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Abstract

In the Co30,BO3 Ludwigite, there are four crystallographic sites for the
metal ion Co. Three sites are occupied by Co?t in a high-spin state, and one
site by Co®>t in low-spin state, resulting in a compound where the number
of Co?t ions is twice that of Co3t ions. Given the particular distribution of
magnetic and non-magnetic ions, the compound can be visualized as consist-
ing of magnetic planes containing Co?* ions, separated by non-magnetic planes
formed by Co®* ions. In this work, were studied the structural changes, espe-
cially magnetic ones, caused by the gradual substitution of low-spin Co3* (5=0)
by Cr3T ions (S = 3/2). We synthesized the Coz_,Cr,O2BO3 series, and X-ray
experiments showed a gradual increase in unit cell volume with increasing Cr
concentration. Magnetization measurements show that this type of substitution
drastically increases the magnetic transition temperature, from 42 K for the un-
doped compound to 115 K for the compound with the highest Cr concentration.
The latter is the highest long-range magnetic ordering temperature recorded so
far for cobalt Ludwigites. The results from specific heat and magnetization
measurements show that this substitution changes the ground-state magnetic
structure of the compound, transitioning from a ferrimagnetic state (at low Cr
concentrations) to an antiferromagnetic state (at high Cr concentrations), in
agreement with the results of exchange integral calculations.
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1. Introduction

Ludwigites are oxiborates members of the Pinakiolite group of minerals.
This name was given in honor of professor Ernest Ludwig, the first to study
this mineral family in 1873. Ludwigites have the general formula MyM'O2BOs3,
where M ions are a bivalent metal, e.g. Co?*, Fe?t and Ni?*, and a M’ can
be trivalent or tetravalent ions e.g. Co* [1], Fe3* [, 2], A13* [3], Ti** [4] and
Sn'* [5]. Ludwigites have attracted the attention of the scientific community
due to a variety of physical properties, such as: low-dimensional magnetism [6],
charge ordering [7], long-range magnetic order [7, 5], dimensional crossover [§],
and magnetocaloric effect [3], among others. With regard to its potential for
technological applications, some of them can be used, such as crystals for laser
technology, luminescence, and nonlinear optics [9, [I0, [IT]. This mineral family
also have some applications as low frequency oscillators[I2], lithium-ion and
sodium-ion batteries [I3} [14] [T5] 16], and present multiferroic properties [17, [18].
Many of the physical properties shown by Ludwigites have not yet been fully
understood, and they are related to the particular crystal structure of these
compounds.

The Ludwigite structure is formed by the junction of oxygen octahedron
that contains a M or M’ metal ion inside. Each oxygen octahedron consists of
one crystallographic site, and in total there are four distinct crystallographic
sites. Sites 3—1—3 are interconnected by the vertices of oxygen octahedrons,
while sites 3—2—3 are interconnected by the edges. The structure formed by
the junction of sites 1—2—3 forms magnetic planes, and these parallel planes
are interconnected by site 4. This structure is shown in Fig. [I Magnetic planes
formed by the 1—2—3 sites provide the two-dimensional magnetic character of
cobalt Ludwigite [8] [19].

Among several studied Ludwigites, one of the most outstanding is the Co
homometallic Ludwigite, Co3O2BO3. This Ludwigite displays a long-range fer-
rimagnetic order at 42 K [I, [19], and presents a low-spin state (LS) Co3* (S=0)
ion at site 4 which does not contribute to magnetic interactions. Very interest-
ing features appear when Co Ludwigite is doped with non-magnetic Ga3+ [20],
ABT [3], Su** [5], Zr*t and Hf** [21] or magnetic Fe3™ [I] [I7], Mn?* [22] 23]
and Cr3* [§] ions. In each case the magnetic properties of the compound are
affected differently depending on the dopant ion. For example, when the Co
Ludwigite is doped with non-magnetic Sn*t ion, the Sn enter mostly at site 4
and favors the appearance of high-spin state (HS) Co?* at this site. This substi-
tution strengthens the magnitude of the magnetic interactions, resulting in an
increase of ferrimagnetic interactions and increases the magnetic transition tem-
perature from 42 to 82 K [B]. On the other hand, when the compound is doped
with Ga®*, the dopant ion does not enter into the structure systematically,
weakening the magnetic interactions and the magnetic transition temperature



Figure 1: Crystallographic structure of Cos_,CrzO2BO3 Ludwigite. Oxygen atoms were
omitted for best visualization of the structure. The numbers indicate the location of Ludwigite
crystallographic sites.

decays to 37 K [20]. On the other hand, when Co Ludwigite is doped with
magnetic ions the result is not always to strengthen the magnetic interactions.
For example, when Co®* is substitute by Fe?, these ions enter mostly at site
4 which causes the competition between double-exchange and super-exchange
magnetic interactions and long range magnetic order is no longer seen at low-
temperatures [24]. A similar behavior is observed when Co ions are replaced
by Mn ions, where the Mn ions occupy the entire three-legged-ladder (3LL)
4—2—4 creating magnetic frustration due to the competition between exchange
interactions, which yields a spin-glass state below at 50 K [22].

