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The diffusion of all stable lanthanides was measured both in calcia stabilized zif@8#aand in

yttria stabilized zirconidYSZ) in the temperature range between 1286 and 1600 °C. The lanthanide
diffusion coefficients obtained increase with increasing ionic radius. The experimental activation
enthalpy of diffusion is near 6 eV for CSZ and between 4 and 5 eV for YSZ and is not strongly
affected by the type of lanthanide. The results were correlated with defect energy calculations of the
lanthanide diffusion enthalpy using the Mott-Littleton approach. An association enthalpy of cation
vacancies with oxygen vacancies of about 1(8§ kJ/mo) was deduced in the case of CSZ, while
there is no association in the case of YSZ. Furthermore, the change in diffusion coefficients can be
correlated to the interaction parameter for the interaction between the lanthanide oxide with
zirconia: The higher the interaction parameter, the higher the lanthanide diffusion coefficient.
© 2004 American Institute of Physic§DOI: 10.1063/1.1784439

I. INTRODUCTION smaller activation energy of 4.05 and 3.46 eV, respectit/ly,
while Ti** has a higher activation enthalpy of 5.24 &V.
The surprisingly high ionic conduction ifyttrium or A general explanation of the cation migration process in

calcium stabilized cubic zirconi@YSZ or CSZ makes these stabilized zirconiagboth diffusion coefficient and activation
materials useful as solid electrolytes in high temperaturenthalpy is still missing. It is commonly believed that mi-
solid oxide fuel cells and for oxygen sensors. The conducgration proceeds via vacancies, but details like the state of
tivity is connected with the presence of oxygen vacanciesthe vacancie¢free or associated with oxygen vacangiase
which are created as charge compensating defects. Neverttsil unknown. A first approach to clarify the effect of ionic
less, the oxygen conductivity is not constant as a function ofadius on the cation diffusion in YSZ was done in a previous
time: It decreases slowly and is reduced significantly aftework investigating the multicomponent diffusion of lan-
very long operation times. This degradation process irthanides in YSZ. In this work it was observed that the dif-
ZrO,-based ceramics is believed to be governed by the slousion coefficient is a function of the ionic radius and is
diffusion of cations and, in particular, related with the sizeincreasing when close to the radius of the host cations.
mismatch between the stabilizer and host cations as was pro- To contribute to the understanding of the diffusion
posed for YSZ mechanism in stabilized zirconias, a multicomponent diffu-
In recent years, there is an increased interest in measugion experiment on calcia and yttria stabilized zirconia is
ing and calculating the cation diffusion in this material. In performed. Lanthanides constitute a good set of probes for
previous work, the diffusion of constituent cations was in-Studying the cation self-diffusion in YSZ and CSZ because
vestigated both in yttria- and in calcia-stabilized zirconia usthey are chemically similar to zirconium and yttrium; they
ing single crystalline materiafs® Two different groups re- show a very small but gradual change in physicochemical
cently investigated the diffusion of foreign cations in Properties and mainly their ionic radius varies.
polycrystalline YSZ. Nowotnet al. studied Mg diffusion in The experimental results are explained using theoretical
YSz* and Kowalskiet al>® investigated the diffusion of Ca calculations of the lanthanide migration enthalpies in cubic
and Ti in YSZ. Activation enthalpies for the bulk self- Zirconia using the Mott-Littleton methd(d.
diffusion of the constituent cations were found to be in the
range 4.5-5.0 eV in YSZ,and 5.0-5.5 eV in CSZ.The |l. EXPERIMENTAL RESULTS
stabilizer ele+ments are+ fagter _than the host cation by a factor 5 16 g mol CSZ single crystal and a 11.1 mol % YSZ
of 3-7. M¢* and C&" diffusion in YSZ showed a much single crystal were cut into slabs, polishéihal grain size:

0.5 um) and then preannealed at 1400 °C for 7 days before
30n leave from University of La Plata, IFLP, CONICET Argentina. doping. An inductively coupled plasmédCP) lanthanide
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Here,h is the initial layer thicknes§10—20 nm), andC, the
(0) depth / um initial relative concentration of the respective lanthanide.

