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Charge ordering is prone to occur in crystalline materials with mixed-valence ions. It is presumably accom-
panied by a structural phase transition, with possible exceptions in compounds that already present more than
one inequivalent site for the mixed-valence ions in the charge-disordered phase. In this work, we investigate the
representative case of the homometallic Co ludwigite Co2+

2 Co3+O2BO3 (Pbam space group) with four distinct
Co crystallographic sites [M1–M4] surrounded by oxygen octahedra. The mixed-valent character of the Co ions
up to at least T = 873 K is verified through x-ray absorption near-edge structure (XANES) experiments. Single
crystal x-ray diffraction (XRD) and neutron powder diffraction (NPD) confirm that the Co ions at the M4 site
are much smaller than the others at low temperatures, consistent with a Co3+ oxidation state at M4 and Co2+

at the remaining sites. The size difference between the Co ions in the M4 and M2 sites is continuously reduced
upon warming above ≈370 K, indicating a gradual charge redistribution within the M4-M2-M4 (424) ladder
in the average structure. Minor structural anomalies with no space group modification are observed near 475
and 495 K, where sharp phase transitions were previously revealed by calorimetry and electrical resistivity data.
An increasing structural disorder, beyond a conventional thermal effect, is noted above ≈370 K, manifested by
an anomalous increment of XRD Debye-Waller factors and broadened vibrational modes observed by Raman
scattering. The local Co-O distance distribution, revealed by Co K-edge extended x-ray absorption fine structure
(EXAFS) data and analyzed with an evolutionary algorithm method, is similar to that inferred from the XRD
crystal structure below ≈370 K. At higher temperatures, the local Co-O distance distribution remains similar
to that found at low temperatures, at variance with the average crystal structure obtained with XRD. We
conclude that the oxidation states Co2+ and Co3+ are instantaneously well defined in a local atomic level at
all temperatures, however the thermal energy promotes local defects in the charge-ordered configuration of the
424 ladders upon warming. These defects coalesce into a phase-segregated state within a narrow temperature
interval (475 < T < 495 K). Finally, a transition at ≈500 K revealed by differential scanning calorimetry (DSC)
in the iron ludwigite Fe3O2BO3 is discussed.

DOI: 10.1103/PhysRevB.104.195151

I. INTRODUCTION

Charge ordering, namely the long-range arrangement of
different oxidation states of the same chemical species in a
given crystalline material, has been widely studied since it
was first proposed to explain the so-called Verwey transition
at Tc = 120 K in magnetite (Fe3O4) [1,2]. Since then, charge
ordering has been identified as the driving mechanism of
structural phase transitions in a number of transition-metal
oxides [3,4]. Indeed, if the metal ion M occupy a single

crystallographic site in the high-temperature parent structure,
a symmetry reduction is necessary to accommodate the low-
temperature charge-ordered state, and a combined charge-
order/structural phase transition occurs at a given Tc [3,5].
On the other hand, materials showing inequivalent M crys-
tallographic sites in the parent structure are candidates for
developing charge-ordered and disordered states under the
same space group, providing opportunities to investigate
solely the charge-ordering phenomenon without the accom-
panying structural phase transition. In addition, since no
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FIG. 1. (a) Polyhedral representation of the ludwigite structure
(space group Pbam) projected in the ab plane. This arrangement is
simply repeated along the c direction. Metal sites M are numbered
from 1 to 4. The five oxygen sites are indicated by red circles and
black dots represent the boron ions. The solid rectangle represents
the unit cell. Thick lines indicates two crystal subunits, namely the
424 and 313 three-legged ladders that run along c, which are also
displayed in more detail in (b) and (c), respectively, with the corre-
sponding M-M average bond length obtained with x-ray diffraction
data at 300 K.

symmetry breaking is associated with the charge ordering in
these cases, a gradual charge-order melting crossover rather
than a phase transition may occur, paving the way for inter-
mediate configurations that would be otherwise concealed by
the phase transition. Therefore, a closer look at this class of
materials may reveal so-far unexplored physics related to the
charge-ordering process and its intermediate steps.

Ludwigites with chemical formula M2+
2 (M ′)3+O2BO3 are

oxyborates with oxygen octahedra surrounding the transition-
metal ions M and M ′ occupying four different crystallographic
sites M1-M4 (see Fig. 1). So far, the only two known ho-
mometallic (M = M ′) ludwigites with mixed-valence M2+
and M3+ ions are Co3O2BO3 and Fe3O2BO3. The structure
and magnetism of these materials are often rationalized in
terms of M4-M2-M4 (424) triads (also called three-legged
ladders) with the shortest M-M distances, and M3-M1-M3
(313) triads or ladders with the longest M-M distances

