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ABSTRACT

The kinetics of cation reequilibration have been studied theoretically and experimentally in complex oxides after an external

perturbation of equilibrium by temperature jumps. A general kinetic model for cation redistribution amongst non-equivalent sites

in complex oxides is derived based on a local homogeneous point defect mechanism involving cation vacancies. Temperature-jump

optical relaxation spectroscopy has been established to investigate cation kinetic processes in spinels and olivines. The kinetic

model satisfactorily describes the experimental absorbance relaxation kinetics in cobalt containing olivines and in nickel contain-

ing spinels. It is found that the kinetics of cation redistribution in complex oxides shows a strong temperature- and composition-

dependence. Activation energies for cation redistribution in Co-Mg olivines are found to range between 200 and 220 kJ/mol

whereas an energy barrier of about 230 kJ/mol is observed in the case of nickel gallate spinel.
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1. Introduction

ransition metal ions containing complex oxides of the

olivine and spinel structure are widely studied materi-

als due to their relevance for technical applications in energy

conversion and storage devices.1-6) In such complex oxides,

cations are often found to occupy non-equivalent sites and to

possess non-random distributions.7-9) The cation distribu-

tions in these and other complex oxides play an important

role in determining their physical and chemical properties as

well as in their performance at operating conditions. For

spinels, the temperature dependence of the cation distribu-

tion has been well studied in a number of cases, see e.g..10-17)

However, the kinetics of cation distribution in spinels, i.e.

the rate of attainment of internal equilibrium, has been

studied in a few cases only.10-16) Recently, a temperature

dependence of the cation distribution in olivines has been

demonstrated.18,19) In general, however, knowledge about

equilibrium cation distributions and the kinetic process of

cation redistributions in complex oxides is scarce and the

atomic mechanism by which these internal, homogeneous

equilibria are attained is far from being well understood. 

The present contribution deals with the kinetics of cation

redistribution processes in complex oxides. Starting from

the equilibrium cation distribution, a general kinetic model

of cation site-exchange between non-equivalent sites is

derived within the framework of the vacancy-exchange

mechanism. The kinetic model is apt for the investigation of

the homogeneous cation redistribution processes in complex

oxides which in the present case are induced by sudden

changes in temperature. Examples reported include the

kinetics of cation redistribution in cobalt containing olivines

and in nickel gallate spinels. 

2. Theory

2.1. Cation Distribution and Its Equilibrium State

in Complex Oxides

In complex oxides of type A
X
B

Y
O

Z
, the two cations A and B

are assumed to occupy two non-equivalent sites, M1 and

M2, in the crystal structure. Considering the cation distri-

bution, the chemical formula, A
X
B

Y
O

Z
, can be written in

greater detail as M1(A
X-x

B
y
)M2(A

x
B

Y-y
)O

Z
 where x and y are

distribution parameters. The distribution of A and B cations

amongst the M1- and M2-sublattices is determined by the

homogeneous site-exchange reaction

(1)

where A
M1

, B
M1

, A
M2

, and B
M2 

denote cations in M1 and M2

sites, respectively. k
f 
and k

b
 are the rate constants for the

respective cation site-exchange reactions and their ratio

defines the equilibrium constant for the internal cation

equilibrium. At thermodynamic equilibrium, the cation dis-

tribution coefficient, K
D
, is given by Eq. (2) following the

mass action law

AM1 BM2

kf

kb

AM2 BM1+ +

T
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(2)

where ,  etc. represent the equilibrium concen-

trations of cations in the indicated sites. 

2.2. Kinetic model of cation redistribution

If the homogeneous exchange reaction of Eq. (1) is due to

a local point defect mechanism involving cation vacancies,

the overall exchange reaction is to be described by two

interdependent sublattice exchange reactions with the par-

ticipation of vacancies on both structural sites, V
M1 

and V
M2

(3a)

(3b)

From these elementary reactions, one obtains a system of

coupled non-linear differential equations

(4a)

