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Spin-glass behavior in Co;Mn3(0,B03), ludwigite with weak disorder
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X-ray diffraction, magnetization, ac susceptibility, and specific heat have been measured on high-quality
single crystals of Co;Mn3(0,BO;3), ludwigite. Different from previously studied ludwigites, this compound
is characterized by the existence two low-dimensional subunits each containing a unique ion. The subsystem
formed by ions at sites 3-1-3, known as a three-legged ladder (3LL), contains only divalent Co ions, while the
3LL formed by ions at sites 4-2-4 contains both divalent and trivalent Mn ions. Although there is only a weak
disorder caused by a very small amount of Mn at sites 1, the experimental results evidence the existence of a
low-temperature spin-glass phase. A dynamic scaling analysis of ac susceptibility data according to conventional
critical slowing down results in a spin-glass phase-transition temperature 7, = 31.9 K and a dynamic exponent
zv = 7.05. The temperature dependence of heat capacity has a linear contribution with the coefficient y = 21.9
mJ/(mol K?), which shows that this compound has the highest degree of magnetic disorder among ludwigites,
corroborating the spin-glass state at low temperatures. The origin of this state is discussed, taking into account
the particular structure of each subunit and the competition between the different exchange interactions involved.
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I. INTRODUCTION

In recent years, ludwigites with chemical composition
M>M'O,BO3, where M and M’ are divalent and trivalent
metallic ions, respectively, have been extensively studied due
to their diverse electronic and magnetic properties. These
include charge ordering [1], structural order [1], magnetic
order [1,2], coexistence of magnetic order and paramagnetism
[3], metamagnetism [2], magnetocaloric effect [4], and spin-
glass-type order [5]. Behind these properties, several physical
mechanisms are involved. Regarding the magnetic properties,
knowledge about the role of each type of exchange interaction
in the establishment of its magnetic ground states has been
widely sought.

Several studies carried out in the ludwigites have shown
that for a better understanding of their physical properties it is
necessary, first of all, to pay attention to what happens within
the low-dimensional subunits of its crystalline structure. The
ludwigites consist of two types of three-legged ladders formed
by ions at sites 3-1-3 and 4-2-4, as can be seen in Fig. 1. Itis in
the 4-2-4 ladders, where the magnetic ions are closest to each
other, that the strongest magnetic interactions are expected to
take place.

The archetype homometallic Fe;0,BO3 ludwigite presents
at 283 K structural and charge ordering transitions that take
place in the 4-2-4 ladder [1,7]. The competition of direct-,
super-, and double-exchange interactions gives rise to mag-
netic ordering of the Fe moments in the 4-2-4 ladders at
112 K, which coexists with the remaining magnetic ions
(Fe?*), atsites 1 and 3, in a paramagnetic state [1,7]. For lower
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temperature two successive ferromagnetic and antiferromag-
netic orderings at 70 and 40 K, respectively, take place
throughout the compound [1]. The Fe spins in the same
crystalline site are antiferromagnetically coupled along the ¢
axis while the coupling between sites 4 and 2 is ferromagnetic,
so their magnetic structure can be seen as ferromagnetically
coupled antiferromagnetic chains [3].

On the other hand, the homometallic Co3O0,BO; ludwigite
undergoes a single magnetic transition at 7, = 43 K through-
out the compound [8]. Neutron-diffraction experiments have
shown that below 7, the Co’* at sites 4 are in a low-spin (LS)
state [9]. In this way, the magnetic structure of the compound
can be seen as magnetic planes, formed by Co** in a state of
high spin (HS) at sites 1, 2, and 3, separated by nonmagnetic
planes, formed by Co®* in LS states at sites 4. Above T, up
to at least ~550 K a gradual Co** spin-state crossover (from
LS to HS) seems to occur [10]. Lattice parameter anomalies
between 400 and 500 K were also observed [10].

Doping the Co30,BO;3 ludwigite with nonmagnetic ions
generally enhances the magnetism and increases the 7, [2,4].
This feature is attributed mainly to three effects: the nonmag-
netic ions place only at site 4 (low structural disorder), the
absence of a double-exchange interaction (remove the com-
petition between exchange interactions), and the appearance
of Co®* ions in a HS state at sites 4 (substituting the LS
Co’") that couple the magnetic layers. On the other hand,
when the Co30,BO; ludwigite is doped with other metallic
magnetic ions, the dopant ion occupies almost all the sites in
the structure, giving rise to structural disorder [5,11]. This,
together with the different valence and spin of the dopant,
increases the competition between the exchange interactions
giving rise to magnetic disorder, such that a spin-glass state is
commonly established [5,11]. The structural disorder caused
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FIG. 1. (a) Crystalline structure of the ludwigite projected on the ab plane. The continuous line represents the unit cell, the yellow spheres
represent the boron atoms and the red spheres represent the oxygen atoms. (b) The 4-2-4 substructure composed only of Mn ions shown in
the perspective of the ladder. (c) The 3-1-3 substructure composed mainly of Co ions with a very small amount of Mn (2.6% of the Co ions)
shown in the perspective of the ladder. These figures were generated by the VESTA software [6].

by the doping ions impedes a correct evaluation of the influ-
ence of each exchange interaction on the magnetic properties
of these compounds.

