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Defect structure and formation of defect clgrl]ng_lexes in Cu?*t-modified metal oxides
Page 1 of 6 . . M(ijie af ny ICS .
derived from a spin-Hamiltoman parameter analysis

Riidiger-A. Eichel,!"* Michael D. Drahus,! Peter Jakes,! Ebru Eriinal,!

1
2 Emre Erdem,! S.K.S. Parashar,? Hans Kungl,®> and Michael J. Hoffmann®
3 ! Universitit Freiburg, Institut fiir Physikalische Chemie I, Albertstr. 21, D-79104 Freiburg, Germany
4 2 Department of Physics and Meteorology, Indian Institute of Technology, Kharagpur - 721302, India
5 IInstitute of Ceramics in Mechanical Engineering,
6 University of Karlsruhe, D-76131 Karlsruhe, Germany
7 (Dated: April 10, 2009)
8 The nearest neighbor oxygen octahedron about copper functional centers in metal oxides has
9 been systematically studied by means of electron paramagnetic resonance (EPR) spectroscopy. In
10 particular, the determined g|,.. and Aﬁ{‘;z spin-Hamiltonian parameters were analyzed, finding
11 linear dependences as function of chemical bonding and local distortion of the oxygen octahedron.
12 Moreover, through the introduction of a dimensionless coordination parameter £, different defect
13 structures with respect to the number of coordinated oxygen vacancies may be distinguished. This
14 allows for a distinct assignment of defect complexes between the copper functional center with one
15 or two oxygen vacancies.
16 Keywords: ferroelectrics, defect structure, copper doping, oxygen vacancy, defect dipole
17
ig INTRODUCTION electrical field gradient at the Cu?*-site vanishes. Con-
0 sequently, there is no means to transfer the determined
o1 An important issue in the class of ferroelectric mate- spin-Hamiltonian parameters into defect-structural infor-
22 rials is the control of defect structure by means of alio- ng ton Ilr)ly oarzlz lrylilf ziecul\rlexiltarlthsilslp 3?5;(?3;3?& HelOdfi
23 valent doping in order to tailor device properties for spe- . . . . . AnLage,
o4 cific applications [1]. Whereas in so-termed *hard’ ma- conjunction with density functional theoretic calcula-
25 terials, relatively low dielectric constants or high coer- thIlS., the orl'entatlon-dependence of the transfe'rred Sp1ii-
26 cive fields are obtained, ’soff compounds show an in- density obtained by hyperfine sublevel correlation exper-
27 creased dielectric constant, high dielectric loss or low co- 1ment§ (HYSC?RE) }}?S I"GCQ.I;ltlil befen an-aly zed proving
28 ercive field. For PZT (Pb[Zr,Ti;_,]O3), it is well es- th%\;em}sltence.o i(cuTi _tVO ) ?e ec;cl dlpole. [4]1 d
29 tablished that acceptor-type dopants form defect dipoles © here alm 1o preseit a systematic empirical an
30 . . . experimentally much simpler approach in relating the
with charge-compensating oxygen vacancies [2], such as ; . . . .
31 (NI — Va*)* (3], (Culls — V)X [4], (Felyo s — VI3*)® size of spin-Hamiltonian parameters to different defect-
32 Ti O e © ’ ZrTi "0 structural arrangements with particular focus to eluci-
[5, 6] or (Mnp; — V$*)* [7]. However, excess doping of . ) . :
33 ! . o date the impact of nearest neighbor lattice vacancies on
acceptor-type ions over the solubility limit may result X . .
34 . . the EPR spin-Hamiltonian parameters.
in the formation of secondary phases [8]. On the other
35 hand, donor-type functional centers rather occur as ’iso-
g? 1&-mted’ centers (Gdp;,) and the corresponding lead vacan- THEORY
38 cies (Vp},) generated for reason of charge compensation
located in distant dinati h 9]. Wh . . . .
39 are focated 1 GIstallt coordmation Spueres 19 . The spin Hamiltonian for an unpaired 3d° electron
considering lattice vacancies, in particular the role of oxy- . . 1 .
40 - . . . with spin S = 5 can be written as [25]
a1 gen vacancies is currently controversially discussed with 2
42 respect to dynamlc pheqomena such as ferroelectric aging H=03.Bo-gS—050.Bo-I+S-A-T (1)
[10, 11] or electrical fatigue [12-15].
43
44 The method-of-choice to characterize paramagnetic ~ where g, is the corresponding nuclear g-factor and S,
45 dopants is provided by electron paramagnetic resonance and (3,, are the Bohr and nuclear magnetons, respectively.
46 (EPR) spectroscopy [16, 17]. In particular, recent The first and second terms represent the electronic and
47 methododical advances concerning the use of high fre- nuclear Zeeman interactions, respectively, where B¢ de-
48 quencies [18-21] and pulsed microwave fields [4, 22, 23] notes the external field, given in the principal axes sys-
49 have allowed for an accurate determination of spin- tem of the g-matrix. The last term is due to the copper
50 Hamiltonian parameters. However, as compared to the hyperfine interaction with % = % for both copper iso-
51 high-spin ions Fe3* and Mn?*, both of which have a  topes with natural abundances 53Cu: 69.09% and %°Cu:
52 3d® electronic configuration and thus S = g, Cu®* has 30.91%.
53 only one unpaired electron (3d”, S = %), for which rea- Generally, the hyperfine tensor A has contributions
54 son the electron fine-structure interaction that probes the from the isotropic Fermi-contact interaction aisoS - I and
55
56
57
58
59
60
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the anisotropic electron-nuclear dipole-dipole ou]i)lin
S-A’-1, such that 0

