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The temperature dependence of the resistivity of single crystalline Mg;_,CosFeBO,4 samples with x = 0.0,
0.5, 1.0 is investigated for the temperature range (210-400 K). The conduction was found to be governed
by Mott variable-range hopping (VRH) in the low-temperature range (T =210-270 K) and by thermo-ac-
tivation mechanism in the high-temperature range (T = 280-400 K). Microscopic electronic parameters,
such as the density of the localized states near the Fermi level, localization length, the hopping length,
and the activation energy have been obtained. The change of the activation energy observed at high-tem-
perature range was attributed to local structure distortions around Fe and Co atoms. The complicated
behavior of charge transfer mechanisms is discussed based on two approaches: atomic disorder and elec-

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The great interest in the borates as functional materials is due
to their unique optical, luminescent, non-linear (NLO) and laser
properties [1,2]. These compounds could have a wide application
in spectroscopy and as a self doubling laser media [3,4]. The tran-
sition metal borates are attracting a special interest as magnetic
semiconductors with strong electron correlations in 3d shell [5-7].

A family of heterometallic warwickites Mg;_,CoFeBO, was
recently characterized from the structural and magnetic points of
view [8-10]. In particular, the compounds were identified by
means of an X-ray crystallographic study, as belonging to the
orthorhombic symmetry with space group Pnma [8]. Three kinds
of ions Mg?*, Co?*, and Fe*" are located at two structurally distinct
octahedral sites 1 and 2. Four octahedra that share their edges are
stacked in the sequence 2-1-1-2 (row). These rows are linked form-
ing flat ribbons extending along the short c-axis.
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In a X-ray diffraction structural refinement and Mdossbauer
study it has been shown that there is intrinsic disorder due to
occupation of the octahedral sites by different metal atoms [8,9].
X-ray absorption spectroscopy (XAS) investigations reveal local
structure distortions around the Fe and Co atoms gradually
increasing with increasing Co content. Magnetic properties of
MgFeBO,4, Mgy 5Cog sFeBO4, CoFeBOswarwickites have been exper-
imentally and theoretically studied [10]. It has been found that all
these systems undergo a spin-glass transition at rather low tem-
peratures (Tsg = 10, 20, and 22 K, respectively), where short range
ordering sets-on. The mechanisms that give rise to the spin-glass
behavior are: site occupation disorder by Fe?*, Fe*, Co?" at the 1
and 2 positions, and a high level of magnetic frustration caused
by competing exchange interactions in triangular sublattices. The
introduction of Co?" induces uniaxial anisotropy with b-axis as
the easy magnetization direction. In this paper, we describe the
electronic transport properties of Mg-Co-Fe warwickite system
obtained through electrical resistivity measurements.

The hetero metallic warwickites, M>*M'3*BO,, where M?*, M">*
are transition metal ions, are expected to be insulating systems
due to the combination of disorder effects and strong electronic
correlations in the 3d shell of the transition metal cations.
Instead, iron homo metallic warwickite (M = M’ = Fe) is known to
be semiconductor with rather small activation energies [11,12].
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The Fe,BO, was found to be a L-type ferrimagnet with a
transition temperature of Ty =155K and the magnetic moments
at the 1 sites being aligned antiparallel to those at the 2 sites,
as deduced from neutron diffraction experiments. Mn,BO, is
anantiferromagnet with drastically smaller critical temperature
of Ty=26K in comparison to Fe,BO4 [13-15]. Both materials
display charge ordering (CO). At present, the nature of CO in the
warwickites is a subject of intense discussion. The temperature
dependence of CO in Fe,BO, was extensively investigated by
resistivity and differential scanning calorimetry measurements,
Mossbauer spectroscopy, resonant X-ray diffraction, transmission
electron microscopy, and electronic-structure calculations
[16-22]. It was found that there is a commensurately charge
ordered (CCO) phase below the CO transition temperature
Tcco = 280 K, with integer iron valence difference Fe?* and Fe**
alternating in the a-axis direction. The intermediate temperature
range (Tcco < T< Tco, Where Tco =340K) is characterized by the
onset of the temperature-dependent lattice incommensurate CO
phase with presence of mobile and immobile carriers. Moreover,
there is a valence fluctuating state (Fe**-Fe>* electron hopping)
above Tco, i.e. above the structural transition from monoclinic to
orthorhombic symmetry.

