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Abstract. Substitution of Dy rare earth ions was studied in Ba(Ti,Zr)O3 dielectric materials, using

thermogravimetry, X-ray diffraction and dielectric measurements. Dy3� ions enter both the A- and the B-sites

of the perovskite structure, however, the solubility on B-sites is up to 9 mol %, whereas it is only 2.5 mol% on A-

sites. Dy can be easily shifted from A- to B-sites and back, using Ba or Ti excess in the material. Dy3� on B-sites is

a strong electron acceptor. Dy doped dielectric materials are co®red with Ni electrodes in reducing atmosphere to

highly insulating BME multilayer capacitors.
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1. Introduction

Recent advancements in the technology of base metal

electrodes (BME) enabled the producers of ceramic

multilayer capacitors (MLCCs) to replace the rela-

tively expensive Ag-Pd inner electrodes by cheaper

Ni electrodes. Because of the easy oxidizability of Ni,

BME capacitors must be sintered in a protective

atmosphere of moist H2=N2 or CO/CO2. In reducing

atmospheres the Ti4� ions of BaTiO3 based ceramics

are partly reduced to Ti3�. Large numbers of ionized

oxygen vacancies and electrons are formed [1,2]

which give rise to a high electronic conductivity. The

change of conductivity after ®ring in reducing

atmosphere is up to 13 orders of magnitude.

BaTiO3 � x=2H2 ÿ?BaTiO3ÿ x[VO]x

� x=2 H2O

Ionization of VO results in the formation of

conduction electrons:

[VO] ÿ?[VO] ? ? � 2e0

Conduction electrons formed at reducing atmosphere

in the dielectric material can be readily trapped by

acceptor ions in the perovskite lattice [3]. Strong

electron acceptors are for instance Ca2�ÿ, Mg2�ÿ
and Mn2� ÿ ions [2,3,6] on Ti-sites.

Electron conduction is suppressed by acceptor

doping:

Ca2�
(Ti); Mn2�

(Ti) � 2e0 ÿ?[Ca2�
(Ti)]00;

[Mn2�
(Ti)]

00; Ea � 2 eV

After incorporation of strong electron acceptors the

dielectric materials become highly insulating [7] and

can be used at temperatures up to 250�C. Even after

suppression of the electron conduction a considerable

ionic conduction remains in the material which gives

rise to degradation of the insulation resistance (IR)

under electric ®eld and temperature stress [8]. The ion

conduction results from migration of charged oxygen

vacancies in the electric ®eld [9]. Especially in thin

dielectric layers of BME material electromigration of

charged oxygen vacancies leads to rapid degradation.

Elimination of charged oxygen vacancies is thus one

of the most challenging problems of BME materials.



1.1. Improvement of Life Stability

1.1.1. Re-oxidation. Oxygen vacancies can be

eliminated from BME materials in several ways. A

convenient method of increasing the life stability of

BME capacitors is re-oxidation of the MLCCs after

®ring in reducing atmosphere. At re-oxidation in

weakly oxidizing atmosphere valence unstable

acceptor ions change their valence states to higher

values:

Mn2� ÿ?Mn3�; 4�

As a result of the re-oxidation, parts of the oxygen

vacancies, formed to compensate the lower valence

states of Mn, are eliminated, corresponding to the

valence change.

2[Mn2�
(Ti)]

00 � 2 [VO] ? ? � 1

2
O2

ÿ? _2[Mn3�
(Ti)]

0 � 1 [VO] ? ?

Complete elimination of the oxygen vacancies by

oxidation to Mn4�, however, is not possible, because

the high required oxygen pressures would lead to total

corrosion of the Ni inner electrodes.

1.1.2. Donor-acceptor complex formation. A

considerable improvement of the life stability is

observed in BME materials which have been doped

with combinations of donor and acceptor ions.

Donor and acceptor ions compensate each other, so

that oxygen vacancies are no longer necessary. The

interaction between donors and acceptors is strongly

non-linear, being thus not comparable to chemical

complex formation [10].

