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In cobaltite, the spin states transitions of Co3þ/4þ ions govern the magnetic and electronic conduction

properties. These transitions are strain-sensitive and can be varied using external parameters, includ-

ing temperature, hydrostatic pressure, or chemical stresses through ionic substitutions. In this work,

using temperature dependent Raman spectroscopy and X-ray diffraction, the epitaxial strain effects

on both structural and vibrational properties of La0.7 Ba0.3 CoO3 (LBCO) cobaltite thin films are

investigated. All Raman active phonon modes as well as the structure are found to be strongly

affected. Both Raman modes and lattice parameter evolutions show temperature changes correlated

with magnetic and electronic transitions properties. Combining Raman spectroscopy and X-ray dif-

fraction appears as a powerful approach to probe the spin transition in thin film cobaltite. Our results

provide insight into strong spin-charge-phonon coupling in LBCO thin film. This coupling manifests

as vibrational transition with temperature in the Raman spectra near the ferromagnetic spin ordered

transition at 220 K. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955220]

I. INTRODUCTION

The physics of hole-doped perovskite cobaltites

La1�xMxCoO3 (M¼Ca, Sr, Ba) illustrates the richness and

plethora of properties in transition metal oxides. It stimulates

a lot of interest owing to their magnetic and electronic trans-

port properties, making them potential candidates for future

devices in the field of oxide electronics, like thermoelectric

power generation,1 solid oxide fuel cells,2 and spintronic.3

The perovskite cobaltites exhibit fascinating properties that

include competing magnetic ground states and their relation-

ship with the Co spin state transition owing interesting

electronic transport properties.4 The spin state transition in

the LaCoO3 was actively studied. In fact, the question

whether intermediate spin (IS) indeed realized in this system

keeps attention and remains a controversial topic for the last

50 years.5–7 LaCoO3 exhibits two broad transitions: there is

first a spin-state crossover at spin-state transition (between

�50 and 100 K), where a hump in the magnetic susceptibility

signals the appearance of a paramagnetic semiconductor. The

second one is an insulator-metal transition (TIM) between

�500 and 600 K.8,9 The parent LaCoO3 compound is charac-

terized by various Co ion spin states because of the competi-

tion between the crystal-field splitting energy Dcf and the

intra-atomic (Hund) exchange interaction Jex. As a conse-

quence, three spin states associated with Co3þ (3d6) t2g and eg

orbital occupancy are permitted: low spin (LS), i.e., t2g
6eg

0

(S¼ 0), IS, i.e., t2g
5eg

1 (S¼ 1), and high spin (HS) state, i.e.,

t2g
4eg

2 (S¼ 2).10 As a matter of fact, LaCoO3 for instance

displays different transitions between these spin states as a

function of temperature, which are characterized by a change

of both magnetic susceptibility and conducting behavior. At

low temperature, LaCoO3 is semiconductor and becomes me-

tallic while increasing the temperature. At the same time, it

undergoes gradual LS to IS and then IS to HS transitions at

around 100 K and 500 K, respectively.9,10

Interestingly, external stimuli such as temperature,

hydrostatic pressure, and cationic substitution allow the tun-

ing of these spin states.11,12 In La1�xMxCoO3 (M¼Ca, Sr,

Ba), the substitution of La3þ by M2þ ions that creates Co4þ

ions modifies the spin state at the Co sites allowing to a mix-

ture of spin states. Indeed similarly to Co3þ, Co4þ (3d5) are

also characterized by LS, IS, and HS states with orbital occu-

pancy being t2g
5 eg

0 (S¼ 1/2), t2g
4eg

1 (S¼ 3/2), and t2g
3eg

2

(S¼ 5/2), respectively.10 For instance, Wu et al. showed that

an increase in temperature and hydrostatic pressure leads to

spin transition in Coþ3 and Co4þ ions.4 The increasing of the

temperature enhanced the depopulation of LS state of the

Co3þ and the population of HS spin state. Moreover, at high

enough pressure, it is found that the Co4þ can also undergo a

spin-state transition (from IS to LS), in addition to that

affecting the Co3þ (HS to LS).4 Similar results were proven

in Refs. 13–17. It is worth mentioning that while some clus-

tering (short-range order) exists for low doping (x< 0.20) an

itinerant ferromagnetism at long-range order appears above

x� 0.2 in these doped cobaltite likely due to Co3þ_Co4þ

double exchange interactions. Since spin-orbital lattice inter-

actions are important in such electron correlated systems, the

magnetic and electronic transport properties can be varied
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through lattice and/or symmetry modifications11,18,19 open-

