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ABSTRACT

Magnetic properties of heterometallic warwickites MgFeBO4 Mg, 5CoqsFeBO,4, and CoFeBO4 are pre-
sented, highlighting the effect of Co substitution on the magnetic properties of these compounds. The
analysis of magnetization and heat capacity data has shown that these compounds exhibit a spin-glass
transition below Tsc=10, 20 and 22 K, respectively. Using zero field ac susceptibility as entanglement
witness we find that the low dimensional magnetic behavior above Tsz show quantum entanglement
behavior y(T)«T~“" up to Ty ~ 130 K. The « parameters have been deduced as a function of temperature
and Co content, indicating the existence of random singlet phase in this temperature region. Above T the
paramagnetism is interpreted in terms of non-entangled spins giving rise to Curie-Weiss paramagnet-
ism. The different intra- and inter-ribbon exchange interaction pathways have been calculated within a
simple indirect coupling model. It is determined that the triangular motifs in the warwickite structure,
together with the competing interactions, induce frustration. The spin-glass character is explained in
terms of the substitutional disorder of the Mg, Fe and Co atoms at the two available crystallographic sites,
and the frustration induced by the competing interactions. The Co substitution induces uniaxial aniso-
tropy, increases the absolute magnetization and increases the spin-glass freezing temperature. The en-
tanglement behavior is supported in the intermediate phase irrespective of the introduction of aniso-
tropy by the Co substitution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

ions. In highly anisotropic borates, such spectrum yields to dis-
ordered quantum magnetic chain type of behavior [1].

Warwickites are mixed borates with general formula M?*M
3+0B0, which are crystallized in monoclinic or orthorhombic
structure. The crystal structure can be represented as the assembly
of linear substructures, similar to ribbons, extending along the c-
axis. The ribbons are formed by four columns of edge-sharing
oxygen octahedra at the center of which the divalent and trivalent
metallic ions are located (see Fig. 1). There are two crystallographic
nonequivalent positions M1 and M2 for magnetic ions. The war-
wickites are naturally disordered materials since each metal
crystalline site may be occupied by any one of the two metals. This
disorder generates a broad spectrum of intensities for the ex-
change and superexchange interactions between the magnetic
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The warwickites can be formed with most of the transition
metals, allowing for systematic investigations of their physical
properties. At present there are reports on only two homo-metallic
(M=M’) warwickites: Fe,BO,4 [2-6] and Mn,BO,4 [4,6-8], exhibit-
ing both long-range magnetic order. Several studies have been
done on different magnetic properties of heterometallic (M#M’)
warwickites with only one magnetic ion, MgTiBO, [9-11],
MgCrBO4 [12], MgFeBO, [12,13], NiScBO, [12], MnScBO, [12],
MgVBO, [12,14].

At sufficiently high temperature, heterometallic warwickites
with just one magnetic metal are paramagnetic and obey the
Curie-Weiss law with antiferromagnetic exchange interaction
between nearest neighbors. As temperature is lowered, short
range interaction within the ribbons gives rise to quasi one-di-
mensional interactions since kgT becomes of the order of the intra-
ribbon exchange energy. In this temperature range these materials
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Fig. 1. The schematic structure of the warwickite. The metal cations have octahe-
dral coordination, where the octahedra sharing edges form ribbons. Coordination
octahedra around the M1 position (labeled 1) are dark and those around the M2
position (labeled 2) are light. The boron atom positions drawn as yellow circles
have trigonal coordination. The sides of the unit cell are shown.

can be described in terms of the Random Exchange Heisenberg AF
Chains (REHAC) approximation [15]. At lower temperature there is
a 3-dimensional spin-glass transition at Tsg when kT becomes
lower than inter-ribbon exchange interaction [1].

The number of works of hetero-metallic warwickites where
both ions are magnetic is extremely small. The crystal structure of
CoCrBOy, NiFeBO,4, CoFeBO4, and MnFeBO,4 have been determined
previously [16]. Magnetic properties have been shortly addressed
in the case of NiFeBO,4, CuFeBO4 and CoFeBO,4 [17]. In more recent
studies of Fejg1Vg09BO,4 [18,19], it has been shown that the in-
troduction of Vanadium as a partial substitution of Fe does not
alter magnetic properties radically. Indeed, although V acts so as to
hinder inter-ribbon Fe-Fe interactions, magnetic ordering also
takes place, although at a lower temperature.

Spin-glass behavior has been reported in a majority of war-
wickites, showing a relatively low temperature spin-glass transi-
tion Tsg (Table 1). From previous works in homometallic and
heterometallic warwickites we may infer that the introduction of a
different metal center has the effect of hampering magnetic order,
irrespective of this ion being magnetic or not. In the case of het-
erometallic warwickites with Fe, Mg-Fe, Ni-Fe and Cu-Fe, very
close spin-glass transition temperatures are observed (Tsg=11, 12
and 12 K, respectively). This is in contrast with Co-Fe warwickite
(see Table 1) where Tsc=30 K. Thus, the introduction of a mag-
netic ion in addition to Fe has no effect, with the exception of the
Co substitution.

The 3-D spin-glass transition temperature Tsc shows a fre-
quency dependence that can be described in terms of the dyna-
mical scaling theory with a critical exponent zv [20]. Moreover, the
magnetic relaxation behavior at T<Ts; also shows spin-glass
behavior.

These materials have a renewed interest since they can be used
as solid state examples of quantum entanglement. Indeed, the
intra-ribbon interactions in these systems support the existence of
random magnetic chains. In the low-dimensional REHAC region
the magnetic susceptibility, used as an entanglement witness [21],
proves that the studied compounds can be described as a chain of

Table 1
Magnetic properties of the warwickites.

Tora (K) Tsg (K) 0 (K) |0|/ Tsg Valence, S Reference

Fe,BO4 155 Fe?*, S=2 2]
Fe**, S=5/2

Fe101VoooBOs 130 Fe?+, §=2 [17]
Fe**, S=5/2
V2+, §=3/2

NiFeBO, 12 —450 375 Ni?*,S=1 [16]
Fe**, S=5/2

CuFeBO, 12 -200 167 Cu**, S=1 [16]
Fe**, S=5/2

CoFeBO, 30 —-290 97  Co**,S5=3[2 [16]
Fe**, S=5/2

MgFeBO, 1 —278 253  Fe*t, §=5/2 [11]

MgVBO, 6 —50 83 V3t 5=1 [11]

MgCrBO, 6.5 —20 307 Cr*t,s=3)2 [11]

NiScBO, 6 -16 27  Ni?*, §=1 [11]

MnScBO,4 2.7 —60 222 Mn?*, S=5/2 [11]

MgTiBO4 -73 Ti*+, S=1/2 [11]

Mn,BO,4 26 Mn?+, §=5/2 [7.8]
Mn3+, §=2

entangled spins. Therefore, warwickites are good candidates for
the experimental study of thermal entanglement and the relation
of entanglement with the spin-glass state.

