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Spin-state ordering and intermediate states in the mixed-valence cobalt oxyborate
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Spin-state ordering—a periodic pattern of ions with different spin-state configurations along a crystal
lattice—is a rare phenomenon, and its possible interrelation with other electronic degrees of freedom remains
little explored. Here we perform a structural investigation of the mixed-valence Co homometallic ludwigite
Co§+Co3+OzBO3. A superstructure consistent with a long-range Co®* spin-state ordering is observed between
T, =580 K and 75 = 510 K. Intermediate states with mesoscopic correlations are detected below 75 down
to 7y = 480 K with a change of dimensionality at 7, = 495 K. The spin-state correlations are connected to
the charge sector as revealed by the abrupt changes in the electrical resistance at 77 and 7,. The evolution
of the structural parameters below 7} indicate that the spin crossover is ignited by a moderate degree of
thermally induced Co?* and Co" charge disorder. Charge and spin-state degrees of freedom can be interrelated
in mixed-valence spin-crossover materials, leading to sharp transitions involving intermediate spin-state and

charge-correlated states at the mesoscale.

DOI: 10.1103/PhysRevB.109.094115

I. INTRODUCTION

Transition-metal compounds often display intertwined
charge, orbital, and spin degrees of freedom [1-5]. In addi-
tion, some ions such as Co>™ may have competing atomic
spin-orbital configurations, namely, low-spin (LS), high-spin
(HS), and, arguably, intermediate-spin states [6,7]. In spin
crossover materials, different spin states may coexist over
broad temperature intervals [8—10], and in some of them the
coexisting spin states order in the crystal lattice, forming a
superstructure [11-17]. If the metallic ions are also mixed
valent, spin-state and charge orders may, in principle, coexist
and either compete or support each order, potentially leading
to a peculiar type of spin-charge coupling that remains to be
experimentally confirmed. Arguably, high-quality crystalline
samples with relatively complex structures allowing for multi-
ple transition-metal sites are needed to host such rich physics,
and detailed structural investigations with the aid of support-
ing physical property experiments are necessary to identify it.

The M22+M 3+0,BO; oxyborates with the ludwigite struc-
ture present metallic ions M+ and M"** in different oxidation
states and at four crystallographic sites M (1) — M (4), leading
to a large variety of possibilities for chemical, charge, and
magnetic orders [10,18-60]. The crystal structure is com-
posed of an arrangement of edge- and corner-shared MOg
and M’'Og octahedra that are stacked along c¢ [18,22,50].
It is often convenient to describe this structure in terms
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of subunits termed three-legged ladders (3LL), composed
of M(3) — M(1) — M(3) and M(4) — M(2) — M(4) metallic
ions (313 and 424, respectively) [26,50]. For homometallic
ludwigites (M = M’), different valence states of M coexist,
and charge order may become an important ingredient of the
physics of these materials [26,35,49]. For instance, Fe30,BO3
shows a structural transition at 7, = 283 K, where the low-
temperature and lower-symmetry phase (Pbnm space group)
shows a splitting of the Fe(4) site into nonequivalent Fe(4a)
and Fe(4b). The Fe(4a)-Fe(2) distance is substantially smaller
than Fe(4b)-Fe(2), and this transition was ascribed to a dimer-
ized charge-ordered state below T, [26,32,35].

Co30,B03, the other known homometallic ludwigite, does
not display any symmetry reduction with respect to the regu-
lar ludwigite structure at low temperatures [10,34,49,54,59].
This is because its ground-state charge configuration is a triv-
ial columnar charge-ordered state, with the Co®" ions fully
occupying a single crystallographic Co(4) site without the
need of further symmetry reduction with respect to the parent
ludwigite structure. Another important ingredient of this ma-
terial is the spin state of Co>". The magnetic structure below
Ty = 43 K corroborates a LS Co®* ground state configuration
[49]. On the other hand, the relatively large value of the high-
temperature paramagnetic moment of this material indicates
that at least part of the Co®* ions is converted into a higher-
spin state upon warming [10,34,54]. Indeed, former studies
of the physical properties and crystal structure of Co30,BO3
indicate nontrivial phenomena occurring above room tem-
perature [10,54,59,60]. Substantial anomalies in the lattice
parameters and Co-O bond distances are observed between
~370 and ~550 K [10,54,60]. Also, bulk phase transitions
at Ty ~ 480 K and T, = 495 K were evidenced by electrical
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conductivity and differential scanning calorimetry measure-
ments [54,59]. In this material, both charge and spin-state
degrees of freedom are active, and a combination of them is
likely needed to understand such a complex physical behavior.

