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10 The effect of external electric fields on the orientation of (Mn;— Vg™ defect dipoles in ferroelectric
11 BaTiO; single crystals and its interplay with the domain structure were investigated by means of
12 electron paramagnetic resonance (EPR) spectroscopy and optical microscopy. The results show that
13 in specimens aged in the ferroelectric state for a defined time, so-termed ferroelectrically aged, the
14 (Mn';— V)™ defect dipoles orient along the direction of spontaneous polarization and follow the
15 domain switching upon poling with correspondingly high electric fields. A comparison of the EPR
16 signal in poled aged single-domain samples to that in naturally aged multidomain samples indicates
17 a similar reorientation process of the defect dipole, which means that dipole reorientation rather
18 requires long time, thermal energy, and high electric fields, i.e., more energy. © 2008 American
38 Institute of Physics. [DOI: 10.1063/1.3006327]
21 An important issue in the class of ferroelectric materials ganese functional center in BaTiO; the defect structure in 56

22 is the control and understanding of so-termed internal bias
23 fields in order to enhance device reliability. Internal bias
24 fields manifest in voltage shifts of the ferroelectric hysteresis
25 loop and may occur when the device remains in a particular
26 polarization state for a given period of time."™ Such effects
27 have been pro é)osed arising due to the existence of inherent
28 defect dipoles™’ and their dynamics are being discussed in
29 terms of the ferroelectric aging and imprint failure
30 phenomenona.m*14

31 More generally, such defect dipoles contribute to the
32 overall polarization in a ferroelectric compound, which is
33 comprised of two components—the “bulk” ferroelectric po-
34 larization, Pg, and a defect contribution due to an ahgnment
35 of defect dipoles in the material denoted as PD.6 Typlcal

37 associates such as charged (Fey, ;- V)" (Refs. 18-23) or
38 electrically neutral (Cuy, 1;— V'O)X (Refs. 24-26) and (Mnr
39 - V).

40 Whereas the fast rearranging processes that take part in
41 domain growth and domain wall motion during poling are
42 quite well understood,”® there is currently only a few such
43 detailed information available about the switching dynamics
44 of defect dipoles. 517 1 particular, defect dlpoles are ex-
45 pected not to switch during fast field cychng % because
46 such a process has to involve short-range-order oxygen va-
47 cancy diffusion around the acceptor center and consequently
48 has to be considerably slower than the domain switching
49 process and certainly has to involve considerably higher ther-
50 mal and electric-field energies.

51 In order to monitor the structure and dynamics of point
52 and extended defects, electron paramagnetic resonance
53 (EPR) (Refs 29 and 30) assisted by discrete Fourier
54 transform'**® has proved being a powerful technique to char-
55 acterize the defect structure on an atomic scale. For the man-
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terms of an association to charge compensatmg oxygen va- 57
cancies currently is controversially discussed.”’*" On the 58
other hand, in BaTiO; single crystals the reorientation pro- 59
cess of (Fer;— Vg)" defect dipoles has recently been observed 60
by EPR, showing the alignment of defect dlpoles along the 61
direction of the spontaneous polarlzatlon > through an oxy- 62
gen vacancy motion in the oxygen octahedron about a nega- 63
tively charged Fe}, center.'” However, simultaneous informa- 64
tion on the domain structure that is crucial for the 65
interpretation of the observed results was not available. We 66
therefore aim to extend previous studies on the switching 67
behavior of defect dipoles by simultaneously monitoring the 68
domain configuration via optical microscopy. Moreover, we 69
compared the EPR signals in poled aged single-domain 70
BaTiO; crystals with that in ferroelectrically aged multido- 71
main specimen in order to gain more insights into the inter- 72
play between internal field and aging process. 73

The investigated sample here is a manganese doped 74
barium titanate single crystal that is grown from a BaCl, flux 75
at 1300 °C under argon atmosphere. The c-axis of the single 76
crystal was proven to be along the thickness direction. The 77
EPR measurements were performed on an X-band (9.4 GHz) 78
Bruker ESP 380 spectrometer with an H; cavity. 79

For a theoretical description of the obtalned EPR spectra 80
the spin-Hamiltonian concept is used. The free divalent 81
manganese ion has a 3d° electronic configuration and its 82
ground state is >S5, with S=%, resulting in the following 83

spin-Hamiltonian 84
—kSqSk
H=pBBy-g-S+ > BIOUS,.S,.5)+S -SA-1,
k=2,...4
(1) 85

where S, denotes the Bohr magneton, B, is the external mag- 86
netic field, g is the electron g-matrix, B} are the fine-structure 87
(FS) Hamiltonian coefﬁcients and O" are the extended 88
Stevens spin operators * The first term represents the elec- 89
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FIG. 1. (Color online) (a) Schematic of the poling process involving arrows
for the spontaneous polarization (black) and the defect polarization (red).
[(b) and (c)] Optical microscope images showing the domain configuration
in the (b) initial multidomain and (c) poled single-domain states.