The nature of the low energy phases found in warwickites can
be of different types although the most common picture in high
disordered warwickite compounds is a random singlet phase
(RSP). In the RSP phase spins are coupled in pairs over arbitrary
distances. In the renormalization group approach, this random
singlet phase is governed by an infinite randomness fixed point.
When the amount of disorder decreases, there is a Griffiths phase
which emerges, characterized by exponents which depend on the
distance to the infinite randomness fixed point [22,23]. The tem-
perature dependence of the susceptibility follows a power law
with a temperature dependent exponent «(T), which allows clas-
sifying the behavior as that of a random singlet phase (RSP) in the
case of MgTiBO4, and as a Griffiths phase in the pyroborate
MgMnBzos []] ]

In a recent Mossbauer spectroscopic study as a function of
temperature [24] we have also found spin-glass behavior in
MgFeBO, and CoFeBO,4. The increased magnetocrystaline aniso-
tropy by Co substitution increases the magnetic viscosity of the
magnetic lattice, by freezing magnetic fluctuations below Tsg.

Within this context, we aim in this work to study the effect of a
highly anisotropic magnetic ion, such as Co, in the entangled and
in the spin-glass phases of the heterometallic warwickites. We
have selected the series MgFeBO,4, Mg 5CogsFeBO, and CoFeBO,,
where Co is partially or totally introduced replacing non-magnetic
Mg ion.

The paper is organized as follows. In Section 2, the structure is
described, and in Section 3 the experimental procedures are out-
lined. In Section 4 the results of the magnetic characterization of
hetero-metallic Mg-Fe, Mg-Co-Fe and Co-Fe warwickites are
presented. First, the temperature dependence of magnetization is
introduced where the spin-glass transition is clearly manifested in
the three compounds. The study of the anisotropy observed in the
spin-glass is further analyzed in the following part. Additional
relaxation experiments are given as a complementary manifesta-
tion of the spin-glass behavior. Then, ac susceptibility experiments
allow analyzing the spin-glass transition within the dynamical
scaling theory [20]. Additionally, susceptibility is used as an En-
tanglement Witnesses in these compounds and the presence of
random singlet phase is outlined. In Section 5 a superexchange
model is given to explain the pertinence of the random exchange
antiferromagnetic exchange model in the intermediate phase and



116

the existence of frustration in the spin-glass phase. Discussion of
experimental results is made in Section 6 and a summary of our
conclusions is presented in Section 7. In the Supplementary Ma-
terial (SM) we provide additional crystal structure data and sup-
porting information for the exchange model. SM also contains
results of heat capacity measurements.

2. Structural details

Detailed crystal data for Mg-Fe, Mg-Co-Fe and Co-Fe war-
wickites are obtained in a previous work [25] and summarized in
Tables SMI and SMII of Supplementary Material [26]. The general
features of the crystal structure are typical for warwickites [27].
The metal ions are surrounded by oxygen octahedra. These octa-
hedra are linked by edge sharing and form four octahedra flat
ribbons extending along the c-axis (Fig. 1). The row consisting of
four octahedra adjoined in the sequence 2-1-1-2 is located across
the ribbon. The coordination octahedra around the M2 position
form the outer columns of the ribbon and the octahedra around
the M1 position form the inner two columns (Fig. SMI (a)). The
planar trigonal borate group (BOs) located in the voids between
the ribbons are attached to them by corner sharing (Fig. SMI (b)).

From the structural study on Mg-Fe, Mg-Co-Fe and Co-Fe
warwickites [25] it may be inferred that Co and Mg enter into the
warwickite structure with divalent state, and Fe with trivalent
state. Both (M1 and M2) positions are occupied by a mixture of
Mg, Co and Fe atoms, although trivalent Fe ions prefer smaller
octahedra: M10g in the Mg-Fe and Mg-Co-Fe warwickite, and
M20g one in the Co-Fe compound [25,24].

A. Arauzo et al. / Journal of Magnetism and Magnetic Materials 392 (2015) 114-125

3. Experimental procedure

Single crystals of Mg-Fe, Mg-Co-Fe and Co-Fe, warwickites
were grown by the flux method in the system BiMo301,-B,05-
CoO-MgO-Fe,03 [25]. Needle shape black crystals with a typical
size of 0.5 x 0.2 x 5.0 mm> were obtained.

Ac susceptibility measurements were performed in a super-
conducting quantum interference device (SQUID) magnetometer
with ac option, in the frequency range 0.01 < f < 1400 Hz, with an
exciting field of 4 Oe. Angle dependent magnetization M(6;,T) on
oriented single crystals was measured with a rotating sample
holder option in the SQUID magnetometer up to 50 kOe and with a
vibrating sample magnetometer up to a bias field of 140 kOe.

Anisotropic samples have been oriented with a four-circle X-ray
diffractometer and placed in the sample holder along the desired
axis.

Heat capacity as a function of temperature and magnetic field,
was measured on single crystals using a Quantum Design PPMS
(Physical Properties Measurement System). The crystals were
glued to the sample holder with Apiezon grease.

4. Magnetic properties

In this section a thorough study of magnetic properties of the
three compounds has been carried out. The analysis of the spin-
glass transition and the study of the entangled phases, in relation
to the introduction of the Co magnetic ion in the MgFeBO4 com-
pound have been the main subjects of analysis. Most of the mea-
surements are carried out on single crystals, where special
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Fig. 2. Magnetization temperature dependence, FC and ZFC curves, showing a spin-glass transition for the studied warwickites. (a) Mg-Fe warwickite where no anisotropy is
observed; (b) Mg-Co-Fe warwickite showing small anisotropy and (c) Co-Fe warwickite with well separated curves for the three main axes of the crystal.
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emphasis is done in studying the influence of the anisotropy of the
different magnetic phases.

In the case of MgFeBO,, there exist some previous results
where the spin-glass transition is observed at Tsgc=11 K [12]. At
higher temperatures a Curie-Weiss law is obeyed, with a negative
intercept indicative of AF interactions (9y= —278 K). As T is further
decreased there is a fluctuation regime starting at 100 K below
which magnetic susceptibility is described by a power law y«T~¢,
with a=0.54, characteristic of random exchange Heisenberg AF
chain (REHAC). From the 6y=—278 K value the AF exchange
coupling can be derived, as Oy=2zJS(S+1)/3 (S=5/2 for Fe3*), J/
ks= —23 K. An increase of the magnetic susceptibility below Ts¢ is
observed.

A short note about magnetic properties of Co-Fe warwickite is
also found in the literature [17]. In that work, a low temperature
transition to an antiferromagnetic state with a weak ferromagnetic
component is observed at 30 K. We consider this temperature as
an indication of a spin-glass transition.

