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Phonons in GdBaCo,05 5 have been identified using infrared spectroscopy and their mode assignments
have been carried out using ab initio lattice dynamical calculations. Metal insulator transitions in
undoped and nickel-doped GdBaCo,0s 5 have been probed using infrared absorption spectroscopy. The
phonon modes corresponding to the bending mode of the CoOg octahedra/pyramids are seen to soften,
broaden and develop an asymmetry across the insulator-metal transition pointing to extensive electron
phonon interaction effects in these systems. Correlated changes of the phonon line shape parameters
associated with the transition indicate a suppression of Tyt with increased nickel doping of the cobalt
sublattice. Temperature dependence of the octahedral stretching mode frequencies in undoped
GdBaCo,0s 5 points to distinct structural distortions accompanying the high temperature metallic

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Cobalt containing oxides have attracted considerable attention
in recent years due to a unique combination of their electrical and
magnetic properties [1-6]. In particular oxygen deficient layered
perovskites of the formula LnBaCo,0s.s present a rich phase
diagram exhibiting a variety of electrical, magnetic and structural
transitions as a consequence of the interplay of spin, charge
and orbital degrees of freedom [7-11]. The crystal structure of
these compounds consists of a sequence of [CoO,]-[Ba0O]-[Co0O,]-
[LnOg5]-[C00,] layers along the crystallographic ‘c’ direction
(inset of Fig. 1a) [11-13]. The oxygen content in these compounds
plays a very crucial role in determining its transport and magnetic
properties [14] (Table 1), since this dictates the nominal valence
state of cobalt (varying from +3.5 for 6=1 to +2.5 for §=0). For
5=0.5 where only Co>* ions are present, the oxygen ions in the
Ln-0 layers order into alternating filled and empty rows running
along the ‘b’ axis leading to alternating octahedral and pyramidal
environment for the cobalt ions [13,14]. The large diversity in
properties of these systems is primarily associated with the fact
that cobalt exhibits multiple spin states—low spin (LS, 3, €2),
intermediate spin (IS, 3, eg) and high spin (HS, t3, ez) states, in
addition to the variety of stable oxidation states (Co?*, Co®* and
Co*"), thus adding to the complexity of the phase diagram
[13-17]. At low temperatures, the LS and IS states are energeti-
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cally favoured, while an increase in temperature favours the LS-IS
and IS-HS transitions [18-20].

These materials exhibit several magnetic transitions in addi-
tion to metal-nonmetal transitions [11-14] (Table 1). This metal-
insulator transition (MIT) in LnBaCo,0s 5 has been a subject of
considerable interest, the origin of which still remains unresolved
[11-14,18-24]. A few reports are suggestive of a magnetic origin
to this MIT, wherein a thermally induced spin state transition of
the Co>* ion from the LS/IS to the HS states is responsible for the
transition to the metallic state [12,13,19-22]. While neutron
diffraction measurements across the transition indicate that the
low temperature insulating phase arises as a consequence of the
ordering of the e, orbitals [25], studies based on the O-isotope
effect on the transition temperature (Tyyr) [26] suggested the
presence of lattice polarons that could localize the electrons and
hence provided an alternative picture of this transition. Recently
high resolution synchrotron measurements have revealed a
structural transformation accompanying the MIT [27]. GdBa-
Co0,0s55 is known to exhibit a metal to insulator transition (MIT)
at~370K, a paramagnetic to ferromagnetic transition at 270 K
and ferromagnetic to antiferromagnetic transition at 240 K [18].

Chemical substitution of the cobalt sublattice in GdBaCo,05 5
with nickel—an electron dopant is seen to modify the transport
and magnetic behavior of this compound [23]. It is observed that
the room temperature resistivity of the parent material decreases
systematically, with increased nickel content and in addition a
clear suppression of the Tyyr was also observed [23,24]. It was
interesting to note that the variation in Ty with nickel
substitution correlated well with the orthorhombic distortion,
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possibly pointing to a structural link of the MIT [23] wherein
these distortions are expected to modify the crystal field splitting
energies, leading to the observed delocalised state.

Although a large body of studies have focused on transport and
magnetic properties [12,13,21-24,28], across the MIT, it is well
known that optical methods such as infrared or Raman spectro-
scopy have proved to be valuable in trying to understand the
nature of these transitions in related systems [29-34].

