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and H/D isotope effects

A. Ya. Fishman, V. Ya. Mitrofanov, V. I Tsidilkovski*')

Institute of Metallurgy RAS, 620016 Ekaterinburg, Russia

* Institute of High-Temperature Electrochemistry, RAS, 620219 Ekaterinburg, Russia

Submitted 17 October 2005

It is shown that proton-associated dipole centers (OH) ™ can provide significant, glass-like, contributions
to the low temperature properties of perovskite-type proton conducting oxides, such as ABOs_, doped with
cations of lower valence. These contributions result from the splitting of the orientationally degenerated states
of dipole centers by random crystal fields and protons tunneling. It is demonstrated that H/D (or H/T)
substitution leads to large and abnormal isotope effects for the properties caused by (OH)™ degenerated states.

PACS: 61.72.Bb

Introduction. Much interest has been focused on
the defect structure and transport properties of differ-
ent perovskite oxides such as A'BIY_RIMO;_, due to
their importance as high-temperature proton conduc-
tors. Such proton conducting oxides are now considered
as candidates for use in high temperature sensors, fuel
cells, electrolysers and other electrochemical devices to
be applied in cleaner energy technologies based on nat-
ural gas and hydrogen [1, 2]. At elevated temperatures
these materials can dissolve a significant amount of pro-
tons in atmosphere containing hydrogen and/or water
vapor [3]. Protons in oxides are attached to the oxygen
ions forming (OH) ™~ centers, which possess dipole mo-
ment themselves and form more complex dipoles R3+-
(OH)~ with dopant ions R3T. There exist equivalent
potential minima for protons at oxygen and for (OH) ™~
centers near the dopant in the perovskite lattice ([3—5]
and refs therein). Both types of multi-well states without
regard for the interactions between different “dipoles”
and their interactions with other imperfections are ori-
entationally degenerate.

Evidently, such degenerated states can significantly
affect different properties under appropriate conditions,
and, in principle, the studies of these effects can pro-
vide additional information on the state and dynam-
ics of protons in proton-conducting oxides. In particu-
lar, information on the local dynamics parameters (e.g.,
tunneling near the single oxide ion) and on the (OH)~
centers concentration could be expected. Nevertheless,
we are unaware of any results in this field. The low-

De-mail: VTsidilkovski@ihte.uran.ru

IIucema B MITP® Tom 83 BHIM.3-4 2006

temperature dielectric relaxation in the proton contain-
ing A"BIV_RIMO;_, oxides was investigated in several
works of Novick et al. [6, 7], but possible manifesta-
tions of (OH)~ degenerated states were not considered
there.

The study of the proton-associated degenerate dipole
centers (DDC) manifestations is of interest for various
reasons. First of all, the process of protons migration
in oxides is complex enough (it is strongly coupled with
the oxygen dynamics) [3], and the role of local dynamics
of protons is not quite clear. Next, not all the questions
concerning the protons dissolution and their state in ox-
ides are clear (the effect of the dopant nature on the sol-
ubility, the possibility of various hydrogen charge states
in oxide, etc.). Furthermore, the proton-associated DDC
represent an additional example of degenerate tunnel
centers with several distinctive features, including ab-
normal isotope dependencies of their contribution to dif-
ferent properties, see below.

This communication reports our theoretical consid-
erations on the manifestations of the proton-associated
DDC in the low-temperature properties of proton con-
ducting oxides. The energy spectrum of such tunnel cen-
ters has been considered and different mechanisms of
the degenerate states splitting have been analyzed. The
attention is focused on the systems with moderate con-
tent of reoriented centers. A number of low-temperature
physical properties of such degenerate systems at arbi-
trary ratio between the tunnel splitting and the disper-
sion of random crystal fields have been considered. Iso-
tope effects H/D/T for the properties under study are
also discussed. The studies were performed for the com-



134 A. Ya. Fishman, V. Ya. Mitrofanov, V. I. Tsidilkovski

pounds ABO3_, with the acceptor doping in the B or
A sublattices: AUBIY_RIMO;_, and A! CIUBM™O;_,,
respectively.