Fe,BO, shows a broad semiconductor-to-semiconductor
transition at ~317 K with a small decrease of the activation energy
from 0.35 to 0.31 eV K [11]. Below the T¢q transition, the resistivity
exhibits a broad anomaly and large thermal hysteresis. Pressure
dependence of Tcco and resistive switching in the incommensurate
phase were characterized in a recent work [16]. Additionally,
Leonov et al. [23] have presented a theoretical investigation of
the electronic structure of the Fe,BO,4 using the local spin density
approximation (LSDA) + U method. They concluded that one needs
to take into account a strong Coulomb interaction (U =5.5 eV) for
Fe to predict an insulating charge-ordered solution with the energy
gap of 0.39eV. Ab initio calculations and electron energy-loss
spectroscopy (EELS) measurements have been performed on the
CO state [22]. Electronic structure calculations using GGA + U
predict a CO structure with a supercell of 2a x b x ¢ and the CO
modulation along the a-axis. Both local structural distortions and
electrostatic repulsion were found to be important for the correct
description of the CO state properties. An insulating state with an
energy gap of 0.39 eV has been obtained for an onsite Coulomb
repulsion U =4 eV.

In spite of the success in the investigations of the homometallic
iron warwickite there is a lack of electronic properties characteri-
zation of other members of the mentioned family. To the best of
our knowledge, no electronic transport properties on heterometal-
lic warwickites have been reported so far, except for MgTiBO,4 [24].
Marcucci et al. have performed a multiorbital tight-binding
calculation of the electron structure and have shown that the
Fermi level is located inside a Ti-3d band. The incorporation of
the electronic correlations at the transition metal sites leads to a
correlation gap near the Fermi level.

Thus, the electronic properties of the 3d warwickites need
further studies, for example, on the effect of intrinsic disorder in
site occupations as well as electron correlations on electrical
transport.

In this respect, the purpose of the present study has been to
investigate the conductivity mechanisms of the single crystal war-
wickites MgFeBO,4, MggsCogsFeBO4, and CoFeBO,4. The electrical
conductivity measurements in the temperature range (T=210-
400 K) have allowed to identify a crossover from Mott’s variable
range hopping (VRH) to thermo-activation mechanism at a tem-
perature T.. The influence of Co substitution on the resistivity
has also been studied. The results are interpreted on the basis of
the two key points, namely disorder and strong electron
correlations.

2. Experimental details

Needle-shaped black crystals of Mg;_,Co,FeBO, warwickites were prepared
using the flux method described in work [8] and their size was typically
0.5 x 0.2 x 5.0 mm>. Due to the high room temperature resistance of the sample
(10® Ohm), the resistance was measured by a two-probe method using a teraohm-
meter E6-13A with an accuracy better than 10%. The temperature interval has been
from 400 K down to 210 K. The electrical contacts were made by soldering thin cop-
per wires with indium-based paste. The resistivity was measured along the needle,
which corresponds to the c-axis direction.

3. Experimental results and discussion
3.1. Identification of the conductivity mechanisms

The temperature dependence of the resistivity p(T) is very sim-
ilar for MgFeBO,4, Mgo5CogsFeBO4 and CoFeBO,4, showing a mono-
tonic decrease with T (Fig. 1). We note that the resistivity for all
studied samples varied by ~ four orders of magnitude with tem-
perature reduction from 400 to 200 K. Such a large variation inter-
val is important for accurate analysis of hopping conduction.