In the present work we have carried out infrared spectroscopic
studies to look for the interplay between MIT and the structural
aspects. Far infrared absorption spectroscopic measurements were

Absorbance

Wavenumber (cm™)

Fig. 1. (a) As recorded room temperature far infrared absorption spectrum of
GdBaCo,0s 5 in the range 125-650 cm ™! and (b) background subtracted (a linear
end to end background in the 125-650 cm~! range has been subtracted) room
temperature spectrum showing the fits in the 125-650 cm ™' range.

Table 1
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carried out on the layered double perovskite GdBaCo,0s 5 in the
range 125-650 cm~! and the infrared active phonon modes have
been identified for the first time. Ab initio lattice dynamical
calculations using VASP simulation program, were carried out in
order to estimate the phonon frequencies that helped in mode
assignments. We have also tried to obtain additional insights on
the local structural changes associated with doping the cobalt
sublattice with nickel on the phonon modes of the parent material.
The present study largely focuses on using in situ variable
temperature far infrared absorption spectroscopy to follow the
phonon modes in both undoped and Ni-doped GdBaCo,0s 5 across
the transition temperature, in an effort to understand the nature of
this transition. Both the octahedral bending and the stretching
modes have been followed across the transition temperature.

2. Experiment

Polycrystalline samples of GdBaCo,Os5 and nickel-doped
GdBaCo, _,NixOs5 (x=0.1, 0.2 and 0.4) were synthesized by the
solid-state reaction method and characterized using X-ray
diffraction measurements and ac susceptibility measurements
[23]. Room temperature far infrared absorption measurements
were carried out using a Bomem make DA8 FTIR spectro-
photometer operating at a resolution of 4 cm~'. Measurements
in the far infrared range (125-650 cm~!) have been carried out on
all the above powder samples dispersed in cesium iodide matrix,
using a combination of a Globar source, a 6 um extended
mylar beam splitter and a DTGS detector. Temperature variation
(450-77 K) was achieved using an Oxford make continuous flow
cryostat integrated with a pump, a gas flow meter and an Oxford
make ITC temperature controller.

3. Results and discussion
3.1. Infrared active phonons in GdBaCo,05 5 and their assignments
Fig. 1a shows the experimentally observed room temperature

spectrum of GdBaCo,0ss recorded in the far infrared region
covering the 125-650 cm ™! range. A linear background spanning

Summary of various dopings and related magnetic, electrical and structural transitions.

System Magnetic T¢; Ty Electrical Tyt Structure Reference
GdBaCo0,05+x Ref. [14]
x=0 AF Insulator Tetragonal
0<x<045 T.=250-275K Insulator Tetragonal
0.45 <x<0.55 T.=280-260 K 340-360 K Orthorhombic
Tn=180-250K
x>0.55 T.<150K <100 K Orthorhombic+Tetragonal
Tn <100 K
GdBaCo, _4NixOs s
x=0-0.4 T.=280-200 K 350-300 K Orthorhombic (RT) Ref. [23]
Gd; _xCexBaCo,0s5 5
x=0-0.1 T.=270-215K Solid State Communications 144 215 (2005)
Tn=240-220K Orthorhombic (RT)
GdBaCo, _4Fe,Os 5
x=0-0.4 T.=278-300 K 360-364 K Orthorhombic (RT) Yasodha et al. to be published
Gd; _xCayBaCo,05 5
x=0-0.25 T.=278-316 K Not measured Orthorhombic (RT)

Gd; _,xSrxBaCo;05 5

x=0-0.1 T.=278-290 K 360 K

Orthorhombic (RT)
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the whole range end to end has been subtracted and all the
discernable phonon modes in the whole range have been fitted
and the mode frequencies extracted (Fig. 1b). The orthorhombic
structure of GdBaCo,0s5 belongs to the Pmmm space group
symmetry and is represented by rows of pyramids and octahedra
running along the ‘a’ axis. The primitive cell contains two formula
units having 19 atoms/unit cell [12,13,35]. Table 2 shows the
crystallographic positions of the various atoms along with their
coordinates [12,13]. The crysrallographic structure of GdBa-
C0,05 5 showing the positions of each of the atoms in the unit
cell is shown in the inset of Fig. 1a. Co1l and Co2 correspond to the
cobalt in the octahedral and pyramidal positions. O6 from the 4u
sites share octahedral and pyramidal sites, while 04 and O5
connect pyramids and octahedra along the ‘a’ axis, respectively.
01 and 02 represent oxygen in the Ba-O plane while 03
represents the oxygen along the Gd-O planes.