Additionally, in a recent Mdossbauer study of MgFeBO,4, and
CoFeBO4 warwickites, spin-glass behavior is revealed at low tem-
perature, with spin-freezing temperatures Tsg of 15.2 and 33.2 K
for Mg- and Co- warwickites, respectively [24].

4.1. Magnetization temperature dependence

Field cooled (FC) and zero field cooled (ZFC) dc magnetization
measurements as a function of temperature were performed on a
single crystal with an applied field of 0.5 kOe at different crystal
orientations. Results for the three compounds are shown in Fig. 2.

FC-ZFC experiments show the typical spin-glass cusp-like
maximum in the ZFC curve with a strong thermo-irreversibility
between the FC and ZFC magnetization at temperatures below the
maximum and the flattening out of the FC magnetization at low
temperatures. Irreversibility is found for the three compounds
below a critical temperature that we assign to the spin-glass
transition temperature Tsg=10, 20 and 22 K in the series, Mg-Fe,
Mg-Co-Fe and Co-Fe warwickites, respectively. Note that the Tsg
is doubled by the introduction of Co. Actually, the Tss is much
larger for Co warwickites than for the other reported hetero-
metallic warwickites (see Table 1).

It can be observed in Fig. 2(a) that the magnetic anisotropy is
negligible for Mg-Fe. In contrast, anisotropy is found in the Mg-
Co-Fe warwickite, though it is small (Fig. 2(b)). It points out clearly
that the Co?* ion induces this anisotropy. This is somehow to be
expected since the Fe>* has no orbital momentum, whereas the
Co?™ in the low symmetry coordination has an orbital contribu-
tion caused by the relevant spin-orbit coupling that gives rise to
single ion anisotropy.

The anisotropy is far larger in the Co-Fe compound with re-
spect to the Mg-Co-Fe warwickite. Noteworthy, in the Co-Fe
compound there is a factor three increase in the magnetization for
the orientation along b axis with respect to needle direction (Fig. 2
(c)). The c axis seems to be a hard magnetization direction, while
the easy axis lies along the b direction. The maximum of the ZFC
curve is at 22 K in the three orientations. The low T behavior is
slightly different when the field is oriented along the hard axis.
The FC curve along a or b axis is flattened below Tsg, which is
characteristic of spin-glass behavior, whereas along the c axis, the
FC magnetization increases below the transition temperature.

The magnetic heat capacity of these samples (see SM, Section
3) presents a rounded shape indicative of absence of long range
order, and compatible with spin-glass behavior [20].

4.2. Magnetic hysteresis

Given the anisotropic behavior observed, a deeper insight can

be obtained performing angle dependent magnetization experi-
ments. Indeed, with the rotating sample holder option which al-
lows measuring the projection of the magnetization along the field
direction, the easy axis of magnetization as a function of tem-
perature for the two Co compounds can be found. By rotating the
sample along a given axis in the presence of an external magnetic
field, induced magnetization along the magnetic field direction is
measured.

4.2.1. CoFeBO4

This compound exhibits the highest anisotropy. When rotating
the sample along the c axis, the maximum in the magnetization
above Tsc is obtained for the field parallel to the b axis. The same
result is observed when rotating along the a axis. Magnetization is
maximum when magnetic field is parallel to the b axis and mini-
mum at 90°, with a 180° periodicity. Therefore the Easy Magne-
tization Direction is the b axis (Fig. 3a).

When the external field is relatively low, for H=0.5 kOe, below
Tsc the magnetization is maximum at the initial orientation of the
crystal after field cooling from T > Tsg, obtaining the minimum at
180°, independently of the crystal orientation. This behavior in-
dicates that magnetization is frozen and does not rotate with the
external magnetic field, thus the measurement just reflects the
projection of the invariant thermoremanent magnetization. The
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Fig. 3. Magnetization upon rotation for CoFeBO,. (a) Rotation around a- axis at
H=0.5kOe. The fit to a cosine function for T=18 K is also shown, where
M=0.0036+0.0019%cos6 (up per formula unit). (b) Rotation around c-axis at
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from #=360° to =0°.
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observed variation with the rotation angle, ¢, can be fitted to a
cosine function for ¢ > 100° (see Fig. 3a). Therefore, in the spin-
glass state, the magnetization does not follow field orientation as
we rotate the sample. Instead, the magnetization remains an-
chored along the FC axis.

When rotating experiments are performed with a high field of
50 kOe, a slightly different behavior is obtained at low tempera-
tures, although fully compatible with the spin-glass character of
the material. For T< 10 K, a hysteretic behavior can be observed
during the rotation. The magnetization for a field of 50 kOe follows
the field direction, but there is an angular shift, which increases as
T decreases. The obtained value at #=0 after completion of the
whole rotation from §=0-360° and back to =0, is much lower
than the initial value (see Fig. 3b).

Some anisotropy remains even at 100 K. Below this tempera-
ture, as T decreases magnetization increases up to a maximum
value at Tsc=22 K. For lower temperatures the starting magneti-
zation at #=0 is in coincidence with the value at Tsc. This is one of
the characteristics of spin-glasses, also shown in the FC curves. The
minimum value, however, decreases for the lowest temperatures.

4.2.2. Mg0‘5COg.5F€BO4

When the crystal is rotated along the c axis, we find that
magnetization has a maximum along the a axis (Fig. 4) contrary to
the Co-Fe warwickite, although below Ts¢ a secondary maximum
in the magnetization when the field is aligned along the b axis is
observed. Anisotropy, even if weak, is noticeable up to high tem-
peratures above Tss and it follows the same trend as in the Co-Fe
compound. At 1.8 K the M(0) pattern is rather complex due to the
high magnetic viscosity at these low temperatures and possibly
due to competing anisotropies.

A comparison of the anisotropy as a function of temperature for
these two compounds is depicted in Fig. 5, where the maximum
and the minimum value of the magnetization when rotating along
the c axis is presented.

Hysteresis loops at low T also show an anisotropic behavior.
Remanence and coercive field vary with orientation, being both
larger for the easy axis. Nevertheless, for all orientations, a dis-
placed hysteresis loop is observed, which is a signature of the spin-
glass state. Hysteresis cycle is recorded after 50 kOe FC from
T > Tsc. This induces thermo remanence (TRM), which is well no-
ticed at H=0 in the ab plane (see Fig. 6). As the loop is traced out,
this metastable TRM decreases with time, giving a lower value at
50 kOe after the whole cycle is completed. When the loop is traced
up to 140 kOe along the easy axis (b axis), the hysteresis cycle is
symmetric. Therefore in this case TRM at 140 kOe and 2.5K is,
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Fig. 6. Hysteresis loops for a CoFeBO, single crystal at 1.8 K after 50 kOe FC for field
parallel (c axis) and perpendicular to needle axis (ab plane) and after 140 kOe FC at
2.5 K for field parallel to the easy axis.

most likely, compensated by the high field. Saturation is never
attained even at such a large field as 140 kOe. The hysteresis loop
closes at the maximum field, showing no reversibility. Similar
results are obtained in the other two compounds, although with
lower values of the TRM and coercivity.

