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Abstract. Electrical conductivity measurements were made on the pyrochlore compounds (Gd1ÿ xCax)2Sn2O7

(x� 0, 0.0036, 0.0057, 0.03) as a function of temperature, oxygen partial pressure and Ca doping concentration.

An effective Frenkel constant and oxygen vacancy mobility were derived. Intrinsic anion disorder was found to be

lower than the expected value based on the relative radii of the cations in the A and B sites (A2B2O7). Low oxygen

vacancy mobilities as well as low anion disorder resulted in considerably lower ionic conductivities in GdsSn2O7

relative to the previously studied Gd2(Ti1ÿ xZrx)2O7 system. The temperature and composition dependence of the

p-type electronic conductivity were evaluated and the oxidation enthalpy was derived.
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Introduction

Oxides with the pyrochlore structure exhibit a wide

range of ionic and electronic conductivities depending

on composition. The rare earth pyrochlore

Gd2(Ti1ÿ xZrx)2O7 (GZT) has been investigated as a

potential solid oxide electrolyte in solid oxide fuel

cells and related systems [1]. At lower Zr fraction,

substantial mixed ionic-electronic conduction (MIEC)

was found to exist. Above Zr fractions of 0.3, the

oxygen ion conductivity was found to increase sharply

with increasing x. This increase in ionic conductivity

was related to an increase in anion disorder with

increasing Zr content as con®rmed by neutron

diffraction experiments on the closely related

Y2(Ti1ÿ xZrx)2O7 (YZT) system [2]. From these

studies, it was concluded that one of the key

parameters in¯uencing structural disorder in A2B2O7

pyrochlores was the cation radius ratio, namely rA/rB.

As rB approaches rA, disorder in both the cation and

anion sublattices increases ultimately reaching com-

plete disorder characteristic of the ¯uorite structure as

in the case of Y2Zr2O7 (YZ) [2]. As the larger Zr ion

replaces Ti on the B site of GZT and YZT, increasing

anion disorder results in orders of magnitude increases

in the oxygen ion conductivity.

Following the ionic radii charts of Shannon and

Prewitt [3] in six-fold coordination, one obtains an

ionic radius of Sn4� of 0.69 AÊ which lies between that

of Ti4� (0.605 AÊ ) and Zr4� (0.72 AÊ ). The question

arises if the degree of disorder in Gd2Sn2O7 (GS)

would be comparable to that in GZT with the same

average B cation radius. The purpose of this research

is to investigate whether Sn4� would also contribute

to disorder in related pyrochlores thereby con®rming

that the disorder in pyrochlores is truly a function of

rA/rB regardless of the chemistry of the B site cation.

For the titanium end member, Gd2Ti2O7 (GT),

where intrinsic disorder is minimal due to the small

ionic radius of Ti4� , the ionic conductivity is

dramatically increased by the addition of the

aliovalent dopant Ca2� on the A site. A maximum

ionic conductivity of 5� 10ÿ 2 S/cm is reached at

1000�C with GT� 8 mol% Ca [4]. In this investiga-

tion, we chose to investigate the system

(Gd1ÿ xCax)sSn2O7. By examining the relative in¯u-

ence of Ca mole fraction on the ionic conductivity,

one may, with the assistance of the appropriate



defect model, extract the value of the intrinsic

disorder as previously done in the system

(Gd1ÿ xCax)2(Zr0.3Ti0.7)2O7 [5].

Theory

The pyrochlore structure has a number of empty

interstitial sites which would be viewed as oxygen

vacancies in the defect ¯uorite structure. There are

two crystallographic sites (48f, 8a) for oxygen ions in

ordered pyrochlores. Oxygen ions located at 48f sites

can be exchanged with empty interstitial 8b sites at

high temperature as observed from neutron diffraction

studies [2]. This exchange creates anion Frenkel

defects consisting of an oxygen interstitial±vacancy

pair as described below:

O0 $ O00i � V��0

KF � V��0 �� O00i �� � KFO exp ÿEF=kT�� �1�
where EF represents the Frenkel formation energy

and the remaining terms follow standard KroÈger±

Vink defect notation.

