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Dielectric and magnetic investigations on novel P-2 type layered
oxides
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Abstract: This paper is about the investigation and analysis of dielectric and magnetic properties of the
curious and promising P-2 layered oxides mainly for electrodes in rechargeable batteries.A solid state synthesis
of the novel materials is taken up by taking NFMO as the guiding standard.Two more variants NMCO and
NFCO are also synthesized.The structure is confirmed by xrd.The dielectric properties are studied by the
cryostat apparatus and a high dielectric constant is observed.In the magnetic studies done by SQUID there is no
long range magnetic ordering observed ,but an antiferromagnetic like transition is seen.
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I.  Introduction
Layered oxides are the subject of intense studies either for their properties as electrode materials for
high-energy batteries or for their original physical properties due to the strong electronic correlations resulting
from their unique structure.

1. Types of layered compounds:

The layered Na,MO, materials can be categorized into two major groups which are P2 and O3 type.
The first letter “P" or “O" refers to the nature of the site occupied by alkali ion (prismatic or octahedral), and “2"
or “3" refers to the number of transition metal layers in the repeat unit perpendicular to the layering. The larger
Na-ion is stable in the more spacious prismatic site. The material chosen in this work is NaysFe;,Mny,,0, which
was reported in the journal nature and shows a better electrode performance
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Fig 1.1 Different types of layered structures: P3, O3, P2, 02 &Octrahedral&Prizmatic sites are
shown.[Ref.JMC 2003,13]
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Fig 1.2 Nays[Fey,Mny,]O; structure[Ref: Komaba et.al, Nature Materials 11 (2012) 512]

The Nayz[FeyMny2]O, structure consists of a hexagonal lattice with space group P63/mmc, which is
structural with P2-type Na,CoO,. The a, b, ¢ parameters a=2.9335(3) andc=11.224(1)A) can be given. Sodium
ionsare accommodated in prismatic sites. Symbols A and B in the schematic diagram depicts the two different
oxygen layers described by the AB notation. A longer interlayer distance is observed for the P2 phase because
of the repulsive electrostatic interaction of the AA-type oxygen stacking to form prismatic sites. If one had tried
to increase the Fe percentage instead of Mn then, Fe4+ cannot be stabilized in the oxide-ion frame under
ambient conditions. Hence the compound is regarded as a manganese (substituted) version of NaFeO,.

2.1 Existence of a stacking fault:

It is interesting to note that the peak profile of Nay;s[FeMn;,]O, cannot be fitted by a conventional
profile function, such as a pseudo-Voigt function. From the XRD it is observed that the peak profile of (10I)
lines is distinctly broad, especially at the bottom of each peak, whereas a typical peak profile is observed for
(hk0) and (00I) lines, which are normal and parallel to the metal planes, respectively. Therefore a through plane
stacking fault is observed in this p-2 type layered compound. The model for the stacking fault is shown in the
figure.1.2.

I11.  Experimental:

3.1Dielectric mechanism
3.1.1 Capacitance, Dielectric Constant and polarization
Capacitance (C) is a measure of how much electric charge can be stored in a capacitor. The relationship between
capacitance C and dielectric constant g, (K) in parallel plate geometry is given by the following equation:
C=¢g, g Ad

Where £, is the dielectric constant of the free space (8.854 * 10-12 F/m), A is the area of the electrical
conductor, d is the thickness of the dielectric layer, and &, is the dielectric constant of the dielectric layer. It is
evident that the larger the dielectric constant, the larger the capacitance which can be realized in a given space.

The ability of the dielectric materials to store energy is attributed to the polarization, i.e. electric-field
induced separation and alignment of the electric charges, which can result in an increase in capacitance. There
are several molecular mechanisms associated with this polarization, including electronic, ionic, molecular
(dipole), and interfacial (space-charge) polarisation. In general application of a field to each of these
mechanisms in a normal state will cause displacement of charge which results in a polarization in the direction
of the field. This effect on each mechanism can be seen schematically in figl.4. For a given material, the sum of
the contributions from each mechanism determines the net polarization, P, of the dielectric material.
P = Pelectronic + Pionic + Pmolecular + Pinterfacial

www.iosrjournals.org 60 | Page



Dielectric and magnetic investigations on novel P-2 type layered oxides

atomic .
electronic

— |
10° 10° 10° 1012 10'°
[microwave linfrared vis/uv |

Frequency in Hz

Figl.3 Frequency dependence of polarization processes.
3.2 Dielectric Loss
The dielectric loss is a measure of energy loss in the dielectric during AC operation, which is a material
property and does not depend on the geometry of capacitor.Usually the dielectric loss, expressed as the loss
tangent (tan 8) or dissipation factor (Ds) can be defined as
g" o

tan 8 = — 4+ —
£ 2xfs’