In this paper, synchrotron x-ray diffraction and electrical
resistance measurements are performed in Co30,BOj3 using
single crystalline and powdered samples of Co3;0,BO;. Our
results demonstrate a sequence of phase transitions between
Ty =480 and T; = 580 K involving a long-range spin-state-
ordered state as well as intermediate states with anisotropic
correlations in the mesoscale. The degree of charge ordering
and the proportion of HS Co’* state is highly temperature
dependent above ~370 K, provoking an electronic instability
in the system that ultimately leads to the observed high-
temperature phase transitions.

II. EXPERIMENTAL DETAILS

Needle-shaped single crystals of Co30,BO3 employed in
x-ray diffraction and electrical measurements, with sizes of
~50 x 50 x 200 um and ~50 x 50 x 670 pum, respectively,
were synthesized as described in Ref. [34] and taken from
the same batch as those used in previous works [54,59]. The
sample employed in the x-ray powder diffraction experiment
was obtained by grinding a large number of small crystals.
As the crystals were not individually selected before grinding,
crystals of Co30y4 that are byproducts of the single crystal
synthesis were not removed, leading to an impurity phase of
Co304 (1.7% weight fraction) in the so-obtained powdered
sample.

The x-ray powder diffraction experiment was performed
at the BXDS-WHE beamline of the Brockhouse diffraction
sector of the Canadian Light Source with incoming photons
of E =54.74 keV (A = 0.2265 A). The beam size at the
sample position was ~50 (V) x200 (H) um?. The sample was
loaded into a 0.64-mm-diameter spinning kapton capillary
and the temperature was changed between 130 and 475 K
by means of a N, cryostream system. The spinning capil-
lary was crucial to minimize nonstatistical fluctuations in the
Bragg intensities due to poor powder statistics derived from
the large crystallite sizes (tens of microns). As the nominal
temperature of the nitrogen flow is not necessarily equal to
the sample temperature inside the capillary, a temperature
calibration was performed using the thermal expansion of the
lattice parameters of our sample in comparison to that ob-
tained in a previous work with neutron diffraction data using
a furnace under vacuum [59]. The highest attainable tem-
perature of our powder diffraction experiment, 7' = 475 K,
corresponds to a 7 =500 K nominal temperature of the ni-
trogen flow. A 2D image plate detector with Csl absorber
was employed, with pixel size of 150 x 150 um? and active
area of 0.432 x 0.432 m? (2880 x 2880 pixels). The sample-
to-detector distance was 0.586 m. The Rietveld refinements
were performed with the GSAS-II suite [61].

The single crystal x-ray diffraction experiment was per-
formed in the BXDS-IUV beamline of the Brockhouse
sector of CLS. The photon energy was E = 7.3147 keV
(A =1.6950 A). The sample, with a natural surface parallel to
the (110) plane, was placed over a flat Si crystal resting onto a
Linkham cryofurnace (model HFSX350-GI) that was attached
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FIG. 1. Representative x-ray powder diffraction profile and Ri-
etveld fitat 7 = 300 K (A = 0.2265 A, R,, = 4.17%). Cross symbols
represent the experimental data and the green solid line is the simu-
lated profile after the refinement. The raw difference data is the solid
cyan line. The expected Bragg positions for the main Co;0,BO3 lud-
wigite and the minor Co;0,4 impurity phases (1.7% weight fraction)
are given in red and blue short vertical bars, respectively.

to the Eulerian cradle of a Huber 6+2 circle diffractometer.
A Pilatus 100K detector was fixed in the 26 arm. All Bragg
reflections were accessed using the w = 0 mode of the SPEC
control software, in which the incident and diffracted beam
directions make the equal angles with respect to the sample
(110) surface, avoiding the need for absorption corrections on
the relative diffracted intensities for different zk! reflections.