All curves at the high-temperature phase show clear straight-
line behavior in a logp, versus 1/T plot (Fig. 2). However, strong
deviations from linearity arise as temperature is decreased. The
distribution of the metal atoms over non-equivalent sites creates
disorder and the low-temperature electronic properties of the war-
wickites can be considered as akin to those of disordered semicon-
ductors, where electron localization and hopping conduction play a
significant role. As a consequence, different conductivity mecha-
nisms can prevail in different temperature intervals.

The general expression for the hopping conductivity is

p(T) = po(T) exp [(To/T)"], 1)

where the pre-factor depends on temperature as po(T) = AT", Ty is
the characteristic temperature and A is a constant. The exponents
p and m depend on the hopping charge transfer mechanism and
are interrelated. The values of p = 1, 1/4 or 1/2 describe the 3D near-
est-neighbor hopping (NNH), the variable-range hopping (VRH) of
Mott type [25] or Efros-Shklovskii (ES) type [26], respectively. For
materials in which the density of states at the Fermi level & is sup-
pressed by Coulomb electron-electron interactions, VRH is
expected to follow the ES model. Otherwise, if such correlations
are unimportant the conductivity obeys the Mott VRH law. The
nearest-neighbor hopping (NNH) conductivity is given by
m=p=1. In the ES regime the prefactor in Eq. (1) po~ T"? or
~T3 for the presence or absence of a fluctuating short-range
potential [26]. In the Mott regime the value of the exponent
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Fig. 1. The temperature dependencies of resistivity. The pq(T) and px(T) are the
high-and low-temperature contributions to the conductivity, respectively, calcu-
lated using the fits parameters (see Table 1).
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Fig. 2. The activated behavior of the resistivity at high temperatures. The inset
shows the temperature dependence of the activation energy.

m =1/4, —3/4 have been proposed depending of the details of the
applied model [26].

We have estimated the exponents p and m in a self-consistent
way using the reduced activation energy:

_ dlnp(T) To\?

Fig. 3 shows the logarithmic derivative w versus logarithmic T
plot for MgFeBO4 as an example. It is clearly seen that the Inw
curve demonstrates the monotonic drop with temperature. The
slope of the plot is not constant, indicating a change of conduction
mechanism. The curve data can be divided into two temperature
ranges with different slopes, i.e. ~210-270K (LT) and 280-400 K
(HT). A least square fit of the LT data gives the following estima-
tion: p=0.23+0.01, 0.24 +£0.02, 0.21 £0.02 for x=0.0, 0.5, and
1.0, respectively, at m = 0. The obtained values are close to 0.25,
as expected for 3D Mott VRH. In Fig. 3, for clarity, two temperature
intervals corresponding p ~ 0.23 and 1.01 are shown.

A similar analysis was applied to the high-temperature (HT)
p(T) data, and the p values obtained are: p=1.01%0.03,
0.99 +0.03, 0.97 £0.02 for x=0.0, 0.5, and 1.0, respectively. To
explain the high-temperature experimental data we have consid-
ered two models of conduction: the simple thermo-activation
and NNH. The theoretical curves were calculated and both models
fit the data well. Nevertheless, the straight line fitted to these
curves yields a better linear correlation coefficient for thermo-
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Fig. 3. Reduced activation energy w plotted versus temperature T in a log-log scale.
The straight lines are the fits to the low- and high- temperature intervals with
p=0.23+0.01 and 1.01 £ 0.03, respectively. Results for MgFeBO,.

activation conductivity than that for NNH, e.g. R = 0.99943 for near-
est neighbor hopping (m=p=1) and R =0.99991 for thermo-acti-
vation conductivity (m=0, p=1) for MgFeBO,4 as an example. So,
we conclude that electrical conductivity of the Mg-Co-Fe warwick-
ites is determined by the superposition of two mechanisms: the LT
Mott VRH pp(T) and HT thermo-activated p,(T) (Fig. 2).

