiamagnetic and
van Vleck contribution§24] to get the original spin susceptibiliyin. Thediamagnetic
contribution of the core electrons in closed shal be estimated by incremental method

of the all the ions as tabulated, e.g, by Selwj@ad 26].
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The plot of y* vs T gives a lucid view of the temperature depehdmagnetic
susceptibility of a given sample and grows almosdrly with increasing temperature

particularly at higher temperature (T >>@Tat various applied magnetic fields, whereby

the data can be fitted applying Curie-Weiss 1g.FC/(T-0)+YX,], with curie constant

(C), Curie-Weiss temperatur@) (), comprises all the extra contributions to the o

sample susceptibility: i.e: Temperature Independéagnetic Susceptibility [TIP], Van
Vleck, Diamagnetic susceptibilities contributionhish must be subtracted. The curie
constant (C) is related to effective magnetic mames:/ 1 = g[S(S+1)[Y? of the

respective metal cation as per following equation:

_Cc_ M

LR T
C _ Np gfi(j+1) p3

T 3KT

Hog™ O G+ 1)pg

Finally, the data handling using different modelkrevperformed using Microcalc Origin

(Version 7.5 SR4 2004, OriginLab Corporation, Narttpton, USA) program.

2.2.11Mossbauer spectroscopy

It is a powerful technique for extracting very psecinformation about the valence state,
coordination environment around central atom, ohatigtribution, magnetic and time-
dependent properties of a material. The essenciigftechnique is the recoil free

emission and absorption ¢frays by nuclei called as 'Méssbauer Effect’. Tdahmique
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of Mdssbauer spectrometry has been extensively @sedhe investigation of iron-
containing systems°{Fe isotope] and apart from that the other systemas ¢tan be
studied include'®sn, *'Eu, *?'Sb, and!®'Dy. A typical °'Fe Méssbauer spectrum
consists of sets of peaks (usually doublets anttsxdepending on what the Fe nucleus
"sees" in its environment. The nuclear environmgepends on a number of factors
including the number of electrons fF&EE*, Fe'™), the number of coordinating anions,
the symmetry of the site, and the presence/absanecegnetic ordering (which may be
temperature-dependent). Thus the spectrum of angsemple may consist of a
superposition of doublets and sextets. The expetmhesetup for Mossbauer
spectrometry includes a radioactive sour¢€q] sample, detector, and a drive to move
the source or absorber. For this ca¥€o is used as the radioactive source. By a
spontaneous electron capture, the source changesnetastable state 8fFe and then
decays to the ground state, emittingays, particularly a 14.41 keV Mdssbayerays.
The emitted rays are passed through the sampleevdoene of them are absorbed, and
then the remaining rays continue on to a detectorcan be seen in Fig. 2.8. To
investigate the energy levels [nuclear] in the damihe energy of the-rays beam is
varied through the energies for resonant absorptibme energy modification is
performed by moving the source relative to the e thus shifting energy as a result
of “the first-order relativistic Doppler effect”.df example, foP’Fe, moving the source at
a velocity of 1 mm/sec toward the sample incredise€nergy of the emitted photons by
about ten natural line widths. Very small energiftsiof nuclear levels [of the order of

108 eV] caused by hyperfine interactions between theleus and its surrounding
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electrons can be measured. These shifts can bevadnby Doppler shifting the energy

of the photon.

57Co Source Collimator Sample  Detector

Y%

Mossbauer drive |-{--l-----"1" t—3 —= |

Q

Figure 2.8 Setup for Mdssbauer spectrometry measurements.

For the 14.41 keV ray OfFe, the velocities needed are on the order of abwamn/s. An
energy range of + 10 mm/s would give an energyt stif..8 x 10’ eV to a 14.41 keVy-
ray, which is usually sufficient to investigate thssbauer energy spectrum foFe.
There are three main hyperfine interactions cooedimg to the nuclear moments
determining the nuclear levels: isomer sh#} (electric monopole interaction), which
arises from the difference in s electron densityveen the source and the absorbef{Fe
has a larger isomer shift than *He quadrupole splitting (the electric quadrupole
interaction,A which is a shift in nuclear energy levels thainiduced by an electric field
gradient caused by nearby electrons, and the nmugksaman effect (hyperfine splitting
due to magnetic dipole interaction for magneticariats only). Graphically, quadrupole
splitting is the separation between the two compbmpeaks of a doublet, and isomer
shift is the difference between the midpoint of tleeiblet and zero on the velocity scale.
The combination of all three parameters is ususlfficient to identify the valence state

and site occupancy of Fe in a given site and iddi& sample. Since Iron atoms
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[MBssbauer atom] in different local environments amith different oxidation states
absorb at different, diagnostic energies. Also bseaof low*>'Fe natural abundance

(2.19%) enriched sample is preferred.

2.2.12 Synchrotron radiation

Synchrotron radiation is the name given to radmtiwhich is produced when charged
particles are accelerated in a curved path or ¢apinagnetic field. Under acceleration
charged particles emit electromagnetic radiatidmctvin the case of relativistic charged
particles and acceleration by magnetic fields ikedasynchrotron radiation. In contrast to
X-rays, the intense synchrotron light beams areapdhaocused like a laser beam.
Basically it works on the principle of ‘cyclotrorce@elerator’ where the electrons are
accelerated in an alternating electric field witlcextain frequency, and rotated in a
uniform magnetic field. But however, if we change frequency of the electric field or
the magnetic field during the acceleration prociss,the synchro-cyclotron, and if both
the magnetic field and electric field are change, synchrotron. The radiated energy is
proportional to the fourth power of the particleesgd and is inversely proportional to the
square of the radius of the path. For an accelelia®a synchrotron, the radius is fixed
after construction, but the inverse dependenceyo€lgotron radiation loss on radius
argues for building the accelerator as large assiples At synchrotron radiation

laboratories electrons are induced via linear aragdrs [Tandem Linac] into a bunches
inside a vacuum storage ring and forced to traved iclosed loop by strong magnetic

fields. The bending of traveling charged partiokam is achieved by a magnet (bending
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magnet) as the Lorentz force. To altering the magrield, undulator is designed by
construct a periodical structure of many dipole n&tg. The synchronization of
undulator and the wiggler in synchrotron causentwaase the magnetic flux by orders,
and thus the energy of the particle beam increaB&edording to the emitted energy,
synchrotron radiations can be at different wavetlenfjom Infrared to soft and hard X-
rays. The high purity, high stability, collimatealllsed, narrow, brightly intense linearly
polarized electromagnetic beam are the specialepties of the synchrotron radiation. In
our investigation of high temperature structuralagsh transitions the synchrotron
diffraction patterns were collected at Swiss ligburce (SLS) Paul Scherrer Institute

(PSI), Switzerland.