DC resistivity as a function of temperature was measured
in a single-crystal of Co30,BOj3 along the ¢ direction by the
four-probe method using a Keithley 2182A Nanovoltmeter
and a 6221 Current Source. The crystal was held in the cen-
ter of an homemade furnace at the Extreme Thermodynamic
Conditions Laboratory (LCTE) of the Brazilian synchrotron
light source (SIRIUS/LNLS). This allowed us to reach a
higher temperature (Ty,.x = 642 K) compared to our previous
report (Thhax = 505 K) [54]. The selected current I = 300 uA
lies within a current interval where the resistivity presents
approximately ohmic behavior and the heating and cooling
rates were 10 K/min.

All errors indicated in this paper were obtained from
least-squares fitting procedures and represent one standard
deviation.

III. RESULTS AND ANALYSIS

A. X-ray powder diffraction

High-throughput synchrotron x-ray powder diffraction
measurements were performed in the temperature interval
between T = 125 and 470 K. Serial structural refinements
were carried out using a conventional ludwigite structural
model (Pbam space group) [18,22,34]. The raw data and fits at
T = 300 K are shown in Fig. 1. Figure 2(a) displays the aver-
age (Co(n)-0O) distances extracted from the refined structural
parameters. The (Co(2)-O) is reduced whereas (Co(4)-O) in-
creases upon heating, most notably above ~370 K, which
is attributed to a gradual charge redistribution between
these Co sites with respect to the low-temperature ordered
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FIG. 2. (a) Average (Co(n)-O) distances for n = 1 — 4 obtained
from the refined atomic positions and lattice parameters. (b) Average
(Co — O) distances within the 313 and 424 three-legged ladders.

configuration of Co(2)** and Co(4)** [59]. Additional insight
into the evolution of the electronic states of Co with temper-
ature is gained by plotting the average (Co — O) distances
within the 313 and 424 3LLs [see Fig. 2(b)]. The (Co — O)313
distance remains nearly constant with 7', whereas the (Co —
O) 424 distance increases upon warming above ~370 K. We
do not attribute this increment of the average Co ionic radius
within the 424 3LL to a change of the average oxidation state
in this ladder, since this would have to be compensated by
changes of opposite sign in the (Co — O)3y3 distance, which
is not observed. The increment of the (Co — O)4;4 distance
with T is rather attributed to a modification of the average
spin-state of the Co>" ions in the 424 3LL above ~370 K
that accompanies the charge redistribution within this ladder.
This is indicative of a charge-driven mechanism for the Co*
spin-state crossover, in which the thermally induced charge
disorder induces a fraction of the Co>* ions, which stays the
Co(4) site at low temperatures, to occupy the larger Co(2) site
at higher temperatures, thus favoring the conversion of this ion
from the LS into a higher-spin state.

B. Single crystal x-ray diffraction

Structural transitions are identified by single-crystal x-
ray diffraction. Between 73 and T, sharp superstructure
hkl reflections with half-integer [ (considering the standard
ludwigite unit cell) are observed. Henceforth, the indexing
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FIG. 3. (a)—-(h) Azimuthal (¢) scans of the superstructure 441
reflection (c-doubled unit cell) around the [110] axis at selected
temperatures.

of these reflections will be given with respect to a c-doubled
unit cell, so the superstucture reflections are accordingly in-
dexed with odd-integer /. The temperature-dependence of the
representative 441 reflection is first investigated by azimuthal
scans with the rotation axis ¢ being along the [110] crystal-
lographic direction (i.e., perpendicular to the (110) natural
sample surface). Raw scans at selected temperatures are given
in Figs. 3(a)-3(h). Figures 4(a) and 4(b) display the intensity
of this peak in linear and logarithmic scales, respectively,
whereas the linewidth is shown in Fig. 4(c). The intensity
of this reflection do not evidence any obvious discontinu-
ity with temperature, indicating second-order or very weakly
first-order ordering transitions at 73 = 510(1) K and 7T, =
578(1) K. The critical exponent 8 obtained from a fit of the
intensities to I = Iy|T — T,.|*# in the ordered phase between
T; and T, near the transitions are 8 = 0.48(10) at T 2 T;
and 8 = 0.54(7) at T < Ty, which are both consistent with
the mean-field value 8 = 1/2 for a scalar field. Above T
and between T} and T3, this peak is still observed in the
azimuthal scans, however, they are wider, indicating they arise
from finite-range correlations. Remarkably, the linewidth has
a nonmonotonic temperature dependence between 7; and 73,
with maximal broadening at ~7,. No substantial temperature
hysteresis is noticed in the area of this peak. Finally, this peak
tends to be slightly sharper upon cooling than upon heating.
The crystal structure of Co30,BOj3 is refined at 7 =525 K,
using the integrated intensities of a total of 18 hkl
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FIG. 4. Temperature dependence of the integrated intensity of
the (¢) scans in linear (a) and logarithmic (b) scales. The linewidths
are given in (c). The identified transition temperatures, 77 = 480 K,
T, =495 K, Ts =510 K, and T, = 580 K, are marked as vertical
dashed lines.

