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Phase formation, crystallography and ionic
conductivity of LiMn orthosilicates
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ABSTRACT: On the orthosilicate join, $i0s-MnSiOs, the new phase

LisMnosSiOs and a range of kioxMniSiOs VROLG VROXWLRQV ZLWK a

been prepared and characterisedMino sSiOs is orthorhombic, space grodpnma

with a = 10.722(3)Ab = 6.239(2)A ¢ = 5.052(3)A. Combined analysis of X-ray and
QHXWURQ SRZGHU GLIIUDFWLRQ GDWD VKRZ {WKDW LW\
tetrahedral structural family typified by 4BQu, but with additional Li in
partially-occupied, distorted octahedral sites. These octahedralasttdsmked by a

combination of edge- and face-sharing, similar to that in the néckehide structure

and their partial occupancy is responsible for ahitm conductivity of eg ~ 1x1®

Scmitat 60°C, with activation energy 0.93(1) eV, which is many orders of magnitude

higher than that of kMnSiOa.



Introduction

Orthosilicates with the general formulaMSiOs (M = Fe, Mn, Co) have been
proposed as possible cathodes for lithium ion batteries due to their high theoretical
capacity (333 mAh/g), based on the assumption that tivimhs can be
(de)intercalated per formula unit during charge/discharge reattidbsmputational
modelling showed that the theoretical voltages for thé"®Wm3* and Mr#*/Mn**
redox steps are in the range from 4.1 to 4.5 V, which is favourable for high energy
cathode materials, whilst those of#Ee** and C3*/Cao*, 4.8 to 5V, are outside the

voltage stability window of usual liquid electrolytes

LioMnSiOs shows four main polymorphs, characterised by different distributions and
orientations of LiQ, MnOs and SiQ tetrahedra. These polymorphs are orthorhombic,
in space groupBmr2; andPmnh and monoclinic, in space group2:/n andPn’.
Crystallographic studies are reviewed in the Supporting Information of reféyence
which also includes comments on possible inaccuracies in partial site occupancies i
structural reports based on powder diffraction data. Information on the polymorphism,
crystal structures and electrochemical performance of the Mn, Fe and Co analogues
are highlighted in referenée The four polymorphs of kMnSiO;, are all related to

WKH DQG |EcRle®dtettivedral sifilRtures based afPCy and are given
a notation based on isostructuraldnSiQs phase<®! though there appear to be

some inconsistencies in the literature over polymorph labelling. In these struttures



Mn and Si cations are distributed over various tetrahedral sites within a distorted
hexagonal close-packelcp, oxygen array. The key features of the four structures are

illustrated in figure £ 1214,

The Pmr2; andPn polymorphs are structurallyy H O D W HR&y,\ivi RhicH &ll the
tetrahedra point in the same direction. They may be described as cation-ordered
wurtzite superstructures with different ordering arrangements ahdpaoxygen
sublattice. Inth®mr2; IRUP LVRVW U X BP0 JZIYWR WIKH QRWDWLF
LioMnSiO4, chains of LiQ tetrahedra run parallel to tlheaxis together with chains of
alternating Si@and MnQ tetrahedra. In the metastalBla form, prepared by
ion-exchange of N&InSiOx at 300°C *2, chains of alternating Li©and MnQ
tetrahedra run parallel to chains of alternatings%i@d MnQ tetrahedra. Both of
these structures have 3-dimensional frameworks built of corner-sharing tetrahedra
which each corner is shared between four tetrahedra. Within this framework, empty

tetrahedral and octahedral sites are also present.

ThePmnbandP2/n VW U XFW XUHV DsP® abdtanhiaiwieti@hatirR that/ L
SRLQW uXSY DQG PGRZQYT LQ WZR RULHQWDWLRQV 7KH H
edge-sharing tetrahedra which link through their corners to form a 3-dimensional
framework. In théP2:/n form, pairs of LiQ/MnO4 and LiG/LiO4 tetrahedra share
edges, whilst th@mnbvariant contains groups of three, LifRiO4 MnOa,

edge-sharing tetrahedta



Li2MnSiOs with the Pmr2; structure was prepared by Domingial. by a sol-gel
method!, whilst Politaewetal. reported the monoclinie2:/n polymorph prepared by
solid state reaction in+at 950-1150C 13, A phase transition of ktMnSiOs from the