FIG. 1. Diffusion depth profiles of different lanthanides for the IanthanideThis equation fitted the results quite well, as can be seen

doped CSZ specimen annealed at 1376 °C for 3 déysOriginal sms ~ from a comparison between the experimental and fitted pro-
depth profiles for the host element Zr and selected lanthanides La, Ce, arfiles in Fig. 1.

Dy. (b)'NormaIized spectrunh(Tm)/[I(Tm)+1(Zr)], together with the fit Figure 2 represents the bulk lanthanide diffusion coeffi-
according to Eq(1). . . . L . .
cients as a function of lanthanide ionic radii. An eight-fold
coordination was assumédccording to the expected fluorite
structurd) and all lanthanides were considered to be triply
chargedin contrast to the assumptions made recently in Ref.
standard solutioficontaining all stable lanthanides as well as 1). It can be seen that the diffusion coefficient is constant for
zirconium, yttrium, and scandiuntAlfa Chemicals No. ionic radii below 1.0 A and then increases by a factor of 3—-5
23261; 100ug/ml each in 5% HNG) was diluted(1:20 with  to remain constant above 1.1 A. The lower value is similar to
a 1:1 water/ethanol mixtuyend dropped repeatedly onto the the value of the zirconium self-diffusion, the higher values
surface of the crystals. The solution was evaporated by hea@re close to the values of calcium self-diffusion.
ing to 60—80 °C after each step, until a thin lanthanide oxide  The same “step” behavior was observed when studying
layer with an approximate thickness in the range of 10—-20he lanthanide diffusion in YSZ. Figure 3 shows a compari-
nm was obtained on top of the zirconia crystals, which wereson of CSZ and YSZ lanthanide diffusion for samples dif-
used as diffusion sources. For diffusion experiments, théused at 1463 °QCS2) and 1700 °QYSZ). In both systems,
dried samples were heated in air at 1286, 1376, and 1463 °the lanthanide diffusion coefficient changes on approaching
for 10 days, 3 days, and 1 day, respectively for CSZ. Thdhe stabilizer ion radius.
depth distribution of the cations was analyzed using two dif- ~ An activation enthalpyAH near 6 eV was determined
ferentsiMs machines(\VG siMs Lab and Cameca IMSf3.  for the diffusion of all lanthanides in CSZ from an Arrhenius
Ar* or O" ions (7 kV, 100 to 320 nA were scanned over an Plot according to Eq(2) (Fig. 4). The values are higher than
area of up to 258250 um?. Charge compensation was per- those obtained for the lanthanide diffusion in YS#here
formed either by using an electron flood gun or by Coveringvalues between 4 and 5 eV were fOUnd, but still do not show

the surface with a thin carbon layer. The sputter profiles wer@ significant correlation to the lanthanide type,

converted into depth by measuring the crater depth with a —AH
surface profiler. Typical diffusion profiles for selected ele- D=Dg ex4? (2
ments after heating at 1376 °C for 3 days are shown in Fig. 1.

To get the diffusion coefficients, th&@ms measurements In the case of St', which is only slightly bigger than
were analyzed as a function of depth using the intensity rathe host cation Z¥", the activation enthalpy was lowét.3
tios [Ln/(Ln+ %Zr)] according to Eq(1).2 +0.8 eV) and closer to the value found for zirconium self-
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& Ill. COMPUTER SIMULATIONS RESULTS
o s0E o>y Us E © g © . . . .
0 P R O E 0 D Using the Mott-Littleton approach the migration en-
2| € CSZ1463°C i 8 thalpy for ionic migration can be modeled in perfect cubic
104 oiysz1700°Cc | ° f i i i
: I J s ° 8 ZrO,. For comparison, two different potential sets were
ioo 0 g0 O ° used. The first was developed by Jackson when modeling
P lanthanide halide$; and the second by Grimes for pyro-
T i i chlore compounds and doped cerium oxitfeBhe potentials
~N . .
£ onl g i for ZrO, were taken previously from Cormackand opti-
c 10 4 mized to cubic Zr@.**
=~ T | Q. . . . . .
o SHEEE T B To model the cation migration, two cation vacancies
F e * were created in perfect cubic Zg@ontaining no other de-
P - 1‘ fects at adjacent cation sites. Then, one lanthanide cation was
1074 S Zr Y iCa placed at different positions between these vacancies and the
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 surrounding lattice was allowed to relax. The configuration

