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Polycrystalline yttrium barium cobaltite (YBaCo407) powdered sample was prepared by conventional solid state reaction
route using high purity yttrium oxide, barium carbonate and cobalt oxide. The as-prepared sample was characterized by XRD
diffraction, SEM/EDAX, Raman analytical techniques, resistivity and magnetization measurements for structural, morphologi-
cal, electrical and magnetic properties assessment. XRD pattern confirms the single phase formation of the sample without any
impurity. SEM image shows the hexagonal growth of the crystal and EDAX spectrum reveals stoichiometric composition of
as prepared sample. The variation in electrical resistivity from 90 K to 300 K follows the variable range hopping conductivity
mechanism. The strong broad overlapped Raman peaks of Co—O and Y-O stretching and bending vibrations of tetrahedral CoOy4
with included components of YOg of octahedral symmetry are obtained at 542 cm~', 486 cm™! and 636 cm ™!, 436 cm !,
respectively. DC magnetic susceptibility exhibits very weak ferromagnetism below 80 K and does not obey Curie-Weiss law.
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1. Introduction

The physical properties of mixed valence
transition metal oxides can be tuned by interplay
among charge, spin and orbital degrees of freedom
interacting with crystal lattice [1, 2]. The geometri-
cally frustrated hexagonal 114 phase in YBaCo407;
compound contains CoQy tetrahedron present in
alternating layers of Kagomé arranged in triangular
arrays [3, 4]. Ba and O atoms form a close-packed
structure with 4H (abac) stacking [3, 5]. Y and
Co atoms occupy the octahedral and tetrahedral
sites in the lattice, respectively. The CoQOy tetra-
hedrons form a three-dimensional network by the
corner sharing in a non-centrosymmetric P63mc
lattice. It has been reported on the basis of
X-ray diffraction patterns of ReBaCo4O5
(Re = Lu, Yb, Tm) with a hexagonal P63mc
system [6]. On lowering temperature below
165 K, 180 K, and 230 K, these compounds
exhibit structural phase transitions to orthorhombic
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system. The powder X-ray diffraction patterns
of low-temperature phases are indexed under
orthorhombic system with Cmc2; symmetry, a
subgroup of P6smc space group. Such systems
are also reported in oxygen deficient phase in
BayEr,ZngO;3 [7]. Recent studies of oxygen
stoichiometry in 114 phase have revealed the
existence of a large oxygen non-stoichiometry
going from O; to Ogs [8, 9], i.e. the cobalt
oxidation state (vc,) varies from 2.25 to 3. In
contrast, LnBaCo407 (Ln = Lu, Yb, Tm), the Oy
phases are characterized by structural transitions
(space group P6smc to Cmc2) with characteristic
temperature (Ts) increasing from Ts = 165 K (Ln
= Lu) to Ts = 230 K (Ln = Tm) as the Ln>" ionic
radius decreases [6]. The origin of this behavior
is still not clear and therefore is a topic of intense
investigation. It was discussed in [10] that this
transition was caused by the tendency to optimize
the Ba>* bonding, especially at the high tempera-
ture phase. Another reason for this transition is the
partial charge ordering of Co?>* and Co’* at the
Kagomé (Co®>") and triangular (Co’*) sites [6].
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Magnetic structure of YBaCo407 has been studied
recently by neutron diffraction technique [11, 12].
In the literature [12], it was shown that this system
undergoes the structural transition at 313 K. On
the other hand, YbBaCo40O7 undergoes a structural
transition from trigonal (P31c) to orthorhombic
(Pbn21) below 175 K [13].

Even though the basic crystal structure of the
oxygen-deficient form of YBaCo4O7.5 (6 = 0)
was determined already in 2002 [3], much less is
known about the crystal structure(s) of the oxy-
genated phase(s). The parent YBaCo407 structure
is of hexagonal symmetry (space group P63mc [3]
or P31c [13]) and consists of two kinds of corner-
sharing CoOy4 tetrahedrons (with a ratio of 1:3) lo-
cated in separate, alternately stacked layers of tri-
angular and Kagomé types. Recently Chmaissem et
al. [14] described in a satisfactory manner the crys-
tal structure of their YBaCo4Og ; sample in the or-
thorhombic space group Pbc2; on the basis of high-
resolution neutron and synchrotron X-ray powder
diffraction data. In their structure model, Co atoms
occupy both corner-sharing tetrahedral and edge-
sharing octahedral sites.