(see Fig. 1). Particularly, the M=Fe ludwigite shows a com-
bined charge-ordering and structural phase transition at 283 K
involving a zigzag distortion of the 424 ladders below this
temperature [6–10]. The M=Co ludwigite, on the other hand,
does not show a similar structural phase transition, and all
Co3+ ions appear to occupy only the M4 site [11–13]. Ad-
ditionally, there is a possible spin-state crossover of the
Co3+ ions, which are presumably in a low-spin configura-
tion in the magnetically ordered phase (T � 43 K) and in a
high-spin configuration at higher temperatures (T � 200 K)
where the Curie-Weiss paramagnetic behavior is established
[12,14,15]. Indeed, the combination of low dimensional units
and mixed valence states leads to a number interesting physi-
cal phenomena in ludwigites [16,17], such as dimerized states
[9], structural and charge-ordering transitions [9,10,14,18,19],
spin-glass states [20–28], and multiferroicity [29]. Also, these
oxyborates have been tested as high-performance electrodes
for lithium-ion and sodium-ion batteries [30–33], low fre-
quency oscillators [34,35], and as oxygen evolution reaction
(OER) electrocatalyst [36].

A previous study showed that Co3O2BO3 presents anoma-
lies in the heat flow and resistivity data at 475 and 495 K,
revealing sharp phase transitions that do not appear to be
structural in nature even though some lattice anomalies were
perceived [14]. The a lattice parameter shows an anomalous
contraction upon warming through a broad temperature inter-
val between ≈370 and 600 K, whereas the c lattice parameter
shows subtle anomalies at 475 and 495 K superposed with a
broad anomalous behavior between ≈370 and 500 K. These
anomalies were ascribed to a charge-order melting process
where trivalent ions, once located at Co site 4, shares their
extra positive charge with adjacent divalent Co ions [14].
The anomalous behavior of the lattice parameters and discon-
tinuities in heat flow and resistivity measurements indicate
interesting physics and justify a more detailed structural in-
vestigation. Here, we investigate the crystal, local atomic and
local electronic structures as well as the vibrational properties
of Co3O2BO3 by means of a combination of crystallo-
graphic and spectroscopic techniques, namely, single-crystal
x-ray diffraction (XRD), neutron powder diffraction (NPD),
extended x-ray absorption fine structure (EXAFS), x-ray ab-
sorption near-edge structure (XANES) and Raman scattering,
over a wide temperature interval (from 6 to 873 K). This
combination of techniques provides insight into the gradual
charge-order/disorder process, leading to a simple picture
to explain the previously observed sharp high-temperature
phase transitions in this compound involving an intermedi-
ate state. This picture also provides insight into the physics
of the other homometallic ludwigite Fe3O2BO3 at high
temperatures.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Pure Co ludwigite Co3O2BO3, Sn doped Co5Sn(O2BO3)2,
and Fe3O2BO3 single crystals were synthesized according
to Freitas et al. [11], Medrano et al. [37], and Guimarães
et al. [7], respectively. The single crystals were acicular
(needle-shaped) with length of roughly 0.7 mm and the cross
section may be approximated by a square with sides of length
50 μm.
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X-ray diffraction data below room temperature were col-
lected with a Bruker D8-Venture diffractometer with Mo
Kα radiation (λ = 0.71073 Å) and a nitrogen gas Oxford
Cryostream Cooler cryostat. A single crystal was mounted on
a Kappa goniometer and the data collection was performed
with APEX3 [38]. Above room temperature, x-ray diffraction
data were collected on an Oxford-Diffraction GEMINI-Ultra
diffractometer also using Mo Kα radiation and an Enraf-
Nonius furnace. After heating up the sample to 573 K, a
last measurement was performed at room temperature and
no sign of sample degradation or hysteresis were observed.
CRYSALIS PRO software [39] was used for data integration,
scaling of the reflections and analytical absorption correc-
tions. Space group identification was done with XPREP [40],
and structure solution was carried out by direct methods using
SUPERFLIP [41]. For both data sets, multiscan correction
using equivalent reflections was applied, where the full-matrix
least-squares refinements based on F2 with anisotropic ther-
mal parameters were carried out using WINGX [42] and
SHELXL packages [40]. NPD measurements were carried out
in the D20 instrument of the Institut Laue-Langevin (ILL)
in Grenoble with λ = 1.36 Å. Ground single crystals were
kept in a cylindrical vanadium can and put inside a furnace.
Experimental data were analyzed using the FULLPROF Suite
programs [43].

Heat flow measurements were performed using a differen-
tial scanning calorimeter, model Q2000 from TA Instruments,
following a heat/cool/heat procedure under a cooling/heating
rate of 10 K/min between 250 and 550 K. A linear baseline at-
tributed to the instrumental contribution was subtracted from
the raw experimental data.

Raman spectra of a Co3O2BO3 single crystal were
collected using a Jobin-Yvon triple 1800 mm−1 grating spec-
trometer with a LN2-cooled charge coupled device and a
closed-cycle He cryostat operating up to T = 500 K. The
excitation source was a 532 nm Cobolt diode laser focused
in a single crystal in a nearly backscattering geometry with
spot size of ≈50 μm working at 20 mW. The incident light
was polarized perpendicular to the crystal’s c direction and
analyzed with the same polarization. Finally, fitting of the
experimental data was performed using a python-script-based
nonlinear least square method provided by the Scipy pack-
age [44], where spectral features were fitted using Lorentzian
profiles.

