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Orbital order-disorder transition with volume collapse in HoBaCo,055: A high-resolution
neutron diffraction study
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The crystal structure of the layered cobaltite HoBaCo,0s5 5 (substituted with both 160 and '®0) was studied
across an insulator to metal (MI) transition at Ty;=305 K employing high-resolution neutron diffraction. We
have found that the transition at Ty is of the first-order type, accompanied by an abrupt negative change of the
unit cell volume (~0.15%) and melting of the orbital order in the pyramids. The existence of an isotope effect
on Ty suggests that the structure changes are caused by the electron delocalization above the transition.
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The layered perovskite RBaCo,0s, s (Where R is a rare
earth element) family possesses extremely rich structural,
electronic, and magnetic phase diagrams due to the strong
coupling between charge, orbital, and spin degrees of free-
dom. Since cobalt cations in this system can adopt different
oxidation states, the oxygen content can be varied in a very
wide range (0<8<1). In the RBaCo,0s 5 structure, the co-
balt cations occupy two crystallographic sites with different
coordination environments—pyramidal CoOs and octahedral
CoOy. The presence of Co in the +3 oxidation state (electron
configuration 34°) leads to a Jahn-Teller distortion of the
oxygen octahedra in the orthorhombic structure (Pmmm
space group). The spin state of the Co** ion can vary from
low spin (LS) (S=0) to high spin (HS) (S§=3) and the change
can be triggered, e.g., by temperature. This spin transition in
LBaCo,0s5 5 is believed to be coupled to the metal-insulator
(MI) transition,'® at which electrons transfer from localized
states to collective states at temperatures above Ty;. Due to
the strong spin-orbital coupling the crystal structure under-
goes pronounced changes at the transition. To elucidate the
mechanism of the MI transition, the temperature changes of
the crystal structure at the T,y were studied in several
papers.!'"13 In YBaCo0,0s, 5 (0.50 < §) this transition was ac-
companied by a large lattice distortion'' and a phase separa-
tion was proposed to be concomitant with the charge order
transition. In TbBaCo0,0s,5 (6=0.5), showing a metal-
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insulator transition at Ty;=340 K, it was found that both
pyramids and octahedra are significantly distorted below
Tyy; thus a dsp_2/ds 2 orbital ordering (OO) transition
was suggested.'?> Opposite to the above finding,'? the pro-
posed driving force for the MI transition in GdBaCo,0s 5 is
only the spin-state switch in Co** ions located at the octahe-
dra, completely excluding the orbital ordering effects.'3

We have undertaken a high-resolution neutron diffraction
measurements of the crystal structure across the MI transi-
tion in HoBaCo0,055. HoBaCo,0s, s has been chosen be-
cause for this compound the annealing conditions used for
the oxygen isotope substitution give the equilibrium oxygen
content very close to 5.5. The present work presents the crys-
tal structure parameters in both '°0- and '*O-substituted
samples and complements our work on the oxygen isotope
effect on the transition temperature Ty in the series of
RBaCo,05 5 (R=Pr, Dy, Ho, and Y)."

The initial HoBaCo,0s, 5 was synthesized by a solid state
reaction using Ho,O;, BaCO;, and Co;0, of a minimum
purity of 99.99%. The details of the synthesis procedure,
oxygen isotope exchange, and oxygen content determination
have been given previously.!®!> The oxygen content amounts
to 5.46+0.01. Differential scanning calorimetry (DSC) was
used for the determination of the MI transition temperature,
as it was previously applied in nickelates'* and
cobaltates.!""!> The transition temperatures and enthalpies in
the studied samples (see Fig. 1), were Ty;=303.3 and
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305.2 K and 4.48(13) and 4.50(5) kJ/mol for the '°0O and
80 samples, respectively. It was shown before!' that the
DSC peak position as well as the peak area (transition en-
thalpy) are very sensitive to the oxygen content. The equality
of the MI transition enthalpies in our samples provides evi-
dence for a practically identical oxygen content, in agree-
ment with iodometric titration. The magnetic susceptibility
measurements have shown that the transition is accompanied
by an abrupt change in the slope of the inverse susceptibility
(Fig. 1) implying a change of the Co spin state, similarly to
those observed previously.'?

Neutron powder diffraction measurements were carried
out at the high-resolution HRPT diffractometer'® at SINQ
neutron spallation source (PSI, Switzerland). The high-
intensity mode of HRPT was used with the neutron wave-
length A=1.49 A. The refinements of the crystal structure
parameters were performed using the FULLPROF program,'’
with the use of its internal tables for neutron scattering
lengths.

Figure 2(a) shows the temperature dependence of the lat-
tice constants of HoBaCo,05 5. Whereas the observed crystal
symmetry was orthorhombic (Pmmm) in the whole investi-
gated temperature range, the lattice constants undergo dra-
matic changes. With an increase in temperature both b and ¢
parameters show sharp positive jumps of +0.7% and +0.3%,
respectively at Ty;=305 K. At the same temperature the a
parameter drops by —0.3%. These anisotropic changes of the
crystal unit cell result in an abrupt negative drop (=0.15%)
of the unit cell volume V at Ty [see Fig. 2(b)]. This finding
and the observation of the latent heat by DSC indicate that
the transition is of a first-order type. The drop and back
relaxing of the unit cell volume take place within a very
narrow temperature interval of about 3 K. This effect was
not detected before!'~!3 probably because the temperature
scans have been done with rather big temperature steps. In a
narrow temperature interval (=2 K) in the vicinity of Ty, a
coexistence of the low- and high-temperature structures has
been clearly observed in the diffraction data, providing addi-
tional evidence for the first-order type of transition. A con-
traction of the unit cell volume at the insulator to metal tran-
sition is a usual feature in manganites and cobaltates,
reflecting the delocalization of the charge carriers. A similar

volume collapse effect (—0.5%) was observed at the orbital
order-disorder transition in LaMnO5,'® also accompanied by
appearance of a conductive phase.."”