Recently, Co-based compounds have inten-
sively been investigated due to the existence of in-
triguing magnetic properties [15]. The most rep-
resentative member of such cobalt oxide sys-
tems is the spinel CoszO4 which features an-
tiferromagnetic ordering [16]. Apart from this,
Co-rich quaternary systems like Ln;BaCoOs
(Ln =Y, Sm, Er) have also gained enormous in-
terest because of their similarity to the cuprate
Y,BaCuOs discovered in the high temperature
superconductor YBa;Cu3O7_5 [17, 18]. In addi-
tion, it was also established that Co-rich com-
pounds, such as (Sr,Ca,Ln);C0,0¢+s5 (Ln = Sm—
Ho and Y) exhibit long range antiferromagnetism
or spin-glass properties [19]. These double per-
ovskite compounds LnBa and Co,0Os5 proved to be
antiferromagnetic [20]. On the other hand, the new
type of magnetic compound YBaCo407, 5, denoted
114, was reported to exhibit an unusual magnetic
behavior, which resembled that of spin-glass [21].

The semiconducting character of the 114-phase
(from low to high temperatures) has been clearly

established from various reports but the elec-
tronic transport process has not been systemically
analyzed so far. Several models have been proposed
to study the temperature dependence of electrical
resistivity of these compounds. Therefore, moti-
vated by these facts, we thought it is pertinent to
study in this paper the physical properties of these
compounds. Moreover, there is a global need to
know about the structural electronic and magnetic
properties of these compounds in order to explore
their usage in various device applications.

2. Experimental

The polycrystalline samples of YBaCo4O7
were prepared by the conventional solid state re-
action method. The high purity chemicals Y,0s
(99.9 %), BaCO3 (99.999 %) and Co407 (99.99 %)
were taken for synthesis purpose. These start-
ing compounds were grinded for 2 hours before
heating in air in a muffle furnace at 950 °C for
12 hours to complete decarbonisation reaction,
i.e. decomposition of barium carbonate to bar-
ium oxide in the ground mixture of three pre-
cursors. The calcined powders were thoroughly
ground and pressed into cubical pellets of dimen-
sion (2 mm x 2 mm X 10 mm). The pellets were
further heated to 1130 °C at a rate of 100 °C/h.
and then heated at this temperature for 24 hours.
Then, these samples were cooled to ambient tem-
perature during 12 hours. This process completed
solid state reaction with desired homogenous sin-
gle phase stoichiometry without any impurities or
unreacted precursor phase. X-ray powder diffrac-
tion patterns were recorded using CuK«x radiation
(X-ray wavelength: 1.54056 A) in the 20 range of
20° to 100° using Bruker Advanced-D8 powder
X-ray diffractometer. The scanning speed and steps
were 2°/minute and 0.02° of 20, respectively. The
rotating anode X-ray generator was operated at
46 kV and 200 mA. A graphite (0 0 2) monochro-
mator was used and the widths of the divergent slit,
scatter slit and the receiving slit were 0.50, 0.50,
0.15 mm, respectively. Rietveld refinement was
carried out using the FullProof package. The re-
fined parameters included 26-zero, spectrum back-
ground fitted by 6-polynomial function, lattice
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parameters, atomic coordinates and thermal pa-
rameters. The pseudo-Voigt profile shape param-
eters were used. The JEOL JSM-6700 working at
room temperature and operating at 20 kV was used
to record the microstructural image of the com-
pound. Perkin Elmer FT-Raman spectrophotome-
ter (Model: GX 2000) was used for recording Ra-
man spectra in 1600 cm™! to 100 cm™! region
at the ambient temperature at 4 cm~! instrumen-
tal resolution. The zero and high magnetic field
electrical resistances were measured by using stan-
dard four probe method in the temperature range of
5 K < T < 300 K, using liquid He coolant cryo-
stat and superconducting magnet. The magnetiza-
tion measurements were carried out in Zero Field
Cooled (ZFC), Field Cooled Warming (FCW) and
Field Cooled (FC) as a function of temperature
(T) at magnetic field of 1 T using a Quantum De-
sign SQUID magnetometer. The magnetic hystere-
sis loops were recorded at 3 K, 50 K and 300 K
from O T to 8 T, respectively.