The oxidation reaction which describes the

annihilation of oxygen vacancies and the creation of

holes by absorption of oxygen from the gas phase is

given by:

V��0 � 1=2O2 $ O0 � 2h�

Kox � p2 V��0 �� ÿ1
Po2

ÿ1=2

� Koxo exp�ÿEox=kT� �2�
where Eox represents the oxidation energy.

Intrinsic electron±hole pair generation is given by:

nil$ e0 � h�

Ke � np � Keo exp ÿEg=kT�
�

�3�

where Eg represents the thermal band gap.

Electroneutrality requires a balance of charged

species. This is represented by:

2 V��0 �� � p� D��� � A0�� � n� 2 O00i �� �4�
in which A0 and D� represent singly ionized acceptors

and donors. For materials which are predominantly

ionic conductors, n, p5 �V��0 �; �O00i � [6].

Combining Eqs. (1)±(4) and solving for �V��0 � after

assuming negligible n and p yields:

V��0 �� � 0:25�I � �I2 � 16KF�1=2� � R �5�

n � Ke KoxR�� ÿ1=2
Po
ÿ1=4
2 �6�

p � KoxR�� 1=2
Po2

1=4 �7�
where I � [A0]ÿ [D�] is the net acceptor concentra-

tion. Oxygen interstitials have been shown previously

[5] to contribute to a negligible degree to the ionic

conductivity and so are not treated further.

The ionic conductivity can be obtained by multi-

plying Eq. (5) by its effective charge (2e) and mobility

(mi).

si � 0:5�I � �I2 � 16KF�1=2�emi �8�
Eq. (8) shows that one can obtain the Frenkel

constant and oxygen vacancy mobility from a

measurement of the ionic conductivity as a function

of dopant concentration by ®tting the experimental

data to Eq. (8) using the iterative least square

minimization routine. The ionic conductivity may

also be written in the more general form:

si �
s0

T
exp�ÿEi=kT� �9�

in which Ei contains terms related to defect formation

(e.g., EF) and migration terms Em.

Multiplying each of the mobile charge carriers

(V0
��, e0, h�) by their mobilities and summing the three

terms gives an expression for the total conductivity.

stot � si � se � sh

� A� B�Po2�ÿ1=4 � C�Po2�1=4 �10�
Note that while the concentrations of n and p

relative to V��0 and O00i may be small, because of their

much higher mobilities, they may still contribute

signi®cantly to stot [6].

Since each contribution to the total conductivity in

Eq. (10) is distinguished by a unique Po2 dependence,

this allows one to readily isolate the ionic con-

ductivity by analyzing the Po2-dependence of the

conductivity.

Experimental Procedures

Powders were prepared by a liquid-mix technique [7]

with compositions (Gd1ÿ xCax)2Sn2O7 (x� 0, 0.0036,

0.0057, 0.03). This process allows one to produce

ceramic powder with well-de®ned cation mole ratios

and near atomic scale mixing. Based on earlier studies

of Ca doped GT [4], Ca substitution for Gd in GS is

expected, with the resultant formation of singly
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ionized acceptors (CaGd
0). After calcination at 850�C,

the powders were die pressed at 4 Kpsi, isopressed at

40 Kpsi and then sintered at 1550�C for 16 h. X-ray

diffraction data con®rmed the formation of the

pyrochlore phase with superlattice peaks which

distinguish the pyrochlore from the defect ¯uorite

phase. Microprobe analysis was used to measure the

Ca doping levels. The analyzed levels tended to be

below the intended values.

Electrical conductivity measurements were per-

formed on sintered bar-shaped samples with four

probe con®guration. Two and four probe dc con-

ductivity measurements were performed with an

HP4140b picoammeter and Keithley 188 nanovolt-

meter. Impedance spectroscopy measurements were

performed with an HP4192A impedance analyzer to

separate bulk, grain boundary and electrode con-

ductivities. The temperature range examined was

from 800±1050�C in 50� increments and the Po2

ranged from 10ÿ 15ÿ 1 atm. Exposure to more

reducing atmospheres resulted in decomposition and

the appearance of a monoclinic phase, Gd2SnO5 as

evidenced by X-ray diffraction.