A= aisol + AI (2)

The Fermi-contact interaction is parametrized by the
isotropic hyperfine coupling constant

2
Qiso = %geﬁegnﬁn W)O(T = O)|2 (3)

where |1o(r = 0)|? is the electron spin density at the
corresponding nucleus. Generally, a;s, is induced by un-
paired electrons in s-orbitals, which are centered at the
nucleus. However, isotropic hyperfine interaction may
also be significant when the unpaired electron resides in a
p-, d- or f-orbital. The spin density at the nucleus is then
induced by configuration interactions or spin-polarization
mechanisms [26, 27].

The energy levels for a divalent copper functional cen-
ter coordinated by an oxygen octahedron in a solid may
be described in terms of a crystal-field model [28]. Gen-
erally, EPR is performed in the ground state, which is
2D5/2 for Cu?t. In a cubic octahedral crystal field, the
degeneracy of the 2Dy /2 ground state is partially lifted
into a doublet (*Ey) lying lowest and a triplet (*T%,),
as schematically illustrated in figure 1. If the crystal
symmetry is tetragonally (axially) distorted, the triplet
splits into a singlet (2Bs,) with the atomic orbital |zy)
and a doublet (2E,) with orbitals |yz) and |zz), respec-
tively. Furthermore, the doublet state is split into two
non-degenerate QBlg and 2A1g levels with the atomic or-
bitals |72 —y?) and |32% —r?), respectively. The ordering
of these levels depends upon the tetragonal crystal dis-
tortion being either an elongation or a compression. A
further lowering of crystal symmetry from tetragonal to
rhombic, lifts the remaining degeneracy of the 2 E, level.

In tetragonal symmetry, the principal values of the g-
matrix and the ACY-hyperfine tensor in its eigen-system
(91 91, Aﬁju, AS") may be given as a function of the
crystal field [25]. Using second-order perturbation the-
ory, the principal values of the g-matrix are as follows

g = e [1 - i—ﬂ (4)
o =0 [1-3] 5)

where g, = 2.0023 is the free electron g-value, A is the
spin-orbit coupling constant, and Ag; the energy split-
tings of the Cu?t ion in a tetragonally distorted octa-
hedral crystal field (cf. figure 1). Typically, an opti-
cal absorption of A = 12300 cm~! may be taken as a
mean value for Ag; and A = —710 cm ™! is considerably
smaller than the free-ion value (—830 cm~1) owing to
an ’orbital reduction’ attributed to covalent bonding to
the surrounding ions. Consequently, typical values of %
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FIG. 1: Schematic representation of the orbital energy levels
for Cu®T in a crystal field of octahedral symmetry with tetrag-
onal and rhombic distortion. The cubic (A) and tetragonal
(Ao,1,2) field splittings are indicated.

range from —0.05 to —0.1. The deviation from g, g1
according to equations (4,5) from g. may be explained
by spin-orbit coupling, where some of the excited states
are mixed to the ground state, resulting in a g-anisotropy
(9) # g1) and particularly in g-values larger than g. in
case of Cu?*. The closer the excited states to the ground
state and the larger the spin-orbit coupling, the larger the
deviation of the g principal values from ge.

