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Chapter

Paramagnetic Transitions Ions as
Structural Modifiers in
Ferroelectrics

Veronica Lucero Villegas Rueda

Abstract

The science of ferroelectric materials has long known that transition metal atom
and/or rear earth atom substitution in the composition of a ferroelectric material
can produce substantial structural and electric dipole changes and ferroelectric
behavior. The focus is on first neighbor changes, symmetry, very tiny atomic
displacements, hence magnitudes of electric polarization, charge changes, and
mechanical-tensile change of parameters. The transition atom used for the
substitution can, or, cannot be paramagnetic. When it is paramagnetic as is the case
with Cr**, Mn®*" and so forth, there emerges an advantage for its experimental
characterization at atomic level. Electron Paramagnetic Resonance (EPR) allows the
identification of its location within the structure and the number and nature of its
neighbors. The presence of crystal fields, symmetry and distortions of the first
coordination sphere can also be determined. Here, we describe how a set of EPR
spectra is analyzed to extract such atomic information.

Keywords: paramagnetic transition ions, ferroelectrics, PbTiO (Cr), octahedral
symmetry, electron paramagnetic resonance, crystal field

1. Introduction

The ferroelectric materials are very important for technological applications in
general, like sensor and actuators they are important part of electronic devices. The
temperature, pressure, electric and electromagnetic field nonlinear response of
ferroelectrics make them ideals like active elements due to pyroelectric and piezo-
electric effects [1-4]. Ferroelectrics are used like ultrasonic generator; high voltage
transforms and accelerators [1-4], also, they are using in optical components,
piezoelectric transducers, and pyroelectric sensors [1-4]. By fabrication ferroelec-
tric materials born with electric dipole different to zero, P # 0; this electric
property is by asymmetry crystalline center structure. The Figure 1 shows two
crystalline structures, first is a symmetry perovskite structure with P = 0, and
second is an asymmetry perovskite structure with P # 0 typical to lead titanate
(PbTiO3) [5]. The lead titanate (PhTiO3) is used intensively in electronic devices
[5-7]. The PbTiO3 ceramic had perovskite structure (tetragonal structure) with

ratio c/a = 1.064, where ¢ = 4.154A, a = 3.899A, the Figure 1a shows the lead ion
(Pb) occupies places A, the titanium ion (Ti) occupies the places B and the oxygen
ion is on the parallelepiped faces occupies the places O [8].
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Figure 1.
The perovskite structure for PbTiO5 a) Centre symmetry and b) non Centre with ratio c/a = 1.064, where
¢ = 4.154A, a = 3.896A.

The ceramic fragility is reduced for inserting rare earths or transitions metal atoms
[6-8]. The partial or total substitution of Pb or Ti produces modified compounds with
new electrical polarization and modifies their structure depending of doping atoms
and the interactions material [8]. The changes in the structure could be small or big
depending to the kind of dopand and the percentage of them [1-8]. If the dopand is a
paramagnetic ion it could be detected by paramagnetic resonance (EPR) and it is
capable to sense structure changes principally by spin-orbit interactions [9-11].

The paramagnetic resonance technique (EPR) detects the spin-orbital magnetic
interaction in doped ferroelectrics when the dopant is a rare earth with a paramag-
netic ion. If dopant is chromium (Cr), it can give a paramagnetic state, in this case
the electron paramagnetic resonance EPR technique is capable to detect paramag-
netic ions, and the EPR-technique is high sensitivity to spin interactions due crys-
talline structure, nuclear interaction (hyperfine), or anisotropies (orientations)
[9-11]. The nondestructive EPR-technique is applied to organic and inorganic mol-
ecules, ions, and atoms that have unpaired electrons that have information about
oxidation state and spin state due to electron unpaired spin [9-11]. The EPR tech-
nique use microwave energy to induce resonances or electron transitions between
electronic energy levels separated by applying magnetic field for paramagnetic
compounds or substances. The EPR typical spectra for Cr, Fe, Mn, Co, Ni, Cu, V,
etc. [11-15] contained information about the g-factor, the A-hyperfine couple and
crystalline field factors, D and E.

2. Atoms into magnetic field H

The energy interaction between magnetic moment x and extern magnetic field
H is given by W = —yi « H. The electronic orbital movement is the cause of atomic

momentum for the atom 4, it is proportional to angular momentum L given by

Uy, = (— ﬁ)L, where L is the orbital angular momentum, e is the electron charge,

m is the electron mass, and ¢ is the speed of light. The gyromagnetic ratio is defined

1

by y = 5% = 1.7 x 10”rad gauss1, so the atomic momentum is given by x; = yf [9].

