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Aim of the present studies

Structural distortions and their effect on the magnetic properties of
rare-earth based oxides

Parameters: Temperature /Pressure

Raman scattering is sensitive to structural distortions and carry
iInformation related to the physical properties.

Multifunctional RBOj

LaMn, ;Co, ;O; RCrO,

Dual magnetic phases Multiferroic

J. Phys. Condens. Matter (2010)  Euro. Phys. Lett. (2013)
J. Appl. Phys. (2014) Mater. Res. Exp. (2014)



Experimental facilities

~ _ELETTRA Synchrotron, :I\;[leste \




Perovskites

ABO, formula




Perovskites

Cationic size mismatch

v’ Octahedral tilting
v’ Cation displacement

Tolarence factor (t) :

dro

Rotation of e
octahedra 1/
GdFeO; BahIO, cubic perovskite: t=1
Orthorhombic Hexagonal
Pnma P6s/mmc
- structural distortion = t #1
LaMnO3;
\ Orthorhombic
; P Jahn-Teller Fhiria
distorted octahedra
Sl"TiOs
Cubic
Pm-3m

Most common structures are “Rhombohedral (R-3c)”” and “Orthorhombic (an(rj_n)”



Perovskites

ABO, Perovskite oxides

Nb,Ta

Mn,Co,Fe,Ni

conductive Ti,Zr,Nb, Ta . —
Cu,Bi - A
Cu,Co,Ti,Zn = = '
e
= ' _ nonlin. optical
magnetic oxides:
~di-/ferroelectric oxides: KNbO
. superconducting  oxides: (La,Ba)MnO, =T
conc!uctmg oxides: (Ba,Sr)TiO, v
oxides: (Ba,K)BIiO, itlf.“ B
(La,Sr)Co0, CaTiO, [ it

perovskite mineral

J. Phys. D: Appl. Phys. 45, 033001 (2012)



Perovskite (Pv)

Perovskites

Perovskite

Corundum
R-3c

Orthorhombic
Cmmm

Science, 304, 855 (2004)



Perovskites

Photocatalytic splitting of H,O for H, production

14 Oz +2 H" O,/H,0 Potential
r|+
H,0 -
Dz_ and Hz_emluliun
nhotocatahst

Potential (V vs NHE) [eV]

— Direct Gap
— Indirect Gap |-

Energy Environ. Sci. 5, 9034 (2012)



Orthorhombic distortion

d BO; tiltsaround [010] - tilt angle “¢”
& [101] - tilt angle “0”
O A-ion displacement

Cubic (Fm-3m) Orthorhombic (Pnma)
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Cubic (Pm-3m)

Orthorhombic distortion

Raman active modes are absent

| ~
.
- « ; /‘ / /
S K i
""" O’."ﬂ —C)‘ g / P \/Q, \ —‘) 9 / e—
g ! l N *
Rotational Anti-Stretching Bending Stretching

24 Raman active modes




Distinct magnetic phases in LaMn, :Co, :O;

B-site doped RMO, I:> Spintronic applications

LaMn,_,Co,0,

LaMnO, LaCoOs,
Antiferromagnetic Diamagnetic

‘V'

LaMn, :Co, ;05 (LMCO)

Heat above 1300 0% \Heat upto 800 °C

Ferromagnetic
LTc [ g } Ferromagnetlc } HTc

T, ~ 142K T, ~240K

Phys . Rev . B, 67, 014401 (2003)

Two different T, behavior ???
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Magnetic ordering temperature

Spin Exchange Interactions
Jo,= exchange energy

T = 2nJ, (J+1) = total angular moment
¢ 3K, n = number of nearest neighbors
Ky = Boltzmann constant
0z

Y SN
\V N %/\
2\

Phys. Rev. Lett. 75, 914 (1995)
J,, oc Cos?(O

avg)




Raman studies

A i i i i
g stretching Lattice dynamical calculations

J. Solid State Chem. 177, 2323 (2004)

.

$o.1m.0 & <TM-0>

Octahedral self distortion

anti-stretching
Eg1 EgZ

bending

F2g' F2g’

200 600 800
| ) 0., & <La-0>
Raman shift (cm™) Octahedral tilting
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Difference in T_values

Wg
(JOctahedral self distortion is same
JOctahedral tilting distortion is different
AT.= 100 K _
wAB oC ‘eavg'
Jex oc COS4(9an) Phys. Rev. Lett. 75, 914 (1995)
_2nJ,(J+])
1.=
3K,

400 600 800
Raman shift (cm™)

The difference in T_ values can be understood qualitatively using Rag\an



Temperature dependent Raman scattering

—— 300K In  magnetic materials change in phonon
— 250K .
—— 210K frequency with temperature:
— 160K
— 130K
— 80K

