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ELECTRIC PROPERTIES OF Mg-SUBSTITUTED
LITHIUM IRON SPINEL

L.S. KAYKAN, .M. GASYUK, V.V. UGORCHUK, J.S. KAYKAN, M.Y. SICHKA

Abstract: Complex impedances of sintered polycrystalline Li,.Fe,. ,Mg,O,(x = 0.0, 0.1, 0.3, 0.6,

0.8, 1.0) ferrite in the frequency range of 0.01 Hz to 100 kHz were measured at several temperatures
in the range of 295-723 K. The complex-plane impedance spectra indicate that the material can be
represented by a two-layer leaky capacitor which corresponds to the bulk and the grain boundary
phenomena at high and low frequencies respectively. The dependence of impedance and
conductivity and dielectric properties on temperature and frequency are discussed.

Keywords: ferrite, complex impedance, dielectric constant, dielectric losses, polarization.

1. INTRODUCTION

Lithium ferrites are of considerable interest owing to their acceptable dielectric properties which
depend on a number of factors: a method of preparation [8], temperature [7, 14], atmosphere of
sintering [7, 8], as well as iso- and heterovalent substitution [2]. The structure of a spinel being crystal, it
allows to carry out substitution in a fairly wide range, while remaining one phase. Especially
interesting in this case are ions of magnesium. With a slight advantage over the oxygen
octaenvironment in the spinel structure ions of magnesium can move in both sub lattices replacing iron
practically in a stoichiometric ratio [3]. In their electric properties ferretes belong to the class called
valency-controlled semiconductors. This is a group of transition metals oxides with a blank 3d - shell,
so they are under certain conditions [11] may obtain a metallic type of conductivity. However, samples
of stoichiometric composition in the absence of additives are dielectrics. Conductivity of these oxides
can be increased by introducing in the lattice additives of other elements [11]. Low resistance, due to
the simultaneous presence of two- and trivalency ions of iron in the equivalent nodes of stoichiometric
oxides lattice, can also be achieved by a valency - controlled method. If a small amount of extraneous
ions, valence of which differs from the valency of stoichiometric composition, is introduced in the oxide
with a high resistance, then a part of ions changes its valence. As a result, ions of the same atom have
different valence, and electrical resistance of oxide falls [4].

In order to find out the impact of substitution on the dielectric properties of Mg-doped lithium iron
spinels, we have by method of complex electric impedance conducted a systematic research of
dielectric constants and losses of tangent as a function of composition and the frequency both at room
temperature and in a wide temperature range.
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2. EXPERIMENTAL PROCEDURE

Synthesis of the general stoichiometric composition Liy Fe,. ,Mg,0,(x = 0.0, 0.1, 0.3, 0.6, 0.8, 1.0)
was a standard ceramic technology of double sintering with outgoing oxides Fe,0,, MgO and lithium

hydroxide LiON grade. An X-ray study of synthesized compounds on the diffractometer DRON-3 in
CuK¢- radiation showed the samples obtained as single-phase and their belonging to the spatial
group Fd3m, cation distribution was found by Ritveld' method. Based on cationic distribution of
magnesium and iron ions as well as on the terms of electroneutrality it was discovered that lithium ions
were both in octa- and tetra positions [3]. In this same work the results of x-ray studies were confirmed
by the method of messbauer spectroscopy.

Coinductivity of alternating current, the tangent of losses, the real and imaginary parts of
penetration were determined on the basis of experimental dependencies of complex impedance,
obtained at the spectrometer Autolab PGSTAT 12/ FRA —2 in the frequency range 0.01Hz-100 kHz.
The temperature dependence obtained was based on the impedance studies in step-by-step mode
heating with isothermal exposure after every 50 degrees in the temperature range 295-723 K. Frequency
dependence of dielectric functions was derived from the experimental Nyquist 's diagram (Fig. 2, b):

g=&-je"

M*=M'"+ jM"

2°=7'-jz"

Y =Y+ jY"
tand :S—l,l

e = jwCyY”

where &" - complex dielectric permeability, M " - complex coefficient ( module ), Z* - complex impe-
dance, Y- comprehensive admittance, @ - cyclic frequency, |- imaginary unit, C;- capacity of the

system.
3. RESULTS AND DISCUSSION

The change of the specific resistance to direct current Py, and dielectric constant &' depending on

the content of magnesium ions are shown in Fig. 1. As it can be seen from the Figure, Py, and &' are
mutually inverse dependent. This tendency is quite understandable, since the basis of activity of
conductivity and polarization of ferrite systems are one and the same processes; and it is a jump of an
electron Fe*" <> Fe® +e~ that results in a local bias charge and holds responsible for polarization.
The presence of Fe*" in the octahedral cavities of iron spinels is decisive for implementation of the
intermittent mechanism of conductivity and depends on the conditions of synthesis: time of
sintering[8], temperature [14], the speed of cooling [14, 3], etc. With increasing the content of Mg 2
ions is natural, and it decreases the concentration of Fe?" ions [14], however, as is seen from Fig. 1,
resistivity weakly depends on the content of magnesium ions in x>0.1. The following behavior can be
clearly explained by the fact that the presence of lithium ions in the octasublattice leads to the
formation of complexes of the type [Li* + Fe3*] that in general behave like Fe?" and capable to take a
" wandering' electron, and so get involved in the intermittent mechanism of conductivity. The
frequency of electronic navigation Fe** +e <> Fe?" depends on the structure of ferrites, concentration

of defects, loosely-tied electrons, and temperature of ferrites. Transitions Fe*" +e <> Fe?" occur
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between F€ ions in the octahedral cavities, as in small tetrahedral intervals iron ions can be found
mainly in the three-valency state. Loosely-tied electrons are responsible for the semiconductor
properties of ferrite and determine its main electrical properties.

p'10°(Ohm™*m™)
w

24
) N — .
14
°
04
1 2 3 4 5 6

X
Fig. 1. Dependence of dielectric permeability and conductivity on the
direct current from the samples of Li,.Fe,. ,Mg,0,(x=0.0,0.1, 0.3, 0.6, 0.8, 1.0)

In Fig. 2 is frequency dependence of conductivity of the sample composition of Li,.Fe,,Mg,,0, at

different temperatures. At relatively low temperatures conductivity defects dependency on frequency,
however, ranging from temperature 573K such dependence disappears , indicating the metal-type of
conductivity. Frequency dispersion of conductivity at low temperatures is often associated with
determining influence [6] inter crystalline transitions.

10° 4
:*************************************************i - 205 K
e 323K
10" >>»»»»»»»»»»»»»»»»»»»»»»»»»»»»;»i 4 373K
2 T T T T T T et M)
S 34
< C00000000000000000000000000000000000¢ sos00000e? <« 523K
€ 102 >
£ 1074 573K
) ® 623k
- * 673K
o aasassdtt o 793K
10°4 AAAM““MMAMAMMW“‘A:..ﬁ:E“:n
%0ece _:=""'III
10" 5

Fig. 2. Dependence of the real part of conductivity on frequency of the system of Li,.Fe,,Mg,,0,

This change of electrophysical settings can be explained within a model of heterogeneous leading
environment [10], which is polycrystalline ferrites. According to this model, the strata of varying
conductivity occur both on the framework of grains and other inhomogeneities, such as i.e.,domains,
dislocations, etc. On the framework emerge locking layers from different sides of such heterogeneities,
and locking layers are oriented in straight and locking directions at a certain polarity of the external
field. In the works [1, 10] it is concluded that the growth of conductivity with temperature and
frequency in polycrystals are due to the effect of tunneling electrons through the inter grain layer.
Thus, electrophysical parameters are largely determined by the microstructure of samples.
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In Fig. 3 temperature dependences of real and imaginary parts of dielectric permeability of samples.
Li,.Fe,. ,Mg,0,(x=0.1, 0.3, 1.0).

3500 4 . _ ——
— —=—x=0.1 1.4x10° —e—x=0.3 .
30004 TeTx=03 —a—x=1.0
—A=x=10 1.2x10° :
2500
y 1.0x10°
2000 —
L ]

— - 8.0x10" .
W 1500 - X
6.0x10"
| ]

1000 4 .
o . 4.0x10" 4 /
500 A / S

—"——"* 2.0x10" /-
L ) { ]
ol = -, N A A—a ool -/!/. ./’/,/A
0 100 200 300 400 500 0 100 200 300 400 500
t,°C t,°C
(a) (b)

Fig. 3. Temperature dependence of real (a) and imaginary (b) part of
dielectric permeability of samples Li, Fe,, Mg,0,(x=0.1,0.3, 1.0)

Temperature dependencies ¢ are described by smooth curves , the progress of which has a
different character in low and high temperatures. With increasing temperature above T=400K, the
imaginary part of dielectric permeability grows stronger with decreasing content of Mg ions.
Temperature dependences of the real part of dielectric permeability are characterized by the presence

of the peak which is most strongly manifested by the sample composition Li,-Fe,,Mg,,0,. With
increasing content of Mg ions its position shifts in high temperature and is accompanied by a decrease
in intensity. For the sample with the greatest concentration Mg * this peak is missing, and weak

dependence of the real part of dielectric permeability can be observed. Dependencies of o and & on
frequency f and temperature T for polycrystalline ferrites [5] are made to interpret within a model of
interlayer polarization and interlayer polarization with the participation of external condition of inter
grain framework. One of the main reasons for the emergence of interlayer polarization is the process of
electrical transfer. Obviously, a certain temperature (in this case 475-575 K) activates electronic
transitions between the ions of variable valence (Fe?* + Fe3* — Fe3* + Fe?*) and such a recharge of
ion pairs is the process of dipole reorientation in an alternating field. We can assume that the growth
of &' is due to polarization or (it is more probable) a recharge of pairs in the electrical domains formed
spontaneously at this temperature under the influence of the applied electric field. Preceding from this
assumption we can suggest that with increasing temperature of the sample these domains are
destroyed as a result of the growth of thermal motion of ions, and, as it can be seen from Fig. 2, b,
causing the reduction of dielectric permeability. A slight growth of ¢'(T) at temperatures above 625 K is
apparently caused by individual recharge of iron ions of different valency. This phenomenon is
observed in the works [9, 13], which make assumptions about the manifestation of the effect of
ferroelectrics.
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Fig. 4. Dependence of the real part of dielectric permeability on frequency

Frequency and temperature characteristics of dielectric permeability of ferrites to a great extent
depend on their composition and structure. At room temperature and frequency of 0.01 Hz the value of
&' is a value of 10° order for all compositions, with increasing frequency comes the reduction of value
&' and makes up 10-20 at high frequencies. Dipoles that are formed under the influence of an
alternating electric field by electrons and ionic vacancies are obviously the main reason for high
dielectric permeability of samples. However, other processes can contribute to the value of this
magnitude, the processes that take place in ferrites, in particular, those that are related to the
heterogeneity of these systems.

454 «
r ﬂ‘\ —a—x=0.0
40+ & < —e—x=0.1
—A—x=0.3
35 / ,Q‘JQ —v—x=0.6
30- 7 * ‘f\ —o— x=0.8
/ be % —a—x=1.0
= 25 / .f Q. <\
20- h sl oo, ‘\'\o\
B ll'fo'.? 3 g * 0< *
15 my $ * 0\§
R P LR
n o L] * A\
104 « ;" = LR
K L K3
54 “ ny - e )
0 -

Fig. 5. Dependence of dielectric tangent of losses ( tg6 ) on the
frequency in the samples ofLiQ5 Fe,; ,Mg,0O, (x=0.0,0.1,0.3,0.6,0.8,1.0)

In an alternating electric field all processes of displacement and orientation of ferrite particles will
have a place until the time these processes are smaller than a half period of changes in an external
electric field. The important characteristic is the time of relaxation z that determines the orientation of
the dipole in an alternating electric field. In connection with the late relaxative polarization the energy
is dissipated and heats up on the alternating current. The power dissipated in the unit of volume is
characterized by a tangent of angle of dielectric losses (tg6). In Fig. 5 is a frequency dependence of
dielectric tangent of losses, in which you can see that the height and shape of the curve depend on the
composition and microstructure of samples. For x=0.0 there are two distinctly separated peaks at
frequencies 10! and 10 Hz which usually contribute to the polarization of grains and their framework.
Significant expansion of the curve for other samples suggests the presence of two kinds of contribution
to polarization that occur at two similar frequencies. The average value of relaxation time for samples
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of Mg - substituted lithium-iron spinel Li ,Fe,. ,Mg,O,(x = 0.0, 0.1, 0.3, 0.6, 0.8, 1.0), obtained from

experimental dependencies of tangent of dielectric losses on frequency, is from 0.014 (for x=0.8) to 0.047
(for x=1.0). Dependence of relaxation time on composition is in Fig. 6.

0.050
0.045 4
0.040 4
0.035 4

e \

0.025 +

1,5

0.020 4

0.015 4

0.010 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 6. Dependence of relaxation time of polarization on the content of magnesium ions

Peak expansion of tangent of dielectric losses (tan&), as well as the value of relaxation time point
out the existence of relaxation time dependence on frequency and not on its constant value [5]. This
distribution of relaxation time is a consequence of the difference in the inner circle of different ions in
the structure under study, besides, of influence are temperature fluctuations of the lattice at room
temperature.

4. CONCLUSION

An impedance range-based analysis shows that behavior of temperature dependence of the real
part of dielectric permeability is characterized by the presence of the maximum in the temperature
range of 475-575 K that is evidently connected with the processes of activating electronic transfers
between ions of variable valence , and is accompanied by dipole reorganization in the AC field. A
characteristic view of frequency dependence O testifies to the presence in a Mg-substituted lithium —
iron spinel Liy.Fe,,Mg,,0, dc — electric conductivity, the contribution of which increases with

temperature, and at T> 573 K its share in conductivity gets predominant.
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[Moaikpucraaiuni ¢pepurn Li,sFe,; ,Mg,0,(x =0.0, 0.1, 0.3, 0.6, 0.8, 1.0) g0caiaxyBaauch METOAOM
KOMIIAEeKCHOIO iMnejaHcy B yacToTHOMY giana3oHi Big 0,01 I'y 20 100 xI'ts mpy pisHMX TeMIlepaTypax B OKO-
i 295-723 K. CriekTpu KOMIIAEKCHOTO iMIledaHCy ITOKasaAl, IO AOCAiAKyBaHUII MaTepiaa Moxe OyTu
NpeJCTaBAe€HUI Y BUTASIAL ABOIIIapOBOTO KOHAEHCAaTOpa, BAaCTUBOCTI SKUX BiAIIOBiAaIOTh 3a 3epHa i rpaHmIli
3epeH MaTepiaay IpH BUCOKNX i HU3BKMX 9acToTax. OBroBopIoIoThCs TeMIIepaTypHi 3a4€>KHOCTI ITPOBi4HOCTI
Ta AleAeKTPUYHOI IIPOHMKHOCTI.

Karo4osi caosa: ¢peputy, KOMILIEKCHNUI iMIIeJaHC, ieAeKTpIIHa MPOHMKHICTD, AleAeKTpUIHi BTpa-
T, TIOASpU3aLLisl.
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THE IMPACT OF THE SURFACE MORPHOLOGY ON ENERGY
CHARACTERISTICS OF NANOPOROUS CARBON MATERIAL

B.K. OSTAFIYCHUK, I.M. BUDZULYAK, B.I. RACHIY, L.O. SHYYKO,
R.P. L1sOVSKY, N.YA. IVANICHOK, V.M. VASHCHYNSKY

Abstract: The impact of nanoporous carbon material (PCM) morphology on its electrochemical
behavior in aqueous electrolyte has been studied. The optimum concentration of aqueous lithium
sulfate which provides the maximum specific energy characteristics of capacitor-type systems
C/Li2SO4/C is determined. Capacitive parameters of electrochemical capacitors (EC) in aqueous so-
lutions of lithium, sodium and potassium sulfate which have different molar ratio have been stu-
died by comparative analysis. Cyclic voltammograms at different scan rates show that the PCM ca-
pacitive behavior in three electrolytes increases in the following order LixSO4s<Na2504<K2S0a. This
improvement could be a result of increasing the movement speed of hydrated ions in the volume
of electrolyte and in the internal pores of PCM in the order Li*<Na*<K*. The obtained results give
valuable information for the study of new hybrid supercapacitors.

Keywords: activated carbon material, double electric layer, electrolyte, specific capacity, internal
resistance, electrochemical capacitor.

1. INTRODUCTION

Electrochemical capacitors that employ charge/discharge of the electrical double layer (EDLC)
occupy an intermediate position between electrochemical batteries and conventional capacitors. The
first part of the devices has high energy density with relatively low power density, and the second one
has a relatively large capacity at sufficiently low energy density [3]. The increase in operating voltage of
EC based on aqueous electrolyte is possible in the so-called hybrid capacitors (HC). It is a hybrid of a
supercapacitor and a lithium-ion battery. A hybrid capacitor (HC) differs from a supercapacitor in
discharge time (up to 1 hour) and energy density, which is higher with less number of recharge cycles
[13]. As it follows from the ref. [2], the electrochemical system is based on a lithium manganese spinel
as a cathode, and nanoporous carbon as an anode in Li2SOs aqueous solution, has specific energy
density to 30 J-kg!. As electrolytes based on Na25Os and K2SOs salts are more affordable than Li*-based
electrolytes, it is interesting to compare the energy characteristics of PCM in salt solutions of varying
molar ratio.

