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The defect structure of CuO-doped PbTiO3 has been analyzed using the Hyperfine Sublevel

Correlation Experiment to identify hydrogen interstitials. The formation of ðCu00Ti � ðOHÞ•OÞ
0

defect

complexes has been observed, which exist in addition to the ðCu00Ti � V••
OÞ
�

complexes. On this

basis, modified reorientation characteristics are proposed due to a change in hopping mechanism

from an oxygen-vacancy mediated migration mechanism to a proton hopping process.

Furthermore, mobile hydrogen interstitials are generated that increase conductivity in terms of a

“Grotthuss”-type charge-transport mechanism. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962816]

Ferroelectric devices based on lead zirconate titanate

(Pb[ZrxTi1�x]O3, PZT) range from thin-film non-volatile

memory applications (ferroelectric random-access memory)

to “bulk” piezoelectric actuators or multilayer capacitors.

Across the various fields of application, a primary issue is

the incorporation of atomistic defects during processing that

may lead to device degradation.1,2 Gaining insight into the

defect structure is thus an essential step to develop strategies

for improved materials and to prevent materials degradation.

Hydrogen-related defects represent a class of defects of

particular interest. For PbTiO3, the existence of interstitial

hydrogen defects has been predicted based on “ab-initio” cal-

culations.3 Their impact on device degradation is mainly two-

fold: first, thin-film devices are typically subjected to a

forming-gas anneal during fabrication in order to passivate

the interface defects. This anneal injects hydrogen, leading to

a loss of switchable polarization.4–6 Second, in devices fabri-

cated from “bulk” piezoelectrics that are processed under

ambient atmosphere, humidity can increase the leakage cur-

rent, inducing an insulator–semiconductor transition.7–11

To investigate the interplay between hydrogen-related

defects and defects resulting from aliovalent acceptor dop-

ing, CuO-doped PbTiO3 has been investigated. As a sensi-

tive spectroscopic tool, electron paramagnetic resonance

(EPR) has already been providing detailed information,12,13

in particular, on the defect structure at the first coordination

sphere.14–18 By employing the pulsed hyperfine sublevel

correlation experiment (HYSCORE), also magnetically

active nuclei at more distant coordination spheres may be

probed.19,20

0.25 mol% CuO-doped PbTiO3 powders were prepared

by a standard mixed-oxide route,20 where calcination was

performed at 850 �C for 2 hours, starting from ambient atmo-

sphere, i.e. humid conditions to a certain extent.

The X-band pulse EPR measurements were performed at

9.7 GHz on a Bruker ElexSys 680 spectrometer at a tempera-

ture of 10 K. The field-swept free induction decay (FID)

induced EPR spectrum was obtained using highly selective

microwave pulses of 500 ns duration. HYSCORE spectra

were recorded using a standard four-pulse sequence (p
2
� s� p

2

� t1 � p� t2 � p
2
� s� echo) and an eight-step phase

cycle.21 Pulse lengths of tp=2¼ tp¼ 16 ns and a delay time of

s¼ 240 ns were employed.

The theoretical description of EPR and HYSCORE spec-

tra for an unpaired 3d9 electronic configuration with spin

S ¼ 1
2
, as representative for Cu2þ, interacting with a nuclear

spin I ¼ 1
2

such as 1H, is based on the spin Hamiltonian

H ¼ beB0 � g � S� bngnB0 � Iþ hS � A � I ; (1)

where gn is the nuclear g-factor, and be, bn are the Bohr and

nuclear magneton, respectively, and h is Planck’s constant.

The first and second term are the electronic and nuclear

Zeeman interaction, respectively, where B0 denotes the

FIG. 1. FID-detected X-band EPR spectrum of 0.25 mol% CuO-doped

PbTiO3 recorded at 10 K.19 The orientation-selective observer position for
1H-HYSCORE is indicated by an arrow.
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external magnetic field. The last term corresponds to the

hyperfine interaction with a nearby magnetic nucleus. The

hyperfine tensor A as well as the external field B0 are given in

the principal axes system of the g-matrix of the electron spin.

The copper nuclear quadrupole interaction was not resolved

in the EPR spectra (cf. Figure 1) and thus has been neglected.