Above T, magnetization can not be fitted to a power law H' ~*
behavior as found for MgTiBO,4 [9], as could be expected for a
quantum magnetic chain type of behavior. Lower T and stronger H
conditions would be needed in order to fulfill that power-law
dependence [15].

4.3. Magnetic relaxation

Magnetic relaxation experiments at low temperature have
been performed in CoFeBO,4 to characterize the spin-glass beha-
vior. The characteristic features of the glassy nature of the com-
pound at T < Ty are detected.

The relaxation experiments have been carried out by measur-
ing the Low Temperature Field Cooled or thermoremanent mag-
netization (TRM) [20]. In a TRM experiment, the sample is cooled
in a weak field, from high T to a T < Tsc. Then, after a waiting time,
tw, the field is set to zero and the magnetization relaxation as a
function of time, M(t) is recorded.

TRM of a single crystal oriented parallel to field was measured
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Fig. 7. Magnetic relaxation of CoFeBO,4: normalized TRM (FC at 0.5 kOe) for dif-
ferent temperatures in log-log scale. The fit curves are also shown.

Table 2
Fit parameters obtained for M(t) as a function of T.

1.8 K 10K 18K
Value Standard Value Standard Value Standard
error error error
Mo 154 0.03 114 0.01 110 0.01
tp 1292 122 2332 113 1252 30
1-n 0113 0.005 0.236 0.004 0.348 0.007
SH 0.058 0.002 0.057 0.001 0.036 0.001

at 1.8, 10 and 18 K, after FC at 500 Oe from 50 K. M(t) has been
measured after t,,=10 s. Results are shown in Fig. 7.

The obtained M(t) data have been fitted to the sum of a stret-
ched exponential and a logarithmic decay:

M(t) = Mgexp( - (r/tp)l’") + SH*In(t) M
Where M, and t, depend upon T and t,, 1—n is the exponential
grade, which goes from n=0, where we have a Debye single time
constant exponential relaxation, to n=1, where M(t) would be
constant (apart from the logarithmic term). The value of n governs
the relaxation rate from very strong to none at all. SH is the re-
laxation rate constant in dynamical equilibrium, which only
weakly depends upon the time and waiting time. The time decay
is logarithmic for t < t,, and t > t,. Results of the fit parameters are
summarized in Table 2.

From these relaxation experiments we can see the tendency of
the stretched exponential grade 1—n to decrease as T decreases.
The relaxation is slowed down at low temperatures.

The magnetic relaxation and memory effects give strong evi-
dence of glassy dynamical properties associated with magnetic
disorder and frustration.

4.4. AC magnetic susceptibility

4.4.1. Low T: spin-glass behavior

The spin-glass transition can be clearly observed in ac magnetic
susceptibility temperature dependence in the three compounds.
For these measurements a single crystal was not large enough to
give a good signal to noise ratio, so in most cases the collective
signal for several samples was measured, all oriented along the
easy plane. As an example, the temperature behavior of real ' and
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Fig. 8. AC Magnetic susceptibility as a function of temperature and frequency for
Mgy 5Cop5FeBO,4. Out of phase component is represented in the secondary axis for
10 Hz. Inset: larger temperature scale showing the maximum frequency dependence.
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Fig. 9. Variation of the spin-glass transition temperature as a function of frequency.
Data obtained from y,(w). Fit to a critical slowing down law (dashed lines).

imaginary »” components of magnetic susceptibility of Mg-Co-Fe
warwickite are shown in Fig. 8, where a cusp-like maximum at
about 20 K is observed at low frequency. As frequency increases,
the maximum shifts slightly but neatly towards higher tempera-
tures, decreasing its intensity. Temperature shift is relatively small
for a change in frequency of four decades. The increase of the
maximum intensity at low frequencies is about a 5% of the peak
value. A similar increase is found for the Co-Fe warwickite, and a
6% in the case of the Mg-Fe compound. The out-of-phase ac sus-
ceptibility signal is only plotted for a frequency of 10 Hz, showing a
step like transition at Tsc.

The frequency dependence of the y,. maximum temperature
has a clear spin-glass tendency signature. A way to evaluate the
frequency sensibility is to calculate the p factor, defined as p=AT,
[T, A(log f)]. This value is of about 0.025 for the Co-Fe, 0.021 for
the Mg-Co-Fe and 0.014 for the Mg-Fe warwickite, close to values
found in canonical spin-glasses where p varies in between 0.005
and 0.018 [20]. This low p value anticipates the failure of an Ar-
rhenius law fitting, which gives non-physical parameters.

Instead, we have made use of the dynamical scaling theory
near a phase transition at T, to obtain a fit of the maximum fre-
quency dependence (see Fig. 9). According to this hypothesis, the
relaxation time close to the transition follows the critical slowing
down law, which in terms of frequency stays:

f=fo(Tw)[T, - 1)* @
where T(w) is the spin-glass transition temperature as a function of
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Table 3
Best fit parameter for the y,. maximum frequency dependence.

Tsc (K) T (K) fo (Hz) k22
Mg-Fe 10 11.1+0.1 3.0+0.1x10° 5+1
Mg-Co-Fe 20 19.9+0.2 6.7+0.1 x 10° 7+1
Co-Fe 22 20.4+0.2 12+0.1x 10" 14+1

the frequency and T, is the phase transition temperature in the
limit of zero frequency.

The best fit parameters are given in Table 3. The spin-glass
transition temperature obtained from the FC/ZFC experiments is
given for the sake of comparison.

The obtained parameters are quite reasonable for a spin-glass
as compared to those found in other systems. Moreover, the T,
values are in good concordance with the experimentally obtained
Tsc. The dynamical critical exponent, zv, agrees well with those
reported for spin-glasses, namely in between 4 and 12 [20].

The zv and fp values increase with increasing Co content. This
result agrees very well with the tendency obtained for the mean p
value calculated for these compounds. Therefore, in these war-
wickites, a decreasing degree of disorder and frustration takes
place upon substitution of Mg by magnetic Co ion.

4.4.2. Intermediate T: random singlet phase

In the intermediate T range, in between the spin-glass transi-
tion and the paramagnetic behavior, we have a Fluctuation regime
where y is proportional to T~ (characteristic of random exchange
Heisenberg AF chain REHAC). We observe such a potential de-
pendence in all the compounds in the log-log 4(T) plot. The ex-
ponent is similar for the pure compounds, «=0.62 and 0.63 for
Mg-Fe and Co-Fe respectively, and lower for the mixed war-
wickite, 0.45. In a previous work [12] they obtain a=0.54 for Mg-
Fe warwickite, although this value depends on the fitted tem-
perature range. Similar values of « have been found in the S=1/2
MgTiOBOs warwickite, where a further analysis allows to quantify
quantum entanglement in this low-dimensional spin system [11].

