aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Raman spectroscopy and lattice-dynamical calculations of
Sc {3}CrO_{6} single crystals
N. D. Todorov, M. V. Abrashev, S. C. Russev, V. Marinova, R. P. Nikolova, and B. L.
Shivachev
Phys. Rev. B 85, 214301 — Published 1 June 2012
DOI: 10.1103/PhysRevB.85.214301


http://dx.doi.org/10.1103/PhysRevB.85.214301

Raman spectroscopy and lattice-dynamical calculations of Scz3CrOg single crystals

N. D. Todorov? M. V. Abrashev, and S. C. Russev
Faculty of Physics, University of Sofia, BG-1164 Sofia, Bidga

V. Marinova
Institute for Optical Materials and Technologies, BulgariAcademy of Sciences, BG-1113 Sofia, Bulgaria

R. P. Nikolova and B. L. Shivachev
Institute for Mineralogy and Crystallography, Bulgariarcddemy of Sciences, BG-1113 Sofia, Bulgaria
(Dated: March 27, 2012)

Single crystals of SECrOg were grown by high temperature solution growth method. Tene studied using
x-ray single crystal diffractometry, scanning electrorcroscopy (SEM) with x-ray microprobe analysis and
micro-Raman spectroscopy. The crystal structure was tefisghombohedral one with space gré$ which
confirms that it belongs to the M@eGs - structural type family. In the polarized Raman spectrdectéd at
room temperature all/® + 9E4 Raman-allowed phonon modes were observed. The experiltyatgtermined
frequencies are compared to the results of lattice-dyreroaiculations (LDC) using a shell model. The Raman
spectra, obtained with increasing temperature up t6 6)@o not provide direct indication for structural phase
transition. The decrease with increasing temperaturesofettative intensity of fivég lines compared to the rest
ones, however, suggests a possible structural phasetimarisbm R3 to R3c above the investigated temperature
region.

PACS numbers: 78.30.Hv, 63.20.D—, 61.50.Ks



I. INTRODUCTION

The detailed study of the phase diagrafa©3-B,03 (A andB - rare earths or transition metals) often leads to identifica
of new ternary oxides$.Although, the Sg0s-B,03 phase diagram is poorly investigated, it is known, that utigh pressure
ScAlO3? and ScCr@? perovskites (with GdFe®- type,Pnmastructure) can be obtained in the;8g-Al ,03 and Se03-Cr,03
systems, respectively. At ambient pressure the compougl@g, which belong to the MgeQs structural typé&® could be
synthesized.Due to the difference in the structures of,8g (bixbyite type) and GiOs (corundum type), it is reasonable to
expect in the Sgs-Cr,03 system existence of new ternary compoun@(36s?, instead of the solid solution $6,CryOs.

The mixed transition metal - rare earth oxides are intargstbecause changing the temperature and pressure complex
structuraf and magneti?'° phase diagrams can be observed. On the other side they weresieely studied because of their
broad technological significance. They can be used for Ewpeerature synthesis of ceramics, as phase stabttzssvell as
scintillator materials in nuclear engineeritfy.

We have successfully grown single crystals 0§G®©s from SgO3-Cr,0O3 melt at ambient pressure. The crystal structure
was determined as rhombohedR8 (MgsTeO; structural type). From appropriately chosen crystal fgmaarized Raman
spectra were collected, which allow us to determine the sgimnof the lines observed. All eighteen Raman-alloweddiwere
observed and their symmetry was identified. Performingckxtiynamical calculations and comparing the calculatethé
experimental frequencies, the lines were assigned to teeitbmic vibrations. Additionally, we have collected Ranspectra
at high temperatures up to 60C. The change of the intensity of some lines leads to the asiwst that probably the structure
undergoes structural phase transitiofRBz at higher temperatures above the investigated tempeiraigicn.