3.2. VRH conductivity

A consistent approach to analyze the VRH conductivity needs to
take into account the temperature dependence of the prefactor
po(T). The Mott type of hopping conductivity is determined fitting
a linear dependence to the data represented in terms of In(p,/T™)
versus T P. We put m = p = 1/4, a case of hydrogenic wavefunctions
of the localized electrons realizing in the doped crystalline semi-
conductors with shallow impurities at low temperatures [26].
The best fits are shown in Fig. 4, and the fit parameters for A in
the VRH model, Aygy, and Ty are given in Table 1. A straight lines
fitted to these curves yield R coefficients = 0.99935, 0.99938 and
0.99985 for x = 0.0, 0.5, 1.0 respectively. The characteristic temper-
ature Tp for the Mott conductivity is given by the known
expression:

B

) .

Here N(é&F) is the density of states (DOS) at the Fermi energy, ¢ is
the localization length and B =21 is a constant [26].

The VRH conductivity is very sensitive to the wave function
type of the localized carriers, on the spatial decay of the wave func-
tion given by the localization length ¢, and on the one-electron DOS
near the Fermi level N(¢g). The two latter parameters are important
for the electronic structure analysis and require an independent
determination. We used the following assumptions. The wave
function of the carriers is concentrated near the localization cen-
ters, notably the metal atoms, and decays with distance as

¢ ~ exp (— g) Due to the overlapping of the exponential tails there

is a finite probability for hopping. The T# law takes effect when
hopping length R, exceeds the localization radius (R, > ¢) and is
given by

Ry = %e(%) @)
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Fig. 4. The temperature dependence of the modified resistivity p/T"# in the VRH
range. The straight lines are the linear fits. The upper inset is the ratio of the
hopping length R; to the localization length ¢ as the function of the temperature
plotted for CoFeBO,.



Y.V. Knyazev et al./Journal of Alloys and Compounds 642 (2015) 232-237 235

Table 1

The fits parameters for the hopping and the activation conductivities obtained in various temperature intervals. The values of exponents p = m = 1/4 for Mott VRH regime. The
parameter T* means the temperature corresponding to the maximum of the activation energy E,".

Mott VRH Activation conductivity
Aven (Q cm K- 114) To - 10° (K) At (Q cm) E, (eV) T (K) E, (eV)
MgFeBO4 (1.05£0.36) - 10721 4.26 +£0.09 1.23£0.05 0.368 +0.002 292 0.379 £ 0.002
Mgo.5Cog5FeBO4 (2.78£0.47) - 1020 3.68 +£0.04 442 +0.14 0.364 +0.002 295 0.375 £ 0.002
CoFeBO4 (7.35+£2.28) - 1018 2.63+0.06 7.37+0.23 0.369 + 0.002 337 0.379 £ 0.002
Putting ¢ =1y~ N,'° ~3.24 A, where Ny is the metal atom 0,40

concentration, we obtain with Eqgs. (3) and (4) the values of Ry
and N(ef) (Table 2). The values of N(ef) obtained for the three war-
wickites are of the order of 10'® and typical for usual oxide semi-
conductors [27]. The hopping energy ¢ can be defined as the
energy required for the carrier transfer between two localized
states centered at different locations. The charge carriers are
moved with a minimal change in the energy ¢. Upon cooling, the
energy interval around Fermi level A¢ = ¢+ ¢, which corresponds
to the localized states participating in hopping conductivity, is nar-
rowed and the average hopping length R, increases (inset Fig. 4).
The monotonic dependence of R, versus T indicates that the charge
state of the localization centers is invariable and the potential relief
is a monotonically changing function. In the presence of an electri-
cal field the charge carriers move within a hopping range R, almost
20 times exceeding the localization radius ¢.