The synthesis of structurally ordered heterometallic lud-
wigites with two magnetic cations has been until now unsuc-
cessful. Such systems involve all types of exchange interac-
tions and should allow in principle to study the effect of each
of these interactions separately. Actually, the unique struc-
turally ordered ludwigite that contains two metallic cations
is NisSn(O,BO3), [12]. In this compound the Ni and Sn ions
are alternately located at sites 4 along the ¢ axis. However,
it has only one magnetic ion and a unique type of exchange
interaction, the superexchange. In spite of the absence of com-
peting exchange interactions this compound does not show
full long-range magnetic order and just a partial magnetic
ordering was observed at 73 K [12].

In this work we report the synthesis and characterization
of the heterometallic Co3sMn3(0,B0O3), ludwigite. The x-ray
results show an almost structurally ordered compound with
Co ions occupying sites 1 and 3 and Mn sites 4 and 2.
This implies that the three-legged ladders 3-1-3 are formed
exclusively by Co ions (except for a very small amount of Mn
at site 1), as in the Co30,B0O3, and the 4-2-4 ladders contain
only Mn ions. So, structurally this compound can be seen
as consisting of two subsystems, each containing a unique
magnetic ion. From the point of view of the magnetism, the
partition in two magnetic subsystems formed by a unique
magnetic ion could, in principle, inhibit the magnetic disorder.
However, the experimental results presented here reveal an
unexpected behavior. The compound does not exhibit long-
range magnetic order and a spin-glass state is established
at 31.9 K. The magnetic data analysis indicates that Co**,
Mn?*, and Mn>* are present in HS states. This compound
surprisingly shows the highest degree of magnetic disorder
as indicated by specific heat measurements. Our results show
that the competition between direct-, super-, and double-

exchange interactions between the Mn>* and Mn>* give rise
to strong magnetic frustration in the 4-2-4 ladder that, along a
weak disorder, due to the presence of a very small amount of
Mn at site 1, has a direct influence in the establishment of a
long-range magnetic order throughout the compound.

II. EXPERIMENT

A. Sample preparation

The crystals were synthesized from a 12:12:8 molar mix-
ture of CoO:MnO;:H3BO3, respectively, and with 10 g of
borax (Na,B407). This mixture was heated at 1100 °C for
24 h and after that cooled down to 600 °C for 48 h. Then the
oven was turned off. The final product was dissolved in hot
water and the crystals cleaned in an ultrasonic bath at 50 °C.
Needle-shaped black crystals up to 0.2 mm in length were
obtained.

B. X-ray diffraction

Several needle-shaped crystals were used to collect x-ray
diffraction data on single crystals. The measurement single-
crystal x-ray diffraction was done using a D8 Venture Bruker
diffractometer at 150 K, using Incoatec Microfocus Source
(IuS) x ray, Mo Ko radiation. The crystal was mounted on
a Kappa goniometer, and the data were collected using a
PHOTON 100 detector. Data collection was performed with
APEX [13]. Multiscan correction using equivalent reflections
was applied. The full-matrix least-squares refinements based
on F? with anisotropic thermal parameters were carried out
using SHELXL-2013 [14] program packages with WINGX [15]
and SHELXLE [16] software interfaces.

Crystal data, data-collection parameters, and structure re-
finement data are displayed in Table I. The crystallographic
tables were generated by WINGX [15]. We remark that the
complete structure, except for the boron ions, may be obtained
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TABLE 1. Crystal data and structure refinement of the
CO3M113(02BO3)2 at 150 K.

Empirical formula C02.920Mn; 078 B2 019

Formula weight 523.23
Wavelength 0.717073 A
Temperature 150(2) K
Crystal system orthorhombic
Space group Pbam
Unit cell dimension, a 9.2101(5) A
b 12.0603(7) A
c 3.0055(2) A
Volume 33.84(3) A3
z 2
Density (calculated) 5.205 Mg/m?
Crystal size (um?) 200 x 50 x 40
Absorption coefficient 12.837/mm
F(000) 492

0 range 2.783° to 36.806°
Index range, h —15,15

k —20, 20

l -5,5
Reflections collected 30830
Independent reflections 960
R(int) 0.0533
Completeness to 6 = 25.242 100%
Refinement method Full-matrix least-squares on F?
Data/restraints /parameters 960/0/58
Goodness of fit on F? 1.233

Final R indices [I > 2 o(1)]
R indices (all data)

R1 = 0.0305, wR2 = 0.0807
R1 =0.0370, wR2 = 0.0829

Extinction coefficient 0.0047(11)
Largest diff. peak 1.284 ¢ A3
Largest diff. hole —1.646 ¢ A3

from the two three-legged-ladder subunits formed, respec-
tively, by the metal sites 4-2-4 and 3-1-3. Sites 1 are almost
fully occupied by Co ions (92.2%) with a small amount
of Mn (7.8%), which represent 1.3% of the total ions and
sites 3 are occupied only by Co atoms. Sites 2 and 4 are
exclusively occupied by Mn (see Fig. 1). From the x-ray
analysis we arrived at the chemical composition for our
compound, Cos.920Mnj3 ¢73(0,B0O3),, in this paper denoted as
Co3Mn3(0O,B0O3),. Table II shows the fractional coordinates
and the site occupation factor. The intermetallic distances in
this compound are shown in Table III. Table IV shows the
bond lengths between Co or Mn and oxygen in an octahedral
coordination.