I1. EXPERIMENT

ScCrOg crystals were grown by the high temperature solution grawéthod in Pt crucible. We used &3 of 99.99%,
Cr,O3 of 99.995%, and Pbjand KF of 99999% purity as starting materials. Solid phase synthes&ErOg powder was
performed at 1100C in an oxygen atmosphere for 48 h. The complete reactiondstihe starting materials was controlled
by x-ray powder diffractometry. As solvent we used a mixtafé>bF, and KF in 1 : 4 ratio. The S€rOs to solvent ratio
varied from 1:7 to 1:10. 600 g of this mixture were quasi-hetinally closed in the crucible with a cover in order to preve
the evaporation of PRvhich has a high vapor pressure at the growth process tetnperd he temperature was increased at
arate of 50 C/h to 1150 C. To completely dissolve the components of the materiadstamchieve a homogeneous solution,
the temperature of 1180C was maintained for 48 h and then subsequently lowered aeaofal® C/h to 900 C. At this
temperature the crucible was taken out of the oven, the seaerdrilled through and the solvent was poured out. The obthi
crystals remain on the bottom and the walls of the crucible.

Figurel (a) shows the SE€rO; single crystals visualized using scanning electron mawpe (SEM; Tescan LYRA) equipped
with energy-dispersive x-ray spectrometer (EDX; Bruk&ie crystals look quasi-cubic with the largest crystalaces being
of {100}, {110}, and{111} type. The Sc: Cr atomic ratio was determined by EDX &l 3 1 which corresponds to non-

FIG. 1. (Color online) A photo of set of §€rOg single crystals as grown (before cleaning) obtained byrsogrelectron microscopy - (a).
The three types of crystal surfaces, the quasi-c§ib@0}, {110}, and{111} ones, are clearly seen. Rhombohedral unit cell aC30s: (b)
the two different Cr1@ and (Cr,Sc)2@ octahedra and (c) the edge shared Sg@Qahedra are drawn.

stoichiometric compound with chemical contenSgCr; «S6O12, X = 0.08 (assuming that only Cr2 position is partially
occupied by Sc, as discussed further in the text).

The crystallographic characterization of as-growg@©s; was carried out by x-ray single crystal diffractometry. Agle
crystal was mounted on a glass capillary and diffractiomaegre collected at room temperature dyscan technique, on an
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Agilent Diffraction SuperNova Dual four-circle diffraatoeter equipped with Atlas CCD detector. A mirror-monochatized
Mo Ka radiation from micro-focus source was usad= 0.7107 A). The determination of the cell parameters, datayiatéon,
scaling and absorption correction were carried out usiagitysAlisPro program packag@The structure was solved by direct
methods (SHELXS-97f and refined by full-matrix least-square procedures #riThe results are listed in Tablg®

TABLE I. Structural data of S§CrOg: atomic labels, Wyckoff notation, occupancy and atomidtpwss are tabulated. The space group of the
crystal is refined aR3 (# 148),Z = 2,a=6.1188 A, a = 91.97° (rhombohedral cell).

Atom Wyckoff Occupancy X y z
notation

Crl la 1.00 0 0 0
Cr2 ilo) 0.74 1/2 1/2 1/2
Sc2 b 0.26 1/2 1/2 1/2
Scl 6f 1.00 024661 042868 —0.06275
o1 6f 1.00 019058 042498 —0.41450
02 6f 1.00 030779 009363 —0.03821

Interatomic distances.

Pair Length (A) Pair Length (A) Pair Length (A)
Crl-01 1974 Sc-01 2055 Sc-02 2099
Cr2-02 2023 Sc-01 2167 Sc-02 2106
(Sc-0 2.125 Sc-01 2185 Sc-02 2139

The Raman measurements were carried out using micro-Rgmeatiemeter LabRAM HR800 Visible. At room temperature
an objectivex 100 was used both to focus the incident laser beam and tacttle scattered light. To check the presence of
resonance effects in the Raman spectra, He-Ne (633 nm) an(bA# and 458 nm) lasers were used as excitation sources. For
the high temperature measurements a heating stage Link&@0r&hd a long working distances0 objective were used.

To find out the origin of the Raman lines we performed shelbgaidattice-dynamical calculations (LDC) based on intenat
potentials represented as a sum of long-range Coulombtdtend short-range potential in the Born-Mayer-Buckiagtform
Ushort-range= AeXp(—r/p) — C/re.