When Co®* are replaced by magnetic ion Cr3*, the magnetic properties are
drastically affected. In this case, Cr ions systematically enter into the structure
and occupy mostly site 4 of the compound [§]. Contrary to the cases mentioned
above, the interaction between Co and Cr ions reinforces the ferrimagnetic in-
teractions and raises magnetic ordering temperature of the compound from 42
to 78 K [§]. This is one of the few cases where doping the Co Ludwigite with
a magnetic ion strengthens the magnetic interactions generating a long-range
order and also a significant increase in the magnetic transition temperature
(Tar)-

In this work, we study the structural and magnetic properties of the
Cos_,Cr,0,B03 series, where gradual substitution of Co®* ions by Cr37 ions
is carried out in steps of x = 0.1. The substitution of Co by Cr progressively
increases the lattice parameters, leading to an expansion of the structure, and



concurrently modifies the magnetic properties with increasing Cr content. The
replacement of Co by Cr gradually modifies the magnetic properties of the com-
pounds, changing from a ferrimagnetic system (FIM) of the pure Co compound,
to an antiferromagnetic system (AFM) for the compound with the highest Cr
content.

2. Experimental

2.1. Synthesis

To synthesize polycrystalline Coz_,Cr,O2BO3 Ludwigites the well-known
high temperature solid state reaction method was applied. In total, ten sam-
ples were prepared using analytical reagents in stoichiometric mixture of CoQ,
Crs03, and H3BOg, in the proportion of 3 —x : 0.5 x : 1. Agate mortar was
used to ground the reagents and then compacted into pellets of approximately
10 mm using a pressure of 8 tons. The pellets were then subjected to a heat
treatment at 750°C for 12 h in air atmosphere, followed by cooling to room tem-
perature under the natural cooling rate of the furnace. After this first stage, the
pellets were grounded in an agate mortar to homogenize the product. It was
pressed into tablets and taken to the oven for a second heat treatment in air
atmosphere at 1050°C for 24 hours. The cooling process was done in the same
way as in the first stage. As a result of the synthesis, a fine black powder was
obtained for all samples.

Single crystals of Cog.22Cr7802B0O3 Ludwigite were synthesized with the
sole purpose of obtaining more reliable structural parameters, in order to calcu-
late the exchange integrals. The synthesis was carried out using the flux method,
where a stoichiometric mixture of CoO, CryOs, H3BOs, and borax was ground
in an agate mortar in a proportion of 2:0.5:1:5, respectively. The mixture was
placed in a platinum crucible and heated in a furnace at approximately 1150° C
for 24 hours, followed by slow cooling to 600° C over approximately 90 hours.
The furnace was then turned off, allowing the mixture to cool to room temper-
ature by the thermal inertia of the furnace. As a result of the synthesis, fine
black needles approximately 0.5 mm in length were obtained.

2.2. X-Ray diffraction

Single-crystal X-ray diffraction measurement was performed using a D8 Ven-
ture Bruker diffractometer at room temperature, using an Incoatec Microfo-
cus Source (IuS) X-ray, Mo-Ka radiation. The crystal was mounted on a
Kappa goniometer, and the data were collected with Photon II detector, us-
ing Bruker APEX3 software [25]. Multiscan correction using a multifaceted
crystal model was applied. The fullmatrix least-squares refinements based on
F2 with anisotropic thermal parameters were carried out using ShelXle [26] and
WinGX [27] softwares. The structural refinement parameters are display in
Tables 1 and 2 of the supplementary material.

Room temperature X-ray powder diffraction (XRD) experiments were per-
formed on Cosz_,Cr,0,BO3 Ludwigites using a Bruker AXS D8 diffractometer



with Lynx-Eye detector, equipped with Co-Ka source radiation to avoid fluo-
rescence. The diffraction patterns were collected in a Bragg-Brentano configu-
ration in 10-100°, 20 range, with incremental steps of 0.02°. XRD data were
refined using the Rietveld method, implemented in Fullprof software [28]. Ri-
etveld analysis showed that in all samples, the majority phase corresponds to
Ludwigite with space group Pbam n°55, with a small impurity phase (< 5%
wt.) (see Tables 3 and 4 of suppl. mat.). The appearance of a certain type
of impurity depends on the Cr content used in the synthesis. With lower Cr
contents (z < 0.5) the Co304[29] and CoO [30] phases are formed while for high
concentrations (z > 0.5) CoCr204 [31], [32] phase appears (see Table 3 of suppl.
mat.). However, these compounds already have well-known magnetic properties
and these impurity phases will not hinder magnetic properties.
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Figure 2: X-ray diffraction powder pattern of Coz_,Cr; O2BO3 Ludwigites and black vertical
traces represent the Bragg Ludwigite peaks.The x values indicates the actual Cr content.

The Rietveld analysis revealed that Cr3* ions preferentially occupy the site
4 of the Ludwigite structure. For compounds with x > 0.5, a small fraction of
Cr ions also occupy sites 2. Rietveld refinement also showed that the actual Cr



concentrations of the compounds are very close to the nominal values (Table 4
suppl. mat.).

Figures[3[a) to (d) show the lattice parameters and the unit cell volume as a
function of actual Cr content for Cos_,Cr,OsBO3 Ludwigites. The variation of
the lattice parameters and unit cell volume with the Cr concentration makes it
evident that Cr is replacing Co ions. This increase of unit cell volume is related
to the difference in the sizes of the ionic radii of Cr®* (0.615 A) and LS Co®*
(0.545 A) [33]. The Rietveld refinement of the XRD data shows that Cr®* ions
substitute exclusively Co®* ions at sites 4.
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Figure 3: Panels a), b), c) presents a, b and c lattice parameters and panel d) shows the unit
cell volume vs. Cr content. The parameters were obtained through the Rietveld refinement.
The lines K, and K,2 represents the fits of unit cell volume as function of Cr content. The
doted line indicates the unit cell volume of spin crossover (SC) on Co302BO3 [34]. For a
comparison the pure compound [I] (z = 0) was added to the figure.