Results

Figure 1 gives the Po2-dependence of the total

conductivity of GS for a number of isotherms. The

data were ®tted to Eq. (10) by least square analysis to

extract the parameters A, B and C which were used to

produce the solid curves shown in the Fig. 1. P-type

conduction with a Po2
1/4 dependence at high Po2 is

observed followed by a Po2-independent plateau at

intermediate and low Po2 attributed to ionic conduc-

tion. The ionic conduction, for example, is observed

down to a Po2 of 10ÿ 15 atm at 800�C. Exposure to

more reducing atmospheres resulted in decomposition

of the phase as evidenced by X-ray diffraction and a

sharp decrease in conductivity. Compared with GZT

with high Zr content (x50.4) [1], undoped GS has an

ionic conductivity lower by two orders of magnitude

than that of GZT. This unexpected result appears to

run counter to the assumption that disorder increases

with increasing average B site cation radius as the

ionic radius of Sn is comparable to that of Zr.

Signi®cant p-type conduction at high Po2 is also a

distinctive difference as compared with GZT which

exhibited weak or no p-type conduction at high Po2.

Figures 2 to 4 show the total conductivity of

(Gd1ÿ xCax)2Sn2O7 for various Ca dopant levels

(x� 0.0036, 0.0057 and 0.03). These show that GS

doped with Ca exhibits a similar dependence of total

conductivity on Po2 as does undoped GS. The ionic

component of the total conductivity, extracted from

the log s versus log Po2 data with the aid of Eq. (10) for

all four compositions is shown plotted in Fig. 5 versus

reciprocal temperature. The ionic conductivities

Fig. 1. Log conductivity versus log oxygen partial pressure for

Gd2Sn2O7.

Fig. 2. Log conductivity versus log oxygen partial pressure for

(Gd1ÿ xCax)2Sn2O7 with x� 0.0036.
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derived for GS (x� 0.0036) are in excellent agreement

with recently reported oxygen self diffusion measure-

ments [8]. Note that while the specimens with

x� 0.0036 and x� 0.0057 show only small increases

in ionic conductivity over undoped GS, the specimen

with x� 0.03 exhibits an ionic conductivity approxi-

mately 12 times greater in magnitude.

The activation energy, Ei, and pre-exponential

constant, so for the bulk ionic conductivity were

calculated for these compositions (see Eq. (9)) and are

shown plotted in Fig. 6. The derived activation

energies, which range from 1.52� 1.61 eV, are

approximately double those found for ionic conduc-

tion in GZT. The pre-exponential constant increases

with increasing Ca content above x� 0.0036 reach-

ing� 106 S/cmK at GS with 3% Ca while the

Fig. 3. Log conductivity versus log oxygen partial pressure for

(Gd1ÿ xCax)2Sn2O7 with x� 0.0057.

Fig. 4. Log conductivity versus log oxygen partial pressure for

(Gd1ÿ xCax)2Sn2O7 with x� 0.03.

Fig. 5. The temperature dependence of the ionic conductivity for

(Gd1ÿ xCax)2Sn2O7.

Fig. 6. The activation energy and the pre-exponential constant for

ionic conduction as a function of x for (Gd1ÿ xCax)2Sn2O7.
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activation energy remains relatively insensitive to the

Ca concentration.

The isothermal composition dependence of the

ionic conductivity of GS on Ca content is shown

plotted in Fig. 7. These data were ®t to Eq. (8) in an

attempt to extract values for KF and mi. Figures 8 and 9

represent the derived values of KF and mi at each of the

isotherms and the ®ts through these data result in the

following expressions.

KF � 1:165� 1039

� exp�ÿ0:13� 0:06 eV=kT� cmÿ6

mi �
1:518� 104

T

� exp�ÿ1:54� 0:03 eV=kT� cm2=V

Fig. 7. The ionic conductivity as a function of Ca concentration

for (Gd1ÿ xCax)2Sn2O7.

Fig. 8. Calculated values for the Frenkel constant in Gd2Sn2O7 as

a function of 1/T.