X-ray absorption spectra at the Co K-edge of Co3O2BO3,
Co5Sn(O2BO3)2 and standard Co compounds (CoO and
LaCoO3) were measured at LNLS at the XAFS2 beamline for
various temperatures using the transmission mode. A bunch
of single crystals was ground until a fine powder was ob-
tained, which was sieved with a 10 μm pore size nylon filter
and attached to a circular membrane made of polyvinyli-
dene fluoride through a filtration process. The samples were
placed on the cold finger of a closed-cycle He cryostat.
For high-temperature measurements, the sieved samples were
diluted in boron nitride and molded into a circular pellet
required for the homemade furnace. The EXAFS signal of
the pelletized samples were slightly damped due to x-ray
leakage [45] and a correction factor of 1.23, obtained by
comparing room-temperature data from pelletized samples
and membrane-attached samples, was applied to the high-

temperature data. The EXAFS signal before and after the
correction is shown in Fig. S3 in the Supplemental Material
(SM) [46]. Data normalization and background removal was
done through a standard procedure using ATHENA [47] and
energy calibration and alignment was ensured by simulta-
neous measurements of metallic cobalt. The simulation of
EXAFS data was performed by reverse Monte Carlo cal-
culations attached to a genetic algorithm implemented by
EvAX code [48]. The simulated spectrum was adjusted in
the R-space from 1 to 4.5 cm−1. The initial model structure
was formed by 24 unit cells (or 864 atoms) generated from
previous diffraction data [49], with lattice parameters for each
temperature taken from Refs. [11,14].

III. RESULTS AND ANALYSIS

A. Single crystal x-ray diffraction

The crystal structure of Co3O2BO3 is first investigated with
single crystal x-ray diffraction at selected temperatures from
130 K to 573 K. The observed extinction conditions for the
hkl reflections are consistent with either the centrosymmetric
Pbam or the noncentrosymmetric Pba2 space groups over the
entire investigated temperature interval. In the Pbam ludwig-
ite structure, all atoms occupy special positions with fixed
z = 0 or z = 1/2 (Wyckoff positions 2c, 2b, 4g, 4h), whereas
this condition is released for the Pba2 subgroup. The structure
of Co3O2BO3 could be refined under both space groups, with
very similar fitting residuals at all investigated temperatures.
We therefore proceed our analysis using the more symmetric
Pbam space group, consistent with previous work on ludwig-
ites in general. Finally, reciprocal space reconstructed layers
at selected temperatures are given in the SM and indicate a
reflection splitting at 523 K characteristic of crystal twining at
that temperature (see Fig. S1 in the SM [46]). Table S1 in the
SM shows the refinement data at selected temperatures [46]
and the complete crystallographic data for Co3O2BO3 can
be accessed through Cambridge Crystallographic Data Center
(CCDC) deposition numbers 2094101-2094115.

Figures 2(a)–2(d) show the temperature dependence of the
Co1-O j, Co2-O j, Co3-O j, and Co4-O j distances, respec-
tively, with j = 1, . . . , 5 (see also Fig. 1). Figure 2(e) shows
the mean 〈Coi-O〉 distance for each Coi site (i = 1, . . . , 4),
which remain nearly temperature-independent from the base
temperature (125 K) up to ≈370 K. In this temperature range,
〈Co4-O〉 ≈ 1.95 Å is much smaller than the other 〈Coi-O〉
distances (2.08–2.10 Å). In addition, 〈Co1-O〉 = 2.10 Å is
slightly larger than 〈Co2-O〉 ≈ 〈Co3-O〉 ≈ 2.08 Å. Above
370 K up to 500 K, 〈Co4-O〉 is substantially incremented,
accompanied by an important reduction of 〈Co2-O〉 by ap-
proximately 0.03 Å and a more modest reduction of 〈Co1-O〉
by roughly 0.01 Å. Figures 2(b) and 2(d) shows that the effect
is most directly associated with shortenings of the Co2-O5
and Co1-O3 bonds and elongations of all Co4-O j bonds,
where the largest contribution comes from Co4-O5 bond upon
warming.

Figures 3(a)–3(d) show the temperature dependence of the
isotropic Debye-Waller (DW) parameters σ 2 of the four Co
ions, whereas Figs. 3(e)–3(i) display σ 2 for the five oxygen
ions of the ludwigite structure. Co1-Co3 ions show similar
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FIG. 2. (a)–(d) Coi-O j bond lengths obtained from single crystal
x-ray diffraction data. (e) Mean 〈Coi-O〉 bond length for each Coi
site averaged over the neighboring oxygen atoms. Filled and empty
markers represent data collected in the low- and high-temperature
regime on different crystals (see Sec. II). Statistical errors are smaller
than the symbol size.

values of σ 2 with similar temperature dependencies. The solid
lines in Figs. 3(a)–3(d) correspond to fits according to the
Debye model [50],