superstructure reflections with odd /. The complete list of
probed superstructure reflections and their relative intensities
are given in Table I. We also employ the large set of 1480 hkl
reflections with even [ allowed for the conventional ludwig-
ite structure that was previously obtained at this temperature
with conventional x-rays [59]. The refinement was carried out
under the Pbnm space group, which is the same of the related
Fe;0,BO; ludwigite below 7. = 283 K [26]. The refined set
of atomic parameters is given in Table II, whereas the relevant
Co-0 and Co-Co atomic distances extracted from these data
are shown in Table III. Sketches of the refined crystal structure
are drawn in Figs. 5(a) and 5(b). The most relevant feature is
the splitting of the Co(4) site of the regular ludwigite structure
into nonequivalent Co(4a) and Co(4b) sites. The interatomic
Co(4a)-Co(2) and Co(4b)-Co(2) distances are nearly identi-
cal [2.7809(1) A and 2.7814(8) A, respectively], indicating
that the Co(4a) and Co(4b) sites are occupied by ions in
the same average oxidation state, also excluding a dimerized
state such as proposed for Fe;0,BO3 [26]. Remarkably, the
(Co(4a) — O) and (Co(4b) — O) distances are substantially
different, [1.966(2) and 2.044(2) A, respectively], which is
indicative of Co ions with different ionic radii occupying these
two sites. Considering that the expected Co-O bond distances
derived from the Shannon’s radii are 1.945 A for LS Co’t,
2.01 A for HS Co®", and 2.145 for HS Co?*t, our results

TABLE I. Comparison between observed and calculated intensi-
ties for superstructure ikl reflections at T = 525 K. The space group
is Pbnm (No. 62) and the lattice parameters at this temperature are
a=93325A, b=11.9971 A, and ¢ = 5.9766 A. In the last two
lines, the intensities of the 330 and 440 reflections that are also
present in the regular ludwigite structure are given for comparison.

h k l Iobs Ical
2 2 1 0.018(1) 0.019
2 3 1 0.55(3) 0.50
2 4 1 0.20(1) 0.01
3 1 1 0.54(2) 0.55
3 2 1 1.32(7) 1.27
3 3 1 0.134(7) 0.117
3 3 3 0.94(5) 0.94
3 4 1 0.19(1) 0.19
3 5 1 3.7(2) 3.8

3 6 1 1.10(5) 1.08
4 1 1 4.4(2) 4.7

4 2 1 3.9(2) 4.1

4 3 1 0.122(6) 0.123
4 4 1 1.73(9) 1.67
4 5 1 0.091(5) 0.090
4 6 1 0.012(1) 0.001
5 2 1 0.63(3) 0.58
5 3 1 2.6(1) 0.9

3 3 0 570(30) 548
4 4 0 1610(80) 1679

indicate that the Co(4a) and Co(4b) sites are mainly occupied
by LS and HS Co*" ions, respectively, defining a long-range
spin-state-ordered structure between T3 and 7.

TABLE II. Wyckoft sites and refined atomic positions for
Co03;0,BO; at T = 525 K obtained from single crystal x-ray diffrac-
tion data. The Debye-Waller parameters are constrained to be the
same for each atomic species and the refined values are 100 x Ui, =
1.116(16) A2 for Co, 0.78(4) A? for O, and 0.70(9) A? for B. The
structural refinement employed the superstructure reflection intensi-
ties listed in Table I (R% = 4.5%) and additional 5040 observations
(1480 independent hk! reflections) of regular ludgiwite reflections
used in a previous work [59] (R2 = 9.2%).