Table 2
Crystallographic positions of GdBaCo,055 at room temperature (from Refs. [12,
13)).

Atom Crystallographic position Position coordinates

Gd 2p 1/2, 02722, 1/2

Ba 20 1/2,0.25,0

Col 2r 0, 1/2, 0.2522

Co2 2q 0, 0, 0.2562

01 1a 0,0,0

02 le 0,1/2,0

03 1g 0,1/2,1/2

04 2s 1/2,0,0.3132

05 2t 1/2,1/2, 0.2737

06 4u 0,0.245, 0.2929
Table 3

Factor group analysis predicts a total of 56 vibrational modes
of which 32 modes are infrared (IR) active (11B;,+11B5,+10B3y,
and 24 (8Ag+3Bg+5B,,+8B3,) are Raman active modes. Although
theory predicts a total of 32 IR active modes, only 13 infrared
active modes have been observed experimentally (Fig. 1). In an
attempt to assign these modes, ab initio lattice dynamical
calculations using VASP simulation package [36] have been
carried out, with which the vibrational frequencies and their
respective polarizations have been calculated at the I point in the
Brillouin zone. The calculations were done using the spin
polarized formalism and within the generalized gradient approx-
imation [37]. The calculations were carried out in a plane wave
basis with the pseudopotentials generated using the projector
augmented wave (PAW) method [38]. A 8x4x4 k grid
Monkhost-Pack has been used for the Brillouin zone sampling
and 500eV for plane wave cutoff energy. The structure is
optimized to minimize the forces on atoms. The Hessian matrix
of the total energy with respect to the displacements is computed
within density functional perturbation theory. The symmetry of
the structure was exploited to reduce the number of computa-
tions of total energy of the displaced configurations to the bare
minimum. The amplitude of displacements along the x, y and z
directions for the atoms associated with each mode along with
mode frequencies have been derived from eigen vectors and eigen
values of Hessian matrix. Additional details of computational
method and results will be published elsewhere [39]. Table 3 lists
the computed IR active modes along with their symmetry and
atoms showing significant displacements for each mode. Experi-
mentally observed infrared modes along with their relative
intensities are also listed in Table 3 for comparison. The amplitude
of displacements along the x, y and z axis involving the various

Comparison of experimentally observed phonon frequencies with theoretically estimated frequencies showing their symmetries and preliminary mode assignments. The

relative intensities are indicated within brackets.

S. no Mode symmetry Infrared frequency (cm~') Atoms significantly involved in displacements Dominant motions
Computed Experimental