ing the path toward the design of properties on demand. For

example, the IS state of both Co3þ and Co4þ ions is expected

to be Jahn–Teller (JT) active, i.e., sensitive to CoO6 octahe-

dra distortions leading to a breaking of the six fold symme-

try. Therefore being able to stabilize or destabilize JT effect

by affecting such distortions would allow to tune the spin

state and in turn the physical properties. Actually in

La1�xMxCoO3, JT can be stabilized in a wide range of hole

doping x20 except for the composition x¼ 0.311,20,21 where

JT distortions are absent. For instance, using Raman spec-

troscopy at room temperature, Ishikawa et al. showed that

the vibration modes assigned to JT distortions in LaCoO3 are

suppressed in La0.7Sr0.3CoO3.21 This exception is a conse-

quence of the onset of the created metallic state that destabi-

lized JT effect by delocalizing the electrons.20 Surprisingly,

like for bulk La0.7Sr0.3CoO3, JT distortion is also suppressed

for bulk La1-xCaxCoO3 or La1-xBaxCoO3
11 while the distor-

tions imposed by the ionic size of the dopant also impact the

different structural, magnetic, and electronic transport prop-

erties in those latter systems.11 Actually, the M-cation substi-

tution acts like a chemical pressure. Note that it has been

shown that a moderate hydrostatic pressure of the order of

few kbars affects the JT-like magnetic transition through the

change of spin states revealing the crucial role of the lattice

distortion.22 Therefore, as in thin films the epitaxial misfit

stress can reach until tens of kbar, it is of interest to investi-

gate the consequences on the structure and thus the spin

states when cobaltites are subjected to a biaxial stress.

Combining chemical stress arising from substitution and me-

chanical stress by choosing appropriate substrate may appear

as a powerful means for controlling spin states.23

In this paper, we investigate how the strain effect and

the temperature modify the occupancy of spin populations

and their relation with physical properties in La0.7 Ba0.3

CoO3 (LBCO) thin films. We show a clear anomalous tem-

perature dependence correlating the Raman modes with

magnetic transitions at about 210 K. Moreover, we demon-

strate that the temperature evolution of the spin state

revealed by Raman spectroscopy is directly linked to the

structural deformation as revealed by X-ray diffraction

stressing that the lattice distortion is indeed the driving force

controlling the spin state and its resulting properties, i.e.,

magnetism and electronic transport.

II. EXPERIMENTAL

Here, we present such a study on a 100 nm-thick

La0.7Ba0.3CoO3 (LBCO) thin films coherently grown along

[001]-direction on (001) LaAlO3 (LAO) substrate using

metal organic deposition (MOD) technique. The MOD tech-

nique has been revealed to be an efficient technique for epi-

taxial growth of cobaltite.24,25 La0.7Ba0.3CoO3 has been

chosen because it corresponds to the composition at witch JT

is suppressed in the bulk, as mentioned previously. The start-

ing solution was prepared by diluting the preliminary mixed

constituent metal-naphthenate solution (Nihon Kagaku

Sangyo) with toluene to obtain the required concentration

and viscosity. The molar ratios of La, Ba, and Co in the

coating solution were 0.7, 0.3, and 1.0, respectively. This so-

lution was spin-coated onto LAO (001) substrate at

4000 rpm for 10 s. To eliminate the toluene, the metal-

organic film was then dried in air at 100 �C for 10 min.