Aw(T) = (Aw)latt + (Aw)anh + (Aw)ren + (Aw)s-ph

Phys. Rev. B 60, 11879 (1999)
In case of magnetic insulators:
Aw(T) = (Aw) + (Aw),, + (Aw)g

m cubic anharmonic process, temperaturh

400 500 600 700 dependence of phonon frequency:
Raman shift (cm™) har /KT
Oynh (T) =Wy — C (1+ (2/(6 o/ e _1)))
Exchange coupling between magnetic ions
contribute as: temperature dependence of Raman linewidth:
Awg ), = £A<S,.5,> _ hay /KeT
. Appl. Phys. 64, 5876 (1988)  \_ L (M) =T, +C (1+ (2/ (e —1)))/
W Any deviation is considered as due to
ho, h(!)p or spin-phonon coupling.
VARVAVAVAV o Q
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Temperature dependent Raman scattering
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Co-existance of two magnetic phases is clearly seen from temperature dependent Raman
17



Conclusions

U Distortion dependent Raman modes in LMCO could give a qualitative
understanding of the two T behaviour.

U Temperature dependence of Raman modes through spin-phonon
coupling could show the coexistence of two magnetic phases in LMCO.



Multiferroicity in RCrO,

Transport studies

O Multiferroicity below Neéel temperature (T, ) is observed in RCrO,
only in the case of magnetic R3* ion.

GdCrO5, SmCrO,, NdCrO; etc. — Multiferroic
LaCrO,, LUuCrOg, ThCrOg etc. — Non-multiferroic

Rajeswaran et.al. Phys. Rev. B (2012)

Applications in spintronics and magnetic memory devices

!

The mechanism for the occurrence of ferroelectricity in RCrO3?-

{
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-
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Multiferroicity in RCrO,

Raman studies

A LETTERS JounnaL EXPLORING
THE FrOwTIERS OF PHYSICS
January 2013

EPL, 101 (2013) 17008 www.epljournal .org
doi: 10.1209/0285-5075/101/17008

Spin-phonon coupling in multiferroic RCrO3 (R-Y, Lu, Gd, Eu,
Sm): A Raman study

VENKATA SRINU BHADRAM, B. RAJESWARAN, A. SUNDARESAN and CHANDRABHAS NARAYANA

Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research
Jakkur P. O., Bangalore 560 064, India

L Magnetic R-Cr interactions mediated spin-phonon coupling could be leading
to multiferroicity:.



Motivation for high pressure studies

Orthorhombic RCrO,
57 B8 (59 |60 |61 |62 |63 |64 |65 |66 |67 [6B |69 [TO |71
22_ — La|Ce|Pr|Nd|Pm|Sm|Eu | Gd|Tb|Dy|Ho|Er |Tm|Yb|Lu
sl = Lag 1280 €
1 . 1260 lonic Radii
- \ 1240
16} ! Cr 4 7
= N/ 1 Ty" o< €0s*(0,,)/1
& 4200 ~
2 i ] < .
= r2f /S I Bag=(6+29)/2; 1 = (Cr — 0)is constant for all RCrO;
E 10 F (.}d -.160
sl 1140
b Er ]
6F .é 1 CrO, tilts around
| I [010] > ©
095 1.00 1.05 1.10 1.15 [101] 9 @

re(A)

Phys. Rev. B 86, 214409 (2012) Cubic (Fm-3m) Orthorhombic (Pnma)

Phys. Rev. B, 8, 054303 (2012)

Reduce ‘0,,,’& ‘I’to increase Ty, but how???
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Motivation for high pressure studies

General Rule: with increasing pressure,
A*3 B*30, : distortions increase

A*2 B*0, : distortions decrease
Phys. Rev. Lett. 95, 025503 (2005)

Low symmetry (Pbnm) High symmetry (R-3C)

High Pressure

) Q&) o) 4
In case of LaCrO, A ‘ A A
Phys. Rev. Lett. 106, 057201 (2011)
Contrasting Reports! Role of R-ion size!