WR WKH  SRuBs\& RrauBK7FE 1°. The electrochemical performance of
Pmr2; LioMnSiO4/C composites is reported to be much better than that 6f2ite
phase and is attributed to differences in activation energies and hopping distances
Many studies have been reported with the objective of improving the electrochemical
performance of LMnSiOs as a potential cathode material for battery applications. It
has a low electronic conductivity (about*®/cm at room temperature), but carbon
coating!’, reduction in particle siz€and doping®have all been used to enhance its

physical and/or chemical properties, increase the conductivity and prolondifeycle

The crystal structure of low 1$iO4 has a large monoclinic unit cel € 11.54A b
= 6.09A,c = 16.65A, =99.5), with Li located in a number of crystallographically
distinct sites that have coordination numbers of 4, 5 &dd\uch of the early work
on LisSiOy and its solid solutions was based on a subaetl§.14A,b = 6.10A,c =
5.30A, =90.5), since the superlattice peaks were too small to detect. On heating,
LisSiOs undergoes a complex sequence of transitions over the temperature range 600
to 750°C 2. Structural information on the intermediate phases and the high
temperature form above 780 is not available, although there are many similarities

between their X-ray diffraction data, indicating a strong structural sirgilarit



In orthosilicate systems, tetrahedral-structure phases of general foraMiBiQi
form with M=Zn, Mg, Co, Mn and F&'% The Zn and Mg systems also show
extensive solid solution formation and composition-dependent polymorphism on the
joins LisSiOs-M2Si0s 2122 A limited solid solution range was reported kg=Mn 3,
In a more recent study, although non-stoichiometric compositions on the
orthosilicate join were not studied directly, Rietveld refinement of XRD data of phase
mixtures indicated the presence of an Li-rich composition with a structure derived
from that of LbMnSiOs. Analogous compositions in the germanate systems have been
widely studied and Li-rich compositions wiki=Zn have exceptionally high Lion
conductivity. Indeed, their discovery triggered interest in the so-called LISICON
materials®®. One objective of the present work is to survey similar compositions on
the orthosilicate join wittM=Mn to seek possible new phases and measure their
properties. Here we report the formation of new solid solutions basedSi®4and

a new, Li-rich, ionically-conducting phasesMnosSiOs Z L W KelBted structure.

Experimental

Manganese(ll) oxide (Sigma-Aldrich, 99%), lithium carbonate (Sigma-Aldrich,
99%) and silica (Alfa Aesar, 99.5%) were dried at B@nd used as reagents.
Samples with composition £:bMn14SiOs between LiSiOs(L2S) and MrSiOs(M2S)
were prepared in two stages (using the abbreviations suel asdM.Sin whichL,
M andSrefer to the oxides kO, MNO and SiQ, respectively). First, the

end-members were prepared by reaction in Au boats &3 12 h in air (29



and in Pt boats at 120Q for 20 h in N (M2S). Second, mixtures df,SandM2Sin
different ratios were reacted in Au boats at 800n an atmosphere of 5% lth N
for 10 h. Small samples of each composition were subsequently heated in Pt

envelopes at 100 in Nz for 30 min and then quenched into liquig N

A Stoe STADIPXUD\ GLIITUDFWRPHWHU ZLWK W®GLDWLRQ DQG
linear position sensitive detector (PSD) was used to collect powder X-raygtififra
(XRD) data for phase analysis and lattice parameter calculation; Mooadias
used instead of Cu to avoid problems with background fluorescence. Patterns were
recorded over the ranged® (°) d40, which covers d-spacing range of 1.0dd(A)
d8.14 (although data were collected over a limitedahge only, large datasets were
obtained because of the short wavelength of the Mo radiation). The neutron powder
diffraction (NPD) measurements were performed using the GEM diffractometer at the
ISIS Facility, Rutherford Appleton Laboratory, United KingdéinData were
collected using the detector bank covering the scattering angld® 79 d106
(chosen as it provides the most suitabkpacing range and/d resolution) and over
the time-of-flight range 3.@t(msec) d19.5. The latter corresponds td-apacing
range of 0.45dd(A) d2.92; it is important to note that the NPD data retained good
resolution at low d-spacings, which is essential to minimise correlations Ibetwee
thermal vibration parameters and fractional site occupancies. The powdered sample
was encapsulated in a cylindrical, 11 mm diameter, vanadium can and measured for
approximately 2 h. Rietveld refinement of the XRD and NPD data used the EXPGUI