2.2.13Neutron diffraction

The neutron powder diffraction patterns were olgdifrom the SINQ spallation source
of Paul Scherrer Institute (PSI), Laboratory foruMen Scattering, ETHZ & PSI, CH-

5232 Villigen PSI, Switzerland. Neutron diffragtids an effective tool to obtain

information on both, the structure and the dynamsicsondensed matter, especially in
studying the magnetic structure of compounds. Adroas are not charged but carry spin
thereby they do not interact with the intervenimgcton cloud surrounding the nucleus
(unlike X-rays), rather they interact only with timeicleus of the atom thus having a
unique ability to probe the magnetic structure g tompound thereby unraveling the
direction and magnitude of the magnetization ingid®lid. The moment carried by the
neutron gives rise to the magnetic Bragg scatteiing magnetic field produced by

unpaired electrons. The difference between X-ralgcf{ron scattering) and neutron
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(nuclear scattering) technique is infact in thettecag process. The scattering factor for
X-rays increases linearly with number of electramshe atom, so that heavy atoms are
much more effective at scattering than lighter ao8ince the neutron scattering factor is
almost invariant with siéfA , therefore the intensity of data points donotpdodf at
higher angles ob (in contrast to X-rays) thereby give more inforroat about the
structure and dynamics involved, particularly indting the exact position of light atoms
in the unit cell which otherwise is not possiblethwiX-ray diffraction. In neutron
scattering experiments, the diameters of the drekpresenting the atoms (e.g. for
CsFeQ) are proportional the coherent neutron scattelengths of 5.42, 9.45 and 5.80
fm(10™°m) for Cs, Fe and O, in contrast to X-ray, whers proportional to the charges
of 55, 26 and 8 for Cs, Fe and O respectively. Tthascontrast for “seeing” oxygen ions
is therefore much better via neutron than X-raytipalarly the details of the oxygen site
disorder at the structural transition points.

In our investigations a total of about ~4 g of wolystalline samples of the respective
compounds were sealed inside cylindrical vanadiwmtainers of 6 mm diameter for
neutron studies. The neutron diffraction data weodected at the neutron powder
diffractometer HRPTZ7] with the neutron wavelength=1.886 A, using the closed-
cycle refrigerator for the low temperature (10...30Q0and evacuated radiation-type
furnace for the high temperature (up to 1080, 1886 1100 K for A=K, Rb and Cs,
correspondingly) measurements. All the measuremeate carried out on heating the
samples from low to high temperatures. The crystfaicture determination was carried
out on the data collected from the high-resoluttRPT1 diffractometerd7] while the

data on the magnetic ordering were obtained by meah the DMC powder
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diffractometer situated at a super mirror coatedigudor cold neutrons at SINQ. &
2.567 A). The symmetry analysis of the possible me#ig structures has been carried out
with the program SARAh-2k, and the refinementsief parameters of both the crystal
and magnetic structure parameters were done wetlraiprof suite of programs with the

use of its internal scattering lengths and magreetittering form-factors for the ¥don.

2.2.14 MAPLE calculations

The Madelung constant alongwith related Madelurgrgnis one of several factor used
to predict the plausibility of crystal structureorfealculation of the Madelung part of the
lattice energy, MAPLE prograif28—30] was used. The MAPLE value of a compound
depends on the electrical charges of the catiodsaaions, their inter-ionic separations
and the way they are arranged in three dimensidtis n@spect to each other within
crystal structure and it gives an indication of thermodynamic stability of the structure.
The calculated value (kcal m9lfor ternary compoundnd the sums of the calculated
partial Madelung energies derived from respectivety oxides were compared. The
deviation of < 3% testifies the quality of the sture refinements and suggests that the
energetics of the crystal is in order. Inspectibmand lengths and angles gives a lucid
picture of the coordination sphere.

Throughout the present study both MAPLE values ai as mean fictive ionic radii
(MEFIR), effective coordination numbers (ECoN) amder-atomic distances were
calculated using the program MAPLE (Version 4.0,inea Hibenthal, Leihgestern,

Germany, 1993).
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2.2.15 Bilbao crystallographic server

The Bilbao Crystallographic Servemyw.cryst.ehu.g@sis a unique combination of
crystallographic databases and prograB8H. [The program SUBGROUPGRAPH was
employed for problems involving group-subgroup tielas (Wondratschek & Mueller,
2004; Mueller, 2004) between the aristotype higmmyetry and lower symmetry
structures space groups and how they arise frorsethad the aristotype, includes
consecutive steps of symmetry reduction of the typanslationengleich and
klassengleichalongwith the construction of Baernighausen—Staaum (relation tree).
Also other problems related to structural phasesitens, infrared and Raman selection

rules etc can easily be solved using the prog&é [
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Chapter 3

Synthesis of (active) starting materials

3.1 Synthessof alkali azides (AN3)

3.1.1 Lithium, potassium, rubidium and cesium azide s

Single phase powders in gram amounts (~10 g /esiogl of LiNs, KN3, RbN; and CsN
were prepared from hydrazoic acid (k)Nondensate. HiNcolorless, toxic, volatile, and
extremely explosive liquid at room temperature) pioduced by reaction between
aqueous solution of NaN99.5%, from Johnson Matthey) with very controligentle
heating (heating mantle) under the continuous dafpa0% HSO, (99.9%, Merck) in

flask (i) as shown schematically in Fig. 3.1 below.

|- thermometer

-water outlet

| distilling
llask

_~condensel
-~

o

cold water inlet distillate

Fig. 3.1: A schematic view of assembly used forgreparation of alkali azides
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1) 2 NaNs+ HaSOy = NaeSOs+ 2HNs

i) 2 HN+ A2CO3 = 2AN3+ HO + CQ [A =K, Rb and Cs]

The nascent volatile HNvapours are passed through the water condenserewher
liquefies and later gently pour into the respectadution of potassium (99%, Sigma-
Aldrich) or rubidium (99%, Johnson Matthey) and iges carbonate (99%, Sigma-
Aldrich) according to equation (iill].

Within the flask (ii) the respective carbonate slureacts with effervescence upon
addition of HN, drops. The absence of gBubbles formation confirms the completion
of reaction which can be counterchecked with néitytraf pH. After completion of the
reaction the solution of MN(M = K, Rb or Cs) is further dried on sad batl888 K till
the white precipitate settles down. The respectivite precipitates are finally dried
under vacuum at 423 K overnight. For the purity toanof azides, X-ray powder
diffraction patterns were takerFif. 3.2). However, the above mentioned drying
procedure should not be carried out in case oiulthazides, otherwise the LiNwill

blow up.

For the synthesis of all the akali metal aziddé; [A =Li, K, Rb and Cs] purchased
sodium azide (Sigma Aldrich, 99,9%) is used asarbe starting precursor. However,
in literature, the most common synthesis method NefN; synthesis is Wislicenus

proceesd.f ref. Brauer book [2]].
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Fig. 3.2 (i). Measured Powder diffractograms (gjeerd the calculated literature data (red-line
for (a) LiN3" (b) KN4 ¥
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3. Material synthesis

3.1.2 Drying Assembly (* Trockenpistole’ ):

In order to dry the small amount of substancesfanthe materials that are stable at
higher temperatures, the use of drying gun is &@Bl& option and is exercised in our
investigations too. One can evaporate by heatiagrbisture and other desired volatile
impurities from the sample. The overview of theidgygun is shown iifrig. 3.3. The
sample to be dried is placed in corundum boat atedt this boat is pushed in to the
drying kiln (A). The drying kiln (A, Gun Barrel) isquipped with a cylindrical bulb (B,
Gun-Handle), which carries the drying agentdI3 with indicator). From here the exit to
the vacuum pump is attached. Normally the drying igypreferred, where use of

completely dried precursor is the prerequisite am@mical reaction, as the moisture

completely hinders the reaction or changes the qlatbaction.