Before the final annealing, a preheating step at 500 �C for

30 min is necessary to decompose the organic part.24 This

preheating step is also required to prevent the formation of

cracks on the film surface during the final annealing at high

temperature. The previous procedure (i.e., coating, drying,

and preheating) was repeated 5 times giving rise to a corre-

sponding number of superimposed layers to form the LBCO

film. The final annealing was carried out in a conventional

furnace at 800 �C for 60 min in air. The film thickness is esti-

mated to be about 100 nm.24,25 The as-prepared film is free

of any parasitic phases and although increasing the thickness

is known to relax partially the epitaxial stress, the films still

feel the substrate clamping allowing a well-oriented growth

along pseudo-cubic [001]-direction.26 Combining tempera-

ture dependent X-ray diffraction and Raman spectroscopy

techniques, we have determined the structural changes and

the vibration modes evolution in LBCO revealing insights

into both lattice and spin states. The X-ray diffraction meas-

urements were performed using a homemade two-axis X-ray

diffractometer in Bragg–Brentano geometry with Cu Ka1

radiation issued from a 18 kW rotating anode (Rigaku)

allowing an accuracy angle better than 0.002� in 2h. The

temperature was varied between 100 K and 700 K with a

temperature precision better than 1 K, and selected diffrac-

tion patterns between 46� and 49� in 2h were recorded. The

Raman spectra between 180 cm�1 and 750 cm�1 were meas-

ured in the backscattering configuration using a Labram spec-

trometer single monochromator at k¼ 633 nm with a charge

coupled device detector allowing a resolution of 1 cm�1. We

checked that the laser power did not produce significant heat-

ing or damage of the sample. The temperature was varied

with a Linkam THMS600 cell from 80 K to 600 K.

III. RESULTS AND DISCUSSION

In general, the change with temperature of phonon

vibration modes (frequency/intensity/linewidth) in the

Raman spectra is the result of several contributions, includ-

ing lattice expansion and/or contraction, spin-phonon cou-

pling, anharmonic scattering, and phonon renormalization

due to electron-phonon coupling. Like LaAlO3substrate,

La0.7Ba0.3CoO3 crystallizes in the R-3c space group.18,27

In this rhombohedrally distorted perovskite structure, only

A1gþ 4Eg Raman modes are found to be active.28 Figure 1

shows the Raman spectra for (xx) and (xy) polarization con-

figurations (x and y are the pseudocubic crystallographic

directions) measured at room temperature. In addition to the

Eg vibration mode of the LAO substrate at about 490 cm�1,

five extra-modes can be observed in the (xx) configuration.

Although expected to be inactive in R-3c symmetry, these

extra-modes indicate the presence of additional distortions

lowering the local crystal structure symmetry. Moreover, the

randomness of the charges/spin states introduced by substitu-

tion of La3þ by Ba2þ and the strain effect relaxes the selec-

tion rules; thus extra-modes are expected. These modes
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become Raman active because the breaking of the symmetry

due of the strain effects. In Figure 1, only the vibration mode

of LAO is shown to be active for both configurations while

the extra-modes disappear in (xy) polarization configuration.

These modes have a similar behavior to Raman spectra

observed in the parent compound LaCoO3.21,29 In case of the

LaCoO3, the cooperative (even at short range order) JT effect

is supposed to induce a change from R-3c to monoclinic C2/
c space group29 leading to the splitting of Eg modes into Ag

and Bg modes. It appears that the stress imposed by the LAO

substrate counteracts the chemical stress due to Ba-doping.

In our opinion, the LBCO film could be of different symme-

try than the R-3c (symmetry of the bulk27). Most likely the

strain effect and the stress introduced by the substitution of

La3þ by Ba2þ bring a stabilization of the JT distortions and

create a relaxation of the selection rules. Therefore, let us

now investigate whether the epitaxial stress may affect the

vibrational properties as a function of temperature in

the case of the LBCO. To this goal, we have measured

Raman spectra at different temperatures varying between

90 K and 600 K. Figure 2 displays some Raman spectra at

given temperatures. For the sake of clarity, in addition to the

Eg LAO-mode, we labeled the extra-modes as Ai (i¼ 1 to 9).