HC energy characteristics largely depend on the specific capacity of the anode, which is made of
PCM. In theory, the greater the surface area of PCM is, the higher specific capacitance is expected.
However, the practical situation is more complicated. Experimental capacity usually depends on the
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ratio between pore size distribution in carbon material and the size of solvated ions in the electrolytes
[7, 8, 14]. The main reason is that nanopores with a small diameter are not available for electrolytic
solution. The fact is that ions with their solvating shell are too big to get into nanopores. Therefore, the
surface area with this type of nanopores does not make any contribution to the overall capacity of
EDLC electrode material. For example, the radius of solvated ions in organic electrolytes is mostly
larger than in aqueous electrolytes. As a result, the carbon electrode with a greater number of
macropores, is mainly used in/with organic electrolytes [11, 12, 15]. In order to improve the specific
energy characteristics of the EC one should study the interrelation of carbon material structural
characteristics (specific surface area, pore size distribution and pore volume) for a particular electrolyte.

In this paper we investigate the correlation between structural and energy parameters of PCM
which is used to make SC electrodes and HC anodes in sulphate aqueous solutions of lithium, sodium
and potassium of varying molar ratio.

2. MATERIALS AND METHODS

As the object of study we use PCM obtained from a raw material of plant origin by hydrothermal
carbonization of feedstock.

The process passes under pressure of water vapor (12 + 15)-105 Pa and further thermal activation at
temperature of 673 + 3 K [9].

Determination of structural and adsorption characteristics of the material was carried out use of
nitrogen adsorption at temperature T= 77 K by surface area analyzer Quantachrome Autosorb (Nova
2200e). The samples were previously degassed in a stream of helium at 453 K during 20 h. The
calculation of adsorption isotherms allowed to obtain pore size distribution, specific surface area and
specific pore volume. Electrochemical studies were conducted in a two-electrode cell (type "2525") with
the spectrometer Autolab PGSTAT/FRA-2. EC electrodes were made from the mixture:

<PCM>:<CA><BM>=<75>:<20>:<5>,

where CA is a conductive additive (acetylene carbon black, graphite KS-15 of «Lonza» company), BM is
a binding material (F-42L) [4]. In order to study specific capacity that depends on the rate of the EDL
charge/discharge process we used a volt-ampere method with scanning rates from 1 to 50 mV-s. The
rate of voltage change on the EC:

Y
dt

and the corresponding capacitor current is associated with capacity by the equation

| =C—
dt

or
I =Cs
PCM specific capacity is calculated by the formula:

c 21
P sm

where I is the current of anodic or cathodic branches of a current-voltage curve, s is a scanning rate, m

is an active electrode mass. The specific capacity of carbon material depends on discharge current,
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which varied with a range of 1 and 50 mA, and is calculated by a galvanostatic method. The specific
capacity of PCM was calculated by using the formula:

I-t,

Coo = =20y -m

where [ is a discharge current, #, is discharge time, U — AU is the potential difference between the
extreme points of the discharge curve, m is mass of PCM.
Internal resistance is determined by a potential jump after 10 cycles of charge/discharge.

AU =2IR
where AU is a potential jump at discharge.

3. RESULTS AND DISCUSSION

In carbon particles pores of different size, shape and volume formed depending on the time of
thermal activation. For research we selected carbon material, which had the maximum specific surface
area and micropore volume.

The specific surface area was calculated by the multipoint BET method with a linear dependence
of 1/[W(Py/P)—1] on P/ P, in the adsorption isotherm P/ P, range from 0.05 to 0.35. The total

volume of pores with a radius less than 152.43 nm was determined under pressure of saturation,
P/P, =0.99. The average pore diameter was calculated according to the method of Horvath-Kawazoe.

Table 1 shows the structural and adsorption characteristics of PCM.

Parameter PCM
Surface area Multipoint BET, s_(m*.g?) 800+20
Total pore volume, V,__ (sm*-g™) 0.4179
Volume of micropores, V,_(sm®-g*) 0.2962
Surface area of micropores, S _(m?-g™) 7225
Average pore diameter, D,, ( ,&) 7.224

Tab. 1. Structural and adsorption characteristics of PCM

The adsorption isotherm analysis (Fig. 1, a) of PCM made it possible to determine the specific
surface area, total pore volume and distribution both in size and volume (Fig. 1).

Electrochemical studies of carbon materials were performed in 0.5M, 1M, 2M, 3M and saturated
aqueous salt solution of Li2SOs4. Cycle volt-ampere curves of electrochemical capacitors with these
electrolytes are shown in Fig. 2.

At low scanning rates the curves of all five electrolytes are close to symmetrical rectangular shape
without any peaks which are responsible for the occurrence of redox processes in the system. This
waveform is a typical capacitive behavior of EC. With increasing the scanning rate the deviations from
the ideal rectangular shape occur due to the reduction of movement time of solvated ions along
working pores.
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Fig. 1. Adsorption isotherm of nitrogen (a), pore size distribution (b),
dependence of specific surface area on pore radius (c), dependence of pore volume on pore radius (d)
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Fig. 2. Cycle volt-ampere characteristics of PCM in 2M aqueous solution of Li2SOs. Scanning
rates: (a) 1, 2 mVs™, (b) 5, 8, 10, 20, 30, 40 mV-s (arrow indicates the direction of the scanning rate increase s)

To study the capacitive behaviour of PCM in these electrolytes, the dependence of the specific
capacity on the potential change rate of the cell was investigated.
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Figure 3 shows that at low scanning rate (up to 5 mV-s) carbon material in saturated aqueous salt
solution of Li2SO4 has the highest specific capacity. It is associated with maximum concentration of
electrolyte ions and low charge rate, providing sufficient time for EDL formation. With the increase of
the scanning rate (5 to 30 mV-s™) carbon material has a maximum capacity in 3M aqueous salt solution
of Li2SOs. In our view, it has an optimal ratio between the electrolyte ions concentration and their
mobility, providing maximum capacity of EDL. For all samples with the increase of the scanning rate
above 10 mV's’l, there is a decrease of specific capacity, which can be explained by low mobility of ions
within certain micropores. In the studied carbon materials there is an insufficient number of transport
pores, which provide free access of electrolyte ions to the micropores, and the volume of micropores of
radius 1.8 - 2.2 nm amounts to 70% of the total pore volume. Therefore, a high scanning rate increases a
number of micropores, in which the EDL is not formed completely and results in the reduction of
specific capacity of PCM at high charge/discharge rates.

A sharp voltage drop at constant discharge current reveals the presence of ohmic resistance of the
supercapacitor. According to ref. [5], the voltage drop AU, = IR is defined as an intersection point
between the voltage curve, which is linearly extrapolated and the axis of time immediately after the
discharge circuit is closed. If a voltage drop exceeds 20% of the maximum, discharge current should be
reduced twofold, fivefold or tenfold times. Fig. 4 shows the dependence of PCM capacity and voltage

drop on the applied discharge current.
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For all samples the specific capacity decreases with the increase of discharge current (Fig. 4, a), and
the maximum operating discharge current is up to 50 mA. With further increase in current the voltage
drop exceeds 20% of the maximum voltage during the discharge.

To determine the occurrence of possible chemical reactions for PCM in 0.5 M aqueous salt solution
of Li2SOs, Na2504 and K2504 the electrochemical research into potential 0 + 1 V was performed. Fig. 5
shows cyclic volt-ampere characteristics with the scanning rate of 1 and 20 mV-s, respectively.
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Fig. 5. Potentio dynamic curves for PCM in 0.5M aqueous solution
of 1 - Li2SO4, 2 — NazSOs i 3 — K250+ at scanning rate 1 mV/s (a), 20 mV/s (b)

When scanning rate numbers 1 mV-s' VA-curves of all the three electrolytes show a symmetrical
shape close to rectangular without any noticeable redox peaks that are characteristic of capacitive
behavior. The values of specific capacity of PCM in three electrolytes obtained at low scanning rates
also do not show any significant differences, either. As a result of the relaxation time for movement of
solvated ions at high scanning rate, all the curves deviate from the ideal rectangular shape and the
capacity value in aqueous electrolytes increases in the order Li2504 <Na2504 <K250s4.

Whereas there are no visible peaks on the volt-ampere characteristics obtained, as is the case of
galvanic cells (batteries supply), it can be argued that the electrolyte has a chemical and electrochemical
stability in the attached potential field [1].

Getting cyclic volt-ampere curves made it possible to calculate the specific capacity Cn of the
investigated PCM. Dependence of the material specific capacity on the scanning rate is shown in Fig. 6.
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As is seen in the figure, the value of specific capacity decreases due to the increasing scanning rate.
PCM in the aqueous salt solution of Li2SO4 has the lowest specific capacity and in aqueous KoSOs  the
largest. This may be due to the fact that hydrated ions have different radius, ie. Li* (3.82 A),
Na* (3.58 A) and K* (3.31 A), and different charge densities and movement rates [6, 10]. Based on the
fact that the hydrated K * ions are the smallest and their ionic conductivity are the highest and
movement time of hydrated K* ions along the pore is the shortest, it can be concluded that it is easier
for them to achieve the internal pore of PCM than Na* and Li*. As a result, EC-based on aqueous
solution of K2SO4 have the highest specific capacity at a high scanning rate. From the above it can be
concluded that capacity increases in the order Li* < Na* < K*.

The investigated PCM was used to form EC-cases of standard size "2525". As an electrolyte we used
0.5 M aqueous solution of Li2SOs, Na2504 and K2SOs. Than we carried out measurements of capacity
and internal resistance for EC.

A sharp voltage drop at a constant discharge current indicates the presence of internal resistance in
EC. The technique consists in the oscillographic fixing of voltage drop (AU) of the capacitor at the time
of its connection to a specific external resistance, and it is the closest method of practical application in
EC internal resistance measurement. Fig. 7 shows the dependence of voltage drop of EC on the current
applied.
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Specific capacity of samples was defined by using a galvanostatic method. The essence of this
method is to determine the potential U depending on the time t at a constant current. As it can be seen
in Fig. 8, for all the studied electrochemical systems capacity value decreases with the increase of
discharge current. The maximum discharge current is 50 mA as further on its increase voltage drop
exceeds 20 % of the maximum voltage during the discharge.
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Fig. 8. Dependence of capacity of EC in 0,5M aqueous solution
0of LixSOs —m—, Na2SOs —o— i KsSOs — A — on discharge current
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4. CONCLUSIONS

According to potential dynamic and galvanostatic studies it has been found that the specific
capacity of carbon material depends on their electrochemically accessible surface area, involved in the
formation of EDLC. The structure of carbon pores and molar ratio of the electrolyte are important
factors that affect the value of capacity and total resistance of the electrochemical capacitor. It has been
established that optimal is the use of 3M aqueous salt solution of Li2SOs that provides specific capacity
of carbon materials within 80-110 F-g! at discharge current of 10-50 mA.

We have studied electrochemical properties of PCM in 0.5 M aqueous solution of Li2SOs, Na2SOs
and K2SOs which showed that the velocity of hydrated ions in the bulk electrolyte and within internal
pores of the electrode of PCM increases in the order Li* <Na* < K*, resulting in the improvement of PCM
capacitive behavior in three electrolytes in the order Li2SO4 < Na250s < K2SOs. Thus it is believed that
for making a high power EC with and high energy density K*- and Na*-based aqueous electrolytes are
more suitable than Li*-based electrolytes. The results obtained give valuable information for further
study of new hybrid supercapacitors.

The research is carried out in the framework of UKX2-9200-IF-08 with financial support from CRDF/USAID
and MONMS Ukraine (M/130-2009).
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B aaniit poborti gocaiaskeno srians Mop¢0a0rii HaHOIIOPNCTOTO ByTAeeBoro Marepiaay (HBM) Ha
JIOTO eAeKTPOXiMiuHy MOBeAIHKY Y BOAHOMY eAeKTpOAiTi. BcranoBaeHa onTuMaabHa KOHIIEHTPALlisl BOAHOTO
po3unHy cyabdaty AiTio, sika 3a0e3lleuye MaKCUMa/AbHI IIMTOMIi eHepreTUYHI XapaKTepUCTUKN KOHAEHCa-
topanx cucreM tumy C/Li2SOs/C. IlposeseHi nopiBHAABHI AOCAIAXKEHHS €MHICHUX ITapaMeTpiB eAeKTpo-
ximivanx KoHgeHcaTopiB (EK) y BoagHux posumHax cyawpdaris AiTilo, HaTpilo Ta Kaailo pi3HOI MOASPHOCTI.
IIukaiyni BoAbTaMIepOrpaMm IIPU Pi3HMX IOBMAKOCTSX CKaHYBaHHs IOKa3ylOTh, IO €MHICHA ITOBeJiHKa
HBM B TppoXx eaekTpoaiTax MOKpamyeTsest B MOpAAKY LizSO1<Na2504<K250s. Lle moaimIeHHs MOXKe r0A0B-
HUM YMHOM OYyTM HacAidKoM 30iAbllIeHH:A IIBUAKOCTI pyXy TidpaToBaHUX ioHiB B 00'eMi eaeKTpoaity i y
BHyTpimHiXx nmopax HBM B mopsaaky Li*<Na*<K*. Orpumani pesyabTaTu 4aiOTh LiHHY iH(oOpMariio aas
BUBUYEHHSI HOBUX TiOpMAHMX CyTIepKOHAEHCATOPiB.

Ka1040Bi ca0Ba: akTuBOBaHMII ByrJeleBuii MaTepiad, IOABIHII €AeKTPUYHUIL ITIap, eAeKTPOAiT,
IIMTOMa €MHICTD, BHYTPIillIHil OIip, eAeKTpOoXiMiuHMII KOHAEHCaTop.
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RUTILE NANORODS: SYNTHESIS, STRUCTURE AND
ELECTROCHEMICAL PROPERTIES

V.0. KOTSYUBYNSKY, L.LF. MYRONYUK, V.L. CHELYADYN, V.V. MOKLYAK

Abstract: Nanodispersed rutile with rod-like particles was synthesized by hydrolysis of TiCls in
hydrochloric acid - ethanol alcohol aqueous solution at 40°C. It was found that the specific surface
area, crystallite size, degree of agglomeration are determined by molar ratios of ethanol. The
obtained material was used as the base of cathode composition for lithium power sources. The
maximum values of specific capacity (250 mAh/g) at discharge in galvanostatic conditions are fixed
in the case of using material with the maximum agglomeration degree and minimal particle size.
Phasic character of Li* ions intercalation is set and the diffusion coefficient at different stages of the
process is calculated.

Keywords: rutile, crystal structure, lithium intercalation, impedance spectroscopy.

1. INTRODUCTION

Using metal oxides nanodispersed forms as the cathode material is one of the most advanced ways
of improving specific energy characteristics of lithium power sources. An increase of capacity for
nanostructured cathode materials is caused by the improving of Li* ions intercalation efficiency as a
result of Li* and electrons ions transport path lengths reduction, contact area host-material / electrolyte
enlarging, specific surface area and chemical activity of cathode component growing. Crystal structure,
surface morphology and electric characteristics of nanodispersed materials are determined by the
peculiarities of synthesis, so the possibility of the materials formation with foreseen optimized
characteristics is opening. Lithium ion intercalation degree in microcrystal rutile is negligible at room
temperature and even for low current densities (C/300) it has kinetic restrictions (Hu et al., 2006). The
aim of this paper is to test of nanodispersed rutile for Li-ion electrochemical insertion.

2. EXPERIMENT

Rutile TiO2 was synthesized by hydrolysis of TiCls in hydrochloric acid - ethanol aqueous solution
at 40°C. It is known that ethanol is very important in the formation of rutile surface morphology.
During the reaction at the conditions of high acidity the formation of 6-fold coordinated complex
species [Ti(OH)uCln(OC2Hs)s-n-m]* took place where the [OC2Hs] served as a retarding factor for the
hydrolysis of TiCls (Wang et al., 2007). Low number of OH ligands causes the vertex-shared bonding of
[TiOs] octahedra that results in the formation of a rutile phase. The obtained gel TiO2H20 was set to
age for 3 hours at 40°C. Colloidal solution of TiO2 was kept for 240 hours at 18°C. After segregation the
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material was dried for 3 hours at 150°C. The three systems were synthesized for which the ethanol
content in the reaction medium was 0, 10, 20 and 30 vol. % respectively.