The model and Hamiltonian. We have focused
on the low temperature region where the (OH) ™~ dipoles
reorientation is due to the protons tunneling between the
local potential minima near the single oxide ion and for
the effects under study one can neglect the protons trans-
fer between oxide ions. We are unaware of the precise
data for these potential minima positions and energet-
ics. Nevertheless, the available results demonstrate that
the height of potential barriers between these minima
is about 0.1 to 0.2 eV, see, e.g. [5]. A set of positions
for protons near the single oxide ion, suggested in [4], is
shown in Fig.1.
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Fig.1. Possible types of proton positions in the cubic per-
ovskites

The authors of [4], on the basis of atomistic com-
puter modeling results for LaMnQj, stated that pro-
tons are mainly located in the positions i and ii, see
Fig.1. A precise experimental determination of proton
positions is difficult. Some experimental results ob-
tained by different experimental techniques, however,
have shown some consistencies and confirm a model in
which protons lie in the potential minima between the

two neighboring oxygen ions, ii and iv positions, see [5]
and refs therein. Nevertheless, several computer mod-
eling techniques give a deviation of the potential min-
ima for protons from the oxygen-oxygen lines, see, e.g.
4, 8].

Let us consider in brief the degeneracy of the en-
ergy levels, without regard for tunneling, of the (OH)~
groups located in the nearest neighborhood of dopant,
and far from it: “bounded” and “free” states, respec-
tively. For the intermediate cases the splitting of DDC
states caused by the interaction of DDC with dopants
and (or) with other imperfections will be taken into ac-
count via interaction of DDC with random fields of ap-
propriate symmetry.

For the sake of simplicity, we restrict the considera-
tions below to cubic perovskites. It is clear, see Fig.1a,
that free DDC states for the i and iii positions are 4-fold
degenerated and the other are 8-fold degenerated (4 and
8 equivalent potential minima of each type for protons
in the lattice). For the protons located in the neighbor-
hood of the dopant in the B sublattice the “bounded”
8-fold degenerated states, due to the interaction with
the dopant, are split into two 4-fold degenerated lev-
els. It is easy to see that the bounded states located
in the neighborhood of the dopant in the A sublattice
are split as follows. The DDC levels for the i and ii
type positions are split into two 2-fold and 4-fold de-
generated levels, respectively, and the iii state is split
into a ground singlet and an excited doublet and singlet.
Thus, the ground state of the proton-associated dipole
centers is degenerated (except the case of the bounded
DDC of the type iii near the dopant in the A sublat-
tice).

Next we concentrate on the consideration of the
bounded states of protons, when (OH)~ groups are lo-
cated near the dopant R3' in the B subblattice (see
Fig.1a). This case is quite general and the results for
the other situations could easily be obtained using the
ones derived below. In particular, the contribution of
the “free” states of OH™ groups would not change qual-
itatively the results reported.

It should be noted here that a possible deviation
of the potential minima for protons from the oxygen-
oxygen lines does not change the type of degeneracy
considered, and, accordingly, does not change the main
results.

Let us consider the potential minima located between
the two neighboring oxygen ions, ii and iv positions.
Then the Hamiltonian H of (OH)~ centers (for the 4-fold
symmetry axe Z) in the space of wave functions respon-
dent to the irreducible representations (4; + By + E) of
the group Cyv can be written as follows:
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H= A, E, E, B,
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Here A; is the splitting parameter for the (OH) ~
center due to the proton tunneling between adiabatic
potential minima near the single oxygen ion; V; are the
interaction constants of the (OH) ™ center with strains
eq g; p is the dipole moment of the (OH)~ when proton
is localized in one of the potential minima; E, and E,
are z and y components of the electric field intensity,
and h; are the components of many-dimensional crystal
fields which transform under symmetry transformations
as proper components of the strain tensor.

Note that the Hamiltonian (1) is quite general, and
also allows considering the properties of DDC for the A-
substituted perovskites (Fig.1b) if the appropriate low
symmetry field caused by a substitution in the cation
sublattice A is specified.

DDC contribution to the low-temperature
properties in the absence of random crystal
fields. One can consider possible orientations of R3+-
OH ~ groups in the crystal as equiprobable. Then, the
energy spectrum of DDC in the absence of random crys-
tal fields can be written as follows?):

E(A1) = Ay; E(B1) = -Ay; E(E;) = E(Ey) =0.