In the temperature range where random magnetic chains are
formed, magnetic susceptibility can be used as a macroscopic
entanglement witness. As demonstrated elsewhere [21], when the
condition y < NS/3kgT is fulfilled, where y is the averaged zero-field
susceptibility, S is the spin of the system and N is the number of
spins per mol, the solid state system contains entanglement be-
tween individual spins. Entanglement can be measured by the
quantity E, defined as:

X T X, TX,
E=1— k|22 "%

(gﬂs)2N5 3)

According to this definition, the system is entangled when
E>0. This parameter quantifies the entanglement, which is
maximum, E=1, for the extreme case of a singlet state of N spins,
where yx+xy+x,=0.

We have quantified the entanglement in the three studied
warwickites taking the measurement of the magnetic suscept-
ibility for a collection of crystals as a mean value of yx+x,+ 1z
Following the calculation of magnetic susceptibility as a function
of the sum of variances of individual spins [21], the contribution of
the different S=5/2 for the Fe** and S=3/2 for Co?>* has been
considered as additive in Eq. (3). Therefore for a system with two
sets of different spins, S; and S,, the entanglement witness can be
quantified as:
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Fig. 10. Calculation of E(T) for the three compounds (Eq. 3). Entanglement (E > 0) is
observed for temperatures below 130 K.
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Fig. 11. Inverse of magnetic susceptibility versus temperature for MgFeBO, (solid
squares), MgosCog sFeBO, (solid circles) and CoFeBO, (solid triangles) showing the
fit to a RSP (Eq. 4). Inset: Temperature dependence of the exponent «(T). The line is
the fit to the theoretical curve (see the text).
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Results are given in Fig. 10, where it can be clearly seen that
entanglement is present in these systems up to temperatures of
about T;=130 K, above which a Curie-Weiss paramagnetic beha-
vior is foreseen.

On the other hand, the analysis of the temperature dependence
of the a exponent gives insight into the phase diagram of the
random magnetic chains [11]. We are dealing with S>1/2 sys-
tems, with S=5/2 REHAC for Mg-Fe compound, and S=3/2 and
S=5/2 REHAC system for the Co-Fe and Mg-Co-Fe warwickites.
Therefore these systems, with strong disorder are prone to form a
random singlet phase (RSP), where singlets of pairs of arbitrarily
distant spins are formed [28]. For RSP, experimental magnetic
susceptibility can be described with [29]:

1

XX
Tin*(Q,/T) ©)

which is equivalent to a T-*" function with a slow varying
a(T)=1-2/In(220/T). Magnetic susceptibility data have been
fitted to Eq. (5) for Tsc<T<Tg (see Fig. 11). The thermal
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Table 4

Curie-Weiss law fit parameters obtained from the y~'(T) in the high T regime.
Estimated C value considering the spin states of the different ions is given for
comparison (see the text).

TIP C 0 (K) Estimated C
(emumol~'")  (emuKmol™ ') (emu K
mol 1)
Mg-Fe 0 4.0+04 —283+30 437
Mg-Co-Fe 1x10~4 53+04 —317+30 531
Mg-Co-Fe 2x10°4 51+04 —302+30 5.31
Co-Fe 2x10°4 6.5+04 —-315+30 6.25
Co-Fe 4x10~4 6.2+04 —307+30 6.25

dependence of the exponent «(T) can be obtained considering that
a(T)= —d(In(y))/d(In(T)) (see inset Fig. 11).

The similar thermal dependence of the exponents a(T), with
slowly varying functions of temperature, is a signature that the
three compounds are in a RSP in the intermediate temperature
region [29]. Therefore, we can conclude that the susceptibility in
the REHAC phase is characterized by a random singlet phase
behavior.

4.4.3. High T: paramagnetic regime

Above Tg there is no entanglement, the spin wave functions
become factorizable and the magnetic susceptibility shows a
paramagnetic Curie-Weiss behavior with a non-negligible tem-
perature independent paramagnetism (TIP) contribution. This
contribution can be attributed to a Van Vleck component of Co?*
ions. From the fit of the y~! curve we can obtain the typical Curie-
Weiss law parameters (see Table 4). In the fitting process typical
Co?* TIP values, as obtained in the literature are considered [30].
Two sets of values of two different TIP values are shown in order to
have an estimation of the variations of the fitted parameters.

The values obtained from the fit of the Mg-Fe warwickite are
similar to those reported in the literature. We observe an in-
creasing trend in the C value as we increase the Co content, as
should be expected for non interacting paramagnetic entities. The
0 value is negative in all cases, and of the same order, indicating
dominant antiferromagnetic interactions. The magnitude slightly
increases when Co?* magnetic ions are present, although nothing
can be asserted about the tendency in the three compounds, given
the inaccuracy of the fitting procedure in this case.

It is important to estimate the expected values of the effective
moment (expected C value) per formula unit in the paramagnetic
phase for the studied set of warwickite compounds. We have
considered that, the orbital component of magnetic moment is
neglected and the spin component of the effective moment is
calculated according with the formula: ;452 = zigfs,-<s,-+ 1), ac-
counting for the contribution of each type of transition ions. We
assumed that all ions are in the high spin state and that all iron
ions are in trivalent state. The spin values of magnetic ions are the
following: (Co?*: §=3/2, and Fe>*: S=5/2), g=2. There are one
divalent ion and one trivalent ion per formula unit. Then for
MgFeBOy4, ps = 5.916 pp, giving an expected C value of 4.37. For
Mgo5C005FeBO4, ps = 6.52 pg, C=5.31emuKmol~! and for
CoFeBO4 ps = 7.07 pg, C=6.25 emu K mol .

5. Superexchange interaction

To explain the magnetic behavior of warwickites under in-
vestigation, estimates of the superexchange interactions at T=0 K
are needed. We have used the simple model of superexchange
interactions [31,32] applied earlier to the analysis of the complex
magnetic structure in Coz0,B03, Co,FeO,B03 ludwigites [33,34],

Cos3B,0¢ cotoites [35] and Mn,BO4 warwickite [8], where it was
found to describe the experimental results satisfactorily. The cal-
culation is restricted by the nearest-neighbor approximation; i.e.
only the interactions along the short M-O-M bonds are con-
sidered, while the long bonds M-O-M-0-M and M-0-B-0-M are
neglected.

The warwickite structure has several types of indirect cou-
plings: 93°, 95°, 98¢, and 102°, which can be assigned to 90° ex-
change interactions, as well as 118° and 125° exchange interac-
tions. They are described by nine exchange integrals J1-J9 (see
Fig. 12). The J1-J6 are intra-ribbon interactions, while J7-/9 are
inter-ribbon ones. In the 2-1-1-2 row the connected octahedra of
the neighboring cations with common edges results in the ex-
change couplings with an angle of 98° (J1) and 95° (J2), respec-
tively. The octahedra belonging to the adjacent rows, that are
connected by a common edge, allow indirect couplings 98° (J3),
93-102° (J4, J6), and 95° (J5). The octahedra connected by a
common oxygen ion belonging to the neighboring ribbons allow
indirect couplings of 118° (J7, J8) and 125° (J9). The full set of the
orbitals pairs participating in the coupling is listed in Table SMIIL.