Atom Wyckoff X y Z
Co(1) 4a 1/2 1/2 0
Co(2) 4c 0.00072(5)  0.499564(16) 1/4
Co(3) 8d 0.00249(6)  0.72231(5) 0.00376(5)
Co(4a) 4c 0.74060(7)  0.38649(5) 1/4
Co(4b) 4c 0.26020(7)  0.61361(5) 1/4
o(1) 4c 0.6500(4) 0.5411(3) 1/4
0(2) 4c 0.3428(3) 0.4622(3) 1/4
0(@3) 8d 0.1174(3) 0.5759(3) 0.9831(3)
o4) 4c 0.8780(3) 0.6421(2) 1/4
o(5) 4c 0.1188(3) 0.3659(3) 1/4
O(6) 8d 0.6118(3) 0.3567(2) 0.0093(5)
o(7) 4c 0.8417(4) 0.2405(3) 1/4
o(®) 4c 0.1576(3) 0.7652(3) 1/4
B(1) 4c 0.7394(6) 0.6410(4) 1/4
B(2) 4c 0.2685(6) 0.3731(5) 1/4
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TABLE III. Relevant Co-O and Co-Co interatomic distances at
T = 525 K extracted from the data of Table II. All values are given

in angstroms.

Co(1)=0(1) 2.1063)x2  Co(1)—=0(2)  2.142(3) x 2
Co(1)—0(6) 2.012(3) x 2

(Co(1) — O) 2.087(2)

Co(2)—-0(3) 1.994(3) x2 Co(2)—0(3)  2.138(3) x2
Co(2)—-0(4) 2.058(3) x1 Co(2)—0(5)  1.946(4) x1
(Co(2) — O) 2.045(2)

Co(3)-0(3) 2.061(4) x1 Co(3)—0(4)  2.108(3) x1
Co(3)-0(5) 2.168(3) x 1 Co(3)-0(6)  1.933(3) x1
Co(3)-0(7) 2.148(3) x 1 Co(3)—0(8)  2.128(3) x1
(Co(3) — O) 2.091(2)

Co(4a) —O(1)  2.038(4) xI  Co(4a) —O(3) 1.975(3) x2
Co(4a) —0(6)  1.908(3) x2  Co(4a) —O(7) 1.990(4) x1
(Co(4a) — O) 1.966(2)

Co(4b)—0O(2)  1.973(4) x1  Co(4b) —O(3) 2.127(3) x2
Co(4b) —O(6)  1.989(3) x2  Co(4b) — O(8) 2.056(4) x 1
(Co(4b) — O) 2.044(2)

Co(4a) — Co(1)
Co(4a) — Co(2)
Co(4a) — Co(3)
Co(4a) — Co(3)

3.0214(6) x2
2.7809(8) x 1
3.1229(8) x2
3.3455(8) x2

Co(4b) — Co(1)
Co(4b) — Co(2)
Co(4b) — Co(3)
Co(4b) — Co(3)

Co(4a) — Co(4b) 2.98831(1) x2

3.0164(6) x2
2.7814(8) x 1
3.1066(8) x2
3.3598(8) x2

We now focus on the rich behavior of the superstructure
peaks between T; and 73. One-dimensional reciprocal-space
scans across the 441 reflection along the high-symmetry #,
k, and [ directions were performed upon cooling below T =
530 K and are drawn in Figs. 6(a)-6(c). The observed peaks
were fitted with a pseudo-Voigt line shape, corresponding to
a linear combination of Gaussian and Lorentzian functions
[see Figs. 7(a)-7(i)]. Below T3, the peak line shapes for both
the k and / scans become fully Lorentzian, indicating that the