Fig. 3.3. The Drying Gun. Trockenpistole) A) Glass round bottom flask with the dessicant irdryagent
(Sicapent with indicator)B) Cotton ball for preventing turbulence and to grevthe worst case of mixing
the two substances during evacuati@Gh.Corundum crucible (boat) containing substanceearied.D)

Round glass test tube to be placed finally in tivadce.

Normally during distillation it is inevitable moygtito keep the sample free from water

contact, in particular, in case of moisture semsiprecursors like Li&y where the use of
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3. Material synthesis

“Drying Gun” is obligatory. On contrary to rest afkali azides , in case of LNone
cannot do open drying on sand bath etc, becauseasas the temperature comes back
to room temperature, it absorbs moisture quickly mmned from white to pink within a
couple of minutes. During drying the sample in dgygun the sample should be ground
thoroughly and preferably be placed in Corundum.bbae sample should not be heated
above its flash point. So prior knowledge of balipoint and flash point in case of
explosives is mandatory. To avoid any increasaternal pressure inside the drying gun,
during drying process, the sample must be slowcesated every 3 hours and later after
evacuation the vacuum valve should be closed, te@ lzaconstant vacuum condition
inside the Pistol. After the drying process of asin®4 hours, the evacuated drying pistol

should be transported to glove box carefully.

3.2 Synthesis of transition metal binary oxides

3.21 Iron (lll)-oxide, FeO3

Active iron(lll)-oxide FeOs; with high surface area was prepared by thermal
decomposition of Fe(©,).2H,0O in a flow of dry oxygen at 623 K for 20 hours.€Th
phase purity of the precursors was monitored byayXpowder analysis as is displayed in
Figure 3.4(a). The schematic representation of temperature lprefnployed for the

synthesis of active powder of f&is shown inFigure 3.4(b).
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Figure 3.4a) Measured Powder diffractogram (green) and the tatled literature daté! (red-line) from

Fe0;. b) Standard schematic view of temperature profile dsethe synthesis of F®;active powder.
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3.2.2 Cobalt (I1/111)-oxide, C0os04

Active cobalt(ll-1ll)-oxide, C@O, with high surface area was prepared by thermal
decomposition of Co(f0D,).2H,O at 623 K (20 hours) under streaming oxygen. Rer t
phase purity the X-ray diffractogram was taken as be seen in Figure 3.5(a). The

temperature profile employed is schematically repn¢ed Figure 3.5(b).

(b) Co304-septl® (FRange 1)
(a) [42-1467] Co3 04 / Cobalt Oxide (Range 1)
100.0
=y
L
-]
=
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©
Z
E
T
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400
200
oo ‘ ‘ | ‘| [ I
40 50 120 180 200 240 280 320 360 2Theta

Figure 3.5.a) Measured Powder diffractogram (green) and theutatied literature dat&' (red-line) for

Co0,. b) Standard schematic view of temperature profileldsethe synthesis of GO, (active) powder.
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3.2.3 Copper(l)-oxide, CuO

Active black colored copper (Il) oxide (CuO) witligh surface area was prepared by
thermal decomposition of CufO,).0.5H0O at 623 K for 20 hours under streaming
oxygen. For the phase purity the X-ray diffractogravas taken as shown in Figure
3.6(a). The schematic representation of temperature prefiiployed for the synthesis of

active powder of CuO is shown in FiguBé(b).

Cu0 selbst dargestellt 13.3.07

80000.0 4 (a) (b)

70000.0 4
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10000.0 -

I 1 1
0.0 — . . ! - 1 - | ] !
30.0 40.0 50.0 60.0 700 s0.0 2Theta

Figure 3.6a) Measured Powder diffractogram (green) and theutatied literature dat&' (red-line) for

CuO.b) Standard schematic view of temperature profileldeethe synthesis of CuO (active) powder.
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3.2.4 Chromium (I11)-oxide, Cr,03

Active green colored single phase powder of chromiiil)-oxide, CrO3 with high
surface area was prepared by thermal decompositiofiNH,4).Cr.O7) at 923 K (24
hours) under streaming oxygen. For the phase ptiv@yX-ray diffractogram was taken
as can be seen ihigure 3.7(a). Whereas the schematic representation of temperature

profile employed for the synthesis of active powdie€r,0Osis shown inFigure 3.7(b).

Cr203 000°C,Nov 27,08 Mo-PSD-1, 16h

(a) (b)
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1200.0 -
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Figure 3.7.a) Measured Powder diffractogram (green) and the tatled literature datd” (red-line) from

Cr,0; b) Standard schematic view of temperature profile dsethe synthesis of @D; (active) powder.
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Three dimensional magnetic Iron oxides.
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Chapter 4. TheAFeO, (A = K, Rb and Cs) family

4.1. Introduction

The cristobalite type of structure serves as th&aype for many important synthetic
and naturally occurring materials. In particularemhincluding stuffed and substituted
structure variants of general formueMO,, a vast family of solids is resulting that
imposes intriguing challenges for science. Besieanultifaceted phenomena related to
cation substitution and ordering on both, g&andM cation sites, the disorder transitions
even of the parent cristobalite ($)@ontinue to attract high interest. The exact reatf
the room temperaturea-type) and high temperaturegs-€ristobalite) form and the
microscopic transition mechanism involved has beeesunbject of great debate in the last

decades [1-22].

The structure otr-cristobalite studied earlier by Barth and Nieuwamip [1, 2] was
later well established from single crystal X-rajfrdiction studies (tetragonaP4s;2;2 or
its enantiomorphP4,2:2; a = 4.98 A c = 6.95 A) showing that the crystal structure is a

distortional derivative of the high temperatureypobrph,s-cristobalite[3, 4].

The “ideal” C9 type structure (space grou1'aj§m) formerly proposed forp-
cristobalite by Wyckoff [5] was soon discoveredbi physically inconsistent. Barth [6]
observed several reflections not allowed by spaoengdém, and concluded that the
correct space group R2;3. He proposed that the oxygen atoms of the i@8adtructure
may either be dynamically disordered and precesabmmut the [111] direction in an
annulus normal to the local Si—O—Si axgsristobalite is now understood to be a time

and space averaged structure [7-10].
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4. The AFe@(A = K, Rb and Cs) family

Table 4.1: An overview ai—f transformation in the cristobalite family

Chronological view of the (¢—f) transformations in Cristobalite in analogy with AF O, family
d-CRISTOBALITE B -CRISTOBALITE
orthorhombic (Pbca) a¥g = b2 = ¢ cubic,Fd-3m a=7 14A

« Whyckoff (1925)....High Temp. Powder XRD...C9 type
structure .Si-O-Si {180%) and Si-O = 1.54 A

+ Barth (1932h)

+ Barth (1932a)...P2,3.. Si-O-Si{#180%) &
) +Si-0(1.58-169 A)

+ Mieuwenkamp (1935).
*MNieuwenkamp (1937).._oxygen atoms are displaced from 16(c )
position and are randomly placed on circle of radius=0.3-0.55A

* Dollase (1965 and Peacor (1973)..,...... with circle plane L Si-Si axis

... (tetragonal, P42, 2 or its enantiomorph -Peacor (1973)....domains are dynamically changing

P4,2,2) j7TTmTmmmmmemememmmml configuration

ra=498k c=695A 1eThe erystalstr i yyright and leadbetter(1975) 142

S0 = ]601—1508‘&: storte erivative [l

i of high cristobalite i| *O'Keefe and Hyde (1976)...1-42d it's a partially collapsed form
«5i-0-Si=146.8 ! i| of C9 str., thereby reducing the symmetry from Fd-3m to l-42d
Lo} bytilting of tetrahedron

*Hatch and Ghose [1991] recommended that the o-to B-transition
is a fluctuation-induced first-order transition and that the B-phase
is a dynamic average of a-type domains of P4,2,2 symmetry.