Powder x-ray diffraction experiments were performed to
check the presence of impurities in our sample. The room-
temperature x-ray pattern of the Co3Mn3(0,B0O3), was com-
pared with that simulated from the single-crystal refinement
at the same temperature (see Fig. 2) and no extra peaks were
observed, indicating a single-phase sample, ruling out the
presence of any impurity phase. From the Co-O and Mn-O
distances, we can estimate the oxidation numbers for the ions
in each crystallographic site by using the bond valence sum
(BVS) calculations [18]. We applied the formulas given by
Liu and Thorp [18] to get the oxidation numbers Z; of the Co

TABLE II. Atomic coordinates and site occupation factor (SOF)
for Co3;Mn3(0,B03), at 150 K. U(eq) (1073 A) is defined as one-
third of the trace of the orthogonalized U;; tensor.

Site x/a y/b z/c SOF U(eq)
Co(1) 1/2 1/2 0 0.2305 3D
Mn(1) 1/2 1/2 0 0.0195 3(1)
Mn(2) 1/2 0 1/2 1/4 5(1)
Co(3) 0.4982(1) 0.2214(1) 0 1/2 2(1)
Mn(4) 0.2385(1) 0.1141(1) 1/2 1/2 5(1)
o(l) 0.6102(3) 0.3578(2) 0 1/2 8(1)
0(2) 0.3477(3) 0.4588(2) 1/2 1/2 6(1)
0(3) 0.3423(3) 0.2614(2) 1/2 1/2 5(1)
o) 0.3848(3) 0.0751(2) 0 1/2 15(1)
O(5) 0.6210(3) 0.1373(2) 1/2 1/2 4(1)
B 0.2704(4) 0.3609(3) 1/2 1/2 4(1)

and Mn ions at sites j:

Z j = Z Si j» (1)
where s;; = exp[(Rg — r;j/b)], Ry and b are parameters given
in Ref. [18], and r;; are the distances from the metal ion
to the oxygen ions in the octahedron. Table V shows the
valence state found for the metals ions at different sites in the
structure.

From these results we can ascribe 2+ valence for all cobalt
ions. With the parameter for Mn?* the calculations give 2.921
and 3.101 for the valences of the Mn at sites 2 and 4, respec-
tively. With the Mn** parameters the corresponding values
become 2.671 and 2.837. According to charge balancing, the
total charge on the 4-2-4 ladder should be 8+. Through the
BVS calculations we find 8.345+4, assuming Mn3* in both
sites. This may be indicative of an electron shared between
sites 2 and 4.

With the structural parameters it is also possible to estimate

the ion radii ry through the root of the harmonic mean square
(thms):

1 1 -1/
0= [6 2. i — 1.40)2} ’ @

where 1.40 is an estimate of the oxygen radius (in A) and d;
are the distances between the ion and the oxygens [19,20]. The

TABLE III. Selected bond lengths (in A), between the metallic
ions, for the ludwigite CosMn3(0,BOs3), at 150 K compared with
the Co and Fe homometallic at room temperature. Here, i, j are the
crystallographic positions. The subscript is the symmetry code (i)

—x+3/2,y—1/2, —z — L.

dj_k CO302BO3 [8] FE';OzBO'; [17] CO3MI13 (OzBO} )2
dj_; 2.9627(1) 3.0780(10) 3.0055(3)
ds_3 3.0868(5) 3.1881(5) 3.1071(7)
dr_3 3.0539(4) 3.1755(6) 3.0637(5)
dy » 2.7510(4) 2.7849(4) 2.7739(6)
dy_y; 3.0092(3) 3.1031(4) 2.9957(5)
di_3 3.3008(5) 3.3744(4) 3.3604(6)
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TABLEIV. Selected bond lengths between Co or Mn and oxygen
ions (in A) for Co;Mn;(0,BO;), at 150 K. The subscript is the
symmetry code: (i) x — 1/2, —y 4+ 1/2, z.

TABLE V. Oxidation numbers for the Co and Mn ions in
Co3Mn;(0,B03), obtained by using the bond valence sum (BVS)
[18].