— 2mc

Otherwise, the intrinsic magnetic momentum for electron is yg = 2(—5%) S,

where S is the spin vector associated to electron spin. The total magnetic moment is
given by the spin and orbital momentum addition i = y; + uj. If the total

magnetic moment is placed into magnetic field H, the total magnetic energy is given
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by W= —u eH= —uH cos 6, where 0 is the angle between vectors y and H , the
angle could varies continually in the classical description, however, in the quantum
mechanics description the variation is quantized with 2] + 1 orientations, where J is
the quantum number for the total angular momentum given by /J(J + 1) [9, 12].
The allowed projections J, when the system is quantized along the magnetic field
direction, are given by m ;i, where m | is the quantum magnetic number with values
fromJ,J] —1,..., —J [15].

The simplest case is just only the spin electronic momentum (atoms in base state
2s, ;) withmg =S, S —1,..., =S, with S the total electronic spin, and the projections
eh

4mme

¢h_ = B = 9.2741 x 10~ *erg /gauss is called Bohr’s magneton, then

4rme

)ms where for S operator the eigenvalue mgsh was substituted.

are ‘ﬁs‘ = 2(—

The quantity

|iis| = B,ms and the energy values allowed for the atom placed into a magnetic field

H ,are E,,, = —ugH = 2f,msH (Zeeman’s energy). For an electron isolate quantum
electrodynamic correction is necessary [9-15] replacing the number 2 for the g, =
2.00023. In the case for isolate spin S = 1/2, the 2S + 1 energy levels are g,,H
equally spaced, the Figure 2 shows the case for S = 1/2 [9-15].

For degenerated orbital state (L # 0) where exist and important L and S coupling
(Russell-Saunders coupled) [9-15] thereare] =L +S,L + S —1,..., |L — S|, and for

each]therearem; =J,] —1,..., —] values, so the energy for each degenerated state is
En, =gpmH, whereg; =1+ U (J+1)+32%T1))— LEHD s the splitting Landé factor. For

example, the state ’p, jphaveS =1/2,L =1,] = 1/2and theng = 3/2. Of course, when
L = 0theg; =g, [9].

Zeeman's Term W, = =gBH,

-

upd 5o

gy AW = hv = gBH,
§=1/2

me=+1/2 | 1
{ E Wy _EgﬁHr

Energy E
Absorption ;

f H
1% Derivative
of Energy H
Absorption H

2 e hv

Figure 2.
EPR scheme for system with S = 1/2. The Zeeman’s effect for S = 1/2 split the degenerate state energy into W,
and W, and the microwave photon hv provide the energy for the transition between them [14].
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3. The basic principle of the electron paramagnetic resonance (EPR)
spectroscopy

The splitting of the degenerate energy levels applying magnetic field is the
principle of the paramagnetic resonance spectroscopy useful for study the para-

magnetic materials with total electronic spin S # 0. The splitting of the electronic

energy levels occurs when a magnetic field H is applied, this phenomenon is called
Zeeman’s effect. In the experiment an oscillating microwave field is applied to give
energy to the electrons so the electronic transition of the electrons can occur; these
electrons are arranged in the electronic levels according to Hund’s rule. From quan-
tum mechanics point of view, when the microwave energy photon Av is equal to the
energy difference between Zeeman levels there are electrons transitions from one
low electronic energy level (W) to other with high energy (W>); the energy
difference between this electronic energy levels is AW = W, — W; = hv, according
to quantum mechanics selection rules [10, 12]. When AW = hv occurs, there are
peaks of microwave energy absorptions observed in the EPR spectrum. Experimen-
tally a high resolution for the EPR spectrum is obtained taken the first derivative of
absorption [9-15].

In general, the splitting electronic levels effect is written tensorial form by

,uﬁ§ og «H . The photon energy v of the microwaves is provided to the system
applying an oscillating microwave electromagnetic field H; at frequency vo; the

ﬁl (t) is applied perpendicularly to H o magnetic field, and the magnitude of Hy is
varied until the resonance condition given in Eq. (1) be satisfied.

hv = gfH (1)

For the simplest case for “free ion” and spin S = 1/2 system the Eq. (1) is
reduced to AW = hvo = g,f,Ho, where g, is the gyromagnetic ratio and f, is the
Bohr’s magneton for free electron e; the EPR scheme is shown in Figure 2. The
constants value g, = 2.0023 and 3, = 9.2741 x 10 *'erg /gauss, the Planck’s constant

ish = 6.6262 x 10_27e1fgs [9, 15]. In general, these energy levels are described by
tensorial treatment.

4. Spin Hamiltonian

For a paramagnetic ion, the energy levels are quantized. This energy levels are
eigenvalues of the spin Hamiltonian operator which is the representation of total
electronic energy for the ion or system. Usually the lowest energy levels states are
populated at ordinary temperatures of 300K (~200cm ') and this is the group of
levels of the ground state. The ground state is the most of the times the only
involved in the resonance experiment, it is to say, the transition are induced
between this energy levels of ground state under microwave excitation. The
energy of each level depends of the ion properties like electric charge, mass,
atomic number, etc. and the energy level depends too to the crystalline field effect
and the external magnetic field applied along with appropriate nuclear interactions
[9, 12, 15].