It has taken many years to achieve a more realisticture model fof-cristobalite
and to better understand the microscopic phenomewalved [Table 4.1] in the
thermally induced reversible displacive structyahse transitiona{—f cristobalite) that
can be described via coupled rotations ofNit®, tetrahedra around mutually orthogonal
[110] rotation axes (in such a way that the cowwrnected polyhedra remain as close to

rigid as possible and/or minimizing the cavitieshe tetrahedral framework [11-22].
Alkali metal oxoferrates(lll) are known to form thiamily of compositionAFeQ

with A = Li [23], Na [24], K [25], Rb [26], and CR7]. With the exception of LiFeO
anda-NaFeQ all of them crystallize in stuffed structure vauts of S-cristobalite. They
thus belong to the structure family of feldspawt ils displaying an intriguing richness of

twinning and disorder phenomena [28, 29].

In another study thg (low temperaturePn2;a) to y(high temperatur®4,2,2) phase
transformation in NaFegfhas been studied by Rietveld refinement of neutrowder

diffraction, showing cooperative rotation of Fet@trahedra in the cristobalite related
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4. The AFe@(A = K, Rb and Cs) family

FeQy-framework [30].Order-disorder phase transitions among differetyrporphs of
LiFeO, obtained at different temperature have been systeatig studied using X-ray
powder diffractometry, neutron diffraction, Moessba spectroscopy and transmission

electron microscopy [31, 32].
Among the most simple stuffed variants of the obslite type of structure are the

alkali metallatesAMO, whereA represents an alkali metal preferably K, Rb orWasle

M is a trivalent cation, like Al, Ga, Mn, Fe or Qn.these cases the alkali metals enforce
a specific tilting pattern of the tetrahedral framoek structure, which has been revealed
correctly for the first time by E. Vielhaber and Roppe [33, 34]. They found out that
KGa(O, and RbGa@are pseudo-cubic, with the actual structure bemigorhombic, with
ab:c = 1:2:3. In correspondence to the similarity betwéem ionic radii of F& and
Ga", KFeQ also has this structure and one would expect Rbe@ CsFe®to be
isostructural, too. For all the representativesvkmahis fully ordered orthorhombic
structure is undergoing a structural phase tramwsito a cubic modification with a

dynamically disordereQO,4/-framework.

In this report we address the iron based subse0, with KFeQ, [35], RbFeQ [36],
and CsFe®[37]. In retrospective, the first member of thessuctural series, KFeO
was erroneously reported to have the fie@istructure with space grodeiém (CsAIO,
structure type) witra = 7.99 A° [38], but was later known to have a lowgmmetry
(KGaO;, type) structure [33]. Recently the crystal stroetof RbFe@ was investigated
on a six domain twin single crystal and was fouadé isostructural to KGa(36],
while CsFeQ was reported to crystallize cubic in the CsAl§pe of structure (Fig. 4.1)
[37].

These alkali metal ferrates obviously offer theraafive opportunity for a
comparative study of the implications as displalggdtuffed cristobalites. As a common
feature, these structures display a three-dimeabiwetwork of corner sharing tetrahedra,

FeQy,, providing space for including further cations fioe sake of charge compensation.
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Fig. 4.1. Crystal structure of cubic CsAl@op) and orthorhombic KGa@below), with unit cells drawn in
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All of the three ferrates show static disorder @ Itemperatures, frozen in by
twinning, and a transition to dynamically disorderpolymorphs of average cubic

symmetry at rising temperaturef,. section 4.3.3].

As the tetrahedral framework can easily undergdectve tilting motions, it is
adaptable to accommodate cations of various st4es flexibility, however, introduces a
complex variety of static and dynamic disorder, &nel above mentioned ferrates are
particularly well suited for studying the relatettustural order-disorder transitions in
comparison [21].

Since the tilting Fe-O-Fe angles and the transitemperatures vary systematically
with the size of the alkali ions. So from such stawal features one would deduce strong,
non-frustrated antiferromagnetic ordering, whicawbver, is expected to be modulated
by the systematic variations in the Fe-O-Fe angisaused by the counter-cations, and
possibly by the librational degrees of freedom. §,hibe title compounds appear to be an
appropriate reference system for studying inteticia between structural and magnetic

order-disorder transitions.

We have thus investigated the structural changéh temperatures and the
structural phase transitions of KFeCRbFeQ CsFeQ using X-ray single crystal
diffraction, synchrotron powder diffraction and fdifential scanning calorimetry. And
simultaneously the effect of systematic variationthe Fe-O-Fe angles as caused by the
counter-cations on the magnetic ordering phenoménaiso systematically studied by
neutron scattering experiments for the whole familyrespective potassium, rubidium

and cesium ferrates.
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4.2. Experimental

4.2.1 Synthesis

All the samples of the isostructural serdseQ, (A = K, Rb, Cs) were prepared
using the “azide nitrate route” [39, 40] from KNCE. Merck, 99%), RbN©®(E. Merck,
99%) and CsN@ (Sigma Aldrich, 99%) respectively, the respectalkali metal azide

(AN3) and active iron oxide (®3) according to equation (1).

5AN; + ANO; + 3 FeO; — 6AFeQ+ 8 N, (A=K, Rband Cs) 1)

The alkali metal azides were synthesized from agsiedN; and alkali metal
carbonate$41]. Active iron(lll) oxide, FgOs, was prepared by heating F€:2H,0 in
a flow of oxygen at 623 K for 20 h. The phase puoit the precursors was monitored by

X-ray powder analysis.

The starting materials were mixed in the ratio nefiaccording to the equation (1),
ground thoroughly in an agate mortar, pressedpettets (@ = 6 mm) under 101, dried
in vacuum (10° mbar) at 400 K for 12 h and placed under argoa antightly closed
steel vessel, provided with a silver inlay [40]. anflow of dry argon the following
temperature profile was applied: 298-533 K (1007®;t633-653 K (5 K h); 653Tax
(20 K b with subsequent annealing for 50 hTatx = 793 K for RbFe@ 833 K for
CsFeQ and 873 K for KFe@ The reaction vessels were cooled down slowly/® I (5
K h™) and then to room temperature at a rate of 100°'KTthe powders obtained are

very sensitive to humid air and must be handleahitnert atmosphere.
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4.2.2 X-ray single crystal diffraction

