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We present an extensive study of the oxyborate material Co5Ti�O2BO3�2 using x-ray, magnetic, and ther-
modynamic measurements. This material belongs to a family of oxyborates known as ludwigites which pre-
sents low-dimensional subunits in the form of three leg ladders in its structure. Differently from previously
investigated ludwigites the present material does not show long-range magnetic order although it goes into a
spin-glass state at low temperatures. The different techniques employed in this paper allow for a characteriza-
tion of the structure, the nature of the low-energy excitations and the magnetic anisotropy of this system. Its
unique magnetic behavior is discussed and compared with those of other magnetic ludwigites.
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I. INTRODUCTION

Some anhydrous cobalt oxyborates adopting the
ludwigite-type structure have recently been studied from the
magnetic and structural point of view. Among these we men-
tion Co3O2BO3,1,2 Co2FeO2BO3,3 and Co3−xFexO2BO3.4

These studies were stimulated mainly by the singular physi-
cal properties found in the homometallic ludwigite type or
vonsenite Fe3O2BO3.5–9 As a trial for better understanding
the complex magnetic behavior of all these materials we de-
cided to extend this work and to study a cobalt ludwigite-
type compound containing nonmagnetic ions. In this way we
synthesized the ludwigite Co5Ti�O2BO3�2 and measured its
ac susceptibility, magnetization, and specific heat between 2
K and room temperature �RT�. X-ray diffraction in single
crystals at RT and 150 K, as well as magnetization under
pulsed applied fields up to 55 T were also measured. The
present work reports the results of such measurements and
discusses them in comparison with those obtained for the
above mentioned, previously investigated cobalt ludwigites.

II. SAMPLES

A. Synthesis

The crystals were synthesized from a 6:1:3:6 molar mix-
ture of CoO:Li2TiO3:HBO3:Na2B4O7. The mixture was
fired at 1100 °C for 24 h and cooled down to 600 °C for 48
h. Than the oven was turned off. The bath was dissolved in

hot water and the crystals washed in diluted cold hydrochlo-
ric acid. Needle-shaped black crystals up to 4 mm in length
were obtained.

B. X-ray diffraction

A prism-shaped crystal was employed for data collection
from x-ray diffraction. The measurements were carried out
on an Enraf-Nonius Kappa-CCD diffractometer with graph-
ite monochromated Mo K� radiation ��=0.71073 Å�. Low-
temperature measurements were made using an Oxford
Cryosystem device. The cell refinements were performed us-
ing the softwares COLLECT �Ref. 10� and SCALEPACK.11 The
final cell parameters were obtained on all reflections. Data
were collected up to 62.0° in 2�. Data reduction was carried
out using the softwares, DENZO-SMN, SCALEPACK, and
XDISPLAYF �Ref. 11� for visual representation of data. Gauss-
ian absorption correction was applied.12 The structure was
solved using the software SHELXS-97 �Ref. 13� and refined
using the software SHELXL-97.14 The tables were generated
by WINGX.15 All atoms were clearly solved and least-squares
refinement procedures on F2 with anisotropic thermal param-
eters were carried on using SHELXL-97. Crystal data, data
collection parameters and structure refinement data are sum-
marized in Table I.

We decided to resolve the structure at 293 and 150 K, in
analogous experimental conditions, in order to observe any
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eventual conformational change with temperature. This has
been done for other oxyborates.1,3,7 No evidence for any
phase transition was found.

Figure 1 shows a schematic structure of the ludwigites
projected along the c axis together with the polyhedra cen-
tered at metal ions. We remark that the complete structure,
exception for the boron ions, may be obtained from the two
three leg-ladders subunits formed, respectively, by the metal
sites 4-2-4 and 3-1-3. These ladders are shown in details in
Fig. 2. As a result of our x-ray analysis we found that sites 4
in the titanium-cobalt ludwigite are almost equally occupied
by Ti and Co ions in a disordered way as in natural17 or
synthetic18,19 titanium containing nickel ludwigites. The

