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Temperature-dependent micro-Raman studies of orthorhombic GasreDrhombohedral lggSry F7e0;
were carried out with an aim to study the role of a lattice in the formation of the charge-disproportioned state
(Fe"* — Fe*+Fe¥") below the transition temperatu(®.,) of 290 and 200 K, respectively. Shell-model lattice-
dynamical calculations were performed for Caké®@assign the Raman modes and determine their vibrational
pattern. The temperature dependence of the peak positions and the peak widths of various modes for both
systems show distinct changes across their respective transition temperatures. Iy, GaEeymmetric-
stretching mode at 707 crhsplits into two modes, 707 crhand 684 cm!, corresponding to the breathing-
type distortion of the Fe@octahedra. In comparison, the spectral feature at 704 @mlLag 3581 F€0;,
which has been assigned to the Raman-forbidden symmetric-stretching mode, disappear§ beldese
observations indicate the presence of finite Jahn-Teller distortions of thg é¢et@hedra in CaFeQin the
entire temperature range, whereas these distortions are present onlyTgbimvkea, 3551 #7€0;. Two modes
at 307 cm! and 380 cm! in Lag 355K, sF7€0; approach each other @i, indicating a reduction of rhombo-
hedral distortions below,

DOI: 10.1103/PhysRevB.71.245110 PACS nunt®er71.27+a, 71.30+h

I. INTRODUCTION portion with Fé*:Fe*:: 2:1 in the(111) direction® The oc-
tahedral distortion resulting from the ordering of*Feand
_In recent years, strongly electron correlated threegg+ gates is referred to as a freezing of a breathing phonon
dimensional(3D) transition-metal oxides have revealed age. The charge-disproportioned states in both systems
rich variety of interesting physical phenomena, such as th@aye peen well established experimentally using Méssbauer
metal-insulator transition and ordering of charge, spin, a”%pectroscopﬂ»‘?—w
orbital degrees of freedofnlin this class, iron pervoskites Recent photoemission and unrestricted Hartree-Fock
containing iron in Fé*(d“),_namely CaFe@ (CFO) and  pang-structure calculatiochdiave suggested different routes
Lag 35h 6A€Q; (LSFO), are interesting systems in which to tg charge disproportion in CFO and LSFO. It has been ar-
explore the role_of el_ectron—lattice _interactions vis-a-vis thegued that both breathing and tilting distortions of Fedde
electron correlations in understanding the charge-al@®)  necessary to induce charge disproportion in CFO, whereas
transition associated with charge disproportion. In these SYSnly electron correlations hold the key to charge dispropor-
tems, the proposed electronic configuration of the £60  tjon in LSFO. Neutron-diffraction experimefitin LSFO
tahedron is not F¥(Og)'*", but is close to F¥(Og)™,  showed that Fe-O bond lengths remain almost the same in
which is expressed as ¥& (L stands for a hole in the the temperature range 300—50 K, whereas the Fe-O-Fe bond
oxygen 2 orbitalg. Since the ground state of Fe in these angle decreases slightly from 174° to 171°. However, more
systems is predominantly F¢3c°L) rather than FE(3d"),  recent neutron-scattering experiménshow that the Fe-O
the Jahn-Teller(JT) distortions in these systems are nothond length decreases slightly from 1.939 A at 300 K to
expected to be large.The transition of CFO from an 1.936 A at 15 K, while the Fe-O-Fe bond angle decreases
orthorhombic metal(T>T,,) to a charge-ordered mono- from 173.29° to 172.89°.
clinic semiconductdr at T,,=290 K is associated with Recent nuclear resonant scattering measuretheh@~O
charge disproportion  2Re+L — Fe**(large octahedia and LSFO showed that the phonon density of stéB39)
+Fe**L%(small octahedna (nominally written as 2F&  for both systems changes in the spectral region of
—Fe*+Fe*). As temperature is lowered further, there is 300—500 critt across their respectiv@,,s. However, the
another transition from the paramagnetic insulator to an anehanges in the DOS were found to be more pronounced for
tiferromagnetic insulator aty=115 K. On the other hand, CFO as compared to LSFO. The objective of the present
LSFO with a formal value of F&#” shows a charge-ordering work is to address the role of a lattice in the CO transition in
transitiorf at T,=200 K, i.e., 2F&'L%3—2Fe&*+Fe*L2.  these systems using Raman spectroscopy, which has been
The low-temperaturéT < T.,) phase exhibits charge dispro- used very effectively in recent studies of magnétizd
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manganite¥'4 across the metal-insulator and charge-
ordering transitions.