1 Biu 616 602 (8.5%) Co1, 03,02 Co-0 Stretch c-axis

2 Bou 587 Co2, 03, 06 Co-0 Stretch a-b plane

3 Biu 553 567 (0.3%) Co2,06 Co-0 Stretch a-b plane

4 Biu 531 522 (1.4%) Co2,C01,01,02,03 Co-0 Stretch ‘c’ axis

5 Bsy 511 505 (3.3%) Co1,05,06 Co-0 Stretch a-b plane

6 Biu 451 484 (5.6%) Co2,04,06 Co-0 Stretch a-b plane

7 Boy 400 418 (5.8%) Co1,C02,01,02, 04,05 Co-0-Co bending

8 B3y 397 384 (4.3%) Co2, Col, 06,04 Co-0-Co bending

9 Bou 374 Col, 03, 04, 05 Co-0 stretch a-b plane

10 B3y 334 C01, Co2, 04 Co-0-Co bending

11 By 332 350 (18.3%) Co1,Co2, 04,05,06 Co-0-Co bending

12 Biu 327 Co2, 04, 05 Co-0 Stretch a-b plane

13 Boy 301 309 (21.5%) C02,02,03, 01 Co lattice mode

14 Boy 297 Col, 04, 05 Co lattice mode

15 Bau 281 Gd, 06 Gd lattice mode

16 Bsu 263 266 (9.5%) Ba,Co1,01,06 Ba lattice mode

17 Bsy 250 Co2, 01, 06 Co lattice mode

18 Bsy 233 Co2, 04 Co lattice mode

19 Biu 216 220 (10.7%) Co1,03,04,05 Co lattice mode

20 Bou 196 Co1, 04, 06 Co lattice mode

21 Biu 168 184 (3.1%) Gd, 04,05,06 Gd lattice mode

22 Bou 161 162 (7.8%) Co1,02,01 Co lattice mode

23 B3y 155 Co1, Co2, 04, 06 Co lattice mode

24 Biu 147 Col, Co2, 04 Co lattice mode

25 Bau 137 Ba, Co2, 03 Ba, Co lattice mode

26 Biu 121 Ba, Col, 03 Ba, Co lattice mode

27 B3y 119 Ba,Co2, 04 Ba, Co lattice mode

28 Boy 82 Gd, Ba, 01, 03 Gd, Ba lattice mode

29 Bsu 70 Gd, Ba, 01, 03 Gd, Ba lattice mode

30 Boy 0.3 Gd, Ba, Col, Co2 Acoustic mode

31 Bsy 1 Gd, Ba, Col, Co2 Acoustic mode

Gd, Ba, Col, Co2

Acoustic mode
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atoms for each calculated mode frequency have been derived
from VASP calculations. Out of 32 IR active modes computed from
VASP, 29 modes have nonzero frequencies and remaining three
modes with <3 cm~! correspond to acoustic modes involving
translational motions along x, y and z directions. Based on the
magnitude of these displacements and also based on literature
reports of related systems [20] the modes have been broadly
assigned as indicated in Table 3. While the major high frequency
phonons at 602 and 505 cm ™! are assigned to the Co-O stretching
frequencies of the CoOg octahedra along the c-axis and the a-b
plane, respectively, the modes in the range 300 <v <420 cm™!
are attributed to the 0-Co-O bending modes of the CoOg
octahedra/pyramids. It is to be mentioned at the outset that the
stretching modes of the pyramids cannot be followed with
confidence owing to their poor oscillator strengths and hence all
changes in the stretching mode frequencies are hereby generally
referred to as arising due to octahedral distortions. The low-
frequency modes appearing at v <300 cm~! are related to the
lattice modes. More detailed discussion about mode assignments
along with computed IR intensities and Raman active modes can
be found elsewhere [39].

3.2. Compositional dependence of phonons in GdBaCo,055 on
doping with nickel

Fig. 2a and b shows the set of far infrared spectra of both
undoped and nickel-doped GdBaCo,0s5 recorded at room
temperature and at 77 K, respectively. As mentioned earlier the
parent compound (x=0) exhibits 13 infrared active modes at
room temperature (Fig. 1). Although no new modes are seen on
doping with nickel, one can observe systematic changes in the
phonon line shapes as one increases the nickel content at room
temperature. The modes become progressively broader and less
intense with increased nickel content. For higher dopant con-
centration (x=0.2 onwards) the modes are no longer resolvable
and are observed to be totally submerged by the electronic
absorption background. This observed variation in the phonon
modes is consistent with the earlier resistivity measurements
wherein Ni substitution at the Co site drastically affects the
transport behavior of the system [23]. It is observed that the room
temperature resistivity of the parent material decreases system-
atically with increased nickel content [23]. The observed smearing
out of the phonon modes for increased dopant concentration can
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Fig. 2. Far infrared spectra of GdBaCo, _,NiyOs 5 (x=0, 0.1, 0.2 and 0.4) recorded at
(a) 300 and (b) 77 K.

be understood as arising on account of the enhanced background
absorption caused by an effective increase in the charge carriers in
the delocalised state.