σ 2(T ) = 145.55T

Mθ2
D

+ ϕ

(
θD

T

)
+ 36.39

MθD
(1)

where M is the mass of the vibrating ion in atomic mass units
and ϕ is given by

ϕ

(
θD

T

)
= T

θD

∫ θD/T

0

[
x

exp(x) − 1

]
dx. (2)

The fits were performed using only data at T � 300 K and
the modeled curves were then extrapolated to higher tem-

FIG. 3. Debye-Waller factors σ 2 for (a)–(d) Co1–Co4 and (e)–
(i) O1-O5 sites obtained with single crystal x-ray diffraction data.
Solid lines show theoretical curves according to the Debye model
(see text) where the value for θD for each site is indicated. The
dashed line in (d) is the Debye model fit for site Co3, shown for
comparison purposes. Filled and empty markers represent data col-
lected in the low- and high-temperature regime on different crystals
(see Sec. II).

peratures. The Debye temperatures obtained from these fits
are θD = 416 ± 6, 428 ± 6 K, 424 ± 5 K, and θD = 524 ±
13 K for Co1-Co4, respectively. Errors are statistical only and
represent one standard deviation. Co4 presents significantly
lower σ 2 and correspondingly higher θD compared to Co1-
Co3 at low temperatures. For comparison, the Debye model
of site Co3 is also displayed in Fig. 3(d) as a dashed curve.
In the high-temperature limit, the σ 2 values of all Co ions
fall above their respective extrapolated DW model, where the
σ 2 values of Co4 shows the largest increment on warming,
reaching similar values of the other Co sites. As for the oxygen
ions [Figs. 3(e)–3(i)], all sites show similar values of σ 2 below
room temperature with θD ranging from 785 K to 864 K
[see Figs. 3(e)–3(i) for exact values]. At higher temperatures,
the σ 2 values of all O ions also fall above the extrapolated
DW model. This effect is particularly large for site O5 that
connects Co2 and Co4. Overall, it is evident that an enhanced
atomic disorder occurs in Co3O2BO3 at temperatures above
room temperature.
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FIG. 4. (a)–(d) Coi-O j bond lengths obtained using Rietveld
refinement results for neutron powder diffraction data. (e) Mean
〈Coi-O〉 bond length for each Coi site averaged over the neighboring
oxygen atoms. Statistical errors are smaller than the symbol size.

B. Neutron powder diffraction

Neutron powder diffraction is employed to complement
our investigation of the crystal structure of Co3O2BO3

in a narrower temperature interval (400 < T < 520 K).
Figures 4(a)–4(d) show the temperature dependencies of the
Co1-O j, Co2-O j, Co3-O j, and Co4-O j distances with j =
1, . . . , 5 (see also Fig. 1), whereas Fig. 4(e) shows the mean
〈Coi-O〉 distances averaged over all oxygen ions. The NPD
structural data are overall consistent with those obtained with
single crystal XRD (small discrepancies on the bond lengths
absolute values are mostly attributed different sample prepa-
ration methods). Figure 4(e) show that 〈Co2-O〉 continuously
reduces upon warming in the investigated temperature inter-
val with an accompanying increment of 〈Co4-O〉, whereas
〈Co1-O〉 drops by almost 0.02 Å close to T = 475 K, nearly

FIG. 5. Raman spectra at selected temperatures. The spectra
were vertically translated for clarity. The dashed vertical lines mark
the frequency positions of selected peaks at 15 K. Fits of the observed
spectra with Lorentzian peaks are shown in red solid lines.

matching 〈Co3-O〉 above this temperature. More specifically,
Fig. 4(a) indicates anomalies in Co1-O3 and Co1-O2 bond
distances at T = 475 and 495 K, respectively. We also note
an anomaly in the Co3-O2 bond distance at T = 495 K [see
Fig. 4(c)]. See Fig. S2 in the SM for the NPD profile at a
selected temperature as well as its Rietveld refinement [46].

C. Raman spectroscopy

The Raman spectra of single crystalline Co3O2BO3 are
shown in Fig. 5 for the spectral region between 200 and
700 cm−1 at selected temperatures between 15 and 500 K.
At 15 K, sharp peaks are observed at 225, 255, 335, 350, 396,
430, 456, 486, 530, 560, 618, and 665 cm−1. At higher tem-
peratures, important changes are observed. The most visible
ones are a very large softening (≈30 cm−1) of the 560 cm−1

mode and the disappearance of the 335 cm−1 mode above
T ≈ 300 K. The strongest peaks were fitted by Lorentzian
lineshapes (solid lines in Fig. 5). Figures 6(a)–6(h) show
the temperature dependencies of the frequency positions and
linewidths of selected modes at 430, 560, 618, and 665 cm−1.
In common, these modes broaden at a remarkably elevated
rate above ≈370 K, reinforcing the picture of an enhanced
lattice disorder beyond conventional thermal effects suggested
by XRD data (see above). The investigated modes also tend
to soften more substantially above this temperature. Beyond
these common aspects, we also find some interesting behavior
in specific modes. Particularly, the 430 cm−1 peak shows an
anomalous behavior below T ≈ 200 K, reaching an frequency
minimum at T = 75 K [Figs. 6(a), 6(c), and 6(d)]. The mode
at 430 cm−1 sharpens substantially below this temperature
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FIG. 6. Temperature dependence of (a)–(d) the frequency posi-
tions and (e)–(h) the corresponding linewidths of the peaks at ≈430,
560, 618, and 665 cm−1. The insets show zoom outs that highlight
low-temperature anomalies.

