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Abstract. The phonon spectra of LaCoO; were studied by inelastic neutron scattering in
the temperature range of 4-120 K. The DFT calculations of the lattice dynamics have been made
for interpretation of the experimental data. The observed and calculated phonon frequencies were
found to be in a reasonable agreement. The evolution of the phonon density of states over the
spin state transition was analyzed. In the low temperature range (7' < 50 K) an increase of the
energy of resolved breathing, stretching and bending phonon modes was found, followed by their
softening and broadening at higher temperatures due to the spin state transition and relevant
orbital-phonon coupling.
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L. INTRODUCTION

Among the transition metal oxides with perovskite-like structure the lanthanum cobaltite
LaCoO; exhibits unusual electronic and magnetic properties.l’z,3 0T At low temperature
LaCoO; is a nonmagnetic semiconductor with a ground state of Co>" ions of a low-spin (LS)
configuration (lggé, S = 0). The crystal field splitting energy of the ground state of the Co>” ions
in LaCoO; is comparable with the intra-atomic exchange energy3’4, and a temperature driven
spin state transition occurs due to gradual population of e, electronic states, leading to formation
of the paramagnetic state and sharp anomaly in the magnetic susceptibility at 7 ~ 100 K. In
addition, a gradual semiconductor-metal transition accompanied by another broad anomaly in the
magnetic susceptibility occurs in LaCoO; at T ~ 500 K.*® Both susceptibility anomalies are also
associated with the anomalies in the thermal lattice expansion.

The nature of the low temperature spin state transition in LaCoOs; is still extensively
debated. It is assumed that the thermally excited spin state can be either intermediate spin*’*’
(IS, tggjegl) or high spin'®-'""12-13-1 (HS, t2g4eg2) state, split by spin-orbital coupling. Recent
infrared and Raman studies of LaCoO3 have shown anomalous behavior of some optical phonon

1516 1t was attributed to the orbital

modes in the temperature range of the spin state transition.
phonon coupling, arising due to local lattice distortions, possibly associated with the Jahn-Teller
effect, expected for the IS spin state.

In optical spectroscopy experiments, only a limited number of phonon modes can be
studied, allowed by selection rules. The inelastic neutron scattering (INS) experiments provide
an advantage to explore a temperature behavior of a full phonon spectrum. Previous INS studies
of LaCoOj; were concentrated on the study of phonon and magnetic excitations having relatively
low energies in the range 0 — 30 meV.'""'®!” A softening of the E; O — rotational and La

vibrational modes was observed in the temperature region of the spin state transition.'” However,

the temperature behavior of the high-energy optical phonon modes remains less explored. In this



work, the evolution of the phonon density of states of LaCoOs is studied by the INS method in

the extended energy transfer range 0 — 100 meV.

II. EXPERIMENTAL DETAILS

The synthesis procedure of powder LaCoOs sample is described in Ref. 9. Its crystal
structure was tested by X-ray and neutron powder diffraction methods, giving an evidence to a
single phase rhombohedrally distorted perovskite structure with the space group R3c. The
magnetic susceptibility, measured on a SQUID magnetometer using a DC field 100 Oe in the
temperature range 4-300 K and corrected for the paramagnetic impurity contribution and
diamagnetic contribution from the core electrons, is shown in fig. 1. It exhibits a maximum at
T ~ 100 K, associated with the thermally induced spin state transition of Co®" ions from the non
magnetic ground state to the excited magnetic state, in accordance with previous studies. ***

The inelastic neutron scattering experiments were performed on the High-Resolution
Medium-Energy Chopper Spectrometer (HRMECS) at Intense Pulsed Neutron Source (IPNS),
Argonne National Laboratory. A polycrystalline sample of 20 g was placed inside a sealed
aluminum container. The INS data were taken with incident neutron energies £y = 35 and 110
meV over a wide range of scattering angles (28° - 140°) for a large coverage of momentum
transfers. The measurements were performed at temperatures 7 = 4, 50, 75 and 120 K in the
neutron energy loss mode. The energy resolution AE/E, of the HRMECS spectrometer varied
between 2 and 4%. Background scattering was subtracted from the data using an empty-
container run. Detector calibration and intensity normalization were provided through
measurements of elastic incoherent scattering from a vanadium standard. The experimental data

. . . . 20.21
were analyzed in the incoherent approximation”™

, where the measured scattering function
S(Q,E) in the energy-loss mode is related to the generalized phonon density of states weighted by

neutron scattering cross-section by
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where the partial density of states gy(E) is given by
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57 J
n(E, T) = [exp(E/ksT)-17",
B, C and D are normalization constants, b; and my are neutron scattering length and mass of kth
atom, E;(q) and &(gj,k) correspond to the energy and eigenvector of the jth phonon mode at wave
vector ¢ in the Brillouin zone (BZ). The symbol ( ) represents Q averaging of the quantities
within. The data were properly averaged over the range of scattering angles to obtain the

neutron-weighted generalized phonon density of states G"(E).

