IOP Conference Series: Materials Science and Engineering

PAPER « OPEN ACCESS You may also like

Influence of cation substitution on dielectric and B T —

M C Smyth, S F C Shearer and G F

electric properties of bismuth stannates Gribalin
B|28n1 gMeo 107 (MG=CI', Mn) _%ﬁ(ﬁenandGNymm

- Electrode materials based on complex d-

. . . X . metal oxides for symmetrical solid oxide
To cite this article: SS Aplesnin et al 2018 IOP Conf. Ser.: Mater. Sci. Eng. 467 012014 fuel cells

Sergey Ya. Istomin, Nikolay V. Lyskov,
Galina N. Mazo et al.

View the article online for updates and enhancements.

w The Electrochemical Society -
Advancing solid state & electrochemical science & technology

Vancouver, BC, Canada. May 29 - June 2, 2022

ECS Plenary Lecture featuring

5 Prof. Jeff Dahn,
~ Dalhousie University

This content was downloaded from IP address 84.237.90.20 on 11/05/2022 at 14:38


https://doi.org/10.1088/1757-899X/467/1/012014
/article/10.1088/1742-6596/388/3/032075
/article/10.1088/1742-6596/388/3/032075
/article/10.1088/0034-4885/75/6/066901
/article/10.1070/RCR4979
/article/10.1070/RCR4979
/article/10.1070/RCR4979
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsuXpR7GKp1WdEVYFU-YDGeXn8y85fe4bxNgzy91rul9epoG5LYfebi2Ye3DaGzkWq5VNATM1GaZUB57_glxiFW-ml9pz4rcoMhsSsn_i8KkeGVWeEq1RbaZnK-GGnXBREJ3jLnMDW5nPrz18Di13EAdURSGOYnrmsrUZMfUfspnu9cqzJeS_0Dal32bX_EEmEgIyRBCyFOToZRI4AqxUg06BDxL7m09_hkbezs9lX50WaKxXMLz8OCiHB7x8kHQkiD37gXdy0wX7P_4xUg3fUr8DnbBO2uThTk&sig=Cg0ArKJSzMCmGN0ETAG0&fbs_aeid=[gw_fbsaeid]&adurl=https://community.electrochem.org/eWeb/DynamicPage.aspx%3Fwebcode%3DEventInfo%26Reg_evt_key%3D798362dc-7e0c-42ba-aaf6-31c3418f151e%26RegPath%3DEventRegFees%26FreeEvent%3D0%26Event%3D241st%2520ECS%2520Meeting:%2520Vancouver,%2520BC,%2520Canada%26FundraisingEvent%3D0%26evt_guest_limit%3D9999

21ST INTERNATIONAL SCIENTIFIC CONFERENCE RESHETNEV READINGS-2017 0P Publishing
IOP Conf. Series: Materials Science and Engineering 467 (2019) 012014 doi:10.1088/1757-899X/467/1/012014

Influence of cation substitution on dielectric and electric
properties of bismuth stannatesBi,Sn; Me, ;0; (Me=Cr, Mn)

S S Aplesnin'?, L V Udod'?, Y Y Loginov', V V Kretinin', A N Masyugin'

'Reshetnev Siberian State University of Science and Technology,660037, Krasnoyarsk, Russia
*Federal Research Center “Krasnoyarsk Science Center” of the Siberian Branch of the Russian
Academy of Sciences660036, Krasnoyarsk, Russia

E-mail: apl@iph.krasn.ru

Abstract. The article studies effect of nonstoichiometric substitution of the tin ions by chromium and
manganese ions on the dielectric and electrical properties of bismuth pyrostannate. The research performs
measurements of the current-voltage characteristics, capacitance and tangent of the dielectric loss angle in
the temperature range from 300 to 800 K; it finds a qualitative difference in the temperature behavior of
the permittivity of bismuth pyrostannate with chromium and manganese ions. A change in the type of
conductivity from hopping to tunneling emission is established. The change in the activation energy as a
function of the ion radius is found.