Wheree’, €7, are the real and imaginary part of the dielectric permittivity and o is the electrical
conductivity of the materials, respectively, and f is the frequency.

In general, dielectric loss of the dielectric material is resulted from distortional, dipolar, interfacial, and
conduction loss. The distortional loss is related with electronic and ionic polarization mechanisms. The
interfacial loss originates from the excessive polarized interface induced by the fillers and specifically the
movement or rotation of the atoms or molecules in an alternating electric field. The conduction loss is attributed
to the dc electrical conductivity of the materials, representing the flow of actual charge through the dielectric
materials.

3.3 Measurement and instrument condition

To perform the temperature variation of capacitance/dielectric measurement, a homemade capacitance
probe that can fit in the commercial cryogen free superconducting magnet system (Model No. 5TL-VRTB30,
Janis Research Company, USA) was used.However only LN2 was used as the measurements were taken only
till 100Kthe probe was designed with an aluminium flange and hollow stainless steel (SS) rod. The Sample was
mounted on a copper block; to prevent the electrical conductivity and to keep good thermal contact, a thin mica
sheet was placed in between the sample and the copper block. All the measurements were performed on two
point configuration a. Teflon coated SS coaxial cables were connected to the BNC connectors attached to the
aluminium flange. The inner part of the coaxial wire is connected at the bottom of the probe to the sample
holder. The two ends of the outer shielding wires were connected to the copper block at the bottom of the holder
and aluminium flange at the top; this keeps the entire probe at the sample potential. For temperature and field
dependent capacitance/dielectric measurements/impedance measurements, probe was inserted into the
superconducting magnetsystem or LN2 depending on the temperature sought. Temperature was measured using
the Lakeshore temperature controller (Model 332) that displays and controls the sample temperature. A
calibrated Cernox sensor is used for temperature measurements. For capacitance/dielectric measurements,
sample was made into parallel plate geometry where both sides of the sample were coated with highly
conducting silver paste. In the parallel plate geometry here, C stands for capacitance and Tand indicates loss
tangent. In the present study to maintain the parallel plate geometry (area >> thickness) the disc shaped samples
are prepared with diameter of 13 mm and thickness of 1-1.5 mm. The capacitance measurements were
performed either Agilent impedance analyzer (Model No.4294A, USA) or Hioki LCR bridge (Model No.3532-
50, Japan) in the frequency range 40 Hz-1MHz under the ac field of 20 mV-1 V and dc field of 0 V-10 V.

www.iosrjournals.org 61 | Page



Dielectric and magnetic investigations on novel P-2 type layered oxides

Fig 1.4:Dielectric and cryostat apparatus used.

SQUID: The superconducting quantum interference device (SQUID) magnetometer is based on the principle of
the measurement of the flux change through a pick up coil. The signal is proportional to the magnetic moment
of the sample.

The main components of a SQUID magnetometer are:

1. Superconducting magnet,

2. pick up coil (superconductingdetection coil) which is coupled inductively to the sample,

3. A SQUID connected to the detection coil and

4. A superconducting magnetic shield.

The detection coil is a single piece of superconducting wire arranged as a second-order gradiometer.
This pick up coil system is positioned in the uniform magnetic field region of the solenoid superconducting
magnet. High sensitivity is possible in a SQUID because this device responds to a fraction of the flux quantum.
A measurement is done in this equipment by moving the sample through the pickup coil. The magnetic moment
of the sample causes a change in the magnetic flux in these coils thereby inducing a current in them. This in turn
changes the persistent current in the detection circuit, producing variation in the SQUID output voltage
proportional to the magnetic moment of the sample. The SQUID is a parallel circuit of two Josephson junctions.
A Josephson junction is a weak link between two superconductors that can support a super-current below a
critical value. The special properties of the Josephson junction cause the impedance of the SQUID loop to be a
periodic function of the magnetic flux threading the SQUID. In practice, the flux through the SQUID loop is
held constant by a negative feedback using an additional coil. The SQUID functions as a flux to voltage
converter.
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Fig 1. 5Superconducting Quantum Interference Device (SQUID)