Co(Mn);-O, 1.993(3) Co3-0, 2.050(3)
Co(Mn);-O, 2.1150(18) Co3-Os5 2.1369(18)
Mn,-O, 2.0509(19) Mn,—Oy; 1.9412(17)
Mn,—Os 1.997(3) Mn,—0, 2.033(3)
Co3-0, 1.942(3) Mn,—Os 2.018(3)
Co;3-04 2.1339(19) Mn,—O, 2.0722(19)

values of d; are shown in Table IV and the estimated rhms radii
for the Mn at site 4 is 0.61 10%, which agrees with the value
0.59(1) estimated for the Mn3* [19]. Analogously, the rthms
radii found for the Mn at site 2 is 0.64, a value not as high
as expected for Mn>* but greater than that for site 4. These
results indicate an oxidation state between 24 and 3+ for the
Mn ions.

Another important parameter related to the magnitude of
the Jahn-Teller distortion is the edge length distortion (ELD),
defined as [21,22]

100 < |00; — (00)]
ELD= — ) —— "~ 3)
n = (00)

where OO; is the edge length of the polyhedron and (OO) is
the average edge length.

The ELD values calculated for sites 2 and 4 of our com-
pound are 3.82% and 5.01%, respectively.

C. Magnetic measurements

The magnetic measurements were performed on pow-
dered samples of CosMn3(0,BOj), using a commercial
Physcial Properties Measurement System (PPMS) platform
from Quantum Design. Figure 3 shows the temperature
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FIG. 2. Room-temperature powder x-ray diffraction pattern (red
circles) and the simulated one obtained from the analysis of the
single-crystal x-ray data at the same temperature (solid line) for
Co3Mn;(0,B03),. The allowed Bragg positions are shown as ver-
tical green bars.

Co, 2.094
Mn, 2,671
Cos 2.029
Mn, 2.837

dependence of magnetization curves for zero-field-cooled
(ZFC) and field-cooled (FC) processes, with applied magnetic
field of 100 Oe. Lowering the temperature, an appreciable
increase in magnetization below ~5 K is observed. A shoulder
appears in the ZFC magnetization curve at ~50 K and be-
low this temperature the magnetization increases drastically,
reaching a maximum value at ~31 K.

The inset shows that the temperature dependence of the
inverse of the susceptibility is linear above 150 K and can
be well described by the Curie-Weiss law. From the Curie-
Weiss law fitting (see inset of Fig. 3) we get a Curie constant
C =20.00 x 1073 emu K/(g Oe) and a small Curie-Weiss
temperature Ocyw = —8.84 K, indicating similar strengths for
the ferromagnetic and antiferromagnetic interactions. Using
the Curie constant we determine the effective moment per
formula unit, p.ss = 12.95up. The calculation of the mean ef-
fective momentum per unit formula considering only the spin
momentum (g = 2) for Co’* (S = 3/2), Mn** (S = 2), and

Mn?t (S = 5/2) gives ps = /Y mg@Si(Si + 1) = 11.31 5

(where n; is the number of 7 ions per unit formula), a value
somewhat smaller than that found experimentally. Thus the
experimental results indicate an orbital contribution to the
total magnetic moment of the Co®>", as observed previously
in other Co ludwigites [2,4,8].

Figure 4 shows the real and imaginary parts of the ac
susceptibility (x’) as a function of temperature and for
different frequencies. There we can observe a rather
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FIG. 3. Magnetization versus temperature for Co3sMn3;(0,BO3),
ludwigite under an applied magnetic field of 100 Oe. Inset: Inverse
magnetization in a 10-kOe magnetic field.
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FIG. 4. Real (') and imaginary (x”) parts of Co3Mn3(0,BO3),
ac magnetic susceptibility as functions of temperature for frequen-
cies from 0.05 to 10 kHz. The amplitude of the oscillating magnetic
field is 5 Oe.

broadened peak centered at ~31 K, the same temperature at
which a spontaneous magnetization was observed in the ZFC
and FC magnetization curves. A small kink is clearly observed
at ~50 K in the real and imaginary ac susceptibility curve
(see Fig. 4). The position of the peak changes with frequency,
indicating a possible spin-glass state. A signature of the spin-
glass systems is that they follow the critical dynamics scaling
law [Eq. (4)]; that is, the relaxation time t diverges at T, as

T —ZV
T=T7 <T — 1) , (Y]
g

where 1y represents the microscopic flipping time of the
fluctuating spins, Ty the frequency-dependent freezing tem-
perature, T, the spin-glass phase-transition temperature, and
zv the critical exponent. A detailed analysis of the frequency
dependence of x'(T) using the critical dynamics scaling law

20
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FIG. 5. The best fit of relaxation times using to the power law for
ac susceptibility with applied field of 5 Oe for Co;Mn3(0,BO3),.
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FIG. 6. Hysteresis loops for the powdered Co3;Mn;(0,BO3),
compound at 2, 10, 30, 50, and 120 K.

provides unequivocal evidence for the appearance of spin
glass in Co3Mn3(0,B03), below 7, = 31.9 K (see Fig. 5).

The frequency shift of Ty is given by the empirical pa-
rameter X = (AT /Tr)(A(log w) [23]. For CosMn3(0,BO3),
we get X = 0.02, also x” is 10% of x’, typical values for
insulating spin glasses.