3. RESULTS

Accordingly to the XRD data the system were monophase rutile (Fig. 1, Tab. 1) with rod-like
particles. For all obtained materials coherent scattering regions have an ellipsoidal form with the main
axis oriented along [001] crystallography direction. System No2 (ethanol content 10 vol. %) has the
minimal size of coherent scattering regions (9x3 nm), for other systems these sizes are about 12x5 nm.
The agglomeration degree depends on the ethanol content at synthesis (Fig. 2). Maximum is the
average size of agglomerates for system No2 (500-600 nm), whereas for systems 1 and 3 the size of
agglomerates is 150-200 nm. For these systems the size of individual rod-like particles is close to the
size of coherent scattering regions, suggesting that their state is close to monocrystal.
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Fig. 1. XRD patterns of rutile obtained for different ethanol
content (1- 0 vol. %, 2— 10 vol. %, 3— 20 vol. % 4— 30 vol. %)

A ize of
Etanol Lattice parameters Vilzf:rzljte © Specific Mass loss
System content, scattering surface (annealing up
) 2 o o,
vol.% a, nm ¢, nm regions, nm area, m?/g | to1000°C), %
1 0 4.6223 2.9488 12x4 165 15.8
2 10 4.6286 2.9539 9x3 77 6.7
3 20 4.6143 2.9538 12x6 90 7.7
4 30 4.6072 2.9575 12x4 106 11.4

Tab. 1. Structure and morphology characteristics of obtained rutile

The rutile particles of system 4 are weakly aggregated and have linear sizes 20-70 nm at diameter 10
nm and they are polycrystalline formations. Fixed values of specific surface area reflected changes in
the morphology of obtained materials. Loss of weight at heating is explained by desorption of surface
hydroxyl groups, as evidenced by fixed for all materials a clear linear dependence between mass loss
and the value of specific surface area (Tab. 1).
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Fig. 2. TEM images of rutile synthesized for different
ethanol content (1- 0 vol. %, 2— 10 vol. %, 3— 20 vol. % 4— 30 vol. %)

For checking a possible presence in the material of X-ray amorphous phases of anatase or brookite
all the obtained materials were annealed for 1 h at temperatures of 400 and 600° C. Additional phases
were not observed. Annealing the materials at 400°C initiated the process of particles growing with the
major axis orientation been saved.

The obtained material was used as a base of the cathode for model lithium power sources (LPS).
Cathode composition contains obtained rutile (90 mass %) acetylene black (8 mass %) and PVF (2
mass%). The discharge of LPS was carried out in galvanostatic conditions at current density of C/100.
The kinetics of the discharge process was studied by measuring an open circuit voltage (OCV) with the
use of a three-electrode scheme. Polarizing and comparison electrodes were made from lithium foil; a
working electrode was nickel mesh with the pressed film of cathode composition. 1M of LiBF4 y-
butyrolactone was used as an electrolyte. The degree of intercalation x was calculated as the molar
amount of Li+ ions transferred through electrolyte per one mole of titanium dioxide in the cathode
composition. A character of discharge curve (Fig. 3) is the result of different processes domination at
different stages of discharge: intercalation into the rutile structure, formation of a double electric layer
on its surface, a change of material phase composition.

Molar content of Li ions per mole of TiO,
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Fig. 3. The discharge curves of the LPS with the cathode based on rutile from different system
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Frequency dispersion of complex impedance was studied in the range of 102-10°Hz. Based on the
impedance-spectroscopic data three stages were found out, which correspond to ranges of the
intercalation degree 0< x <0.2; 0.3 < x <0.45 and 0.55 < x <0.75 respectively. The first stage is characterized
by a sharp decrease of the OCV caused by the Li* ions localization on the particle surface with the
following intercalation into crystal structure. The localization of Li* ions is the most probable in the
octahedral oxygen vacancies, as well as in the structural channels [001], and the emergence of pair
interaction between intercalated lithium ions in the plain (110) can lead to the blockage of the channel
and serve as a barrier to subsequent introduction. High specific surface area of the nanodispersed rutile
increases the number of channels opened for Li* intercalation and neutralizes the influence of their
blocking. The other advantage is the possibility of Li* ions localization in the form of the sorption layer
on the surface of cathode materials. The equivalent scheme (Fig. 4) was used for fitting the Nyquist
diagrams that describing the process of cathode polarization at all stages of the discharge.

RO R1 R2 CPE2

>

CPE1 CPE3
N\
7

Fig. 4. Equivalent scheme used for fitting the Nyquist diagrams characterizing
the process of Li *ions intercalation into the LPS cathode based on nanodispersed rutile

This scheme for different values of its component characteristic parameters summarizes the
combination of Voigt model and adsorption model (0 < x < 0.45) and Randle’s model (x > 0.55).

For the model flexibility increasing constant phase elements (CPE) were used at the equivalent
scheme selection. Chain Ri—-CPE: simulates the impedance of the Li* ions penetration through the TiOz /
electrolyte interface and their diffusion in the channels and pores of the material crystal structure for
the entire range of the parameter x variation. A type of elements connection (resistance and the
Warburg element in parallel) corresponds to a semi-infinite diffusion in the spherical particles.
Simultaneously with the intercalation of Li* ions in the cathode material their adsorption on the surface
of rutile particles and the formation of double electric layer were carried out. This process is reflected at
equivalent scheme by the chain (R2 —CPE2)-CPEs. Values of exponent indexes for CPE2 and CPEs are in
the range of 0.96 -1.00 so these elements have the physical contents of adsorption capacity and the
capacity of surface double electric layer, respectively. The analysis of changes in the values of the
equivalent schemes parameters for different intercalation degree was carried out. Diffusion coefficients
of Li* ions (Fig. 5) were calculated as described in (Liu et al., 2008).
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Fig. 5. The dependence of the diffusion coefficients of Li* ions in the
cathode material based on nanodispersed rutile on the degree of intercalation
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The presence of two kinetic processes with different time constants at the first stage of discharge
was fixed. Calculated diffusion coefficient values decline up to x=0.3-0.35 changing from 10° to
10" cm?/s. Electric properties of cathode was homogenized at the range 0.35 < x < 0.45 and with the
increasing of the rate of charge transfer process. At the final stage Li* ions diffusion coefficient
decreases from 7:10-10 to 2:101t cm?/s.

4. CONCLUSIONS

The possibility of rutile nanoparticles specific surface area, crystallite size, degree of agglomeration
control by ethanol molar content during TiCls hydrolysis in the hydrochloric acid-ethanol aqueous
solution has been shown. It is found that the value of specific capacity of model lithium power sources
with cathodes on the basis of the materials obtained depends on the size of individual particles of
material and its agglomeration. The regularities of electrochemical intercalation of Li* in rutile
nanoparticles have been studied, kinetics of the process analyzed, diffusion coefficients of the Li* ions
calculated, the predominant role of the surface effects impact fixed.

The research described in this paper was supported by CRDF/USAID (grant UKX 2-9200-1F-08) and
Ministry of Science and Education of Ukraine.
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Komoonuceknit B.O., Muponiok 1L.@., Yeasann B./., Mokasax B.B. Cunres crpykrypa Ta eaeKkTpoximiuHi
BAACTUBOCTI HAHOCTEP>KHIB pyTuay. 2Kyprar Ipuxapnamcoxozo yrisepcumemy imeri Bacurs Cmegparuxa, 1 (1)
(2014), 27-32.

Hanowactuskm pyTtnay crepxHesuaHoi Mop@oaorii orpumano metogom rigpoaisy TiCla 3 sacro-
CYBaHHSIM PO3YMHIB XA0PMCTOBOAHEBOI KMCAOTM Ta eTA0BOTo cnupTy npu Temnepatypi 40°C. BeranosaeHo,
IO BeAM4yHa IIMTOMOI 1101 IIOBepXHi, po3Mip KpMCTaAiTiB, CTYIIiHb iX arAoMepallii BU3Ha4a€ThCs MOASIP-
HIM BMIiCTOM eTaHOAY B peakIiiiiHoMy cepedosuili. OTpuMaHi MaTepiaau TecTyBaAUCsA B AKOCTi KaTOAHOTO
Marepiaay A4s AitieBux axkepea cTpyMmy. MakcuMazabHe 3HaueHHs nuToMol éMHocTi (250 MA-Toa/r ) mpu
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pO3psAi B raabBaHOCTATUYHUX YMOBaX 3a(ikCcOBaHO A5 BUIIaAKY 3aCTOCYBaHH: MaTepialy 3 MaKCUMaAbHUM
CTyIleHeM araomepaltii Ta MiHiMaabHUM po3MipoM dacTuHOK. ITpocTeskeHo Hepe6ir iHTepKaAsLil iOHIB Ai-
TiIO B KaTOAHMII MaTepial Ha OCHOBI HAHOYACTMHOK PYTHUAY CTep>KHeBUAHOI MOP(OAOrii Ta BU3HAaYEHO 3Ha-
yeHHs KoeillieHTis Audysii Li* Ha pisHux mporecax.

KarouoBi caoBa: pyTua, KpucradiuHa CTpyKTypa, iHTepKaaslis ioHIB AiTilo, iMIledaHCHa CIEKTpoc-
KOTIis.
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SYNTHESIS AND PROPERTIES OF SUPERPARAMAGNETIC y — Fe, 043

V.0O. KOTSYUBYNSKY, V.V. MOKLYAK, A.B. HRUBIAK

Abstract: Method of nanodispersed y-Fe20s synthesis by thermal decomposition of iron citrate is
proposed. The investigations of obtained oxides crystalline and magnetic structures are done.
Nanodispersed y-Fe:0s with sizes of coherent scattering regions about 4-7 nm was is only one
phase after gel sintering at 200, 250 and 300°C; the particles of synthesized materials are in a state
of magnetic ordering and in superparamagnetic state. The influence of magnetic dipole
interparticles interaction on parameters of Mossbauer spectra is observed. The phenomenological
model of the differences between nanodispersed y-Fe2Os magnetic microstructures obtained after
annealing at different temperatures is presented.

Keywords: y-FexOs, mossbauer, superparamagnetic.

1. INTRODUCTION

The sphere of the practical use of nanodispersed iron oxide includes information store devices,
magnetic sensors, controlled drag transference, separation biological objects and environment polluting
substances (blue-green algae toxins). The use of iron oxide nanopowder in photocatalytic hydrogen
generation devices is of great perspective.

2. EXPERIMENTAL

Nanodispersed y-Fe203 was synthesized by a sol-gel method: slow drying (60°C) in the air of
colloidal solute Fe(NO3)s-9H20 and CeHsO7H20 for different molar ratio between precursors. The
sedimentated iron citrate hydrate during 12-15 days was dried out in the air at 50-60°C.

Obtained xerogel was sintered at temperatures 100, 150, 200, 250, 300 °C during 1 hour. The systems
of samples were investigated by X-ray diffractometry (Cu Ko radiation), Mossbauer spectroscopy
(calibration relatively a-Fe), scanning electron microscopy

Sintering at the temperature of 100 and 150°C does not change an X-ray amorphous state of the ma-
terial but after the sintering at the temperatures of 200, 250 and 300°C the only one X-ray crystal phase
in the material is y-Fe20s with lattice parameter a =0.83388+0.00015 nm (Fig. 1).

Halos on the XRD patterns are caused by the presence in the samples of X-ray amorphous compo-
nent.

Average sizes of X-ray coherent scattering areas (CSA) after sintering at temperature of 200°C is
5+Inm and after sintering at 250 and 300°C is about 6+1 nm.
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Fig. 1. X-ray diffraction patterns of y-Fe2Os samples obtained at the different sintering temperatures

Fig. 2. SEM images of y-Fe:0s samples obtained at the different sintering temperatures

Accordingly to scanning electron microscopy data all materials obtained by sintering during 1 hour
at 200, 250 and 300°C are characterized by porous structures as a result of evaporation of metal-organic
precursor decomposition products (Fig. 2).

Mossbauer spectroscopy gave an independent information about phase composition, magnetic
microstructure, iron ions valence. At the conditions of partially disordered magnetic system (samples
sintered at 200, 250 and 300°C) it was impossible to establish the responsibility between each partial
component of Mossbauer spectra and some type of Fe magnetic neighborhood. So, we used the
suggestion about the formation in these cases non-interrupted distribution of hyperfine magnetic field
on the ¥Fe nucleus in the y-Fe20s structure.based on the methods [2].

3. RESULTS AND DISCUSSION

Mossbauer spectra synthesized materials with the deconvolution on the partial components are
presented in the Fig. 3 and 4, generalization of it parameters — in Tab. 1.

Sintering at the 100°C does not cause any substantial changes in the crystal and magnetic
microstructure of the origin sample The values of isomeric shift (6=0.41 mm/s) and quadrupole splitting
(A=0.50-0.56 mmy/s) for doublet component of the origin and sintered at 100°C samples (Fig. 3) are
different form the data for iron citrate [8] and are close to the results in the report [3], where the super-
paramagnetic (SP) particles y-Fe2Os with the diameter <10 nm in polymeric matrix are studied
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Sample H, kOe &, mm/s As, mm/s @, mm/s S, %
Origin xerogel - 0.41 0.55 0.35 100
100°C - 0.41 0.57 0.37 100
- 0.53 0.81 0.34 49.3

150°C - 0.52 1.33 0.40 43.8
- 1.37 2.19 0.30 6.9

- 0.48 0.80 0.45 27.7

- 0.48 1.32 0.45 15.1

200°C - 0.46 0.08 3.61 216
429.10* 0.44 -0.03 0.43 35.6

- 0.47 0.73 0.43 18.0

250°C - 0.47 1.25 0.49 13.6
1 hour - 0.53 0.01 4.20 24.2
439.50* 0.45 -0.01 0.37 441

250°C - 0.35 0.75 0.38 19.7
3 hour - 0.33 1.20 0.63 80.2
- 0.48 0.74 0.40 36.9

300°C - 0.47 1.24 0.51 43.0
412.00* 0.48 -0.09 0.36 20.1

*for materials, obtained sintering at 200, 250 and 300°C average most probably values of hyperfine magnetic field H
are presented
Tab. 1. Parameters of Mossbauer Spectra for Synthesized Materials

Annealing at 150°C causes an increase of & and A values and spectra is a superposition of the three
partial components (Fig. 4). The two doublet components have the isomeric shift 0.52-0.53 mm/s and A
0.80 and 1.32 mm/s, respectively, and correspondence to resonance absorption by the nucleus of
tetrahedral coordinated ions Fe®* in the highspin state.
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Fig. 3. Mossbauer spectra of synthesized materials: origin xerogel before and after sintering at 100°C during 1 hour
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The values of quadrupole splitting depend on the lattice deformation under the Laplace preassure.
The third doublet with 6=1.37 mm/s and A=2.19 mm/s is formed as a result of resonance absorption by
nucleus of Fe? ions.

Magnetic ordered components of Mossbauer spectra for materials obtained sintering at 200 and
250°C are 35.6 and 44.1% of integral intensity responsively that reflect the particles enlarging with
temperature increase. A function of hyperfine field distribution is characterized by one maximum at
about 490 kOe. Paramagnetic parts of the spectra contain two components which response to the
resonance absorption by Fe nucleus in the superficial and inner regions of mesoporous y-Fe203 3D-
grid. The tendency to decreasing & and A is caused by particle (domain) enlarging and increasing of
covalence degree of Fe-O bonds. The presence of wide doublet component with A=0 is the characteristic
peculiarity of these spectra. Similar spectra content was observed for iron oxide nanoclasters obtained
by ferric oxalate thermal decomposition in [7].

In the spectra of a sample sintered at the 300°C DC with A =0 is absent, a magnetically ordered part
does not exceed 20% of integral intensity with the saving of two component composition of the central
doublet .

Values of § and A for the materials obtained by sintering at 200, 250 and 300°C are lower as
compared to the data for microcrystal y-Fe20s [6]. It is caused by attenuation of the superexchange
interaction as a result of an increase of the amount of ¥Fe nucleus with destroyed bonds (Fig. 2).

-80 -40 0 4.0 80
mm/s

Fig. 4. Mossbauer spectra of materials obtained by sintering at 150, 200, 250 and 300°C during 1 hour
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The changes of magnetic microstructures of synthesized material are caused by sizes effects and SP
phenomena. The obtained materials are the systems of monodomain clusters with fluctuated magnetic
moments This fluctuations cause the broadening of spectra lines and disappearance of magnetic
hyperfine structure at a certain value of material magnetic anisotropy which determine the relaxation

time 7, of particle magnetic moment. Relaxation time is calculated as 7,, = toexp (%), where T, =
107% — 101, V - particle volume, K — constant of anisotropy, T — temperature. For a particle with the
certain values K and V the conversion from superparamagnetic to magnetically ordered state is
occurred at the blocking temperature (Ts). For the system of magnetic nanoparticles the variant of
magnetic interaction energy (sum of exchange and dipole energies) between two neighbors particles
dominance up to anisotropy energy became possible [4]. Influence of exchanged effects on the
macroscopic magnetic characteristics of materials is reflected in the appearance of magnetic
nanomaterials peculiarities similar to the characteristics of spin glass, the appearance of blocking
temperature shift, disagreement of structural and magnetic researches data. Transitions are stimulated
by defects, cluster interactions, strains on the interphases boundaries which is typical for nanoclusters
system. Oscillation blocking takes place at the effective temperature Te=Ts+1* where temperature
shift T reflects influence of dipole-dipole interaction and determines the value of it energy. Activation
of interaction effects will be determined by a module of difference between Ter and temperature of
magnetic moment oscillation blocking. Wide doublet component components in the spectra of samples
obtained by sintering at 200 and 250 are an intermediate stage between magnetically ordered and SP
state of particle in the case of strong dipole-interaction. These systems show SP properties at
temperatures higher than TB. At temperatures lower TB these systems are like spin glass and its spectra
contains broad doublet. This component is a result of resonance absorption by the Fe nucleus for
which hyperfine field has the value between a zero and saturation level. Thermal fluctuation of
magnetic moment of particles take place however the “temporary hangings up” are possible.

Constant of magnetic anisotropy for the particles of y-Fe20s (d~6.5 nm) is K=1.2-10°¢ J/m? [1]. There
are another values K =(2.1+0.3)-10° ] /m3 for y-Fe2Os particle with size 10 nm [8]. For value K =5-10° J/m? it
is obtained that at the T=290 K in SP state there are particles with the sizes less than 4.2-4.8 nm that
corresponds to X-ray analysis data.