[Fig. 6(e)], contrary to the 618 and 665 cm−1 modes, which
broaden below T = 75 K [Figs. 6(g) and 6(h)].

D. Extended x-ray absorption fine structure (EXAFS)

Figure 7(a) shows, at selected temperatures, the k3-
weighted Co K-edge EXAFS spectrum of Co3O2BO3.
Figure 7(b) displays the modulus of the Fourier transformed
signal, |χ (R)|, using a gaussian k-window 3.6 < k < 10 Å−1.
The first coordination shell, related to Co-O scattering paths,
does not change significantly from the base temperature up
to ≈370 K [see Fig. 7(b)], suggesting rigid oxygen octa-
hedra around the Co ions in this temperature range. Above
≈370 K, |χ (R)| around the first coordination shell starts to
dampen, revealing an incremented variance of the Co-O bond
lengths with respect to the average value. The second coor-
dination shell, mainly composed by Co-Co scattering paths,
shows a different temperature dependence, being continu-
ously damped upon warming.

The histograms of Figs. 8(a)–8(d) show the Co-O bond
length distribution obtained by the RMC simulated model at

FIG. 7. (a) Co K-edge k3-weighted EXAFS transmission spectra
at selected temperatures and (b) their Fourier transform. The spectra
were vertically translated in (a) for clarity. The first Co-O and second
Co-Co coordination shells are indicated in (b).

125, 300, 573, and 873 K (refer to Figs. S4(a) and S4(b)
in the SM for the model’s calculated EXAFS signal for the
respective temperatures [46]). For comparison, the Co-O bond
distances inferred from single-crystal XRD data are displayed
as vertical dashed lines except at 873 K where XRD data are
not available. The solid curves in red are the gaussian broad-
ened XRD bond length distributions. At T = 125 and 300 K,
the Co-O bond distance distributions obtained from EXAFS
and XRD data are consistent to each other and strongly asym-
metric. At T = 573 K, the distribution obtained by XRD
becomes more symmetric as a consequence of the smaller size
differentiation between the Co4O6 and Co2O6 octahedra [see
also Fig. 2(e)]. This substantial evolution with temperature
is not followed by the EXAFS Co-O bond length distribu-
tion, which remains highly asymmetric and reminiscent of the
curves at lower temperatures. At T = 873 K, this distribution
remains asymmetric and similar to the data at T = 573 K,
except for an overall shift towards larger bond lengths possi-
bly due to anharmonicity. The Co-O bond length distribution
obtained from the RMC simulation of EXAFS data for several
other investigated temperatures from 6 to 873 K are displayed
in Fig. S5 in the SM [46].
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FIG. 8. Bars: local Co-O bond length distribution of Co3O2BO3

obtained from RMC simulation of Co K-edge EXAFS data (see text)
at (a) 125 K, (b) 300 K, (c) 573 K, and (d) 873 K. The vertical
dashed lines in (a)–(c) represent the crystallographic Coi-O j bond
lengths obtained with x-ray diffraction data, where the color scheme
is the same as in Figs. 2(a)–(d). The red solid lines in (a)–(c) are
the Gaussian-broadened XRD Coi-O j bond length distributions at
similar temperatures.

E. X-ray absorption near edge structure (XANES)

Figure 9(a) shows the normalized Co K-edge XANES
spectra μ(E ) at room temperature of Co3O2BO3, reference
Co2+ compounds Co5Sn(O2BO3)2 (also with ludwigite struc-
ture [37]) and CoO, and reference Co3+ compounds LaCoO3

and ZnCo2O4 (where the later was extracted from Ref. [51]).
The most prominent features of Co3O2BO3 are captured by a
simple linear combination of 2

3 of χ (E ) for Co5Sn(O2BO3)2

and 1
3 of χ (E ) for ZnCo2O4 (see Fig. S8 in the SM [46] and

Ref. [13]), providing direct experimental confirmation of the
2
3×Co2+ + 1

3×Co3+ mixed valence inferred from the charge
neutrality condition of the chemical formula.