Single crystals of RbFeand CsFe@have been grown by post annealing the reaction
product at 783K (800 hours) and 773 K (500 houespectively. For this purpose, the
microcrystalline primary product was pressed inetlgts and placed in silver crucibles,
closed with a silver stopper. The crucibles weralexk in glass ampoules under dried
argon. Single crystals were selected in a dry bwkeu an argon atmosphere,(®,0 <
0.1 ppm M. Braun GmbH, Garching, Germany) and mountesiealed glass capillaries.
Diffraction intensities were collected with a SMARNPEX | three-cycle diffractometer
(Bruker AXS, Karlsruhe, Germany) with Mg, radiation § = 0.71073 A) at room
temperature (298 K). In case of Cskdéf@cause of the feasibility to achieve the traositi
temperature of 358 K, single crystal X-ray measuetis were also performed at 100 K,
298 K, and 400 K, with a 788° Cryostream cooler [Oxford Cryosystems Ltd., Oxford
UK (80-500 K)]. The collection and reduction of @atere carried out with thgruker
Suitesoftware package [42]. A detailed analysis of¢bkected diffraction intensities at
room temperature for all the three ferrates undeestigation revealed the twinning
phenomenon. The full pattern can be interprete@ asiperposition of six differently
oriented but identical diffraction patterns. Thentliang for data processing of this
reticular pseudo-merohedrally twinned crystal isalied in detail somewhere else [43].
An absorption correction was applied usiyINABS44] for the room temperature and
low temperature measurements; &ADABJ45] for the high temperature measurement,
respectively. The room and high-temperature strastwere refined by full-matrix least-
squares fitting with th&HELXTLsoftware package [46], within the space groBpsa

and Fd3m, whereby the atomic coordinates of KGa@d3, 34] and CsAIQ[47] were
used as starting models for the room temperatudehégh temperature modifications,
respectively. Experimental details on crystallogniapglata and data collection of RbFeO
single crystal are given in Tabke2, atomic coordinates and isotropic displacement
parameters are given in Talle, whereas selected bond distances (A) and angles€®)
given in Table4.4. Similarly, crystallographic data for singleystal of CsFe® at
different temperatures alongwith details about a&torooordinates and equivalent

isotropic displacement parameters are display8cbie4.5andTable4.6respectively.
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Table4.2: Crystallographic data for RbFg@t 298 K (single crystal diffraction data).

Crystal data Refinement
Chemical formula RbFeQ Refinement on F?
M, 173.32 RF?>20(F3)], wR(F3),S  0.053,0.126, 1.17
Cell setting, space group OrthorhombicPbca No. of relections 14009 reflections
Temperature (K) 298(2) No. of parameters 78
Lattice parameters (A) a=5.7568(7) Twin volume fraction | 0.1728(6)
b=11.514(1) Twin volume fraction I 0.1970(6)
c=16.283(2) Twin volume fraction IlI 0.1565(6)
V (A% 1079.2(2) Twin volume fraction IV 0.1472(6)
Z 16 Twin volume fraction V 0.1966(6)
Dy (Mg m™®) 4.267 Twin volume fraction VI 0.1299(6)
Radiation type Mo Ka
i (mm) 23.21 Weighting scheme Calculated w =
1[c*(F,?) + (0.015#) +
5.2299] whereP = (F,
+ 2FA)I3
Crystal form, colour Block, black (AO) max 0.002
Crystal size (mm) 0.25 x 0.20 x 0.20 DPrmase APmin (€ A7) 1.70,-1.86

Data collection
Diffractometer

SMART APEX, Bruker AXS

Statistic of the measured reflections.

Data collection method w-scans ) Domain
Measured  Unique |
Absorption correction Multi-scan  (based or
symmetry-related Domain | only 6940 785 1/4
measurements)
Ttin 0.006 Domain Il only 6960 785 —
Vi 0.011 Domain Il only 6972 788 —
No. of measured 89193, 14009, 8087
independent and observe Domain IV only 6948 785 —
reflections
Criterion  for observec | > 29(l) Domain Vonly 6955 786 .
reflections
Bmax (°) 37.3 Domain Vlonly 6954 785 —
2 domains 30597 3654 A
3 domains 13491 5286 14
6 domains 3376 1328 e
Sum 89193 14982 1

Computer program&PEX SuitgBruker AXS, 2005)SHELXL-97(Sheldrick, 1997)TWINABSSheldrick,
2007)ATOMS(Dowty, 2005).

69



4. The AFe@(A = K, Rb and Cs) family

Table 4.3Atomic coordinates and equivalent displacementrpaters (&) for RoFeQ.
Ueqis defined as one third of the trace of the orthwadizedU;; tensor.

Atom X y z Uegq

Rbl 0.75227(7) 0.00989(4) 0.06235(3) 0.02215(8)
Rb2  0.29890(7) 0.25920(3) 0.31403(3) 0.02196(8)
Fel 0.25374(6) 0.00565(4) 0.18853(4) 0.00900(7)
Fe2  0.78355(8) 0.25956(4) 0.43671(4) 0.01021(8)
01 0.3035(7) 0.1540(3) 0.1481(2) 0.0320(7)
02 0.1761(5) 0.1004(2) 0.6065(2) 0.0215(5)
03 0.0764(4) 0.2144(3) 0.9816(2) 0.0279(7)
04 0.9464(4) 0.9829(3) 0.2219(2) 0.0229(6)

Table 4.4:Selected bond distances and angles for RbBE&RQO).

Fel —oO1 1.853(3) Rbl  —O1 3.373(4)
—02 1.854(3) —02 2973(3)
— 04 1.851(3) — 04 2.845(3)
1.869(3) Rb2 —O1 2.961(3)
Fe2 —O1 1.843(3) 3.159(4)
—02 1.865(3) 3.207(4)
—03 1.861(3) — 02 3.000(3)
1.862(3) — 03 3.030(3)
Rbl —02 2.865(3) — 04 2.995(3)
— 03 2.855(3) 3.321(3)
3.279(3) 3.345(3)

3.409(3)

O1-Fel-02 108.5(1) Ol1-Fe2-03 113.0(2)
O1-Fel-04 108.5(2) 02-Fe2-03 107.4(1)

112.3(2) 108.0(1)
02-Fel-04 110.1(1) 03-Fe2-03 110.2(1)

108.9(1) Fel—-Ol-Fe2 149.8(2)
O4—Fel—04 108.6(1) Fel-02-Fe2 140.2(2)
O1-Fe2-02 108.0(1) Fe2 - 03-Fe2 144.7(2)
Ol1-Fe2-03 110.1(2) Fel—0O4—Fel 140.9(2)




Table 4.5: Crystallographic data for Cske& different temperatures (obtained from single

crystal diffraction data).

4. The AFe@(A = K, Rb and Cs) family

Temperature /K 100.0(2) 298.0(2) 400.0(2)
Formula weight 220.76
Crystal system orthorhombic orthorhombic cubic
Space groufy. Pbca 16 Pbca 16 Fd3am, 8
Lattice constants /A a=5.8876(6) a=5.9137(6) a=8.406(1)
b=11.855(1) b=11.894(1)
c=16.733(2) c=16.776(2)
Volume /A 1168.0(2) 1180.0(2) 593.9(1)
Density (calc.) /gm™ 5.022 4.971 4,938
Diffractometer SMART APEX |, Bruker AXS
Radiation type Mo-Ka, 0.7103 A
0 range /° 2.43-35.07 2.43-35.12 4.20-34.56

Absorption correction

Reflections collected
Independent reflection&;
No. of parameters

Ri[F? > 20(F?), wR(F?)
Twin volume fractions

Deposition no.

Multi-scan (based on symmetry related measurements

TWINABS [37]
12681

79

0.094, 0.255
0.175(1), 0.242(1),
0.170(1), 0.175(1),
0.117(1), 0.121(1)
CSD-421171

TWINABS [37]
11953

79

0.120, 0.362
0.180(2), 0.238(2),
0.174(2), 0.176(2),
0.117(2), 0.115(2)
CSD-421172

SADABS [38]
2102

84, 0.037

5

0.154, 0.615

CSD-421173
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Table 4.6:Atomic coordinates and equivalent isotropic disphaent parametertle, /A% for

CsFeQ at different temperatures (refined from singlestay diffraction data).