With sintering at 250°C an increase of treatment time to 3 hours causes the disappearance of
magnetic ordered component of Mossbauer spectra. Accordingly to XRD data this sample is
amorphous. So, structural and magnetic properties of obtained materials depend on thermal treatment
conditions.

250°C
3 hours

intensity, arb.un.
n 1 L "

1|0 I 2|0 I 3|0 I 4|0 l 5|0 I BIO I 7|0 I 8|0 ' 9|0 t t f : f
20° —-80 —-40 0 4.0 8.0
’ mm/s
(a) (b)

Fig. 5. XRD pattern (a) and Mossbauer spectra (b) of materials obtained by sintering at 250°C during 3 hour
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Doublet component characteristic parameters-based comparative analysis of the systems sintered
at 250°C during 1 and 3 hours we can take a conclusion about an increase of Fe-O bonding covalence
degree without magnetic neighborhood changes.

4. CONCLUSIONS

Generalizing of the experimental data we can build a phenomenological model. As a result of
thermal destruction of origin xerogel in the material amorphous regions of y-Fe20s phase are nucleated.
After sintering at 200°C it is partially crystallized with the forming of mesoporous 3D-grid as the result
of NO2z, CO2 and H20 evaporation. Particle size distribution causes the coexisting of magnetic ordered
and superparamagnetic state of a different part of the grid. Sintering temperature increase (up to 250
and 300°C) leads to the intensification of these processes with an increase of pore sizes and chain
thickness. Interparticle dipole-dipole magnetic interaction has been fixed for the materials obtained by
xerogel sintering at 200 and 250°C. Sintering at 250°C during 3 hours lead to full dehydration of the
material with the bridges destroyed between particles and fragmentation of grid structure with the
formation of paramagnetic amorphous product.

This work was supported in part by the CRDF / USAID Grant UKX 2-9200-IF-08
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Komobnuceskuit B.O., Moxkask B.B., I'py0’ssx A.b. CuHTe3 Ta BAacTMBOCTI cylepnapamarHiTHoro y-FexOs.
XKypnar Hpuxapnamcvicozo yrisepcumenty imeni Bacuas Cmegparuxa, 1 (1) (2014), 33-39.

3aIpoNOHOBaHO CIOCIO OJep>KaHH: HaHOAuUCIIepcHOTO Y-FexOs 1masaXoM TepMidHOTO po3Kaaay ITUT-
pary 3aaiza. IIpoBeaeHO KOMILAEKCHI 40CAiAKeHHsI KPMCTaAiyHOI Ta MarHiTHOI MiKpOCTPYKTypu OTpuMa-
HOTO OKCHUAY 3adiza. Bussaeno, mo micas signaay mpu temneparypi 200, 250 ta 300 °C €AnHOIO peHTreHo-
Kpucraaigysoio ¢asoio B MaTepiaai € HaHoaucnepcHuii y-Fe:Os 3 posmipoM o6aacreii KOTepeHTHOTO po3-
cifoBaHHs 4-7 HM , YaCTUMHKM SKOTO ITepeOyBaiOTh B MAarHITOBIIOPSAKOBAHOMY Ta B CylepIiapaMarHiTHOMY
cra"ax. Crocrepirascsi BIIAMB MAarHiTHOI AMIIOABHOI MiXKYaCTMHKOBOI B3a€MOAIl Ha IlapamMeTpu Mec-
DayepiBCBKIIX CHEKTPiB OTpMMaHMX MaTepiaais. IIporoHy€eThcst MOAeAb, IO MOACHIOE BiAMiHHOCTI MarHiTHOL
MIKpOCTPYKTypU HaHOAuCIIepcHOTO Y-Fe2Os, oTpumaHOro micas Bigniady Ipu pisHUX TeMIIepaTypax.

Karouosi caosa: y-FexOs, marniTHi HaHOMaTepiaau, cynepriapaMarHeTsM, MecOayepiscbKa CIIeKT-
POCKOITisL.
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THE EFFECT OF THERMAL MODIFICATION ON THE
DEVELOPMENT OF CARBON MATERIAL MICROPOROUS
STRUCTURE

B.K. OSTAFIYCHUK, .M. BUDZULYAK, N.YA. IVANICHOK, B.I. RACHIY, R.P. LISOVSKY

Abstract: A research is done to characterize the microporous structure of outgoing and thermally
modified (673 K, 180 min) plant-extracted carbon material. The porous system characteristics are
worked out by different methods on low temperature (77K) N2 adsorption-desorption based
isotherm. It is stated that thermal modification contributes to the enlargement of specific
surface (from 361 m?/g to 673 m?g), an increase in total pore volume (from 0,166 cmd/g
to 0,477 cm’/g) and an increase in micropore volume (from 0,127 cm?/g to 0,173 cm?/g). Most
effectively thermal modification is apt to form nanopores with diameters of 0,75; 1,25 and 4 nm.

Keywords: porous carbon material, thermal modification, low temperature porometry, structural
and adsorptive characteristics.

1. INTRODUCTION

Porous carbon material (PCM) possesses unique physical and mechanical properties and is widely
used — from nanoelectronics and supercapacitors to composite material [26, 5]. Providing carbon
material with necessary electrical and physical properties, apart from those which are defining for the
material-based electrochemical capacitors, is carried out both in the course of its obtaining and by way
of chemical and thermal treatment of carbonized material [4]. Traditional raw materials for the
production of quality PCM is hardwood, fruit seeds, coconut peel, coal, and resins with high- content
coal and natural micro- and mesoporosity [10].

From the point of view of its practical use the conspicuous characteristics PCM are internal pore
volume, the specific surface and volume of micropores.The simplest and most reliable method of
measuring these characteristics is gas sorption. Gas sorption measurement is easy to install and use.

The goal of figuring out the specifics of application of N2 adsorption- desorption to characteristics
of PCM porous structure is to assess the impact of its thermal characteristic versions to the carbon
material, obtained from apricot pits; and to analyze applicability of different methods of calculation for
the characteristics of carbon material porous structure.

2. EXPERIMENT AND DISCUSSION

The object of research is the process of forming carbon material porous structure in the course of its
obtaining and further thermal modification. The subject of research is the PCM, obtained by
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hydrothermal carbonization of apricot pits-extracted material under the pressure of water vapour
(12-15)-10° Pa. The temperature range of carbonization activation totalled 873-1273 K. Thermal
activation is carried out 3 h at temperature 673 + 3 K that leads to obtaining the samples, the symbols
being listed in Tab. 1.

Temperature carbonating Samples after carbonation Samples after thermal
activation, K activation activation at 673 K
873 CA-1 CTA-1
973 CA-2 CTA-2
1073 CA-3 CTA-3
1173 CA-4 CTA-4
1273 CA-5 CTA-5

Tab. 1. Marking of PCM samples

A microscopic research is done by means of the e- microscope Zeiss Supra 40 VP (Carl Zeiss Group
Germany) with a field cathode (Field Emission), e-microscope GEMINI and a fully oil-free vacuum
system with the mode of operation on low vacuum (VP).

Determination of PCM structural and adsorptive characteristic is carried out by means of Ni
sorption at temperature T =77 K on the automatic sorptometer Quantachrome Autosorb (Nova 2200 e).
The samples have been degased at 453 K during 20 hours.

The following methods are employed to calculate the parameters of CA and CTA porous structure :
1) proposed by Brunauer, Emmett, Teller [3] BET method in boxes, with a limited range of relative
pressure P/Po = 0.05-0.035; 2) the method of Langmuir (method L) [13], which is based on the
assumption that the adsorbent saturation limit corresponds to the formation of a monolayer of
nitrogen, and 3) the method of BJH, proposed by Barret, Joyner and Halenda [1], and 4) the method of
DH, the proposed Dollimore and Heal [7]; 5) t-method [6] and its modification MR method [21] to
determine the micropore size distribution; 6) as-method [11]; 7) the method of DR- method [8]; 8) HK-
method proposed by Horvath and Kawazoe, which calculates the size of the region of small micropores
relative pressure adsorption isotherm and is designed for materials, which is dominated by slit-like
pores [12]; 9) method SF, developed by Saito and Foley for cylindrical micropores [27]; 10) method
DEFT (Density functional Theory), which is based on density functional theory [9].

Here are the parameters that characterize carbon material porous structure: S (m?g) — specific
surface volume; Vz (cm3/g) — the total volume calculated by the volume of adsorbed nitrogen at.
P/P0>0,995; the volume of micropores Vm (cm?/g) is calculated by a t-method, external surface area
Sext (m?/g) and micropore surface Sm (m?/g) by the formula Sm = Sger - Sex;; d (nm) — an average diameter
or width of the pores.

In the study of PCM structural properties important is the shape and size of micro- and nanopores
formed in the material as a result of technological operations in the course of their obtaining and
further treatment. In Fig. 1 is a SEM-image of BK-3 carbon material surface at different scales. When
considering the PCM surface (Fig. 1) one can see surface microgaps, round and oval transport pores,
which in most cases are filled with fragments of coal fractures. The entire surface observes white
inclusions which are the main source of metal, oxygen, and the remnants of burnt cinder [24].
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Fig. 1. The microstructure of the surface of carbonated PCM

For uncovering internal pores and making new ones thermal activation of carbonized carbon
material is done at temperature (673 K, 180 min), followed by the opening of porous structure (Fig. 2)
which has been invisible before treatment in contrast to the outgoing material surface with separate
outputs of pores. The reason for this structure is that organic substance of the material surface is burned
in the course of obtaining carbon from a plant-extracted material, but the remnants rise along the
channels (pores) from grains onto the surface under vapour pressure. Thus, thermal activation makes it
possible to cleanse coal surface from organic and adsorbed remnants that result in new pores and an
increase of porosity.
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Fig. 2. SEM-surface image of CTA-3 samples

Fig. 3 shows typical isotherms of N2 adsorption for CA-3 and CTA-3 samples which belong to the
isotherms of type II and can be observed in polymolecular adsorption [20]. It is hysteresis that is
observed in CTA-3 samples (type H4 by IUPAC classification [11]) which is usually associated with
capillary condensation in mesopores. The point of branching adsorption and desorption curve is
observed at p/po~ 0.42, where p and po — vapour pressure of N2 adsorbate and pressure of its saturated
pore at 77 K, respectively. Hysteresis as wells as another phenomenon can be observed in CA-3 samples
which is manifested as the discrepancy between the branches of adsorption and desorption in a
relatively low pressure and is called the hysteresis of low pressure. There are several possible reasons
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for its manifestation: swelling of spatial highly molecular frame of adsorbent, permanent retention of
adsorbent molecules in pores, the size of which is close to adsorbate molecules; permanent chemical

interaction of adsorbate and adsorbent [11].
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Fig. 3. Isotherms of Nz sorption (77 K) for CA-3 (o) and CTA-3 (—e—)

As the isotherms of carbonized PCM adsorption -desorption samples (samples CA) are similar, they

are not shown in this work.
Fig. 4 shows the isotherms of carbon material N2 adsorption after its thermal activation (samples

CTA). For all the samples the isotherms belong to those that are characterized by the presence of
hysteresis loops. The analysis of the isotherms makes it possible to trace the impact of thermal
activation on the development of activated carbon porous structure.
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Fig. 4. A Nz sorption isotherm (77) for thermally modified
PCM: —-o—- CTA-1; —e— CTA-2; - A — CTA-3; -V - CTA-4; -0- CTA-5

As a quantitative measure of hysteresis (AVn) the difference of N2 adsorbed volume is taken from
isotherms of desorption (Vde) and adsorption (Vad) at p/po=0.7: AVH= Vde-Vad. Estimates of low

pressure hysteresis (AVirn) held at p/po =0.2: AVirr = Vde-Vad.
In Fig. 5 is the dependence of hysteresis temperature on PCM temperature obtained. It can be seen

in the Figure that carbonized coal material structural properties responsible for hysteresis phenomenon
all over the range of temperatures, and in the interval 973-1073 K do not substantially change
(AVirH = 6 cm®/g, AVH=3 cm?/g). Hysteresis in low pressure for CTA samples is actually not
manifested, and values of AVirH are to close to nil. Hysteresis in high relative pressure (p/po=0.42-1.0)
is manifested for all the samples, but value AVH for CTA samples is lower than for CA samples.
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Besides, the AVH parameter for CTA samples rapidly changes with a temperature rise maximum
at ~973 K that testifies to the maximum development of mesopores at this temperature (Tab. 2).
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Fig. 5. Dependence of hysteresis effect for PCM on obtained temperature:
AVirn for CA (—m—); AV for CA (-0-); AVien for CTA (—e—); AV for CTA (—o-)

As is seen in Tab.2, with temperature rise up to 1073 K the specific surface of Sser increases both for
CA samples and CTA ones and reaches 673 m?/g (CTA-3). At this value of specific surface of micropores
Smicro equals 406 m?/g and their relative Vmicro/ Ve content makes up 36% of the total volume of pores. For
thermally activated material obtained at temperatures 1173-1273 K, the specific surface of Sser decreases
to 626 m?/g.

Temperature, K
Parameters Sample
873 (1) 973 (2) 1073 (3) 1173 (4) 1273 (5)
Suer. 2/ CA 337 342 361 206 46
/M8 CTA 535 592 673 646 626
CA 274 271 314 131 31
Smicro, mz/g
CTA 307 327 406 460 535
Smew, 2/ CA 83 42 43 75 15
mesor I/ CTA 228 265 261 186 91
Ve, cm®/ CA 0.186 0.149 0.166 0.122 0.033
’ & CTA 0.405 0.454 0.477 0.388 0.317
CA 0.114 0.112 0.127 0.056 0.016
Vmicro, Cm3/g
CTA 0.176 0.137 0.173 0.195 0.227
CA 61 75 77 46 49
. o,
Vimiero/ V%o CTA 44 30 36 50 71

Tab. 2. Parameters of carbon material porous structure

In Fig. 6 is the distribution of pores by the size for CTA samples calculated in the therms of
desorption with the BJH method. The distribution curves show that for all the thermo modified
samples the major share in the total volume of pores is made up of pores with the radius 1.8-2.0 nm.
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Fig. 6. The distribution of pore volume by the size for thermally
activated PCM: —o— CTA-1; —e— CTA-2; — A — CTA-3;, -V - CTA-4; <0— CTA-5

For these studies, to compare the parameters of porous structure and their influence on the specific
characteristics of PCM have been selected samples of CA-3 and CTA-3.

The outgoing experimental basis for all theoretical calculations and interpretation is a sorption
isotherm (Fig. 3) of samples of a given mass, i.e. the dependence of the number of evenly sorbed by the
sample N2 (under normal conditions) on the relative pressure of gaseous N2 p/po. The characteristics of
carbon material porous structure are defined by these isotherms, the values of which are calculated
through different methods (Tab. 3).

Method of calculation
Parameter| PCM - Ol
BET L BJH DH method | method DR DA HK SF
S, m2/g CA-3 361 | 442 - - - - - - - -
CTA-3 | 673 | 829 - - - - - - - -
Smicro, CA-3 - - - - 318 - 452 - - -
m?/g CTA-3 - - - - 413 - 835 - - -
Sext, CA-3 - - 1.98 2.16 43.1 - - - - -
m?/g CTA-3 - - 232 237 261 - - - - -
Vs, CA-3 | 0166 | - 0.005 | 0.005 - - - - - -
cm’/g CTA-3 | 0477 | - 0.286 | 0.279 - - - - - -
Vmicro, CA-3 - - - - 0.127 | 0.130 | 0.161 | 0.162 | 0.148 | 0.148
cm’/g CTA-3 - - - - 0.173 | 0.188 | 0.297 | 0.322 | 0.284 | 0.285
Vmicro/Vs, | CA-3 - - - - 77 78 97 98 89 89
% CTA-3 - - - - 36 39 62 68 60 60
d. nm CA-3 1.84 - 3.22 3.22 - - 255 | 1.74 0.37 0.45
’ CTA-3 | 2.84 - 3.89 3.89 - - 1.86 | 1.22 | 0.37 | 045

Tab. 3. The parameters of porous structure in CA and CTA samples, calculated by different methods

The specific surface area of S calculated by means of multipoint BET in the linear schedule of
dependence 1/[W(po/p)-1] on po/p in the range of an adsorption isotherm for the relationship po/p within
0.05-0.35 equals 361 m?/g and 673 m?/g for CA-3 and CTA-3 samples, respectively. In CTA-3 sample the
magnitude of the surface area and the total volume of pores is about 3 times greater than the
corresponding values CTA-3 (0.477 cm?®/g and 0.166 cm3/g, calculated under p/po=0.99 in assumption
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that all the pores have been filled with liquid adsorbate). From the data obtained one can conclude that
the porous structure of CTA-3 is developed better than that of CA-3.

The researches [14, 19, 22, 23] read that it is incorrect to apply the BET method for the study of
microporous samples as its use is limited while defining the specific surface of pores of the sample
under study, micropores are taken out of account.This is why in commercial devices (Autosorb-type
and other analogues) L-, DR-, t-, and as-methods are widely used in the investigation of micropore-
content objects, in particular, in defining the surface area of microporous material the L-method is
applied which in contrast to the BET method gives for CA-3 and CTA-3 samples higher values of the
specific area of surface (~440 m?/g and 820 m?/g, respectively).