metal sites 1 are also occupied by Ti and Co ions in a pro-
portion of 0.075:0.175. These occupancies factors give the
best refinement for this compound. Supposing the presence
of titanium ions in site 3 the refinement is unstable no matter
the occupancies of the other sites. For titanium in site 2 the
anisotropic displacement parameters become unacceptably
large. So the chemical composition of our sample, obtained
from x-ray analysis, is Co4.74Ti1.26�O2BO3�2. The bond
lengths in this compound are shown in Table II. The bond
angles O-M-O nearest to 180° are specified for each metal
site in Table III. The mean B-O bond length and the mean
O-B-O bond angle are in good agreement with the expected
trigonal planar geometry. Table IV shows the fractional co-

TABLE I. Crystal data and structure refinement of Co5Ti�O2BO3�2.

Empirical formula from x-ray analysis Co9.48Ti2.52B4O20

Formula weight 1042.60

Wavelength 0.717073 Å

Crystal Size 0.038�0.047�0.228 mm3

Temperature 293 K 150 K

Crystal system Orthorhombic Orthorhombic

Space group �No. 55� Pbam �No. 55� Pbam

Unit cell dimension a= 9.3300�14� Å 9.3215�5� Å

b= 12.2541�11� Å 12.2522�5� Å

c= 3.0424�3� Å 3.0440�2� Å

Volume 347.84�7� Å3 347.63�3� Å3

Z 1 1

Density �calculated� 4.977 Mg /m3 4.980 Mg /m3

Absorption coefficient 12.471/mm 12.478/mm

F�000� 491 491

� range �deg� 3.32–31.00 3.31–32.19

Index range h= −13, 13 −13, 13

k= −17, 14 −18, 18

l= −4, 4 −4, 4

Reflections collected 2956 3215

Independent reflections 647 688

R�int� 0.0482 0.0635

Completeness to �=31.00 99.8% �32.19� 96.0%

Absorption correction Gaussian Gaussian

Max./min. transmission 0.6353/0.1616 0.6485/0.1236

Refinement method: full-matrix least squares on F2

Data/restraints/parameters 647/0/60 688/0/65

Goodness of fit on F2 1.205 1.128

Final R indices �I�2��I�� R1=0.0275 R1=0.0342

wR2=0.0677 wR2=0.0797

R indices �all data� R1=0.0314 R1=0.0400

wR2=0.0690 wR2=0.0823

Extinction coefficient 0.036�3� 0.044�4�
Largest diff. peak 0.964�10−3 Å 0.989�10−3 Å

Largest diff. hole −1.329�10−3 Å −1.421�10−3 Å
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ordinates and the sites occupation factor �SOF�. We remark
that the atomic distances and the bond angles are very simi-
lar to those of the other cobalt1,3 and iron7,9 ludwigitelike
structures.

III. MAGNETIC MEASUREMENTS

The magnetic measurements in oriented crystals and in
powdered samples of Co4.74Ti1.26�O2BO3�2 �hereafter de-
nominated Co5Ti�O2BO3�2� were carried out using a SQUID
MPMS, Quantum Design equipment over the field range −7
to +7 T at 2 K. The ac magnetic susceptibility in random
oriented crystals and the specific heat of this compound were
measured using a commercial PPMS platform Quantum De-
sign. High-field magnetization measurements up to 55 T
were conducted using a pulsed magnet.

Figure 3 shows the magnetization versus temperature
curves for field-cooled and zero-field-cooled �zfc� proce-
dures, for the applied field parallel and perpendicular to the c
axis of a single crystal. In the bottom inset a zoom of the
magnetization for the first orientation is shown. The c-axis
direction is the same as that of the needles length and is the
hard axis of magnetization. In the top inset of this figure
appears the inverse of magnetization in the zfc regimen for
the applied field perpendicular to the c axis. We remark that
the straight line which fits the high-temperature segment of
this curve crosses the temperature axis very near the origin.
This suggests that at the temperature of �19 K, at which the
zfc magnetization curve shows a peak, the system enters a
spin-glass state. This hypothesis is also supported by the fre-
quency dependence of the real part of the ac susceptibility
and by the absence of any feature in the specific-heat curve