(4b)

where the coupling of A and B sublattice exchange is due to

the fact that vacancies V
M1

 and V
M2

 are both involved in the

migration of each of the ions. Provided that the deviations

from equilibrium are small and using conditions of site bal-

ance and conservation of ions, the system of differential

equations can be linearised. From this, one arrives at a gen-

eral solution of double exponential form for the time depen-

dence of ion concentrations on the sublattices after a small

perturbation of the site populations, induced, e.g., by a tem-

perature jump. Under these conditions, the solution for the

concentratiosn, e.g., [B
M2

](t), is given by 

(5)

where , and where the parameters

λ
1
 and λ

2
, and the preexponential factors c

1
 and c

2
 are given by

(6)

(7a)

(7b)

with a
i 
and b

i 
(i = 1,2) 

(8a)

(8b)

(8c)

(8d)

However, the general solution approaches a single expo-

nential expression on the condition that i) one of the two

cation species is rate determining. If this is, e.g., the B cat-

ion the relation k
3
, k

4
<< k

1
, k

2
 holds, or that ii) the

exchange rates for A and B cations are very similar, i.e., k
3

 k
1
 and k

4
  k

2
. In these cases, the time dependent concen-

tration, [B
M2

](t), is expected to exhibit single exponential

behavior 

(9)

It is also found that the inverse relaxation time, 1/τ, is pro-

portional to the vacancy concentrations on the sublattices

(10)

where [A] represents the total concentration of A.

According to the Beer-Lambert law, the optical absor-

bance of A(BM" ions, e.g., on the M2 sites is given by 

(11)

where I
0
 is the intensity of incomming light and I is the

intensity of transmitted light through the sample. ε
M2

 is the

absorption coefficient of B cations on the M2 site, d the

thickness of the absorber, and A
R
 is the absorption loss due

to reflections at sample surfaces. Thus, the time-dependent

absorbance of B ions on M2 sites after a sudden change in

temperature can be modeled according to 

(12)

Here, σ represents the relaxation time of the absorption

coefficient ε
M2

. Because ε is defined by the electronic transi-

tion process the absorption coefficient will instantaneously

follow the temperature of the absorber thus reflecting the

attainment of thermal equilibrium after the temperature

jump. τ is the relaxation time of the concentration of B cat-

ions on M2 sites after the perturbing temperature jump.

,  and ,  are absorption coefficients and

concentrations of B ions on the M2 site in the initial state

(at time t = 0) and final equilibrium state (at time t = ). 

3. Temperature-jump optical relaxation
spectroscopy

Optical spectroscopy is site- and ion-selective and therefore

represents an important and useful experimental method for

the investigation of kinetic processes in complex ionic solids.

The combination of in-situ optical spectroscopy and the tem-

perature-jump technique opens the possibility to study the

KD

kf

kb
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cation exchange kinetics in real time at elevated tempera-

tures on a timescale from several seconds to several thou-

sand seconds.10,11,14,16,20-23) Fig. 1 shows the schematics of the

experimental set-up which consists of a modified optical

spectrometer (Perkin Elmer, Lambda 9) equipped with an

external optics including a furnace, a CO
2
 laser (Synrad,

Model 48-2) for introducing temperature jumps, and with a

computer for data acquisition. In the external optics two

light beams from a light source are used, one being the refer-

ence beam. The other beam passing through the sample

holder in the furnace is used as the sample beam.

In order to perform temperature jump experiments, the

sample is equilibrated in the furnace at a given temperature

of interest, T
1
, which is measured using a type S thermocou-

ple placed in the vicinity of the sample. The sample can then

be heated to a higher temperature, T
2
, by using the CO

2

laser (beam size 3 mm). The latter temperature can be

estimated from the temperature dependent optical spectra

of the material under investigation. Temperature jumps

between T
1
 and T

2
 can be introduced by switching the laser

on and off. In this way, the sample is heated or cooled rap-

idly and thermal equilibrium of the sample after such tem-

perature jumps is reached within a few seconds as

confirmed by our experiments.

4. Case studies

4.1. (Co
x
Mg

1-x
)
2
SiO

4
 olivines

Olivine crystallizes in an orthorhombic space group

(Pbnm). The divalent cations in the olivine crystal structure

occupy two non-equivalent octahedral sites, M1 and M2.