To assess the volume of micropores in the presence of meso-, and macropores the t-method is
oftener applied, in which the outgoing sorption isotherm is rebuilt as the function of a new variable t.
The latter value is called the statistical thickness of the adsorption film and is determined by the
following expression: t = (W/Wmon)o, where W — amount of adsorbed vapor, depending on the relative
pressure p/po; Wmono — the capacity of a monolayer on the surface of the sample; ¢ —-monomolecular
thickness adsorption film (for nitrogen at T =77 K is assumed to be 0.354 nm [11]). Calculated like this
values for t. are a good match even to the samples different by the chemical nature of the surface
[17, 18]. For carbon adsorbents, first of all, soot, the authors [18] recommend to make use of an equation
for the statistical thickness of adsorbed film proposed in ASTM D-6556-01 [28] standards.

For microporous samples a dependence plot of the volume of gas absorbed in normal conditions on
t is a straight line which cuts off the segment of the vertical axis for calculation of micropore volume
Vmicro. According to the slope of the line calculated value of the external specific surface area of the
sample Sex (Fig. 7).
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Fig. 7. t-method for N2 adsorption in CTA-3 sample

The volume filling of micropores is completely neglected in the theory of t-method, as it is assumed
that it happens at considerably smaller relative pressures of gaseous N2 on condition the statistical
thickness of adsorptive layer remains small. To check the correctness of applying the t-method, the data
obtained are compared with the results received from as -method, and the DR-method which is based
on the theory of volume filling of micropores [8].

The comparison of different methods for porous structure parameters is carried out for thermally
activated carbon CTA-3 sample. Defined by BET-, DR-, DFT- and t-methods the specific surface values
are pretty close and are in the interval S = 609-674 m?/g, which means these methods can be applied for
defining the surface area of plant-extracted activated carbon.

There is a good for microporous materials co-ordination of the parameters of standard t-method
with BET-method that has also been observed for CTA-3 sample under study,for one of the known
ways to define external surfaces in microporous samples lies in the initial filling of some substance with
the following definition of the sample specific surface by BET-method [11]. Quite different are the
results obtained after correction of sorption isotherms on the volume of micropores calvulated
according to DR-method. These isotherms by the shape markedly deviate from classical, and BET is not
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a straight line in the coordinates; and the values of specific surface differ considerably (Tab. 3) from the
values of external specific surface defined by the t-method or BET-method.

The values of specific area defined by BJH- and DH methods are smaller because a micropore area
is not counted in calculation and the methods are used in defining the volume of meso- and
macropores with their distribution by the size.

A similar pattern is observed when determining the total volume of pores and the volume of
micropores. BJH-,and DH methods give a lower value Vz (0.286-0.279 cm3/g), than the value of the total
pore volume calculated at p/po=0.99 (Tab. 3). Methods HK and SF give a close value Vmico= 0.28 cm?®/g
though the former provides the presence in the material of Z-shaped pores,and the SF-method
cylindrical. This value is close to the volume of micropores defined by DR- and DA-methods (Tab. 3).
The proportion of micropores defined by DR-, DA-, HK- and SF-methods is 60-68% of the total volume
of pores Vz. The ratio Vmixo/Vz for the value Vmixo obtained by t- and as-method give lower results. It
should be noted that the listed methods are often applied for defining the parameters of activated
carbon materials porous system and carbon nanotubes [15, 16].

The obtained difference in micropore volumes for one and the same sample by t-method (as-
method) and DR (DA)-method is probably that in addition to micropores, mesopores also contribute to
the defined volume by DR-method increasing the obtained value Vmiao. A similar pattern is described
in the works by the authors [2, 15, 25] who conduct a comparison of micropore volumes obtained by
different methods for several samples of activated coal. For most coal volume value of micropores
defined by t- and asmethod exceeds the corresponding magnitudes calculated by the DR-method.
These samples contain micropores but do not have mesopores. At the same time there is a reverse ratio
for PCM with both micropores and mesopores: the volume of micropores,defined by the DR-method, is
larger than the values calculated by t- and as-method and are observed for our PCM samples. This can
be explained by the fact that the DR-method takes into account both micropores and mesopores.

The average diameter of pores for CTA-samples defined by BJH and DH methods is the same and
equal to 3.89 nm, though the diameter obtained by the DR-method has substantially less value
(1.86 nm). The HK method leads to low values (d =0.3 nm) which by metric order approach to the
defects of three-dimensional structure of solids, vacancies, in particular.The SF method gives average
values of the diameter which are smaller than those for ultra micropores (d < 1.4 nm). However, it is
unlikely that the porous system of our samples has only represented those pores.

Thermal activation significantly changes the dependence character of the total volume of pores on
the diameter of pores (Fig. 8) calculated by the isotherms of desorption through the BJH method which
is usually used for estimation of pore distribution by the size [16]. Thermal activation of the original
raw material contributes to the increase in the volume of pores of all sizes and develops the pore
diameter in the vicinity of 4 nm.
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Fig. 8. Dependence of pore volume on their diameter
(BJH method) for samples: 1 - outgoing (CA-3); 2 - thermally activated (CTA-3)
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The investigation of micropore distribution by the size was carried according to MP- and DFT
methods. One can conclude from the MP method of distribution that thermal modification initiates
formation of diameter pores < 2 nm with maximum in the vicinity of 0.75 nm (Fig. 9).
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Fig. 9. Distribution of micropores by the size (MP method)

Classical theories such as DR and DA and half empirical approaches, HK and SF in particular, do
not fully describe the filling of micropores and narrow mesopores. This leads to an understatement of
the true size and error in calculation.A modern approach to the description of adsorption isotherms
and pore distribution by the size for microporous materials is based on quantum-mechanical
calculation. The essense of the approach is to construct theoretical isotherms for different pores of
microporous adsorbent-adsorbate. Calculation is carried out according to the Density Functional
Theory (DFT). The DFT method was used to get the distribution of PCM micro- and mesopores. The
method takes into account the fundamental molecular parameters that characterize the interaction of
gas-gas and gas-solid in the adsorptive system. The results obtained are presented as a set of bar charts
in Fig. 10.

The DFT method makes it possible to determine the specific surface , the total pore volume, and
their distribution both by the size and by the volume (Tab. 4). The obtained data (Fig. 10, Tab. 4) show
that for CA-3 sample the contribution to the specific surface area and total pore volume is made only
by micropores. Thermal activation of the CA-3 sample contributes to the development of micropore
diameter ~ 1.25 nm and pore diameter ~ 4 nm.
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Fig. 10. Distribution of pores by the size (DFT method)
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Parameter CA-3 CTA-3
Specific surface area, m?/g 295 609
Total pore volume, cm®/g 0.146 0.426
Micropore volume (d <2 nm), cm®/g 0.146 0.221
Surface area of micropores (d <2 nm), m%/g 295 522
Average pore diameter, nm 1.29 3.97

Tab. 4. Structural and adsorptive characteristics of carbon material (DFT method)

Obtained by the methods MP (Fig. 9) and DFT (Fig. 10) dependencies for CA-3 and CTA-3 samples
are quantitatively different due to differences in the physical models assigned at the core of these
methods. But qualitatively both methods confirm that thermal activation contributes to the
development of pores of a certain size.

3. CONCLUSIONS

Thus the temperature of synthesis is an important control of porosity that allows you to receive
PCM with adjustable porous structure. Hydrothermal carbonization of apricot pits and further thermal
activation of origin raw material forms a high specific surface and porous structure of carbon material.
The optimal temperature synthesis of PCM from the enlarged area of micro- and mesopores is 1073 K.
Under the conditions of thermal versions of origin raw material enlarges the specific surface area and
porous structure of activated carbon, so do the diameter pores up to 5 nm. The most noticeable effect is
observed for pores with diameters of 0.75, 1.25 and 4 nm.

To determine the specific surface of plant-extracted porous carbon material the BET-, t- and as -
methods are most correct. The DR method gives inflated values of the specific surface of micropores as
compared to the ¢- and as - methods. A possible reason for it that the DR method takes into account
both micropores and mesopores.
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ITpoBeaeHo NMOpPiBHSAHHS XapaKTepUCTUK MIKpOHOPUCTOI CTPYKTYPU BUXiAHOTO Ta TEPMIYHO MOAM-
¢dixosanoro (673 K, 180 x8) Byraenesoro Marepiaay i3 CMpOBMHU POCAMHHOIO IIOXOAXKeHH:A. /aHi XapakTe-
PUCTUKM IOPUCTOI CUCTEMM PO3paxoBaHi Pi3HMMM MeTOJaMM Ha IiACTaBi i30TepM HM3bKOTeMIIepaTypPHOI
(77 K) agcopbuii-aecop0biiii azoTy. BeranosaeHo, 110 TepmiuHa MoAMQiKallisl CIIpus€ po3BUTKY IIMTOMOI IIO-
BepxHi (3 361 M?/T 240 673 M?/T), 30iapIIeHHIO 3araabHOrO 06’emy mop (3 0,166 cm3/r g0 0,477 cm¥/1) i 00’emy
Mmikporop (3 0,127 em3/t g0 0,173 cm®/r). Hait6iapm edpexTuBHO TepmiuHa Mogudikallis CIpUs€ YyTBOPEHHIO
HaHo1Op AiameTrpom 0,75; 1,25 i 4 HM.

Karouosi caosa: Kaio4osi caoBa: mopucTuii Byraeriesuit Marepiaa, TepMiuHa MoAnQpikalris, HU3bKO-
TeMIIepaTypHa IIOPOMeTpisl, CTPYKTYPHO-a4COpOLIiliHi XapaKTepUCTUKI.
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CRYSTAL-QUASICHEMICAL ANALYSIS OF DEFECT SUBSYSTEM OF
DOPED PbTe: Sb CRYSTALS AND Pb-Sb-Te SOLID SOLUTIONS

D.M. FREIK, L.V. TUROVSKA

Abstract: Within crystalquasichemical formalism models of point defects of crystals in the Pb-Sb-
Te system were specified. Based on proposed crystalquasichemical formulae of antimony doped
crystals PbTe:Sb amphoteric dopant effect was explained. Mechanisms of solid solution formation
for PbTe-Sb2Tes: replacement of antimony ions lead sites Sbj with the formation of cation

vacancies Vj, (I) or neutral interstitial tellurium atoms Te] (II) were examined. Dominant point

defects in doped crystals PbTe:Sb and PbTe-Sb2Tes solid solutions based on p-PbTe were defined.
Dependences of concentration of dominant point defects, current carriers and Hall concentration
on content of dopant compound and the initial deviation from stoichiometry in the basic matrix
were calculated.

Keywords: lead telluride, antimony, dopant, solid solution, point defects, crystalquasichemical
formulae.

1. INTRODUCTION

IV-VI compounds and solid solutions on basis of them are basic materials for making
thermoelectric energy converters in high temperature region (500-750) K, as well photodetectors and
radiating structures of infrared optical spectrum [1].

Among them, lead telluride has an important place due to its properties: multivalley nature of its
energy spectrum (N=4), low lattice thermal conductivity (x=2.09 10 W-K! cm™), relatively high
current carrier mobility (u=103cm? V-'1-s1), the largest value of px?!, which causes a significant
thermoelectric figure of merit (Zmax) Z=a?0/x, where a — coefficient of thermo-emf, o — electrical
conductivity , x — coefficient of thermal conductivity. Clearly, large Z (which determined commercial
use of thermoelectric material) depends on a and o, which are sensitive to the nature of electronic
states. Thermal conductivity is defined by phonon spectrum of the crystal (x1) and the concentration of
current carriers (xe). Decrease of thermal conductivity components (y =7y, +%.) is one of the effective
ways of increase of the thermoelectric figure of merit. In this regard, the search for new compounds
with complex crystal structures, which have low thermal conductivity is an urgent problem. Among
them are quasi-binary systems (A -Ge, Sn, Pb; CV - Bi, Sb; B! - Te) [17].

Lead telluride crystallizes in NaCl structure, which is a characteristic of ionic crystals. Chemical
bond is complex and close to the ion-covalent-metallic. PbTe is characterized by significant deviations
from the stoichiometric composition and bilateral homogeneity region and can have both n-type (with
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excess metal) and p-type (with excess chalcogen) conduction, causing significant concentration
(10'8-10"cm3) of electrically active intrinsic defects [7].

The type of PbTe-Sb diagram is eutectic. The solubility of Sb in PbTe at 820 K is 1.5 at. % [16].
Antimony, acting as a donor, moves homogeneity region limits toward higher equilibrium
concentrations [14]. Solubility of Sb2Tes in PbTe for PbTe-Sb2Tes is defined in [9, 10, 15]. At lower
temperatures (573-823) K solubility is about (2-4) at. % of Sb [9, 15]. The maximum solubility (~6 at. %
Sb) obtained in the research of crystallization of PbTe-Sb2Tes [8] is higher than the solubility at lower
temperatures. According to [2], the boundary region of Sb2Tes solubility in PbTe is approximately
2 mole %, and in [13, 15] — (4.5-5) mole %.

Performance device structures are largely determined by defect subsystem of used crystals, which
depends on the homogeneity region of compounds, the chemical composition of solid solutions based
on them, and technological factors of their synthesis and subsequent treatments of the material.
Analyzing the current state of the problem, it should be noted that the ambiguity of the experimental
data and theoretical interpretation of the nature and type of point defects and their charge states and
energy parameters in crystals based on lead telluride greatly complicates the interpretation of their
physical and chemical properties. Therefore, further development of theoretical approaches to the
study of the defect subsystem and explanation of existing as well as new experimental data obtained
from one standpoint remains an urgent problem.

2. MATERIALS AND METHODS

2.1. DOPED CRYSTALS P-PBTE:SB

2.1.1. ANALYSIS OF DOPANT BEHAVIOR. Taking into account that the valence shell of atoms of
V group elements has s?p? configuration, Sb atoms can give (s?p’ configuration, valence +3) or accept
(s?’p® configuration, valence -3) 3 electrons from p-state. So dopant in PbTe can be in two charge states
Sb3*and Sb*-. In doped crystals PbTe:Sb fraction of electrically active impurity atoms is significantly less
than 1, and it evidences that impurity atoms are distributed between the cationic and anionic
sublattices [12]. Thus, in doped crystals PbTe:Sb dopant, replacing lead in its sublattice, ionizes from
state SbO(s2p?) in the state Sb* (s’p°)+3e” and relatively Pb?* sublattice it is in a state Sb* — Sh; (where

it is a donor). In tellurium sublattice dopant ionizes Sh’(s*p*) —Sb* (s’p°®) + 3h* and is an acceptor,
while relatively Te?- sublattice dopant is in state Sh*” — Shy,. The fact that the dopant can occupy lead

and tellurium sites in PbTe crystal structure and disproportionation of its charge state can be described
by the following reaction:
Sh® —Sb¥* +Sb® +3(1-2)e” +3zh". 1)

[Sb%.]
[Sbe, 1+ [Sbr]
electrons, h* — holes.

The relation between [Sb*] and [Sb*] determine donor or acceptor dopant effect.

Here z= — the value of disproportionation of dopant charge state (0<z<1), e —

2.1.2. CRYSTALQUASICHEMICAL FORMULAE. For the analysis of the defect subsystem in
investigated crystals crystalquasichemical approach was used, It is based on the concept of
antistructure [13], which has the form of V;,V;, for lead telluride, where V;, and V;, — double-charged
lead and tellurium vacancies, respectively; "/" and "e" — negative and positive charges, respectively.
Crystalquasichemical formula is written as a superposition of alloying cluster formed on the basis of
antistructure of basic matrix and crystal formula of basic compound.

Taking into account the amphoteric effect of Sb dopant in lead telluride crystals (1), alloying cluster
can be written as follows:

Vi Vi +Sb° [ V/'sb;, | [Vi,sb, ] +31-2)e +3zh". )

Pb
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Crystalquasichemical formula of p-PbTe with the complex range of point defects in the cation
sublattice (single and double-charged Pb vacancies) is represented as [4]:

[Pblxﬁvé/(l 5) ] [Tel By B/] (eg;/)i+[3(2—2Y—5)h+- 3)

Superposition of crystalquasichemical formula of p-PbTe (3) and the alloying cluster (2) presents
the crystal-quasichemical formula of p-PbTe:Sb:

1/
[Pb(l 005023 Va9 Vs ]pb [Te(l—ﬁv)(l 0902 Vi ]Te (TeB/(l—X) ) @)
+(B(2—2y-8)A—x) +3zx)h" +3(1—2z)xe",

where x — atomic fraction of dopant (Sb), - the value of the initial deviation from stoichiometry on
the side of Te, d — coefficient of disproportionation of cationic vacancies charge state, v —fraction of
interstitial tellurium, Te; — interstitial tellurium, Pb;,, Te], —lead and tellurium atoms in lattice sites.

2.2. SOLID SOLUTIONS P-PBTE-SB2TE3

The possible mechanisms of PbTe-Sb2Tes solid solution formation are substitution of Sb ions Pb
sites with the formation of cation vacancies (mechanism I) or the substitution of Sb ions Pb site with the
formation of interstitial tellurium (mechanism II).