The EPR results are interpreted by spin Hamiltonian that describes the system
and the interactions mentioned above. The Hamiltonian is given in general by
Eq. (2) and Eq. (3) [9-12].
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The first term is by Zeeman electronic interaction, the second term is the
representation of hyperfine interaction, the third and fourth terms are due to the

crystalline field, where g, A and D are the spectroscopy, hyperfine interaction and
crystalline field third order tensors respectively.
The magnetic interaction is naturally anisotropic, and the tensors are used to

describe it, like the magnetic moment for each electron . The anisotropy property

for magnetic moment i is measured by spectroscopy factor g.
The solutions for the Hamiltonian are compared with measures of g parameters
in the spectrum EPR and other paramagnetic parameters in the system [9-12].

4.1 Zeeman electronic term

The general expression for Zeeman interaction between external magnetic field

Ho and the electronic spin Sis given in Eq. (4) and it is rewritten in terms of matrix
in Eq. (5) [9-15].

I:IZeIﬂ§°§'FI0 (4)
Exx gxy Exz H,

Hz, :ﬂ(sx Sy Sz) gyx gyy gyz Hy (5)
Eax 8z &Lz H,

Where Hy, Hy, H, Sk, Sy, S, are the three scalar components for external

magnetic field H o and S in a fixed Cartesians coordinates x,y and z in the molecule.
Many times is found that tensor ? is a symmetric matrix, which could be
diagonalized through appropriate transformation [9, 16] MgM ™ = g 1., This

transformation corresponds to axes reorientation and the matrix M redefine the
orientation for new principal axes respecting to previous axes. After to diagonalized
the Zeeman’s Hamiltonian writes like Eq. (6).

HZ@ = ﬁ(gxxHxSx +gyyHJ’SJ’ +gzzHZSZ> (6)

The ¢ componentsg,_, g,, and g, measured the contribution of magnetic
moment along principal direction xx, yy and 2z of magnetic field. There is spherical
symmetry for the electron i (g) wheng, = Ly = Loz

The Hydrogen atom have spherical symmetry, the spin Hamiltonian have ag
isotropic factor for an electron and isotropic hyperfine interaction, A, between
electron and nucleus. In the most molecules these quantities vary with applied
magnetic field direction and the spin Hamiltonian is anisotropic [9-16].

4.2 Axial symmetry

If the ¢ tensor is anisotropic, there is the axial symmetry when L =&y F G

Usually the EPR bibliography writesg, = = g, =21 andg, = g [9-12].
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Suppose that magnetic field H is applied with 6 angle respect to z— axis.
Rewriting the components, H cos d is parallel to z and H sin @ is parallel to x, them

the Zeeman H, writes like Eq. (7) [9].
Hy = fH (g”SZ cosf +g, S, sin 0) 7)

Where S, =1 (S + S_) written in terms of created and annihilated spin opera-
tors. With low symmetry and magnetic field random oriented, using the director
cosines [, m, n with respect x, y and 2 axis, then the spin Hamiltonian writes like

Eq. (8).
Hy = pH (gxxle +g,mS,y + gzanz) (8)

This correspond to rhombic symmetry g, # ¢, # £..-

For the axial asymmetry g factor is dependent of angle 6 by g(#)* = g2 sin 6 +
gﬁ cos 0, for an axial g matrix with g, >g¢ , the line shape of the corresponding EPR
spectrum are drawn in Figure 3, assuming a large number of paramagnetic systems
with random orientation of their g ellipsoids with respect to the static magnetic

field H [9]. This situation is typical for a powder sample that contain all possible
direction g— ellipsoids. For a given magnetic strength H, all spins fulfilling the
resonance condition g(0) = hv/pH, i. e., all spins for which H makes an angle 6 with
the z— axis of the g— ellipsoid, contribute to the spectrum and are considered to
form a spin packet. The extreme positions (¢ = 0° and 6 = 90°) of the powder
spectrum are obtained by inserting g, and g, into the resonance condition. If g, >g,
the asymmetry line shape is mainly due to the fact that the number of the spin
packets contributing to the spectrum is much larger in the xy-plane than the

along the z— axis. If g, <g, the asymmetry line shape is mainly due to the fact that

the number of the spin packets contributing to the spectrum is much larger along

the z— axis than in the xy-plane. Also, by definition theg, = \/ 3 [gfm +g, +8%
[9-17].

4.3 Hyperfine interaction term

The hyperfine interaction is the interaction between decoupled electrons (S)

and nuclear magnetic moments (I) of several neighboring nucleus. In the EPR
spectra the hyperfine split is due to interaction between electronic spin and nuclear
spin, it causes splitting Zeeman levels. Each Zeeman level is splitting 2I 4 1 times,
where I is the nuclear spin [12, 16]. In tensorial form the Hamiltonian spin term is

given by SeAe]. Similarly to g-factor, the A -hyperfine factor give the magnitude
of hyperfine interaction, in general it is an anisotropic tensor. There are two types of
hyperfine interaction [9-15].