A Quantum Design MPMS SQUID VSM was used for the investigation of the ac and dc magnetic
properties of all the studied samples. The combination of vibrating sample magnetometer with the sensitivity of
a SQUID makes this system more versatile and unique; where the measurement can be performed at high speed
(max 30K/min and 700 Oe/sec) with high sensitivity of 10® emu. Ac susceptibility measurements can be done
from 0.1Hz to 1KHz with the sensitivity of 5 x 10® emu at OT. Measurements were carried out on powder
samples, which were wrapped on the Teflon tape and was formed into a cylindrical shape (diameter of 2mm
length of 6 mm) to minimize the demagnetization factors.

IV.  Synthesis
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Fig 1.6 Flow chart for solid state preparation

4.1 Solid state reaction:

The mostly widely used method for the preparation of polycrystalline solids (i.e. powders) is the direct
reaction, in the solid state, of a mixture of solid starting materials. Herein we use the same method at high
temperatures. Solids do not usually react together at room temperature over normal timescale and it is necessary
to heat them to much higher temperature often 1000 to 1500°C, in order for reaction to occur at an appreciable
rate. This shows both the thermodynamics and kinetic factors are important in solid state reaction;
thermodynamics consideration show whether or not a particular can occur and kinetic factors determine the rate
at which the reaction occurs. The following two points are noteworthy.

a. There is a considerable differences in structure between reactants and products and
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b. That there is a large amount of structural reorganization that is involved in forming the product: bonds must
be broken and reformed and atoms must migrate, perhaps over considerable distances (on an atomic scale).
Only at very high temperature do such ions have sufficient thermal energy to enable them occasionally to
jump out of their normal lattice sites and diffuse through the crystal.

Fine grained materials should be used to maximize surface areas and hence reaction rates. Hence the
grinding of the powder is very important. Mixtures should be heated first at a temperature for a few hours so that
decomposition occurs in a controlled manner. This is because during heating, sintering and grain growth of both
reactant and product phases usually occur in addition to the main reaction, causing a reduction in the surface
area of the mixture. The reaction rate may also be speeded up by pelletizing the samples prior to heating,
thereby increasing the areas of contact between the grains.

The products of solid state reactions are usually in the form of a powder or a sintered, polycrystalline
piece. The flow chart depicts the vital steps in the synthesis. The XRD serves to indicate whether the reaction is
complete, therefore, by showing that the original reactants have disappeared and by showing that unwanted side-
products or intermediates have not formed.

Na . Co, Mn,, 02

Intensity

_ Wa_Fs, M, 02

(1
A III'[?j
104

26
Fig 4.1 XRD data for nfmo,nmco and nfco

4.2 XRD

The XRD of NFMO obtained is in good agreement with the reported literature. In comparison NFCO
shows multiphase due to the temperature being 900°C for the solid state reaction. NFMO has a stacking fault
and hence is a defect structure and thus cannot be fit by available functions (like pseudo VOIGT).

4.3 Dielectric studies:
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Fig4.2 Dielectric data for the samples

The dielectric constant is plotted as a function of temperature in the range 10-300k. In general relaxors
contain permanent electrical dipoles. The peak position of dielectric constant coincides with the loss tangent
peak. If there is a large separation between these two peaks the existence of permanent dipoles is ruled out.

4.3 Dielectric studies of NFMO:The dielectric constant is seen to increase on heating and reaches a peak at
300°k. It attains a max value of 150 for the frequency of 10khz. The loss has 2 peaks one in the temperature
range of 200 and other around 300.