The activation energy determining the sample’s hopping con-
ductivity at a given temperature is given by the expression [25]

3

© 7 AnReN(er) ®)

The Mott parameters, such as DOS N(eg), hopping energy ¢, hop-
ping length Ry, and localization length &, have been estimated using
Eqgs. (3)-(5) at 260 and 210 K (Table 2). It is observed that the hop-
ping energy ¢ is of the order of a few kgT and decreases with tem-
perature reduction. As can be seen from Eq. (1), within the VRH
range, ¢ should depend on the temperature as T>4. Fig. 5 shows

the linearization of ¢ in coordinates of Z((IIZ“;ET{) versus T>/4. The best
B

linearization is obtained for the LT interval as expected. The hop-
ping energies ¢ calculated with Eq. (5) (see Table 2) are in a good
agreement with the experimental value presented in Fig. 5.

3.3. Thermo-activated conductivity

As the temperature increases, the energy scale is changed and
the thermo-activation conductivity mechanism becomes preva-
lent. The fitting parameters for the HT interval are collected in
Table 1. It is seen that the activation energy E, ~ 0.37 eV is similar

for all samples. The local activation energy E, = ;((I:“—T’;)l obtained by
B

the direct differentiation of the experimental data p(T) as a func-
tion of the temperature is depicted in Fig. 2 inset. In general, the

Table 2
Mott parameters of the Mg-Co-Fe warwickites for the LT regime.

T N(eF) - 108 P £.10°%  R,-10"%  Ry¢
(K) (eVv'em™3) (eV) (cm) (cm)
260
MgFeBO,4 1.68 0.307 3.24 77.3 23.8
Mgo5C005FeBO, 1.96 0296 3.23 743 23.0
CoFeBO4 2.75 0.272 3.23 68.3 211
210
MgFeBO,4 1.68 0.262 3.24 81.5 25.2
Mg sCogsFeBO4 1.96 0.252 3.23 78.4 24.2
CoFeBO4 275 0.232 3.23 721 223

e=d(In p(T))/d(In(kBT)'1) (eV)
S

0,30 Mg, 5Co, sFeBO,
e CoFeBO,
0’28 1 1 1 1 1 1
50 55 60 65 70 75

T 3/4 (K3/4)

Fig. 5. The VRH'’s activation energy ¢ versus T>/. The straight lines are the linear
fittings.

behavior is similar for all samples, showing a monotonic rise at
low temperatures and a slowing down at T*. The highest values
of the activation energy E, were found to be close to 0.38 eV
(Table 1). The activation energy decreases with further heating.

3.4. Discussion

Numerous theoretical investigations on the oxyborates band
structure have been made using the LSDA, GGA (U =0), LSDA + U,
GGA + U and ab initio calculation of molecular orbitals [22,23,28-
30]. Single electron calculations data yield electronic states near
the ¢ mainly constituted by the 3d orbitals of the TM, which
results in a metallic ground state. This conclusion is in contrast
with the experimental data on the TM oxyborates, such as
Fe,BOy, Fe;91Vo09BO4, FeBO3, VBO3, which have an insulating state
at low temperatures. However, the assumption of strong Coulomb
interaction (U < 6 eV) results in an insulating state solution with
the energy gap opening at the &g