Temperature Atom Site X y z Ueq

100 K Csl 8c 0.75324(6) 0.00477(4) 0.06221(3) 0.0179(1)
Cs2 8c 0.2897(1) 0.25518(3) 0.31295(3) 0.0197(1)
Fel 8c 0.2502(1) 0.00323(8) 0.18715(6) 0.0070(2)
Fe2 8c 0.7737(2) 0.25474(7) 0.43551(6) 0.0077(2)
01 8c 0.306(1) 0.1414(5) 0.1373(4) 0.027(1)
02 8c 0.186(1) 0.1123(5) 0.6143(4) 0.020(1)
03 8c 0.0520(9) 0.2229(4) 0.9859(3) 0.0177(9)
04 8c 0.9617(8) 0.9899(4) 0.2323(3) 0.0158(8)

298 K Csl 8c 0.75287(9) 0.00263(5) 0.06220(4) 0.0295(2)
Cs2 8c 0.2771(1) 0.25272(5) 0.31305(4) 0.0319(2)
Fel 8c 0.2501(1) 0.00234(7) 0.18713(6) 0.093(2)
Fe2 8c 0.7681(2) 0.25289(8) 0.43569(6) 0.0093(2)
01 8c 0.313(2) 0.1383(6) 0.1354(5) 0.047(2)
02 8c 0.185(1) 0.1199(6) 0.6207(5) 0.040(2)
03 8c 0.0373(9) 0.2257(5) 0.9908(3) 0.024(2)
04 8c 0.9723(9) 0.9932(5) 0.2370(4) 0.028(1)

400 K Cs 8b 3/8 3/8 3/8 0.059(4)
Fe 8a 1/8 1/8 1/8 0.021(3)
(0] 16c 0 0 0 0.071(9)

Table4.7:Bond angles Fe—O—Fe /° in the orthorhombic low terafure phases é&feQ; (A =

K, Rb, Cs), describing the twisting of the Reg€trahedra.

Angle KFeO, RbFeQ CsFeQ CsFeQ CsFeQ
(Sync.) (Sync.) (Sync.) (X-ray) (X-ray)
298 K 298 K 298 K 298 K 100 K
Fel—Ol1—Fe2 147.8(8) 152.8(1) 160.7(9) 156.3(6) 158.0(4)
Fel—O2—Fe2 136.3(8) 141.5(1) 155.1(1) 152.2(5) 149.2(3)
Fe2—0O3—Fe2 138.7(7) 146.5(1) 153.7(4) 158.5(4) 153.4(3)
Fel—O4—Fel 132.8(7) 140.9(1) 155.3(7) 161.6(4) 154.8(3)
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4.2.3 High-resolution synchrotron powder diffractio n

The synchrotron X-ray powder diffraction experinemwere carried out at the
powder diffraction station of the Materials Scien¢®S-Powder) beamline at the Swiss
Light Source [SLS], with the use of the Microstripetector Mythen-I1[48]. The
diffraction patterns were collected on heating phevder samples enclosed in the
Hilgenberg quartz-glass capillaries with a diamét&mm in the STOE oven, with an X-

ray wavelength of 0.497 A.

The Synchrotron patterns were measured in the rah@e= 298-1239 K with steps of
8 K for KFeQ, in the range oT = 298-783 K with steps of 5 K for RbFgQvhereas data
collection for CsFe@was done in the range @f= 298-409 K with steps of 1 K. Upon
heating the sample partial decomposition of theparwas observed particularly in the
case of KFe@and RbFe@parallel to the evolution of the (high temperatpodymorph)
crystal structure [49—51]. It is grace to the hrgsolution of the synchrotron diffraction
patterns collected which allowed for the phaseatitieation, and for a multi component
Rietveld refinement. The collected data were refinsing the program Fullprof [52]

based on the Rietveld procedure.

4.2.4 Neutron diffraction experiments.
A total of about 4 g of polycrystalline samples thfe respective AFeO

compounds were prepared in several batches alandattide nitrate route” [39—41],
under argon stream as described in previous seftibr.2.]. Each batch was checked
with X-ray diffraction to confirm its purity as anglle phase. The samples were sealed
inside cylindrical vanadium containers of 6 mm déen for neutron studies. The neutron
diffraction data were collected at the neutron pemdiffractometer HRPT [53] with the

neutron wavelengthA =1.886 A, using the closed-cycle refrigerator fdre tlow
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temperature (10—300 K) and evacuated radiation-fypgace for the high temperature
(up to 1080, 1030 and 1100 K for A=K, Rb and Csrespondingly) measurements. All
the measurements were carried out on heating thplea from low to high temperatures.
We used the advantage of the previously carriecheutron diffraction experiments on
exactly the same samples, Used for synchrotronystuad though unlike in the
synchrotron X-ray diffraction measurements, we wiid observe any decomposition of
the samples upon heating, probably because of fusgnadium container in the neutron
diffraction experiments. The necessity for the asboth synchrotron X-ray and neutron
diffraction was two-fold. On the one hand, we nekdbe high resolution of the
synchrotron data in order to precisely monitor streictural parameters in the proximity
of the phase transitions, where the splitting dfralction lines due to the orthorhombic
distortions is becoming really tiny. On the otheantd, we intended to tackle the
correlations between the magnetic ordering and dhestal structure in the title
compounds, in particular the details of the oxyges disorder at the structural transition
points, thus the use of neutron diffraction for sii@neous crystal and magnetic structure
study became indispensable.

The symmetry analysis of the possible magnetiacgiras has been carried out with the
program SARAh-2k [54], and the refinements of tlaeameters of both the crystal and
magnetic structure parameters were done with thiprbti suite of programs [52] with
the use of its internal scattering lengths and reigrscattering form-factors for the ¥e

ion.

74



4. The AFe@(A = K, Rb and Cs) family

4.2.5 Thermal analysis and magnetic susceptibility measurement
The differential scanning calorimetry (DSC) measugats were carried out with

a DSC device (DSC 404 C, Netzsch GmbH, Selb, Geyjaring a NiCr / NiCu
thermocouple (Type E) operating in a heat flow mdde samples were heated at a rate
of 5K min! in a corundum crucible under dry argon. Whereaspfecise temperature
dependence of the specific heaeasuremendf a polycrystalline sample AFeG, a
Perkin Elmer Pyris 1) instrument operating in a power compensation mpdeas
employed with inert atmosphere of He gas (He 4usityp 99,996 vol. %). Background
contributions were subtracted using external sapptalibrations to give specific heat as

a function of temperature.

The magnetic susceptibility(T) of polycrystalline single phase powder sampids
RbFeQ andCsFeQ have been measured in the temperature range frigrnto2800 K in
magnetic fields up to 7 T using a SQUID-Magnetom@#PMS 5.5, Quantum Design).
For measurements above 350 K the sample was cedtainwarily dried SUPRASIL
ampoule (@ = 3 mm) that was long enough to exterm the coils of the magnetometer
inside the oven. Later the data is further coricbcter core electron diamagnetic

contribution to get the original spin susceptiijtyin[55].