() CFO

Il. EXPERIENTIAL DETAILS

Polycrystalline samples of CFO and LSFO were prepared
by solid-state reactions and a subsequent treatment under
high-pressure oxygen, as described eatfiihe phase tran-
sitions as described above were characterized by electrical
measurements and Mdossbauer spectrostbp@onfocal
micro-Raman studies on these polycrystalline CFO and
LSFO samples were carried out in backscattering geometry
using a DILOR-XY instrument equipped with a liquid-
nitrogen-cooled CCD detector. Raman spectra were recorded FIG. 1. Room temperature, i.e., 300 K Raman spectrapf
using 514.5 nm radiation Of an argon_ion |aser W|th a powe'CFO and(b) LSFO. The dotted lines are Lorentzian fits to the data.
of 5 mW using a 5& long working distance objective. A The CFO spectrum can be resglved into eight modes while the
temperature range of 330-4.2 K was covered using (J_iSFO spectrum can be_resolvgd into seven modes. The correspond-
continuous-flow helium cryostat from M/s Oxford, UK. The "9 modes are labeled in the figure.
polycrystalline samples used consisted of irregularly shaped
optically isotropic grains. It was, therefore, possible to obtain307 cn(M ), 380 cm'(My), 704 cmi(My),
only two types of polarization spectra: HHE IE) and HV 843 cmi}(M ), 897 cmi(Myg), and 920 cm*(M,). We note
(E; LEg polarizations of the incidenti) and scattereds)  that both CFO(orthorhombi¢ and LSFO (rhombohedral
electric fields(E). have very similar Raman spectra. Such a similarity has also
been seen in the case of orthorhombic and rhombohedral
manganites when Jahn-Teller distortibnare small. This is
because the bending and the tilt modes of the nGahe-

A. Raman spectra at room temperature dra are very similar in both structurgsee Figs. @) and &b)

of Ref. 11]. Before we show the temperature dependence of
the modes, we will present the lattice-dynamical calculations
b assign the observed Raman bands.

Intensity (arb. units)

100 200 300 600 700 800 900 1000
Raman Shift (cm™)

Ill. RESULTS AND DISCUSSIONS

CFO is an orthorhombic crystal having a GdResruc-
ture at room temperature belonging to the space grou
Pnma It has four formula units per unit cell. The Ca ions
occupy the 4(x,1/4 ) site, the planar oxyge(D1) (x,y,2)
ions occupy the & site, the apical oxygefO2) ions occupy
the 4c(x,1/4,z) site, while the Fe ions occupy the The lattice-dynamics calculatiofkDC) for the phonons
4b(0,0,1/2 site. Accordingly, it has 24 zone-center Raman-of CFO at the Brillouin-zone center were carried out using
active modes given by irreducible representations &g 7 the shell modet! The long-range interactions between each
+7B14+5B,4+5B34.1% In all these modes, Fe ions do not pair of ions were taken to be of Coulombic form, while the
move. Sixteen of the 24 Raman-active modes involve vibrashort-range interactions between the shells were taken to be
tions of the Fe@octahedra, while the remaining eight modesof Born-Mayer-Buckinghan form,
involve motion of Ca iond? In comparison, LSFO has a _ 6
rhombohedral structure and belongs to the space gR3ap Vide (i) = Ao €Xp(=j/Rier) = Cre /1 s
with two formula units per unit cell. The La/Sr ions occupy wherer;; is the distance between the two iohsnd j of
the 2a(1/4,1/4,1/4, the O ions &Xx,—x+1/2,1/4, and  speciek andk’, respectively. The parametetg,, R, and
the Fe ions B(0,0,0 sites. The 27 optical modes are clas- C,,, are given in Table I. In the shell model, each ion of
sified asA;(R) +4E4(R) +3Ay,(IR) +5E(IR) +2A;,+3A,. ' chargeZ|e| is represented by a massless shell of chafige
Of the five Raman-active modes, fo(BE,+1A,) involve  and a core of chargéZ-Y)lel. The shells are elastically
vibrations associated with the Fg©ctahedra while the re- bound to the cores with a force const&htvhose values are
maining E; mode involves vibration of La/Sr ior{$:%° given in Table |. The parameters used for CFO are the same