(2)

It is seen that due to the tunneling effect the 4-fold
orientational degeneration is removed and several low
lying excited states appear in the energy spectrum of
DDC. As a result, the contribution of the DDC to the
heat capacity AC, elastic moduli ACy;, ACgs and the
dielectric susceptibility A €qq is as follows:

A\ A
A N 2 [ =L
C=_-Nokp (kBT> cos <2kBT) ,
V2 o f A
ACll = NO (kBT) |:COSh (m) +

+ (%) tanh (%A;T)] , 3)

2) The structure of the lowest energy states of such R3+-(OH)~
center is analogous to that observed for Jahn-Teller ions Tb31 in
crystals with zircon structure (TbVO4, TbAsOy4) [9].
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A€z =Ae€yy = Ae,, = Ng—ta h ( A

A, 2kBT>

where kg is the Boltzmann constant and N is the num-
ber of DDC (Np in our case is about the hydrogen con-
tent). The typical temperature dependence of AC (3) is
shown in the Fig.2 (curve 1). It is clear that the DDC

AC 0
0.8

0.4

kT/A,

Fig.2. Temperature dependences of AC (relative units);
The curves are labeled by the I'/A values

contributions (3), proportional to the protons content
in oxide, can be large and drastically change the low-
temperature (kg T < A;) properties of the considered
systems.

The effect of random crystal fields. The low-
temperature properties can change even more radically
when allowing for the effect of the random crystal fields
on the DDC states [10]. It is due to the possibility of
bringing closer and even crossing of the main singlet and
the lower of the splitted doublet DDC state under the in-
fluence of these fields. Let us illustrate it for the heat
capacity AC, elastic modulus ACg¢ and dielectric sus-
ceptibility Aeqo- To be short we will restrict ourselves
here to the case of the random fields of the hy type. It
allows us to describe qualitatively the effect of random



136 A. Ya. Fishman, V. Ya. Mitrofanov, V. I. Tsidilkovski

fields and to obtain the following simple expressions for
the calculated values:

_2Nokg [ u )’ )
se T [ (i) et

A€ga = %IF /700 [% tanh (u)] exp {—2”} dz,

ACg6 = <V22 cosh™ (u) +

_L/w

24kpT/7 J_oo
h

2 M) exp {2} d,

+2V34
where u = («T' + A) /2kpT.

The normal distribution with dispersion I'" has been
used here for random crystal fields. The typical temper-
ature dependences of AC' are shown in Fig.2.

It is seen in Fig.2 that the effect of random crys-
tal fields results in the distinctive qualitative change in
the thermodynamic parameters behavior at the temper-

atures kT <T'. In this case in the temperature region
kT <T?/A, for the AC, ACss and A €4, We obtain:

ﬁ)z} kgT 2n3/2

(4)

ACZNokB exp{— ( T T 3 )

2 A2 T 4
AeaazNOFexp{—(?t) }ln (—kBT) EN
5 Ay
ACGG = —NO?GXP{— <?> } [1+ (5)
Vaa)? T 1
(%) = (ar) |5

Thus at low temperatures the DDC contribution to
the heat capacity varies linearly with temperature. The
maximum slope in the AC(T) dependence occurs at
T'/A; = /2. The susceptibility is featured by the weak,
logarithmic, increase with the temperature lowering in
the region kgT < I'?/A;. The behavior of the elastic
modulus A Cgg in the low-temperature region is the same
(as that of Aeyy) if |Va/ Vs a| > 1; and if |Va/ Vs 4| K1
the modulus A Cgg is nearly independent of 7.

At the temperatures kg T>I' the obtained expres-
sions for AC, ACge and A€,y result in the behavior of
these parameters qualitatively close to that given by the
expressions (3).

H/D/T isotope effects for the DDC-caused
properties. Finally, it is noteworthy that the H/D/T
isotope effects for the properties under study can be pro-
nounced enough. The studies of isotope effects are of
particular interest for proton conducting oxides due to

their possible impact on the understanding of the state
and dynamics of protons. The main references to the
previous isotope studies and some new predictions for
the abnormal behavior of thermodynamic isotope effect
in proton conducting oxides can be found in [11].