interface of the GSAS suite of prograffis



For electrical property measurements, pellets of2iMn1xSiOs were sintered at
800 to 1000°C for 4 h in an N2 atmosphere. Electrodes of either sputtered Au or
Au paste were fabricated on opposite pellet faces. Pellets with electrodbsdtta
were placed in an in-house built conductivity jig inside a horizontal tube furnace and
measurements recorded in. Mmpedance data were collected using a Solartron 1260

with a voltage of 100 mV ac and a sweep frequency range frénolD? Hz.

Results and Discussion

Compound and solid solution formation

Results are presented using the general formuladin; xSiOs. Composition x = 0,
LioMnSiOs (LMS) is already well-established in the literature, as are the end-member
phases, x = 16S) and x = -1, (25). XRD results for samples heated at 8G0
followed by programmed cool at®&/min are shown in figure 2 and for samples
guenched from 100®C in figure 3. From these results, several new, single phase

compositions were established and are summarized in table 1.

At the composition x = 0.5, a new phaseMio sSiOs (LsMS) was prepared. XRD
data forLsMS were successfully indexed using an orthorhombic unit cell of
dimensionsa = 10.722(3) Ap = 6.239(2) A ana = 5.052(3)A, whose systematic
absence conditions on reflections were consistent with space Bnoug(see table
2). These assignments indicat¢/aAVURQJ VLPLODULW\ WR WKH WHWUD
as LePOy and the LISICON solid solutions. However, unlike the Zn-based LISICON

solid solutions that have been reporte®f and which have variable composition,



LsMS appears to be either a line phase or a phase of limited compositional extent
since samples of x=0.4 and 0.6 both contained significant amounts of second phases
in addition toLsMS as the main phasksMS was prepared in No control the

oxidation state of Mn as 2+ and is stable to at least ¥D00n heating in air,

however, its colour changed from dark grey to orange and extra lines appeared in the
powder XRD pattern; these were not characterized further. Oxidation appeared to
have occurred, therefore, but could be reversed by reheating sampédiatN800

°C.

L,SIRUPVY DQ HIWHQVLYH UDQJH RI VROLG VROXWLRQ RYH
polymorphic forms. The high temperature form observed within the samples
guenched from 1008, figure 3, has a very similar powder XRD pattern to
stoichiometrid_.S. Data for x = 0.7 are listed in table 3 and were indexed on a similar
monoclinic subcell to that reported earlier ko, as referred to above. The variation
with composition of the lattice parameters of the solid solution (referred.sbas
quenched from 100%C is shown in figure 4, showing that the unit cell volume
decreases witmcreasing x whilst thé lattice parameter increases. Although the
number of data points is small, the solid solution limit at 1 estimated to be
0.76(2), consistent with the phase analysis results reported in table 1. We have not
made any attempt to determine whether the solid solution limits of any of the phases
show significant temperature-dependence, other than noting the observation that the
compositional limits of single phase samples that were either slow-cooledB00

°C or quenched from 100, were similar.



As shown in figure 2, the low temperature fornlLgb sshas extra XRD lines and
appears to be a superstructure derived firo® The intensities of the extra lines
increase with decreasing x and, again, the solid solution limit is approxmatel
0.75. Further characterization of ldwSsshas not been carried out, but we note the
similarity of the XRD data and the extra lines to data obtained for analogous éth-bas

L,S solid solutiong?.

Two forms oL MS ZHUH HQFRXQWHUHG WKL) ihfhefamMeSDFH JUR X
slow-cooled from800& DQG WKH IR UP2/N §ueicHed ftbR AETC.
In Li-rich compositions, the polymorph obtained appeared to change aRdhtite

YDULDQW ZDV REVHUYHG LQ D VORZ FRROHG VDPSOH RI [
little or no solid solution with varying x (see table 1), since phase mixtures were
observed in samples quenched from 180D0From the literature obMSand its
polymorphism'3, it has been reported that a solid solution forms over the range

0.2>x>-0.2.