The first interaction is the classic interaction between i and 4, dipoles sepa-
rated a 7 distance given by Eq. (9) [9, 12].

Heol 3<ﬁs’7) <ﬁ1'7>
Hs*H
Edip = SV3 L_ 1"5 (9)
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Figure 3.
Microwave absorption spectra and their first devivate for axial symmetry (A) g, >g, and (B) g, <g,. Both

cases show all contributions for all divections contributions of g(0) = hv/pH in a powder samples [9-16].

For correspondence principle, the quantum Hamiltonian for this interaction is
given in Eq. (10).

Hipp =858, §V'37+3<I 7)(5-7) (10)

The second interaction is no classic interaction and comes from to the probability
different of zero for found an electron in the nuclear region (0 <7 <ay), where ay is
the Bohr’s radii, i.e., it is proportional to the square electronic function valuated in
the nucleus. Fermi proof that this interaction is isotropy and is called contact
interaction or Fermi’s interactions, given by Eq. (11) [10-17]. Here ¥(0) is the
electronic wave function valued in the nucleus.

H = (%”) fis s i, ¥(0) (11)

If the molecule have one or more neighboring nuclei to the uncoupled magnetic
dipolar momentum, it turns out split hyperfine of energy magnetic levels of the
decoupled electron (even without external magnetic field applied) due to interac-
tion of each nucleus with the electronic magnetic momentum.

When the conditions are favorable the hyperfine interaction could be measured
like in the case of the hyperfine interaction splitting of an octahedral manganese(II)
complex with spin S = 5/2 and nuclear spin I = 5/2 and the corresponding EPR
spectrum are shown in the Drago’s book at Figure 13.10 [9].

In the simplest case, the energy levels of a system with one unpaired electron
and one nucleus with I = 1/2 are show in Figure 4(A) with sufficiently high fixed

magnetic field FI . The dashed line would be the transition corresponding to AW =
hv = gpH in the absence of hyperfine (Ay), like is show in Figure 2. The solid lines
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marked AW; and AW, correspond to the allowed EPR transitions with the hyper-
fine coupling operative. To first order, hv = gpH + %Ao, where Ay is the isotropic
hyperfine coupling constant. In Figure 4(B) are shown the hyperfine splitting as a
function of an applied magnetic field. The dashed line corresponds to the transitions
in the case of Ag = 0. The solid lines AW and AW, refer to transitions induced by a
constant microwave quantum /v of the same energy as for the transition AW. Here
the resonant-field values corresponding to these two transitions are, to first order,
given by H = hv/gB +1/2(g,/g)ao (in mT) is the hyperfine spplitting constant
given approximately by Haw, — Haw,. Note that these diagrams are specifics to a
nucleus with positive g, and A values, such as hydrogen atom [9, 12]. The Figure 4
(C) shows the typical EPR spectrum and the g — value approximate positions for the
case described in (A) and (B) with a¢ hyperfine splitting, and additionally shows
the hyperfine splitting for and axial symmetry EPR signal with A, and A, splitting
factor than indicating how hyperfine interactions is affecting the energy levels
transitions [11, 12].

(A) (B ) my

m +1/2
1° =172 44 I /
3 2 e W

2 : [ui——— —1/2- -4 2 r:;___'___,_..--"""'
: AW, AW AW
) (. N - g
_.l . f @ .__q__‘_'::it:‘_‘_““w..__ _1/2
2 —4+1/2 v 2 e e
H "““‘*+1/2
Hyw, Haw  HAy,
f——ap

(€)

25242322 21 20 19 18 17 16
. A, g-value

Ay
AN M N

g

250 275 300 325 350 375 400 425 450
Magnetic Field (mT)

Figure 4.

(A) At a sufficiently high fixed magnetic field H. The dashed line would be the transition corresponding to
AW = hy = gBH in the absence of hyperfine (A,). The solid lines marked AW , and AW, correspond to the
allowed EPR transitions with the hyperfine coupling operative. To first order, AW = hv = gBH + 2 Ao, where
A, is the isotropic hyperfine coupling constant. (B) As a function of an applied magnetic field. The dashed line
corresponds to the transitions in the hypothetical case of A, = o. The solid lines AW, and AW , refer to
transitions induced by a constant microwave quantum hy of the same energy as for the transition AW . Here the
resonant-field values corresponding to these two transitions ave, to first order, given by H = hv /gp +
1/2(g,/g)ao (in mT) is the hyperfine spplitting constant. (C) Shows the typical EPR spectrum and the g —
value approximate positions for the case described in (A) and (B) with a, hyperfine splitting, and additionally
shows the hyperfine splitting for and axial symmetry EPR signal with A\ and A | splitting factor than
indicating how hyperfine intevactions is affecting the energy levels transitions [11, 12].
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4.4 Crystalline field term