For the properties considered above, H/D/T isotope
effects are caused by the strong dependence of the tunnel
splitting parameter A; on the mass of tunneling particle
(H, D or T). Making use of the quasiclassical approxima-
tion for the parameter A; in the symmetric double-well
potential U(z) (see, eg. [12]), the ratio of the splittings
for protons and D or T ions can be written as follows:

Ai myg my;
- — |4 —1
st = [ -1l h

J :711 / V2Ima(U(@) = Bo)de, (6)

where a and —a are the boundaries of the region of sub-
barrier motion, ¢ denotes H, D or T, Ey is the ground
state energy in the potential well, and the possible dif-
ference of the factor A from the unity (resulting from
the different E values for H, D and T) is inessential for
our considerations. The estimations for the characteris-
tic parameters for the oxides considered (barrier height
~0.2eV, Ey ~ 0.05 eV and 2a ~ 50 to 70 pm) give the
typical J values about 4.5 to 7 for protons.

Thus, one can expect significant isotope effects at
low temperatures. For example, for the heat capacity
of the system with relatively weak random crystal fields
I' < Al we have:

D\ 2 H _ AD .
ﬁg<A_t> exp{u}>1,k3T<A;,

ACr  \AF ksT

ACp _ (AP\? ;

—— =X 1 T > Al

ACe (A{I <1, kgT > Al (7)

It is seen that the isotope effect can be exponentially
large, it can change the character (from the magnitude
more than one to less than one), and the type of tem-
perature dependence. The temperature dependence of
the ratio ACp/ACH and the change of the character of
isotope effect are illustrated in Fig.3.

The appreciable random fields T' > A! cause the sig-
nificant reduction of the isotope effect ACp/A Cg in
the temperature range kgT < Al

H\2 _ (AD)2
%Eexp{%}ZL (8)

But they comparatively weakly affect the ratio
ACp/ACH at temperatures kgT > Al T, where the

Nucema B MATP® Tom 83 BrM.3—-4 2006



Orientationally degenerate (OH)~ centers ... 137

400
20
. 300 - (<_]>Q WL 20
V) >
10
< 200 S
3
0 0.1 kT/Ato'z
100 - 10
I 1 I 1
0 1 2
KT/A,

Fig.3. The ratio ACy/ACp as a function of temperature
at T' = 0; The curves are labeled by the AF /AP values

respective asymptotic expression in (7) is still approxi-
mately valid.

The isotope effect for the DDC contributions to the
elastic constants and to the dielectric susceptibility is
not so pronounced. For example, in the case of relatively
weak random crystal fields T" the ratios Aep/Aeg and
ACge(p)/ ACge(rr) are about Ay /Ap at temperatures
ks T <« A} and at the high temperatures kg T > A} the
isotope effect is small: the ratios mentioned are equal to
1+ O(Ap/Ag)?.

It is important to note, that the substitution of pro-
tons by deuterium or tritium ions can change the behav-
ior of thermodynamic values not only quantitatively, but
also qualitatively (because the ratio between the tunnel-
ing parameter and the dispersion of random crystal fields
also changes with this substitution). For example, the
exponential temperature dependence of the heat capac-
ity, which is expected for protons at low temperatures
and T' < AF, can change into the linear one for deutrons
and tritons, given I' > AP'T (Fig.4).

Conclusions. It is shown that DDCs significantly
change the properties of oxides. In particular, the DDC
contribution to the heat capacity can be significant at
low temperatures and exhibits unusual temperature de-
pendence: it has a Shotky anomaly and can linearly
vary with T decrease. The temperature dependence of
the DDC contribution to the elastic constants and dielec-
tric susceptibility can also be unusual: in some cases it
can increase as InT at low temperatures. It is shown
that isotopic substitution of protons could significantly
change the DDC contribution magnitudes under appro-
priate conditions, and the temperature dependences of
these isotope effects can be abnormal: up to the change
of the effect character with temperature variation. Our
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Fig.4. The temperature dependences of the proton (H) and
deuteron (D) DDC contributions to the heat capacity (rel-
ative units) for the noticeable magnitude of random crystal
field: T/AF =0.25, AF/AP =10

results demonstrate that the insight obtained from the
low-temperature studies of the DDC-specified properties
can provide essential information for understanding the
nature of state and dynamics of protons in oxides.
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