Figure 6 shows hysteresis curves for different tempera-
tures. Above 50 K the linear and closed hysteresis loop are
typical of a paramagnetic state. The closed hysteresis loop
at 50 K suggests an antiferromagnetic state, in agreement
with the specific heat results as will be discussed later. Below
31 K the hysteresis loops become open with both the coercive
field and the remanent magnetization increasing as the tem-
perature decreases. A maximum coercive field of ~11 kOe
and remanent magnetization ~0.002up per formula unit is
achieved at 2 K. At 2 K the hysteresis loop present jumps, a
feature compatible with ferro- or ferrimagnetic arrangements
of the spins or with a spin-glass phase [5]. Even at an external
magnetic field of 9 T it was not possible to reach magnetic
saturation, indicating strong anisotropic effects.

D. Specific heat measurements

Specific heat measurements as a function of temperature
were performed in a polycrystalline sample under external
applied magnetic field (Fig. 7). No sharp feature is observed
in the specific-heat curve of CozMn3(0,BOs3),, apparently
ruling out any phase transition up to at least 200 K, the highest
temperature of the measurements. The specific heat presents a
broad maximum well above the freezing temperature as usual
in spin glasses.

The low-temperature (T < 7 K) specific heat data were
best analyzed using the power law C = yT + «T? as shown
in Fig. 8. The parameters calculated from these analyses are
presented in Table VI. Notice the presence of a large linear
term associated with the spin-glass state in this insulating
material. Also we point out that the phonon contribution is
expected to be very small at these temperatures.
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FIG. 7. Specific heat of Co3;Mn3(0,BO;), represented as C/T
versus T for 0 Oe, 40 kOe, and 90 kOe fields. Inset: Zoom of the
region where the intersection of the curves for the different fields
occurs.

A T? contribution to the specific heat arises from excita-
tions with a linear dispersion relation, like phonons, antifer-
romagnetic magnons, or both in a two-dimensional structure
[4,24].

III. DISCUSSION

Using the flux method we synthesized the
Co3Mnj3(0,B03); system, with a unique structure among the
ludwigites. Several crystals were analyzed by single-crystal
x-ray diffraction and the experiments have shown that half
of the metallic ions are Co and half Mn, implying the
empirical formula Co;.9,Mnj303(0,B0O3),. This compound
is completely different from the reported Co;7Mn;30,BO3,

160

140

-
N
o

CIT (mJ/mol.K?)
3

oo}
o

60

FIG. 8. Specific heat of Co3;Mn3(0,BO;), represented as C/T
versus T for 0 Oe, 40 kOe, and 90 kOe fields. The parameters of the
linear fittings are shown in Table VI.

where the Mn?* and Mn** occupy all the metallic available
sites [11] and from Co,sMngsO,BO; where the Mn*t
occupy site 4 exclusively [25]. The most interesting
feature of Co3Mn3(0,B03), is that in this material the
ions are grouped in a particular way never seen before in
ludwigites. They form two subsystems, each containing a
single type of ion: the 4-2-4 ladder is composed exclusively
of Mn ions and the 3-1-3 ladder contains only Co ions,
except for a small amount of Mn at sites 1. As discussed
below, this particular arrangement seems to have drastic
consequences for the establishment or not of long-range
magnetic ordering.

Through BVS calculations, it was possible to ascribe a
valence state of 2+ for all Co ions in the 3-1-3 ladder. On the
other hand, it was not possible to attribute an integer valence
state for the Mn ions and values of 2.671 and 2.837 were
obtained for the Mn at sites 2 and 4, respectively. For a correct
charge balance, the Mn ions at sites 2 and 4 should have,
on average, a valence state of 2.7, meaning that in the 4-2-4
ladder two of these sites should have a valence state of 3+ and
one a valence 2+. Besides, the 4-2-4 ladder can be described
as three Mn>* sharing an extra electron. According to the
values found for the valence, the extra electron in the 4-2-4
ladder may be considered to be located mainly in the columns
of sites 2. This feature is not uncommon in ludwigites; in
Fe;0,B0;, for example, the Fe ions at sites 2 and 4 are
sharing an electron [7]. These results indicate that a charge
ordering phenomenon, in which the extra electron localizes in
one of these sites, may occur in Co3sMn3(0,BOj3), and should
be further investigated.

The analysis of the inverse magnetization of the paramag-
netic region using the Curie-Weiss law gives a small negative
Ocw indicating a slight predominance of the antiferromagnetic
interactions. The value of the effective magnetic moment is
compatible with a quenched orbital moment of the Mn>* ions
at site 4, but not for Co**.