Other observable interaction in EPR is the crystalline field [9-17], this

interaction is represented by tensors given by SeDeS. This is the interaction

of electron spin with the electric field of the charges of the neighboring

ions placed in specific symmetries. The expression for crystalline field is given by
[9-12]:

D [sfc - %S(S + 1)} + E(s,% X sj) (12)

The Zero-field splitting parameters D and E split the energies of m; levels at zero
applied magnetic field according to the magnitude of m; for each level. Thus the D
and E ensure the singularity of each energy gap between m; levels under a non-zero
magnetic field. The magnitudes of D and E are dependent on the ligant field theory
(or from the Crystal Field Theory point view), and therefore are easily tunable by
coordination geometry [12, 18]. Even the g— factor could give in terms of crystal
splitting factor A [11, 12, 18].

The Figure 5 shows how the splitting of electronic levels depends on the ion
interaction with electric field of the neighboring charge ions placed in specific
symmetries [9-12].

The crystal field splitting energy A is the energy of repulsion between electrons
of the ligands and the central metal ion and their bounding in complex ions such as
octahedral, square planar and tetrahedral structural symmetries [9, 12]. If the A is
greater than electron spin pairing energy the greater stability would be obtained if
the fourth and fifth electrons get paired with the ones in lower level. If the A is less
than the pairing energy, greater stability is obtained by keeping the electrons
unpaired. So, if A is weak then the spin S is high and this yields a strongly

L
L ‘ @»h’
&z ) R Y m‘é@

Compacted  Regular Free Regular ~ Compacted Elongated Flat Compacted
tetrahedron tetrahedron  ion  Octahedron Octahedron Octahedron  Square  tetrahedron
(tetragonal) e
22J x'.! :.yz ZZ - xz _ y/g_‘\c /
€g ==@= 1
Ry e pli e L,
= t,(xy, yz,2x) y - J xy
xy b29
XZ,yZ
z2 2
ey (22,22 — y?) tzyﬁ = z2 £
xy e . xz,yz e xy
o 1Yz € XZ,yz
Figure 5.

Crystalline field interaction for a 3d electron with neighboring placed in specific symmetries, below are the
corresponding splits electronic levels. The splitting levels have crystal field splitting energy A or in terms of D and
E zero-field splitting parameters [9-17].
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paramagnetic complexes, and if A is high then the spin S is weak and this yields low
spin complexes and weakly paramagnetic or sometimes even diamagnetic. Through
microwave excitation the electronic transition energy levels are possible when this
obey the rules for allowed transitions [11, 12].

For example for octahedral symmetry, the tetragonal distortion could provide a
high A for d® electrons them could be arrangement in levels B), and E, resulting
spin S = 1/2, Figure 6(A). For example for tetrahedral symmetry, the tetragonal
distortion could provide a high A for d® electrons them could be arrangement in
levels Ay, and By, resulting spin S = 1/2, Figure 6(B).

For the tetragonal symmetry, the degeneracy of the E, (d.> and d,._,. orbitals)
term is no affected by the spin orbit coupling and by Jahn-Teller theorem applies.
The orbital degeneracy is lifted and the energy of the system lowered by a displace-
ment of the ligands on the z-axis [11, 12]. An elongated or compressed of the
coordination tetrahedron (or tetragonal distortion) leads to the energy level scheme
shown in Figure 6(B) with unpaired electron in the d,._,. orbital. The measure of
EPR spectra is limited to the Zeeman splitting imposed by an external field on the
unpaired electron in the non-degenerated d,»_,. orbital and one could think that the
spin system can now be described by the spin Hamiltonian with S = 1/2 since the
ground state is non-degenerate and has only associated spin angular momentum

[9-15].

2 A

*

EPR- Zeeman splitting for S=1/2

Orbital Levels d3
lb dya_yz (Byg)
\' Eg ¢

dyr  (Arg)

L —— my=+1/2

A "",‘V . -AFP— = =_1!2
(A) - e g

—t .

._ s=1/z"
— dy.,d,, (E -
Ty I 23:1 & VT (Eg) Applied magnetic field H
‘_T’l“_“' d,\'y (Bzg)

Free Octahedral 4+ Tetragonal
ion field Distortion

Orbital Levels d3

dyz dy, (Eg)
e EPR- Zeeman splitting for S=1/2
dyy (Bzg) + me=+1/2
-x|"
. o2 _P'_ mg = —1/2
S B
(B) -".II ‘__T__ d_.rz_yz (Elg) —-
R 18] Applied magnetic field i
\,__T_l_ v dzl (‘415)
F_I’EE Tetrahedral + Tetragonal
ion field Distortion

Figure 6.