In Figure [3{d) we observe a monotonic increase in the unit cell volume with
increasing Cr content. There is a linear relationship between these two param-
eters and above x ~ 0.45 there is a change in the slope and the increase of
the volume becomes slower. Thus, we used Vegard’s law [35] [36] to analyze



the data in two regions of chromium content. For z < 0.45 we obtained an
expansion coefficient K,;=18.9 A3 /x and for x > 0.45 the coefficient decreased
to K,2=9.96 A®/x. It is evident that in both regions the data follow Vergard’s
law. The variation of the slope at x ~ 0.45 may indicate a structural change
occurring at this Cr concentration. Another more plausible scenario, compat-
ible with the magnetic data (see section C) is as follows. Starting at low Cr
contents the LS Co®*(r = 0.545 A) ions at site 4 are gradually substituted
by larger Cr®t (r = 0.615 A) and a monotonic (linear) increase of the volume
with the Cr concentration is observed. Above x = 0.5, where the volume is
favorable for Co ions to adopt a HS state [], the sites 4 contain basically HS
Co®* (r = 0.61 A) and Cr*F(r = 0.615 A) with almost the same ionic radio.
Therefore, if we continue to replace the HS Co ions with slightly larger Cr ions,
the crystal volume would be expected to increase more slowly when compared
to the variation for concentrations below x = 0.5. This scenario appropriately
describes the magnetization results as will be discussed later.

Another parameter that gives us information about the position of the Cr
ions within the structure is the ionic radius of the metal ions. The calculation
of this parameter showed that the average radii of sites 1, 2, and 3 are hardly
affected by the Cr concentration. However, there is a systematic increase of
the average ionic radius of site 4 with the increasing in Cr concentration, as
seen in Fig. For a concentration of z = 0.5, the ionic radii value of site 4
is already comparable to Co®* in a high-spin state. For higher concentrations,
these values match and even exceed those corresponding to Cr3*. This is further
evidence that Cr occupies site 4 and that Co adopts a high-spin state for Cr
concentrations greater than 0.5.

2.3. Magnetization

Magnetization measurements were performed on polycrystalline powder sam-
ples using a vibrating sample magnetometer on a commercial Quantum Design
PPMS and SQUID. Figure |5 shows the temperature dependence of the magne-
tization measured with a field-cooled warming (FCW) protocol with an applied
magnetic field of 100 Oe.

The magnetic transition temperatures were obtained from the inflection
point of magnetization vs. temperature, increases almost linearly with increas-
ing Cr content. Starting at 42 K for the undoped Co302BOs, it reaches 115 K
for the CoaCrO2BO3 (r = 1) compound (see inset Fig. |5)). This magnetic
transition temperature is the highest for an cobalt Ludwigite.

As the temperature decreases, the magnetization curves for compounds with
low Cr concentration gradually increase until almost reaching saturation close
to 2 K, similar to the magnetization curve shown by the undoped compound
with a ferrimagnetic structure below the magnetic transition temperature [19]
37]. Below the magnetic transition temperature, the magnetization for the
samples with > 0.75 increases rapidly when the temperature decreases. It
reaches a maximum at approximately 50 K, and for lower temperatures the
magnetization decreases, characteristic of compounds with an antiferromagnetic
structure. Similar results were obtained for homometallic Fe30,BO3 Ludwigite
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Figure 4: Average Ionic radii of site 4 vs. Cr content. The dot line represents a fit for the
average ionic radius. Solid lines represent the theoretical value for average ionic radius of
low-spin Co3% (red), high-spin Co3* (blue) and Cr3t (dark green). For a comparison, the
parameter of pure compound [I] (z = 0) was added.

with a ground-sate antiferromagnetic structure [7, 37]. As we will see later, the
low temperature AFM structure of compounds with z > 0.75 becomes evident
in the hysteresis loops.

Above the magnetic transition temperature, in the paramagnetic region,
the magnetization decreases asymptotically with increasing temperature, fol-
lowing the Curie-Weiss law [38, [39]. Using the Curie-Weiss law, we estimated
the experimental effective moments (p}}) through the high-temperature lin-
ear fit of inverse dc-susceptibility vs. temperature. For comparison, the ef-
fective magnetic moment was calculated as a function of the Cr content. The
following scenario was proposed for the calculation: for Cr concentrations of
x < 0.4, Co®* adopts a low-spin state, while for Cr concentrations of z > 0.5,

cal

it adopts a high-spin state. To estimate the Pg%’; values, the following for-

mula was used:/p? + p3 + p3 + ... [40], where the magnetic contribution of the

ions is given by: mgjf";+ = 4.8 ug, p£§§003+ = 54 ug, peLffCOH = 0 and

pff ;+ = 3.8 up [38]. The results are shown in Fig. @ The experimental and
calculated pcrs values exhibit the same trends. The p.ss increases gradually
with the increase in Cr content, which is expected if we consider that LS Co3*
ions are being gradually replaced by Cr?* ions. At x = 0.5, there is a sud-
den increase in the p.r; values, reaching a maximum, which is consistent with a
transition to HS state for all Co3T ions. For concentrations greater than = = 0.5,
Dess gradually decreases with increasing Cr content. This decrease in p.ss for
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Figure 5: M wvs. T measurements for Coz_,Cr; O2BO3 Ludwigites under an applied field of
100 Oe. Insert graphic presents Tjp; vs. Cr concentration.

x > 0.5 can be explained by considering that high-spin Co3*t ions are being
replaced by Cr3* ions, which have a lower magnetic moment.