Fig. 10. The temperature dependence of p-type conductivity for

(Gd1ÿ xCax)2Sn2O7 at Po2 of 1 atm.

Fig. 9. Calculated values for the oxygen vacancy mobility in

Gd2Sn2O7 as a function of 1/T.

Electrical Conduction and Disorder in the Pyrochlore System (Gd1±xCax)2Sn2O7 53



The p-type conductivity is shown plotted versus

reciprocal temperature in Fig. 10 at Po2� 1 atm for

pure GS and Ca doped GS. While the activation

energies for p-type conduction, Eh, range from 1.13±

1.49 eV, they typically fall within the range of

1.35� 0.15 eV. The p-type conductivity was also

found to increase nearly linearly with Ca content

between 0.36 and 3%.

Discussion

The magnitude of the Po2 independent-ionic con-

ductivity in undoped GS (� 10ÿ 4 S/cm at 1000�C)

was found to be several orders of magnitude lower

than that in GZT with Zr content (x� 0.8) having a

comparable rA/rB ratio. The question arises as to the

source of the low ionic conductivity in GS. The ionic

conductivity consists of two partsÐcarrier concentra-

tion and mobility. We ®rst examine the carrier

concentration, which is the oxygen vacancy concen-

tration in the case of acceptor doped or intrinsically

disordered pyrochlores [1]. As mentioned above, the

rA/rB ratio was found to be an important factor in

determining intrinsic disorder in GZT. From a lattice

constant comparison, Gd2(Ti0.2Zr0.8)2O7 has the same

average B site cation radius as GS. It has been

estimated from the pre-exponential term, so, that

the oxygen vacancy density is � 0.85% in

Gd2(Ti0.2Zr0.8)2O7 [1].

Figure 5 shows that the ionic conductivity of GS is

increased by order of magnitude with 3% Ca2�

doping. In the case of Ca doped GT [4], 2% Ca doping

on the A site of GT increased the ionic conductivity

by orders of magnitude by introducing extrinsically

generated oxygen vacancies into the highly ordered

anion lattice. This difference indicates that the anion

lattice in GS has a higher number of oxygen vacancies

compared with those in GT. Figure 6 shows that Ei

remains relatively insensitive to Ca doping in GS.

Thus as shown in the ®gure, the increases in ionic

conductivity with Ca-doping is, therefore, related

to increases in so. Using the values of

3.562� 1038 cmÿ 6 obtained for the Frenkel constant

at 1000�C and Eq. (1), an oxygen vacancy density of

0.045% is obtained. This is much lower than that of

0.85% estimated for Gd2(Ti0.2Zr0.8)2O7. From the

ionic conductivity data in GZT, we can estimate the

GZT composition which has comparable anion

disorder to that of GS. In GZT, an order of magnitude

increase in ionic conductivity was observed as x
increases from 0.3 to 0.8 [1]. Since the oxygen

vacancy mobility remains the same in GZT, this

increase in the ionic conductivity is attributed to the

increase in oxygen vacancy concentration. The

Frenkel constant for GS is much closer to that

obtained for GZT (x� 0.3) of 1.0� 1039 exp(ÿ 0.24

eV/kT) [5], lower than the expected value based on

the ionic radius ratio. The magnitude of the pre-

exponent of the Frenkel constant, KFO , of

1.165� 1039 cmÿ 6 was found to be lower than the

product of oxygen lattice and interstitial sites (48f and

8b sites) of 2.932� 1044 cmÿ 6 expected in the ideal

case, where the concentration of defects is suf®ciently

small to neglect the defect interactions under constant

volume conditions [9]. This suggests signi®cant

interaction between defect species in GS.

Table 1 shows the effective Frenkel formation

energy derived experimentally for a number of related

pyrochlores as a function of the rA/rB ratio. The

Frenkel defect energy of 0.13 eV calculated from the

GS data follows the decreasing trend in EF with

decreasing rA/rB in A2B2O7 pyrochlores, i.e., 0.44 eV

in GZT (x� 0.25) [4] and 0.24 eV in GZT (x� 0.3)

[5]. This trend is consistent with expectations that the

pyrochlores more easily disorder as rB approaches rA

in magnitude.