The warwickite Mn,BOy4, with two nonequivalent sites for
the metal, occupied by Mn?>* and Mn** which are octahe-
drally coordinated, has an orbital ordering of the Jahn-Teller
Mn** states [20,26]. A measure of the magnitude of the
Jahn-Teller distortion is given by the octahedral distortion
parameter EDL [21,23]. For the orbitally ordered Mn’* at
site 1 of the Mn,BO, the value is 6.8%, for the Mn>* at
site 4 of CozMn3(0,B0O3), the value is 5.01%, a value not
so high as that of the former compound but larger than that
of the also orbitally ordered Mn>* in the henritermierite
CasMn,[SiO4],[0O4H4] whose value is 3.4% [22]. So, the
distortion degree of the Mn>* at site 4 indicates a possible
orbital ordering state for this ion. While Mn?** is a strong
Jahn-Teller ion, Mn?* is an S state with small coupling to the
lattice. A possible charge ordering configuration in our system
is that the extra electron in the 4-2-4 ladder is localized at site
2, giving rise to Mn?>* with a small EDL. This is different from
the transverse charge density wave transition occurring in the
Fe homometallic ludwigite where the localization occurs in
alternating sites 4, implying the doubling of the c-axis lattice
parameter [17].

As pointed out before, a moderate increase of the magne-
tization occurs at ~50 K, the same temperature at which a
tiny kink is observed in the real and imaginary parts of the
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TABLE VI. Parameters y, «, and B obtained from the fitting of the low-temperature specific heat data (Fig. 8) of the ludwigite

Co3Mn;(0,B0O3),. PW, present work.

H (kOe) y [mJ/(mol K?)] o [mJ/(mol K*)] B [mJ/(mol K*)] Ref.
CosMn;3(0,B05), 0 21.90 £ 0.20 18.03 £ 0.04 PW
Co3Mn;(0,BO3), 40 21.20 £ 0.62 16.614+0.17 PW
Co3Mn;3(0,BO3), 90 15.8540.32 16.4540.08 PW
C0;0,B0; 0 3.30 0.72 [8]
Co030,B0; 90 3.48 0.70 [8]
CosTi(B,03), 0 15.5 3.94 [5]
CosTi(B,0;3), 30 6.88 2.78 [5]
CosTi(B,0;3), 90 3.61 2.76 [5]
CosSn(B,0;), 0 0.54 0.65 2]
CosSn(B,03), 90 0.00 0.66 2]

ac susceptibility curves (see Fig. 4). On the other hand, the
specific heat measurements as a function of temperature in
Fig. 7 show a crossing of the curves in zero and in external
magnetic fields at approximately this same temperature. The
existence of an additional contribution for 7 < 50 K in large
fields is reminiscent of a metamagnetic transition where long-
range antiferromagnetic order is destroyed by the magnetic
field. These features suggest that Coz;Mn3(0,BO3); is close
to an antiferromagnetic ordering at ~50 K, but this long-
range order is aborted by the strong frustration due to several
competing interactions.

The magnetization increases with decreasing temperature,
reaching a maximum value at ~31 K and decreases for
lower temperatures (Fig. 3). The ac susceptibility curve also
shows a rather wide peak centered at the same temperature
(Fig. 4). The frequency dependence of the x’ maximum
temperature shows a clear spin-glass signature, a feature that
was checked by the analysis of temperature dependence of
the relaxation time with the critical scaling formula, giving
a critical exponent zv = 7.05 and an effective spin-flip time
7o = 8.9 x 10713 s, typical of atomistic, dilute spin-glass
systems [27-32]. The spin-glass transition temperature is T, =
31.9 K. The spin-glass nature of the magnetic transition of
our compound is corroborated through the analysis of low-
temperature specific heat measurements. The coefficient of
the linear temperature-dependent contribution to the specific
heat, y = 21.9 mJ/(mol Kz) at zero field, is the largest found
for the ludwigites (see Table VI). This large value shows
a strong competition between the magnetic interactions and
consequently a high degree of frustration, compatible with a
spin-glass system.

It is not a surprise that a spin-glass state occurs in lud-
wigites as already reported in CoMgGaO,BOs3, Co,AlO,BO;3,
and CosTi(O,BOs3);. The diamagnetic dilution of the
Co30,B0O3 with nonmagnetic Mg, Ga, Al, and Ti ions weak-
ens the magnetic interactions. Besides, these nonmagnetic
ions occupy all the available metallic sites producing a po-
sitional disorder leading to the establishment of a spin-glass
state. If we take into account that, in CosSn(O,B0O3), with
the Sn ion placed only at site 4, the magnetic interactions
are strengthened and long-range magnetic order takes place
[2], the positional disorder seems to be the key factor that
leads to a spin-glass ground state in these kinds of compounds
[5,26,33].

The effects caused by doping with magnetic ions are
similar to those produced by nonmagnetic ions. For example,
in Co,FeO,BO03, the Fe ions occupy mainly sites 2 and 4 of
the 4-2-4 ladders producing low positional disorder. Magnetic
order, albeit partial, takes place at 117 K in this material
[3,34]. The magnetic transition is related to the ordering of the
Fe37 in the 3LL, reminiscent of the magnetic transition in the
Fe;0,B0;. The remaining magnetic ions seem to freeze be-
low 70 K and a complex magnetic structure for the Fe-Co sys-
tem is established at low temperature [§]. On the other hand, in
Co; 7Mn; 30,BO03, synthesized by the solution method [11],
the Mn>* and Mn>* magnetic ions spread throughout the
compound and occupy four nonequivalent sites. The random
distribution of the Mn ions in the compounds yield a high
degree of positional disorder and consequently a spin-glass
freezing of the magnetic ions at 41 K [11].