The antiferromagnetic (AF) and ferromagnetic (F) contributions
from the six overlapping 3d-ligand-3d orbitals give rise to the
superexchange integral J. The total integral of cation-cation ex-
change interaction J can be calculated as a sum of individual orbits
exchange integrals

5d) 3

1 1
J=zZstj’if"'

ij=1p=1 >t (6)

where S; and S; are the interacting cations spins; the sum accounts
for the five magnetic ion d-orbitals and three p-orbitals of the li-
gand; [P is the superexchange interaction integral between the
individual orbitals i, j of two cations via oxygen p orbital. Inter-
actions between two filled or two empty orbitals are neglected.

Taking into account superexchange bonds selected by lattice
symmetry, one comes to the expressions for the exchange in-
tegrals corresponding to the cation pairs Co?*-Co?*, Co?*-Fe3+,
Fe3+-Co?™, and Fe3*-Fe3* (see Table SMIV). The calculated va-
lues of the cation-cation superexchange interaction are given in
Table SMV.

In order to estimate the superexchange interactions in the
studied warwickites we need to take into account the contribu-
tions of the different cations pairs Co?*-Co?*, Co?*-Fe3+, Fe3+-
Co?*, Fe3*-Fe>* to the total exchange integral. The site occupa-
tion factor as obtained from Mdssbauer data [24] is used as a
probability of each pair. We restrict this calculation to the Mg-Fe
and Co-Fe warwickites, as we do not have a precise cation dis-
tribution estimation for the Mg-Fe-Co warwickite. Detailed cal-
culations are given in Supplementary Material.

5.1. MgFeBO,

Both M1 and M2 ions are located in compressed oxygen octa-
hedra. The singly occupied five d-orbitals of Fe>* ions interact
antiferromagnetically. It leads to a negative value for all the Fe** -
Fe** integrals J1-J9 (see Tables SMIII and SMV). The strongest
interactions are intra-ribbon interactions J1-J6.

The crystallographic positions are divided into magnetic sub-
lattices. The number of magnetic sublattices is determined by the
different cations number, nonequivalent local cation positions
number relative to the principal crystal axes, and interaction sign
between the nearest neighbors at last. In the warwickites of in-
terest the octahedra principal axes have four different directions
relative to the cell axes. Let warwickite be considered as a mag-
netic system consisting of eight magnetic sublattices in which
crystallographic positions M1 and M2 are divided into four
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b

Fig. 12. (a) the intra-ribbon indirect exchange interactions (J1-J6) and (b) inter-ribbon ones (J7-J9) in the MgFeBO, warwickite. Numerals indicate the belonging of a
crystallographic position to a magnetic sublattice. The frustrated bonds are highlighted red. The interactions strength is shown by the lines thickness. The magnetic moments
direction (randomly chosen relative to the crystallographic axes) demonstrate the ordering and disordering bonds. The non-equilateral triangles are highlighted by the
circles. (For interpretation of the references to color in this figure legend,the reader is referred to the web version of this article.)

Table 5
The indirect exchange integrals (K) in the
MgFeBO, and CoFeBO, warwickites.

Mg-Fe Co-Fe
n -1.26 —3.82
J2 -1.89 —3.26
3 -1.26 -3.82
J4 -1.89 0.15
J5 -1.89 0.15
J6 —0.84 —2.50
J7 -042 -2.26
J8 —-042 -1.96
J9 —-0.52 —2.83

magnetic sublattices: 1a, 1b, 1¢, 1d and 2a, 2b, 2c, 2d (Fig. 12).

Calculated exchange interaction parameters in MgFeBO, are
given in Table 5. With these values, the mutual orientation of the
sublattice magnetic moments are deduced and plotted in Fig. 12.

The main results we found within the framework of our simple
model calculation are that: i) in the MgFeBO, the strongest or-
dering antiferromagnetic interactions are the intra-ribbon ones
coupling the cations along the c-axis (J4, J6) (see Fig. 12(a)). It leads
to the appearance of the magnetic chains 2a-2c-2a, 1a-1c-1a, 1b-
1d-1b, and 2b-2d-2b. ii) The net inter-chain interaction is negli-
gible since the intensity of the ordering interactions J3, /5 and
disordering ones J1, J2 are equal (see Table 5). iii) There is doubling
of the magnetic cell along the c-axis. It is necessary to note that a
magnetic supercell with twice the volume of the structural cell
was also found by neutron diffraction in Mn;BO,4 warwickite [7] iv)
The inter-ribbon bond is strongly depressed due to frustrating in-
teractions J8, J9 (Fig. 12(b)). The antiferromagnetic spin chains
along c-axis and frustrating inter-chain bonds, as well as weak
inter-ribbon interactions, do not allow the on-set of long range
magnetic order.

5.2. CoFeBO4

Let us consider the Co?>*-Co®* cation pair. For Co®* ions the
dyy, orbital is doubly occupied in a compressed octahedron. The
seventh electron occupies with the same probability the d,,, d,,

orbitals, and each of these orbitals can be occupied either singly or
doubly. The antiferromagnetic interactions J1, J2, J3 are con-
siderably compensated by the ferromagnetic interactions induced
by the overlapping of the singly occupied d,?, ds*,? orbitals and
doubly occupied t,g ones, as well as singly and doubly occupied t,g
orbitals. The strongest interactions are those between the rows (J4,
J5, J6) (see Table SMV). The orbitals overlap is such that all six
contributions to the interaction have ferromagnetic nature, re-
inforcing the positive contribution to these integrals. The inter-
ribbon interactions (J7, J8, J9) have predominantly anti-
ferromagnetic character, which is enhanced by a negative con-
tribution from the e,' - 0:2p - e,' orbitals overlap.

The calculated local magnetic structure, depicting the short
range order, is presented in Fig. 13. The cations belonging to the
magnetic sublattices 1a-d are subject to the strong ordering ex-
change interaction from the adjacent sublattices 2a-d. The nega-
tive interactions J1 and J9 reinforce each other and impose the
magnetic structure (mutual orientation of magnetic moments).
The antiferromagnetic interaction J2 and ferromagnetic one J4
support the AF structure inside the 1a-1d sublattices, while the J5
is a frustrating coupling (Fig. 13(a)). The relatively strong dis-
ordering interactions J6 are active only within the sublattice 2a.
The ordering interactions in the position M1 are stronger than the
ones in the M2 position. At the same time, the strength of the
disordering interactions in the M2 position is greater than that in
the position M1.