II1. LATTICE DYNAMICS CALCULATIONS

According to group-theoretical analysis the following optical phonon modes are active
for the T point of the Brillouin zone in the rhombohedrally distorted LaCoO; of R3¢ symmetry:

['=A g t3A0+H4E+2A 1 +3A0+5E,,

five of which (A,+4E,) are Raman active modes and eight of them (3A,, +5E,) are infrared (IR)
active modes. 3A;, and 2A;, modes are silent and not visible in optical spectroscopy
experiments. La atoms participate in four I'-point (zone center) phonon modes (A +As +E +E,).
While Co atoms contribute to four (A ,+A,,+2E,) I'-point phonon modes, O atoms take part in
remaining ten I'-point phonon modes in the rhombohedral lattice.

Density functional theory®-**%

(DFT) was applied to simulate the optimized atomic
structure and lattice dynamics of LaCoOj;. The program DMol® was used for the ab initio

calculations. In comparison with other prevalent DFT programs, the all-electron DMol’

method”®?” uses basis sets based on atomic orbitals and not on plane waves. This approach



provides an accurate treatment of interactions between core and valence shell electrons. The
method incorporates fast convergent three-dimensional numerical integrations for a calculation
of the matrix elements occurring in the Ritz variational method. The initial atomic configuration
was taken from crystallographic data.” We employed the revised Perdew—Burke—Enserhof

(RPBE) exchange-correlation functional®®*’

in generalized gradient approximation. The double
numerical with polarization (DNP) atomic basis set with a real space cutoff of 9 bohr was used to
ensure high accuracy of computations. The Monkhorst—Pack grid of 7x7x6 points in k-space was

used for Brillouin zone sampling. The calculated frequencies (Table I) are comparable with the

available IR">°, Raman'®*!, and low energy INS'’ data.

IV.INS EXPERIMENTS
The INS spectrum measured at £y = 35 meV and 7= 4 K is shown in Fig. 2. Three broad
peaks are observed at 10, 14.2 and 16.7 meV. Following the previous INS and Raman

studies'®!’

, as well as the present DFT calculations (Table I), they are assigned to acoustic
phonons (TA+LA), E, rotational mode of O atoms and A,, vibrational mode of La atoms,
respectively.

Fig. 3 shows INS spectra taken at £, = 110 meV at different temperatures. In the energy
transfer range 6-20 meV, they look similar to the data obtained at £y = 35 meV. In the energy
transfer range 20 — 48 meV there is a broad intensity distribution with maxima located at around
25, 31.5, 36, 39 and 44 meV. According to previous studies'®'” and our DFT calculations, the
maxima correspond to E, mode related to vibrations of La atoms (25.3 meV), A,, mode related
to bond bending vibrations of O and Co atoms (31.5 meV), Aj, mode related to rotations of O
atoms around c-axis (35.6 meV), combination of E, and Ay, (39.5 meV) and A, (44 meV)
modes related to bond bending vibrations of O and Co atoms.

At the high-energy transfer range 48 — 90 meV, the INS spectra contain five

distinctive peaks at around 52, 60, 68, 72 and 82 meV (fig. 3). Taking into account



. 15-1
previous results'>"’

and our calculations (Table I), these high energy peaks are associated
with a combination of Ay/E, (52 meV) and E, (60.5 meV) bending modes, combination of
Ay/E, symmetric stretching modes (68.5 meV) related to Co and O atoms vibrations, E,
antisymmetric stretching mode (72 meV), and A, breathing mode (82.5 meV) related to
oxygen vibrations.