3. Results and discussion

3.1. XRD study

XRD pattern of the YBaCosO; sample
recorded at ambient temperature shown in Fig. 1
was refined with the Rietveld refinement method
using the fullproof program [22]. The refinement
confirmed the single phase hexagonal structure
with P6smc space group and no evidence for
impurities was found within the detection limit of
the X-ray diffractometer. The unit cell parameters
a and ¢ of prepared YBaCo,O; are 6.2873 A
and 10.2533 A respectively, that is very close to
the reported values [23] which together with the
other parameters calculated from this pattern are
summarised in Table 1.

3.2. SEM/EDAX analysis

Scanning electron microscopy with EDAX ac-
cessory has been used to examine the microstruc-
ture and composition of the pellet at the centre
which provides a better insight and accuracy of the
grain development than at the top and bottom sur-
faces. The grain morphology is depicted in Fig. 2a.

| Bragg Pos.

Intensity (arb.units)

20

Fig. 1. XRD pattern of YBaCo4O7 with Reitveld refine-
ment.

From the image it is clear that the hexagonal grains
having the sizes of the order of 5 um are well
defined and distributed homogeneously across the
structure. The fine network distribution among the
grains is due to smooth mixing of different con-
stituents in a fine network aggregate form and is
a feature responsible for electronic and magnetic
properties.

The compositional analysis confirmed by
EDAX, displayed in Fig. 2b, shows the elemental
composition for Y, Ba, and Co close to the stoi-
chiometric value as shown in Table 2. The EDX
patterns clearly give an indication of the structural
phase purity in the prepared high quality sample
that supports the XRD result also.

3.3. Raman spectra

Fig. 3 shows the Raman spectra of YBaCo4O5
(hexagonal space group P63mc) recorded at room
temperature in the 1600 cm™! to 100 cm ™! region.
The group theory predicts the following irreducible
representation as [24]:

Doptical = 4A1 +A2 +4B1 + 1By +5E| +5E, (1)

where Ay, E; and E, are Raman active (14 modes)
and A; and E; are infrared-active (9 modes),
while A;, B; and B, are optically inactive.
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Table 1. YBaCo4O; different XRD parameters; space group - P6smc, a = 6.2874 A, ¢ = 10.2533 A, vol-
ume = 660.9953 A3, x? = 1.351, Ryp = 19.5, Reyp = 16.7.

Atom  Atom site multiplicity X Y Z Occupancy

Y 2b 0.66667 0.33334  0.87855  0.16667
Ba 2b 0.66667  0.33334  0.50000 0.16667
Coy 2a 0.00000  0.00000  0.44028  0.16667
Co, 6¢ 0.18987  0.85218  0.67724  0.50000
(O] 6¢ 0.38893  0.47100 0.71181  0.50000
0, 2a 0.00000 0.00000 0.22156  0.16667
03 6¢c 0.12436  0.80951  0.54566  0.50000
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Fig. 2. (a) SEM image and (b) EDX pattern of
YBaCo407.

The most intense mode at 542 cm™! could be
the symmetric stretching mode of the CoO4
tetrahedron and the lowest frequency mode at
255 cm~! arises from its bending vibrations. The
strong broad overlapped Raman peak of O-Y-O

Table 2. Elemental composition details in wt.% and
at.% of YBaCo40; obtained from EDX pat-

tern.
Element wt.% at.%
OK 3042 68.66
CoK 29.01 17.77
YL 2027 823
BaL 20.30 5.34
Total 100.00 100.00
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Fig. 3. Raman spectrum of YBaCo4O7 in the 100 cm™!
to 1600 cm™! region.

stretching and bending vibrations of YOg of oc-
tahedral symmetry are obtained as included com-
ponents at 636, cm~! 436 cm™!, respectively. The
only report available on Raman spectra of the bulk
YBCo407 by Izquierdo et al. [25] and our Raman
spectra are in good agreement with the broad band
centred at 542 cm™~! [26].
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3.4. Resistivity measurement

The electrical response is depicted in Fig. 4
where we have shown the resistivity of YBaCo4O7
compound measured at magnetic fields of 0 and
8 Tesla (T). We have measured the temperature
dependence of the resistance of YBaCo4O7 pel-
lets upon cooling and warming cycles. There is
no change observed between these two processes.
The semiconducting behavior of these compounds,
which is not affected by 8 T field, is clearly seen in
the measured temperature range [27].
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Fig. 4. Resistance vs. temperature at 0 T and 8 T mag-
netic field.