For the ACUY-tensor, the principal values are given by

4 6N 8\

Cu __ e -

A = P{ T TIA AJ (6)
2 11X

Cu __ o s -

AY P{ /<;+7 7AJ (7)

where P = 2v6.0, <r632+>, and x is a core-polarization
parameter that takes into account the spin density at
the copper nucleus. Typical values are (r—2) = 6.3 a.u.
and x = 0.32. The terms of order % in equations (6,7)
are partly due to residual orbital contribution and partly
owing to the admixture of higher states by spin-orbit
coupling.

RESULTS AND DISCUSSION

In order to systematically study the principal im-
pact of the first coordination sphere on the EPR spin-
Hamiltonian parameters, Cu?* in different oxygen coor-
dination - i.e. differently distorted or truncated oxygen
octahedra - was studied. The corresponding X-band (9.4
GHz) EPR spectra are shown in figure 2. All spectra can
be described by g-matrices of axial or rhombic symmetry

URL: http://mc.manuscriptcentral.com/tandf/tmph
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25
26 FIG. 2: Representative X-band (9.4 GHz) EPR-spectra
27 for Cu®" in different oxygen coordinations. (i,ii) - CuO4
o8 coordination fOF. the square—plangr Cu(H)(sal)g. (i), and
Cu(Il)(acac)z (ii) complexes, being representative for a
29 pseudo (V3® — Cu — V3®) defect complex. (iii-viii) - CuOs
30 coordination for the aliovalently Cu?*-doped A2+B4+O§7
31 compounds Cu?*:PbTiOj3 (iii), nano-sized Cu**:PbTiO3 (iv),
32 Cu®T:BaTiO3 (v), Cu®tT:SrTiO3 (vi), Cu*":PZT 54/46 (vii),
33 and Cu”"PbZrOs (viii). For these materials, (Cuy, m;—V3®)™
34 defect dipoles are formed for reason of charge compensa-
35 tion. (ix,x) - CuOg coordination for the isovalently Cu®"
36 substituted Cu?*:Ca0O (ix), and Cu®*":MgO (x) compounds.
37 Two representative stick spectra indicate the quartet °3Cu-
hyperfine pattern for the g ..-orientations. The three differ-
38 ent copper coordinations, CuQO,, are schematically illustrated
39 where the open squares indicate the positions of the oxygen
40 vacancies.
41
42
ji with g > g1 > ge and g, > gyy,gm.> Jes respective.zly.
Moreover, a nicely resolved quartet in the g ..-region
jg owing to the Aﬁh; _-copper hyperfine splitting is observed.
47 The ordering of the observed g-values (g > g.1) is
48 characteristic for octahedrally coordinated Cu®* centers,
49 where the octahedron is elongated by a tetragonal distor-
50 tion along the z-axis [25]. It can be explained in terms
51 of a five-fold orbital degeneracy of the 3d° ion that is
52 split in the presence of an octahedral crystal field into
53 a triplet (?Th,) and a doublet (*E,), with the latter ly-
54 ing lowest (cf. figure 1). A tetragonal distortion, caused
55
56
57
58
59
60

the crystal field and the Jahn-Teller effect, splits the

R sics

s levels further, resulting in an orbital-singlet dg2_,»2
ground state.

Variations in the observed EPR spectra are mainly due
to differences in the first coordination sphere about the
copper functional center, namely (1) - the nature of the
chemical bonding of the copper with the nearest neigh-
bor oxygens, (2) - the crystal field at the copper site as
a function of lattice distortion, and (3) - the possible as-
sociation to oxygen vacancies (V3*).

Concerning the mnature of chemical bonding,
Cu?t:PbTiO3 [4, 20, 29, 30] with strong covalent
bonding [31-34] may be compared with Cu?*:PbZrO3
[20] that is representative for ionic bonding [34, 35], as
illustrated in figure 2(iii,viii). The most pronounced
variation is observed for the g .. and Aﬁjg ,-values;

whereas g|.. decreases, Aﬁjg , increases for stronger
covalent bonding. This observation supports a general
relation for octahedrally coordinated copper compounds

. _ 2g9.+g) Cu _ QAEH"‘Aﬁu
after which giso = == decreases and a5 = —
increases as a function of the covalent character of a
chemical bond [36]. This relation is due to the fact that
the g-values are sensitive to a change in the Cu?*-02~
in-plane 7-bonding [37, 38|, which in turn is due to the
Zr*t-0%~ bonding being more polar (ionic) than the
Ti**-02?~ bonding because of electro-negativity differ-
ences. Furthermore, for ionic bonding, more spin density
is transferred to neighboring oxygen ions, reducing the
remaining spin density at the copper nucleus that in
turn occurs as reduced (isotropic) copper hyperfine
coupling in the EPR spectrum.