�see Figs. 4�a� and 6�. Below 19 K the magnetization versus
field curves present hysteresis cycles down to the lowest
reached temperatures and, near 3 K, these curves present
jumps. If the applied field is orthogonal to the c axis the
hysteresis shows a null coercive field indicating that the
magnetic anisotropy is negligible in the ab plane �see Fig. 5�.
Both features are compatible with a spin-glass phase.21 The
saturation of the magnetization at high applied fields indi-
cates a magnetic moment very near 1�B per cobalt ion,
which implies a low spin state for this ion. This is the first
time that a low spin state is observed in an oxyborate. Fi-
nally, the inset of Fig. 5 shows the high-field magnetization
data at T=4.2 K for a powder sample in pulsed magnetic
fields up to 55 T. This curve changes slope at �20 T. This
type of metamagneticlike transition is most probably related
to the field required to take the spins off the easy plane in the

FIG. 1. �Color online� The schematic structure of the ludwigites
projected along the c axis. The oxygen polyhedra centered on the
metal ions are shown. The numbers indicate metallic sites and the
lines indicate the a and b axes of the unit cell. The subunits formed
by the octahedra around sites 4-2-4 and 3-1-3 are shown in more
detail in Fig. 2. The boron ions �purple spheres� have trigonal co-
ordination. This figure was generated by DIAMOND 2.1E software
�Ref. 16�.

FIG. 2. �Color online� �a� The subunit formed by the metal sites
4-2-4 in which the oxygen octahedra share one edge. All the oxygen
ions are out of the figure plane with the exception of four of them
around the site 2. The vertical axis is the c axis. �b� The subunit
formed by the metal sites 3-1-3 in which the oxygen octahedra
around adjacent sites 1 and 3 share one corner. Notice that oxygen
ions in the common corners of a column are not on the same
straight line. Both subunits we call three leg ladders. This figure
was generated by DIAMOND 2.1E software �Ref. 16�.
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powdered material. The magnetization of the powder is not
yet saturated even at these high fields and low temperatures.
In crystalline needles the saturation magnetization should
reach the value of 20 �B / f.u. which corresponds to the spin
moment added to the 15�B of the cobalt ions orbital moment.

IV. SPECIFIC-HEAT MEASUREMENTS

Specific-heat measurements as a function of temperature
and magnetic field were performed employing 8.5 mg of
randomly oriented crystalline needles. Results are shown in
Figs. 6–8. For comparison we added in Fig. 6 previous re-
sults on other previously studied cobalt ludwigites. No sharp
feature is observed in the specific-heat curve of the
Co5Ti�O2BO3�2 investigated in this study apparently ruling
out any phase transition. It may also be noticed that the
specific-heat values of the Co5Ti�O2BO3�2 ludwigite are
striking larger than those of the other cobalt ludwigites
shown in Fig. 6. Figure 7 shows the magnetic field depen-
dence of the specific heat. For the previously studied
ludwigites this dependence was within the error bars of the
experiments for the same values of the applied field. In the

inset of Fig. 7 we show the differences between the mea-
sured specific heat in zero and finite magnetic field,
�C /T�H− �C /T�H=0. In Fig. 8 the low-temperature specific
heat is plotted as C /T versus T2. In spite of the insulating
character of this material, Co5Ti�O2BO3�2 has a non-
negligible linear temperature-dependent term in the specific
heat. The values of the coefficient of this term, as well as,
that of the T3 contribution are given in the figure for different
values of the external magnetic field �see also Table V�.

TABLE II. Selected bond lengths in Å for Co4.74Ti1.26�O2BO3�2.
The underline numbers are the symmetry codes: �i� x ,y ,z+1; �ii�
x ,y ,z−1; �iii� −x+2,−y+2,−z+1; �iv� −x+1,−y+2,−z+1; �v�
−x+3 /2,y+1 /2,z; �vi� −x+3 /2,y−1 /2,z; �vii� x+1 /2,−y+3 /2,
−z+1; and �viii� x−1 /2,−y+3 /2,−z+1.