Three regions can be identified according to the vibration

modes temperature dependence as shown in Figure 3, where

the Ai Raman mode peak positions are plotted versus tem-

perature. The region (I) ranging between �90 K and �210 K

is characterized by 6 modes (A2, A3, A5, A7, A8, and A9). In

the region (II), i.e., for temperatures between �210 K and

�500 K, the modes (A2, A3, A5, and A9) vanish while new

modes (A1, A4, and A6) appear. Finally, in the region (III),

i.e., above �500 K, only mode A1 persists. In bulk LBCO, a

paramagnetic to ferromagnetic transition at a critical temper-

ature TC �200 K was reported.27 It is worth noting that biax-

ial pressure has an important influence in lattice structure,

magnetism, and electron mobility.30–32 Therefore, the elec-

tronic configuration of the d orbitals is disturbed by the stress

and temperature which act on the energy levels of the d orbi-

tals and thus affect the phase transitions.32 For instance by

using magnetic measurements,22 Fita et al. showed that the

hydrostatic pressure P shifts up the transition temperature

in bulk La0.7Ba0.3CoO3 as following: Tc¼ 200.7þ 0.83 P.

Assuming that the biaxial substrate stress can be approxi-

mated to a hydrostatic pressure, then the critical temperature

we estimated from our data being Tc� 210 K may correspond

to an equivalent pressure of �10 kbar, which is close to the

stress determined by X-ray diffraction as we will see later on.

Based on the phonon energies assignment reported in

the literature,13,21,33,34 we discuss in the following the sym-

metry of the Raman modes observed in our LBCO film. The

notation A1g and Eg related to R-3c space group to distin-

guish the phonon modes while the structure has a lower sym-

metry. It turns out that A1 and A2 modes correspond to the

Eg vibrational modes of La/Ba atoms along the pseudocubic

a- and b-axes, respectively. A3 and A4 are associated with

A1g rotation of the CoO6 oxygen octahedra around c-axis. A5

and A6 are Eg bending modes. The A7 mode in regions (I)

and (II) has the same character as Eg (IS) but its energy is

lower compared with LaCoO3.21 The atomic displacements

correspond to the JT distortions in the IS state and are char-

acterized by A8 associated to Eg quadrupole mode in both

FIG. 1. Raman spectra at room temperature for (xx) and (xy) polarization

configurations for the LBCO film grown on LAO substrate. The Eg mode of

the LAO substrate is indicated.

FIG. 2. Raman spectra versus temperature for LBCO film on LAO. FIG. 3. Temperature dependence of phonon positions.
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regions (I) and (II). The A9 mode that appears only in region

(I) is assigned to A2g mode which is a silent mode becoming

Raman active because of the relaxation of the selection rules

aforementioned. We point out that the energy shifts of the

vibrational modes observed in our films are larger than that

in the bulk material.21 This may be related to the Ba-doping

as well as the strain imposed by the underneath LAO sub-

strate. Kozlenko et al.13 showed that the energy of the vibra-

tion modes increases with the application of a hydrostatic

pressure. These position shifts in LBCO film may be due

to the stress imposed by the LAO substrate. Nevertheless,

it should be noted that La3þ substitution by Ba2þ may also

induce chemical pressure due to the larger Ba2þ atomic

radius. Indeed, both epitaxial and chemical stresses are

believed to affect the spin states of this cobaltite and thus

one can use such combined approach to design cobaltite

properties on demand. On the other hand, the calculated pho-

non frequencies presented by Mukhopadhyay et al. in Ref.

35 show that the number of Raman active modes and their

frequencies are strongly dependent on the spin states. Based

on this study, we can associate the presence of the Raman

modes (A1. A9) to mixed spin phase (MS) in which LS, IS,

and HS spin states coexist on different cobalt ions in the

regions I and II. It is clear that the disappearance of the ma-

jority of modes in region III indicated the stability of states

of the spins states of cobalt ions in one of the states. The

most likely states are the HS because of the high temperature

measurements in this region.

Let us now look at the evolution of vibration modes as

the temperature is increased and show how the variations in

these modes are influenced by the spin transitions. The crys-

tal field splitting Dcf decreases as the temperature increases,

whereas the exchange interaction Jex is insensitive to temper-

ature. Therefore, based on the Raman mode temperature evo-

lution, it can be proposed that the spin-state in LBCO (Co3þ

and Co4þ ions) exhibits a gradual crossover with increasing

temperature from the MS to HS spin state at 500 K. As a

matter of fact, by increasing the temperature the value Dcf

decreases and thus electrons populate the higher energy eg

orbits. The anomalous temperature dependence in Raman

spectra around 210 K correlating with the magnetic transi-

tions. This concomitance of the vibrational transitions and

the magnetic transitions indicates a substantial spin-lattice

interaction in this LBCO thin film.