1. Introduction
Bismuth pyrostannate attracts attention both from the fundamental point of view as multiferroics, spin ice [1] and
as optical devices [2] and sensors [3] use it. Substitution of the tin ions in Bi,Sn,O; by 3d magnetoactive ions
will lead to a magnetic order that can be controlled by an electric field as a result of the displacement of the
oxygen ion. Variation of ferroelectric properties by a magnetic field is due to magnetoelastic interaction.
Ferroelectric properties may be enhanced by non-stoichiometric substitution which gives an additional electron
contribution to the polarization.

The aim of this study is to establish the role of non-stoichiometric substitution of tin ions by chromium ions
as compared to manganese ions on the dielectric and electrical properties of bismuth pyrostannate.

2. Experimental

Samples of Bi, (SngoMey 1) ,0,(Me = Cr,Mn) were synthesized using the solid-state reaction technique. The
powder X-ray diffraction pattern of samples was obtained at room temperature using a Bruker D§ ADVANCE
diffractometer, a VANTEC linear detector, and the CuK, - radiation. All peaks, except several weak impurity
peaks of an unknown phase corresponded, to the monoclinic Pc cell in the a-phase of Bi,Sn,O; [4]. The crystal
structure contains 32 Bi’" ions, 32 Sn*" ions and 112 O%ions in the independent part of the cell. Fig.1 shows the
crystal structure of Biy(SnyoMny;),0;. All Bi’" ions are surrounded by eight O” ions and form a distorted
cubeand Sn*" is located in the oxygen octahedron, which are connected by vertices.

Figure 1.Crystal structure of Bi,(Sng9Mny ;),O7. The inset shows one of 32 independent polyhedrons BiOg that
form the unit cell. The d, 4 bond lengths takes values 2.2-2.5 A, and the ds_g bond lengths takes values 2.5-3.2
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The decrease in the cell volume Bi, (SngsMey )0, (Me = Cr, Mn) correlates with the ionic radius IR (Cr’")
=0.615 A, IR (Mn*") = 0.53 A, they are smaller than the tin ion radius IR (Sn*") = 0.69 A [5].

The electrical properties of Bi, (SngoMeg),07 (Me = Cr, Mn) are investigated by a four-probe technique on a
6517 V electrometer in the temperature range of 350-700 K. Capacitance, and loss-angle tangent are measured
on an AM-3028 component analyzer in the frequency range of 0.1-1000 kHz at temperatures of 300—750 K. The
current-voltage characteristics are obtained on an electrometer Keithley 6517b in an electric field from -800 to
800 V/cm.

3. ResultsandDiscussion

Permittivity. Figure 2 shows the real and imaginary parts of the Biy(Sngo¢Cry;),0; permittivity versus
temperature for several frequencies. The temperature dependencies of &(T) reveal inflection points in the real
part (Fig. 2a) and wide maxima of the dielectric losses (Fig. 2b) at the same temperature, increasing from T,, =
370 K to 560 K according to the logarithmic law from frequency. The relaxation time is described by the
exponential lawt=t,epx(AE/kT) with an activation energy AE = 0.4 eV. The dielectric susceptibility increases
sharply at approaching to the § — y phase transition temperature.
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Figure 2.Temperature dependence of the permittivity of Bi,(Sng ¢Cry 1),07 at different frequencies: (a) real part

and (b) imaginary part. Curve 1 corresponds to 1 kHz, 2 - 5 kHz, 3 -
10 kHz, 4 - 50 kHz, 5 - 100 kHz, 6 - 300 kHz

The permittivity in the range of 5- 10*-10°Hz frequencies and in the range of 300-500 K temperatures is well
described in term of the Debye model:

Re(e)=eotp/(1H(o1))), 69)

Im(e )= goot /(1+HwT )?), )

where g is the temperature-independent contribution to the permittivity, yp is the static susceptibility of the

dipoles, o is the frequency, and 7 is the relaxation time of 1.5-107sec. At temperatures above 550 K the permittivity
is described by a power function e=A/w"with n <1. The exponent increases at the heating.