Figure 1 shows Raman spectra of CH@anel (a)] as for CaMnQ,'® except for the value of the shell charge
and LSFO [panel (b)] at room temperature. It can be (Y|g|) for Fe and OY(Fe)=2.5 as compared t¥(Mn)=2.3;
seen that the observed Raman spedshown by filled Y(0O)=-2.1 in CFO; andY(O)=-3.0 in CaMnQ. These
circles can be fitted to a sum of-Lorentzians(shown  changes in the value of were guided to reproduce the ex-
by solid lines,n=8 for CFO andn=7 for LSFO. The indi-  perimentally observed symmetric stretch vibration frequency
vidual components are shown by dotted lines. The eightwg mode. The reduced value of(O) in CFO is likely due
modes of CFO, labeled a@/;---Wg, are 149 cm(W1), o the localization of the hole on the oxygen in these sys-
197 cm{(W,), 218 cmi(W ), 305 cm(W,),  tems. Assignment of the symmetry for a normal mode vibra-
707 cmi(Wg), 844 cmi(Wg), 898 cm(W,), and  tion was determined by noting that each normal mode trans-
922 cm}(Wg). The Raman spectrum of LSFO shows forms as required by the characters of the representation to
seven bands labeled asM;---M,:251 cm}(M;),  which it belongs. The charactéy) of an eigenvectoiE,,, of

B. Lattice-dynamical calculations and mode assignments
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TABLE |. Parameters of the shell model described in the text. Z, the ionic charge; Y, shell charge; K,
core-shell force constanfs, R, andCy,, are parameters of the Born-Mayer-Buckinghan potential.

ion Zle| Yel K (Nm™ ionic pair Ag (eV) Rue (A) Cue (eV A9
Ca 1.91 35 1882 Ca-O 840 0.367 0
O -1.91 -2.1 1037 0O-0 22764 0.149031 20.37
Fe 3.82 2.5 121881 Fe-O 900 0.374532 0

a mode under a particular symmetry operation is obtained btructural orthorhombic CaMng)the LDC predicts the occur-

x=Ev-Es, whereEg is the symmetry-transformeH,,. We
have repeated our calculations for CaMn@ith the param-

rence of this mode at 749 ¢t However, in CaMn@ this
mode is experimentally not observEdThe reason for this

eters as in Ref. 19, and the results for symmetry assignmenfi@s been attributed to the lack of JT distortion in CaMnO

(shown in Fig. 3 of Ref. 1pagree exactly with ours, thus

Thus the presence of th&/s mode in the Raman spectra

putting confidence in our calculations for the case of CFOImMplies that some amount of JT-type distortion is present at
The eigenvector analysis of the optical modes of CFO give§00m temperature in CFO, indicating the existence of a JT

24 Raman-active modes. The frequencies of the five modes
(W, --W5) observed in our experiments are very close to th
calculated Raman modes, thus helping us to assign the vibr
tional patterns of these modes, as given in Table | and show,

in Fig. 2. The low-frequencyV,(149 cni!) mode is associ-
ated with theA, in-phasey rotation (seen at 160 cit in
CaMnQy), the W,(197 cn!) mode is associated with the
B,y out-of-phasey rotation (seen at 179 cit in CaMnQy),
and theW (218 cn!) mode is associated with tha, out-
of-phasex rotation (seen at 184 cit in CaMnQ;). The
W,(305 cni!) mode is close to the calculatdgiy mode at
301 cni! associated with in-phaserotation as well as to the
B,y (302 cnt) mode involving the mixed motion of Ca and

=" ionic state along with the non-JT, ¥e, state. The
30 cmt and hence we expect the high-frequency modes
6(844 cnl), W,(898 cnil), andWg(922 cmi?) to be due
o the two-phonon Raman-scattering process, probably in-
volving the Wy phonon along with other low-frequency
modes. For example, the one-phonon density of states of
CFO at room temperatufeshows prominent bands at
~137 cm* and~190 cnit. The W¢ mode can be a combi-
nation of ~707 cmi! and ~137 cn! phonons;W- can be
707 cnt and 191 cit and Wg~ 707 cnt and 218 critt
modes.
The assignment of the Raman modes observed in LSFO
was guided by the experimentally observed Raman modes