[Mn2�
(Ti)]

00 � 2[Nb5�
(Ti)]

? ÿ?f[Nb5�
(Ti)]

?

ÿ [Mn2�
(Ti)]

00 ÿ [Nb5�
(Ti)]

? g0

Charge complexes between Mn2�- and Nb5�-ions are

highly stable, so that the Mn2�-ions cannot be

oxidized to Mn3� even in air atmosphere [10,11].

Donor acceptor charge complexes are supposed to

form thin inversion layers at the grain boundaries,

showing donor character. The inversion layers are

assumed to suppress electromigration of oxygen

vacancies [12].

1.1.3. Rare earth dopes. A succesful way to

improve the life stability of BME materials is the

incorporation of certain rare earth (RE) dopes. Y3�,

Dy3�, Ho3� and Gd3�, which are sometimes called

the ``Magic Ions'' [13] exhibit a relatively small

ionic radius [14] which enables them to enter both

the A and the B-sites of the perovskite structure

[15]. The magic RE ions are thus suspected to act as

donors as well as acceptors in BaTiO3. Y3� and

Dy3� dopes are primarily known to act as donors in

BaTiO3, being commonly used at the manufacture

of semiconducting PTCR thermistors.

This paper deals with a study of the dopant

character of Dy3� in Ba(Ti,Zr)O3. Dy dopes are

used at the production of BME MLCCs showing the

dielectric temperature characteristic ``Y5V''.

2. Experimental

The incorporation of Dy in BTZ was studied by means

of thermogravimetry TGA and X-ray diffraction

(XRD). The lattice parameters were determined,

using a Si standard at room temperature. For easier

determination of the lattice constants we used cubic

perovskites of the general composition

(Ba1ÿ xDyx)[Ti0:78Zr0:22]O3. Ceramic powders were

prepared by calcination of reagent grade BaCO3,

TiO2, ZrO2 and Dy2O3 at 1200�C in air. The Dy

content was varied between 0 � x � 0:15. For XRD

experiments three series of samples were prepared at

1200�C. The Ba-content was adjusted in the way, that

one series had Dy totally on B-sites, the other one Dy

totally on A-sites, and the third one Dy on both A- and

B-sites. Above the neccessary amount of BaCO3 or

TiO2 to ®x the Dy on A- or B-sites a small excess of

BaCO3 or TiO2 was added.

1. Dy on B-sites: Ba[(Ti0:78Zr0:22)1ÿ xDyx]O3; 0 �
x � 0:10, Ba-excess of 0.02 mol

2. Dy on A- and B-sites: (Ba1ÿ aDya)[(Ti0:78

Zr0:22)1ÿ bDyb]O3, a� b � x; 0 � x � 0:10, no

Ba-, no Ti-excess.

3. Dy on A-sites: (Ba1ÿ xDyx)[Ti0:78Zr0:22]O3; 0 �
x � 0:10, Ti-excess of 0.005 mol.

For thermogravimetric experiments various amounts

of BaCO3 were added after calcination in order to

shift the Dy3� from A to B sites.

For dielectric measurements ceramic discs of

the composition Ba[(Ti0:82Zr0:18)1ÿ xDyx]O3�0 �
x � 0:15�, showing 5 mm diameter and 0.5 mm
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thickness, were sintered at 1300�C in an atmosphere

of moist N2=H2, which had an oxygen partial pressure

of PO2
� 10ÿ11 bar. The amount of BaCO3 was

adjusted in the way that all Dy3� ions could enter

the B-sites as electron acceptors.

3. Results

3.1. XRD Measurements

All materials prepared showed a cubic perovskite

lattice. The lattice constants determined as function of

the Dy concentration at 25�C, are shown in Fig. 1. The

lattice constants of BDTZ with Dy completely

incorporated on B- or A-sites follow simple Vegard

lines. Dy3� obviously exhibits a preference for the B-

sites. According to the larger atomic radius [14] of

Dy3� (R[B]� 0:091 nm) compared to Ti4�

(R[B]� 0:068 nm), samples containing Dy on B-

sites show a continuous increase of the lattice

constants. The maximum solubility of Dy on B-sites

is up to ca. 9 mol %. The maximum solubility of

Dy3� on A-sites is in contrast only 2.5 mol %. Corres-

ponding to the smaller ionic radius of Dy3� on

A-sites (R[A]� 0:117 nm) compared to Ba2�

(R[Ba]� 0:134 nm), the lattice parameters of BDTZ

with Dy3� on A-sites show a slight decrease. The

lattice parameters of BDTZ containing Dy3� both on

A- and B-sites are between those of the 2 Vegard lines.