4.2.6 Mossbauer Spectroscopy on RbFeO , and CsFeO,

The samples with the chemical composition RbfF@@d CsFe® have been
investigated by Mossbauer spectroscopy at roomeesiyre and high temperature. The
Moéssbauer spectrum was folded to 510 channelsdfittith theRecoilprogram (Lagarec

K, Rancourt DG 1998, Recoil-Mdssbauer spectralyammakoftware for windows version
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1.02, Department of Physics, University of Otta®dtawa, ON.) with Lorentzian lines,
and decomposed into subspectra with parametetseedbtlowing meaning: isomer-shift
(IS) relative toa-Fe (mm/s), half width™ of the lines with Lorentzian shape (mm/s),
guadrupole splitting QS (mm/s), internal magnetgdf H (T), and ared (%) of the
different subspectra. The convergence of the iteraand they*-value of the final fit
served as an indication of the quality of the refirent.

The Mdssbauer spectroscopic measurements were imake velocity range of -10/10
mm/s because the peaks of the magnetic subspeeti@cated in this velocity range. The
measuring time was very long for each measurememietmes lasted upto 37 days

because of the low intensity of the peaks causatidjow iron content in the sample.

4.3. Results and discussion

4.3.1. Single crystal X-ray diffraction

The diffraction intensities of the investigated stats of RbFe® and CsFe®
were collected, integrated and indexed, firstly gtéirst approximation) on the basis of
the cubic crystal system witliunic = [16.283(2) A, Ri; = 0.097)] for RbFe@and
acunic = 16.784(2) A at 298 K and 16.7123(2) at 100 K, @sFeQ crystal respectively.
This is an eightfold unit cell with doubledaxis compared with e.g*-cristobalite type or
CsFeQ [27]. The displacement parameters were found to be nawlhigh, and no O-

atoms could be localized in the difference-Foumep.
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No peak-splitting is observed with MaKradiation; Figure 4.2 shows the zeroth
and f' layer of the reciprocal space of the Rbke@ystal under investigation,

constructed pixel by pixel from the original CCRufnes using thBrecessiormodule of

hkO T — hkl
Fig. 4.2. Reciprocal layerdk0 andhkl (refer to twin domain 1) constructed pixel by @iXrom the original
CCD-frames. RbFeqQ .......... CubicP: m3m................ *16.283(2)A........... Rt = 0.097]

the Bruker Suitesoftware package (Bruker AXS, 2005). For this pohae only the
orientation matrix is taken into account, whichoals a detailed exploration of the
reciprocal space, independently from the latticestants. The observed extinction rules
h0O: h = 2n; 0kO: k = 2n; 00: | = 2n leads to the space group2;3 (no. 198) andP4,32
(no. 208). Only inP2;3 the heavy atoms could be located, forming a 3ok of two
interpenetrating diamond-like structures, consgstofi respective alkali atom and iron,
exclusively. By far too high thermal parameters evebtained during the structure
refinement. The second crystal of Rbza@der investigation withRy,; = 0.35 for the
cubic symmetry revealed that both crystals showespecial kind of twinning with

different volume fractions of the twin individuals.
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The structure of KGag)[33, 34] is known to be an ordered variant of @&AlO, type.

The latter one represents a stuffed undistgftedstobalite typed = 8.098 A,Fdém).

The structure of KGafis orthorhombic with the space gro®bca The unit cell

contains 16 formula units with lattice constantater] to the CsAl@type of structure

according to equations (2).

a=a(CsAlO,)/N2, b= a(CsAIO)\2, c = 2a(CSAIOy)

Table 4.8:The twinning matrices to transform the orthorhominid cells.

(2)

@ (b)
%, 1 0 % 1 0 100 02 0
-% 1 0 ¥ -1 0 010 % 0 0
0 0 2 0 0 -2 001 00 -1
0 0 2 0 0 -2 Y -1 2 Y -1 -2
% 1 0 % 1 0 v o1 Y Y -1
~% 1 0 % -1 0 Y % 0 Yo Y% 0
¥ 1 0 % 1 0 ¥ 1 -2 ¥ o1 2
0 0 2 0 0 -2 Yo voo1 Yo Yo -1
~% 1 0 % -1 0 Yy % 0 Y Y5 0

Starting from cubic lattice of CsAlOthere are six possible orientations (six

transformation matrices) which can be chosen ferdtthorhombic system [Table 4.8

(a)]. These matrices were used to create a muttipomenthkl-file from the raw data set

of the RbFe@and CsFegxrystals during the integration procedure with Bmaeker Suite

software package (Bruker AXS, 2005), which can beduwith the HKLF5 option in
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SHELXL (Sheldrick, 1997). The twinning matrices to tramsf the orthorhombic unit

cells into each other are displayed in [Table #)8 (

The reflection intensities were corrected for aptson and analyzed with the program
TWINABS(Sheldrick, 2007). The analysis of reflection the case of RbFeflndicates
that from all reflectionslf;) of e.g. domain /4 belong to this domain exclusively,
3la/8 belong to two domaind,/4 belong to three domains ahg/8 belong to all six
domains. This confirms that the special relatiohghe lattice constants bring out a
reticular pseudo-merohedral twin: only a partiaimter ¢eticular) of the reflections are
overlapping completely in three dimensiomsefohedra), there are either completely
overlapping or non-overlapping reflections, there ao partial-overlapping ones by
coincidence, like it is observed for e.g. dovetaiins. The twin lattice igpseudecubic
because of the approximate equatie® = bv2 = ¢, and the twin lattice index is
[i] = VeusidVortno = 4 Veubic = 4137.2(2) A) [56].

Figure 4.3shows the ¥ reciprocal layer of RbFeOtwinned crystal with the
reflections of each domain highlighted. It is shatvat all visible intensities are indexed
by at least one of the six twinning domains, ane #mpty' reciprocal space is left

unindexed.
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Fig. 4.3.Reciprocal layehkl (refer to twin domain 1) of RoFeQrystal. The reflections of the corresponding

domains are emphasized by circlek 1 for domain | and Ilh —2h+1 | for domain Ill,h 2h—11 for domain 1V,h 2h+11

for domain V anch —2h—11 for domain VI. The directions of the reciprocakayof each domain are drawn in.

The intensities, belonging to one domain only, @oé affected by the twinning and
they have been used for structure solution. Thiatism yielded the positions of the
heavy atoms Rb and Fe. With the complete datairsgdtiding all six domains, it was
possible to locate the oxygen atoms via differeRoarier synthesis. All atoms were
refined anisotropically, and the resulting twin wole fractions showed reasonable values

in the order of magnitude of 1/6 for all six dongisee Table 4.2).
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aV8=bv2=c,[j]=4

CsAIO,

(b)

Fig. 4.4. a) The interrelation of lattice constahétween the orthorhombic (KGg@n ordered variant of the CsAIQ
type @ewid. “[ a= a(CsAIO)/A2, b= a(CsAIO)V2, c = 2a(CsAIO,)]” b) Reciprocal layerhk0 for the orthorhombig
room temperature phase, with pseudo cubic symnultey to twinning, and the cubic high temperaturesphaf
CsFeQ. The polyhedron represents the six different aatons (six colors) of the six domains. Withoutyipg
attention to the colors, the polyhedron has theiocsbmmetrymém, which also corresponds to the Laue group

observed in the diffraction pattern.