The temperature dependences of the energies of the well-resolved optical phonon
modes, obtained from INS spectra in the energy transfer range 48 — 90 meV, are shown in
fig. 4. They exhibit a weak increase at low temperature 7' < 50 K, and subsequent softening
at higher temperatures due to a spin state transition, more pronounced for A,, breathing and
E, bending modes and less pronounced for the E, antisymmetric and A,,/E, symmetric
stretching modes. Somewhat similar softening of the phonon modes was also found in
Raman experiments.'® It is associated with the anomalous contribution to thermal
expansion of the Co-O bonds, caused by the gradual excitation of electrons from ty, to e,
energy levels of Co®" ions.**”

The peaks corresponding to the E, antisymmetric and A,,/E, symmetric stretching
modes exhibit sharp broadening at 7 ~ 60-80 K, related to rapidly increasing population of
the excited spin state, while broadening of the Ey, A,/E, bending and A,, breathing modes
show more gradual character with a temperature increase (fig. 5).

Let us note that previous IR and Raman studies showed a splitting of optical
phonon modes at the spin state transition.'>'® This was attributed to local structure
distortions, associated with the presence of the three different types of the Co-O bonds,
Co(LS)-O-Co(LS), Co(LS)-O-Co(IS or HS), Co(IS or HS)-O-Co(IS or HS), which affected
the phonon energies. The relevant redistribution of the phonon density of states can explain

the additional broadening of the stretching phonon modes observed in the present INS

experiment.



V. DISCUSSION

The peaks in INS spectra (figs. 2, 3) correspond to average phonon frequencies, weighted
over the dispersion curves throughout the Brillouin zone. On the other hand, the frequencies
determined by optical spectroscopy refer to Raman and IR active phonons at Brillouin zone
center. Nevertheless, due to relatively flat dispersion curves of optical phonons™?, the positions of
the observed peaks in INS spectra are well comparable to Raman and IR data of previous

. 15-1
studies'>!’

— see Table I. They also show a similar temperature evolution with the course of the
spin state transition. The observed softening and broadening of the optical breathing, stretching
and bending phonon modes are related to the orbital-phonon coupling. It occurs due to gradual
thermal population of the e, orbitals of the Co" ions, causing local lattice distortions and
affecting the interatomic distances and relevant force constants.

In previous Raman and IR studies'>'®

a special attention was given to the analysis of the
intensity of particular phonon modes, which intensity correlates with the population of the
ground or excited spin states due to sensitivity to local distortions. At the same time, a role of the
spin state transition in the softening of the phonon modes frequencies has not been analyzed in
detail.

The intensities of high energy optical phonon peaks observed in the INS data do not
exhibit a noticeable variation in the temperature region of the spin state transition. This happens
since they represent the bulk averaged phonon frequencies, weighted over the dispersion curves.
The energies (frequencies) of bending and stretching modes depend on force constants, mediated
by structural parameters. For the simplest case of the stretching modes, the phonon energy is

32,3334 The thermal

related to distance between transition metal and oxygen atoms as £ ~
expansion of the Co-O distance in LaCoO; at relatively low temperatures (7' < 150 K) is
dominated by the anomalous contribution due to the spin state transition’ and it can be evaluated

as Ul = xot(li/lo)x 2 Here los1— equilibrium Co-O distances and

X0,1=vo,1eXp(-Eo 1/ksT)/[1+viexp(-E/ksT)] — populations, corresponding to low spin and excited



spin states, respectively. The parameters vy are the degeneracy factors for ground and excited
spin states (vo= 1 and v; = 3, Refs. 8, 9), Ey = 0, and £ is the energy splitting between ground
and excited spin states. The values £, = 200 K and /,/lp = 1.0072 were calculated from fitting of
temperature dependence of the average E, antisymmetric stretching mode frequency, obtained
from present INS data (Fig. 6). The obtained energy splitting value E; is comparable with
previous estimations.>>'° From the values of ionic radii for Co®" ion in different spin states, s
= 0.545, ris = 0.56 and rus = 0.61 A, and known Co-O distance for low spin state /p = 1.925 A
(Ref. 7), one can evaluate ratio /,/lp = 1.0078 for Co™ in IS state and /I = 1.0343 for Co’" in
HS state. The first value is comparable with one obtained from the fitting of temperature
dependence of the E, antisymmetric stretching mode.