The arguments used to explain the increase and subsequent decrease in the
effective moment as the Cr content increases are based on X-ray diffraction
results, which show that Cr ions occupy site 4. This occupancy causes the
remaining Co®* ions in this site to adopt an ionic radius compatible with a
high-spin state. As a result, at lower Cr concentrations, the effective moment
increases due to the gradual transition of Co®* from a LS state to a HS state.
At x = 0.5, all remaining Co3™ ions in site 4 are in a high-spin state. However,
as more Cr ions occupy site 4, replacement of high-spin Co®*t ions by Cr3+
ions with a lower magnetic moment leads to a gradual decrease in the effective
moment.

In Fig.[6 we observe that, for the Cr concentration 2 < 0.4, the experimental
Des s values are slightly higher than the calculated ones. However, for concentra-
tions & > 0.5, there is a closer match between the experimental and calculated
values. The calculated p.ss for x < 0.4 content can be adjusted to match the
experimental value if we consider that, in this Cr concentration range, a fraction
of the Co3* ions in site 4 adopt a high-spin state. It was estimated that, to
make this adjustment, approximately 10% of the remaining Co3* ions in this
site would need to be in a high-spin state. A second interpretation to justify
the difference observed in the p. sy may be the fact that a portion of the Co**
ions may be in the intermediate spin state (S=1) [41]. However, further studies
are necessary to address this issue. For example, combined X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) or even
resonant inelastic X-ray scattering (RIXS) could provide a more accurate in-
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formation about the spin state of the Co3t ions. The analysis of the inverse
dc-susceptibility at high temperatures yield negative Curie-Weiss temperatures
fcw, indicating that antiferromagnetic interactions are dominant, as occurs in
cobalt Ludwigites [ B 5], [8, 21I]. The presence of different ions with different
magnetic moments leads to a competition between different types of exchange
interactions. Despite this, the compounds with lower Cr concentrations present
ferrimagnetic type ordering, while higher concentrations are antiferromagnetic.

The hysteresis loops, Mwvs.H, obtained with applied magnetic fields up to 7 T,
are shown in Figs. [7a) to (d). Figure 7(a) displays the Mvs.H results at 2 K. In
the compound with the lowest Cr concentration (z = 0.1), the hysteresis loop
produces a coercive field (H.) of approximately 1.6 T. As the Cr concentration
increases, the hysteresis loops widen and the coercive field increases, reaching
a maximum value of 4.8 T for compound z = 0.5. At 2 K, the hysteresis
loops for compounds with x < 0.5 show a steep increase, which is related to
the metamagnetic transitions typical of ferrimagnetic systems [42 43]. This
characteristic was also observed in other Ludwigites [ [Bl 44], may be related to
a rearrangement of the magnetic configuration due to the competition between
the Zeeman energy and the magnetic anisotropy present in this material [5].
In this concentration range, an increase in the coercive field is also observed
with increase in Cr concentration, indicating that the presence of Cr leads to
an enhancement of the ferromagnetic interactions between the spins. As the
temperature begins to rise, the hysteresis loops gradually narrow (Fig.[7(b)-7(d))
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until they eventually become linear above the magnetic transition temperature
(Fig. [4(d)), indicating a transition to a paramagnetic state. For z < 0.5, the
compounds exhibit a ferrimagnetic behavior, while for = > 0.6, the behavior is
very close to that of an antiferromagnetic material.

The spurious phases identified in the XRD measurements may have a mag-
netic contribution to the Mwvs.H measurements. However, the compounds that
exhibit the greatest broadening in the hysteresis loops are those with concen-
trations x < 0.6. Based on Table 3 of the suppl. mat., the spurious phases
present at these concentrations are CozOy4, with Tn=40 K [29], and CoO, with
Tny=287 K [30]. At low temperatures, these phases are already antiferromag-
netically aligned and will contribute nothing or very little to the broadening of
the hysteresis curves. On the other hand, the spurious phase present in com-
pounds with concentrations x > 0.7, CoCrsQy4, has a ferrimagnetic ordering
T.=93 K [3I], B2]. The hysteresis curves for these compounds are practically
closed and no ferrimagnetic contribution is observed. Therefore, the presence of
these small amounts of impurity phases does not affect the interpretation given
to the magnetization results.

H (T)

Figure 7: M vs. H measurements performed on the powder of Co3_,;Cr;O2BO3 Ludwigites
at different temperatures.