2.2.1. MECHANISM I. At calculation per 1 tellurium atom and subject to charge state of Sb3 and
Te? ions chemical formula for alloying component is: S}/, Te* . Alloying cluster in this case is:

VALV +Sh; Te/’—{Sb v“} Te,.. (5)
Pb

3 3 3

Then crystalquasichemical formula of p-PbTe-Sb2Tes s:

X . | X . X +
Pb(l B)(1-x) Sb, v Vﬁﬁ(l—x) } |:Te(l—[5y)(l—x)+xvﬁy(l—><) ]Te (Teﬁv(l—x) )i +B(2-2y-8)I-x)h", (6)
Pb

3>( B(1-8)(1- x)+ X

where x — molar fraction of Sb2Tes.

2.2.2. MECHANISM I1. At calculation per 1 Sb atom and subject to charge state of Sb3 and Te*
ions chemical formula for alloying components is written as: Sb*TeZ,,, and its cluster is:

V[ Vi, +Sb™Te}, — Sh;, Tel, [Tej} +e. (7)
3 3

2

Then crystalquasichemical formula of p-PbTe-Sb2Tesis:

1/ / X . .
[Pb(l B)a- x)beVB(l 8)(1- x)VBS(l X):|Pb [Te(l—[}/)(l—x)+xVﬁy(l—x)]Te (Teﬁ a- x)+ ] +B(2 ZY 8)(1 X)h +Xe". (8)

2.3. ELECTRIC BALANCE EQUATION

Proposed mechanisms of doping and crystal formulae (4), (6), (8) make it possible to find analytical
expressions of the concentration of individual point defects and current carriers on the magnitude of
deviation from stoichiometric composition in the base compound (a, ) and dopant content (x).

In particular for p-PbTe:Sb according to crystalquasichemical formula (4), total electroneutrality
equation is written as follows:
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[Va]+(dg,, [[Sbr.]=p+|a,. [[Vr]+|dg, ([Sbl, ©)

”
-+ o [[Vi 1+ o, U, Ay, Vil +a,,

where
p=A(B(2-2y-38)(1-x)+32x),

n=3A(1-2)x,
[Sbs]= Azx,
[Vi,]=ABS(1-X),

[V = A(BL-8)(1-x)+2x),
[Sb,,1=A(1-2)x,
[V;i]=A(By(L-x)+(1-2)x),

=1,

q Ve, qu;,h qu’oa

=2

|qu§b

Oy,
Here A= % , Z —number of structural units per unit cell (Z = 4), a - lattice parameter.
a

Hall concentration of current carriers nu in this case is defined as:
N, =A[3(1-2)x -B(2—2y -8)1—x) —32x|. (10)
Similar analysis was done for PbTe-Sb2Tes solid solution.
3. RESULTS AND DISCUSSION

3.1. DOPED CRYSTALS P-PBTE:SB
In doped PbTe:Sb crystals when the value of z <0.5 admixture does donor action ([Sbg,]>[Sh%.]):
decrease of hole concentration, thermodynamic p-n-conversion and the subsequent increase of the
electron concentration. With the predominance of impurity ions in tellurium sites z > 0.5 ([Sby, ] <[Sb%.])
there is the opposite dependence: significant increase of the concentration of majority carriers. If z=0.5
there is complete self-compensation of dopant ([Sby,]1=[Sb5.]), and Hall concentration in both cases

decreases slightly. Above-mentioned specific behavior of Hall concentration depending on the content
of dopant and its charge state is well illustrated on 3d-diagram nu-x-z (Fig. 1).

lg(ny, cm”)

20

19

Fig. 1. Dependence of Hall concentration (nu) in p-PbTe:Sb crystals
on dopant content and the value of disproportionation of its charge state (z)
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Change of Hall concentration is associated with redistribution of dominant point defects
concentration. Thus, dominant defects are antimony ions rooted in lead sublattice Shy, and tellurium

sublattice Sby, of lead telluride crystal lattice, which concentration increases with dopant content
increase (Fig. 2 — curves 2, 3). Doubly ionized vacancies of lead [ V2 | and doubly charged vacancies of
tellurium [ V2 ] also give significant contribution to the conductivity. Concentrations of V3 and V7'

increases with dopant content increase (Fig. 2 — curves 4, 6). It should be noted that the concentration of
V;,, Te! vary slightly with antimony content increase (Fig. 2 — curves 5, 7).
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Fig. 2. Dependence of Hall concentration (1 —nu) and the
concentration of point defects (2-7 — Ni) in p-PbTe:Sb crystals on dopant
content. Ni: 2 — Sbi ;3 — Sy ; 4~ V2 ;5 Vo ;6 - V2,7 Te! (z=045)

The proposed mechanism of doping satisfactorily explains the experimentally observed behavior of
thermoelectric parameters on dopant content. Thus, based on the data of [3, 5, 11] we can conclude that,
in practice, there is realization of condition: z<0.5, ie the concentration of impurity ions [Shi ]
overrides [Sby, ]. Specifically, comparing the experimental data [5] on the active donor action of
antimony (Fig.3) with the calculation for p-PbTe:Sb (Fig.1), it was found the value of
disproportionation of dopant charge state: z = 0.45 at the maximum value of the initial deviation from
stoichiometry on the side of tellurium. The observed decrease of the concentration of current carriers in
PbTe:Sb (Fig. 3 — curve 2) in the content of Sb over ~0.3 at. % can be explained by certain predominance
of concentrations of impurity ions in tellurium sites ( [Sby, ] <[Sb%.]).

3.2. SOLID SOLUTIONS P-PBTE-SB2TE3

Thermoelectric parameters of PbTe-Sb2Tes were studied in several papers [10, 13, 15, 17, 18]. In [15]
it was found that the increase of Sb:Tes content in solid solution leads to donor effect with
microhardness increase (H) (Fig. 4 — curve 1) and decrease of the coefficient of thermo-emf () (Fig. 4 —
curve 3). In alloys containing Sb2Tes more (1.5-2) mole % Hall concentration nu (Fig. 4 — curve 2) and
thermo-emf a (Fig. 4 — curve 3) practically do not change. Issues associated with the decrease of the
value of thermal conductivity of PbTe-Sb2Tes solid solutions with Sb2Tes content increase were studied
in [14, 18]. The value of x for alloy of PbTe with 1.02 mole % SbzTes is 1.25:102 WK-'cm™ at 500 K, which
confirms the idea of the good thermoelectric efficiency of these solid solutions. The observed
phenomenon associated with relation between lattice (x1) and electron (xe) components of thermal
conductivity [17].
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Fig. 3. Dependence of thermoelectric parameters of PbTe:Sb
crystals: coefficient of thermo-emf (1 — o), current carrier concentration (2 —n),
electrical conductivity (3 — o) and thermal conductivity (4 — k) on antimony content [5]

Consider in detail the mechanisms of defect formation in PbTe-Sb2Tes solid solutions. When
realization of mechanism I (stoichiometry for chalcogen) there is slight decrease of concentration of
major current carriers with Sb2Tes fraction increase (Fig.5,a— curvel). With realization of
mechanism II (stoichiometry for antimony) in p-PbTe-Sb2Tes (Fig. 5, b— curve 1) with SbaTes fraction
increase there is decrease of the concentration of current carriers, change of the conductivity type with
low dopant content and further increase of electron concentration. Comparing the results of
calculations with experimental data on the active donor effect of Sb2Tes (Fig. 4 — curve 2), we can
conclude that when the dopant content to 2 mole % of Sb2Tes mechanism II is dominant, and with more
of its contents (up to the limit of solubility) mechanism I is dominant.

H, MPa o, uV/K n,, 10" cm®
1200

1000 220 =

800 180 1.0

600 14040.5

400 100
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Fig. 4. Dependence of microhardness (1 — H), Hall concentration (2 — nu)
and coefficient of thermo-emf (3 — a) of PbTe-Sb2Tes solid solutions on Sb2Tes content [15]
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Fig. 5. Dependence of Hall concentration (1 —ny) and the
concentrations of point defects (2-6 — Ni) in p-PbTe-Sb2Tes solid solutions on Sb2Tes content at
mechanism I (a) and mechanism II (b) realization. Ni: 2 — Sby ; 3 — V& ;4 — Vi 5— V25 6 — Te?

Features observed in the change of current carrier concentration are associated with typical
correlations between individual point defects (Fig.5). Thus, for the mechanism I in p-PbTe-Sb2Tes
crystals with Sb2Tes content increase there is significant increase of the concentration of ionized
antimony in lead sites Sby, (Fig. 5, a— curve 2) and doubly charged cation vacancies Vg, (Fig.5,a—
curve 3). Concentrations of V,,, V&, Te! decrease slightly (Fig. 5, a - curves 4, 5, 7). For mechanism Il
in p-PbTe-Sb2Tes crystals the dominant defects are Sby,, Te!, V5 (Fig. 5, b). Concentrations [Sby] and
[Te] increase with dopant content increase (Fig.5,b — curves2, 7), and [V3 ] decreases slightly
(Fig.5,b - curve3). Point defects Vi, and V2 do not significantly affect the conductivity.
Concentration of V;, and V; does not change with Sb2Tes content increase (Fig. 5, b — curves 4, 5).
Thus, the contribution to the conductivity of substitution defects Sb, increases, and Vj, decreases with

dopant content increase.
4. CONCLUSIONS

Based on first proposed crystalquasichemical formulae that take into account the amphoteric
behavior of Sb in PbTe crystals, it has been found that with prevalence of antimony in cation sites
[Sbi1>[Sb%.], dopant is the donor, and with prevalence of Sb in anion sites ([Sby,]1<[Sb%.]) dopant is

the acceptor, and when [Sby,] =[Sb7,] there is a complete self-compensation of influence of dopant.

It has been shown that in doped crystals PbTe:Sb experimental results are explained satisfactorily
provided [Sby,]1>[Sb%.]. Thus the dominant defects are impurity defects Sbi;, Sbi, and vacancies of

e

lead V;, and tellurium V2, which concentration increases with dopant content increase, and the ratio

between them determines the type of conductivity of the material.

It has been determined that the value of disproportionation of charge state of dopant in PbTe:Sb is
z~045.

It has been shown that with increasing content of alloying compound in PbTe-Sb2Tes solid solutions
to 2mole % of Sb:Tes substitutions of cation sites and the formation of interstitial tellurium
predominant. With more dopant content (up to the limit of solubility) there is a replacement of Pb sites
and formation of cation vacancies. In the first case there is thermodynamic p-n-conversion in crystals
with the initial p-type conductivity. For the second case there is decrease of Hall concentration in p-
PbTe-SbaTes.



62 D.M. Freik, L.V. Turovska

It has been shown that new crystal approaches deepen the possibility of a scientific analysis of the
defect subsystem in semiconductor crystals, and determine the technological aspects of the property
control.

Work is implemented within the framework of state budget No 0107U006768 of Ministry of Education and
Science of Ukraine.
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®peix 4.M., Typoscbka /.B. KpucrasoxsasixiMiuumit aHaais AedeKTHOI MigcCTeMH A€TOBaHMX KPUCTAAiB
PbTe:Sb Ta tBepanx posunis Pb-Sb-Te. 2Kypnaa [Ipuxapnamcorozo yrisepcumemy imeni Bacurs Cmedarnuia, 1
(1) (2014), 55-63.

Y pamMKax KpMcTaa0KBazixiMiuHOTO pOpMaaizsMy yTOUHEHO MOJeAi TOUKOBUX Ae(eKTiB y KpucTalax
cucremu Pb-Sb-Te. Ha ocHOBi 3aniportoHoBaHIX KpUCTaA0KBasixiMivHNX popmya nosicieHo aMOTEepHY Ai0
AOMIIIIKY y Z€eroBaHNX CypMoIo Kpucradax PbTe:Sb. docaigxeHo MexaHi3MIU YTBOPEHHS TBEPAOTO PO3UNHY
PbTe-Sb2Tes: 3amilents ioHaMu CTUOIIO IMO3NUILI TAIOMOYMy Sbh, 3 YTBOpeHHSM KaTiOHHMX BaKaHCil V7
(I) abo meriTpasbpHNX aTOMiB Teaypy B MixkBy3ai (II). Busnaueni aominyiodi TOukoBi gedpeKkTn y AeropaHmx
kpucrasax PbTe:Sb i tBepanx posunmnax PbTe-Sb2Tes na ocuosi p-PbTe. Pospaxosano 3a1eXHOCTi KOHITEHT-
pawil AoMiHyIOUMX TOUKOBMX Ae(eKTiB, HOCIIB 3apsAy i X0AAiBCbKOI KOHIIEHTpallil Big BMicTy Aeryiodoi crio-
AYKM Ta BeAVYMHU 10YaTKOBOTO BiAXMA€HH: Big cTexioMeTpil B OCHOBHMII MaTPUIH. .

Karo4osi caoBa: Teaypu/ CBMHIIIO, CypMH, AOMIIIIKa, TBepAUIl PO3UNH, TOUYKOBi AedeKTn, Kpucra-
AoKBasiximiuna ¢popmyaa.
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QUANTUM-DIMENSIONAL EFFECTS IN THERMOELECTRIC
CHARACTERISTICS OF LEAD CHALCOGENIDES
NANOSTRUCTURES

D.M. FreIK, I.K. YURCHYSHYN, V.YU. POTYAK

Abstract: On the basis of theoretical model of quantum well (QW) with infinitely high walls it was
investigated thermoelectric parameters depending on the thickness of the layer of nanostructures
IV-VI (PbS, PbSe, PbTe) in the approximation of changing Fermi energy. There have been shown
that the dependences of the Seebeck coefficient, electrical conductivity and thermoelectric power
factor on well width for lead chalcogenides nanofilms are in good agreement with the
experimental data. So, that proves the correctness of used model.

Keywords: lead chalcogenides, nanostructures, quantum size effects.

1. INTRODUCTION

The ability of nanostructured materials to improve thermoelectric (TE) figure of merit has received
increasing attention [3, 5]. Reducing the dimension of the material creates conditions for quantum size
effect, which leads to an increase in the density of states near the Fermi energy. This allows to maintain
high conductivity o at relatively low Fermi energy Er, where there are high values of Seebeck
coefficient S. Tangible influence of quantum effects on the thermoelectric properties is possible only if
the size of the structure in the direction of confinement is comparable with the de Broglie wavelength of
carriers. This condition, in particular, holds for structures in the form of quantum wells [7, 8, 9].

The aim of this work was the theoretical explanation of the behavior of a number of thermoelectric
(TE) parameters on the width of quantum wells (QW) for lead chalcogenides (PbS, PbSe, PbTe) [7, 8, 9].

2. THEORETICAL MODEL
For quantum well (QW) with high walls, electrons are limited in the direction OZ, and in the OX-

and OY-directions their movement is free. Electronic wave function and energy eigenvalue, provided
by parabolic energy bands, are defined by expressions [10]:

2.2 . . . nrz
Y= (5)2 exp(ik,x + JkyY)Sm(T) , 1)
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T h2k?
E=——n"+—, 2
2md? 2m, @)

where k*=k{+k’, m:'- effective mass of the electron along the direction of limitation;

m; =, fm:m; , mx’, my" - effective mass of the electron along the axes ox and oy, Q2 — total volume of the

layer, d — well width, n — quantum number which takes integer values.
Number of quantized levels that are below a given energy, is defined by the first part of (2):

= ﬁ n? ©)
" 2md?

Substituting the value of the Fermi energy (Er) in (3), we can find the width d, where below the
Fermi level there is the specified number of levels n. The difference between the values of this width for
the next two levels will determine the period of oscillations Ad, which is equal to the width dmin, where
the bottom of the lowest subband coincides with the energy Er. Thus, from (3) it follows:

Ad=d, =22 (4)

Min ? ﬁam: EF

From (4) we can see, that the change of the Fermi level value leads to the change of the oscillation
period. The Fermi energy value can be expressed through the well width (d) and the concentration of
carriers in the conduction band [2]:

2
E — g (n, +D(2n, +1) N h Na 4 , 5)
6 m* n,

where ¢1- the first quantized level, which is determined by the formula (3), when n=1;
no = [(E¥/e1)!?] — the integer part of number (Er/e1)'?; m* — carriers effective mass, which is defined as
m” = (m*m )"® [2]; nel — electronic concentration.

If the Fermi level coincides with the bottom of the band no, then Er(do) = e1n0?. At such the width
(Er(do)/e1)V2 — integer. Substituting this value in (5) for dno is obtained:

(2 1 1/3
(n, +1)( w)} , ©

d, =d,n, |:1—81 o
where do= (11/2ne1)®. The number no at a given width d is the integer part from the solution of
equation (6) relatively to n0, when dno =d.
Thus, the substitution of the integer part from the solution of equation (6) relatively to no, when
dno =d, in (5) makes it possible to build the ratio Er(d). Based on the directly proportional dependence of
the perpendicular component of the effective mass on energy [2]:

m=m" (l+2E%), ()
z 20 gg

where mx’, €5— z-component of the effective mass at low concentrations and bandgap, it can be
argued that near the Fermi energy the ratio between m:" and d has the same character as Er(d).
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In the case of quantum well thermoelectric transport coefficients may be obtained from the
Boltzmann equation, which is written under the assumption that the electron distribution function in
the steady state is stable and may be changed only by the action of external forces and fields. Then the
system of electrons comes back to equilibrium due to different relaxation processes with characteristic
relaxation times. For quasi-two-dimensional system it can be written [4]:

O':e?rl, (8)
S _EJFLF_Z 9)
eT eT T’

where 0 — conductivity, S — Seebeck coefficient, Er — the Fermi energy, e — electron charge, T -
absolute temperature.