Co1-O1ii 2.035�2� Co4-O4v 2.069�7�
Co1-O2 2.1548�15� B-O2 1.365�4�
Co2-O4v 2.1073�16� B-O3 1.388�4�
Co2-O5 2.060�2� B-O5 1.377�4�
Co3-O1iii 1.969�2� Co1-Ti1i 3.0424�3�
Co3-O3 2.1666�16� Co1-Ti4 3.054�14�
Co3-O4i 2.062�2� Co2-Co4iv 2.808�11�
Co3-O5vii 2.1502�16� Co3-Ti4vi 3.125�13�
Co4-O1 1.975�7� Co4-Ti1i 3.027�9�
Co4-O2 2.061�12� Co4-Ti4i 3.0428�6�
Co4-O3v 2.091�12�

TABLE III. The largest O-M-O bond angles in degrees for
Co4.74Ti1.26�O2BO3�2. The underline numbers are the symmetry
codes �see Table II caption�.

O1ii-Co1-O1iii 180.000�1�
O2v-Co1-O2viii 180.00�12�
O4ii-Co2-O4iii 180.0

O5iv-Co2-O5 180.0

O1ii-Co3-O4iii 179.72�9�
O5viii-Co3-O3ii 166.08�9�
O1ii-Co4-O4v 176.9�5�
O2-Co4-O3v 174.5�6�

TABLE IV. Fractional coordinates, SOF, and the equivalent
isotropic displacement parameters �Å2�103� for
Co4.74Ti1.26�O2BO3�2. U�eq� is defined as one third of the trace of
the orthogonalized Uij tensor. The SOF values must be multiplied
by the factor 8 in order to obtain the number of atoms in the unit
cell �Ref. 20�.

Site x /a y /b z /c SOF U�eq�

Co�1� 1 1 0 0.175 7�1�
Ti�1� 1 1 0 0.075 13�4�
Co�2� 1/2 1 1/2 1/4 7�1�
Co�3� 0.9982�1� 0.7197�1� 0 1/2 9�2�
Co�4� 0.7619�11� 1.1129�9� 1/2 0.26 9�1�
Ti�4� 0.7614�16� 1.1170�14� 1/2 0.24 8�1�
O�1� 0.8907�3� 1.1437�2� 1 1/2 13�1�
O�2� 0.8463�2� 0.9575�3� 1/2 1/2 10�1�
O�3� 0.8432�2� 0.7636�2� 1/2 1/2 10�1�
O�4� 0.8809�2� 0.5771�2� 1 1/2 13�1�
O�5� 0.6227�2� 0.8602�2� 1/2 1/2 9�1�
B 0.7703�4� 0.8623�3� 1/2 1/2 8�1�

FIG. 3. �Color online� Magnetization versus temperature for
crystalline needles of Co5Ti�O2BO3�2 under an applied field of 0.1
T in both regimens: field cooled and zero field cooled. The top inset
shows the inverse of the zero-field-cooled magnetization curve for
the applied field perpendicular to the c axis. The bottom inset shows
a zoom of the magnetization curves for the applied field parallel to
the c axis.
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V. DISCUSSION

The results of x-ray, magnetic, and thermodynamic ex-
periments on the Co5Ti�O2BO3�2 ludwigite reported here
provide a quite complete characterization of this material.
Besides, a comparison of these results with those on other
compounds with the same structure allows for a better un-
derstanding of the physical properties of magnetic ludwig-
ites. As we pointed out before, this is a different study of a
cobalt disordered heterometallic ludwigite diluted with a
nonmagnetic element, the Ti4+ ion. Our previous studies on
the Co-Fe and Ni-Fe systems3 have shown that the presence
of different magnetic ions alone was not sufficient to destroy
long-range magnetic order at low temperatures. However the
substitution of the iron by a nonmagnetic component gives
rise to a different behavior in that no sharp transition is ob-
served neither in the magnetic susceptibility nor in the
specific-heat experiments. On the contrary we find clear evi-
dence for a freezing of the magnetic moments in a spin-glass