Figure displays the remanent magnetization (right axis) and coercive field
(left axis) as a function of Cr content. The values were obtained from M vs. H
measurements at 2 K. Coercive field is around 1.5 T for lower content, and
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increases with doping, reaching a maximum for z = 0.5. At higher concentra-
tions, the coercive field drops, reaching values close to zero for the highest Cr
content. On the other hand, the remanent magnetization gradually decreases
with increasing Cr substitution, reaching a value close to zero for the high-
est Cr concentration. This fact also shows that increasing the amount of Cr
strengthens antiferromagnetic interactions.
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Figure 8: Coercive field (Hg) and Remanent magnetization (Mpg) wvs. Cr content for
Co3_5Cr,yO2BO3 Ludwigites. The data were obtained from the M wvs. H measurements
at 2 K. For a comparison the pure compound [I] (z = 0) data was added to the figure.

M wvs. H measurements under high applied magnetic fields were carried out
to investigate whether the applied field induces a spin state transition in Co3*,
similar to what occurs in some Perovskites [45] 46}, [47, [48]. The measurements
were conducted using high pulsed magnetic fields at the Hochfeld-Magnetlabor
Dresden (HLD) laboratory. Magnetization measurements were performed at a
temperature of 4.2 K, with magnetic fields up to 60 T. The results are show
in Fig. [0] The magnetization increases almost linearly with the applied field.
However, none of the compounds exhibit jumps or abrupt changes in the mag-
netization which would indicate a possible change in the spin state of the Co3*
ions. It is likely that 60 T field is still insufficient to induce the Co3* spin state
transition.

Figure[I0]displays the real and imaginary parts of AC magnetic susceptibility
as a function of temperature for Cos_,Cr, OsBOg series. The x,. measurements
display a pronounced peak, whose position coincides with the sudden increase
in magnetization and with the position of the peak of the specific heat data
(see below) evidencing the long-range magnetic ordering temperature of these
compounds. The compound with highest Cr-content has the susceptibility peak

12
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Figure 9: M wvs. H measurements for Co3z_,Cr,O2B0O3 Ludwigites. The measurements were
performed at 4.2 K.

at 110 K, and that with the lowest content has the peak at 38 K. T}, increases
~10 K per x = 0.1 of Cr-content. It is also possible to observe a decrease in
the AC susceptibility peak as Cr content increases, this happens for both the
real /. and for imaginary x//. parts. The decrease in y,. peak is related to the
magnetic changes induced by the increase in the amount of Cr in the Ludwigites
structure.

For Co3_,Cr,0O2BO3 Ludwigites series, the transition temperature varies
little as a function of frequency, about 0.1 K per order of magnitude in fre-
quency. In order to verify if some of these compounds present a spin-glass like
behavior, we assume the opposite that the magnetic transition peaks change
their position with frequency, and analyze the results using power law [49] [50],

Tsac
the relaxation time, and Tg¢ is the freezing temperature, obtained through the

plot of Tpeqr xlog (freq) when the frequency tends to zero. The fits using this
power law provided zv values in the range of a classical spin-glass compounds (5
to 11) [49]. Nonetheless, the values obtained for 7y are in the range of 3.3x 10715
to 1.0x107° s. These values have no physical meaning. A standard spin-glass
presents values of 7y in the range of 107'° to 1073 s, and cluster-glass com-
pounds have relaxation times of the order of 10719 to 10=7 s [50, 5I]. This
results confirms that none of the analyzed compounds exhibit classical a spin-
glass behavior. The small variation of the position of the peak with frequency
probably has its origin in the dynamics of the spins in domain walls [52] or is

—ZV
T="T9 (L — 1) , where zv is a critical exponent, 7 is given by 1/27 f, 79 is
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due to the presence of clusters of a ferromagnetic phase, which coexists with
the majority magnetic ordered phase [53]. According to xq. and specific heat
results, there is no evidence for a spin-glass state in any of these compounds.
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Figure 10: AC magnetic susceptibility vs. temperature for Coz_,Cr; O2BO3 Ludwigites. The
frequency of measurements is 1 kHz and the amplitude of oscillating magnetic field is 10 Oe.

2.4. Specific heat

Specific heat measurements as a function of temperature were performed
with a commercial Quantum Design PPMS system. To improve thermal con-
tact, the powder samples were compressed into pellets. Figures a) to f )
show the temperature dependencies of C/T for Coz_,Cr,02BO3 Ludwigites
with different applied magnetic fields. All curves show a peak at the tem-
perature where the magnetic transition occurs. The transition temperatures
match (within experimental error) those obtained through magnetization and
AC susceptibility. When an external magnetic field is applied, the specific heat
curves change their shape, and the peaks shift differently depending on the
chromium concentration. In Figs. [[1fa) through [I1fc), we can observe that for
x < 0.5, the magnetic transition peaks become broader and shift to higher tem-
peratures as the applied magnetic field increases, consistent with ferrimagnetic
system [38] [39]. On the other hand, for chromium concentrations z > 0.7, the
peaks only broaden, decreasing in intensity without shifting their position as the
magnetic field increases (Figs. [IT|d) to[LI|f)). For an antiferromagnetic system,
the position of the specific heat peak should shift to lower temperatures as the
applied magnetic field increases [39, 38]. However, this is not the response that
we observe for compounds with x > 0.7. These results indicate that compounds
with high Cr concentrations are not conventional antiferromagnets. In fact,
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particularly for compound z = 1.0, we observe the appearance of a hystere-
sis loop just below the magnetic transition temperature. As the temperature
decreases further, the hysteresis loops become wider up to 50 K. Decreasing
the temperature even more, the hysteresis loops begin to narrow until they
practically disappear at 10 K. These results are similar to those reported for
Fe30,BO; Ludwigite [54]. This latter compound exhibits weak ferromagnetism
below 70 K, confirmed by the M(H) isotherms and the opening of the hysteresis
loops. Below 40 K, the hysteresis loops become linear, showing that the com-
pound transitions to an antiferromagnetic state. CooCrO,BO3 Ludwigite also
appears to exhibit a weak ferromagnetic state below Tj;=115 K and tends to-
ward a purely antiferromagnetic state at very low temperatures, as suggested by
exchange integrals calculations. These results further corroborate the findings
from magnetization, AC susceptibility, and exchange interaction calculations,
which demonstrate that the system crossover from a ferrimagnetic state to an
antiferromagnetic state as the Cr concentration increases.
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Figure 11: Heat capacity vs. temperature plotted as C/T wvs. T. Panels a to f displays the
specific heat peaks of magnetic transition for Coz_,Cr;O2BO3 Ludwigites.