Rietveld refinement of the XRD and NPD data faMinh sSiOs

The unit cell dimensions and space groupaMS determined from the XRD data
(table 2) strongly suggest that its structure is LISICON-related. As a conseginence
starting model chosen for refinement of the XRD and NPD data was based on that of

LisPQy, with the positional coordinates for the Si and O taken from those reported
for Ge and O, respectively, indnosGeQ, 28. With the initial assumption that the Li

and Mn occupy tetrahedralbp-ordinated sites within the anion sublattice, there are a



total of 32 such positions within the unit cell, generated by 6 symmetry-independent
sites 4 sets of 4-fold sites at'/s,z, etc (one of which is occupied by Si) and 2 sets of
8-fold general positions aty,z, etc To determine the distribution of the Li and Mn
cations over the available tetrahedral sites, preliminary refinements weryerzs

using the NPD and XRD data separately. In the former case, the relative coherent
neutron scattering lengths of the atomic specigsovided a good sensitivity to the
locations of the Li/Mn cations, but did not distinguish between these two spedies we
In the latter case, the XRD method was highly complementary and sigtiificzore

sensitive to the location of Mn than of Li.

The process described above provided a starting model in which the Li and Mn
appeared to be disordered over two tetrahedral sites, one 8-fold position labelled
Li1/Mn1 and a 4-fold position labelled Li2/Mn2. Simultaneous refinement of both
XRD and NPD datasets was then used, with the two backgrounds (coefficients of a
10th order shifted Chebyschev polynomial), two scale factors, the lattice parameters
and two sets of peak shape parameters refined in sequence. This was followed by
allowing the positional parameters and then the isotropic thermal vibration parameters
to vary, which resulted in reasonable agreement between the measured anedalculat
diffraction patterns for both radiations. Finally, the two ratios of Li and Mn on the two
tetrahedral positions were varied, subject to the constraint that both sites remained
fully occupied. At this stage, the quality-ofc W S D U ) iradl awhlue of$5.01 and

the chemical formula corresponded t@ d7oMno.43;5SiOx.



To identify any additional lattice sites that might contain Li and/or Mn, a &ouri
difference map was constructed using the NPD data. Significant scattering was
observed at two 4-fold sites, with fractional co-ordinates around'Q,Z1.05,etc
and¥/,,0,0,etc These are essentially octahedrally co-ordinated positions, though the
former is somewhat displaced from the centre of the octahedron. Trial refinements of
partial occupancies of these new sites using the XRD data alone, and with all other
parameters fixed, indicated that both these sites were partially occupie@tohé.i
level of around 0.2. This was subsequently confirmed by simultaneous refinement of
the XRD and NPD data, with the two new sites labelled Li3 and Li4, respectively
Final fits varying all parameters, including the positional, isotropic thermaltnabra
and occupancy parameters of the Li3 and Li4 sites, gave an excellent fit to both
diffraction datasets, with the experimental, calculated and difference profilea ghow
figure 5, the values given in table 4 and a goodnesisko¥4.$8. Derived bond
lengths are summarised in table 5 and bond angles for the cation-centred polyhedra
are given in table 6. The composition obtained from these refinements,
Li2.86(0.09MnNo0.46(0.035104, is within two estimated standard deviations of the expected

composition olLsMS.

Crystal structure of 13Mno.sSiQy

The crystal structure azMS is related to that of other Li-rich LISICONs and can
EH UHJDUGHG DV DO Qerivdiiw stiedilkeRTIE arfangement of the anion

sublattice is close tocp, with a shift of the O2 oxide ions by ~0.5A broadly along the



c-axis and displacements of the O1 and O3 ions away from their ideal positions by
~0.3A principally within theab plane. The positional parameters for the

correspondindncp-based structure are included in table 4.

The distortions of thécpanion sublattice result in one of the 4-fold sets of
tetrahedra becoming slightly smaller, and these are occupied by the Si cagons (se
table 5). The remaining tetrahedra also become distorted, as shown in figiesdo(
6(b). The arrangement of the tetrahedra occupied by Lil/Mn1, Li2/Mn2 and Si is
shown in figure 5, with their bases forming ttpeoxide layers perpendicular tpbut
withamixtuUH RI WZR RULHQWDWLRQV SRLEaMsLRahdHLWKHU pX
T. (see figure d 7KLY FRUUHVSRQGV WR WKH SRO\KHGUDO DU
VWU XFW X ULisPM. X ReKSIQ trahedrahare only their corners with
(Li/Mn)Og4 tetrahedra, whereas edge-sharing occurs between the (LiiMn)O

tetrahedra.