enthalpies were calculated and plotted as a function of lan-
thanide position. From this plot, the migration pathway could
FIG. 3. Comparison of lanthanide diffusivities obtained in YSZ and CSZ.pe deduced, which is nonlinear for all lanthanides and all
For better comparability, different temperatures were chosen. Stars indicat ; ; ; ; ;
the self—diffusiv[i)ties of ri/ost and dopan[z catioftaken from Refs. 2 and)3 E?iﬁztlsloztetfastleoenl:gJ’ %vggrrsgg:aﬁ)sgs'?'ﬂéar:% rtgtelorglg:iﬂgﬂ
pies are defined as the saddle-point enthalpies. The resulting
S . migration enthalpies are shown for all lanthanides and the
diffusion in CSZ(5.1+0.3 eV).” Al results are summarized o potential sets in Fig. 6 as a function of the lanthanide
in Table | together with similar results on lanthanide diffu- jgnic radii taken from Shanndh.
sion in YSZ. As can be seen from Fig. 6, the migration enthalpy is
The preexponential values obtained are in the range Qfetween 3.5 and 5.5 eV. The values obtained using Grimes’
10"*~10"?cn?s™*, corresponding to an activation entropy potential set? developed for Ce@ show only a small ionic
of diffusion AS in the range of (10—2®), calculated ac- radius dependency; the migration enthalpy is slightly de-
cording to Webeet al." These values are higher than deter-¢reasing from 4.7 to 4.3 eV when increasing the ionic radius.
mined for YSZ (1.2—-6Kg. In the literature, it is shown that \yjith Jackson’s potential sétor halides,** the migration en-
diffusion via free vacancies should result in an activationth&“py is more strongly dependent and increases from 3.5 to

entropy of Kg for formation and &g for migration of 52 ev when increasing the ionic radius.
simple defects? resulting in a total value not greater than

6kg . The relatively high values obtained here could indicate

a more complex atomistic mechanism of cation diffusion, adV. DISCUSSION

discussed below. This feature was also observed in previous The diffusion profiles of all cations in single crystalline

self-diffusion experiment$,where it was deduced that the ¢Sz and YSZ were monitored in parallel, i.e., a mixture of

migration in CSZ should occur via electrically neutral com- g|| Janthanides can be used as a probe system for measuring

plex vacancies consisting of one cation vacancy associatefle cation diffusion in zirconia. This allows in principle a

with two oxygen vacancie§Vy, ,2V5 1" much better insight into the mechanism of the cation diffu-
sion in stabilized zirconiagand even in similar materigls
than the use of only one element in different experiments as

jonic radius / A

] °C has been recently done by Kowalsii al®® Lanthanide ox-
180017001600 1500 1400 1300 _ 1200 ides are known to form solid solutions with Zs@imilar to
107 ; gm%zé yttria and calcia, which should make them a good replace-
ment for monitoring cation diffusion. Under the experimental
w 107" AH,(CSZ2)=63208 eV conditions(20 nm initial layer thickness, some 100 nm dif-
N2 In(Dy/em’s™) =12+ 5 fusion length, it can be expected that the lanthanides are
° 107 forming a dilute solution in zirconia, and in no case, the
E 1074 system will be above the stability limit of the cubic phase.
n Above this stability limit of 40—50 mol % stabilizer content,
S 10" ordered phases are known to be formed in YSZ and in CSZ,
18 AH*(YSZZ) j 52202 eV e.g., being in the pyrochlore (Lar,0;) structure or similar
10™°1 In(Dfem’s") =22+ 1.6 ones.
50 55 6.0 6.5 The values of the activation enthalpy of diffusion in CSZ
10T /K are higher than the values for self-diffusion of the constituent