(a)

peak broadening upon cooling below 73 is dominated by the
finite size of the spin-state-ordered domains. Thus, the origin
of the superstructure peaks below T3 is scattering from finite-
range spin-state correlations. The temperature dependencies
of the peak areas are shown in Figs. 6(d) and 6(e), and the
linewidths are given in Fig. 6(f). The finite correlation lengths
below T3 are obtained from the data of Fig. 6(f) and displayed
in Fig. 6(g). Between T, and T3, the correlation lengths are
anisotropic and range between ~20 and 500 nm. Crucially,
between 7} and T, the 441 superstructure peak is clearly
identified in the / scans and also in the azimuthal scans, but
not in the ~— and k— scans for which a nearly constant signal
above the background level is observed. It is therefore evident
that, between 7 and 75, the spin-state correlations experience
a reduction in their dimensionality. It is interesting to note
that, whereas the / scans probe the correlations along the 424
ladder, the azimuthal scans shown in Figs. 4(a)-4(h) do not
correspond to a particularly high symmetry direction in recip-
rocal space. In fact, they are 1D reciprocal-space scans across
the 441 reflection, with A(hkl) along the [1x0] direction,
where x = —b?/a® and a and b are the in-plane orthorhom-
bic lattice parameters. In common, both /- and azimuthal
scans correspond to directions in reciprocal space that are
perpendicular to [110]. We conclude that, between T and 75,
two-dimensional superstructure correlations take place within
the (110) plane.

C. Electronic transport

Figure 8 displays the temperature dependence of the elec-
trical resistance along the c-direction R.(T). A sharp drop is
seen at 77, with a cusplike anomaly at 7>. These anomalies are
consistent with previously reported electrical measurements
up to 500 K [59]. No sharp anomalies in R.(T) are seen at
Ts and Ty, where the long-range spin-state order takes place.
Overall, R.(T) seems to be substantially reduced between T}

© Co(1) (b)
@ Co(2)
O Co(3)
© Co(4a)

© Co(4b)
o O
o B

c

FIG. 5. (a) ab-plane projection of the crystal structure of Co;0,BO; at T = 525 K (Pbnm space group). (b) Detailed view of the Co(4a)-
Co(2)-Co(4b) (424) three-legged ladders. The main difference of the superstructure with respect to the regular ludwigite structure (Pbam space
group) is the splitting of the Co(4) site of the latter into inequivalent Co(4a) and Co(4b) sites that are alternately stacked along c, leading to
a doubled unit cell [thin black lines in (a) and (b)]. The various oxygen (red) and boron (green) sites are drawn with the same colors for
simplicity. This figure was produced using VESTA [63].
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FIG. 6. Reciprocal-space scans around the 441 superlattice peak
along the h— (a), k— (b) and [ — directions (c) at selected tem-
peratures. (d) Temperature dependence of the 441 peak area in log
scale, obtained from the A—, k—, and /— scans. A detailed view of
(d) in linear scale below ~505 K is given in (e). Solid straight lines
are guides to the eyes. (f) Temperature dependence of the 441 peak
linewidths of the reciprocal-space scans. The anisotropic correlation
lengths &,, &,, and &, extracted from data of (f) after decovolution of
the instrumental widths, are given in (g). The transition temperatures
T\ — T; are marked in (d-g) as vertical dashed lines.

and 7, with respect to the extrapolated behavior from lower
and higher temperatures, indicating that the two-dimensional
correlated phase shows substantially reduced electrical resis-
tance along c.

IV. DISCUSSION

The transitions at 7; and 7, revealed by the R(T) data
(Fig. 8) are also manifested in calorimetry data [54] and
through anomalies in the commensurate superstructure Bragg
reflections (Figs. 4 and 6), demonstrating these are intrinsic
features of this material. On the other hand, the absence
of such sharp transitions in other recent reports on the
Co30,B0;5 [10,60] indicates that the two-dimensional cor-
related phase giving rise to such features is delicate and
sensitive to sample growth details. Our single crystalline
and powder samples of Co3;0,BO; exhibit a (Co(4)-O)

distance of ~1.95 A at room temperature and below (Fig. 2
and Ref. [59]), consistent with a pure LS Co’* state at this site
[62], whereas in the sample of Ref. [10] this distance is ~1.98
A, which indicates a certain degree of mixing with Co>* or HS
Co’* ions already at room temperature. These sample differ-
ences seem to be sufficient to preclude the formation of the
fragile two-dimensional spin-state correlated state, washing
out the sharp transitions at 7 and 75.