TABLE II. Parameters of the potentials of the shell-shelll @ore-shell interactions used for LDC. The values for Cr @ndre taken from
Ref. 16.

lon Z(le)) Y (&) k (A% lonic pair A(eV) o (R) C (VA%
Sc 297 Sc-0 13265 03211 0000
cr 0.30 280 495 cr-o 17630 0.2960 0000
0 082 ~2.82 962 0-0 227643 0.1490 27879

In this model an ion is divided into a core with chaijevhich represent the nucleus and the inner electrons obthéAis the
core has all of the ion mass, the valence electrons are messby a massless shell with chavgel he ionic polarizabilityo is
accounted as the interaction between the core and the Hltleit interaction is modeled with a harmonic spring of feconstant
k, then the polarizability is given by = Y2 /k. The calculations were carried out using the GULP ¢édehe parameterz, Y,
k, A, p andC are listed in Tablél.

I11. DISCUSSION

The crystal structure of S€rOg, as determined by x-ray single crystal diffractometry, $aace grouiR3, [# 148,Z = 2, see
Fig. 1 (b) and (c)]. Due to the smaller Cr1-O1 distance compareldegd@r2-O2 one, it is plausible to propose that as in the case
of SaAIOg’ the 1a Wyckoff position (in the rhombohedral cell) is occupied byl@toms, whereas thés Wyckoff position is
occupied randomly by Cr2 and Sc2. This is confirmed by thecgire refinement where 74% of thb fiosition is occupied by
Cr2 and 26% by Sc2 atoms. The atoms at these positions do@paakin Raman-active vibrations. The rest Sc1 atoms and the
01 and O2 oxygen atoms occupy generaiMdyckoff positions, so the total number of the Raman-activelas is g+ 9Eg18
(see Tabldll). The Raman tensors of these modes in an orthogonal basiswdataxes coinciding with two of the axes of the



TABLE llI. Wyckoff position and site symmetry of the atomstime rhombohedral unit cell of g€rOg. The irreducible representations of the
I"-point phonon modes aferyta = 9Ag + 9Eg + 11A, + 11Ey.

Atom Wyckoff Site Irreducible
notation symmetry representations

Crl la S Au+Ey

(Cr,Sc)2 b S Au+Ey

Scl 6f C 3Ag + 3Ay + 3Eg + 3Ey

o1 6f C 3Ag -+ 3Ay + 3Eg + 3Ey

02 6f C 3Ag + 3Ay + 3Eg + 3Ey

hexagonal basis at3 are:

a0o0 c d e
Aj=10ao ,Eél): d —c f| and
00b e f O

d —-c —f
Eéz): -c —d e
—-f e O

At first glance it looks easy to distinguish the lines in theyRa spectra with eitheky or Ej symmetry. However, all polarized
Raman spectra (in parallel or crossed polarization), ctk: from the easiest to recogniZ#00} ., crystal surfaces contain
eighteen lines with rather arbitrary intensity, dependinghe orientation of the polarization of the incident ldseam (parallel

or at 45 deg) according to the edge of the surface. The sépaddtthe lines by symmetry into two groups can be done from
the polarized Raman spectra, collected in some special gteical configurations. Ik, y andzis a orthogonal basis, wherés
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FIG. 2. (Color online) (a) Quasi-cubic crystal with eigfit11} ., surfaces. Only two of them (in grey) coincide with th@01},ex ones.
(b) Quasi-cubic crystal with twelv¢110} ¢, surfaces. Only six of them (in grey) contain tf@®1,ey direction. (c) A sketch of the real
rhombohedral SCrO;g crystal with three{110},, surfaces. The calculated angles between the edge$ G, surface, containing the
[00,ex direction, are shown.

parallel to thez,ex axis andk andy are two arbitrary directions if001)nexplane, then irzzspectrum only lines witdg symmetry
can be seen, whereasarspectrum onlyEg lines are allowed. These spectra can be obtained fronfrand)nex plane. In the
Raman spectra, collected from@01)nex plane, theEy lines must be seen with equal intensityxxandxy polarizations. In
contrast, thedg lines can be seen only kx polarization.