Figure 9(b) shows the normalized Co K-edge XANES
spectra of Co3O2BO3 at 300 K, 623 K, and 873 K.
Spectral features are indicated by letters (a–e) and arrows
indicate the most notable spectral weight changes upon warm-
ing. The overall XANES spectral variations of Co3O2BO3

with temperature are subtle, indicating that the 2
3×Co2+ +

1
3×Co3+ mixed valence is retained over the entire investigated

FIG. 9. (a) Normalized XAS spectra at the Co K-edge of
Co3O2BO3 and reference compounds Co5Sn(O2BO3)2, LaCoO3 and
CoO at room temperature measured with membrane samples. Arrows
indicate the general notion that higher (or lower) valence states shifts
the spectral “center of gravity” to higher (or lower) energies. (b) Nor-
malized XAS spectra at the Co K-edge of Co3O2BO3 at 300 K,
623 K, and 873 K, where arrows indicate visually detectable changes
in the spectra going from low to high temperature.

temperature interval. The temperature dependencies of the
energy and spectral weight of selected features, as well as a
discussion on their origins, are given in the section S-V of
the SM [46]. Such detailed analysis suggests that the charge
disorder crossover takes place over a very wide temperature
interval, with a tendency for saturation only above T ∼ 800 K.

F. Differential scanning calorimetry

Differential scanning calorimetry (DSC) data for our
Co3O2BO3 samples were published earlier, see Ref. [14].
Here, we present DSC data for the other homometal-
lic ludwigite, Fe3O2BO3, which will be relevant for our
discussion (see below). Figure 10 shows heat flow mea-
surements for a Fe3O2BO3 single crystal. The most notable
feature is the endothermic (exothermic) transformation at
283 K on heating (cooling) associated with the long-range
structural/charge-ordering transition, as previously reported
[9,11]. Remarkably, another endothermic (exothermic) trans-
formation is seen at 500 K in the heating (cooling) curves,
indicating an additional high-temperature phase transition for
this compound. No apparent hysteresis is observed between
heating and cooling data. The small difference in the transi-
tion temperatures are essentially instrumental in origin and
justified by the relatively large sweep rate.
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FIG. 10. Heat flow as a function of temperature for a Fe3O2BO3

single crystal, taken on heating and cooling with a rate of 10 K/min.
Dashed curve displays the data obtained upon heating multiplied by
−1 to facilitate comparison.

IV. DISCUSSION

In Co3O2BO3, the small 〈M4-O〉 bond length of ≈1.95 Å
for temperatures below 370 K, contrasting with 2.07–2.10 Å
for M1, M2, and M3 sites [see Fig. 2(e)], is a clear mani-
festation of the large degree of charge-order, with the smaller
Co3+ ions predominantly located at the M4 site as previously
reported [11,12]. It is interesting to compare the charge-
ordered configuration along the 424 ladder of M3O2BO3

ludwigite with M=Co [see Fig. 11(b)] with the other known
homometallic ludwigite (M=Fe) at low temperatures [see
Fig. 11(a)]. For M=Co, the full occupation of the M4 site with
Co3+ ions implies in the formation of infinite Co3+ stripes
along c in the lateral columns of the 424 ladders, whereas,
for M=Fe, the M2 central column is occupied by Fe3+ ions
and the other Fe3+ ions occupy each side of the 424 ladder
alternately [9]. This leads to a zigzag charge-order pattern

with a corresponding space group change of the crystal lat-
tice to Pbnm and doubling of the c lattice parameter below
T = 283 K. In common, both charge-ordered patterns have
2M3+ + 1M2+ ions in each and every rung of the 424 ladder.

The local M-O bond length distribution in Co3O2BO3

obtained with EXAFS is consistent with XRD data at low
temperatures [see Figs. 8(a) and 8(b)], with an asymmetric
distribution associated to the coexistence of smaller Co3+ and
larger Co2+ ionic radius. At high temperatures, the distance
distribution obtained with XRD becomes more symmetrical
reflecting the tendency for size equalization of the M2 and M4
sites. This tendency is not accompanied by the EXAFS local
M-O distance distribution, which remains largely asymmetric
at high temperatures [see Fig. 8(c)]. These combined data
indicate individual Co ions in well defined (Co2+ or Co3+) ox-
idation states at all temperatures. At low temperatures, these
states are organized in the 424 ladders of the M=Co ludwigite
structure as M43+-M22+-M43+ with translational invariance
along c, giving rise to infinite charge stripes [Fig. 11(b)].
Such charge-ordered state is progressively disturbed above
≈370 K, with the extra positive charge at the M4 site at low
temperatures being, on average, increasingly shared with the
M2 site upon warming [see Fig. 11(c) and the Co2 and Co4
curves in Fig. 2(e)]. It should be mentioned that the M1 and
M3 sites do not show a substantial mean size evolution with
temperature in comparison to M2 and M4 [see Fig. 2(e)],
indicating that these sites remain mostly occupied by Co2+

over the entire investigated thermal interval.
The charge-order/disorder transformation within the 424

ladders in the Co ludwigite above T ≈ 370 K is also man-
ifested by a substantial increment of lattice disorder, as
revealed by the anomalous behavior of the XRD σ 2 param-
eters [see Figs. 3(a)–3(i)] and the phonon linewidths [see
Figs. 6(e)–6(h)]. Such enhanced disorder could be indeed

(a) (b) (c) (d) (e)