The transport coefficient I is defined by the semiclassical approach, whereby particles are limited in
potential well. The temperature gradient and electric field are directed along the axis OX. Then:

=0, (10)
r2=¢®, (11)

where :
o2 ZE: j = Tg(—)dg (12)

Here f — Fermi distribution function, ¢ = E-Es, T — relaxation time, which in the case of scattering on
acoustic phonons is independent from energy [4] (7 = 7o), so it can be taken outside the integral.

Under this condition the expressions for the Seebeck coefficient S and electrical conductivity o can
be written as:

E: A+A
B —=], 13
. [k T A ] (13)
1 2k,T
= 14
T ord 1 \,m; Tohy (14
where:
En<Eg «
= (15)
n=l o
En<Ep 0
, (16)
En<Ep «
(2 j (——)dx) (17)
Fermi distribution function has the known form:
1
fo=a— (18)

e +1’
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where X=¢/Kk,T —reduced carrier energy and 77, =& —E; . Here §{=E. /k;T and E,=E, /KT, ks -
Boltzmann constant.
The relaxation time in (15) can be estimated based on the mobility u of n-type carriers in the bulk
samples [1]:
u=er,/m. (19)

3. RESULTS AND DISCUSSION

Based on the experimental dependences [7-9], which show nonmonotonic, oscillatory character of
the TE parameters change with changing the thickness of the condensate (Fig. 1), is natural to assume
that such behavior is due to the quantization of energy carriers by restricting their movement in the
potential well.

S, nV/K a. Om'sm™’
3001 800
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2 PbSe 7
6001 3 PbTe 600 4
i
i
4009} 1 400
i Py Mh)

2001 200
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S’c, tW/K’sm
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| 2 PbSe
60 - 3 PbTe
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20 - AN
l it
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Fig. 1. Experimental dependences of the Seebeck coefficient S (a), electric conductivity o (b) and TE power factor
S% (c) on the thickness of the nanofilms PbS, PbSe, PbTe on substrates KCl, covered with a layer of EuS, at T=300 K [7-9]

Increasing the well width on the value of Fermi half-wave leads to new subband below the Fermi
energy. At the width of the new band filling in the density of states it is observed the jump, which leads
to oscillating behavior.

Consideration of the Fermi energy d-dependence (Fig. 2) in formulas (13)-(18) and z-component of
the effective mass in the ratios (16)-(19) allowed us to obtain the corresponding dependences of the
Seebeck coefficient S and electrical conductivity o on the well width for nanofilms of lead
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chalcogenides (Fig. 3, a, b). The formula (3) shows that the number of levels below the Fermi energy is
determined by d-dependence of the effective mass and actually by Er, as well as by the well width d.
The calculations take into account a change of the Fermi energy, and change of the number of levels
below it, depending on the well width. Calculating the electrical conductivity o by (15) it was assumed
that mx* =my*. In the theoretical model the quantum well width was considered to be equal to the
thickness of the condensate in the experimental dependences of relevant parameters. The calculation
was carried out in the approximation of constant concentration and carrier mobility across all the range
of well width. The values of the last were selected based on relevant experimental measurements (table,
according to the data in Fig.1). The resulting dependences of TE coefficients on the width of lead
chalcogenides QW are characterized by nonmonotonic oscillating behavior (Fig. 2, 3).

B k1
504,
\\ 1 PbS
|\ 2 PbSe
40 \ 3 PbTe
\..-.‘\-._.—
301 I -
201
‘.\x
\
) 1
10 %,
—'-'\‘..,.._3_ .............
0 50 100 150 d,nm

Fig. 2. Calculated values of the Fermi energy Er in
units of ksT on the width of QW PbS, PbSe, PbTe at T=300 K

PbS PbSe PbTe
u, cm?/V-s 70 200 1096
n, cm3 2,5-1018 4-1018 0,72-1018

Tab. 1. The values of carriers mobility () and concentration (n) for films of
n-type lead chalcogenides, which were used in the calculations of thermoelectric coefficients

The dependences of TE parameters on the well width for films of different compounds of lead
chalcogenides distinguish by average value of TE parameters throughout the studied range of
thicknesses as well as by size and position of extrema (Fig. 3). However, the change character of the
curves is identical. So, for all structures at small values of the well width (less than 20 nm) there was
revealed the high values of Seebeck coefficient and very low values of conductivity. Increasing the well
width leads to a decrease of the value of the Seebeck coefficient and to increase of the value of electrical
conductivity. Thus, all these dependencies go to saturation. Note, that this character of theoretical
curves change (Fig. 3) is fully consistent with the experimental data (Fig. 1) [7-9], what proves the
correctness of the chosen calculation model.
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Fig. 3. Theoretical dependences of the Seebeck coefficient S (a), electric conductivity o (b) and TE power factor
5% (c) on the width of QW for films PbS (1), PbSe (2), PbTe (3) in the model of infinitely deep potential well at T = 300 K

As it is seen from the relation (4) the period of oscillation is inversely proportional to the value of
the Fermi energy. Descending character of the Fermi energy (Fig. 2) indicates that with increasing the
well width it has place a growth of oscillation period of d-dependences for TE parameters (Fig. 3). The
lowest average Fermi energy was obtained for lead telluride (Fig. 2, curve 3). Therefore, PbTe should be
characterized by the largest average oscillations period Ad, what is also fully confirmed by experiment
(Fig. 1, curve 3) [7-9].

Fig. 3 shows the d-dependences of thermoelectric power factor S?c. In general we can say that the
maximum meanings S?o are smaller than the experimental ones (Fig. 1, c) [6]. Only for compound PbTe
the maximum value S%0 is higher than experimental, but this value corresponds to a very small well
width, for which no experiment was carried out. On the one hand the cause of this mismatch may be
not taking into consideration the limited height of the potential barrier, and on the other hand - the
availability of additional experimental factors, which, along with the phenomenon of quantum size
effect, influence on the oscillation amplitude of d-dependences of thermoelectric characteristics.

Taking into account the limited height of the potential barriers and calculation the thermal
conductivities for lead chalcogenides nanostructures, to determine the d-dependences of thermoelectric
tigures of merit for relevant structures, will be accomplished in our subsequent works.
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4. CONCLUSIONS

For the model of quantum well (QW) with infinitely high walls there were presented the
expressions for the Fermi energy and effective mass on the QW width. On this basis, the character of
change of oscillation period for the density of states with increasing the well width was defined.

There have been calculated and built the dependences of the Seebeck coefficient, electrical
conductivity and thermoelectric power factor for lead chalcogenides nanofilms on their thickness. It
was shown that the resulting oscillation character of their profiles are in good agreement with the
experimental data.

Work performed under the financing to state budget Ne0111U001766 (2010-2012) of the Ministry of
Education, Youth and Sports of Ukraine, Ne0110U007674 (2010-2012) of the State Fund of Fundamental
Research and Ne0110U006281 (2010-2013) of the National Academy of Sciences of Ukraine.
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®peix AM., IOpunmmn LK., ITorsx B.IO. Ksanroso-po3mipHi edexkrn TepMoeseKTpUYHMX ITapaMeTpiB
HaHOCTPYKTYp XaAbKoOTeHiis cBuHINIO. XKyphar Ilpukxapnamcviozo yrisepcumemy imeni Bacurs Cmedanuia, 1
(1) (2014), 65-72.

Ha ocnosi TeopeTtituHoi Moaeai kBaHToBOI AMU (KI) 3 HeckiH4eHHO BMCOKMMM CTiHKaMM A0CAiAKeHO
3a1€>KHOCTi TepMOeAeKTPUYHIX IlapaMeTpiB Bij TOBIIMHU Iapy HaHOCTpykTyp IV-VI (PbS, PbSe, PbTe) B
HabavpKeHHi 3MiHHOI eHeprii ®epMi. [TokasaHo, mo 3aaesxHOCTI KoedirrienTa 3eebeka, eAeKTpOIpoBigHOCTI i
TepMOeAeKTPUIHOTO Koedilli€HTa MOTY>KHOCTI Bij IMMPUHU SIMU AAs HAHOILAIBOK XaAbKOTEHIAiB CBMHIIIO
A00pe y3roAXXyIOThCs 3 eKCIIepMMeHTaAbHIMHU AaHMMH, 1110 40BOANUTD IIPaBUABHICTh BMKOPVICTaHOI MOJeAi.

Karo4oBi ca0Ba: xaAbKOTeHiAV CBMHITIO, HAHOCTPYKTYpPM, KBAHTOBO-PO3MipHi epexTn
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TEMPERATURE FREQUENCY CHARACTERISTICS OF CHARGE
TRANSITION IN THE LiosFe24Ti0104 NON-STOICHIOMETRIC
SYSTEM

.M. GASYUK, V.V. UGORCHUK, L.S. KAYKAN, B.]. DEPUTAT

Abstract: A study of conductivity temperature frequency dependence of LiosFe24Ti0104 non-
stoichiometric spinel has exhibited frequency dispersion conductivity presence. The time of
relaxation (t) proved to make 2:10%s within the limits of dispersion. The conductivity size was
found to be dependant upon the amount of Fe?*ions in the structure.
Keywords: spinel, energy of activation, Koops' model, conductivity.

1. INTRODUCTION

Stoichiometric lithium ferrospinel LiosFe250: was studied as a long-range composition of the
magnetoactive systems.

These chemical agents possess the rectangular hysteresis loop and the specific phase transformation
at the Koori point [2, 7, 8] that allows them to be used in a data storing device. The progress in the
digital recording and electronic devices downsizing made the lithium ferric ferrite, the so-called solids,
unpopular for research. The special features of a crystalline composition like spinel, natural for these
systems, are particularly available through a crystallographic vacancy. This allows us to use them in
prospect with a level of other spinels as the cathode active composition of the electrochemical sources
of current with the lithium anode. The micro measured crystallites’ intercalative characteristics are like
popular nanoporous and tabular systems as TiOz, CoO2, GaAs etc. [3, 12].

Nevertheless, the cathode formation technology provides for the electro conductive additive like
graphite, carbon, or any other conductor. Concentration of this component increases in case of crystal
grains, which reduces the operating characteristics of lithium current sources.

The problem can be solved in different ways, one of which is spinel synthesis modification in the
forming stage of composition by adding different valency ions to the structure [15]. Not only does this
method help to change the electronic or p-type conductivity in the composition, it also provides it with
specific dielectric properties.

Thus, fair quantity of the modified lithium containing spinels has ion conductivity that lets use
them as the solid state electrolyte in the high-temperature current sources [1, 6, 20]. In both cases of
spinel alloys’ practical application one of the determinative manageable indicators are the conductive
and dielectric properties of the composition. They stipulate both electronic spectrum and crystalline
structure which is formed in the process of synthesis, and microstructure determined by polycrystalline
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grain composition characteristics and intergrain interface [1, 21]. Synthesis adding of metal ions is one
of the primary methods of influencing the oxide spinel physical chemical characteristics.

This work has focused on investigation of changing physical properties and spinel Li-Fe structure
by way of adding univalent, bivalent, trivalent and tetravalent ions. However, analysis of related
literature showed that there are no integrated studies in the lithium ferrospinel electroconductive and
dielectric characteristics, added with Ti ions, yet the very systems are rather valuable for the lithium
source of current in the cathode system aspect [14]. The study [10] presents only the low-frequency
dielectric ferrites’ qualities of Lios+sdFe251511.04 (a=0, 0.1, 0.2, ...0.7) composition and analysis of
infrared spectra of substance absorption. Frequency temperature dependence of conducting properties
of a LiosFe24Ti0104 non-stoichiometric system composition has been studied by the method of complex
impedance. This composition in regarded to be a long-range active material of the lithium current
source cathodes for wide use [18].

2. EXPERIMENTAL PROCEDURE

Polycrystalline samples were obtained according to the traditional ceramic method [23] from Fe:03,
TiO: (rutile) powder and LiOH. Complete synthesis was done by the air sintering method at 1473 K
temperature for 8 hours and slow cooling together with a kiln. The process details are described in
work [15]. Impedance locusZ'= f(Z"), where Z', Z" - real and ideal parts of the system complex

resistance (Z =2Z"'— jZ", ]- ideal unity) was obtained with the help of impedance spectrometer

Autolab PGSTAT 12/FRA- 2 in frequency range 0.01-10°Hz. The electroconductive dope, which had
been applied on the flat perform — sample, was used as an electrode. Under these conditions the ion
conductance formed a block and the charge was transferred by the electrons. The sinusoidal voltage
amplitude amounted 100mV. The temperature was measured from room temperature to 673 K in
increments of 50 K with the help of the SNOL 7.2/1100 kiln that provides temperature control and
measurement ~1K.

3. RESULTS AND DISCUSSION

The impedance spectra of the LiosFe24Ti0.104 system are shown in Fig. 1 in the Nyquist coordinates
for different temperatures.
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Fig. 1. Impedance temperature dependence locus diagram for Lios Fe24Tio104system

The parametric dependence diagramsZ'= f (Z"), where Z', Z" — are frequency functions and

have an arch shape for all temperature limits of the sample composition under research.
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One of the main criteria for the electroconductivity measuring technique is its external electric field
frequency dependence. In case of the intermittent mechanism the conductivity increases compared to
zone conductivity, which does not depend upon the external field frequency up to f =10°...10" Hz
frequency [4, 19].

Frequency dependence of the specific conductivity off) (AC — conductivity) for different
temperatures is shown in Fig. 2. The o(f) level weakly depends upon the frequency in the f=0.01 —
103 Hz range. Increasing f upwards of 10°Hz abrupt growth of conductivity up to the researched
frequency range is observed. At a lower temperature ¢ dependence is more expressed.
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Fig. 2. Frequency and temperature o dependence graphic chart

In the ferrite physics the most known sample part, first examined in the works of Wagner, Koops
etc. [5, 10, 11, 17], can exemplify the obtained results of the AC frequency dependent conductivity.
According to that sample part, the spinel is the molded multilayer condenser, grains and grain
boundaries of which have different conducting properties. The polycrystalline spinel is supposed to
contain large, comparatively high conductivity range with the resistivity constant pg and dielectric
penetration &g, which are divided with the thin layers of comparatively low conductivity substance
with the p» and e» amount, that is low-resistance grains and high-resistance grain boundaries. The
impedance of such sample part can be shown by the equivalent electric circuit (Fig. 3), where Ri, C1 and
Ro, C2 are respectively active resistance and capacity reactance of the grains and grain boundaries. The
conductivity growth at frequency becomes clear in consideration of the fact that the high-resistance
polycrystalline intergrain boundaries “bridging" takes place on the ac field at a certain signal frequency

[]-

C1 C2

|l |l

1 [}

R1 R2
1 1
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Fig. 3. Equivalent circuit of the grain — layer segment

In the high-frequency range the capacity reactance gets less than active resistance. As a result the
whole polycrystalline conductivity is rated by the grains properties whereas the intergrain potential
barrier influence at the “grain — boundary” range can be neglected. The distinctive feature of such an
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effect is the increasing amount of the spinel specific conductivity o and the decreasing of electrical
transit activation energy at the electric field frequency growth. The frequency dispersion 0 can be
described with the help of the relaxation composition [10, 22],

o(f)=0y

Oy — Oy

P (1)
1+(27zf7)

where If and hf indicate the limitation level at low (approximately 10° Hz) and high (approximately

105 Hz), respectively. Relaxation time 7 is the qualitative scratch constant for spinels and it has been

calculated according to the equation (1). Magnitude 7 was revealed to be within the limit (2-6)-10s.

The generic magnitude 7 has been used for approaching the curves o( f), the trends of which

coordinate with the experiment (Fig. 4).
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Fig. 4. Experimental and theoretical AC conductivity dependence upon frequency

The electric conductivity mode of behaviour can be explained by the electronic overshooting model
Fe?* — Fe’ + e, realized by the electron exchange among certain octahedral positions (B-positions) in
the spinel grate [16]. It means that frequency in the range of 10°— 10° Hz, fits the electronic overshooting
frequency, and influences the electron exchange as far as the frequencies less than 10° Hz. The external
field does not facilitate the exchange technique. The mode of conductivity behaviour at high frequency
of applied electric field f >5-10? Hz results from electron exchange among Fe?* i Fe3* and does not
depend upon this frequency.

Let us consider temperature — frequency dependence of the substance conductivity in question
(Fig. 5).
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Whereas the spinel oxide is considered to be the semiconductors with the low charge carrier
mobility, conductivity dependence upon temperature as a rule is of semiconducting nature and can be
expressed by:

o =0, E‘Xp(—ﬂJ ()
KT

where 0o is a pre-exponent multiplier, which does not depend upon temperature and possesses the
semiconductor properties, W is activation conductivity energy, T is absolute temperature, k is
Boltzmann constant.

The dominant factor in the conductivity process is the charge carrier mobility. Its influence
increases at the temperature according to the exponential law and can be determined by the thermal
activation energy of W order that exceeds the overshooting potential barrier activation between two B-
positions. The barrier negotiation at grain boundary is also obvious. On dependence o (T*!), modified in
Arrhenius coordinates for different frequencies at temperature ~ 500 K, the faintly expressed hump is
retraced. It denotes the conversion from the semiconducting nature of conductivity to the metallic one
[24].