The temperature behavior of all the structure parameters
in both '°0 and '®0 samples is qualitatively the same as the
shift of the transition temperature as already shown in Fig. 2.
However, for completeness we present the results for both
160- and -'80-substituted samples in some figures. The tem-
perature dependence of the bond lengths in CoO5 pyramids
and CoOg octahedra is shown in Figs. 3 and 4, respectively.
Figure 5 presents the schematic crystal structure of
HoBaCo,0s 5 at temperatures below and above the MI tran-
sition. In Fig. 5 the differences in the atomic positions caused
by the MI transition are rescaled to larger values for better
visibility. In the high-temperature phase all the Co2-O bond
distances [C02-04 (a), Co2-06 (b), and Co2-O1 (c)] be-
come equal, and consequently the CoO5 pyramids are regular
above the transition (see Fig. 3). In contrast, in the CoOg
octahedra the bond distances along the ¢ direction, i.e.,
Col-02 and Col-O3, become different in the high-
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FIG. 3. Temperature dependence of Co2-O bond lengths in
Co0Os5 pyramids: Co2-O1 (c¢), Co2-0O4 (a), Co2-06 (b). The letters
a,b,c indicate the approximate direction of the bonds with respect
to the crystal axes. Lines are the linear fits above and below the
transition with the refined values of the bond lengths indicated. The
open and closed symbols represent the 180 and %0 samples.
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FIG. 4. Temperature dependence of Col-O bond lengths in
CoOg octahedra: Col-02 (c), Col-O3 (c), Col-06 (b), Col-O5
(a). The letters a,b,c indicate the approximate direction of the
bonds with respect to the crystal axes.

temperature phase, whereas in-plane bond lengths (Col-O6
and Col-05) are almost unaffected by the transition. Results
shown in Figs. 3 and 4 suggest an orbital ordering in the (ab)
plane below Ty;. The bond lengths in the ab plane are sig-
nificantly different, implying that the d3.,2_,2 orbitals are or-
dered similarly, as has been proposed.'? The OO expands
over all Co ions in both octahedral (Col) and pyramidal
(Co2) surroundings, i.e., the longest bond length Col-O6
matches the shortest Co2-O6 (see also Fig. 5). Above Ty the
OO in the pyramids completely disappears, as is clearly seen
from Fig. 3.

The OO transition can originate from the delocalization of
the electrons on the pseudocubic e, orbitals in the one-
dimensional Co2 pyramid network. Unlike the case of
TbBaCo,05 5, the in-plane bond lengths of the Col in the
octahedra do not become equal above Ty;. However, both
angles ¢ between octahedra Col-O5-Col and between pyra-
mids Co2-04-Co2 are increased at the transition temperature
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FIG. 5. A schematic crystal structure of HoBaCo,05 5 at tem-
peratures below (290 K) and above (310 K) the MI transition. The
differences in the atomic positions caused by the MI transition are
rescaled to larger values for better visibility.
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FIG. 6. Temperature dependence of the angles ¢ between octa-
hedra Col-O5-Col, pyramids Co02-O4-Co2, and interpolyhedron
C02-06-Col for '°0- (a) and '®0- (b) substituted samples.

(Fig. 6), implying that the electron transfer integral through
Co-0-Co, which is proportional to ~cos (7—¢), has a step-
like increase, suggesting that the electron delocalization oc-
curs in all directions. The transfer integral ¢ can be renormal-
ized due to the electron-phonon coupling in the small
polaron theory 7~ f,exp(—yE/hw), where w is the optical
phonon frequency and E the polaron binding energy. Since
the narrowing is greater for heavier oxygen mass one expects
an increase in the transition temperature as proposed before
for nickelates'* and discussed for the present system.!> An-
other explanation of the OO transition would be a change of
the spin state of the Co2 ions in pyramids. This type of effect
was concluded to be present in GdBaCo,0s5s,'> where the
spin-state transition of Co ions from LS to HS was proposed
to occur solely in the octahedra. The inverse susceptibility
X (T) in our case (see Fig. 1) also reveals a sharp transfor-
mation coinciding with Ty for both 160- and '80-substituted
samples.!> The spin transition to the HS state in the pyramids
could also result in the equalizing of the bond lengths. How-
ever, this spin-switch type of transition is not expected to
have the observed isotope effect.

In conclusion, we presented the temperature dependence
of the structure parameters in HoBaCo,0s5 5 determined by
means of high-resolution neutron diffraction at temperatures
250-400 K. We have shown that the insulator to metal tran-
sition above Ty;;=305 K occurs concomitantly with the melt-
ing of the orbital order in pyramids and increase of the Co-
0O-Co bond angle together with unit cell volume collapse.
The positive isotope exponent on Ty supports the idea that
the observed structure changes are caused by electron delo-
calization above the transition.
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