state below Tg�19 K. This is shown here by different ex-
periments: the high-temperature susceptibility follows a
Curie-Weiss law with a paramagnetic Curie temperature �p,
which is very close to zero �inset of Fig. 3�. The dc magne-
tization shows a pronounced difference between field-cooled
and zero-field-cooled behavior �Fig. 3�, while the real part of
the ac magnetic susceptibility has maxima at frequency-
dependent temperatures �Fig. 4�. The major evidence that our
system undergoes a spin freezing phenomena at low tem-
peratures and not a true phase transition to a magnetically
long-range-ordered ground state is provided by the specific-
heat measurements. As can be seen in Fig. 6, differently from
previous studies in magnetic ludwigites, the specific-heat
curve of Co5Ti�O2BO3�2 shows only a broad maximum
when plotted as C /T as a function of temperature. The exis-
tence of a spin-glass transition in Co5Ti�O2BO3�2 is also con-
sistent with the opening of hysteresis loops in the magneti-
zation below Tg �see Fig. 5�. At low temperatures the
magnetization presents jumps as the external magnetic field
is varied. Figure 5 shows also the magnetization curve at 2 K

FIG. 4. �Color online� �a� Real part of the Co5Ti�O2BO3� ac
magnetic susceptibility curve as a function of the temperature for
0.1, 1, and 10 kHz. �b� Imaginary part of the same ac magnetic
susceptibility for the same frequencies.

FIG. 5. �Color online� Co5Ti�O2BO3�2 magnetization curve ver-
sus applied field at 2 K for a powdered sample and a crystalline
needle. The inset shows magnetization versus applied field curves
for pulsed fields up to 55 T at T=4.2 K on powdered samples.

FIG. 6. �Color online� Co5Ti�O2BO3�2 specific heat plotted as
the C /T versus T. The other specific-heat curves appearing in this
figure were taken from Refs. 1, 3, and 6.

FIG. 7. �Color online� Co5Ti�O2BO3�2 specific heat plotted as
C /T versus T for applied fields of 0, 3, and 9 T. The inset shows the
differential C /T versus T curve referred to T=0.
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in an oriented needle with the magnetic field along the easy
ab plane. The magnetization saturates at a value which cor-
responds to a magnetic moment per �chemical� formula unit
of 5.5�B and has only a small reduction when the field is
turned off. More interesting there is no area in the magneti-
zation loop in this case, which implies a negligible aniso-
tropy along the ab plane. The moment of 5.5 �B / f.u. com-
pares reasonably with that obtained from the high-
temperature Curie-Weiss susceptibility shown in Fig. 3. If we
write in this case the magnetization as M =CH / �T−�p�, the
quantity C=N�p�B�2 / �3kB�, where p is the number of effec-
tive Bohr magnetons. We obtain p=4.9	0.2 for fields rang-
ing from 0.1 to 1 T. Then our magnetization results in
Co5Ti�O2BO3�2 show not only a freezing of the moments at
low temperatures, but that this freezing takes place along the
ab plane. Along this plane there is no anisotropy and all
directions are equivalent as implied by the completely re-
versible magnetization loop in an oriented needle. The ran-
dom orientation of the moment in this plane must arrive from
frustration arising from the competition of the different su-
perexchange paths which connect different pairs of Co ions
as can be seen in Figs. 1 and 2. The magnitude of the mo-
ment of �5 �B / f.u. is obtained assuming that the Co2+ ions

are in a low spin state with S=1 /2 and that their orbital
angular momenta are almost completely quenched in the
easy plane. On the other hand if the orbital angular momen-
tum out of the easy plane attains its maximum value, the
total magnetization could reach 20 �B / f.u. for a fully polar-
ized sample since the total orbital angular momentum of the
five cobalt ions in the formula unit should be added to the
spin magnetization. The experimental value of 9�B found in
Fig. 5 may be due to the randomly oriented powder sample.
Even the high magnetic fields and the low temperatures of
these experiments are not sufficient to saturate the out-of-
plane component of the magnetization.