A projection of the structure down the [001] axis is shown in figubog W(ith half
the unit cell contents in theedirection of several unit cells shown. Two adjacent
distortedhcp oxide layers are shown as black and red spheres. Between the oxide
layers tetrahedral sites in both.Bnd T orientations can be seen but, overall, only
half the available tetrahedral sites, bothaiid T, are occupied, in an ordered fashion.
There are different ways to view the ordering; for instance, as rows of corner-sharing
tetrahedral sites, either @r T., which run parallel to [110], such that adjacent rows

alternate between having sequences of three occupied - one empty sites and three



empty tone occupied sites. Alternatively, parallel to [010], there are infinite double

chains of edge-sharing (Li/Mn)@etrahedra in which all Tand T sites are occupied.

Thus far, the structure ®6MS LV YHU\ VLPLO D:ROWR therdbNv R1 - /L

structured polymorph of EMnSiOs. However, additional Li3 and Li4 occupy

partially some distorted octahedral sites, shown as blue and yellow spheresain figur
ZKLFK DU H-LtP&.VWWhe bc@ahedral sites in thep arrayhave the same

distributionas the octahedral sites in the NiAs structure, wadjacent sites share

faces in the direction and edges in tlad plane. InLsMS, only half the octahedral

are occupied, partially, but in an ordered way by The combined occupancy of the

octahedral sites is, however, only a small fraction, around 8%, of all the available

octahedral sites.

The only other structural report of a Li-rich LISICON phase is for compositions,
Li2+2ZMm-xGeQy 28, For the specific composition x = 0.5, the Lil/Zn1 site is, similarly,
fully occupied by a mixture of Li and Zn. The Li2/Zn2 site distribution is more
complex, however, and full occupancy is achieved by partial occupancy of an
additional, face-sharing L&ésite. The grossly-distorted Li3 octahedral site is partially
occupied by Li in both structures but with rather differecbordinates. A major
difference from the present structure is thatdZn:«GeQ, forms a very extensive
solid solution over the range -0.36<x<0%and, therefore, a continuous variation of

same site occupancies with composition is expected. Partial occupancied.af the



sites were reported in 44Zno 2sGeQ, as well as isMS, but this site appears to be

empty in the analogous Zn compositiongdrio sGeQu.

Electrical property measurements

Impedance data of a sintered pelleLg¥S, are shown in figure 8 and indicate two
main components in the impedance Z* response, see figa)er8g high frequency
arc is attributed to the sample bulk, as shown by overlapping peaks at high frequency
in WKH FRPELQHG 019 =1d). Vit totv Wequency ingledrspike is
attributed to a capacitive impedance at the sample-electrode intedat@ven by
capacitance data in figuret( which reach values as high as 30 puFcn 0.01 Hz
and 164°C; this indicates that conduction is predominantly ionic. From the low
I[UHTXHQF\ LQWHUFHSW RI WKH LPSHGDQFH DUF RQ WKH =
resistance were obtained and are shown in Arrhenius format in figdr&'@é data
may show slight curvature, but to a first approximation, are essentially lindaanvi
activation energy of 0.93(1) eV. The conductivityleMS is attributed to Liions,
therefore, and is many orders of magnitude higher than tha8{space group
Pmr2;), shown also in figure 8f. Depending on temperature, the conductivity of
LsMS is also 1-2 orders of magnitude higher than that8f Impedance data aMS
(not shown), contained no evidence of a low frequency, high capacitance electrode

spike and its very low conductivity is, therefore, probably electronic in origin.

The Li" ion conductivity ofLsMS appears to be related directly to the

partially-occupied octahedral sites since, inRnenbpolymorph ofLMS the



octahedral sites are empty and the phase is an electrical insulator, both ionic and
electronic. Only ~8% of the octahedral sites are effectively occupiesM&,, but

this is made up of partial occupancy of half of all of the available octahedral $iges. T
structure therefore has a NiAs-like network of face- and edge-sharing octaedra
whose partial occupancy and ready site exchange accounts for the high level of Li

ion conductivity.