Splittings and degeneracies of ovbital levels d* or d° ions in two types of electric field caused by negative charges
for (A) octahedral field (A > o) plus tetragonal distortion and (B) tetrahedral field (A < o) plus tetragonal
distortion. For d* and d° ions applieds to octahedral and tetrahedval fields. Shifting of the center of gravity of the
set of levels is ignoved [9—15]. If A is high, then the spin S is weak, and this yields low spin complexes and
weakly paramagnetic. For example, for tetrahedral field, if A is high for d? electrons them could be
avrangement in levels A g and B,, yield a spin S = 1/2.

10
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5. Characterization ceramic
The Pb 95570.05(Zr0 53Ti0.47) O3 + x%wtCr, 05 is a ferroelectric ceramic powder,
and it is possible to characterized by x-ray and electric measures [8, 16]. The EPR

measures were taking at Biophysics and Magnetic Measure National Polytechnic
Institute Laboratory using an EPR JEOL JES-RE3X spectrometer, Figure 7.

% Resonant cavity 4

J

Electromagnet

Figure 7.
EPR JEOL spectrometer [23].
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_______________________ ]
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Figure 8.

General diagram for paramagnetic resonance spectrometer (EPR) that consist of magnetic system
(electromagnet, modulation coils, magnet power supply and field scan drive), field modulation system (power
amplifier, 100 kHz oscillator), cavity system (vesonant cavity with sample, iris and the T-magic system),
microwave source system (klystron power supply, automatic frequency control, etc.) and detection system
(detector crystal, 100 kHz signal detector, 100 kHz signal amplifier, oscilloscope, computer and data bank; and
display of the spectrum) [12].

11



Multifunctional Ferroelectric Materials

The temperature measures were at 300K and 77K. The power potency was varied
from 1 mW until 40 mW [17-23], at 9.45GHz microwave frequency at X-band. The
lead zirconate titanate was doped with five percentages of Cr of 0%, 1%, 2%, 4%
and 5%, we called the samples 0, 1, 2, 4 and 5 respectively.

The spectrometer is connected to workstation ES-PRIT to HP-9000 computer
with a converter analogic digital target (A/D). The programing package performs
acquisition, procession and simulation data [23, 24]. The block diagram typical
X-band EPR spectrometer employing 100KHz phase sensitive detection is shows in
Figure 8 [12, 23].

6. Results and discussions

The X-rays and electric measured was published by F. Calderon, and Yafiez,
et al. [8], the x-rays spectra are show in Figure 9 for samples 4 and 5. The X-rays
program fixed the Pb(Zrg 44Tio56)O3 compound and this do not detect secondary
phases. The quantity of chromium is not enough for be detected by X-rays mea-
sures, because the limit detection is 5% of the element. About electric measured,
when the chromium concentration varies from sample 1 to 5, the Curie’s tempera-
ture value increases. The Cr substitution causes a tetragonal distortion field to the
tetrahedral symmetry structure causes energy splitting effect by zero splitting field
[12]. Due to the Cr*" quantity is more than Ti*" or Zr*" quantities, the system
tetragonality be modified and the grain size is increased [8]. The Curie’s tempera-
ture varies slightly, and the energy activation is below and above to the transition.
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Figure 9.
X-rays for 4 and 5 samples that corresponds to perovskite structure or tetrahedral symmetry from Pb
(Zro.44Ti0.56) O;.
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The presence of chromium determined by EPR guaranteed an oxygen or hold
vacancy mechanism, also this effect was confirmed by Yafiez, et al. [8].

6.1 EPR measured and results

The EPR spectrum were obtained for powder ferroelectric at 300 K. The EPR
measures for the zero sample produce a spectrum with signals R and C, see
Figure 10. The signal R had g = 2.1295 at 317 mT field. The signal C had several
values g, = 1.9194,¢, = 1.9355 and g, = 1.9301. The intensity of signal C is low
and this indicate that insipidus presence of the paramagnetic center. The signal
corresponds to uniaxial local symmetry on the tetrahedral perovskite structure [12].
Even when the microwave power is increased there are no signals of saturation
effects for all samples, this indicate that the paramagnetic center is stable and
maintain their interaction neighbor stable.

The 1, 2 and 5 samples at 300 K and 77 K shows the same spectrum except the
intensity increases from sample 2 to sample 5, the spectra for samples 2 and 5 are
show in Figures 11 and 12 respectively. For sample 1, the signal B had g,, = 1.9731
and gy = 1.9441; the signal B* had gp., = 1.9352 and g. | = 1.9257 spectroscopy
parameters. For sample 2, there are two signals B and B* too showed in Figure 8,
for signal B was obtained g5, = 1.9720 and gp = 1.9462 at 345.20 mT and
350.31 mT respectively magnetic fields. For signal B*g5., =1.9360 and gz., =
1.9204 at 352.14 mT and 355.00 mT respectively magnetic fields. When the Cr*?
substituted the Ti** ion, the tetragonality decreases [8].