When regarding technologically relevant copper-
modified PZT 54/46 (cf. figure 2(vii)) with a
morphotropic-phase boundary composition, the reso-
nances are considerably broadened as compared to the
other spectra. This is owing to the fact that a solid
solution of at least three different crystal structures is
present. For all three copper centers intermediate g ..
and Alc‘gz-values in the intervals spanned by the extreme

l
values [gll‘)T, gY%] and [ , respectively, are
found [18, 22].

In order to study the effect of the crystal field
on the copper spin-Hamiltonian values, two tetragonal
Cu?T:PbTiO3 compounds with varying c/a-ratio of the
lattice parameters are compared. The reduction in ¢/a-
ratio is achieved by comparing "bulk’ Cu?*:PbTiO3 (¢=
1.063, figure 2(iii)) with a Cu®*":PbTiO3 compound with
mean particle size in the nm range (£ =~ 1.05, figure
2(iv)) [47]. Generally, a continuous trend toward larger

g|| and smaller Aﬁju for decreasing ¢/a-ratio is observed.

Cu:PT Cu:PZ
A|| ’ Azz ]

For further compounds of A2*B**02~ composition,
such as and Cu?*:BaTiO3 (figure 2(v)) [39-41] and
Cu?*:SrTiO3 (figure 2(vi)), a more complex variation of
g) and Aﬁu is observed. This is owing to the fact that
for these materials simultaneously the nature of chemical

URL: http://mc.manuscriptcentral.com/tandf/tmph
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bonding and the crystal field are changed.

Molecular Physics

The most important impact of defect structure on the
spin-Hamiltonian parameters is expected in terms of as-
sociated lattice vacancies. These are generated when
doping with aliovalent Cu?*t that necessitates the for-
mation of oxygen vacancies (V3°*) for reasons of charge
compensation [16, 17]. Recently, it has been shown that
for PZT compounds the corresponding oxygen vacancy
is created in the first coordination sphere of the copper
functional center, resulting in an (Cuz,  — V§*)* defect
dipole [4, 22, 48]. In order to compare this situation to
Cu?t in a complete oxygen octahedron, Cu?t-modified
compounds are studied where copper isovalently substi-
tutes for a divalent ion, such that no charge compen-
sation by means of oxygen vacancies is necessary. This
effect is illustrated by a comparison with copper-doped
CaO and MgO (Cug, 3, ), as shown in figure 2(ix,x) for
numerically simulated spectra [49, 50]. Despite the cu-
bic crystal symmetry axially symmetric EPR spectra are
observed, which is owing to the Jahn-Teller effect [49-
52]. As compared to the (Cuy, 13 — V$®)* defect dipoles,
a drastic reduction in Aﬁju is observed, whereas the g -
value is only slightly affected. In analogy to the impact
of ionicity, the increase in (isotropic) copper hyperfine
coupling can be attributed to an additional oxygen ion
in the first coordination sphere to which spin density is
transferred, reducing the remaining spin density at the
copper nucleus. This observation corresponds well with
an expectation taking into account an enhanced core-
polarization k owing to a missing oxygen ion in the oc-
tahedron, which reduces the value for Aﬁu according to

equation (6).

The results obtained with respect to the perovskite
structure so far, are representative for compounds with
tetravalent B-site (A?*B4T03 ). However, in recently
investigated ’lead-free’ ferroelectrics, the B-site may
have a different charge state; pentavalent (ATB5+027)
for [KyNaj_,]NbO3(KNN) compositions and trivalent
(A3+*B3*+037) for Bi-containing ferroelectrics. Partic-
ularly for KNN with pentavalent B-site, defects of the
type (V3* — Cuy, — V$*)*® with two simultaneously coor-
dinated oxygen vacancies become energetically conceiv-
able. In order to account for this situation, inorganic
copper complexes with square-planar oxygen coordina-
tion are regarded as model-type substances. Owing to
the square-planar oxygen coordination, such compounds
may serve as model substance with a pseudo (Vo — Cu—
Vo) defect complex. The corresponding EPR spectra
of bis(salicylaldoximato)Cu(II), Cu(sal)s, diluted into a
Ni(sal)2 powder [42-44] and bis(acetylacetonato)Cu(II),
Cu(acac)s, diluted into a Pd(acac)s matrix [45, 46] are
depicted in figure 2(i,ii). For these compounds, a con-
siderably increased Aﬁ“—hyperﬁne splitting and slightly
reduced gj-value are observed. This continues the trend
observed for the formation of one oxygen vacancy in the