The temperature-dependencies of the 441 peak linewidths
between 7] and T3 in both / and azimuthal scans are intriguing
[see Figs. 4(c) and 7(f)]. The linewidths are minimum (and
therefore the in-plane correlation lengths are maximum) at
the vicinity of Ti, i.e., at the frontier with the disordered
phase. This is a clear indication that the transition at 7; is
first order, which is also supported by the sharp discontinuity
of the electrical resistance at this temperature (Fig. 8). It also
indicates that, at this temperature, the fraction between LS and
HS Co’* ions is particularly favorable to stabilize a super-
stucture in two dimensions. Upon further warming, the ratio
between HS and LS Co®" ions further increases, destabiliz-
ing the two-dimensional superstructure and eventually leading
to three-dimensional superstructure correlations above 7. At
T3, where the HS/LS Co®* occupation is presumably closer
to 50%, the three-dimensional long-range spin-state ordered
state emerges and remain stable up to 7y, finally melting above
this temperature.

The two-dimensional superstructure found between 7} and
T, is very interesting and deserves further consideration.
Unfortunately, the data presently at hand are insufficient to
unambiguously pin down the exact nature of the electronic
order associated with this phase. Nonetheless, an exciting
possibility that is consistent with all our observations is sug-
gested here. We assume that, in this temperature range, the
proportion of HS Co*" ions is close to x ~ 1/4, well be-
low x = 1/2 demanded by the long-range spin-state ordered
state displayed in Fig. 5(b) with LS Co** in site Co(4a) and
HS Co** in site Co(4b). Still, lattice strain may stabilize an
ordered state in which spin-state-ordered 424 ladders with
x ~ 1/2 are alternated with LS-Co*"-rich ladders with x ~ 0,
yielding a sample-average x = 1/4. This configuration pre-
sumably weakens the correlations between nearby spin-state
ordered ladders, favoring a reduced dimensionality of such
correlations. Upon further warming, the average proportion
of HS Co*" ions increases towards x = 1/2 and favors the
appearance of three-dimensional spin-state correlations above
T, and long-range order above T3.

The drop of the electrical resistance R(7) between Tj
and T, (see Fig. 8) also deserves careful attention. First, the
emergence of three-dimensional superstructure correlations
between T and T3 and the long-range spin-state ordered phase
between T3 and 7, are not accompanied by perceptible anoma-
lies in the R(T") curve, which rather follows the same tendency
of the curve below T;. Thus, only the two-dimensional super-
structure state appears to be capable of substantially impacting
the charge transport. It is likely that, in this phase, the still
incipient HS Co’* and the much more abundant HS Co?>*
ions, being allowed to interchange their charges while coping
with spin conservation, form high-conductivity trails within
the 424 3LL that lead to the observed drop in the electrical
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functions, respectively, and the Lorentzian weight factor x is restrained to range between 0 and 1. (d) Temperature dependence of x obtained
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(g), and T = 492 K (h) (symbols), and fits to a pseudo-Voigt lineshape (solid lines). (i) Temperature dependence of x obtained from the fits

illustrated in (e-h).

resistance. The emergence of the three-dimensional super-
structure above 7, possibly acts to pin down the charges
back to specific sites, suppressing such a fragile channel of
electrical conduction.

R (Q)

460 480 500 520 540 560 580 600 620 640

T (K)

FIG. 8. Electrical resistance of a needle-shaped crystal of
Co3;0,BO0; along the ¢ direction (solid line). The dashed line is the
extrapolated behavior between 7; and T5.

V. CONCLUSIONS

In conclusion, the homometallic Co ludwigite Co30,BO;
exhibits remarkable high-temperature physics. This originates
from a gradual spin-state conversion of Co’* that occurs
simultaneously with a moderate degree of charge disorder
between Co’* and Co** above ~370 K, leading to phase
transitions involving a long-range spin-state order and in-
termediate states at the mesoscale. Our results reveal that
strongly correlated systems with mixed-valence transition-
metal ions and competing spin states can have complex
combined spin-state and charge correlations that are capable
of generating abrupt changes in the macroscopic properties
of these materials. These peculiar and unforeseen spin-charge
interactions are likely mediated by lattice strain and are very
sensitive to temperature. The possible sensitivity of these
states to other thermodynamic variables such as pressure and
magnetic field remains to be explored.
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