The Figure 13 shows the spectrum for sample 4 with the signals B and B* too,
but additionally shows the G, H and DPPH signals. For signal B the g, = 1.9762
and g = 1.9424 at 344.74 mT and 350.71mT respectively. For signal B*gp. | =
1.9384 and gp. | = 1.9189 at 351.43 mT and 355.00 mT respectively. The G signal
had g, = 2.0755 at 328.21 mT. The signal H had g, = 2.1449 at 317.6 mT field. The
signal for DPPH had g = 2.0036 at 340 mT expected value for the EPR standard
paramagnetic marker.

The analysis of EPR results start from chemical composition for ferroelectric
Pb.95570.05(Zr0.53T10.47) O3 + x%wtCr,03 from the spin electronic arrangements for
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£
gll

-1000
-2000

205 300 325 338 350 375 385

Magnetic Field (mT)

Figure 10.
Zero sample spectrum shows R and C signals.
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EPR spectrum for sample 2. There are two signal groups B and B*.

2000 - B

1000

Intensity (u.a.)
o

-1000

-2000 ‘ T ‘ :
2
305 20 345 ) e 385

Magnetic Field (mT)

Figure 12.
EPR Spectrum for sample 5.

each element atom composition. The Cr had 152 25 2p° 3s? 3p® 4s? 3d* electronic
arrangement with +6, + 5, +3 and +2 oxidation states. The chromium compounds
with Cr'™® oxidation state are no paramagnetic, because the

152 252 2p® 352 3p° 45° 34° electronic configuration had no unpaired electron. The
Cr™> had 15? 25% 2p° 352 3p® 4s° 3d" electronic configuration with unpaired electron
and 5/2, 3/2 and V2 spin state corresponding to low, medium and high spin
respectively. For Cr*3 the spin states could be %2 and 3/2, corresponding to weak
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Figure 13.
EPR spectrum for sample 4.

and medium crystalline field split respectively. The Cr'? is no paramagnetic by the

152 252 2p° 352 3p° 450 34" electronic configuration, i.e., had four paired electrons in
d-orbital, this is because we have a octahedral crystalline structure into the perov-
skite structure that causes electronic levels split (Zero field splitting); this split have
a high energy levels separation and the electrons unfollows Hund’s rule, see
Figure 6(A), this causes that electrons stays at lowers energy levels, all this is
because the experimental g-values are less than 2.00 for all spectrum, Figure 10-13.
The other elements are not paramagnetic [19, 20, 24-26]. The titanium has 4+ the
state oxidation (T3i*"), and the lead state oxidation is +2 (Ph*"), both elements have
not uncoupled electrons and they cannot be detected by EPR. Only Cr*" or Cr°"
signals are expected in the EPR spectrum.

From chemical composition Pb 95570.05(Z70.53T%0.47) O3 + x%wtCr,03 with x =
0.0, 0.1, 0.2, 0.4 and 0.5, to sites B the Zr*" is substitute for Ti** and to sites A the

Sr** is substitute for Ph>" in perovskite structure of the material [1-4, 25-27].
Additionally, in Figure 14 shows how Cr is introduced to substitute T% in sites B for
the samples [8, 25-27]. The sample zero no contained Cr and it was taken like the
control sample or EPR blank sample.

The Figure 15 shows the EPR spectrum for sample 0 at 300 K. The R signal is at
317 mT and g = 2.0134. The C signal is axial g, = 1.965 andgII = 1.9181; bout

signals are small at noise level. Thus, the blank sample, whose chemical formula
indicates that it should not give an EPR spectrum, shows the R resonance, which is

Sites A

Sites B

Figure 14.
Perovskite structure for ferroelectric Pbo o557 05 (ZVO,53T1'0,47)O3 + x%uwtCr, 05 with x = 0.0, 0.1, 0.2, 0.4
and 0.5.
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Figure 15.

EPR spectra for 1, 5 and 4 samples at 300 K. the two B and B* oblate axial signals are typical by powder
samples with g, > g, and hyperfine interaction a, = A.

due to Fe*", and the C axial signal corresponds to Cr spectrum. When the temper-
ature is low to 77 K, the R signal disappears and the C signal decreases. The Cr in this
sample comes as manufacturing impurity. The 1, 2 and 5 samples show at 300 K and
77 K the same line shape spectrum, and the intensity increase from 1 to 2 and to 5.
The increased intensity is due to percentage increase of Cr from 1% to 2% and 5%
because the area under curve absorption EPR is proportional to the number of
paramagnetic ions [9-12]. The typical EPR spectrum for the samples 0, 4 and 5 with
g values less to 2.00 were obtained, see Figure 15. The DPPH signal is at left to the
spectrum this means that Cr paramagnetic ions are 4> with low spin ¥2 of Cr>*
[9-18]. This case is analogous for Mn*", S = 1/2 in the ferroelectric Ph(Ti, Mn)O;
[27] that is isoelectronic with Cr*". The low spin value of S = 1/2 is caused by the
tetragonal distortion in the octahedral symmetry (Cr-O) that increase the crystal
field factor A, like is shows in Figure 6(A) [9-12]. These results are compatibles with
the photoluminescence results found by Yanez et. al. for the same compound [8].
The four features of the spectrum are explained with two B and B* oblate axial
signals typical by powder with g, > g, and hyperfine interaction ag = A. The
parameters are summarized in Tables 1 and 2, corresponds to a system with S = 1/2.