_ o o cations, being in the range of 4.5-5 &\t was concludedl
FIG. 4. Arrhenius plot of tracer diffusion of Samarium in CS@pen that in YSZ, the diffusion occurs via free cation vacancies

circles and YSZ(closed circles The line represents a fit according to Eq. 4, . . S
2 giving the indicated values for the activation energy and preexponentiaVZr formed by a SChOttky reaction in Zﬁd while in CSZ,

factor. the self-diffusion goes via vacancies associated to oxygen
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TABLE I. Summary of the experimental results for lanthanides diffusion in YSZ and CSZ and comparison with
literature data on self-diffusion in these materidésver part of table

Activation enthalpy(eV) In[Dy/cr?/s]

lon lonic radius(A) YSz CSsz YSz CSsz
St 0.87 5.0:0.2 4.1+0.9 0.6+1.4 —4+6
Lud* 0.97 4.9:0.2 6.2:0.5 0.2:0.2 9+3
Yh3+ 0.98 4.9-0.3 6.00.6 0.01.7 8+4
Tmé* 0.99 5.1-0.1 6.1+0.8 1.2¢0.8 8+5
Y3t 1.015 5.8-0.7 7+4
Ho®* 1.02 5.4:0.1 5.6-1.2 2.550.6 5+8
Dy** 1.03 5.2:0.1 5.9-0.8 2.20.9 8+6
Th3* 1.04 5.2:0.2 5.8-1.2 1.9+1.5 7+8
Gd** 1.06 5.4:0.2 6.4-0.8 4.1+1.6 12+5
Ew’ 1.07 5.2:0.2 5915 2.2¢15 8+11
i 1.09 5.2:0.2 6.3-0.8 2.2¢1.6 12+5
Nd®* 1.12 4.7:0.3 6.1+0.7 -0.4+1.8 10+5
PRt 1.14 5.3:0.2 5.7+0.7 3.651.4 8+7
cet 1.14 5.1-0.3 6.650.9 2.4:2.0 14+6
La®" 1.18 5.0:0.4 5.6-0.6 1.372.7 7+4
zrt 0.84 4.700.2 5.1+0.2 2.3 1.7
\ou 1.02 4.2:0.8 5.2+0.5° -3.7 3.5
cat 1.12 3.5:0.%F 5.6+0.1° —5.6 7.4

aReference 3.
PReference 2.
‘Reference 5.
dReference 14.

vacancieg. These cation vacancies should not be bound tdlifference between these values is then 1.5 eV, roughly con-
oxygen vacancies despite their high charge. We assume thstant for all lanthanides. From the self-diffusion studies in
this mechanism should also govern the diffusion of the lanCSZ it was concluded that the migration proceeds via com-
thanides in CSZ and YSZ, both because of their similar acplex defectgV3,,2V3* and the experimental activation en-
tivation enthalpy and also because of the chemical similarithalpy should be a sum of the migration enthalpy, a forma-
ties. When comparing the values of the diffusion coefficiention and an association term.The calculated values
for a lanthanide in CSZ and YS@&ee Fig. 4 for the example represent the migration enthalpy, and therefore, the differ-
of samarium, one can see that the lanthanide diffusion inence of 1.5 eV can be attributed to the sum of the formation
YSZ is slower than in CSZ. _ . . enthalpy of the isolated defects, i.¥3, and the %/, and
The connection between ex.perlmental .and_ S|mulat|on_refheir association enthalpy to form the defgatd’ 2v2']*.
sults can be done by comparing the activation enthalpiesgjn e the formation energy cannot be negative, one can share