Itis not easy to recognize these types of planes among t&atsurfaces of the quasi-cubic single crystals. FromZigcan
be seen that among the eighitl 1}, crystal surfaces only two af@01),ex0nes, whereas six out of the twel{/&10} ¢, crystal
surfaces have an edge, parallel to the [@@ddirection. Moreover, thé 110}, crystal surface edge, parallel to tf® 1, di-
rection, can be recognized by the specific angles betwead #@djacent surface edges [see Rifr)]. Rolling the single crystals,
we have succeed to find the surfaces with the appropriatetatiens. The Raman spectra, collected from these two tyj=s-
faces are shown in Fi@. In zzspectrum eight out of the nine allowéd lines are seen at 22259, 331, 405 445, 458, 668,
and 698 cmi.! Their intensity in this spectrum is proportional to the sguaf theb component of the Raman tensor. The
ninth Ag line can be seen only irx andAA spectra at 343 cm! In these spectra the intensity of thg lines is proportional
to the square of tha component of the Raman tensor. 2zrspectrum onlyEg lines are allowed and they are positioned at
243 277,319 372 393 426, 519 573, and 638 cm!
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FIG. 3. (Color online) Polarized Raman spectra 0§&©g, collected from(mrD)pex and (001)pex planes withAL = 458 nm excitation at
room temperature. The lines, indicated with Wavenumbecr(irr1 colored in blue for théyg and black for theéeg ones), are allowed for the
corresponding geometrical configuration. The lines, nikith filled circles, are forbidden for the given configuoati

TABLE IV. The frequencies of the&, + 9Eg modes, experimentally observed in the Raman spectra aoadlai&d by LDC.

Mode Expt. Calc. Mode Expt. Calc.
(em™ (em™) (em™ (em™)
Ag(1) 222 222 Eg(1) 243 225
Ay(2) 259 248 Eq(2) 277 274
Ag(3) 331 316 Eg(3) 319 296
Ay(4) 343 328 Eq(4) 372 335
Ay(5) 405 430 Eq(5) 393 407
Ay(6) 445 466 Eg(6) 426 423
Ay(7) 458 520 Eq(7) 519 518
Ay(8) 668 669 Eq(8) 573 578
Ay(9) 698 697 Eq(9) 638 646

The Ey intensity in thezx spectrum is proportional te? 4 f2 (eand f are components of theg Raman tensor). In thaA
andBA[A andB are two arbitrary perpendicular directions in {{0®1)nex plane] spectra thEg lines must be of equal intensity,
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proportional toc? + d? (c andd are components of they Raman tensor). As it is seen from tAé andBA spectra, nine lines
obey this rule at the same positions as the lines observedspectrum. The results are summarized in Ta¥leAdditionally
from the spectra, shown in Fi8, except the symmetry of the eighteen Raman-allowed lifss,the ratio of the values of the
non-zero components of the Raman tensors of the allowesl ¢tiae be evaluated.

— AL, =458 nm
— AL, =514 nm
— AL =633 nm

y(xx)y

Intensity (arb. units)

200 300 400 500 600 700
Raman shift (cm™1)

FIG. 4. (Color online)y(xx)y polarized Raman spectra of s8rOg, obtained with three different laser lines 458, 514, and 33

In Fig. 4 are shown the/(xx)y polarized Raman spectra obtained with three different lises. It is seen that the relative
intensity of all lines observed practically does not dependhe energy of the exciting photons. It means that theranare
resonance effects influencing on the intensity of the lifégrefore, if an intensity change is observed (e.g. withehgperature,
see below), it is most likely connected to some special feataf the crystal structure.

Fig. 5 shows non-polarized Raman spectra obtained f(omD)pex surface with 514 nm laser excitation in the temperature
range 20- 600° C. The changes of the parameters of the Raman lines are nmustoa sign for a lack of structural phase
transition in this temperature region. However, the cdrefunparison of the spectra shows that the intensity of Aiydines
(marked with empty circles in Figh) decreases with increasing temperature. We fitted thegittes of all lines in the spectra
at different temperatures. Plot of the normalized ratiohef intensity of each of these fivg lines and the intensity of the
nearest to it non-vanishing line, versus the temperatuie shown in Fig.6. It is seen that this ratio decreases with the
temperature monotonically. Extrapolating this behaviohigher temperatures, it appears that a¢ 1000 C these five lines
must disappear in the Raman spectra. To explain such beheiook for arguments in specific features of the crystaicitrre.
Generally speaking, the symmetry of the real rhombohetitatsire @ = 91.97°) can be increased in two ways: (a) if the CgLO
and (Cr,Sc)2@ octahedra become identical or (b) the structure becomeis.cliihe rhombohedral structure with identical
octahedra ha&3c symmetry, the cubic structure with different octahedra Ra8 symmetry, and the cubic structure with
identical octahedra h&m3n symmetry.