These two sites are different in size and site symmetry due

to their different distortion from the ideal octahedron. The

M1 sites are smaller than M2 sites and more regular in

shape. Layers of M1 and M2 sites are alternately arranged

along the [010] direction and M1 chains are parallel to [001]

as shown in Fig. 2. It has been found that the divalent cat-

ions are not randomly distributed on the two non-equivalent

sites in (Co
x
Mg

1-x
)
2
SiO

4
 olivines but that the Co2+ ions show

a preference for the M1 sites.9,24-26) Recent studies using in-

situ techniques at high temperatures have shown that the

cation distribution is temperature dependent with cobalt

ions increasingly populating the M2 site with rising temper-

atures.18,19)

Fig. 3 shows representative optical absorption spectra of

single crystalline (Co
x
Mg

1-x
)
2
SiO

4
 olivine (x=0.21) in the

range of 10000~30000 cm−1 at room temperature and at ele-

vated temperatures between 500 to 900oC. With increasing

temperatures, the absorption bands are characterized by a

broadening in width and a shift to lower energies. The

change in cation distribution in the two octahedral sites is

not clearly seen in the high temperature equilibrium spec-

tra due to vibronic coupling on both sites which is especially

strong for the centrosymmetric M1 position. According to

previous work,19,27) the observed electronic transitions are

well understood as being due to ligand field transitions of

the Co2+ ions in M1- and M2-sites.

Fig. 4 shows the time dependent optical absorbance of

φ  ≤

Fig. 1. Schematics of the experimental set-up for tempera-
ture-jump optical relaxation experiments.

Fig. 2. Crystal structure of olivine (Pbnm) looking along a-
axis. Large dark (blue) spheres are cations in M1 sites
and large light (green) spheres are cations in M2
sites. Si atoms are not shown.

Fig. 3. Optical absorption spectra of (Co
0.21

Mg
0.79

)
2
SiO

4 
in air

at room temperature and at temperatures up to 900oC.
Arrows M1 and M2 indicate the energies selected for
performing temperature-jump relaxation experiments
on the M1 and M2 sites, respectively.
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Co2+ ions on M1 and on M2 sites in relaxation experiments

in air with temperature jumps between 520oC and about

600oC, respectively. In both cases, a two-fold relaxation

kinetics is observed with the time dependent variation of

absorbance, A, being composed of a rapid change followed

by a slow relaxation process after temperature jumps. The

sudden changes in absorbance are caused by the optical

absorption coefficient ε, Eq. (11). The subsequent slow relax-

ation of absorbance is attributed to the concentration

changes of Co2+ ions in the respective sites. The time evolu-

tions of absorbance due to the concentration changes on the

M1 and M2 sites show trends opposite to each other. The

experimental behavior unequivocally demonstrates that

with increasing temperatures, the population of Co2+ ions on

M2 sites increases while it decreases on M1 sites.

According to tracer diffusion studies in isostructural

(Fe
x
Mg

1-x
)
2
SiO

4
,28-30) Mg2+ ions are less mobile than the transi-

tion metal cations. Therefore, the general kinetic model can be

used to describe the absorption relaxation in (Co
x
Mg

1-x
)
2
SiO

4

olivines subject to the above case i) with Mg ions as the rate-

determining species. Good fits are indeed obtained on the

basis of Eq. (12) as shown in Fig. 4. Relaxation times τ at

600oC and 520oC are found to be 130 s (τ
2
 in Figs. 4(a) and (b))

and about 4400 s (τ
1
 in Figs. 4(a) and (b)) for the concentration

relaxation, respectively. At both temperatures, the relaxation

time σ for thermal equilibration amounts to about 2 s.

The kinetics of cation site-exchange in cobalt containing

olivines (Co
x
Mg

1-x
)
2
SiO

4
 was studied in the temperature

range from 600 to 800oC for x=0.1, from 500 to 700oC for x =

0.21, and from 480 to 680oC for x = 0.6. Here, the upper tem-

perature limit is constrained by the time to reach thermal

equilibrium in the temperature jumps which in the present

experimental set-up takes several seconds as mentioned

above. In Fig. 5, the exchange rate constant, 1/τ, is shown in

an Arrhenius plot for the three samples studied. As seen,

the kinetics of cation site-exchange processes in cobalt-con-

taining olivines exhibit a considerable temperature- and

composition-dependence. Activation energies for cation site-

exchange in (Co
x
Mg

1-x
)
2
SiO

4
 of about 220 kJ/mol, 210 kJ/

mol, and 200 kJ/mol are found for x=0.1, x=0.21, and x=

0.6, respectively, Fig. 5. By extrapolation, the relaxation

time for cation site-exchange in cobalt-containing olivines

can be estimated to be less than 0.5 s at 1000oC. This con-

clusion clearly demonstrates that it will be very difficult if

not impossible to quench high-temperature cation distribu-

tions in order to analyze their high-temperature properties

by structural methods at room temperature.