On the other hand, what is striking is that in a positionally
ordered compound such as Co3Mn3(0,B0O3),, a spin-glass
phenomenon occurs. Magnetization measurements indicate
that both Mn?* and Mn3* in sites 2 and 4 are in HS states
and that the latter has a contribution of magnetic angular mo-
mentum. In order to understand the occurrence of a spin-glass
state, we have to pay attention to what is happening in the low-
dimensional 4-2-4 ladders. There, the smallest interatomic
distances are found and the strongest magnetic interactions are
expected to take place. As shown by x-ray experiments the 4-
2-4 ladder is a planar substructure consisting of edge-sharing
MnOg octahedra (see Fig. 1).

For this particular arrangement all the magnetic interac-
tions between the Mn* (£5 ¢2) and Mn** (tgge;) are present,
i.e., the superexchange (for 90° and 180° Mn-O-Mn angles),
double-exchange, and direct-exchange interactions. Depend-
ing on the hierarchical order of these interactions, a magnetic
ordering may be established, as happens in many ludwigites
[2,3,9], or it may lead to a state of strong magnetic frustration
(spin glass) [5,26,33].

In the MnTiO; ilmenite the MnOg octahedra are edge
sharing and form magnetic planes which are separated by
nonmagnetic Ti** ions. Long-range magnetic ordering sets in
at 63.6 K. Inside the planes the arrangement of the spins is
antiferromagnetic and the magnetic planes are stacked along
the ¢ axis [21,26]. For this compound with only Mn** the
double-exchange interaction is ruled out. Taking into account
that all Mn-O-Mn bonds in the magnetic planes are close to
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90° (88.4°), it is possible to assume that the 88.4° superex-
change is the dominant interaction. In this case the direct
interaction between the #,, orbitals of the Mn ions is expected
to be small due to the separation between the ions, which
in this case is d = 3.067 A. The magnetic planes are 3.998
A apart and the magnetic interaction between them occurs
through the Mn-O-O-Mn bonds [35].

The Mn;B, 05 pyroborate has ribbon-shaped substructures
formed by octahedrally coordinated Mn** ions [36]. For
coplanar ribbons, the shortest distances between Mn ions
are 4.522 and 4.446 A. For ribbons in adjacent planes, the
shortest distances between Mn ions are 4.198 and 4.113 A.
Within the ribbon, the Mn-O-Mn bonds angles are be-
tween 95.28° and 103.60°, and Mn-Mn interatomic distances
are between 3.179 and 3.274 A [28,29]. Here the double-
exchange interactions are ruled out too and all superex-
change interactions involve bonding angles close to 90°.
Due to the large interatomic distances between Mn ions,
the direct-exchange interactions are expected to be small.
Therefore, as in the case of the MnTiO3 ilmenite, the su-
perexchange interactions with 90° Mn-O-Mn bonds seem to
determine the spin ordering and magnetic properties of this
compound.

The most representative compound with edge-sharing
MnOg octahedrons is the MnO, where all the Mn have
a valence state of 24 [37]. MnO is antiferromagnetically
ordered at 119 K and exhibits a magnetic arrangement of
spins in accordance with the Goodenough-Kanamori rules
[37]. The distances between Mn ions with 90° Mn-O-Mn
bonding angle is d = 3.144 A, while that for the 180° bond-
ing angle is d = 4.460 A. As in the previous compounds,
here the double-exchange interaction is excluded and the
direct-exchange interaction between the f,, orbitals is ex-
pected to be weak too. The superexchange interactions with
180° and 90° bonds become dominant and the competi-
tion between them determines the magnetic properties of
this compound.

Among other compounds with structure similar to the
4-2-4 ladders that show competition between double- and
superexchange interactions is the Mn, OBO3; warwickite. The
Mn ions are found inside oxygen octahedra that share their
edges and form four-line-wide ribbon-shaped substructures
[20]. These lines are parallel to the ¢ axis and contain two
different crystallographic sites. Divalent ions Mn?* occupy
lateral line positions and trivalent ions Mn** occupy center-
line positions. This charge ordering persists up to high temper-
atures [38]. The axially elongated Mn>* octahedra revealed an
orbital order [39,40]. Within the ribbons the octahedrons share
their edges and the Mn-O-Mn bonding angles lie between
88.6° and 105.3°. The separation between the Mn ions is, on
average, 3.324 A. This separation between Mn ions indicates
a small direct interaction. Thus, oxygen-mediated superex-
change and double-exchange interactions with Mn-O-Mn an-
gles of ~100° become dominant. This compound presents a
long-range antiferromagnetic transition below 26 K [26]. The
Mn-O-Mn superexchange interactions on the ribbon adopt a
ferromagnetic or antiferromagnetic character according to the
orbital ordering of the Mn37, that is, to the electronic density
e, at the Mn-O bonds. Neutron measurements are consistent
with most of the superexchange interactions predicted by the

Goodenough-Kanamori rules. It should be noted here that
all exchange interactions involve only Mn-O-Mn bonds close
to 90°. There are not exchange interactions involving 180°
bonds.