In a molecular field approximation for the multisublattice
model the exchange fields acting on the magnetic ions are defined
by the competition between ordering and disordering interactions.
For the MgFeBO, example, the estimations of the exchange fields
H,,; acting on the magnetic ions belonging to the 1a and 2a sub-
lattices have given the values of HJ¢ = 60.7 and H2® = 21.6 kOe,
respectively. Such competition leads the magnetic moments at the
different magnetic sites to become canted with respect to the
average easy magnetization axis. The canting angle can change
from site to site due to the variable molecular field. So, according
to the simple superexchange interaction model the warwickites
under investigation can be considered as non-collinear antiferro-
magnets where the canting angle of the magnetic moments has a
random value.
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a

Fig. 13. The magnetic moments orientation obtained from the exchange interaction calculation and intra-ribbon indirect exchange (a) and the inter-ribbon ones (b) in the
CoFeBO4. The magnetic moment direction is arbitrarily chosen in ac-plane. The interactions strength is shown by the line's thickness. The frustrated bonds are highlighted

red. The non-equilateral triangles are shown by the circles.

6. Discussion

In the following discussion, the main results on the physical
properties studied in this work are summarized first, highlighting
the spin-glass transition, observed magnetic anisotropy and the
entanglement in the random singlet phase. Then, the origin of
magnetic anisotropy as due to the Co?* ion has been analyzed. The
possible causes of the spin-glass state are presented and compared
to other related compounds. Finally, the spin-glass state is inter-
preted in terms of the simple indirect coupling model of com-
peting interactions.

The compounds studied in this work display a spin-glass tran-
sition at low temperatures, being Tsc= 10 K for MgFeBO,4, Tsc=20 K
for Mgy sCopsFeBO, and Tsg=22 K for CoFeBO4. There are many
signs pointing to a spin-glass behavior: 1) the pronounced irrever-
sibility in the FC/ZFC curves; 2) the flat low temperature depen-
dence of the FC magnetization curve; 3) the non saturation of the
magnetization even at magnetic fields as high as 140 kOe; 4) the
observed thermo-remanence and the hysteresis loops shifted in
magnetic field; 5) low temperature experiments have shown

magnetic relaxation and memory effects in the thermo-remanence
magnetization suggesting glassy dynamical properties associated
with magnetic disorder and frustration. Besides, the analysis of the
frequency dependence of the magnetic susceptibility cusp around
Tsc gives dynamical behavior parameters close to those of canonical
spin-glasses. In addition, from temperature dependence Mossbauer
experiments it has been found that at T < Ts¢ the average hyperfine
field fulfills < Hyp> go<(Tsg—T)'?, characteristic of short range spin-
glasses [24].

Quantum entanglement appears at temperatures in between
Tsc and about Tz=130K, confirming the existence of random
magnetic chains, as in other heterometallic warwickite com-
pounds [9-14]. At high temperatures (T > Tg), these systems follow
a Curie-Weiss law with AF interactions. These AF couplings are
due to intra-ribbon interactions giving rise to the low dimensional
magnetic behavior at temperatures above the spin-glass transition.
Moreover, it is slightly enhanced by the introduction of cobalt.

It is worth to underline the behavior of these systems above Tsg
where random magnetic chains undergo fluctuations which are
described under the random singlet phase. The studied
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compounds are low-dimensional spin systems, perfect candidates
to quantify quantum entanglement.

As stated in the Introduction, the main scope of this work is to
analyze the influence of cobalt introduction in heterometallic
warwickites. At this point, we can assert that the inclusion of
magnetic Co ions in the series has the following effects: i) to in-
crease of the spin-glass transition temperature, ii) to increase the
magnetic net moment per formula unit, and iii) to induce an
uniaxial anisotropy, which is neatly marked for the CoFeBO,4 sys-
tem, where the b-axis is the easy axis of magnetization, while the
c-axis the hardest magnetization axis. This anisotropy appears
already in the paramagnetic state, increasing as cooling, and being
maximal in the spin-glass regime. It can be attributed to a single
ion anisotropy of the Co®* ion, which typically induces magnetic
anisotropy due to the non-quenched orbital contribution of the
ground state. Indeed, taking into account spin-orbit coupling,
Co?* in a distorted octahedral field can be described by two
Kramers doublets separated by about 100 cm~!. At high tem-
peratures the system behaves as an effective S'=3/2 state with a
residual orbital contribution which gives an effective momentum
in between 4.7 and 5.2 pp. At low temperatures, only the lowest
Kramers doublet is populated. Orbital contribution from the
nearest level results in a large anisotropy in the g value as the
crystal field departs from cubic symmetry.

In Co-Fe warwickite, Co?* is in the center of an oxygen octahe-
dra, similar to the coordination of cobalt ferrite [36]. The easy axis of
magnetization of cobalt ferrite lies in the [100] direction, and its
anisotropy is very large compared with other ferromagnetic ferrites,
such as Mn, Fe and Ni ferrites, where the easy direction lies along the
[111] axis. In general, the presence of Co?* ions in ferrites, induces a
high anisotropy which always lies in the [100] direction. Moreover,
the substitution of divalent metallic ions by a small amount of cobalt
causes the change of easy direction of magnetization from [111] to
[100]. So, we may expect by similarity to the ferrite case that this
magnetic anisotropy arises from the low symmetry crystalline field of
octahedral Co?* sites, due to the charge distribution caused by
neighboring Co?>* and Fe** ions [36].

A striking feature of the magnetic properties of our compounds
is a change in magnitude and anisotropy axis when substituting
Mg?* ions partially or totally by Co?* ions. In Co-Fe warwickite,
similarly to cobalt ferrite, charge distribution due to Co?>* ions in
the ab plane would induce the observed anisotropy with easy axis
along b direction. In Mg-Co-Fe warwickite, however, with half
Co?* ions, the probability to have a Co?>* neighbor in the ribbon
row is highly reduced, resulting in a reduction in the anisotropy of
the magnetization, being the easy axis the a direction. Never-
theless, a small contribution is still observed, as evidenced by the
secondary maximum observed in the M(0) for the Mg-Co-Fe
warwickite along the b axis (Fig. 4). In the structural study [25] it is
found that Co addition gives rise to the distortion of CoOg octa-
hedron, with M-0 bond anisotropy increasing upon Co content.
Therefore, induced anisotropy in Co warwickites may be asso-
ciated to the modification of the Co?* crystal field due to the
charge differences beyond the first coordination of oxygen atoms;
i.e. because of the Co?* charges, as in ferrites.