The real and imaginary parts of the permittivity are well described by the exponential law Ine = A + AE/T with
the activation energy AE = 0.3 eV for the real part and AE=0.6 eV for the imaginary part of the permittivity. The
activation process is due to the diffusion of current carriers in the domain and the accumulation of charge on the
surface of the domain.

The real part of the permittivity Biy(SnyoMny 1),04(Fig. 3a) has a small minimum in the vicinity of a — [§ phase
transition. At farther heating the permittivity sharply increases. The anomalytemperature isagreement with the
temperature of small maximum on the differential-scanning calorimetry curve at T = 420 K [6]. The real and
imaginary parts of the permittivity reveal a wide maximum at T>500 K, that is absent on the DSC curve. A similar
temperature dependence of the permittivity above T = 550 K is observed in Bi,(Sng ¢Crg ;),07.

The behavior of the permittivity at high temperatures occurs due to a change in the electronic structure as a
result of the large electronic polarization of the Bi-O bond. Oxygen ions are known to possess a significant
polarization; it increases at the presence of covalence and anisotropy. The polarization of bismuth ions arises
from 6s lone pair electrons. The effect of the lone pair causes a large mobility of oxygen ion in the BisO'
sublattice and strong displacements of them from the sites of the ideal lattice of the pyrochlore structure. The
absence of significant structural changes in Bi,Sn,0; in the temperature range of 500-600 K; it allows to make
the assumption that the observed singularities in the behavior of the dielectric susceptibility due to processes of
charge transfer and a sharp change in the ions polarization. A similar behavior of the dielectric constant is
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observed in a-Bi,0; [7]. The substitution of Sn ions by Cr and Mn ions will lead to deformation of the oxygen -
bismuth bond and to an increase in the dipole moment, since their ionic radii are different. The heterovalent
substitution of tin by chromium leads to an electronic contribution to the permittivity and an increase in Re (g)
compared to the manganese ions giving the ionic contribution.
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Figure 3.Temperature dependence of the permittivity of Bi,(SngoMny ),O5 at different frequencies: (a) real part
and (b) imaginary part. Curve 1 corresponds to 1 kHz, 2 - 5 kHz, 3 -
10 kHz, 4 - 50 kHz, 5 - 100 kHz, 6 - 300 kHz

Electrical properties. The electrical resistance determined from the current-voltage characteristic shows a
typical semiconductor conductivity for two samples of Bi,(SngoMeg 1),07;(Me=Mn, Cr). The electrical resistance
for Bi,y(Sny¢Cry1),07 is independent on temperature at T=500-550 K, that agrees with the anomalies in the
dielectric susceptibility. The change from the Mott conductivity mechanism to the Poole-Frenkel conduction
mechanism occurs also in this temperature range. The values of activation energies AE, calculated from the
temperature dependence of lg(p) on the reciprocal temperature (Fig.4) are described by the linear function
Inp=Inpy+AE/(kgT ) in the temperature range 300-500 and are equal to 1.58 and 1.17 eVfor Bi,(SngoMny;),0-

and for Biz(Sn0A9CrOA1)207.

12

-
o
1

(=]
1

Ig(p), Ohm-cm

1,5

2,0

2,5 3,0
10°T1", K™

3,5

Figure 4.Temperature dependence of logarithm of the resistivity of Biy(Sng9Mnyg 1),07 and Bi,(Sng¢Crg1)207.
Curve 1- Biy(SngoMnyg 1),07, 2 — Biy(Sng 9Cry.1),07

The conduction mechanism and the existence of inhomogeneous electronic states are determined from the
current-voltage characteristics. The shape of the curve I (U) varies with increasing temperature. In the
temperature range where charge ordering is observed, the conductivity is described in a model of currents limited
by the space charge and is described by the quadratic Mott law [8] for both Bi,(SnyoMny;),0; and