At too high Ba or Ti excess in the material the

following second phases were often observed.

For too high A-excess (BaCO3) : Ba12 Dy4:67Ti8O35

For too high B-excess (TiO2) : Dy2Ti2O7

These phases were identi®ed, using the ICDD File

[16]. Dy2Ti2O7 is isomorphous to Gd2Ti2O7, thus

showing a very similar XRD diagram. Dy-containig

second phases were also formed in the case of not

carefully mixing the raw materials. Such ``non-

equilibrium'' phases were very stable and would not

disappear even after long term annealing.

3.2. Application of Vegard's Law

The 2 Vegard lines of BDTZ containing Dy3� on A-

or B-sites were employed to calculate the amount of

Dy3� on A- and on B-sites for samples of Series 2.

The lattice constant of BDTZ, containing Dy both on

A- and B-sites is

a�A;B� � NA ? a�A� � �1ÿ NA� ? a�B�

The molar concentrations of Dy3� on A- or B-sites,

determined from XRD results, have been compared to

those derived from the amount of BaCO3, weighed in

at the preparation, allways assuming that the ratio of

atoms on A- and B-sites is A/B � 1. Figure 2 shows

excellent agreement for the Dy concentrations,

determined by the 2 different ways.

Fig. 1. Lattice constants of cubic BDTZ: (a) Ba[(Ti0:78Zr0:22)1ÿ x-

Dyx]O3�0 � x � 0:10�. Dy on B-sites, 2 mol % Ba-excess; (b) Dy

on A- and B-sites: (Ba1ÿ aDya)[(Ti0:78Zr0:22)1ÿ bDyb]O3;

a� b � x; 0 � x � 0:10, no Ba-, no Ti-excess; (c)

(Ba1ÿ xDyx)[Ti0:78Zr0:22]O3; 0 � x � 0:03 Ti-excess of 0.005 mol.

Fig. 2. Comparison of Dy site occupation in BDTZ:

(Ba1ÿ aDya)[(Ti0:78Zr0:22)1ÿ bDyb]O3; a� b � x; 0 � x � 0:10.

Full symbols: XRD (Vegard) determination. Open symbols:

Calculated from weight of ingredients (A/B ratio).
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3.3. TGA Measurements

3.3.1. The Dy-shift. At the reaction of BaCO3

with BDTZ certain amounts of Dy are shifted from

A- to B-sites. and CO2 gas is evaporated which can

be determined with TGA.

(Ba1ÿ xDyx)TiO3 � 2x BaCO3 ÿ?(Ba1� x)

(TiDyx)O3� 2 x � 2x CO2 �1�

2BaCO3 are needed to shift 1 Dy3� from A to B. The

Dy-shift, Reaction (1) was found to be irreversible at

1260�C in pure CO2 atmosphere. BaCO3 which is not

consumed by reaction (1) decomposes to BaO,

reacting to Ba2�Ti,Zr)O4

BaCO3 /ÿÿ? BaO� CO2; �2�
(BaO forms Ba2(Ti,Zr)O4�

Reaction (2) is in contrast to Reaction (1) reversible in

CO2 atmosphere at T51260�C. Reaction (2) was

therefore used in combination with Reaction (1) to

determine exactly the amount of BaCO3 required for

the shift of Dy from A to B-sites. The TGA diagram,

Fig. 3, shows the reversible decomposition of BaCO3

which was not consumed by Reaction (1). Similar

experiments were carried out earlier [17] at the shift of

Ca2�-ions from A to B-sites in BTZ. The TGA

con®rmed, that Dy3� can be completely shifted from

A to B sites and exactly 2 Ba were needed to shift 1

Dy from A to B sites.