2.5. Ezchange Integrals Calculations
Based on the crystallographic structure of the Cog.95Crg.7802B0O3 Ludwigite
obtained from the X-ray diffraction data (Table 1. Suppl. mat), the calcula-
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tion of exchange integrals was performed. To assess the exchange interaction,
we used the model of indirect interaction developed earlier [55), 56, [57]. The
nearest-neighbor approach is used in the framework of the given model, i.e.
the interaction of two 3d-actions through an intermediate ligand M-O-M (su-
perexchange, SE). The strength and sign of pair spin interactions depend on the
atomic arrangement of magnetic ions and they are qualitatively predicted by the
Goodenough-Kanamori-Anderson rule [58, [59] [60]. The next-nearest neighbor
interactions M-O-B-O-M and M-O-M-O-M (super-superexchange, SSE) are not
considered.

The model uses, the parameters for electron transfer along the ¢ and =
bonds, represented by b and c, respectively, intra-atomic exchange integrals J
(Hund energy) and cation-ligand excitation energies. All five 3d orbitals of the
neighboring cations (a, ) and three 2p orbitals of the intermediate ligand ()
are considered. The sum of the individual orbital exchange integrals constitutes
the total integral of the cation-cation exchange interactions in this model of the
cation-ligand-cation complex.

According to the structural data, sites 1 and 3 are fully occupied by Co?*
ions. Site 2 is occupied by Co?* (79%) and Cr3* (21%). Based on the con-
dition of electroneutrality, we suggest that three types of ions occupy site 4:
Co?7(10,5%), Co37(22,5%) and Cr3+(67%) (Table 2 Suppl. mat). The expres-
sions for calculating the superexchange integrals were obtained for the interact-
ing pair of each type, depending on the occupation of sites. The contribution
to the total value Jy from each interacting pair depends on the concentration
of ions at the site. The expressions and weights for each type of the interacting
pair are shown in Table S2 (Suppl. mat). For calculations were used the fol-
lowing parameters of b, ¢, J and Apd: b = 0.02, ¢ = 0.01, Apd (Co?>T)=3.3 eV,
Apd (Co3T)=3.9 eV, Apd (Cr3+)=4,5 eV, J(Co?T)=1.83 eV, J(Co*+)=3.07 eV,
and J(Cr3t)=1.49 eV [57].

The calculated superexchange integrals are shown in Table 5 of Supl. mat..
All superexchange integrals of Cr-Cr pairs are antiferromagnetic, and most su-
perexchange integrals of Co - Cr pairs are also antiferromagnetic and strong.
Thus, the replacement of cobalt ions by chromium ions leads to a change in the
sign of exchange interactions or to an increase in the value of antiferromagnetic
interactions. Using the suggestion that magnetic moments should be collinear
and the calculated values of exchange interactions, we estimate the exchange
part of energy for different magnetic configurations: E = —1/2%" Jys;s;.

The structure with the lowest energy is antiferromagnetic. In triads 3-1-3
the magnetic moments of sites 3 and 1 are oriented antiferromagnetically. Tri-
ads 4-2-4 are divided into two almost independent elements: the first element
is a ferromagnetically ordered dimer 4-2, and the second element is a magnetic
moment at position 4. Magnetic ordering in subsystem 4-2-4 is similar to order-
ing of this subsystem in Fe3O3BOg3 [61]. Ordering of magnetic moments along
the c-axis is ferromagnetic for sites 1, 2 and 3, but for site 4 the magnetic or-
dering along the c-axis is antiferromagnetic. The two different triads of each
type (3-1-3 and 4-2-4) in the unit cell are oriented antiferromagnetically to each
other.
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Figure 12: Magnetic arrangement obtained determined through calculations of exchange in-
tegrals for Coz.22Crg.7802B0O3 Ludwigite.

3. Discussion

X-ray diffraction shows that Cr3* ions substitute Co3* ions at site 4. As ex-
pected, the substitution of the LS Co3* ions by Cr3* ions leads to an expansion
of the lattice due to the Cr greater ionic radius (ro,s+ — Toodt, = 0.07 A). For
x < 0.5 the volume of the lattice is such that the oxygen octahedra size of the
site 4 becomes favorable for the establishment of a high-spin state for Co3* [34].
Calculations to estimate the ionic radius of the different ions show that the ionic
radius of sites 1, 2 and 3, which contain Co?*t in HS, are almost not affected
by the Cr concentration. However, the ionic radius of site 4 increases linearly
with Cr content. For z < 0.5 the average ionic radii are compatible with the
presence of Co?t in HS. Thus, the presence of HS Co®* ions at sites 4 explains
why the increase in volume with higher Cr concentration is less pronounced for
x < 0.5. For this range of Cr content, the involved ions (HS Co3* and Cr3")
have similar ionic radii (Ar = 0.005 A). The establishment of a high-spin state
for Co®* at site 4 for z > 0.5 is compatible with the magnetization results.