Biy(Sng 9Cry 1),07:

j—graﬂ_
u=o 3’
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where j — the current density, t,— the Maxwell relaxation time, o, — the electrical conductivity in the bulk of
the material in the absence of charge carrier injection, p — the mobility of the charge carriers, U — the applied
voltage, and L — the thickness of the sample. In Fig. 5a, the experimental data of the I-V characteristic in
logarithmic coordinates are well described by the relation (3) for Biy(SngoMng;),0; to T = 400 K, and for
Biy(Sng¢Cry1),0; to T=500 K. The Pool- Frenkel conduction mechanism prevails in the range of high
temperatures at T>450 K for the Biy(Sng9Mny ;),07 and at T >550 K for Biy(Sng ¢Cry 1),0O7 (Fig. 5b), according to
which the strong electric field applied to the sample changes the form of the potential barriers for charge carriers.
In this case, the current depends exponentially on the applied voltage and the exponent contains the square root
of voltage:
12

U
I =epn, 7P 4)

where, e — the charge of the electron,u — the mobility of the charge carriers, ny- the electron concentration in
the conduction band in the absence of the field, U — the applied voltage, L — the thickness of the sample, £ — the

3

1/2
e . e .
Boltzmann constant,f — the Pool-Frenkel constant, 3 =( ] , € 1s the permittivity of a semiconductore) —

TEE
the dielectric constant. The linearity plots in the In(I/U) the dependence from U'”in the Pool-Frenkel coordinates
indicates that the transport of charge carriers is carried out mainly by as hopping conduction mechanism and due
to the tunneling electron emission [9].
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Figure 5.I-V characteristics of Biy(SnyoMny ;),07 and Biy(Sng 9Cry 1),04, positive voltage. (a) Dependence of the
current on the squared applied voltage. Curve 1,3 corresponds to Bi,(SngoMny ;)07 at T =350 and 400 K,
2,4,6,7 - Biy(Sng 9Cry.1),07, T =300, 350, 400 450 and 500 K accordingly. (b) Pool-Frenkel I-V characteristic
measured. Curves 1,2 - Bi,(SngoMny )07 at T =450 and 500 K; 3,4 - Biy(Sng ¢Cr1),07, T =550 and 600 K

4. Conclusion
The maximums in the temperature behavior of the dielectric loss at Biy(Sng¢Cry 1),07 hole doping for o — phase
are found. The jump in the temperature dependence of permittivity and an electronic transition are detected in
the case of isovalent substitution for Biy(SngoMng;),0;. The electronic transition with the variation in the
conductivity type from hopping to Pool-Frenkel emission is established. The research also determines a decrease
in the activation energy at hole substitution as compared to the isovalent substitution tin ions by manganese.

This study was supported by the Russian Foundation for Basic Research project N 17-32-50080, the state
order Ne 3.5743.2017/6.7.

References

[1] Yaraskavitch L R,Revell H M, Meng S,Ross K A,Noad H M L,Dabkowska H A, Gaulin B D,and Kycia J
B, 2012 Phys. Rev. B,85, 020410(R)

[2] Janner D, Tulli D, Jofre M, Yudistira D, Balsamo S, Belmonte M, Pruneri V 2013 [EEE J. Sel. Top.
Quantum FElectron,19, 3400610

[3] Tulli D, Janner D, Garcia-Granda M, Ricken R, Pruneri V 2011 J. Appl. Phys. B,103, 399

[4] Radosavljevic Evans I, Howard J A K, Evans J S O 2003 J. Mater. Chem.,13, 2098

[5] Shannon R D 1976 ActaCryst. A,32, 751



21ST INTERNATIONAL SCIENTIFIC CONFERENCE RESHETNEV READINGS-2017 0P Publishing
IOP Conf. Series: Materials Science and Engineering 467 (2019) 012014 doi:10.1088/1757-899X/467/1/012014

[6] Aplesnin S S, Udod L V, Sitnikov M N, Molokeev M S, Tarasova L S, and Yanushkevich K I 2017 Phys.
Solid State,59, 2268

[7] Orlov V G, Bush A A, Ivanov S A, and Zhurov V V 1997 Phys. Solid State, 39, 770

[8] Mott N F and Davis E F Electronic Processes in Non-Crystalline Materials (Oxford, 1971)

[9] Macdonald J R 1990 ElectrochimicaActa,35, 1483