The conductivity activation energy magnitude W, was calculated for the rectilinear range (intrinsic
zone [17] log o(T"") dependence) at a high magnitude of temperature T (about 420 K) graphic of fig. 5.
Magnitude W tends toward decreasing in frequency increasing and increases at the Fe? ion number
reduction. Obviously, it can be explained by the exaggeration of the overshooting electron flow
conditions.

4. CONCLUSIONS

1. For the first time for non-stoichiometric LiosFe24Ti0104 spinel, the temperature frequency
dependence of the specific conductance has been fixed while studying the impedance spectra locus
curves in the frequency range of 0.01 — 105 Hz and temperature range from room to 673 K.

2. Using the classical Debby formulae for the stereotyped dipoles, the specific conductivity
experimental dependence upon the external electric field at non-stoichiometric composition sample has
been approximated. The qualitative time of the relaxation charging has been inserted to be within (2-6)
-10¢ s and is not dependant upon the sample composition and temperature.

3. By measuring the results of spinel conductivity, dependence of electric conductivity activation
energy upon the applied electric field frequency has been set. The conductivity activation energy level
is determined to decrease with the applied external electric field increase and is rated by the Fe? ions
concentration at the spinel phase of the sample.

4. At temperatures of 500 K the system under study changes the conductivity nature from
semiconducting to metallic.

5. The non-stoichiometric spinel of LiosFe24Tio.1Os composition, obtained by the ceramic method,
possesses high conductivity that makes it a prospective cathode system for electrochemical lithium
source of current.
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lFaciox LM., Vropuyk B.B. Kaiikan A.C., Jdemytar B.IO. TemmepaTypHO-4acTOTHi XapaKTepUCTUKU
IlepeHeceHH: 3apsAy y HectexiomeTpuuHiit crucreMi LiosFe24Tio 104 2Kypran [pukapnamcvicozo yrisepcumeny
imeni Bacuas Cmeganuxa, 1 (1) (2014), 73-79.

Bupuaanca TeMmepaTypHO-4acTOTHI 3a4€XXHOCTI IPOBIAHOCTI HecTexioMeTpM4HOI IIImiHeAi
LiosFe2,4Tio104 BUABAEHO iCHYBaHH: YaCTOTHOI AVCIIepcCil ITpoBiAHOCTI. ¥ MeKax gucIiepcii IToKa3aHo, 0 Jac
peaaxcanii (t) craHoBUTh 210 c. EkcrieprMeHTaAbHO BCTAHOBAEHO, 1110 BeAMYMHa IIPOBIAHOCTI 3aA€>KNUTh Big,
KiABKOCTi i0HiB Fe?'y CTpYKTypi.

Kaiouosi caosa: mimiHeAas, eHepris akTuBallii, MoZeasb Baraepa-Kyrica, mposigHicTs.
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MOSSBAUER STUDY OF YITTRIUM IRON GARNET EPITAXIAL
FILMS MAGNETIC MICROSTRUCTURE

V.O. KOTSYUBYNSKY, V.V. MOKLYAK, B.K. OSTAFIYCHUK

Abstract: The magnetic microstructure of the yttrium iron garnet epitaxial films surface layer were
studied by conversion electronic Mossbauer spectroscopy method. The presence of two
magnetically non-equvivalent positions of Fe** ions in tetrahedral sites of garnet structure and a
paramagnetic phase formed by Fe? ions were fixed. Using the model of mixed magnetic and
quadrupole interaction by the diagonalization of the nuclear Hamiltonian matrix the information
about the spatial orientation of the cation sublattices magnetic moments was obtained and the
components of electric field gradient tensor at Fe nuclei in different crystal non-equvivalent
positions were calculated.

Keywords: yttrium iron garnet epitaxial films, conversion electron Mossbauer spectroscopy,
effective magnetic field, magnetic moment orientation, electric field gradient.

1. INTRODUCTION

Yttrium iron garnet YsFesO12 with the traditional practical application in magneto-optical devices
and microwave electronics is a convenient model for the study of the ferromagnetic ordering. The
crystal structure of YsFesOn are assigned to space group la3d (O}°) and is formed by oxygen

coordination polyhedra. There are cavities of three types — 24 tetrahedral and 16 octahedral are
occupied by Fe3* ions (d- and a-positions respectively) and 24 dodecahedral which are occupied by Y3*
(c-position). Magnetic ordering in Yttrium iron garnet is the result of indirect exchange interaction
between Fe* from different sublattice through the oxygen ions. Magnetic moments of Fe3* ions in a-and
d-positions (Ma and Mud respectively) for an infinite perfect crystal are antiparallel (Neel model). For
ferrite-garnet films with the substitutions of Y** ions by rare earth elements (Sm3, Lu3*, Eu*) the large
growth uniaxial anisotropy is appeared and the total magnetization is directed along the axis [111].
YsFesOn epitaxial films due to the effect of surface demagnetization are characterized by the presence of
additional planar magnetization component so the magnetization deviate from the [111] direction to
the film plane. The aim of this work is the experimental setting of the spatial orientation of iron ions
magnetic moments in the yttrium iron garnet epitaxial films grown on (111) plane and its relationship
with parameters intracrystalline electric and magnetic fields.
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2. EXPERIMENTAL DETAILS

Yttrium iron garnet films were grown by liquid phase epitaxy method from Y20s3-Fe:03-PbO-B20s3
melt on nonmagnetic substrate gallium gadolinium garnet GdsGasO12 with (111) surface plane. For
Mossbauer effect probability increasing was used Fe2Os enriched by isotope Fe to 14 at.%. Films
crystallographic disorientation not exceeds 1°. Films thickness was 2.85 mm. For conversion electrons
registration gas proportional counter was used. The activity of Mossbauer isotope ¥Co was about
70mKu. Velocity zero instability and registration error were less than 0.5 channel from 256, width of the
resonance lines of a-Fe was 0.30 mm/s. The external magnetic fields were formed by system of
permanent magnets.

3. RESULTS AND DISCUSSION

Ferrimagnetic ordering of the YsFesO12 structure is associated with the magnitude of
electrostatic fields directed on the nucleus of iron ions by ions of the lattice and their own electron shell.
With the simultaneous existence of electric quadrupole and magnetic dipole interactions of
approximately equal intensity |2QUzz | ~ |uHey| an important parameter in the formation of iron
magnetically position is the angle @between the direction of an effective magnetic field on the nucleus
Fe” and a direction of the electric field gradient (EFG). The crystal symmetry the EFG tensor is axially
symmetric since the tetrahedral positions have symmetry axis of the 4th order and octahedral the third
order. So the tensor components have to satisfy the condition (coordinate system is chosen so that the
EFG tensor is diagonal): |Uxx| = [Uyy| < |Uzl|; 7= (U, —UW)/U » =0.

Symmetry axes of octahedral positions are corresponding to four possible axes <111> and can be
divided into four groups of four atoms in each direction with the same value of EFG. Symmetry axes of
tetrahedral positions correspond to the axes <100>. Thus, in general, the garnet structure contains 7
crystal-, and thus magnetically equivalent positions for ions Fe*, which correspond to the 7 partial
components of mossbauer spectrum. In single-crystal ferrite-garnet films (FGF), grown on a substrate
with a cut plane (111), there are three possible EFG directions for Fe* ions in d-sublattice with polar

angle 191‘?2'3 =54°44'; for 1/4 of Fe* ions in the a-sublattice &f =0° (EFG direction on the nuclei coincides

with the direction [111]), and 3/4 ions 9; 6.7 =70°32". As a result measured experimental values of the

quadrupole splitting Aexp differs from the true quadrupole splitting Aral of nuclear spin I = 3/2:
3cos°0-1
real 2 '
As already mentioned, for samples |eZQllzz| ~ | wHeg | , ie simplified equation [1] to determine
the hyperfine structure levels of the nucleus is nonapplicable; generally it is necessary to use a
Hamiltonian of mixed hyperfine interaction [2]. In our work, the model of a mixed quadrupole and
magnetic interaction issues by diagonalization of the matrix of the nuclear Hamiltonian . Coordinate

Ay =A

system is chosen so that the zi axis is parallel to U:, B! angles are polar and ol are azimuthal angles
between the directions of the effective magnetic field and zi axes . We used a methodical approach
proposed in [3]. Diagonalizing the Hamiltonian of hyperfine interactions we established the position of
the y- sextet partial resonance lines in the form of a Lorentzian combination. The parameters that are
changed in the approximation process are: the amplitude, the isomer shift 5, the magnetic field Her, the
value of the axial components of the EFG Uz, the B polar angle relative to the orientation of Het Uz EFG
( z axis of the laboratory coordinate system ); the polar angle of y-quantum beam orientation relative to
Uz EFG (range of changes is #2°, calculated with respect to the values geometrically considered).
Approximation results of the CEM spectra are shown in the table 1 and in Fig. 1.
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Fig. 1. Conwversion electron Mossbauer spectra of the single-crystal film of YsFesOnr,
cut plane (111): a) without the external magnetic field; 6) within the external magnetic field of 2.8 kOe

To simplify the problem and to find the absolute values of U.. components for different
nonequivalent positions the survey the external magnetic field He« = 2.8 kOe was applied
perpendicularly to the sample surface. In this case the individual magnetic moments of the iron ions
were oriented along the direction of the external magnetic field. As shown in Fig. 1 in the partial sextet
the intensities of lines 2 and 5 are <8%. These values do not change with increasing of the Hex and are
defined by the divergence of y- quantum beam and experiment geometry. Although, as shown above
on the basis of crystallographic assumptions the experimental spectrum must be a superposition of
three partial sextet, the nature of the obtained spectra allowed to make an acceptable conclusions about
approximations only assuming the presence of two d-positions with different orientations and values
of effective magnetic field Her on iron nuclei.

Crystallographic Uz, H, Os,

’ posit’igonp B v x102! V/m? kOe mm/s | mm/s | S, %
single-crystal film of YsFesO12, orientation plane (111)

ai 29+ 07 709 | 0.60+ 0.02 | 503.0+ 0.1 | 0.64 0.34 26.7

az 614+ 1.6 0.0 | 059+ 0.02 | 4874+ 04 | 0.63 0.34 8.9

di 1682+ 0.8 | 54.7 | 1.32+ 0.03 | 409.2+ 0.2 | 0.32 0.43 28.5

d2 1502+ 1.6 | 54.7 | -0.36 £ 0.04 | 3944+ 0.2 | 047 0.47 33.4

D - - - - 0.61 0.34 2.5

single-crystal film of YsFesO12, orientation plane (111) in the magnetic field of 2.8 kE

ai 460+ 08 | 709 | 051+ 0.10 | 491.5+ 0.1 | 0.67 0.31 28.5

az 6.6+ 5.8 0.0 | 050+ 0.11 | 4782+ 0.4 | 0.53 0.31 9.5

d1 2487+ 1.4 | 547 | 2.09£ 0.21 | 4003+ 0.2 | 048 0.32 247

d2 261.0+ 0.8 | 54.7 | -1.52+ 0.08 | 387.3+ 0.2 | 0.38 0.36 35.2

D - - - - 0.72 0.31 22

Tab. 1. Measurements of the partial components of the experimental mossbauer spectra



84 V.O.Kotsyubynsky, V.V. Moklyak, B.K. Ostafiychuk

The two variant of iron atoms neighbor surrondings in d-positions is defined by stoichiometry
distortion of anionic sublattice and uncontrolled entry into garnet structure of impurity atoms from
solution - melt in the final stages of epitaxy. It is known [4] that ions Pb* and Pb* occupy the
octahedral positions displacing the Fe3 with probability of 0.4 and 0.3 respectively. Another
uncontrolled impurity is the ions of Pt* which occupy only a-position. According to [5] from the
surface layer of the film thickness of 65 nm more than 2/3 of the conversion electrons are obtained.
Low-energy region of the amplitude spectrum (photoelectrons, conversion electrons from the depths of
> 85-95 nm) is cut by hardware discriminator and thus the experimental spectrum is formed by an
integrated registration of conversion electrons from the depths of < 90 nm. According to [6] the
thickness of the transition layer, which is characterized by cationic heterogeneity is < 80 nm. Cationic
distribution of the transition layer is largely determined by technological conditions of epitaxy-
supercooling temperature of melt and substrate rotation speed. The varies of these factors cause the
formation of nonequilibrium surface layer with a concentration of atomic defects <0.005 per formula
unit. These concentrations did not significantly affect the crystalline order, but even slight distortion of
the local environment results in changes in the direction of EFG and absolute values of its axial
component with the distortions of superexchange interaction. All these factors lead to the emergence of
two crystal and magnetic nonequivalent d-positions with noncollinear magnetic moments. Fig. 2.
shows the diagram of the effective magnetic fields spatial orientation at the nuclei of ¥Fe and the
electric fields gradients of individual sublattices. It is known [2] that the effective magnetic field at the
core of iron ion and its magnetic moment are antiparallel to each other. Thus, our studies made it
possible to establish the magnetic moments spatial orientation of the individual sublattices . We found
noncollinearity of magnetic moments of magnetic and crystal nonequivalent iron positions, which is
~5+25° ie there is violation of antiferromagnetic order. It has established that the imposition of an
external magnetic field 2.8 kOe does not eliminate noncollinearity of magnetic moments.

The above mentioned defects are confirmed by the values of the d- and a-positions populations
ratio (nd/na). This parameter is very close to the crystallographic stoichiometric. A significant narrowing
of lines in an external magnetic field confirms the presence of magnetically nonequivalent positions of
iron in each of the crystallographic nonequivalent sublattices . Reducing the effective magnetic fields at
the nuclei of Fe* in an external magnetic field is almost the same for all selected crystallographic
positions. The change of the isomer shift value in an external magnetic field can be caused by a
redistribution of the density of s-electrons in Mossbauer nuclei locations and the symmetry of dipped
surroundings makes the decisive influence. The values of the axial tensor components for a EFG
position are identical within experimental error due to uniformity of dipped surroundings symmetry of
Mossbauer nucleus for a1 and a2 positions.

[111]
y A
4
25
dl,2
£ :,’/2(”
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42
INHE

ef

Fig. 2. Diagrams of the effective magnetic fields spatial orientation

at the 7Fe nuclei and the electric fields gradients of an individual sublattices



Mossbauer study of yttriumiron garnet epitaxial... 85

The presence of doublet components corresponding to Fe3* ions in the paramagnetic state in the
spectrums of all samples was revealed. The fixation of this part is beyond the error limits. Quadrupole
splitting of these doublet components does not depend on the external field and is about 2.05+ 0.05
mm/s which can be explained by the presence of a surface layer of iron ions whose valence is reduced
from 3+ to 2+. This is result of a large concentration of point defects in the anion sublattice in the surface
area and the increasing covalence of the chemical bond in the transition layer film-air. The presence of
ferrous iron in the surface layer of the film is confirmed by the values of isomer shift for the
paramagnetic component.

4. CONCLUSION

The magnetic microstructure of iron-yttrium garnet epitaxial films is studied. The presence of two
magnetically non-equivalent positions of Fe* which occupy tetrahedral sites are established in the
surface layer of the YIG film of orientation (111). The information about the spatial orientation of the
magnetic moments of the individual sublattices, experimental values of the parameters of hyperfine
interaction and tensor components of the electric field gradient at the nucleus are obtained. The
presence of ferrous iron in the surface layer YIG due to the non-stoichiometry of anionic lattice of
transition layer film — air has been revealed.
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MeTo40M KOHBEPCilHOI eAeKTPOHHOI MeccOayepiBChbKOI CHEKTPOCKOIIl IpoBeAeHO A0CAiA>KeHHs
TOHKOI MarHiTHOI MiKpOCTPYKTYpM IIPUIIOBEPXHEBOTO IIapy eIliTaKCiliHOI I1AiBKM 3a4i30-iTpi€Boro rpaHary
opienTanii (111). BcranoaeHo HasBHICTH ABOX MarHiTOHeeKBiBaAeHTHMX II03uLil ioHiB Fe® B TeTpaea-
PUUIHNX By3AaxX CTPYKTypHU IpaHara Ta IlapaMarsitHy ¢asy, ska gopmyerscsa ionamm Fe?'. 3acrocosyoun
MeTO(, AlaroHaJi3allil MaTpulli SJAePHOIO raMiAbTOHiaHy 3MillIaHOI MarHiTHOI AMIIOABHOL Ta €AeKTPUYHOIL
KBaApPYIOABHOI B3a€MOJiil, oTpuMaHO iHPOpMaIlil0 PO MIPOCTOPOBY OPI€HTAIiI0 MarHiTHUX MOMEHTIB
OKpeMMX KaTiOHHMX IIiATPaTOK 40CAiAKyBaHOI CTPYKTYpM Ta 3Ha4eHHs KOMIIOHEHT TeH30pa I'Pajie€HTa elek-
TPUYHOTO 11045 Ha sigpax “Fe y pisHUX KpUCTaAidHOHeeKBiBaA€HTHUX ITO3UILifAX.

Karo4dosi caoBa: 3aaiso-iTpiesnii rpaHaT, KOHBepcCiliHa eAeKTpOHHa MeccOayepiBCchbKa CIIEKTPOCKO-
1is1, epeKTUBHE MarHiTHe I10/1€, TEH30p I'pali€HTa eAeKTPUIHOTIO IO
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