The oxygen vacancy mobility is also found to be

lower than that of GZT. At 1000�C, GS is calculated

to have an oxygen vacancy mobility of

8.6� 10ÿ 6 cm2/V � s. This is remarkably low for

pyrochlore oxides. The calculated value for oxygen

vacancy mobility in GZT at x� 0.3 at 1000�C is

1.2� 10ÿ 4 cm2/V � s with an activation energy of

0.78 eV [5], less than half of that in GS of 1.54 eV.

This high value of the oxygen vacancy migration

energy is rather unexpected considering that pyro-

chlores are more ordered relative to ¯uorites, leading

to improved oxygen vacancy mobility. High values of

Ei were also observed in the solid solutions of

Gd2(Zr1ÿ xSnx)2O7 and Gd2(Ti1ÿ x)2O7 [10]. In both

Table 1. The Frenkel energy as a function of rA/rB in A2B2O7

pyrochlores. The data for GZT x� 0.25 and x� 0.3 are from [4] and

[5] respectively

Composition rA/rB EF (eV)

Gd2(Ti0.75Zr0.25)2O7 1.674 0.44

Gd2(Ti0.7Zr0.3)2O7 1.658 0.24

Gd2Sn2O7 1.536 0.13
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systems, Ei increases with increasing Sn content

resulting in a decrease in oxygen vacancy mobility.

The low conductivity in GS indicates the impor-

tance of local bonding on anion disorder and mobility.

Vandenborre et al. [11] suggested that the Sn-O

bonding is more rigid and covalent compared with

that between Ti-O as re¯ected in the strong force ®eld

in Sn-O bonding. From the re®nement of Raman

spectra in pyrochlores, the stretching constant

between the B cation and oxygen ion was found to

be 1.27� 102 Nmÿ 1 for Gd2Ti2O7 and

1.73� 102 Nmÿ 1 for Gd2Sn2O7. The authors attrib-

uted a part of the increase to the higher

electronegativity of Sn4� in comparison with the

Ti4� and Zr4� cations. From the electronic structure

calculations by Svane and Antoncik [12], an

appreciable degree of covalency in the bonding was

observed for SnO2 in contrast to the signi®cant ionic

character in TiO2. Since oxygen ions are surrounded

by four cations and have to overcome the potential

barriers induced by the cations to migrate through the

lattice, it is expected that the bonding characteristics

between cation and anion can impact the mobility

signi®cantly.

We next examine the p-type conductivity. By

review of Eq. (7), we observe that p/ (KoxR)1/2. Even

in the limit where R�KF
1/2, this adds a negligible

contribution to the temperature dependence i.e.,

EF/4� 0.026 eV. Consequently the activation energy

derived from Fig. 10, Eh� 1.35� 0.15 eV should

correspond largely to Eox�EH where EH is the hole

hopping energy in the case of small polaron transport.

In related studies in GZT [13], EH for holes was

estimated to be nearly zero. Therefore Eox�
2Eh� 2.70� 0.30 eV. This value is somewhat

larger than values of Eox obtained earlier for

Gd2(Zr0.3Ti0.7)2O7 of 2.2� 0.4 eV [14].

Summary

Electrical conductivity measurements were performed

on the pyrochlore compound Gd2Sn2O7 doped with

Ca at levels of 0, 0.0036, 0.0057, and 0.03. The

effective Frenkel constant derived from application of

our defect model indicates a substantial intrinsic

disorder of � 0.05%, but lower than that in

Gd2(Ti0.2Zr0.8)2O7 with comparable rA/rB ratio.

Oxygen vacancy mobilities in Gd2Sn2O7 were also

found to be low compared with Gd2(Ti1ÿ xZrx)2O7

system, with a correspondingly low oxygen ion

conductivity of � 10ÿ 4 S/cm at 1000�C. The low

oxygen vacancy mobilities and low anion disorder

in Gd2Sn2O7 points to the importance of the

more covalent nature of the Sn-O as compared to

the Ti-O and Zr-O bonds. The temperature and

composition dependence of the p-type electronic

conductivity were evaluated and the oxidation

enthalpy derived.
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