As regarding the variation in the phonon frequencies as a
function of doping with nickel, it is evident from the set of spectra
recorded at 77 K (the spectra of the samples at 77 K (Fig. 2b) are
better resolved and are hence amenable for analysis), that while
the low frequency modes <400 cm ™! exhibit a marginal shift by
less than a percent, the high frequency stretch modes exhibit
interesting changes. The 624 cm~' mode corresponding to the
Co-0 stretching vibration along the c-axis of the CoOg octahedra,
is observed to drastically soften by about 14 cm~! with increased
nickel content, while the 515 cm~! mode attributed to the Co-O
stretching along the a-b plane is observed to harden by ~5 cm™!
(Fig. 3). This suggests a slight elongation of the CoOgs octahedra
along the c-axis accompanied by a marginal contraction along the
a-b plane. It is to be mentioned here that lattice parameters
deduced by XRD measurements also indicate an increase in the ‘b’
and ‘c’ axis lattice parameters, associated with a decrease along
the ‘a’ axis [23]. The above observation points out to the fact that
changes in lattice parameters as seen by XRD measurements are
indeed associated with changes in the octahedral/pyramidal
structural parameters. The variation of the orthorhombicity with
Ni content that correlated well with the variation in Ty [23] is
compared with the changes in the octahedral stretch frequencies
as obtained from the present measurements (Fig. 3) providing
additional proof for structural changes across the MIT in these
systems. The increased orthorhombic distortion with increased
nickel doping is expected to modify the crystal field splitting
energies leading to decreased band gaps. It is also to be noted that
the observed contraction along the a-b plane could mean a
greater overlap of the oxygen p orbitals with the Co d orbitals
leading to delocalization of the charge carriers, thus explaining
the decreased resitivity observed on doping the parent material
with nickel.

3.3. In situ variable temperature measurements

Fig. 4a shows a select set of as recorded high temperature far
infrared spectra of GdBaCo0,0s5 5 in the range 300-400 K, spanning
the Tyt (~370K). Room temperature spectrum exhibits sharp
and highly resolved phonon features clearly indicative of the
insulating nature of the sample. On increasing the temperature,
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@ © 0.006
ﬂ| &
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///°
0.004 @
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~ 520 \0 —
5 {620 §
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E c axis 1616 &
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S A/A — " o o
<] 516 612
0.0 0.1 0.2 0.3 0.4
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Fig. 3. (a) Variation of orthorhombicity as deduced by XRD and (b) variation of
Co-0 stretching frequencies of the CoOg octahedra along a-b plane and c-axis as a
function of Ni content at 77 K. Note the correlation between the variation in the
Co-0 stretching frequencies and the orthorhombicity.
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Fig. 4. As recorded far infrared spectra of (a) undoped GdBaCo,Oss and
(b) GdBaCo, gNig 4055 for select temperatures spanning the Tyyr. Insets show the
expanded view of the bending mode evolving across Tr.

an evident increase in the electronic absorption background is
observed that points to a progressive increase in the density of
the charge carriers. One can also see a systematic decrease in the
phonon intensities accompanied by an evident broadening as
the temperature is increased. For temperatures beyond Tyt
the phonon modes are observed to be totally smeared by the
increased electronic absorption background, and the spectrum
becomes totally featureless, signaling the transition to the
delocalised state. Similar in situ variable temperature measure-
ments were carried out on all the nickel doped samples
GdBaCo, _,NiyOs5 (x=0.1, x=0.2 and x=0.4) spanning the
respective transition temperatures, to look for changes in the
phonon modes across the transition. Fig. 4b shows a representa-
tive set of far infrared spectra of the x=0.4 sample—GdBaCo, g
Nig40s55 in the temperature range 300-77 K spanning the Tyt
(~200 K). Since at room temperature this sample is metallic, the
room temperature infrared spectrum is featureless and is seen to
exhibit the characteristic metallic background. On lowering the
temperature, not much of a change is observed until about 200 K.
Interestingly for temperatures below 200 K the phonon modes are
seen to gradually emerge from the absorption background
signaling the transition to the insulating state. The emergence of
the phonon modes at low temperatures can be understood as
arising due to the decreased electronic absorption background in
the insulating state.