The analysis of vibrational modes in the real structure @dad done in different ways. Due to the fact that the structure
contains different types of octahedra (Gré&hd Sc@) with different length of the Cr-O and Sc-O bonds, a molecafgproach
for description of the structure and analysis of the vilmaal modes can be applied. This approach was used to assign th
modes observed in the isostructural MgQs'°. In Ref.19, however, it has been plausible to use it because of the tirage
difference of the M§" and Té* ions. In that case the crystal structure can be regardedrasicmg isolated Te@octahedra



and Mg ions between them. If so, the type of vibrations fortigh frequency modes can be determined as their shape will be
typical one for an isolated TectahedronXYs molecule, see ReR0).
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FIG. 5. (Color online) Non-polarized Raman spectra obthiftem (mr0)nex surface in the temperature range-2600° C. TheEg lines
are marked with triangles and tiAg lines are marked with circles. Upon the increase of the teatpee, the fiveAg lines, which intensity
decreases in comparison to the intensity of the other lem@smarked with empty circles.

TABLE V: Correlation between vibrational modes oX&s molecule (Cr@ octahedron) and modes in hypothetié’aiﬁn, R3c and the real
R3 crystal structure of SECrOg.

Symmetry of Site sym-  Crystal Crystal Crystal
free unit  metry inOﬁ symmetry symmetry symmetry
CrOg octahedra Oy, Th O (PBn) DS, (R30) C3 =% (R3)
Agg (v1) Ag  AgthAyg AgtAgyg 2Ag
Fag (vs) Fg Fig+Fog Ao+ Eg+Aig+Eg 2Ag+ 2Eg
Fiu (V3) Fu Fiu+Fu  Aou+Eu+Aw+EBu 2A4+ 28,
Fiu (va) Fu Fiu+Fau  Acu+Eu+Aw+Eu 2A4+2Ey
Fou (Vs) Fu Fuu+Foau  Aou+Eu+Aw+EBu 2A4+ 28,
Flg (rot) Fg Flg + Fgg A2g + Eg + Alg + Eg 2Ag + 2Eg
Fuy (tr) Fu Fuu+Fau  Acu+Eu+Aw+Eu 2A4+2Ey
Sc atoms O (PnBn) DS, (R30) C; =< (R3)
Azg Azg Ag
Eg Eg Eg
Fig Agg+Eqg Ag+Eqg
2Fy, 2Ay, + 2Ey 2Ay + 2Ey




TABLE V: (Continueg.

Fag Aqg+ Eg Ag+Eg
Fau Ay +Ey Au+Ey

O (PBn) M otal = Axg + 2A2g + 3Eg + 3F1g + 3Fag + 6F1y + 5Fay

D, (R3c) [ otal = 4A1g -+ 5Aog + 9Eg + 5A1, + 6Agy

C2 =L (R3) o= 9Ag+9Eg+ 11A, + 11E,

The results using the molecular approach fo§(3©s are given in Tablé/. A single XYs molecule has six internal modes
and one triply degenerated rotational mode. Constructiogbéc Pm3n crystal structure with two identicad{ Y molecules in
the primitive cell, the number df-point modes for this structure are two times larger thamtimaber of the octahedral modes
due to the presence of Davydov'’s pairs (pair of modes thatlargical for each octahedron but differ by the phase ofatibn
for the two octahedra, see R&fl and22). Lowering the symmetry of this hypothetical cubic crystathombohedraR3c one,
the triply degenerated modes split into pairs of one noredegpted and one double-degenerated mode. This appreatibtpr
that some of the vibrational modes in the rea Gy structure should be grouped into sets of two or four models eldse
frequency (see the last column of Tabg To obtain all vibrational modes in the reals8s0Og, the modes originating from Sc
atoms, have to be accounted for, too.

X

1.0 X 1331319
A L343/372
0.8 O I405/393
+ Iy58/445
0.6 O g6 /698

0.4

0.2

In(T) /1n(T)]/ [1n(20) /1,(20))]
AR RAREE LARLE IULLLE LS
SR R R ST R

0.0 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 200 400 600 800 1000
Temperature (deg C)

FIG. 6. The temperature dependence of the normalizedvelatiensity of the fivedg lines vanishing at high temperatures.