4.2. NiGa
2
O

4
 spinel

In the crystal structure of spinel (space group ), the

oxygen ions form a face centered cubic lattice providing cat-

ion sites of tetrahedral and octahedral coordination as

Fd3m

Fig. 4. Time-dependent absorbance relaxation curves in
(Co

0.21
Mg

0.79
)
2
SiO

4 
and fits according to Eq. (12) for the

M1 site (a) and M2 site (b) upon temperature jumps
between 520oC and about 600oC in air. Relaxation
times of about 4400 s at 520oC and 130 s at about 600oC
are obtained for the cation concentration relaxation
process for both sites. Kinetics are followed for M1
and M2 at 23250 cm-1 and 11900 cm-1, respectively, as
indicated by the arrows in Fig. 3.

Fig. 5. Arrhenius plots of the rate constant, 1/τ, for cation
site-exchange in (Co

x
Mg

1-x
)
2
SiO

4 
with x = 0.1, x = 0.21,

and x = 0.6. Linear fits of the data points yield appar-
ent activation energies for the cation reequilibration of
221±4kJ/mol, 213±4 kJ/mol and 196±16 kJ/mol for x
=0.1, x=0.21, and x=0.6, respectively.
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shown in Fig. 6. Considering the cation distribution, the

structural formula of a AB
2
O

4
 spinel can be expressed as

M1(A
1-x

B
x
)M2(A

x
B

2-x
)O

4
, where the superscripts M1 and M2

denote sites tetrahedrally and octahedrally coordinated by

oxygen, respectively. Here, x represents the so-called inver-

sion parameter. With increasing temperatures, both nor-

mal- and inverse-type distributions with x close to zero and

one, respectively, are expected to approach the random dis-

tribution, i.e., x=2/3.10-16) It has been found that NiGa
2
O

4
 is

a largely inverse spinel - with x=0.92 for NiGa
2
O

4
 quenched

from 1000oC.31)

Optical absorption spectra of NiGa
2
O

4
 prepared by an

inter-diffusion reaction of NiO with a β-Ga
2
O

3
 single crystal-

line substrate at 1300oC were measured at room tempera-

ture and elevated temperatures as depicted in Fig. 7. The

spectra are dominated by electronic transitions of Ni2+ ions

in octahedral sites. The three main bands at room-tempera-

ture centered at about 9400 cm−1, 15800 cm−1, and 26300 cm−1,

respectively, are assigned to transitions of Ni2+ ions in an

octahedral ligand field from the ground state 3A
2g

(F) to the

electronic energy levels 3T
2g

(F), 3T
1g

 (F), and 3T
1g

(P), respec-

tively. In addition, slightly asymmetric band shapes indicate

an overlap with transitions of Ni2+ ions located in tetrahedral

sites. The absorption features at around 22400 cm−1 and

13000 cm−1 can be assigned to spin-forbidden d-d transitions

from the 3A
2g

(F) ground state to the 1T
2g

(D) and 1E
g
(D) states

of the octahedrally coordinated Ni2+, respectively.32) With

increasing temperatures, the bands exhibit a shift to lower

energies as well as a broadening which is a typical effect of

temperature on electronic transitions.

Fig. 8 shows time dependencies of the optical absorbance

of Ni 2+ ions on octahedral M2 sites at 15625 cm−1 for tem-

perature jumps between 860oC and about 1010oC. As seen,

upon a temperature jump the absorbance follows a two-fold

relaxation kinetics: at first abrupt changes occur - followed

by gradual decreases or increases depending on whether the

temperature-jump is from lower to higher temperatures or

opposite. Here, the first process reflects the temperature

change due to the corresponding instantaneous response of

the absorption coefficient ε, Eqs. (11) and (12), and the sec-

ond process shows how the concentration of nickel ions

relaxes to its new equilibrium value. In conclusion, the

relaxation behavior shown in Fig. 8 clearly demonstrates

that the concentration of Ni2+ ions on octahedral sites

decreases with increasing temperatures.