At the lowest temperature, the observed average frequency is notably smaller than
extrapolation of the fit. There is evidently an additional structural reason for the drop of the E,
antisymmetric stretching mode energy in the low temperature region. An analysis of the
structural data’ of LaCoOs (fig. 6, inset) have shown that Co-O distance exhibits some decrease
on temperature increase for 7' < 50 K, followed by increase at higher temperatures. Such changes
in structural parameters may explain qualitatively the observed increase of this mode energy. It is
worth mentioning that a decrease of the frequency of the E, antisymmetric stretching mode
below 50 K was also observed in Raman study. *°

The dependence of bending modes frequencies on structural parameters is more
complicated for a straightforward analysis, since one has to consider both bond stretching and
angle bending force constants.”> However, structural studies”® have shown that spin state
transition in LaCoOj; affects mostly thermal evolution of Co-O and La-O bond lengths, while
relevant changes of bond angles are much less pronounced. Therefore, the observed temperature
behavior of the bending modes can be explained qualitatively by a change in bond stretching

force constants, related to thermal evolution of Co-O and La-O distances.



CONCLUSIONS

In the present paper, the phonon spectrum of LaCoOs3 has been studied by a combination
of INS experiments and theoretical DFT calculations. The predicted phonon frequencies are
consistent with the experimentally resolved phonon peaks and their differences are less than
15%. The energies of resolved breathing, stretching and bending phonon modes increase at low
temperature 7 < 50 K due to the peculiar behavior of structural parameters. At higher
temperatures the spin state transition affects the phonon density of states by softening and
additional broadening of these modes due to orbital-phonon coupling. The observed softening of
the stretching and bending modes follows the anomalous thermal expansion of interatomic

distances, caused by the spin state transition.
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Table 1. Optical phonon modes for rhombohedral LaCoOs: modes symmetry and frequencies.
The experimental INS, Raman and infrared frequencies from present experiment and literature

are also listed for comparison.

Mode Frequency, Activity | Experiment
calc. (DFT)
cm’ |meV cm’ meV
E, 82.0 102 |Raman | 114 14.2
86° 10.7°
104.8° 13.0°
Ao 1405 17.4 | silent 135 16.7
153° 18.9°
Aoy 166.6 20.7 |IR 177.44 22.0¢
Eg 1753 21.7 | Raman | 204 253
172° 21.3%
177.4° 22.0°
162° 20.0°
E. 1855 23.0 |IR 177.44 22.0¢
E. 2225 276 |IR 2424 30.0¢
A 262.2 325 |silent 254 31.5
Aig 279.6 34.7 Raman 287 35.6
261° 32.4°
E. 3319 412 |IR 319 39.5 (EutAsg)
314.5¢ 39.0¢
Asg 3359 41.7 |silent 319 39.5 (Ey+Asg)
367° 45.5°
A 358.8 445 | silent 355 44.0
Asy 4196 520 |IR 419 52.0 (Ax+Ey)
E. 4256 528 |IR 419 52.0 (AxtEy)
411.39 51.0¢
E, 437.0 542 |Raman | 488 60.5
432° 53.6°
448° 55.6°
Ao 531.8 659 |IR 552 68.5 (AstEy)
540¢ 67.0¢
E. 549.1 68.1 |IR 552 68.5 (AxtEy)
540¢ 67.0¢
Eg 600.0 744 | Raman | 581 72.0
583° 72.42
Ang 700.7 86.9 | silent 665 82.5
677° 83.9°
a) Ref. 16
b) Ref. 17
c) Ref 31

d) Ref. 15



Figure captions
Fig. 1. The magnetic susceptibility of LaCoOs;, corrected for the paramagnetic impurity

contribution and diamagnetic contribution from the core electrons.

Fig. 2. The INS spectrum of LaCoOs taken at £y = 35 meV and T=4 K.

Fig. 3. The INS spectra of LaCoOs taken at £y = 110 meV at different temperatures. The ticks
below represent the phonon modes frequencies calculated by DFT (Table I). Solid line represents
the interpolation by a set of Gaussian functions, which positions were initially fixed to the
calculated phonon modes (Table I) and refined subsequently. For the high-energy phonons, a

contribution from individual Gaussian functions is also shown by dashed lines.

Fig. 4. Temperature dependences of the high-energy optical phonon frequencies obtained from

INS data. Lines are guides for eyes only.

Fig. 5. Temperature dependencies of the full width at half maximum of the INS peaks
corresponding to breathing, stretching and bending optical phonon modes. Lines are guides for

eyes only.

Fig. 6. The temperature dependencies of E, antisymmetric stretching mode and Co-O bond

length (inset, data taken from Ref. 7), interpolated as described in the text.
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