High Pressure

QL @
In case of YCrO, ‘ O
o

Phys. Rev. B 82, 064109 (2010)

22



Intensity (arb.units)

Raman spectra of RCrO,

Raman Shift (cm™)

100 200 300 400 500 600 A
€r0s bpndne Orthorhombic Pnma
‘ _/‘/J\A / \_..,Lacr-c)3 " )
\ L—J\A‘ PrC r03 3 “;“‘ \ 1)‘
~~—tsmcro, | |
l ) | EuCrO, | =: J o C(Z)r
GdCro, N ©
| ——— P s V1
N LuCrO -
R-ion motion B%g’(/z) AR A B (4) ;\\ (4) A1) 1 ’ a b

y ‘R— 0’ vib. } “gr “b”
T_ﬂ % 3 CrOq tilts around [010] & [101]

0 A (2) and A, (4) are soft modes whose frequency vary linearly with
“9" and "0" respectively.



A (4) frequency, o - o, (cm™)

10

(3]

o

Pressure dependent Raman studies

[ ] LuCrO3
- PrCrO3
@] LaCrOs

Lu
20}
15
10} ; - Pr
<>
05} : 1
\
]
\
00 1 2 1 " 1 N 1 L1 N 1
095 1.00 1.05 1.10 1.15 1.20
[ \
0.5} P (A) ‘I
| \
\
1.0 }F &
i La
-1.5L

Only in LaCrQO;, distortions reduce with increase in pressure



10 |

(4]

A (4) frequency, o - o, (cm™)
o

Pressure dependent Raman studies

[ | LuCr03
- PrCrO3

Intensity (arb.units)

LaCrO3

Raman shift (cm™)

'. Rhomhbohedral R3¢ o ‘ \
Y M‘\—
v 3 g(7 Orthorhombic Prma
L Au('ll) ] L ] Aﬂ{ |
200 300 400 500 600 700

Pressure
in GPa

10.14

7.30
5.69
3.97

2.66
1.44
amb

Only in LaCrQO;, distortions reduce with increase in pressure



Compressibility : CrO, vs RO,,

Pressure

Tilt angle

Difference in compressions at Cr and R sites alters the octahedral tilting
26



Intensity (arb.units)

100

Compressibility : CrO, vs RO,,

200

Raman Shift (cm™)
400 500 600

300

R-O vib.

Cr-0O str.

CrOq

LaCrO3

PrCrO3
NdCrO3

SmCrO3

EuCrO3

GdCrO3
TbCrO3
LuCrO3
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Rate of change in A (7) (cm'l/GPa)

Compressibility : CrO, vs RO,,

LaCrO,
Less compressible at ‘La’
P
More compressible at ‘Cr’

Rate of change in Ag(1) (cm'llGPa)

096 100 104 108 112 1.16

Ionic radii r .(A)

'‘Unique’ analysis of Raman modes » Role of R-ion size




XRD pattern

i Rgragy = 0.07 . . . o pe
2 lurces GdCro; & 30 Profile matching with Le Bail fit
E :—v—A-A LT Mmm o i
§ Rl R ' 2= 5.3238(1)A yungroraulte
5 oo N e
A . R 23 b=5.5279(1) A
E ;—bﬂ—%- [ | (i I i R‘:VP _3:.2‘7| | Il C=7'6184(1)A
8 12 16 2q 20 (20; 28 3z 36 440
EuCro, g%
2 f“(?qpa Run =125 Orthorhombic (Pbnm)
a= 5.3714(2) A ; gobs'lcai l _)\L:)L:(L\Il}_l‘l JI\—IL ””H,l_l_,”j”lil!‘ Ll!!l IIIIIIIIII_,ILIIIIINI{IIHIII [RUHLT A
o \((5_/ — =0.
b=5.5255(2)A 3 [ Rowy 7005
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Unitcell volume (V/V )

Pseudocubic unit cell axes (A)

S
N
A

=
e
=

e
&
h

S
&
=

w
=

w
o

it
-...1

>
=

Lattice parameters

GdCI’O3 1.00 EuCrO3 SmCr03 41.00
V =224.153) A’ 3 3
0 S 0.98} V,=225011 A V,=225.440 A’ 2

= .J x4, - 40.98
_ B,=326.7+4.7 GPa B,=272.9 £ 5.7 GPal B=259.2+27GPa| &
: =
0.96 |- >
i s iy 1096 T
| — 2" order B-M EOS 004 —2""order B-M EOS — 2" order B-M EOS E

o 094}

: : : : : ‘ - — n : : — 0.94
3.90F ‘e, -
| e o ® e o o eee o [ ] P/‘iZ \) ’ [} b/\jz DS«
® S, b/N2 B ® e e o | @
3.85F e L., S R =
T = Bty 380?':
- A AAA 4 N c/2 3.80“ A, . m -~ A s, 12. -2
- L - A4 a 4a 4 aa ¢/2 "= ™ A A, N c/2 g
B . .II 375r - "au Phasa B "o n : “-3.75 5
v Pl a2 " 2
" o 370} . - _a/\f2 &

" [+ " 2 {3.70

0 5 10 15 20 0 5 10 15 20 0 4 8 12 16
Pressure (GPa) Pressure (GPa) Pressure (GPa)