According to Laqua,33) the self-diffusion coefficients of Ni2+

and Ga3+ ions in NiGa
2
O

4
 spinels are in the same order of

magnitude. Therefore, it is reasonable to assume that the

sublattice exchange reactions of Eqs. (3) proceed at similar

rates and that the general kinetic model can be used to ana-

Fig. 6. Crystal structure of spinel ( ). Large (red)
spheres are oxygen anions. Small (green) spheres rep-
resent cations in M1 sites with tetrahedral coordina-
tion, and small (blue) spheres are cations in M2 sites
with octahedral coordination.

Fd3m

Fig. 7. Optical spectra of NiGa
2
O

4
 in air at room tempera-

ture and elevated temperatures. Spectra are domi-
nated by electronic transitions of Ni2+ ions in
octahedral sites, see text. 

Fig. 8. Temperature-jump relaxation experiments in nickel
gallate spinel with temperature jumps between 860oC
and about 1010oC. Absorbance relaxation curves of
Ni2+ ions in octahedral sites are measured at 15625 cm-1

with fits according to Eq. (12). 
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lyze the absorption relaxation curves subject to the condition

of case ii) above. As seen, Fig. 8, the single exponential fit

function for concentration relaxation, Eq. (9), provides good

fits to the experimental relaxation curves. The fit parame-

ters reveal a strong temperature dependence of cation kinet-

ics. As shown in Fig. 8, the relaxation times at 860oC and at

1010oC are about 3300 s and 380 s, respectively.

In nickel gallate spinel, systematic temperature-jump relax-

ation experiments have been performed with jumps from

higher to lower temperatures with the latter ranging between

850oC and 1100oC. In Fig. 9, the temperature dependence of

the inverse relaxation time is shown in an Arrhenius plot. As

clearly seen, the kinetics of cation exchange in NiGa
2
O

4

exhibit two different temperature regimes: one above and one

below about 950oC. Linear fits to the data yield activation

energies of 232±35 kJ/mol and 57±11 kJ/mol at temperatures

below and above 950oC, respectively. Because the inverse

relaxation time is directly proportional to the cation vacancy

concentrations, the slowing-down of the kinetics at tempera-

tures above 950oC indicates a decrease of the vacancy concen-

tration in the sample at high temperatures. As discussed

elsewhere,34) this is the result of the precipitation of gallium

oxide from the supersaturated spinel phase.

4.3. Cation redistribution kinetics in other complex

oxides

In addition to the above presented cases studies on Co-con-

taining olivines and nickel gallate spinel, several other studies

into the kinetics of cation ordering or cation reequilibration

can be found in the literature. By means of the same tempera-

ture-jump optical relaxation spectroscopy, work on NiAl
2
O

4

spinel revealed that the activation energy of the cation redis-

tribution process amounts to about 300 kJ/mol and that the

kinetics is strongly dependent on the excess of Al
2
O

3
, i.e., on

the nonstoichiometry of the nickel aluminate spinel phase.16)

Because the alumina excess is accompanied with a corre-

sponding formation of cation vacancies, these experiments

in which the alumina excess was systematically varied, pro-

vide strong evidence for the existence of a vacancy mecha-

nism for cation exchange between sites of different

coordination. In the case of MgAl
2
O

4
 spinel, Redfern et al.15)

estimated from in-situ neutron diffraction data an activa-

tion energy for cation redistribution of about 230 kJ/mol

and also found that the Mg-deficiency greatly influences the

order parameters. Finally, we would like to cite the work of

Harrison and Putnis35) reporting an activation energy of

about 217 kJ/mol for cation reordering in MgFe
2
O

4
 spinel.

Even more complex spinel systems have been studied. In

the case of, e.g., Mg(AlFe3+)
2
O

4
 an increased complexity of

kinetics is observed for cation exchange with the Mg-Fe

exchange being faster than the Mg-Al exchange.36) However,

only qualitative information has been derived in this case

on the cation kinetics.