Let us now investigate the spin state transitions through

their consequences on the structure by measuring the out-of-

plane lattice parameter as a function of the temperature.

Here, we would like to clarify if the transitions we observed

by Raman spectroscopy at around 210 K and 500 K are asso-

ciated to any structural distortion as expected for spin transi-

tion effects. Previous structural characterizations26 showed

that the single phased-LBCO films are epitaxially grown

such as the in-plane a and b pseudo-cubic lattice parameters

are constrained by the substrate. Because the LBCO thin film

is clamped in-plane, all structural changes resulting from the

thermal expansion and the phase transition are accommo-

dated through changes in the out-of-plane lattice parameter

only. Typical h-2h diffraction patterns in the theta angle cor-

responding to LBCO (002) and LAO (002) Bragg reflections

are displayed in Figure 4 between 100 K and 700 K. No peak

FIG. 4. h-2h X-ray diffraction patterns

around the pseudo-cubic (002) Bragg

peaks versus temperature for LBCO

film grown on LAO.
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splitting is observed and thus we can extract from these data

the pseudo-cubic out-of-plane parameter of our film. In order

to extract an absolute value of the lattice parameter, a correc-

tion (zero, centring) was performed at room temperature by

using five {00l} Bragg peaks. The out-of-plane lattice pa-

rameter found at room temperature is 3.86 Å while the bulk

pseudo-cubic value is 3.84 Å.28 Given a Poisson coefficient

of 0.33,36 this enhancement of the out-of-plane lattice pa-

rameter corresponds to a compressive strain of 0.52%.

Therefore, the stress felt by the film is estimated to 7.3 kbar

by taking a Young’s modulus of 140 GPa.37 This value is in

line with the one we found in the Raman analysis. Let us

now look at the temperature dependence of the lattice param-

eter. Note that the Bragg peak associated to the substrate

(not shown here) evolves linearly with the temperature range

investigated as expected from its thermal expansion. In con-

trast, Figure 5 shows that the out-of-plane lattice parameter

of LBCO extracted from the (002) Bragg peak displays

two anomalies that are directly connected to 210 K and

500 K transition temperatures evidenced by Raman analysis.

Obviously, these two lattice parameters changes attest to

structural distortions which are concomitant with the spin

states changes evidenced by Raman spectroscopy. Therefore,

it is proposed that such distortions are the result of reduction

of the Co-O-Co angle around Tc38,39 at 210 K and spin tran-

sition at 500 K. LBCO film which is associated with prefer-

ential in-plane dx
2
-y

2 orbital occupation is induced. Then,

strain effect enhances the hybridization between Co eg and O

2p orbitals which in turn decreases the in-plane Co-O dis-

tance stabilizing the IS.40–42 As a consequence, an elongation

along the out-of-plane c-axis occurs. Approaching 210 K, the

IS state contribution finally decreases in favor of the LS

one allowing the semiconductor state to emerge instead of

the metallic one as was observed in case of bulk LaCoO3

using electrical resistivity and compressive strain measure-

ments.12,43 Note that in Ref. 43, the mechanical measure-

ments performed on LaCoO3 have shown the two spin state

transitions through thermal expansion coefficient which is

fully in line with diffraction data observations.

IV. CONCLUSIONS

In summary, we have investigated that the temperature

dependence of the Raman modes correlates with magnetic

transition properties. It is clear that the concomitant of the

vibrational transitions and the magnetic transition indicates a

substantial spin-lattice interaction in this system. The com-

pressive stress imposed by LAO substrate epitaxial and the

chemical stresses affects the electronic configuration of the

d orbitals. The magnetic transition and spin states transition

at 210 K and 500 K, respectively, are detected in both techni-

ques stressing the powerfulness of Raman spectroscopy to

probe the spin states ion cobaltites. It appears finally that

combining both epitaxial and chemical stresses can lead to

efficient tuning of the spin states and thus the magnetic and

electronic properties, a path that we believe should be con-

sidered much more considered in future researches.
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