?E)C of CFO do not yield any phonon modes above

O ions. It is also seen that LSFO has a Raman band ajnq the LDC performed by Abrashet al2° for the rhom-

307 cm(M,). Since the vibrational pattern &%, andM,

bohedralr-LaMnO;. TheM (251 cn!) mode is assigned to

modes is expected to be similar, they may not involve ions ofhe A, ; rotational mode of FeQoctahedrd? It corresponds

very different massefi.e., Ca vis-a-vis La and $f? Thus
we associate thé/, mode with theB,4 in-phasex rotation of
the adjacent Fegoctahedra, similar to thB,4 assignment of
the ~320 cm! mode in the rare-earth orthoferrit@&FeQ,
(R=Y, Tb, Ho, Er, and Tm?3 The W4(707 cm?) mode is
associated with thé,, symmetric stretching of the FgO
octahedra. The corresponding mode is seen at 611 om
LaMnO; (predicted by LDC to be at 669 ci).?* For isos-

N
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y
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to the observed mode at 236 (249 cntt in LDC) in
r-LaMnO;. The other mode#,,M;,M, are not close to
any of the other four Raman-active modes calculated in
r-LaMn0;.2° These four modes farLaMnO; are calculated

to be at 42, 163, 468, and 646 thi® However, the frequen-
cies of M, and M3 are close to the calculated IR-active
modes inr-LaMnOs. Further, the temperature dependences
of M, and M are closely correlated with each oth¢go be
discussed latér Hence we suggest that thd, and M4
modes are IR-activé,, andE, bending modes of the FeO
octahedrd® These modes are calculated to be at
310 cnT{A,,(TO)] and 357 ci{E,(TO)] in r-LaMnO;.2°
Here TO stands for the transverse-optical mode. The
corresponding longitudinal-opticalLO) modes calculated
for r-LaMnO; are at 465 cmA,(LO)] and
488 cm[E,(LO)], whose signatures are not found in LSFO.
The M (704 cn?) feature is associated with the symmetry-
forbidden symmetric-stretching mode of Rg@imilar to the
Ws mode seen in CFO. Thiel5(843 cnil), M4(897 cmi?),
andM-(920 cnt) modes occur almost at the same frequen-
cies asWg, W5, and Wg, respectively, and hence are as-

W1
In-phase Out-of-phase  Out-of-phase In-phase In-phase Slgned to tWO-phOI’]Oﬂ Raman Scattermg'
y-rotation y-rotation x-rotation x-rotation stretching

C. Temperature dependence of modes in CaFeQ

FIG. 2. Vibrational pattern of the Raman active modes assigned Raman spectra of CFO at few selected temperatures are

to Wy, Wy, W3, Wy, andW; for CFO.

shown for various spectral rangg®: 100—350 crit* in Fig.
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TABLE Il. Comparison between the experiments and LDC calculation.

Expt Calc.
Assignment cmt cmt Vibrational Pattern
Ay 149 (W,) 171 In-phasey rotation
Ay 218 (W) 209 Out-of-phase rotation
Ay 280 Movement of Ca ions
Ay 316 Movement of Ca ions
Ay 347 Movement of Ca ions
Ay 522 Out-of-phase bending
Ay 540 In-phase stretching
Big 197 (W) 190 Out-of-phase rotation
Big 305 (W) 301 In-phase rotation
Big 375 Mixed motion of Ca and O ions
Big 537 Out-of-phase stretching
Big 670 Out-of-phase stretching
Bog 168 Out-of-phase rotation
Bog 247 Motion of Ca
Bog 302 Mixed motion of Ca and O ions
Bog 385 Mixed motion of Ca and O ions
Bog 519 Out-of-phase bending
Bag 579 In-phase bending
Byg 707 (Ws) 708 In-phase stretching
Bag 297 Motion of Ca
Bag 340 In-phase rotation
Bag 518 Out-of-phase bending
Bsg 536 Out-of-phase stretching
Bag 727 Out-of-phase stretching