3.4. Dielectric Measurements

Dielectric measurments performed at 1V ac and

1 KHz, revealed a strong shift of the Curie point

�TC� by the Dy dope to lower temperatures, see Fig. 4.

The Curie point shift might be used as a suitable

means to derminine the solubility of Dy in BTZ.

Diffuse phase transitions at x � 0:04, however,

made the determination of the maximum solubility

of Dy in BTZ as function of the TC shift impossible,

see Fig. 4.

In the case of diffuse ferroelectric phase transitions

the Curie-Weiss law �1=e � CW=�TC ÿ TCW�� is only

valid at temperatures far above the Curie point Tc. The

Curie-Weiss temperature TCW was therefore deter-

mined from the dielectric region far above TC by

extrapolating the reverse dielectric constant to zero

�1=e?0�. Figure 5 shows a continuous decrease of

TCW up to a Dy concentration x& 0:08. This value is

in good agreement with the maximum solubility of Dy

on B-sites of & 9 at %, as determinined by XRD. The

decrease of the Curie-Weiss temperature is

DTCW & 22:5�C=% Dy

4. Discussion

Numerous papers about rare earth substitution of

BaTiO3 provide a contradictive picture of the lattice

site occupation of Y3� and Dy3�. Both ions can be

considered as very similar in their ionic radius,

valence stability, and electronic effect in BaTiO3.

Furthermore both ions are commonly employed as

donor dopes in BaTiO3 based PTC resistors.

Fig. 3. Thermogravimetric analysis (TGA) of Ba-excess in BTZ-1Dy, 1260�C, CO2 atmosphere. Residual weight change:

dw(expected)� 0.31%; dw(measured)� 0.34%.
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Sato et al. [18] reported strong indications for

exclusive substitution of Y3� on Ba-sites. Y donors

would diminish the number of oxygen vacancies. Zhi

et al. [19] observed a strong preference of Y for the Ti-

sites and only slight solubility on A-sites. Y3�

acceptors would increase the number of oxygen

vacancies. Buscaglia et al. [20] calculated by means

of atomistic simulation an increasing tendency for

Er3� and Y3� to substitute on Ti-sites. Hitomi et al.

[21] already suspected that Y3� can enter both the Ba-

and Ti-sites, depending on the oxygen partial

pressure. Kishi et al. [13] observed for Er3�, Ho3�

and Dy3� a prevailing trend of self-compansation

between RE donors on A-sites and RE acceptors on B-

sites. The present experimental investigation revealed

for Dy3� a strong preference to substitute on B-sites.

Dy can in fact also enter the A-sites or simultaneously

the A- and B-sites (self compensation). The distribu-

tion of Dy over A- and B-sites is determined by the

A/B atomic ratio, i.e., by the excess of Ba or Ti in the

material. However, there are also indications that the

oxygen partial pressure in¯uences the distribution of

Dy over A- and B-sites.

For most of the BaTiO3-based dielectric materials

the A/B ratio is a highly critical parameter. Slight

deviations from the stoichiometric point �A/B � 1�
already lead to formation of either Ba2TiO4 or

Ba6Ti17O40 second phase. Small alternations of the

A/B ratio thus decide on severe changes of the

sintering behavior, the grain size and dielectric

properties. Addition of amphoteric Dy3�-ions, how-

ever, results in a broadening of the monophasic region

around the stoichiometric point. Dy dopes widen the

processing window of BaTiO3 based dielectric

materials. Slight deviations of the prescribed Ba or

Ti content thus have minor in¯uence on the electrical

properties.
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Fig. 4. Dielectric temperature characteristics of Ba[(Ti0:82-

Zr0:18)1ÿ xDyx]O3, (0 � x � 0:15), measured on sintered ceramic

disc capacitors at 1 KHz.

Fig. 5. Curie point �TC� and Curie-Weiss temperature TCW of Ba[(Ti0:82Zr0:18 )1ÿ xDyx]O3 as function of the Dy-concentration x.
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