FIG. 11. Schematic charge arrangements for M2+
2 M3+O2BO3 homometallic ludwigites inside the 424 ladders for M=Fe and Co at low

temperatures, and for M=Co at higher temperatures. Filled and empty symbols represent M3+ and M2+ ions, respectively. (a) M=Fe charge-
ordered state (T < 283 K) [6–10]. (b) M=Co charge-ordered state (T � 370 K). (c) M=Co charge-ordered state with uncorrelated “defective
rows” (blue boxes, 370 � T < 475 K). (d) The defects become denser upon warming and finally coalesce into defect-rich regions through a
phase transition, forming a short-range zigzag pattern (light red boxes) coexisting with defect-free regions (dark red boxes, 475 < T < 495 K).
(e) At higher temperatures (T > 495 K), the thermal energy disrupts the defective-row correlations, returning the system to an uncorrelated
defect state that is qualitatively similar to (c) but with higher density of defects, through a reentrant phase transition.
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anticipated under the assumption that the extra positive charge
of Co3+ remains localized in the atomic scale at high temper-
atures, provoking fluctuations in the M-O bonds as charges
hop from one site to the other. The anomalous enhancement
of XRD σ 2 is more prominent for the O5 oxygen site [see
Fig. 3(i)], which is precisely the anion that connects the M2
and M4 cations in the 424 ladder [see Fig. 1]. As for the Co
sites, the lower σ 2 and the correspondingly higher θD for M4
with respect to the other Co sites below 370 K [see Fig. 3(d)] is
likely associated with the smaller 〈M4-O〉 distance that tends
to reduce the Co4 thermal vibration amplitude.

The charge reorganization in Co3O2BO3 is not accompa-
nied by a structural phase transition as it is observed for other
mixed-valence transition metal oxides, e.g., the iron ludwigite
at 283 K [6–10] or the magnetite at 120 K [1,2]. Indeed, the
ludwigite structure with Pbam space group supports stripe
charge-ordered configurations without necessarily reducing
the symmetry of the lattice with respect to the disordered
configuration, as effectively observed here for Co3O2BO3. In
this case, the electrostatic potentials associated with the four
M sites are different even in the charge-disordered configu-
ration, meaning that the order parameter associated with the
average electronic occupation in each site does not become
critical and cannot be associated with a phase transition. In-
stead, a crossover between a low-temperature charge-ordered
to a high-temperature disordered configurations might be an-
ticipated, which is consistent with the gradual tendency for
average size equalization of Co ions the M2 and M4 sizes
upon warming [see Figs. 2(e) and 4(e)]. However, these
considerations do not rule out the possibility of formation
of self-organized states in an intermediate length scale and
phase transitions involving them. This possibility is actually
supported by sharp anomalies in calorimetry and electrical re-
sistivity measurements at 475 and 495 K, as well as anomalies
in the c lattice parameter [14], which appears to be accompa-
nied by subtle bond length anomalies [see Figs. 4(a) and 4(c)].
These transitions must be purely electronic as there is no sign
of space group change in Co3O2BO3 at these temperatures.

A simple picture is able to explain the experimental
results at high temperatures. Upon warming above T ≈
370 K, thermally-induced defects in the charge-ordered pat-
tern shown in Fig. 11(b) gradually starts to appear, creating
‘defective rungs’ in the 424 ladder such as those displayed
in Fig. 11(c), which reduce the average size differentiation
between crystallographic sites M2 and M4 and increases the
lattice disorder. Assuming that such defects have mobility
along the c direction, the energy penalty of each thermally-
induced defective rung may be minimized if the defects
coalesce into defect-rich nanoregions with a zigzag charge
configuration, similar to the structure found in Fe3O2BO3,
separated from defect-free regions [Fig. 11(d)]. For a suf-
ficiently large thermal-induced defect density, the energy
gain of this segregated phase may overcome its smaller en-
tropy and the segregated-phase may show smaller free energy
F = U − T S with respect to the phase with uncorrelated
defects [Fig. 11(c)]—at least within a limited temperature
window. Thus, the sequential phase transitions at T = 475
and 495 K for Co3O2BO3 are likely transitions from the
uncorrelated [Fig. 11(c)] to the segregated [Fig. 11(d)] and
back to the uncorrelated defect phases [Fig. 11(e)], i.e., a

reentrant transition. The evidently lower charge entropy of the
intermediate segregated-phase between T = 475 and 495 K
with respect to the uncorrelated defect phase is supported
by differential scanning calorimetry (DSC) data that show an
exothermic (endothermic) process upon warming (cooling) in
the background-subtracted curve between 475 and 495 K [14].
Moreover, the electrical conductivity σ (T ) of Co3O2BO3 also
supports a reentrant phase transition, as the σ (T ) curve above
T = 495 K matches the extrapolated behavior of the curve
below T ≈ 475 K (see Fig. S6 in the SM [46] and Ref. [14]).