The egpgr(i)me\r;tSa;g/alI(lj(/as for Iacr;thar:idde diffulsion ig ChSZharethe association enthalpy equally between the association of
around ©.U € ( mo) and include at east. oth t € the first and the second oxygen vacancy. In doing so, one
formation enthalpy and the migration enthalpy, without a sig-

o . : uge’[s a value of 0.75 eV for the upper limit of the association
nificant dependence on the lanthanide type, while the calc Enthalpy of a cation vacancy with one oxvaen vacancy. A
lated values are significantly lower. With the Grimes model Py y Y9 Y-

a mean value of 4.5 eV was found with only a small deperl_s|gnn‘|cant value for the formation energy should reduce this

dence on the lanthanide ionic radius, while the Jackson val\-'allue more. . ) ) e
In YSZ, the activation enthalpies for lanthanide diffusion

ues range from 3.5 to0 5.2 eV, but are also centered around 4.5

eV. While the Jackson potential set was developed for lan/ere smaller by 1 eV than the values observed for ¢sz.
imilarly, the self-diffusion activation enthalpies of the host

thanide halides, the Grimes potential set is developed for .
lanthanide doped ceria and pyrochlores, which are mucRations were between 4 and 5 &¥jso up to 1 eV smaller

more similar to the investigated system than the lanthanurifian found for the host cations in C$2t was concluded
halides used for developing the Jackson potentials. Genetbat in YSZ the cation diffusion proceeds via free vacancies.
ally, halides have higher ionic radii than oxides and they ard he difference between the two systems CSZ and YSZ of 1
“softer,” i.e., their polarizability is higher than in “hard” €V is consistent with the explanation given here that only in
oxides. These effects lead to the observed behavior of theSZ the measured activation enthalpy contains an extra con-
migration energies, in particular, to the much stronger variatribution due to defect association.

tion (1.5 eV in contrast to 0.3 e\Mof the migration energy, When comparing the experimental diffusion coefficients
and the role of ionic polarization is less influential on cationand calculated migration enthalpies, a change in the ionic
diffusion in zirconia. Therefore, the comparison of the ex-radius dependency of the evaluated parameters around 1.0 A
perimental and calculated activation energies will be focusesvas observed in both cases although it is not very pro-
on the results obtained with the Grimes potential sets. Thaounced for the migration enthalpies calculated with the
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diffusion coefficient by a factor of 5. Since the experimental
error in determining the activation enthalpy is of this order
(see Table)l, it is difficult to observe such a small effect in
the activation enthalpies conclusively. Therefore, a migrating
cation in cubic zirconia seems not to be affected by its local
surroundings when it is smaller than 1.0 A. For bigger cat-
ions, the interaction is gradually modified, leading to the
slight changes observed here both experimentally and from
b the modeling.
3 > These results correspond also to calculations of the
x Flory-Huggins x thermodynamic interaction parameters in

fluorite-type solid solutions of zirconia with lanthanides and

some transition metals made by Yokoka¢®Ref. 19 (Fig. 4

in Ref. 15; this figure is ambiguously labejedHe observed
(a for the lattice stability of threefold-charged cations ¢l'n
and othersthat it has a minimum value between 0.9 and 1.1
- A, while it is decreasing with increasing ionic radius for
42 Me?" transition metals. It is interesting to note that this be-
e havior is reflected in the cation diffusion in zirconias: Quali-
(1/4,1/4,0) tatively, the diffusion coefficients increase as the interaction
enthalpy calculated by Yokokawa become higher. The differ-
ence in interaction enthalpy within the lanthanides is accord-
ing to Yokokawa about 15 kJ/mol. This corresponds to a
change in the activation enthalpy of 0.17 eV, less than the
changes in the migration enthalpy calculated either using the
Grimes potential set0.5 e\) and the Jackson potential set
(nearly 2 eV. Alternatively, the variation of the interaction
enthalpy corresponds to a variation in the diffusion coeffi-
cient by a factor of 3, if one assumes a constant preexponen-
tial factor. This is close to the variation of the experimentally
(b) observed diffusion coefficieni§ig. 2).
FIG. 5. Energy map for Zf migration in perfect cubic zirconida) Sche- According to the theoretical calculations of Yokokawa,
matic drawing of the fluorite lattice. Two cation vacancies are placed athe interaction parameter should start being a function of the
(0,00 and(1/2,1/2,0, and one Zt* ion is intermittently moved between  jonic radius above an ion radius of 1.1 A. For the lanthanide
tsr;;\tl‘v’ivr?gptorztfgj o tg;x\éh:ri%?}éfp;agﬁn% (tﬁ)eRnf%‘;g't?fne:ferggy";?% odiffusion experiments made here, the diffusion coefficients