Impedance data of highpS ss(not shown) were similar in general appearance to
those ofLsMS; a low frequency inclined spike with capacitance values at low
frequency of >1 puFcnhindicakedthat these materials are alsoioonductors and
therefore thaki* ions are the likely charge carrier. Arrhenius plotks&&and the
high and low forms oE>Ssswith x = 0.75, are shown in figurel®( The
conductivity of the high form df>Sssis slightly higher than that of25 and
approximately one order of magnitude higher than that oLi®ss The
superstructure XRD peaks observed in la8ssare probably a consequence of
ordering within the crystal structure and trapping of some of the mobiieris and is

responsible for the reduction in conductivity.

Conclusions

LisMno sSiOswas readily prepared by solid state reaction in an inert atmosphere to
prevent oxidation of M#i. LisMnosSiOs LV D QHZ PHPEHU RI WKH IDPLO\ RI
tetrahedral structures. It has a distotted oxide array with half of bothJand T

tetrahedral sites occupied by either Si or a disordered mixture of Li and Mn; in this

in



sense, KH VWUXFWXUH LV YOPanOtbePmubpolymerghwf R1 /L
Li,MnSiOa. In addition, howevery/, of the octahedral sites are occupied partially by

Li* to give, unusually, a stoichiometric phase that has a great deal of cation disorder.

The octahedral sites link by either face-sharing or edge-sharing and this peovides
3D conduction pathway for the mobilelions. Impedance data recorded at low
frequencies show capacitance values as high as 30 }yFdnich is a very strong
indicator that conduction is ionic and leads to a blocking double layer capacitance at
the sample-electrode interfaces. The defect and disordered nature of the crystal
structure, with partial occupancy of‘lions on the octahedral sites, confirms that the
ionically-conducting species are, indekt,ions. There was no evidence of any
residual electronic conductivity since, if present, this would have caused a collapse of
the low frequency impedance spike due to the presence of an alternative electronic
pathway in parallel with the blocking double layer capacitance. This is alsoteansis
with the expectation that the charge state on Mn 4Nl sSiOs, that was prepared at

high temperatures in an inert atmosphere, was exclusively. Mn

The activation energy for Ltonduction in LiMnosSiOsis 0.93 eV, which is
significantly higher than that of the very bestibin conductors, §.3-0.4 eV, and
indeed, is higher than that of undopedSiOs, Fig 9(a), although this has a lower
overall conductivity. The activation energy for conduction &Mrio sSiOs appears to
contain a significant carrier creation compor@sghown by the value ofl@ for the

pre-exponential factor, A, in the Arrhenius equatibn A exp (-E/KT) that was used



to fit the conductivity data. For ionic conductors without a carrier creation component
in the activation energy, an A value in the range 10-100 is more usual. This means,
therefore, that the defect structure of\lno sSiOs is temperature-dependent and
additional mobile carriers are created with increasing temperature. A corolldmg to t
observation is that the dynamic disorder igMmo.sSiOs4 increases with temperature

and therefore, if this state could be preserved to lower temperatures by some means,

then significantly higher ionic conductivities may be possible.

There are considerable similarities, and differences, in the existence of phdses
solid solutions between the related orthosilicate systemauw#n and Mg and the
Mn-based system studied here. A similagMmo sSiOs4 line phase does not exist in the
0J VI\VWHP EXW LV SUHVHQW VLPSO\ DV Bo@H FRPSRVLWLF
solutions in the Zn silicate and germanate systems. A rarigé*'sblid solutions
based on the L5i0Os end-member forms in the Mn system and is commonly found
with other divaleni?* dopants. These are alsd ldn conductors, but not as good as
thenonVWRLFKLRPHWULF L:®aNHLSIADA MatedalsKA Bevent

report of arLi-rich, Fe-containing solid solution is given #
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&DSWLRQV RI ILIJXUHYVY DQG WDEOHYV