The suppression of any kind of transition is
probably due to the presence of extra oxygen in the
structure which tends to increase locally the coor-
dination of the cobalt cations with formal oxida-
tion state Co?>2>* (§ = 0). This, in turn, creates lo-
cally a more disordered crystallographic structure
for 114 compounds YBaCo4O7; which seems not
to be compatible with the cobalt magnetic order-
ing [28]. Indeed, by increasing the hole concen-
tration in the O7,s phase, the extra oxygen atoms
would hinder the triangular arrangement for the
magnetic moments of the tetrahedrally coordinated
CoOy4 since new polyhedra are created. This sup-
presses the transition. On the other hand, it is prob-
able that a structural transition takes place at a lo-
cal scale. However, if a structural transition had

happened at a local scale, it would have been very
difficult to detect by normal XRD or transport
measurements.

The electrical transport mechanism was tested
using different models which depict the tempera-
ture dependence of the electrical resistivity. The
conventional Arrehenius plots:

p(T) = CelE/ksT) 2)

suggests simple thermal activation transport [29].
While considering the small polaron hopping con-
duction mechanism, the behavior of electrical re-
sistivity versus temperature should be expressed as
p(T)= CTe®/%sT)) [28]. Another approach is the
Mott’s VRH model in which the dependence of re-
sistivity on the temperature is given by [30]:

p(T) = poexp(T°/T)"/* 3)

Here, po, TO and n are constants. The quantity 1/4,
depends on the dimensionality D and, in some com-
pounds, on the temperature range. In the study of
our sample, the resistivity data measured on the
YBaCo4 07 pellets seemed to obey the VRH model.
In Fig. 5 the fitting is shown for variable range
hopping (VRH) model under O T and 8 T field.
By plotting the experimental data p(T) as p(T) =
C(T)exp(E/kgT) in the temperature range of 300 K
to 20 K, it is readily recognized that neither simple
thermal activation nor small polaron hopping con-
duction describe well the electronic transport in the
reported pellets. In the present study of YBaCo4O5
compound, only the VRH model is well fitted in
the whole measured temperature range 300 K to
20 K, therefore we have shown only the fitting data
for VRH model. The VRH model is promptly ver-
ified. From Fig. 5 it can be observed that a linear
fit is obtained in all the compounds of this series,
indicating that the Mott’s 3D-VRH mechanism is
the most prevalent conduction mechanism in these
compounds for this temperature range. The Mott’s
parameter (T% and the density of states (N(Ep))
were calculated for the samples studied in about 0 T
and 8 T fields. The characteristic temperature T is
related to the parameter & through the expression:

kpT® =24 /7N(Ep)E> )
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where N(EF) is the density of states at the Fermi
level [31]. By taking & ~ ¢ = 10.254 A, N(Ep) was
estimated for these polycrystalline samples. The
fact that the electrical resistivity may be described
by VRH model, points out to the presence of dis-
order induced localization of charge carriers in the
samples. VRH mechanism normally occurs only in
the low-temperature region (below room tempera-
ture), wherein the energy is insufficient to excite
the charge carriers across the Coulomb gap. Hence,
conduction is accomplished by hopping within a
small region (~kgT) in the vicinity of Eg. In this
region, the density of states remains almost con-
stant [13]. The values are closer to the expected
values for transition metal compounds.

In Rho

T T
0.28 0.30

TM/4 (K)

Fig. 5. Inp vs. T-'/4 (K~'/4) at 0 T and 8 T with linear
fit.

The Mott’s parameter (T°) and the density of
states N(Ep) were calculated for the sample studied
in about O T and 8 T fields. In Table 1 the calculated
values for T? and N(EF) are also reported. The typ-
ical value of T? and N(Ep) are about 3.4 x 10® K
and 2.4 x 107 eV~! cm™3, respectively.