3, (ii) 550—800 crt in Fig. 4(a), and iii) 750—1000 crit

in Fig. 5a). It can be noted from Fig. 3 that th&, mode is
absent in the spectra below 175 K. The frequencies and the
full width at half maximum (FWHM) of the modes
W;---W, show the usual temperature dependence: the fre-
quencies increase by5 cnit and the FWHM decreases by
~5 cnit as temperature is lowergaot shown. The tem-
perature behavior of the Raman bawd; (centered about
707 cmt) as shown in Fig. @) is interesting. Abovd,,, the
mode appears at the same frequency in both the HH and HV
polarizations. Belowl.,, in HH polarization the asymmetric
Raman line shape can be fitted to two modes: the main
strong mode at~707 cmi! and a very weak mode at
684 cm; in HV polarization, the structure is reversed. We
suggest that the minor component is due to polarization leak-
age. In other words, below,, the frequency of the main
mode is~707 cm* in HH polarization and~684 cm? in

HV polarization. The temperature dependence of the peak
positions is shown in Fig. (#). Interestingly, abové, the
mode frequency increases with increasing temperature, 100 150 200 250 300 350
which cannot be understood in terms of anharmonic interac- Raman Shift (™)

tions. The frequency of the mode in HH polarization in-

creases slightly as the temperature is lowered. The activating FIG. 3. Raman spectra of CFO for a few selected temperatures
distortion required for the observation of the symmetric-(shown by the side of the spectryinin the spectral window
stretching mode in Raman scattering causes the deformatidid0—350 crm®. The dotted lines show Lorentzian fits to the data,
of the FeQ octahedra so that the square formed by the plawhich are resolved into four peaks, i.8,;, W,, W3, andW,.

Intensity (arb. units)
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FIG. 4. (a) The HH and HV polarized spectra of thi¢s mode of . i o M
CFO at a few temperatures. The solid lines are Lorentzian fits to the Pl = a0 H“H'h\‘f !
data.(b) The variation ofWs mode as a function of temperature. 175 300 450 - .
The mode splits into a high-frequenéyH-polarized and a low- e X

frequency moddéHV-polarized below T, (290 K).
FIG. 6. Raman spectra of LSFO for a few selected temperatures

(shown by the side of the spectrunin the spectral window
175-450 cri’. The dotted lines show Lorentzian fits to the data,
which were resolved into three peaks, iBl;, M,, andMj. (b)

nar oxygen atoms transforms to a rhombuBelow T, the
charge disproportionation causes the arrangement &f Fe
+ i - -
(large OCta‘.hed')aand+ Fé (Sm?“. octahedigin a rock-salt Variation of peak positions andc) FWHM with lowering of
type ordering of F& and Fé&* ions such that each large
) . ) temperature.

octahedra is surrounded by six small octahedra in the low-
temperature monoclinigP112,,,) phase of CFGd. This _
causes the distance between Fe and the two nonequivaléfi? Pe attributed to the occurrence of two average Fe-O

planar oxygens02,03 to be differenf F&*-02=1.870 A distances associated with the formation of the small and
FS+03=1894 A Ed-02=1971 A. and FEx.03 large octahedra in the charge-disproportioned state. The av-
=1.974 A. This distortion would result in the observation of €rage Fe-O distance for the small octahedra is 1.872 A and

the symmetric-stretch mode beloWy, It has been experi- for the large octahedra 1.974 A at 15 K in comparison to the

mentally observed that the stretching mode frequency has %922 ﬁ:lat room temperatufeSince Aw/ w=~-1.51d/d, the
(d"19 dependencé: whered is the Fe-O distance. Thus the 707 cmi! mode will split into two modes at 734 crhand

. 1 - m%, which are cl h rved val nin Fig.
splitting of the 707 crmt in-phase stretching mode beldly, 28?4§we{/er fheapf)lca ﬁig&g; ge?)besnedeﬁge %;J;?%S?Se not 9

understood.