Also for olivines, several investigations into the kinetics of

the cation distribution have been reported in the literature.

Using a Ginzburg-Landau model to analyze their neutron

diffraction data, Redfern et al.37) obtained activation ener-

gies of 193±3 kJ/mol and 172±3 kJ/mol for cation redistri-

bution in (Fe
0.5

Mn
0.5

)
2
SiO

4
 and (Mg

0.5
Mn

0.5
)
2
SiO

4
 olivines,

respectively. Activation energies for cation reequilibration

in (Ni
x
Mg

1-x
)
2
SiO

4
 of about 170 and 180 kJ/mol are reported

from optical spectra of quenched single crystals with x=0.3

and x=0.5, respectively.38) Interestingly, in the same olivine

system, Henderson et al.39) obtained activation energies of

245 and 260 kJ/mol from in-situ neutron powder diffraction

data on samples with x=0.2 and x=0.5, respectively. In con-

clusion, from our own findings and from the published liter-

ature on the kinetics of cation ordering in olivine and spinel

systems it appears that activation energies are fairly high

in these model oxide systems with values ranging in excess

of 170 kJ/mol. 

The latter conclusion, however, is at variance with results

of an investigation into the kinetics of cation redistribution

in ferrospinels reported by Sujata and Mason.13) These

authors studied the electrical conductivity/resistance relax-

ation in a series of iron containing spinels possessing a suffi-

ciently large concentration of Fe2+ ions to ensure that

electrical conductions is due small-polaron hopping on the

octahedral sites. They obtained, e.g. for Co
0.4

Fe
2.6

O
4
 and

Mg
0.8

Fe
2.2

O
4 

activation energies of
 
67.6 kJ/mol and 104 kJ/

mol, respectively, which are significantly smaller than the

energies in the above discussed cases. For an explanation

the authors refer to an earlier suggestion by Lasaga.40) This

author proposed that rapid electron hopping can provide

local electroneutrality for diffusing ions. In this way, ions

can effectively be screened during diffusion leading to

reduced activation energies for migration. The difference

evident between the above cited result for MgFe
2
O

4

35) and

the one reported by Sujata and Mason13) for Mg
0.8

Fe
2.2

O
4

Fig. 9. Arrhenius plot of the inverse relaxation time of the
cation distribution in NiGa

2
O

4
 spinel showing two

temperature regimes below and above about 950oC.
The activation energies in the two regimes are
232±35 kJ/mol and 57±11 kJ/mol, respectively.
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seems to provide evidence for the validity of this explana-

tion. It should be mentioned in this context that for example

in Mg
0.8

Fe
2.2

O
4 

a considerable fraction of about 10% of the

iron ions is in the divalent charge state. However, small-

polaron hopping may also be present in the above discussed

cases with high-energy exchange kinetics, e.g. in the Co-

containing olivines. But in the latter case, the small

polarons are represented by localized holes on the transition

metal cations. This will increase their effective charges

locally and, therefore, in this case no reduction of energy

barriers can be expected for cation kinetics. 

5. Summary

On the basis of a local point defect mechanism involving

cation vacancies, a general kinetic model has been pre-

sented for the cation redistribution process amongst non-

equivalent sites in complex oxides. Temperature-jump

induced cation kinetic processes in olivines and spinels have

been investigated by means of optical in-situ spectroscopy

combined with the temperature-jump relaxation technique.

The kinetic model satisfactorily describes the absorbance

relaxation curves obtained by temperature-jump optical

relaxation spectroscopy. It is found that kinetics of the cation

redistribution process are strongly temperature dependent

and that they can also depend significantly on crystal compo-

sition. Activation energies for cation redistribution in Co-Mg

olivines have been found to range between about 200 and

220 kJ/mol whereas an energy barrier of about 230 kJ/mol is

observed for nickel gallate spinel. In both cases strong evi-

dence has been provided for the existence of a vacancy

mechanism for cation redistribution. The high energies

observed in a number of oxide systems appear to be charac-

teristic for cases in which no screening effects due to elec-

tronic defects are effective. 
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