Most hetero-metallic warwickites show typical spin-glass
transition (Table 1). All systems show high negative Weiss tem-
perature ¢ and rather low magnetic ordering temperature Tss. The
former indicates the prevailing antiferromagnetic interactions. It
has been proposed that the magnetic frustration level can be es-
timated using the ratio of |6|/Tsg [37]. For instance, for ferro-
magnetic materials |@|/T.~1, for antiferromagnetic systems,
|6|/T.~2-5. A high degree of frustration in a magnetic ordered
system occurs for |@]/T. > 10. For the majority of the warwickites
of interest the value 16l/Ts; is in the range of 8-37 that are

consistent with a high level of frustration. Interestingly, in
MnScBO4 both 4= —60 K and Tsc=2.7 K are much lower than for
the Mn,BO,4 and corresponding Fe-containing samples but the
frustration ratio is still large 22.2. These values were found to be
28.3, 15.5 and 14 for MgFeBO,4, Mg 5CogsFeBO4 and CoFeBO, re-
spectively. Therefore a high degree of frustration is present in the
studied warwickites.

Using a simple indirect coupling model, disregarding other
exchange mechanisms and the magnetic anisotropy, we have
calculated the exchange integrals in two Mg, Co, and Fe- con-
taining warwickites and offered a simple scenario of the magnetic
interactions. According to this scheme strong intra-ribbon ex-
change is dominant giving rise to the low dimensional phase,
which can be classified as a RSP. The weaker inter-ribbon cou-
plings and a high level of magnetic frustration set on spin-glass
behavior below Tsc.

Indeed, it is well known that the spin-glass behavior is a result
of the randomness of the value and sign of the exchange interac-
tions and can be caused by crystallographic or magnetic disorder,
and frustration. The latter is found when competing interactions
between the magnetic moments in a triangular lattice are effec-
tive. Previous structural analysis [25] clearly indicates the ex-
istence of atomic disorder in all three warwickites under in-
vestigation. In addition, several types of triangular motifs can be
distinguished both inside the ribbon and between the adjacent
ribbons (see Fig. SMI and Fig. 12). Three isosceles triangles are
resolved inside of the ribbon involving different exchange cou-
plings J1-J3-J6, J2-J4-J5 and J1-J3-J4 (Fig. 12(a)). A bit more
complex bond geometry exists between the adjacent ribbons.
Three types of triangles can be singled out: one is the isosceles
triangle J4-J7-J8 and the other two are scalene triangles with
exchange couplings J2-/8-J9 and J5-]7-/9. At least one out of three
exchange bonds in the triangles, both inside the ribbon and be-
tween them, induces frustration. The mutual orientation of the
magnetic moments predicted with the calculated exchange AF
integrals J2, J8, and J9 inside the non-equilateral triangle help to
create frustration. All this indicates high level of frustration in the
Fe-containing warwickite.

In MgFeBO, there is just one type of magnetic ion Fe>*. If all
metallic sites were occupied by Fe3* ions, the magnetic frustration
level would be high since the ordering and disordering AF bonds
are almost equal in number (see Table SMV). The Mg addition
breaks the magnetic bonds and leads to a decrease in magnetic
frustration degree. Experimentally it is expressed as spin-glass
behavior with relatively low Tsc=10K. The strongest ordering
antiferromagnetic interactions J4, J6 give rise to the doubling of
the magnetic cell along the c-axis. The magnetic structure of
MgFeBO, can be represented by antiferromagnetic Fe>* chains
extended along the c-axis. The magnetic coupling between the
adjacent chains is weakened due to disordering interactions J1, J2,
J8, J9. This feature leads to the effective magnetic quasi 1D struc-
ture of MgFeBO,4. The antiferromagnetic spin chains along c-axis
and frustrating inter-chain bonds, as well as weak inter-ribbon
interactions, favor the spin-glass state.

When Co?* (S=3/2) substitutes for diamagnetic Mg?*, Tsc
increases up to 22 K. Though the inter-ion distances in the trian-
gles remain almost unchanged [25] the Co?* addition changes the
coupling signs, and brings about a change of the exchange in-
tegrals values. The magnitude of the exchange interactions (J) in-
creases (Table 5). The substitution of Fe** (S=5/2) by diamagnetic
Mg?* decreases considerably the average spin <S> per site in
MgFeBO,4. On the contrary, in CoFeBO,4 both positions are occupied
by magnetic ions Fe*>* and Co?* (S=3/2), that induces an increase
in the average spin. Both the exchange integral J and spin <S>
actually determine the exchange energy and can give rise to an
increment in Tsg in CoFeBO4. The level of spin frustration in
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CoFeBO,4 remains high (|6|/Tsc ~ 14) but is smaller than that in
MgFeBO,4. A rough estimation of the ratio of frustrating to the total
number of exchange couplings is ~40 % in MgFeBO4 and only
~30% in CoFeBOg4. One can see that inside the ribbon two kinds of
triangles with one frustrating bond are formed (Fig. 12(a)). Along
with AF interactions, the FM ones J4 and J5 exist. The strong AF
interactions (J1, J2 and J3) and FM interaction J4 gives rise to AF
ordering coupling in the row 2-1-1-2, with ferromagnetic cou-
pling between the rows. The interactions between the adjacent
ribbons J7, J8, J9 are weaker than those inside the ribbons J1-J6
due to the fact that the pathways consist of common oxygen atom
and M-0-M angles 118° and 125°. In the triangles connecting
adjacent ribbons with the bonds of J4-]7-J8 and J5-J7-J9, the
exchange interactions are doubly frustrating. On the other hand,
the triangle with the bonds J2-J8-J9 has just one frustrating in-
teraction (Fig. 12(b)).

7. Conclusions

The warwickite structure of MgFeBO,4, MggsCogsFeBO, and
CoFeBO, warwickites is formed by weakly coupled magnetic rib-
bons. They display a spin-glass behavior at low temperatures,
showing magnetic anisotropy in the Co substituted compounds.
The three compounds show quantum entanglement behavior
2 T)xT~* between Tsc the spin-glass transition temperature, and
Tk, the entanglement temperature region threshold, (intermediate
region). The o parameters have been deduced as a function of
temperature and Co, indicating the existence of random singlet
phase in this temperature region.

Our results points to the randomness in the crystal site occu-
pation; i.e. intrinsic disorder due to the presence of different metal
ions and disordered substitutional atomic arrangement, and the
presence of triangular motifs with competing interactions due to
the crystal structure of the warwickite as the main causes for the
low temperature spin-glass behavior of these systems. Indeed, the
strong competing AF interactions among the magnetic moments
in the triangles leads to high frustration level and does not allow
the on-set of long magnetic order.

We may conclude that these compounds undergo a spin-glass
transition that is caused by spin short range correlations, with
frustration and chemical disorder as the mechanisms governing
the transition.

The introduction of Co?* induces uniaxial anisotropy since a
preferred magnetization direction is imposed by the crystalline
field. The different magnetic easy axis directions in Mg-Co-Fe and
Co-Fe compounds is attributed to different charge distribution of
neighboring Co?* ions. The substitution of Mg?* by Co®* has the
additional effect of increasing the net exchange interaction, re-
sulting in a higher spin-glass transition temperature and a lower
degree of frustration.
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