@) ©) — Teo The peak positions o4, W, and Wy remain almost
30 CFO | Wy constant with the lowering of temperatui®ot shown. Fig-
25F . ] ures %a) and 3b) show the temperature variation of the
- 20 . (e FWHM for these modes. The FWHM'’s &Y 5 andW - do not
.%’ SR 15 M . ¥ change much with temperature. However, the temperature
3 W0K| T dependence of the FWHM of th&' 3 mode is anomalous: it
g E20p _ ’ increases significantly below,.,, We do not have a quanti-
z A L ﬂTIT.Ew ki tative understanding of this result. It is likely that beldyy,
g ( \ M Tfti-H ﬁ new modes can become Raman-active due to lowering of the
£ 2 E S L crystal symmetry. The increase in the FWHM can be due to
- 150K wl W] inhomogeneous broadening arising from the appearance of
P, M\M i " %“5; ;ﬁ& new modes below .
. “* t b
2r . . ] D. Temperature dependence of modes in LSFO
e Sr:‘:'(cm.1) 1900 oo T(zlgn 300 Raman spectra of LSFO at few selected temperatures are

shown for various spectral rangg®: 175—450 crit* in Fig.

FIG. 5. Raman spectra of CFO for a few selected temperature8(a) and (i) 650—1000 cm' in Fig. 7(a). There are no spec-
(shown by the side of the spectrinin the spectral window tral features between 450 and 650¢mThe temperature
650—1000 critt. The dotted lines show Lorentzian fits to the data, dependence of the frequencies and the FWHM for the three
which were resolved into three peaks, i¥/g, W, andWsg. (b) modesM ;, M,, and M5 are shown in Figs. ®) and Gc),

The variation of the FWHMs with lowering of temperature. respectively. It can be seen that for thl, mode, the peak
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LSFO T that shown in Fig. (b). This is because the sample is poly-
T crystalline and hence grains with different orientations are
» P being recorded in experiments outside the crydstat. 1(b)]
0.025 M _ and in the cryostakFig. 7(a)]. It can be further seen from
Fig. 7(a) that the intensity of thévl, mode at 707 ciit de-
creases as temperature is lowered and is not observed below

210 K
f\] ! (€) 0000 — 5200300 Tco The variation of the intensity of thkl, mode normal-
_ T ized to the intensity of théls mode is given in Fig. ).

Recall that theM, mode associated with the symmetri-

Intensity (Arb. Units)
%
-]
by
N 0
o o

) 180 K . . itLetching mlgde is fortt>'idden ir;1 tm% strtictlljre. IACtI)O;/éI; co f
it becomes Raman-active, perhaps due to local distortions o
“"“”"‘“”""‘Aé}f\‘\&* = fﬁ E;?m*}:# the FeQ octahedra. Below,, the absence of thil, mode
= o implies that such distortions of the octahedra are not present
i S in LSFOS7 This is consistent with the lowering of the rhom-
10 bohedral distortion inferred from the temperature depen-
i . 30[M. s ] dence of theM, and M ; mode frequencies. The peak posi-
650 800 .. 1000 20 ik’ tions of theM 4- --M; modes do not change significantly with
Raman Shift (cm ) 0 100 200 300

temperaturgdata not shown The temperature variation of
the FWHM of these modes is shown in Fig(cy The

FIG. 7. Raman spectra of LSFO for a few selected temperatureEWHM's of M5, Mg, andMg increase as temperature is low-
(shown by the side of the Spectrmnin the spectral window ered, ShOWing a distinct diSCOﬂtinUity mo. This is similar
650—1000 critt. The dotted lines show Lorentzian fits to the data, t0 the temperature dependence of ¥ mode [see Fig.
which were resolved into four peaks, i.8l,, M, Mg, andM . (b) 5(b)] and hence the increase in the FWHM'’s could possibly
Intensity of theM , peak normalized to that of tHd 5 with lowering ~ be due to inhomogeneous broadening due to the appearance
of temperature andc) variation of FWHMs with lowering of of new modes below .
temperature.

T (K)

position and the FWHM show sharp change3 atof 200 K. E. Discussion and summary

Most interestingly, the FWHM of th&/; mode increases as  we have studied the temperature dependence of Raman
temperature is lowered. The peak positionsM$ andM3z  spectra of CFO and LSFO across charge ordering and mag-
modes also show a discontinuous chang@gtin opposite  netic transitions. The spectra show one-phonon Raman scat-
directions, i.e., the peak position b, increases while that tering in the spectral range 100—750¢nand two-phonon