start to become dependent on the ionic radius above 1.0 A.
Regarding the diffusion of S¢ being only slightly faster

Grimes potential: below this value, the diffusion coefficientthan the diffusion of Zt*, we found significantly lower val-
is constant and then increases by a factor of 3-5. Given yes than for both the Iantha_nldes_ and_ the_ host self-diffusion.
constant preexponential factor one needs to decrease the ddiat could mean that scandium diffusion in CSZ seems to be

tivation enthalpy by about 0.22 eV in order to increase thedoverned by another type of transport process, probably by
the migration via nonassociated defects.

With a value of (1.2—68B5, the entropies of diffusion in

10

Energy / ev

i Saddle point:
0.0 (1/3,1/6,0)

55 YSZ also support a diffusion mechanism going via free
vacancies® According to Solieret al, for simple vacancy
La . . . .
< br Cee diffusion processes, an entropy dfg3for migration and &g

2, 5.0 e for formation of the vacancies are typical values for the two
% |_vgg) Er Y c‘dﬁ’g;: " processes. The valugs fpr YSZ are iq general slightly lower,
£ 45 Ko oy v C33La but since the determlnatlon. of t.he activation _entropy is more
S Yb Gd v erroneous than the determination of the activation enthalpy,
S * & o d they still support the diffusion via free vacancies. In contrast,
‘g 4.0 ¥ the entropies of migration in CSZ are significantly higher,

2 m . between 1Rz and 2kg. These large values are due to the
E 35 L,“ ‘. : . ‘ fact that the lanthanide diffusion goes via vacancy complexes
095 100 105 110 115 120 of the type[ V4/,2V4]*. Since three vacancies need to move
lanthanide ionic radius [A] here, the activation entropy should contain three times the

FIG. 6. Computer simulation of cation migration enthalpies in cubic zirco- contribution of 3(5 for migration, and one may even expect

nia using parameter sets of Jackgoincles (Ref. 11 and Grimegtriangles a value of 11_38 for the total activation entropy O_f diﬁUSior'-
(Ref. 12. Kowalski et al>® found that the bulk diffusion coeffi-
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cients in YSZ for the larger ion G4 are higher than for the Wwould be as low as 1.5 eV for CSZ, and nearly 0 eV for
smaller T, similiar to the findings in earlier self-diffusion YSZ, which is in contrast to theoretical calculations of for-
study? The lanthanides investigated are considered threefolghation enthalpies in CSZ yielding values below 1 eV.
charged. They show the same behavior as observed by Kow- (3) The cation diffusion coefficients can be correlated to
alski, namely, the smaller cations have a lower diffusion cothe interaction energies between Zrénd the lanthanide ox-
efficient than larger ions. This fact could be an indication thaide: The higher the interaction energy, the higher the cation
different mechanisms are involved in the diffusion of cationsdiffusion coefficient.

smaller than the stabilizer ions even if the charge of the ion is

different. It seems that the ionic radius is a more relevanfCKNOWLEDGMENTS

parameter than the ionic charge for controlling the cation  Financial support from the Deutsche Forschungsgemein-
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