3.4. Temperature dependence of the bending mode across Tyt

Since it is well known [25] that changes in the bond angle
between the octahedra Co1-05-Co1 and the pyramids Co2-04-
Co2 and between the octahedra and the pyramids Co1-06-Co2,
would greatly influence the hopping probability of the charge
carriers thus dictating the electronic properties of the system, it
becomes important to follow the corresponding bending modes
across the transition temperature. In the present work we have

tried to analyze the most intense bending mode (350 cm ') of the
CoOg octahedra/pyramids in detail—it is to be noted that this is
the mode that involves major displacements of the Co1,C02,04
and O5 atoms (refer Table 3) that would help follow changes in
both the octahedral and pyramidal bond angles. Inset of Fig. 4a
shows the detailed evolution of the 350 cm~! bending mode
across the Ty for the undoped sample GdBaCo,0s 5. A noticeable
reversal in the peak asymmetry is seen across the transition
temperature, it is interesting to note that in the insulating state
(~300K), this mode exhibits a strong asymmetry towards the
low frequency side after which the mode progressively becomes
symmetric at~360K and later at the transition temperature
(370 K) a sudden reversal in peak asymmetry towards the high
frequency is observed. For temperatures beyond 400 K the mode
is totally submerged by the increased electronic absorption
background.

The detailed evolution of the bending mode of the x=0.4
sample across the Tyyr (300-77 K) (inset of Fig. 4b) clearly
indicates the emergence of the phonon feature at 200 K. Although
initially this mode exhibits an asymmetry towards the high
frequency side, subsequently the mode tends to become sym-
metric as the temperature is lowered well within the insulating
state.

In order to gain a further insight into the exact variation of the
phonon line shape parameters in both undoped and nickel-doped
GdBaCo,0s 5, detailed peakfit analysis of the 350 cm~! bending
mode of the CoOg octahedra were carried out to look for changes
that could signal the insulator to metal transition. While attempts
at fitting this mode to a Lorentzian/Gaussian in all these samples
did not prove satisfactory, a Fano-Breit-Wigner line shape was
seen to provide very good fits throughout the measured
temperature range. This profile for a phonon mode is indicative
of an enhanced interaction of this mode with a continuum of
states [40]—in this case a continuum of free electrons character-
istic of the delocalised state. This bending mode has hence been
analysed in terms of a Fano-Breit-Wigner line shape

I=Io{1+[(-wo)/Tqly* /(1 +(w-wo)* /T 1

where the asymmetry factor ‘1/q’ is a measure of the strength of
the interactions of the phonon with a continuum of states.

The temperature dependency of the line shape parameters of
this mode for the undoped and all the nickel-doped samples
revealed anomalous changes that correlate well with the transi-
tion temperature (Fig. 5). From the figures one can also observe a
clear indication of the suppression of the Ty;r with increasing
nickel content.

3.4.1. Variation in phonon frequency across Tyyr

A sharp decrease in the bending mode frequencies on
increasing the temperature, signals the transition to the deloca-
lised state (Fig. 5a). A systematic suppression of the transition is
also clearly evident with increased Ni content. The fact that the
bending modes exhibit an abrupt softening at the insulator-metal
transition can also be taken as definitive evidence of increased
bond angles between the octahedra/pyramids thus suggesting
delocalization of charge carriers along all directions on increasing
the temperatures [25].

3.4.2. Variation of phonon line widths

Although regular anharmonic effects would cause increased
phonon line widths on increasing the temperature, it is evident
from Fig. 5b that the line widths exhibit a sudden and anomalous
increase (over and above that expected for regular anharmonic
behavior) that seems to correlate well with the Ty;r. This would
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Fig. 5. Variation of the octahedral bending mode line shape parameters in
GdBaCo, _4NiyOs 5 (x=0, 0.1, 0.2 and 0.4) as a function of temperature. The abrupt
softening of the bending mode frequencies (a) the anomalous increase in phonon
line widths (b) and the changes in asymmetry factors (c) and (d) are indicative of
transition to the metallic state. Note the suppression of Ty with increased nickel
contents.

imply an increased interaction of the phonon mode with a
continuum of free electrons. [40].

Hence all the above signatures are clearly indicative of
extensive electron-phonon interaction effects predominant in
these systems [40]. It is well known that electron-phonon
interactions are associated with the decay of a phonon into an
electron-hole pair thus leading to the observed softening and
broadening of the modes [41]. Additional support for the
interaction of this mode with the free electrons in the medium
is provided by the spectacular changes observed in both the
variation of the asymmetry parameter ‘1/q’ (Fig. 5c¢) and the Fano
parameter ‘q’ (Fig. 5d) as the sample enters the high temperature
phase.