No structural transition is observed

2"d order Birch-Murnagham EQOS P =

3B,

2

(

Yo
V

7
2

) -

Yo
vV

)

k3| LN

B,= bulk modulus
30



Cell distortion factor

2.0
(a) =
B GdCrO,
18k 4 EuCro,
@ SmCrO3
1.6 F |[—— 1+0.08781x
— = 1+0.05403x

R 1+0.02179x

Cell distortion factor (d/d )
o =

.
.
.
.t

1.0 - g ®

0 2 4 6 8
Pressure (GPa)

Support for Raman results

(ﬂr )
—— =

.|”
y2

2 3 2
+ F—Ef!, +|--a,

b | ™

d=

Where

305, X 104

a b ¢
—_-|——_-|—;
V2 V2 <4

3

Cubic (Fm-3m)

Am. Mineral., 68, 1189 (1983)

Orthorhombic (Pnma) 1
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p— ek
= 17

Ag(4) mode frequency, o-o, (em™)
[V

Softmode vs Tilt angle

External pressure

B GdCro, | |
A EuCro,
® SmCrO,

16.1 cm™ /degreg¢

./<

;@

B

".l.l.l.l.l.l.-
00 02 04 06 08 1.0 1.2 14

Tilt angle, 0-6 (degree)

By neglecting the self distortion of the CrO,

Q= cos‘l(

)

6 = cos ‘{E)
b

Phys. Earth. Planet. Inter. 76, 1 (1993)
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Softmode vs Tilt angle

External pressure

Chemical pressure

rrr e rrr ey 500 s T
/ Ay(5) /
20 m - [101] rotation ecio, /
/'/ Ycro_ g’
DyCrO
e / 400 GdCro, @ T
=
\_; 15 ] ,'_E NdCI’O?II;/.
? o 300 V 4 ~
8 L f YCrO
) LaCl'O3 .' 3
- 1 o M| DyCrO,
? | GdCrO3 g /' GdCrO,
A c Y 4 '
s 10 e, | =W By ‘Nacro, [010/‘]\:SQtion I
3 ® SmCrO, g
q‘: /;/"‘/ st '—9*)
@ /,""; % ‘7 ’. %
'ﬁ IOO 4‘;‘ \Qvi i
e LaCrO, \,_~ -
g sl o 16.1 cm™ /degreg¢ : ;O
o~ / € Ty,
/ . T
< "/ 23.4 cmt/degr
o0 A Ccm egree
< I /. 0‘/{%1AlAl.,‘knk‘.Al.A..gllA,,
bod 0 5 10 15 20 25
o . , . , . , , L. Octahedra Rotation Angle (deg)

0.0 02 04 06 08 1.0 1.2 14

Tilt angle, 6-0, (degree) Phys. Rev. B 85, 054303 (2012)

Behavior of octahedral distortions w.r.t. chemical pressure (R-ion size)
and external pressure is different.



Pressure effects on the Néel temperature

Bloch’s rule: Based on the change in lattice volume with pressure,

dT

— = 3.3Tyk 'k "is the compressibility

J. Phys. Chem. Solids, 27, 881 (1965)

dT
dFT = (1.561) g4 < (2.543)g, < (2.691),,, degree/GPa

c 4 7
Ty" & cos*(a)/l’| phys. Rev. B 81, 214115 (2010)

where «a = 9+22q9 and [ = (Cr — 0)
. . . GG L 7'31': 6+2¢ do Eqn— \i
Explicit relation dg = —Ty ?@—F (2 tan( ) )de_—k_Z_@)_)‘:]
Negative quantity Positive/negative quantity

(Raman data)
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Pressure effects on the Néel temperature

0.0040 P——prormsr-r-——r-—+—v~v-—-o+~-—r-——-—1r—+ r——r—m—pr——T——T——T—
J6
0.0035 | 2 | O
Bloch’s rule
0.0030 | i 1s
—~ <
T 00025 a
O 14 ©
< X
< 00020 =
S S
= 43 S5 =
@ 0.0015 } -
©
0.0010 } Sm 1,
Eu
0.0005 | Gd
Gd 1 1 1 1 1 1 1
104 1.06 1.08 110 1.12 1.14 1.16 104 1.06 1.08 1.10 1.12 1.14 1.16
r..(A) r..(A)

arty

P is more sensitive to compression of Cr-O under external pressure



Conclusions

Pressure effects on perovskite distortions

v'Role of R-ion size

vEffect on the magnetic properties

Increasing the pressure

v'Chemical pressure vs external pressure

Increasing R-ion size

V. S. Bhadram et al, Mater. Res. Express 1, 026111 (2014)
V. S. Bhadram et al (unpublished results)
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