The hyperfine interaction A can generally be expressed

as A ¼ aiso þ A0, where aiso is the isotropic hyperfine cou-

pling constant, and the tensor A0 describes the anisotropic

dipole–dipole interactions between the electron spin S and

the nuclear spin I. Because the second-rank tensor A0 is

traceless and symmetric, there is always a coordinate system

in which A0 is diagonal with the elements A0? and A0k ¼
�2A0? where, by convention, A0k is taken to be the principal

value with the largest magnitude.

To transform the spin Hamiltonian parameters into

structural information, a point-dipole approximation can be

assumed with the dipolar hyperfine coupling constant

A0? ¼
l0

4p
ggnbebn

r3h
: (2)

This equation provides an estimate for the distance r between

the paramagnetic Cu2þ center and the coupling 1H nucleus.

By using EPR, oxidation state and site of incorporation

of the copper functional center can be obtained. The corre-

sponding FID-induced EPR spectrum is displayed in Figure 1.

The axially symmetric g-matrix with diagonal elements gk
¼ 2:332 > g? ¼ 2:049 > ge ¼ 2:0023 and

63CuA-hyperfine

tensor with diagonal elements
63CuAk ¼ 395 MHz and

63CuA?
¼ 20 MHz is characteristic for Cu2þ-centers in octahedral

coordination, distorted along one of the pseudocubic

axes.22–24 This assignment is in line with recent ab-initio
calculations.19

Accordingly, the incorporation reaction of CuO, replac-

ing TiO2, is

CuO !TiO2
Cu00Ti þ O�O þ V••

O ; (3)

where, for charge compensation, each Cu00Ti is compensated by

an oxygen vacancy (V••
O) as nearest neighbor, forming a

charge neutral ðCu00Ti � V••
OÞ
�

defect complex19,25

Cu00Ti þ V••
O� ðCu00Ti � V••

OÞ
�: (4)

Defects that may result from a trapping of conduction elec-

trons, such as singly charged V•
O

27 or reduced Ti0Ti-centers,28

were not observed.

Considering now the dissolution of hydrogen from either

forming-gas atmosphere or from humid conditions into the

PbTiO3 lattice, the following dissolution reactions take place:

H2ðgÞ þ 2O�O �!
PbTiO3

2ðOHÞ•O þ 2e0; (5)

H2OðgÞ þ V••
O þ O�O �!

PbTiO3
2ðOHÞ•O: (6)

Because in oxidic environments protons cannot substitute

other cations and, furthermore, hydrogen interstitials (H•
i) are

always bonded to oxide ions, they will form hydroxide

ðOHÞ•O-complexes. The [OH]� defects in turn are proposed

acting as a fixed charged dipole that may pin ferroelectric

domain walls.30

The existence of hydroxide ðOHÞ•O-complexes in perov-

skite oxides is experimentally supported by findings from bar-

ium titanate, where hydrogen atoms act as donor centers,31

and where the hydrogen interstitial then combines with an

O2� ion and forms a hydroxide-ion ðOHÞ•O, whose existence

has been proved by its Raman signature.32,33 Electronically,

interstitial hydrogen in PbTiO3 was proposed to act as a shal-

low donor impurity.3 Note that as a fundamental difference in

the dissolution reactions under forming gas and water vapor

conditions, for the latter case the existence of oxygen vacan-

cies describes a necessary prerequisite for the uptake and dis-

solution of water into the perovskite lattice.

For steric reasons, ðOHÞ•O-defects are expected to be

located more likely close to Cu00Ti rather than Ti�Ti-sites. To

probe ðOHÞ•O-defects in coordination spheres of the para-

magnetic Cu00Ti-site, orientation-selective HYSCORE has

been performed. The 1H-HYSCORE spectrum, taken on an

observer position of 278.5 mT that coincides with the gk ori-

entation, is depicted in Figure 2. Assuming the g-matrix

main axes being determined by the tetragonal PbTiO3 crystal

distortion, the gk-orientation is assumed to be collinear with

the orientation of spontaneous polarization, PS k gk.
17

The spectrum is dominated by a correlation that appears

as off-diagonal cross-peak ridges shifted by D�s¼ 2.19(5)

MHz with respect to the proton nuclear Larmor frequency

(�H), thus showing that the coordinated nuclear spin belongs to

a 1H-nucleus. To determine the distance between Cu00Ti and H•
i ,

the value for A0? is estimated from the frequency shift D�s as

jA0?j ¼ 4
3
ð21

2�HD�sÞ
1
2 ¼ 8:08ð9ÞMHz.26 Adopting the point-

dipole approximation (2), the distance between the Cu2þ-ion

FIG. 2. X-band 1H-HYSCORE spectrum (high-frequency part of (þ, þ)

quadrant) recorded at 10 K and an observer position of 278.5 mT. The

dashed lines show the frequency diagonal axis �1¼ �2; the antidiagonal

(dotted line) crosses the diagonal at (�H, �H). The maximum vertical shift

D�s¼ 2.2 MHz of the cross-peak ridges from the antidiagonal is illustrated

by a dashed-dotted line.