The above picture also provides insight to the high-
temperature behavior of the Fe3O2BO3 homometallic ludwite
(see Fig. 10). Following a previous ac-conductivity study
[10], the configuration above the charge-ordering/structural
transition at TS = 283 K is most likely formed by regions with
short-range ordered zigzag chains. Thus, the feature at T ≈
500 K revealed by DSC data may indicate a phase transition
to a more entropic state in similarity to the higher tempera-
ture transition at T = 495 K for Co3O2BO3. Future diffusive
x-ray scattering experiments are necessary to confirm this pro-
posal and obtain more detailed information on the short-range
charge arrangements in both Co and Fe homometallic ludwig-
ites. It is worth mentioning that, high-temperature anomalies
in DSC data for the iron ludwigite could also be caused by the
Fe2+ to Fe3+ oxidation as suggested for vonsenite and hulsite
minerals [52].

Notice that in the Fe ludwigite, the dimerization of the
ladder leads, even in the case of noninteracting electrons, to
a Peierls-like insulating phase for 1/3 occupation of the 4-2-4
ladder [53]. On the other hand, in Co3O2BO3 the proposed
charge ordering in this ladder, with an extra electron per rung,
corresponds to a metallic state in the absence of correlations.
Then, its insulating behavior requires the presence of elec-
tronic correlations. A local Hubbard U suffices to make this
material insulating [13] and can provide the high energy scale
for the charge-ordering phenomena we observe.

At this point, it is worthwhile to compare our results with
those recently reported by Kazak et al. in Ref. [13]. In such
study, mean bond lengths 〈M4-O〉 ≈ 1.98 Å and 〈M2-O〉 ≈
2.05 Å are reported at 300 K [13]. This corresponds to a
smaller size differentiation of Co ions located at the M2
and M4 sites in comparison to our data, suggesting samples
with a smaller degree of charge order at room temperature in
comparison to the samples investigated here. This is possibly
a consequence of very similar electrostatic potentials at sites
M2 and M4, favoring charge disorder within the 424 ladder
that may be triggered even by a small degree of atomic de-
fects such as oxygen or cationic vacancies. In addition, the
sharp transitions at 475 and 495 K observed in our sam-
ples (Ref. [14]) are not observed on the calorimetry data of
Ref. [13], which rather show a broad maximum at T ≈ 500 K.
It is possible that even a small degree of lattice defects is
sufficient to pin the defective rungs, preventing the forma-
tion of the phase segregated state displayed in Fig. 11(d).
Finally, one might attempt to ascribe the increment of 〈M4-O〉
distance upon warming to a Co3+ spin state crossover from
the low-spin to intermediate- or high-spin configurations.
Nonetheless, this scenario is not able to explain the simulta-
neous decrease of 〈M2-O〉 distance upon warming. Moreover,
previous magnetic susceptibility measurements showed that
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Co3O2BO3 follows a Curie-Weiss behavior above room tem-
perature [14], indicating a stable spin configuration for the Co
ions in this temperature range.

In addition to the enhanced lattice disorder above
T ≈ 370 K, Raman spectroscopy indicates intermediate-
temperature phonon anomalies at T ∼ 75 K, see Figs. 6(a)–
6(h)]. The 430 cm−1 mode also show a frequency anomaly
below 200 K [see Fig. 6(a)]. These results indicate that ad-
ditional physics not directly related to the partial melting
of the Co charge-ordering above ∼370 K (see above) or to
the long range magnetic ordering below TC = 42 K [11,12]
is at play at intermediate temperatures. Possibilities are the
presence of short-range magnetic correlations that may affect
the phonon energies through the spin-phonon coupling effect
[54], and/or a Co3+ spin state instability that may also affect
the lattice dynamics. These effects at the intermediate temper-
ature range between TC and room temperature deserve further
examination.

V. CONCLUSIONS

In summary, we investigated the crystal, local atomic, and
local electronic structures, as well as the vibrational properties
of Co3O2BO3 from 6 to 873 K. XANES and EXAFS indicate
a lattice of Co ions with well defined Co2+ and Co3+ oxidation
states at all temperatures. The Co-O bond lengths obtained by
XRD and NPD indicates that Co3+ ions occupy the M4 site
at low temperatures, whereas an increasing charge disorder
takes over above ≈370 K, leading to an abnormal level of
lattice disorder induced by local defects in the charge-ordered
pattern. A phase-segregated state with short-range correlated

rungs within the 424 ladders, where zigzag pattern regions
are intercalated with charge stripe domains, is proposed to
explain the sharp phase transitions previously reported at 475
and 495 K in this compound [14]. Above this temperature, a
charge-defect-rich reentrant phase with uncorrelated defects
takes place. A phase transition at T ≈ 500 K is also observed
by DSC data in the other known homometallic ludwidge
Fe3O2BO3, which may indicate that phase transitions involv-
ing short-range charge-ordered states are not restricted to
Co3O2BO3. Finally, Raman spectroscopy also uncovers addi-
tional phonon anomalies. For instance, the mode at 430 cm−1

displays an anomalous behavior below T ≈ 200 K, reaching
an frequency minimum at T = 75 K. These anomalies are
presumably related to magnetic correlations or Co3+ spin
crossover that calls for further examination.
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