of M, decreases with temperature. As discussed earlier, WRaman Scattering between 800 and 1000cmn interest-
have attributedM , andM to the disorder-activateé,, and  ing point to note is that the intensity of the two-phonon
E, bending modes, respectively. It has been simat the  pands is comparable to the first-order Raman bands. Such
A;-E, separation for a given pair is a direct measure of thestrong second-order Raman scattering has been predicted for
rhombohedral distortion in the structure, i.e., when the rhommanganites involving vibrationally excited self-trapped orbi-
bohedral distortions are small, the,-E, separation is also tons from the orbitally ordered Jahn-Teller ground state.
small compared to, e.g., LO-TO splitting. The temperaturerecalling that belowl,, the disappearance of the symmetric-
dependence oM, and M; mode frequencies seen in Fig. stretching modéM,) for LSFO suggests a reduction of JT
6(b) will imply that the rhombohedral distortion has reduced gjstortions, it is unlikely that this mechanism is responsible
abruptly atT., This inference of the reduction of the rhom- tgr gbservation of the strong two-phonon bands.

is in contrast to the neutron-scattering results, which predic,gpectra indicates that there is a JT distortion of the FeO
a small increase in the rhombohedral distortibfs.e., an  gctahedra due to the mixture of the*Hel%)-like configura-
increase in the Fe-O-Fe bond angle as well as rotagon into the predominanti configuration. Because the Ra-
tional distortions. The angle, a measure of the rotational 1,51 spectra of both CFO and LSFO show a symmetric-
distortion, is related fo the parameter of the oxygene6 stretching mode abov@,,, their electronic structures are
site position in R3c structure and is given by similar in that temperature range. Beldly, the stretching
x=1/2(1+1/\3tan* @). Using the values ok for LSFO?  mode is seen only for CFO, meaning that the distortion per-
«=3.8° at room temperature ard=5.2° at 50 K. However, sists only in CFO. A possible reason for this can be that the
it needs to be kept in mind that the changes in the value o¢harge disproportionation is incomplete in CFO because it is
the Fe-O-Fe bond angle and tkegparameter of the oxygen enforced by the lattice distortion, whereas in LSFO, the
6e site obtained from the neutron-scattering data were decharge disproportionation is rather complete because the
rived by assuming af3c structure for the low-temperature €lectronic system spontaneously charge disproportionates.
phase as well. This assumption need not be correct, and ha$e splitting of the symmetric-stretchir@Vs) mode below
been pointed out by Yanet al.’ the transition temperaturg90 K) is seen due to the pres-
From Fig. 7a), we note that the intensity of thd , mode  ence of small and large octahed@rising from Fé&" and
with respect to the intensity of thd s mode is different from  Fe** states, respectivelyln LSFO, the symmetric-stretching
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mode M,, though not Raman-active in thR3c, is seen Mode at the center of the Brillouin zone. On the other hand,

aboveT,,. This would imply that the distance between the in the case of CFO, more pronounced changes are seen in the
two pair of planar oxygen atoms is not equal, i.e., JT-typeDOS (Ref. 8 between 300 and 500 crhacrossT, than for
distortions are present in LSFO. The disappearance of thiie W, mode(the only observed Raman mode in that spec-
mode belowT,, implies the absence of this distortion in the tral rang@. This implies that in CFO, in the spectral range
low-temperature phase. This is also corroborated by the tenfrom 300 to 500 cmt, the phonons other than the zone-
perature dependence of tie, and M ; modes, which have center Raman-active ones are affected acfgss
been assigned to the disorder-activatgdandE,, IR modes. To sum up, more theoretical understanding has yet to
The difference inM, and M; mode frequencies, which is emerge to explain quantitatively the observation of the strong
related to the rhombohedral distortion of the adjacentg=eOsecond-order Raman scattering in these systems, the polar-
octahedra, decreases abruptlyTa ~ization dependence of the symmetric stretching mewe)

Let us compare our Raman results to the changes in thg, CFO, and the temperature dependence ofMbeand M

phonon denSity Of. stat(eDOS_) measured by the nuclear reso- moges in LSFO. We hope that our present detailed Raman
nant x-ray inelastic scatterirfgThe changes in the DOS be- study will motivate this.

tween the spectral range of 300—500¢racrossT,, in CFO
were much more pronounced than that in LSFO. This is the

region encompassing th&, mode in CFO and th&1, and

M3 modes in LSFO. The mode frequenciesh$ and M4 ACKNOWLEDGMENTS
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