122904-2 Jakes et al. Appl. Phys. Lett. 109, 122904 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  134.94.122.86 On: Thu, 17 Nov 2016

06:52:28



and the 1H-nucleus is estimated to be 225(2) pm. On the basis

of this distance, the above made assumption that the hydroxide

defect should form a defect complex with the Cu00Ti-functional

center could be validated. The observed coupling is assigned

to a 1H nucleus in the first coordination sphere. From the posi-

tion and shape of the cross-peak ridges, which are approaching

the maximum distance from the antidiagonal through point

(�H,�H), it can be inferred that the dipolar interaction is tilted

from the direction of spontaneous polarization by approxi-

mately h¼ 30(5)�. Based on the distance between Cu and O of

approximately 223 pm,19 and the length of a bond between O

and H in a hydroxide defect of about 98 pm,3,29 this suggests

that the O–H bond is approximately perpendicular to the direc-

tion of PS.

Based on this assignment, the hydrogen dissolution reac-

tion (6) under humid conditions of the “pure” perovskite can

be modified for CuO-doped PbTiO3 according to

H2OðgÞ þ ðCu00Ti � V••
OÞ
� þ O�O

�!PbTiO3ðCu00Ti � ðOHÞ•OÞ
0þðOHÞ•O; (7)

where the oxygen vacancy of the ðCu00Ti � V••
OÞ
�

-defect com-

plex is annihilated and replaced by a hydroxide defect, and

the two defects formed mutually compensate according to

the following charge-neutrality condition:

½ðCu00Ti � ðOHÞ•OÞ
0� � ½ðOHÞ•O�: (8)

Furthermore, the obtained results are in favor of only

one well defined site for the hydrogen interstitial adjacent to

the Cu2þ, because only one set of proton correlation peaks

was observed in the 1H-HYSCORE spectrum (cf. Figure 2).

If H•
i-sites would exist at remote coordination spheres, i.e.,

neighboring unit cells, additional (weaker) proton hyperfine

couplings should exist in the spectrum. The absence of such

additional features rules out the existence of additional

ðOHÞ•O-defects in the vicinity of the Cu00Ti-functional center.

Accordingly, we propose a defect-structural arrangement as

schematically illustrated in Figure 3, with the ðCu00Ti �
ðOHÞ•OÞ

0
defect complex oriented along the direction of

spontaneous polarization.

Considering the reorientation of the ðCu00Ti � V••
OÞ
�

defect complex under a sufficiently strong applied external

field, an oxygen vacancy has to exchange its position with

a lattice oxygen in the first coordination sphere about the

Cu00Ti-functional center,13,36–38 as schematically illustrated in

Figure 4(a). In contrast, reorientation of the ðCu00Ti � ðOHÞ•OÞ
0

defect complex involves a H•
i -hopping process from one oxy-

gen site to another oxygen site (cf. Figure 4(b)). The former

process involves a hopping of a double charged oxygen ion

as compared to the hopping of a singly charged proton for

the latter case. Additionally, since rO2� � rHþ , the energy

needed for the reorientation process will be considerably

lower for the ðCu00Ti � ðOHÞ•OÞ
0

as compared to the

ðCu00Ti � V••
OÞ
�

defect complex.

The fundamental change in reorientation mechanism,

from oxygen-vacancy migration to hydrogen-interstitial hop-

ping, implies a variation of the rate at which defect com-

plexes reorient. The diffusion coefficient of oxygen at

ambient temperature is comparatively small (in BaTiO3 at

room temperature DO¼ 1.1� 10�15 cm2/s), whereas hydro-

gen diffusion is 103 times as large.7 Correspondingly, the

variation from V••
O-migration to H•

i -hopping comes along

with a markedly reduced activation energy barrier for defect

complex reorientation. Tentatively, a reduction in materials

“hardening” can be expected from the anticipated variation

in defect complex reorientation.