Sample B Signal
&a gll Siso A (mT)
0 — — — —
1 1.9731 1.9441 1.9634 4.93
2 1.9720 1.9462 1.9634 4.75
5 1.9726 1.9424 1.9625 5.89
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Sample B Signal
La gl Ziso A (mT)
4 (300 K) 1.9762 1.9424 1.9649 5.89
4 (77 K) 1.9733 1.9448 1.9651 5.73
Table 1.

EPR parameters for B signal.

Sample B Signal
8u &ll Ziso A (mT)
0 1.9355 1.9194 1.9301 3.26
1 1.9352 1.9257 1.9310 2.97
2 1.9360 1.9204 1.9308 2.86
5 1.9350 1.9189 1.9296 3.10
4 (300 K) 1.9384 1.9189 1.9319 3.57
4 (77 K) 1.9372 1.9181 1.9308 3.33
Table 2.

EPR parameters for B* signal.

For each B and B* signal corresponds one Cr°", with spin S = 1/2, which is
substituting to Ti** or Zr** in B sites into the octahedral symmetry with tetragonal
distortion (high symmetry) slightly different one to other [27]. One of these cells
correspond to octahedron with Cr3t belong to crystalline cells localized into the
ferroelectric grains, and the other belongs to crystalline cells on surface of the
material grains. This interpretation is consistent with the interpretation published
of the B and B* sites distinguished of Mn** in PbTiO; [27].

6.2 Microwave power variation

The microwave power was varied from 1mW to 40mW for the samples and
there is no change for EPR spectrum. The intensity of all features of the spectrum
increase due power increase without differentiation. No distortion of the line shape
of spectra is detected either, so until 40 mW power there is no sample saturation
[9-18]. Qualitatively the 1, 2 and 5 samples present the same spectrum, but the
quantitatively the EPR parameters change, Tables 1 and 2.

In addition to signals B and B* the spectrum of sample 4 shows the isotropic G
and H signals located at g,; = 2.1449 and g, = 2.0755 respectively. By having these
signals g values greater than 2.00 but around to zone tog = 2.00 and because they
are anisotropic could be identified like two of three expected fine lines for Cr3t,

s = 3/2, it present the Zeeman split in a little crystalline field [5, 10, 14]. The
positive deviation sign of value 2.0036 is explained for considerable difference
between excited energy levels in ground state by Lx, Ly and Lz operators [12-18].

The signals B and B* in the EPR spectrum for sample 4 at 77 K no changes
respect to spectrum at 300 K, Tables 1 and 2 but in the region for G and H signal at
77 K a third isotropic line with g = 2.0716 is resolved. The power variation study no
shows changes line shape or line number or saturation effects at 300 K from 1 to
40 mW for this sample.

17



Multifunctional Ferroelectric Materials

7. Conclusions

The ferroelectric Pbg 95Sr0.05(Z70.53Ti0.47) O3 + x%wtCr,O3 with x = 0.0, 0.1, 0.2,
0.4 and 0.5 samples produce a characterized spectrum well defined by absorption
peaks. The signals B and B* are present in the EPR spectrum for all samples doped
with Cr and they no have saturation features for microwave power variation from
1 mW to 40 mW at 300K and 77K. Both B and B* signals correspond to Cr>" ion,
with spin S = 1/2 which is substituting to Ti*" or/and Zr*" ions at B sites. One of
signals corresponds to octahedron with Cr>* ions belong to crystalline cells with
tetragonal distortion localize into the grains. The other signal corresponds to octahe-
drons crystalline cells localize cells in the frontiers between the material grains, i.e.,
the EPR spectra shows two distinguishable B sites, which have been registered by B
and B’ signals. The two B sites are similarly to B and B’ sites of Mn*" in PhTiO;
reporter in reference [27]. The microwave power increase does not increase the
signals intensity separately, this means that the spectrum is not a superposition of two
or more signals corresponding to different paramagnetic centers. The line width and
the g-values are not changing with temperature or microwave power variation.

The sample 4 shows the same spectrum for 0, 1, 2 and 5 samples. However, the
sample 4 shows additionally the H and G signals forming a “fine triple” structure
which indicates the Cr>" presence at weak crystalline field environment in to local
octahedral symmetry.
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