700
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FIG. 3: Linear dependencies of g .. versus 63Aﬁ22 spin-
Hamiltonian parameters for varying oxygen coordinations
about Cu?" centers with indicated defect structure, i.e. num-
ber of associated oxygen vacancies. The solid lines represent
the linear dependency according to equation (8) for a given
defect structure. Top - formation of (V3® — Cu*t — V3*)
defect complexes (CuO4 coordination), center - formation of
(V§® — Cu®") defect dipoles (CuOs coordination), bottom -
Yisolated’ Cu?* functional center in complete oxygen octahe-
dra (CuOg coordination). The dashed lines tentatively mark
the separation between the regions for the different defect
structures.

first coordination sphere, where the increased hyperfine
splitting is explained by reduced transferred spin density
to neighboring oxygens and enhanced core-polarization x
reducing Aﬁu according to equation (6).

Principally, when regarding ionic sizes, copper could
also be substituted onto the twelve-fold coordinated per-
ovskite A-site. Depending on the host system, the cor-
responding functional centers would range from donor-
type Cug y, in KNN over isovalently substituted Cug,
in PZT to acceptor-type Cup; for Bi-containing com-
pounds. However, a twelve-fold coordinated Cu?*-center
has never been reported in literature so far [53-57], for
which reason this situation is ruled out. Hypotheti-
cally, the trend observed so far with increasing Aﬁju
and decreasing g as a function of the number of co-
ordinated oxygen ions, allows for a rough estimation of
Aﬁ)“ < 50 MHz and g > 2.5 for such a center.

Generally, when regarding octahedral oxygen coordi-
nation about an Cu?*-ion, four of the ligand oxygens
typically are disposed in an approximate plane including
the copper ion. These oxygen ions are rather close to
the copper and strongly bonded. The remaining two lig-
and oxygens are arranged on a line perpendicular to that
plane, and are usually more weakly bound to the copper
than those in the plane. Spectroscopically, this arrange-
ment defines the orientation of the spin-Hamiltonian g-
matrix, such that g1 (gs«, gyy) lie in the plane and g

URL: http://mc.manuscriptcentral.com/tandf/tmph
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¢ for Cu®" in octahedral symmetry with varying number of
associated oxygen vacancies.

defect structure coordination parameter
Cu** €cuog = 3.09
(Cu*t —V3*) Eouos = 2.82
(V3® - Cu®t — V3 £ouo, = 2.30

(g9.-) are perpendicular to the plane. Owing to the dif-
ferent strengths of chemical bonding in the plane and
perpendicular to it, an oxygen vacancy will rather be co-
ordinated along g than g,. Consequently, when study-
ing effects of V§®-coordination, a relevant set of spin-
Hamiltonian parameters is (gj, A(‘J“). Obviously, these
are also much better resolved in the EPR spectra than
(91, AL). For this reason, g is plotted against Aﬁ“ as
depicted in figure 3. In this representation, linear depen-
dencies of the form

At =21 P(¢ - g)) (8)

are observed, where different defect structures in terms
of complete oxygen octahedron versus association of var-
ious numbers of oxygen vacancies are described by a di-
mensionless coordination parameter £&. The correspond-
ing values of £ are summarized in table I. Neglecting the
variation of k as a function of the number of coordinated
oxygen vacancies, the linear dependency (8) emerges in
first approximation from equations (4,6). The here devel-
oped analysis is not restricted to ferroelectrics, but may
also be extended to study the defect structure in other
copper-doped metal oxides.

A similar representation than the one of figure 3 has
already been introduced in life-science by means of so-
termed Peisach-Blumberg plots [58] in order to distin-
guish between different chemical environments. Similar
to the observation found here, a systematic variation in
the spin-Hamiltonian parameters depending on the over-
all charge of the system and the nature of ligand atoms
(O, N, S) was observed.

CONCLUSION

In summary, an empirical relationship between the g
and AC" spin-Hamiltonian parameters as obtained from
EPR is presented that allows for a direct assignment of
defect structure with respect to the existence of ’'isolated’
Cup centers in a complete oxygen octahedron or the for-
mation of (V3®* — Cug) and (V3* — Cug — V3°*) defect
complexes with electric and elastic properties in Cu?t-
modified ABO3 perovskite oxides.
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