Exploiting the charge neutrality condition (8), in addi-

tion to the hydroxide defect forming ðCu00Ti � ðOHÞ•OÞ
0

defect

complexes, also hydroxide defects in remote areas to

ðCu00Ti � V••
OÞ
�

defect complexes will be present. These con-

tribute to the electrical conductivity by means of an ionic

charge-transport mechanism

ðOHÞ•O þ O�O�O�O þ ðOHÞ•O; (9)

where the bond of the hydrogen to one lattice oxygen ion is bro-

ken and subsequently forming a new bond to a nearest-neighbor

lattice oxygen. This so-called “Grotthuss-mechanism” effec-

tively promotes migration of protons in an external field.

Although a major pathway of the H•
i -diffusion is typically

expected along grain boundaries,8 the results obtained here

demonstrate that hydrogen interstitials also diffuse into the

grain core, forming defect complexes.

The impact of local mobility of the protons on the mobil-

ity of the dipoles has been discussed in context with Figures 3

and 4. The lower energy required for the hopping of the pro-

tons compared to a hopping of the oxygen vacancies favors

FIG. 3. Schematic illustration of defect structure in CuO-doped PbTiO3 with

ðCu00Ti � V••
OÞ
�

(a) and ðCu00Ti � ðOHÞ•OÞ
0
(b) defect complexes. The tetragonal

unit cell is represented by a bold square, the Cu00Ti-center as a gray circle, the

oxygen vacancy V••
O as an open square, an oxygen ion O�O as an open circle

and the hydrogen interstitial H•
i as a bold circle.

FIG. 4. Schematic illustration of defect-complex reorientation in CuO-

doped PbTiO3. (a) Hopping mechanism of an oxygen vacancy (V••
O ) for the

reorientation of the ðCu00Ti � V••
OÞ
�

defect complex. (b) Hopping mechanism

of a hydrogen interstitial (H•
i ) for the reorientation of the ðCu00Ti � ðOHÞ•OÞ

0

defect complex.
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switching of domains, because non-reorienting dipoles provide

no longer an obstacle to domain reorientation. Thus, the pro-

ton hopping will result in an enhanced performance with

respect to polarization and strain under applied electric fields.

However, the overall effects of the presence of protons in the

material require a consideration of the long distance mobility

as well. A consequence of long range mobility of charge car-

riers is conductivity. In materials for devices such as capaci-

tors or actuators that should ideally be insulators, conductivity

is a loss mechanism which decreases the performance.

Moreover, diffusion of charged carriers, such as the protons,

over distances of several hundreds of nanometers to domain-

or grain boundaries may result in internal bias fields by forma-

tion of space charges,2,39–41 which provide mechanisms for

the charge compensation that counteract polarization reversal

and induce aging. The presence of protons thus may enhance

mobility of domains via reducing the energy required for

switching of the dipoles, but most likely will promote pinning

effects via the space charge mechanisms.

In summary, the theoretically predicted existence of

hydrogen interstitials3 has been experimentally proved. In par-

ticular, the impact of hydrogen interstitials on the defect struc-

ture of CuO-doped PbTiO3 has been characterized. The main

experimental observation consists in the formation of ðCu00Ti

�ðOHÞ•OÞ
0

defect complexes that exist in addition to the

ðCu00Ti � V••
OÞ
�

complexes. Compared to ðCu00Ti � V••
OÞ
�

com-

plexes, modified reorientation characteristics are proposed

due to a change in hopping mechanism from an oxygen-

vacancy mediated migration mechanism to a proton hopping

process. Second, exploiting the charge-neutrality condition

(8), only half of the hydrogen interstitials form ðCu00Ti �
ðOHÞ•OÞ

0
defect complexes, and the remaining part generates

mobile hydrogen interstitials according to a “Grotthuss”-type

charge-transport mechanism that impacts the conductivity of

the material and could explain the observed transition from a

ferroelectric insulating, to a semi-conducting compound.

Tentatively, both mechanisms are expected to affect the

ferroelectric properties. These properties are usually dis-

cussed in terms of interactions with domain walls.34–36

Corresponding interpretations have been suggested and a sig-

nificant impact can be expected, which should be investi-

gated in more detail.
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