A plot of the Fano parameter ‘q’ across the Tyyr for all the
samples (except the 20% nickel doped sample) excellently reflects
the reversal in peak asymmetry that correlates with the Tyr.
Although at present we are unable to attribute any particular
reason for this reversal, nevertheless this reversal implies that in
the insulating state the bending mode interacts with a continuum
of electronic states with energies lower than its vibrational
frequency, while above the transition temperature, the bending
modes are observed to interact with a continuum of states having
their energies centered at frequencies higher than the phonon
frequency. The above observations clearly indicate that the
phonons in these systems show correlated changes with the
MIT providing direct evidence of the fact that the MIT in these
systems are indeed driven by changes in structure.

3.5. Temperature dependence of the stretching modes in undoped
GdBaC0205.5

Analysis of the variation in the stretch mode frequencies of the
undoped sample was carried out across the Tyyr in an effort
to see if the distortion effects of the octahedra would play a
role in dictating this transition. In view of this, both the 503
mode and the 602 cm~! mode corresponding to the stretching
of the octahedra along the a-b plane and along the c-axis,
respectively, (Table 3) have been analysed and the variation in
mode frequencies across Ty;r have been plotted in Fig. 6a. The
temperature dependencies of the octahedral stretching mode
frequencies based on the cubic anharmonicity model [41] is given
as follows:

o(T) = o(T)-w = —A[(exp(h/wo /4mksT)—1)"" +0.5] @

The results obtained from the above model are shown as
dotted lines in Fig. 6. While the 603 cm~' mode exhibits
extensive softening on increasing the temperature from 77 to
400K over and above that expected for anharmonicity, the
503 cm~! mode exhibits a sudden upturn in the mode frequen-
cies at~270K after which the mode is seen to harden further
with an evident change in slope at~360 K signaling the MIT. We
try to understand the above changes in the stretch mode
frequencies as follows:

The anomalous softening exhibited by the 603 cm™ ‘c’ axis
stretch mode is in keeping with synchrotron diffraction measure-
ments by Frontera et al. [13] wherein the Co-O bond lengths
along the ‘c’ axis of both the pyramids and the octahedra are
observed to increase across the transition.
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Fig. 6. Temperature dependence of (a) Co-0 octahedral stretch mode frequencies,
(b) magnetic susceptibility and magnetization across Tyr in GdBaCo,0ss.
The octahedral stretch mode along the c-axis exhibits extensive softening while
the stretching mode along the a-b plane exhibits a contraction on increasing the
temperatures. The dotted lines correspond to the expected variation based on
cubic anharmonicity. The vertical lines correspond to the various electronic and
magnetic transitions of GdBaCo,0ss. Note the correlation between the upturn of
the stretch mode frequency along the a-b plane with the paramagnetic to
ferromagnetic transition at 270 K.
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Incidentally, the sudden change in slope of the 503 cm™!

feature (a-b stretch mode) at 270 K is seen to correlate well with
the earlier reported magnetic transition wherein the system
crosses over from the PM to the FM state on lowering the
temperature [23] (Fig. 6). Although at present we are unable to
provide any definitive reason for the above behavior, nevertheless
correlated changes in phonon modes associated with magnetic
transitions have also recently been reported in BaFe,As; [42,43].
At temperatures beyond 360 K this mode is observed to harden
further indicating a contraction along the a-b plane that
correlates well with the MIT. These distortions could also be
expected to modify the crystal field splitting energies, thus
reducing the band gaps resulting in the observed transition.

4. Summary and conclusion

Far infrared absorption spectrum of the layered cobaltite
GdBaCo,05 5 has been recorded and preliminary mode assignments
were carried out based on ab initio lattice dynamical calculations
using the VASP simulation package. Doping the cobalt sublattice
with increasing amounts of nickel indicates octahedral distortions
that could modify crystal field splitting energies, resulting in the
observed decreased resistivity. Infrared absorption measurements
spanning the Tyr in the undoped and the nickel-doped samples
revealed definite signatures of extensive interactions of the bending
mode of the CoOg octahedra with the changing electronic back-
ground. Dramatic softening of this mode on increasing the
temperature indicates increased charge carrier delocalization. Clear
indication of the suppression of Tyt with increased nickel content
has also been obtained. Temperature dependence of the octahedral
stretch mode frequencies in GdBaCo,0s 5 point to distinct octahedral
distortions accompanying the MIT, hinting at a structural origin of
this high temperature transition.
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