JLIXUH  7KH IRXU GLIIHUHDAW 2DRBO\P R UB R Q>R 1@ L

3 Q> @ B@BQE @ *UH\ JUHHQ DQG EOXH WKWUDKHGUL
DQG 6XQLWYV UHVSHFWLYHO\ 2[\JHQ DQLRQV DUH VKRZQ
JLIXUH ;5" SDWWHYU®M IRIU/f IURP WR  7KH VDPSOHV .
FRROHG I®RP

)LIXUH '5' SDWWHUOM2 RRU/L tURRVR 7KH VDPSOHV ZH
TXHQFKHG IRRP

)LIXUH 9IDURD WLIRK) GRDW W L B HE 3 QFBD@E WKWV X QLW FHOC

YROXPH 9 RQ6L2ZLWK FRPSRVLWLRQ [ 7KH LQWHUVHFW



QDUURZ GDVKHG OLQHV DUH XVHG WR HVYWQPOWRM WKH
VKRZQ DV WKH WKLFNHU YHUWLFDO GDVKHG OLQH
JLIXUH ([SHULPHQWDO GDWD SRLQWV EQMHFHDOFXC
SURILOH EODFN LOOXVWUDWLQJ WK H®H3TXOOER; B\ RI WKH 5
GDWDOR) 6L2 7KH PDUNHUV DORQJ WKH WRS RI HDFK ILJXL
WKH UHIOHFW LRXPW DRPHRZUIH\G E \

JLIXUH 7KH ERQG DG MWKMD QVFHNWWU RRIBGQDWEG FR 0Q DQ
/L 0Q SRVLWERODWHDRFGVDRHGUODWHGERL DQG /L VLWHYV
YJLIXUH 7KH SRO\KHGUOROLMWIUKHFWXYHH RHWIUDKHGUD U
/L 0Q DQG /L O®RQRWV ZKLOVW WKH GDUNHOXRZWHWU
DQG F\DQ VSKHUHV VKRZ WKH /L DQG /LN W.SKHW HWHV S
LQGLEDWH WKH DOW H WKFEVWDL 80 Y6 L \@V 8 U RINHHEF R/[\ BEDQD Q G
SURMHFWLRQ K¥F®RIHQY WQR WKH DVVRFLDWHG WHWUDKFE
OD\HUV

JLIXUH  ,PSHGDQFH FRPBOH[DIXED P S HFORMRYE FRISLF SORW
F 4DQG+4PQOTRALOQ 6L2DW WKH WHPSHUDWXUHV LQGLFC
JLIXUH $UUKHQDXM6BD RM/Y6RAIDQGOMQ 6L2 DQE
TXHQFKH®) /6L2 DQG VORZ FBAOMH@ (D HDFK FDVH WKI
DFWLYDWLRSK GIHIWYHEVMURP WKH GDWD DUH VKRZQ
7DEOH 3KDVHV SUHWH@W 602 VOP SQHWWHQW FRPSRVLW
DQG KHDW WUHDWPHQWY DV GHWHURPL®HBQBL2S' 7KH DE

06 0®BL2/06 /I0Q 6L2DQG /BL2VWHIHUV WR D VROLG VF



DQG /R&VWV IDEYVSKDVH VKRZLQJ H[WUD VXSHUODWWLFH
SDWWHUQ
7DEOH ,QGH[LQDQ@WHNXOWY Rt5'LGDWD 7KH REVHUYHG |
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7DEOH SHILQHG VWUXFVIRUID.Q REDVWDIPGGH EY RUPMX.OWD
ILWWLQJ RI WKH 13' DQG ;5' GDWD 7KH SFWLIWUWR QDKR$B U
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D SHUKA®WUD\ Rl DQLRQIVOXHKWH DUH WKH LVRWURSLF Wl
SDUDPHWHUYV 7KH YDOXH -RIl LWK 8 DRIYHPIHMCHIL YYIR@ G.@H WK H
ORZHU SDQHO WRJHWKHU ZLWK SNRRAWIRAG\DQIGG KDRIZGHJIK
5IDFWR UV
7DEOH %RQG OHQJIW-KW @WWHKGQS WEH HG BVIGARY /Y H G
IURP WKH VWUXFWXUDO SDUDPHWHUV JLYHQ LQ WDEOH
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IURP WKH VWUXFWXUDO SDUDPHWHUV JLYHQ LQ WDEOH
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