With the information about the arrangement of the ions in the structure
we will now discuss the magnetization results. Measurements of magnetization,
AC susceptibility and specific heat as a function of temperature show long-range
magnetic ordering, below a magnetic transition temperature, for all compounds.
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Table 1: Exchange Integrals calculations for Cog 22Crg.7802B0O3 Ludwigite. The Exchange
Integrals values of Co302BO3 Ludwigite [37] was added for comparison.

J)\ Site COgOQBOg [37] COQ,QQCI’()ngQBOg
interaction J (Kelvin) J (Kelvin)
J1 1-1 +3.50 +3.0
Ja 1-3 -2.89 -1.2
Js 1-4 - 5.4
Ja 2-2 +3.50 -0.5
Js 2-3 +1.88 4.8
Js 2-4 - 4.8
J7 3-3 +3.50 +3.0
Js 3-4 - -0.1
Jg 3-4 - -5.4
J1o 2-4 - -1.0
Ji1 4-4 - -2.7

The analysis of the magnetization yield a value for the frustration parameter
f=0cw /Ty = 1, for all compounds. Although the analysis of the susceptibil-
ity data using a power law gives a value for the critical exponent zr that falls
within the values of a spin-glass system, the relaxation time 7y obtained has no
physical meaning. These results show that magnetic frustration or spin-glass
states are ruled out in these compounds in agreement with magnetization and
specific heat results that show long-range magnetic ordering below the mag-
netic transition temperature. The Tj; increases monotonically with increasing
Cr concentration. Starting at 42 K for pure Co compound, reaching 120 K for
Ludwigite with = 1.0 (Fig. [5). The latter is the highest magnetic transition
temperature achieved in Co Ludwigite doped with magnetic ions. Up to z = 0.5
the temperature dependence of the magnetization curves is typical for ferrimag-
netic systems (see Fig. . Above this Cr concentration, the curves undergo
an inflection at low temperatures indicating the emergence of an antiferromag-
netic state. The negative values of 8oy found for all compounds indicate a
predominance of AFM interactions that, depending on the concentration of LS
Co®t, HS Co?t and Cr3t at sites 4, can lead to a ferri- or antiferromagnetic
type spin structure. Magnetization results for the compound with the high-
est Cr concentration are compatible with a weak ferromagnetic state below the
Tpr. This weak ferromagnetic state may be the result of canting of antiferro-
magnetically aligned spins, which gives rise to a small net magnetization, as
occurs in the Fe30,BO3 Ludwigite and Hematite [54, [62]. Like these latter two
compounds, at much lower temperatures, CooCrOsBQO3 also moves towards a
purely antiferromagnetic state.

Information about the spin state of the Co ions at site 4 can be obtained
through the calculation of the effective magnetic moment per formula unit peyy.
Figure |§| shows the p.sy values as a function of Cr concentration. For z < 0.4
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there is a gradual increase in p.y¢ values, consistent with the substitution of LS
Co37 ions (S=0) by Cr3* ions (S=3/2). For z > 0.5 there is a significant increase
in perys, consistent with a change in the spin state of Co®" ions, adopting now
a high-spin state with S = 2. This change in the spin state of Co ions at site 4
is in full agreement with the ionic ratio values obtained by XRD experiments.
For concentrations greater than x = 0.5, the p.ss values gradually decrease
until the maximum Cr concentration is reached. This is consistent with the
fact that HS Co3* (S=2) ions are progressively being replaced by Cr3* (S=3/2)
ions. The pess values obtained from the analysis of the magnetization curves
are consistent with a scenario where for low Cr contents (z < 0.5) the Co3T
ions at sites 4 are in a LS state while for > 0.5 they adopt a HS state.

The magnetization curves, below the magnetic transition, indicate a change
in the spin structure of the compounds as the Cr concentration increases. This
change in spin arrangements type is clearly seen in the magnetic hysteresis
loops (see Fig. [7). For low Cr content Mvs.H curves show a coercive field
around 1.7 T at 2 K (Fig. , typical of ferrimagnetic systems. The coercive
field increases with the increase of Cr content, reaching a maximum of 4.5 T at
2 K for x = 0.5, compatible with the ferrimagnetic character of these compounds
for this range of Cr concentration. Analyzing the hysteresis curves at 2 K, the
coercive field decreases drastically with values close to zero for compounds with
high Cr content, z = 0.9 and 1.0, showing that for high Cr concentrations the
compounds become antiferromagnetic.

These magnetic structures as revealed by magnetization data are in agree-
ment with super-exchange interaction calculations. According to these results,
the most significant difference between Co302B0O3 and Coz.92Cr.7802BO3 re-
sides in the interaction between the Co?* ions at sites 2 and 3 (Ja_3), while in
the former this interaction is ferromagnetic, in the latter it is antiferromagnetic.
Another remarkable thing about these calculations is that the lowest energy for
C02.92Cr(.7802BO3 is achieved for an AFM coupling between Cr ions at sites 4
along the c-axis (in this compound sites 4 are almost completely occupied by
Cr ions, see section 2.5).