As discussed above for the previous ordered compounds,
they present long-range magnetic order. Superexchange in-
teractions are dominant and are responsible for the type
of magnetic order and hence for their magnetic properties.
Within this picture one might expect that the three-legged lad-
der 4-2-4, the subsystem formed exclusively of octahedrally
coordinated Mn ions in Co3Mn3(0O,BO3),, should lead to a
magnetic ordering. However, this does not happen and only a
spin-glass state is established. The three-legged ladder 4-2-4
of our compound differs from the systems mentioned above in
that, besides superexchange and double-exchange interactions
with 90° and 180° Mn-O-Mn bonding angles, we have the
direct-exchange interaction. While in the other compounds it
was possible to distinguish the dominant interactions, in our
compound it is more difficult since we have all the possible
interactions and now the direct interaction is stronger. In the
compounds mentioned above, the distances between the ions
are greater than 3.064 A, which is the limit of the direct
overlap of the d orbitals and the direct-exchange interaction
is not relevant [41].

In the 4-2-4 ladder of our compound, the distance between
the Mn ions is 2.7739 A, which gives rise to a strong overlap
of the d-d orbitals and, consequently, a strong direct-exchange
interaction. Then in this compound the direct-exchange inter-
actions compete equally with the other interactions, leading
to a state of strong magnetic frustration. On the other hand, a
similar situation occurs in the 4-2-4 ladder of the Fe;0,BO;
ludwigite, where all exchange interactions are also present,
and the distance between Fe’* and Fe®* ions is 2.787 A.
This is almost the same distance found for the separation of
the Mn ions in our compound, but in Fe;0,BO; the ladder
is magnetically ordered at 112 K. So, why do the 4-2-4
ladders of Fe30,BO3 order magnetically and the 4-2-4 ladder
of CozMn3(0,BO3), does not? The answer may lie in the
difference of the ionic radii of the ions involved in each
compound. Although the ionic radii of Fe’* and Mn’* are
similar (0.645 A), the ionic radius of Mn** (0.830 A) is
larger than that of Fe>™ (0.780 A) [42]. This implies that
the overlap of the d 1, orbitals is greater for Mn than for Fe
and therefore direct-exchange interaction is more important
in the 4-2-4 ladder of Co3Mn3(0O,BO3), than in the 4-2-4
ladder of Fe;0,BOs. Therefore, direct-exchange interaction
seems to play a predominant role in establishing a state of
frustration in our compound. Positionally ordered frustrated
systems exhibiting a spin-glass behavior are few and asso-
ciated to some type of disorder. For example, the spin-glass
behavior in Y,Mo,05 is attributed to a subtle disorder in the
Mo-Mo distances [43,44], in ZnCr,0O4 to a disorder caused
by randomly replacing 3% of the Zn ions by Cd [45], and in
DyMnOj; to a randomness caused by magnetoelastic strains
[46]. Thus the establishment of a spin-glass state in our
frustrated sample could be related to the weak disorder due
to a random occupation of a small fraction of Mn at site 1,
almost fully occupied by Co ions, similar to what happens
with ZnCr,O4 when 3% of the Zn ions are substituted by Cd
ions [45].
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IV. CONCLUSIONS

Single-crystal ~ x-ray diffraction has shown that
Co3Mn3(0,B0O3), is composed of two subunits each
containing a unique type of ion. BVS calculations show
that all sites in 3-1-3 ladders are occupied by Co’*" and
that in the 4-2-4 ladder the Mn ions have no valence
integer values and can be described as three Mn’*
sharing an extra electron which is more localized at site
2. Magnetization measurements indicate that orbital moments
of the Mn3" ions at sites 4 are quenched but not those of
the Co*". The magnetization and specific heat suggest that
Co3Mnj3(0,B03); is close to an antiferromagnetic ordering at
T ~ 50 K, but this long-range order is disrupted by the strong
frustration due to several competing interactions between
Mn ions. The arrangement and distances between Mn ions in
the 4-2-4 ladder, hardly found in nature, makes possible the
competition between all superexchange, double-exchange,

and direct-exchange interactions. Among these, the direct
interaction between the Mn ions in the 4-2-4 ladder is
strongest and can compete equally with the other interactions,
leading to an undefined hierarchical order of them. In fact,
the dynamic scaling analysis of ac susceptibility data has
shown that the compound experiences a spin-glass transition
at T, = 31.9 K. The analysis of the low-temperature specific
heat puts in evidence a linear temperature dependence
with a coefficient y =21.9 mJ/(mol K?), which is the
largest found in ludwigites. This indicates a high degree of
frustration, consistent with the spin-glass state observed at
low temperatures.
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