The dielectric constants of NFCO and NMCO are high respectively 1077 for NMCO and 5000 for
NFMO. And when the Tan & is high there is an enhancement in the sources of charge carrier in the system. The
inter particle distances are less and the particles might be in contact which enhances the probability of charge
transfer. Apart from this the amount of free charge carrier will also be higher. The electrical conductivity may
also be enhanced. Any relaxation loss decreases the dielectric constant significantly and appears as a peak in the
frequency. If there are other phases present as impurities the dielectric relaxation may be modified due to the
other phase. This hints at colossal dielectric constants as observed in some transition metal oxides. The material
with colossal dielectric constants are the focus of interest for the development of high dielectric material for
modern electronics. The most prominent mechanism that can give rise to enhanced value of dielectric constant
are ferro electricity, charge density wave formation, hopping charge transport, the metal insulator transition and
various kinds of interface effects. In such materials charge carriers block at the interfaces exhibits a
relaxationbehaviour similar to the Debye dipolar relaxation with respect to the temperature and frequency. High
value of permittivity and its frequency dispersion has been assigned to the Maxwell Wagner interfacial
polarization effects.

4.3 Squid : Magnetic Measurements
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4.4 NFMO Magnetic behaviour:
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The magnetic susceptibility, , is given within the mean-field approximation by the Curie-Weiss law,
=C/ T-Tc,where C is a material-specific Curie constant, T is the absolute temperature, and the Weiss
temperature Tc is the approximate temperature below which the system is ferromagnetic or antiferromagnetic,
depending on the sign of Tc. In the Curie Weiss fit gives a Curie temperature of -487.494271 deg C. hence the
sample is antiferromagnetic. A deviation from the Curie-Weiss law is observed, whose origin is unclear. Fig.
3bthe departure from the ideal fit occurs at 192.690192 deg C. There is an antiferromagnetic transition at the
temperature of 12.708 as seen from the dM/dt curve.

The ZFC closely follows the fc curve. The m-h data shows neither hysteresis nor saturation tendencies.
The Curie Weiss fit shows an intersection with the temperature axis, hence the sample is antiferromagnetic. The
departure from the ideal fit occurs at 192.690192 K
There is an antiferromagnetic transition at the temperature of 12.708 K as seen from the dM/dt curve.

4.4.1 NFCO Magnetic behaviour:

The m-h curve shows a minimal hysteresis. The ZFC and FC do not overlap between 10k and 375k indicating
interesting phenomena. There may be an anti ferromagnetic ordering at higher temperatures.

4.4.2 NMCO magnetic behaviour:

The gap between ZFC and FC is comparatively lower in NMCO as compared to NFCO. There is no hysteresis
as seen from the m-h curve. Also there is no saturation behavior shows the magnetization versus field recorded
at 5K, where no hysteresis is observed. Therefore no long-range magnetic order is achieved for P2-
Nay;3C0,3Mn 30, in the 5-300 K temperature range.

4.5 Correlation of magnetic and dielectric data:

In Fig. 4, the temperature dependence of the dielectric constant &, measured in the absence of external magnetic
field, is presented. Using the plot of € (T), one could clearly identify the transition temperatures which are not
visible in small magnetization measurements.

V. NCMO SQUID
Na,3C0,3Mny 30, phase. There is no difference in the temperature dependence of FC and ZFC
magnetic susceptibility, indicating a paramagnetic behavior of the sample in the temperature range of 5-300 K.
Fig. 3b shows the magnetization versus field recorded at 5 K, where no hysteresis is observed. Therefore no
long-range magnetic order is achieved for P2-Na,3Co,3Mny50; in the 5-300K temperature range.

VI.  Conclusion:

a) The solid state synthesis has the advantage the samples are easy to make.

b) The XRD results are obtained in good agreement with the reported literature but if the same temperature of
heating is used for all the samples, certain samples may be more phases. This can be prevented by using a
different temperature of synthesis or varying the proportion of the constituent elements.

c) The dielectric properties show one of the prepared samples(NMCO) to have very high dielectric constant.
The loss tan 6 is also correspondingly high.

d) The magnetic investigation using squid reveals the antiferro magnetic nature of NFMO. The magnetic
behavior like M VS H and ZFC-FC is compared between the three samples.There is no detectable long
range order in the NFCO and NMCO samples.

e) The explanation for the dielectric constants is complicated due to the interplay of a number of possible
causative reasons.

f) Possible applications include intense studies either for their properties as electrode materials for high-
energy rechargeable batteries particularly sodium ion rechargeable battery (the long proposedSuccessor to
the lithium ion battery owing to safety, cost and abundance issues) or their original physical properties due
to the strong electronic correlations resulting from their unique structure.
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