Analyzing the magnetic contribution of the ions to the total magnetization,
we must consider that for each Co?*t ion in sites 1 there are two Co?* ions at
sites 3. In the same way, for each Co?T ion in sites 2 there are two Co3T (Cr3")
at sites 4. Super-exchange calculations show that in the undoped Co3z03BOg3
compound, all ions at the same site are ferromagnetically coupled along the
c-axis (positive values of J1_1, Jo_o and J3_3 [37]). The AFM coupling among
ions at sites 1 and 3 (J;1_3) and FM among 2 and 3 (J2_3) (see Fig. gives rise
to a ferrimagnetic structure, as confirmed by neutron diffraction studies [19].

For the Cr-substitution compound, the number of interactions between ions
at different sites increases significantly since now sites 4 are occupied by mag-
netic ions (Cr3+7 HS C03+). In Cog.95Crg.7802BO3, sites 4 are occupied almost
completely by Cr3t ions (S=1), considerably reducing the number of magnetic
interactions and consequently the magnetic disorder. The interaction between
the Co ions at sites 1 and 3 (J1_3) remains AFM, same as in the undoped
Co305B0O3 Ludwigite. However, the substantial change, in relation to undoped
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Co305BO0s3, lies in the fact that now the interaction between Co ions at sites
2 and 3 is AFM (J3_3). The interaction between Cr ions at sites 4, along the
c-axis, is antiferromagnetic (J4_4) resulting in a null contribution by these ions
to total magnetization. Thus, including the magnetic contribution from the
Cr ions, the system remains with an antiferromagnetic structure (see Fig.
(which has the lowest energy) in agreement with the experimental results.

The analysis of specific heat measurements confirms this change in magnetic
structure with the Cr content. For Cr concentrations x < 0.5, the peak ob-
served in the specific heat curve, corresponding to the magnetic transition, is
shifted to higher temperatures as the applied magnetic field increases, typical
of ferrimagnetic systems [38]. For Cr contents x > 0.7, the peak remains in
the same position, independent of the applied field. If the compound was a
conventional AFM the peak of the magnetic transition should move to lower
temperatures as the applied magnetic field increases. Since this does not occur,
it shows that the compounds with > 0.7 are likely an unconventional AFM.
Hence, the ferrimagnetic and antiferromagnetic character of the Co3O2BO3 and
C02.92Cr(.7802BO3 respectively, is evidenced by both, experimental data and
super-exchange interactions calculations. These results are in agreement with
the findings from magnetization, specific heat, and exchange integrals results,
where an increase in Cr concentration drives the system from a ferrimagnetic
state to a complex antiferromagnetic state.

Materials that exhibit spin transitions hold great potential in fields such as
spintronics, geological sensors, catalysts, and energy [63]. A notable example is
the family of LaCoO3 Perovskites. In these materials, the spin state of Co®t can
be manipulated by temperature, chemical doping, or pressure [41], 63 [64] [65], [66].
These compounds combine the robustness of oxides with the versatility of spin
transitions, paving the way for new technologies. Coz_,Cr,O2sBO3 Ludwigite
also exhibits interesting magnetic properties relevant for technological applica-
tions, since it is a ferrimagnetic insulator and presents controllable spin transi-
tions of Co3*. It is possible to access the different spin states of Co3* through
the contraction and expansion of the crystal lattice. In this study, it was ob-
served that the Co®* ion in Coz_,Cr,02BO3 Ludwigite can alternate between
low-spin and high-spin states through chemical substitution. This enables a dy-
namic control of the magnetic and electronic properties and the miniaturization
of these systems making this material a promising candidate for applications in
spintronics, Resistive Random Access Memory (ReRAM) storage, and magnetic
logic devices requiring binary states.

4. Conclusion

X-ray diffraction, magnetization, specific heat measurements, and exchange
integral calculations show that in Cr-substitution Co3O2BO3 Ludwigite, Cr
ions preferentially occupies site 4, leading the system to adopt different types
of magnetic structures depending on the amount of Cr in the compound. The
presence of Cr in site 4 causes the remaining Co®* ions in this site, which
are in a low-spin state in the undoped compound, to adopt a high-spin state.
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Consequently, all the ions in sites 4 (Co and Cr), now possessing a magnetic
moment, couple the magnetic b-c planes formed by the Co?T ions in sites 1,
2, and 3, strengthening the magnetic interactions and enhancing the magnetic
transition temperature from 42 K (in the undoped compound) to 118 K in the
compound with # = 1.0. The presence of high-spin Cr3* and Co3* in site 4
does not affect the ferromagnetic interactions of the Co?* ions in the same sites
(1, 2, and 3) along the c-axis, nor the type of interaction between Co?* ions
in two different sites. In this way, all changes in the magnetic structure of the
system are essentially due to the interactions of the magnetic ions (Co3T and
Cr37) in site 4 along the c-axis, transitioning the system from a ferrimagnetic
state (in the undoped compound) to an antiferromagnetic state in CooCrO2BOs3
compound. In the antiferromagnetic state, with all sites 4 positions occupied
by magnetic Cr3*, these ions couple antiferromagnetically along the c-axis.
However, neutron diffraction measurements are needed to fully consolidate the
actual magnetic order of the compounds.
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