In SCrOg, due to the same charge of3cand CP* ions and relatively close averaged bond length for the tvpesyof
CrOg and Sc@ octahedra, we expect that such molecular approach wilkctiyrdescribe only the modes with highest frequency
(internal stretching modes for the CGg©ctahedra). In Figr the calculated by LDC frequencies of all fifty-seven opticgloint
modes are displayed. Itis seen that a group of eight modgéaared in the high frequency region (above 550 ¢nAccounting
for their symmetry and their shape (predicted by LDC) we sedcto determine their origin. From the inset of Figt can be
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concluded that the splitting due to rhombohedrality is $enéhan Davydov’s splitting. This is expected, becauséxaeydov’s
pair of modes actually has different vibrational shapelfwery different frequency) for the Sg@ctahedra.

600-——620—_640 660 680 700

e ———

——

200 300 400 500 600 700
Frequency (cm ™)

FIG. 7. (Color online) The predicted LDC frequencies of all &ptical modes in SCr0g. Ag, Eg, Ay andE, modes are displayed with
blue, black, green and red ticks. The splitting of the thiteetehingXYs; molecular modes, forming the modes with highest frequendpé
SgCr0g, is shown.

Going back to the Fig5 we can note that with the increase of the temperature, thatatrgtay essentially rhombohedral,
because no merge of lines into pairs is observed._Howeverdéerease of the intensity of fivg lines can be expected
at hypothetical structural phase transition fr&® to R3c, where fiveAg modes inR3 become silenf\yy modes iNR3c (see
TableV). The LDC predicts that the two high frequenymodes experimentally observed at 668 and 698 cariginate from
vy Davydov’s pair. The mode with higher frequency is the ingehaibration of the two octahedra, whereas the mode withdowe
frequency corresponds to the mode with out-of-phase vira’he molecular approach predicts that the out-of-piAgge)
vibration has to be transformed into silefy mode inR3c. Indeed, just they line at 668 cm is one of the five lines with
decreasing intensity.
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IV. CONCLUSIONS

Single crystals of SECrOg were grown and studied using x-ray single crystal diffranttry, scanning electron microscopy
with x-ray microprobe analysis and micro-Raman spectnogcdhe chemical content is non-stoichiometric resultingwo
different Cr1Q and (Cr,Sc)2@octahedra, in agreement with the refif@icrystal structure. From appropriately chosen crystal
surfaces, polarized Raman spectra in different geométicdigurations were collected at room temperature andythrergetry
of all 9Ag+ 9Eg Raman-allowed modes was determined. This assignment wadisraed by the results of the performed LDC.
A molecular approach for interpretation of the calculatezes was used. It predicts grouping of modes into sets watkecl
frequencies because of two reasons: (a) the presence ofrfdgadCtahedra in the unit cell, and (b) the rhombohedral strectu
is very close to a cubic one. Indeed, the origin of the eiggihiiequency modes (corresponding to the internal stnegcBrQ;
octahedral vibrations), as it was obtained by LDC, justifiés approach. The changes of the Raman spectra, collectegha
temperatures, does not support the rhombohedral-cubgegh@nsition scenario, but rather suggests a possiblsiticanfrom
R3 to R3c above the investigated temperature region.

ACKNOWLEDGMENTS

We thank M. N. lliev for the helpful discussions and criticehding of the manuscript. This work has been supporteddy th
Bulgarian National Science Fund, Grant No. DRNF-02/01 nBiéo. TK-X-1712/2007 and the Science Fund of the University
of Sofia (2012).

* neno@phys.uni-sofia.bg

1 s.J. Schneider, R. S. Roth, and J. L. Waring, J. Res. Nat3aind. Sect. 45, 345 (1961).
2 W. Sinclair, R. A. Eggleton, and A. E. Ringwoad, Kristallogr. 149, 307 (1979)