3.5. Magnetization

The DC magnetic susceptibility (M/H) mea-
surements for YBaCo4O7 were carried out by us-
ing SQUID magnetometer as shown in Fig. 6. In
this paper, we have shown the magnetization of
YBaCo407; compound measured at 1 Tesla (T)
magnetic field. From 80 K to 300 K, the data do

not obey a Curie-Weiss relationship. We have col-
lected our data for zero field cooled (ZFC), field
cooled (FC) and for field cooled warming (FCW),
however during the analysis of the results we have
not found any difference between FCW and FC
data, as shown in the Fig. 6. Enlargement of ZFC,
FC and FCW shown in the inset of Fig. 6, shows
clear lack of hysteresis at T¢ here. The FC curve is
noticeably different than the ZFC data. The com-
pound YBaCo4O7 shows ferromagnetic-like tran-
sition that appears at about 91 K with large irre-
versibility between ZFC and FC curves as shown in
Fig. 6. This type of behavior has also been reported
in Hugq et al., [13]. The ZFC curve also shows an-
other magnetic transition at Tc = 40 K for this pure
sample.

0,0017

YBaCo,0, 0,0017
0,0016- —}zFC
0,0016]%_ B rc
0,00154 H=1T 500015] FCW
50,0014, T K § 00014, It
g | bammmod E 010613 b amoo o, iy
& 20013 zrc Tc=91K ’ .
e T z 0,0012
) S 20 40 60 80 100
0,0011 Fow T(K)
0,0010
0,0009 T T T T T T
50 100 150 200 250 300

T(K)

Fig. 6. M (emu ) vs. T (K) for ZFC, FC and FCW for
YBaCo407 under 1 T magnetic field.

In the present literature the magnetization
data has been reported but still it is not clear. It
is obvious that the sample YBaCo4O; exhibits
a complicated inhomogeneous magnetic phase.
Interestingly, we have also found ferromagnetic
transition at T, = 80 K. Super-exchange couplings
build up a geometrically frustrated substructure in
the planes of Co, and as the temperature is low-
ered, the combination between super-exchange and
double-exchange causes the magnetic system to
degenerate. Further, on cooling, the strength of the
double-exchange diminishes, since the electrons do
not have enough energy (heat) to hop between the
Co atoms. At the same time, the super-exchange
starts to couple in more directions and dominates
at lower temperature. On the basis of above dis-
cussion it is established that the overall magnetic
interactions can be described as those of a glassy
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disordered antiferromagnetic, where double-
exchange phenomenon dominates at higher
temperatures and super-exchange at the lower ones
and they compete through the whole measured
temperature range on the frustrated lattice. It has
also been exhibited for other systems, but the
magnetic order in those cases was confined within
the planes, prohibiting long-range order to occur.
To get additional insight into this high state field
we have carried out isothermal magnetization at
three different temperatures for all the samples at
3 K, 50 K and 300 K and the results are shown in
Fig. 7. The M(H) curve measured for all the three
assumed temperatures is linear, and an irreversible
characteristics have been found at all magnetic
fields measured at about 0 T and 8 T. The M
(H) measured data confirms that no hysteresis of
magnetization has been found in these compounds.
The magnetization value at these three different
temperatures is small and does not change for the
wide range of temperatures.

0.12 T
| ——3K
——300K

— 1
g 0.08 —
()
~ 0.06 |
)
c
g 0.04 -
(o}
E 0.02

0.00 -

-0.02 |

T T T T T T T
-20000 0 20000 40000 60000 80000

H (Oe)

Fig. 7. Isothermal magnetization moment (emu) Vvs.
magnetic field H (Oe).

The effective moment value calculated from the
fitting procedure for pure YBaCo4O7 sample is
11.68 pefr (not shown here), which is larger than
the value given by Lu et al. [33], i.e. 9.8 L.
This variation is due to the difference in measured
temperature range. In the present work we have

performed the measurements below 300 K and
in [33] in the range of 300 to 400 K. Such large pleg
value indicates that there exist some short range
magnetic interaction in the high temperature in our
measured paramagnetic (PM) range.

4. Conclusions

We have prepared and carried out successfully
the investigation of physical properties of frustrated
YBaCo40O7 system by using solid state reaction
method. Rietveld analysis has shown the existence
of a single phase without any secondary impurity
which indicates the high level crystal formation of
YBaCo407 compound. The grains are distributed
homogeneously in their hexagonal form and the
composition is uniform throughout the measure-
ment range. The Raman bands have been assigned
to Y—O and Co—O bonds in tetrahedral and octahe-
dral coordination, respectively. The sample shows
semiconducting nature in the whole studied tem-
perature range and obeys Mott’s VRH model fit in
both fields of O T and 8 T. The ferromagnetic like
behavior is evident at the expense of antiferromag-
netism due to the dominance of intrinsic double ex-
change mechanism.
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