In case of CsFeQsingle crystal’ because of the feasibility to sste the transition
temperature of 358 K, single crystal X-ray measuets were performed at 100 K, 298
K, and 400 K. The measurements confirm the occuger phase transition as depicted
initially in DSC investigations. The disappearaméesome of the intensity peaks at 400
K is clearly visible (Figure 4.4(b)). It has turnedt, however, that like for RbFeQn

CsFeQ also the apparent cubic symmetry is an artifaosed by superposition of six,
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differently oriented domains, resulting in a relaou pseudo-merohedrally twinned
crystal. The orientations of the six domains apresented by the polyhedron shown in
inset of Figure 4.4b), where each domain is shown in a different icoldne twinning
phenomenon is a result of the phase transitiorttansla result of the synthesis procedure
at high temperatures and the subsequent coolimgdm temperature (transformation

twin).

In Figure 4.5 (b), fragments of the crystal struesuare shown on the example of
RbFeQ, with the illustration of the strongly anisotrogibaracter of the atomic thermal

vibrations of the oxygen atoms at high temperat(ifegure 4.5 (b), top).
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Fig. 4.5. a) Phase transitions detected by difteakacanning calorimetry (DSC). b) Fragment of RO

Structure with thermal motion of oxygen at high parature.

These observations allow for tentative approachatmnalize the mechanism of
phase transition. In fact, one may even think efghase transition mechanism in such a
way that as soon as with raising the temperatm@ease in the atomic displacement
parameters become large enough, the oxygen atammp®jfrom a given position with a
well-defined Fe—O—Fe bond angle into a symmetnca#llated state illustrated in
Figure 4.5 (b) (top) where these angles are ofsmaltso preserved. In time-average, all
these equally possible orientations are observddrin of an apparently 180° Fe—O—

Fe angle with unphysically-short Fe—O bond lengiusd strongly anisotropic
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displacement parameters for the oxygen atoms. Relyethe bending angles lock in,
when lowering the temperature, and due to the syimymelations (Figure 4.6), which is
the origin of the observed twinning phenomenonrdhae six possibilities of how this
ordering can take place. Figure 4.5 shows, on #anele of RbFeg) two of the six

possible mutual orientations of thé[FeQ,;]~ framework, with the displacement
ellipsoids drawn for one of them, indicating a wefidered structure, but a twinned

crystal.
The group-subgroup relation [57, 58] between thst@type CsAIQ and KGaQ

include two consecutive steps of symmetry reductibtypetranslationengleich{t3 and
t2, Figure 4.6), which can be associated to multyianing in terms of 'twins by twins',

and resulting in six (3x2) twinning fractions asehlved. Figure 4.6 shows the
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Fig. 4.6. Group-subgroup relation between CsAlahd KGa@Q, including the coordinates of RbFg
and how they arise from those of the aristotypeAlOs. Given boxes contain: element, Wyck

symbol, site symmetry, atomic coordinaxey, z

nff
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group-subgroup relationBérnighausen-StammbaufB9]), including the possible site
transformations. This structural feature is probable reason for the twinning of the

crystals under investigation.
In principle the }[FeQy;]” framework in the investigated crystal of Rbke&hd
CsFeQ corresponds tg [SiOyy] in p-cristobalite. The O—Fe—O bond angles in case of

RbFeQ examined crystal ranges from (108.0(¥T1O—Fe—O< 113.0(2)°), indicating
slightly distorted tetrahedra (Tab#e4). The bending angles on the oxygen atoms are
140.2(2)° < OOFe—O—Fe< 149.8(2)°, and they differ distinctly from the aevalue
(180°) reported fop-cristobalite. Whereas in case of Csk@@estigated single crystal
(at 298 K) the bending angle on oxygen atoms (O—&ebend angles ) varied from
152.2(5)° to 161.6(4) ° wherby the Fe-O-Fe conmastiare much more “straight” than in
RbFeQ and in KFeQ@ well in conformity with the bigger size of cesiurtom. (Table
4.7) Whereas on heating the ‘single crystal’ of €3Fat around 400K reveals the
disappearance to tiny reflections correspondingrtborhombic distortion, confirming
the structural phase transition from KGa§pe of structure to the CsA}Qtructure, with
the bending angle Fe—O—Fe of actually 157° to seglyiapproach 180°, due to
librational disorder. The Figure 4(B) gives a lucid view of structural phase transitas
observed in reticular pseudo-merohedral twinnedstafyof CsFe® seen via single
crystal X-ray diffractometry. A comparison betwettie atomic coordinates of RbFgO
and CsFe@(refined from single crystal X-ray diffractometrghd the idealized values
indicate that the major structural changes, in amspn to the CsAI® structure, is

caused by a shift of the oxygen atoms, and to setesxtent on heavy alkali atom and
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iron respectively [60]. The relatively large disptment parameters determined for the

oxygen atoms, at room temperature [27] supporstaement.

The twinning consequently is infact a result of thgnthesis procedure at high
temperatures and subsequent cooling to room temoperdgtransformation twin). A
comparable twinning phenomenon is also observedh®rstructurally related high/low
phase transition of cristobalite (S)O Below 500 K the cubic high-temperature
modification @-cristobalite) transforms into the tetragonal l@mperature modification
(a-cristobalite) with three or six different twin dams present [3, 4]. The twinning
phenomena reported here also is related to thealtdAlbite twinning [61] in the
sodium feldspar (NaAlgDs) caused by a displacive phase transition (collagsthe
framework when the cation in the cavity site is smoall) from high Albite (monoclinic)
into low Albite (triclinic). This is in contrast tthe Pericline twinningin K-bearing alkali

feldspar caused by an order-disorder phase transitithe Al/Si site [62].

4.3.2 Thermal analysis and magnetic susceptibility charaerization

The thermodynamics of the high temperature pheamesition was investigated using
DSC and the specific heat measuremenpolycrystalline sample of KFeQ RbFeQ

and CsFe@ showing transitions to occur at ~988 K in caseKée(,, ~ 721 K for
RbFeQ, and ~346 K for CsFeQrespectively. For each measurement, values of the
transition enthalpy AH wansiion Were determined from integrated peak areas, bed t
onset temperature {Je) from the intersection of tangent with an integietl baseline

(c.f Table4.9).
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Table 4.9: AHyansiion @and Tonset Values obtainedria specific heat measurement of

polycrystalline sample of AFeamples (A=K, Rb and Cs)

Sample ID AH tansition / KI/mol | Tonset/ ° C Peak/°cC
KFeO, 0.11 X1=696.67 a)= 703
— X2=704.12 b)=727*
RbFeO, 0.41 X1=437.41 c)=439
CsFeG 0.27 X1=66.95 d=71
— Xo=72.42 e)=74

As is evident from table above in case of Kk¢ke peak at 703°C and at 727 °C
(*extrapolated value) can be assigned explicitlystauctural and magnetic ordering /
transition respectively. Whereas due to limitatioomeasure the sample above 730 °C in
Perkin Elmer machinePlyris-1 we could not observe any kink in commensuratéheo
magnetic ordering temperature in RbkRe@nd CsFe® respectively. However as
displayed inFig. 4.7,the peaks (c, e) at 439 °C (712 K) and 74 °C (34dé&icts the
onset of structural phase transition temperatureuinidium and cesium oxoferrates
respectively. However, the small shoulder in cds€sieQ at 71 °C, is still mysterious
and similar behaviour is observed in case of higmperature neutron scattering
experiments, where the data is fitted only for TS X (c.f section-4.3.4.1) and in case
of temperature dependent magnetic susceptibilitasmeement, the structural phase
transition at ~350 K manifests itself by a pecutyaat this temperature (Fig. 4.8\hich

is a subject of further investigation?
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