To understand the electronic transport properties of Mg-Co-Fe
warwickites, the coexistence of magnetic disorder and correlation
effects should be taken into account. The disorder effect manifests
itself in the VRH transport behavior at low temperatures. The
intrinsic atomic disorder present in the studied samples leads to
the appearance of a random perturbing potential. The Fermi level
occurs in the region of localized states, that results in the appear-
ance of a pseudogap with mobility edges, & at the conduction
band bottom and &, at the valence band top. At high temperatures
the conductivity is determined by the carriers excited to the mobil-
ity edges and p(T) ~ exp(E,/T), where E, =¢. — ¢r. The activation
energy E, obtained from the fitting of HT data is ~0.37 eV and
defines the value of the mobility edge ¢ for all studied warwickites.
This value is in good agreement with the early reported experi-
mental data (E,=0.35eV) and theoretical calculations on Fe;BO4
(eg=0.39eV) [22,23]. As the temperature decreases the deviation
from the linearity in In p versus 1/T occurs and the disorder energy
plays a dominant role. The conductivity is determined by the
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carriers hopping over localized states near the Fermi level ¢ The
Mott's conductivity type assumes that at energies ¢ far from e
(Je — er| > er) the DOS N(e) ~ N(er) = constant and the carriers may
have enough energy to overcome the Coulomb gap A at all mea-
sured temperatures (kgT> Acs. Using the data at the lowest
reached temperature we have estimated the A ;<0.017 eV for
all samples. The absence of the ES correlated hopping conductivity
reveals that the electron correlations which are responsible for the
insulator ground state of the ideal perfect crystal are not present in
our case. The defect originated charge carriers in the studied sam-
ples have weakly correlated electronic states in the narrow vicinity
of the Fermi level.

The characteristic temperature To was found to be of the order
of 10° K indicating high localization energy of the charge carriers.
This value of Ty is of the order of magnitude of some manganites
(Pro.7Pbo3MnOs) Ty ~ 10° [27], and rather large in comparison to
those obtained for oxide semiconductors and thin films which vary
from 10° to 107 K [31-33]. The Co substitution leads to a slight
reduction of Ty and an increase in N(&g) and can testify the weaken-
ing of the localization. The latter implies the decrease of the hop-
ping energy ¢ required for the carrier transfer (0.33 and 0.28 eV
for x = 0.0 and 1.0, respectively) and the shortening of Ry, the aver-
age distance between two localized states participating in hopping
conductivity. Thus, Co substitution makes the charge transfer
between two localized states easier. With temperature decrease
the hops with large R, become energetically favorable.

So, we conclude that the resistivity of Mg;_,Co,FeBO, at a
given temperature is the superposition of two contributions
o(T) = pp(T) + po(T). The first term corresponds to variable range
hopping of non-interacting carriers and the second has the
thermo-activation character. The crossover temperature between
both channels was found to be the same for all samples
T~ 280K. The fact that the macroscopic parameters do not
depend on the Co-concentration indicates that for all studied
samples the electronic structure near the Fermi level is common.
The observed broad electronic transition at 290-340 K can result
either from a monotonic reduction of one of the conductivity con-
tributions, or an activation energy with temperature dependence.
The latter assumption is reasonable in view of the local structure
study results [8]. The recent XAS experiments have revealed
temperature- and substitution- induced local distortions of the
coordination octahedra around both Fe and Co atoms. These
distortions are accompanied by bond lengths compression along
one of the octahedron nominal 4-fold axis and elongation in the
perpendicular plane being more pronounced for CoFeBO,. Since
distorted bonds mean a disordered lattice and hence a variation
in the energy barrier for the carriers transfer, one may expect
these distortions to explain activation energy temperature
dependence.

4. Conclusions

We have investigated the influence of the temperature and Co-
addition on the electronic transport properties of Mg;_,Co,FeBO4
with x = 0.0, 0.5, and 1.0, paying major attention to the resistivity
behavior and the conductivity mechanisms in a broad temperature
interval. The Mott variable-range hopping and thermo-activation
conductivity mechanisms have been identified in various temper-
ature intervals. The microscopic parameters, such as the density
of the localized states near the Fermi level N(&g), the hopping
length Rp, localization length ¢, hopping energy ¢ and the
activation energy E, have been determined. The Co dependence
of the parameters has been discussed. The value of Coulomb gap
Acc has been estimated. The qualitative analysis of electron
structure based on two main ingredients — atomic disorder and

electron correlations has been made. As a result of this, the
studied warwickites have been classified as disordered correlated
systems.
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