90 tronic Zeeman interaction and the second term is the effec-
91 tive FS Hamiltonian, describing the interaction of the crystal
92 field with the paramagnetic ion. The order k in the spin op-
93 erators is restricted by k=25 and g =k, allowing terms up to
94 k=4 for S =§. The last term describes the manganese hyper-
95 fine interaction owing to the interaction with 100% natural
96 abundance *Mn-isotope with / =§, where A is the corre-
97 sponding hyperfine-interaction tensor. Typically, for S-state
98 ions, considerable simplifications through the use of isotro-
99 pic g;,,-values and hyperfine-coupling constants Ssaiso are
100 justified, which render the following simplified spin-
101 Hamiltonian

—kSqSk
H= gisoﬁeBO S+ E BZOZ(Sx’Sy’Sz) + 55aisos L.
k=2,...4
102 (2)
103 At ambient temperature, the initial state of the crystal

104 may be described by a multidomain configuration [Fig. 1(b)].
105 Thereafter, the sample was “aged” at room temperature for a
106 long time. The corresponding EPR spectrum of the aged
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multidomain sample is shown in Fig. 2(a)(ii). The spectrum 197
is dominated by two sets of sixtet “>Mn-hyperfine multiplets 108
of the central [mg=—1)«>|+3) transition and less intense six- 109
tets of the higher |mg= F %,%}H |1%,%) transitions. By nu- 110
merical spectrum simulation,” the experimental spectrum 111
may be reproduced by means of two magnetically equivalent 112
centers of axial site symmetry (B3=240 MHz and B5=0) but 113
different orientation. The corresponding numerically simu- 114
lated spectrum [Fig. 2(a)(iii)] consequently is a sum of two 115
individual subspectra that are illustrated in Figs. 2(a)(i) and 116
2(a)(iv). 117

The observation corresponds to (Mn;,— V), defect di- 118
poles oriented along the direction of Py (along the crystallo- 119
graphic c-axis). Owing to the observed multidomain state, 120
the defect dipoles are once oriented along the direction of the 121
external magnetic field and once perpendicular to it. Based 122
on the values of the electronic g-value (g;,,=2.003) and the 123
size of the hyperfine splitting (¥a;,=237 MHz), the charge 124
state of the manganese functional center is found being di- 125
valent, which corresponds to an acceptor-type center. The 126
refined spin-Hamiltonian values are perfectly consistent with 127
earlier values reported.27’31’3 438 128

As expected for a well-aged sample8 within the domains, 129
the majority of defect dipoles is oriented along the direction 130
of spontaneous polarization (Mny;— V), . No signature from 131
dipoles perpendicular to this orientation (Mnf,—Vg)” could 132
be observed within the EPR detection limit of approximately 133
10" spins,” assuming a signal-to-noise ratio of unity. This 134
observation is in contrast to the earlier reported results on 135
(Fe;—Vg)® in BaTiO; single crystals that assume an equal 136
distribution of orientations for the defect dipoles along 137
and perpendicular to the direction of spontaneous 138
polarization.lS’16 However, an orientation perpendicular to Pg 139
and thus perpendicular to the crystallographic c-axis would 140
result in a site symmetry for the (Fep;—Vg)® center that is 141
lower than axial (B%iO), which is in contrast to the EPR 142
spectra shown'>'® and also to the results reported in this 143
letter. Hence, the varying intensities for the different dipoles 144
parallel and perpendicular to the direction of the magnetic 145
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FIG. 2. (Color online) X-band (9.4 GHz) EPR spectra
of the (Mnp;— V()™ defect dipole center in a BaTiOs
(i) experimental AAAAAANI s?ngle cryste.ll. (a) Initial multidomain state. (b) Poled
single-domain state after a treatment of 1.5 kV/mm
(250 V) at a temperature of 40 °C for 4 h. The experi-
mental spectra [(ii), bold] are compared with numerical
i spectrum simulations (iii, dashed). For the initial multi-
domain state (a) the spectrum is a superposition of two
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146 field have rather to be interpreted in terms of the existing
147 domain structure.

148 An important consequence of the axiality of the deter-
149 mined FS-interaction tensor is that the (Mn7;— V) defect
150 dipoles impact the direction of polarization in the neighbor-
151 ing unit cells. This phenomenon may be explained by the
152 ferroelectric aging phenomenon on the basis of the
153 symmetry-conforming short-range-ordering principle,gfll’13
154 after which during aging the defect dipoles follow the orien-
155 tation of Pg in the ferroelectric state. Furthermore, no (de-
156 tectable) fraction of the (Mn’,— V()™ defect dipoles is found
157 at a domain wall; clearly for such a situation an additional
158 center with local site symmetry lower than axial would be
159 expected.

160 Subsequent to the characterization of the initial unpoled
161 state, we applied an electric field of 1.5 kV/mm (250 V) to
162 the sample along its thickness direction at a temperature of
163 40 °C for 4 h. The sample was thus transformed into a
164 single-domain state after this poling process [Fig. 1(c)]. Be-
165 fore the EPR measurement, the specimen was aged at the
166 same temperature for 40 h. The corresponding EPR results
167 are depicted in Fig. 2(b)(ii). The spectrum now may be de-
168 scribed in terms of a single center [Fig. 2(b)(i)]; the spin-
169 Hamiltonian parameters have not changed. Consequently, the
170 contribution of the second center to the simulated sum spec-
171 trum vanishes [Fig. 2(b)(iv)]. This indicates that all (Mn7
172 —V'C;)HX defect dipoles are now aligned along the same direc-
173 tion, namely, the direction of spontaneous polarization. Fur-
174 thermore, this defect-dipole alignment induced by an exter-
175 nal field is similar to that for ferroelectric aging in a
176 multidomain sample. Thus, information about the external
177 fields during poling will be most helpful to quantitatively
178 understand the interplay between internal fields developed
179 after the ferroelectric aging process.

180 Consequently, the (Mn;,— V() defect dipoles were re-
181 oriented along the direction of the applied electric field after
182 a poling treatment of 1.5 kV/mm (250 V) at a temperature of
183 40 °C for 4 h. This indicates that defect dipoles will not
184 reorient during fast field cyclinggfm but rather require long
185 time, high thermal energy, and high electric fields. Obvi-
186 ously, future activities will focus on the kinetics of the re-
187 ported switching process here.
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193 Science Foundation of China (Grant No. 50702042).
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