3 J.-H. Park and J. Parisklater. Res. Bull32, 1617 (1997)

4 H. Schulz and G. BayeNaturwissenschaftefiz, 393 (1970)

5 R. Newnham, J. Dorrian, and E. Meaghéater. Res. Bull5, 199 (1970)

6 M. Weil, Acta Crystallogr. Sect. B2, i244 (2006)

7 D. Miiller, W. Assenmacher, and W. Mad&t, Anorg. Allg. Chem 630, 2483 (2004)

8 H.Yusa, T. Tsuchiya, N. Sata, and Y. Ohidlniorg. Chem48, 7537 (2009)

9 J.R. Sahu, C. R. Serrao, and C. N. R. Raalid State Commuri45, 52 (2008)

10 B, Rajeswaran, D. I. Khomskii, A. Sundaresan, and C. N. R., Reerroelectricity at the Neel Temperature of Chromium ir&earth
Orthochromites: Magnetic Jahn-Teller effect,” (201&)Xiv:1201.0826v1

11 D. Richard, E. L. Mufioz, T. Butz, L. A. Errico, and M. Renterizhys. Rev. B32, 035206 (2010)and references therein.

12 p, Lempicki, C. Brecher, P.  Szupryczynski, H. Lingertat, VNagarkar, S. Tipnis, and S. Miller,
Nucl. Instrum. Methods Phys. Res. Sec48, 579 (2002)

13 CrysAlisPro, Agilent Technologies UK Ltd., 2010.

14 G. M. Sheldrick Acta. Crystallogr. Sect. &4, 112 (2008)

15 Further details of the crystal structure investigation roeybtained fronfFachinformationszentrum Karlsruh@SD number 424191.

16 N. D. Todorov, M. V. Abrashev, V. G. lvanov, G. G. TsutsumamovV. Marinova, Y.-Q. Wang, and M. N. lliev,
Phys. Rev. B33, 224303 (2011)

17 3. D. GaleJ. Chem. Soc., Faraday Tra®8, 629 (1997)

18 E. Kroumova, M. I. Aroyo, J. M. Perez-Mato, A. Kirov, C. Cdp, S. Ivantchev, and H. Wondratsch&kase TransifZ6, 155 (2003)
M. 1. Aroyo, A. Kirov, C. Capillas, J. M. Perez-Mato, and H. WératschekActa. Crystallogr. Sect. 82, 115 (2006) M. I. Aroyo, J. M.
Perez-Mato, C. Capillas, E. Kroumova, S. Ivantchev, G. Mada, A. Kirov, and H. Wondratschek, Kristallogr.221, 15 (2006)

19 G. Blasse and W. Hordijk]. Solid State Chen%, 395 (1972)

20 K. Nakamoto, “Infrared and Raman Spectra of Inorganic andr@ination Compounds, Part A: Theory and Applications iartranic
Chemistry,” (John Wiley & Sons, Inc., 2009) Sect. 2.8. Oetdtlal Molecules, pp. 221-237, 6th ed.

21 A, S. Davydov, Zh. Eksp. Teor. Fi28, 210 (1948).

22 G, N. Zhizhin, B. N. Marvin, and V. F. Shabandvhe Optical Vibrational Spectra of Crystglslauka, Moscow, 1984) in Russian.


mailto:neno@phys.uni-sofia.bg
http://dx.doi.org/doi: 10.1524/zkri.1979.149.3-4.307
http://dx.doi.org/10.1016/S0025-5408(97)00151-7
http://dx.doi.org/10.1007/BF00599979
http://dx.doi.org/10.1016/0025-5408(70)90006-1
http://dx.doi.org/10.1107/S160053680604685X
http://dx.doi.org/10.1002/zaac.200400373
http://dx.doi.org/ 10.1021/ic9001253
http://dx.doi.org/10.1016/j.ssc.2007.09.027
http://arxiv.org/abs/1201.0826v1
http://dx.doi.org/10.1103/PhysRevB.82.035206
http://dx.doi.org/ 10.1016/S0168-9002(02)00556-9
http://dx.doi.org/10.1107/S0108767307043930
http://www.fiz-karlsruhe.de/request_for_deposited_data.html
http://dx.doi.org/10.1103/PhysRevB.83.224303
http://dx.doi.org/10.1039/A606455H
http://dx.doi.org/ 10.1080/0141159031000076110
http://dx.doi.org/ 10.1107/S0108767305040286
http://dx.doi.org/ 10.1524/zkri.2006.221.1.15
http://dx.doi.org/10.1016/0022-4596(72)90084-9

	Raman spectroscopy and lattice-dynamical calculations of Sc3CrO6 single crystals
	Abstract
	Introduction
	Experiment
	Discussion
	Conclusions
	Acknowledgments
	References