We can see in Fig. 6 that the magnitude of the specific
heat of the present sample is much larger than that of the
other magnetic cobalt compounds also shown in this figure.
At low temperatures this is reflected by the large 
 and �
values of the specific heat described by C /T=
+�T2 at these
temperatures. The large � is associated with a very small
Debye temperature for this oxyborate. The large 
 values in
the insulating ludwigites can be attributed to magnetic frus-
tration in these materials. An inspection of their structure in
Figs. 1 and 2 shows that there are many superexchange paths
which lead to competing interactions and frustration even in
the homometallic, nondisordered systems. Co5Ti�O2BO3�2 is
distinguished among the magnetic ludwigites we have stud-
ied by having the largest 
 value, which is consistent with
the spin-glass nature of its low-temperature magnetic state.21

In Table V we can see that the magnetic field quenches sub-
stantially the linear temperature-dependent specific-heat term
confirming the magnetic character of the modes which give
rise to this contribution. As in structural glasses these are
most probably local configurational modes, in this case mag-
netic two-level systems with a broad distribution of param-
eters associated here with different local spin arrangements.

Figure 7 shows the specific heat of Co5Ti�O2BO3�2 for
different applied magnetic fields. In the inset of this figure it
is plotted the difference between the specific heat at zero and
finite magnetic fields. The decrease in �C /T�H− �C /T�H=0 at
low temperatures is due to the quenching of the low-energy
magnetic modes as we pointed out before. However, as tem-
perature increases this difference becomes null and eventu-
ally changes sign. The latter result indicates that the mag-
netic field has a disruptive effect in the spin-glass ordering
increasing the magnetic fluctuations which contribute to the
specific heat.

VI. CONCLUSIONS

The family of magnetic oxyborates known as ludwigites
constitute an interesting class of materials with a rich mag-
netic behavior. These systems have low-dimensional sub-
units in their structure, which are responsible for many of
their interesting properties. In spite of the competing interac-
tions arising from different paths for superexchange and in-
trinsic disorder these systems show long-range magnetic or-
der at low temperatures. The exception is the Co5Ti�O2BO3�2
investigated here where one of the constituent transition met-
als is in a nonmagnetic state. This material turns out to be a
spin glass with a freezing temperature Tg�19 K. When

TABLE V. The 
 and � parameters obtained for the linear fit
C /T=
+�T2 of the low-temperatures extremity of the specific-heat
measurements. From the � coefficient we can extract the effective
Debye temperature �D, using �D

3 =234R /�, where R is the universal
constant gas. H is the applied field and pw means present work.

H
�T�



�mJ /mol K2�

�
�mJ /mol K4�

�D

�K� Ref.

Co3O2BO3 0 3.30 0.72 139 1

Co2FeO2BO3 0 3.28 0.23 204 3

Co5Ti�O2BO3�2 0 15.03 3.94 79 pw

Co5Ti�O2BO3�2 3 6.88 2.78 89 pw

Co5Ti�O2BO3�2 9 3.61 2.76 89 pw

FIG. 8. �Color online� Co5Ti�O2BO3�2 specific heat plotted as
C /T versus T2 for applied fields of 0, 3, and 9 T. The linear behav-
ior below approximately 10 K shows that the curves can be de-
scribed by the equation C /T=
+�T2. The values of 
 and � ob-
tained from the fits are also given in the figure.
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compared with the other ludwigites this is a soft material
from the magnetic and structural point of view as is clearly
shown by its very large specific heat. This material has a
hard axis of magnetization which corresponds to the direc-
tion of the ladders. In the plane ab, perpendicular to this axis
there is a negligible magnetic anisotropy. At low tempera-
tures and zero external magnetic field there is a freezing of
the Co moments in random directions in this plane. A small
external field, however, can easily orient the magnetic mo-

ments in this easy plane. We hope this study will motivate
further work in this interesting family of magnetic oxybo-
rates.
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