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Abstract

The role of hydrogen in strontium titanate and barium strontium titanate is analysed, for both ceramics and single crystals. New
infrared and second-harmonic generation (SHG) experiments show the relationship between hydrogen and oxygen vacancies. The infra-
red data exhibit strong absorption in the 3000-6000 cm~"' region due to polarons. The SHG data exhibit rather strong signals at room
temperature (nominally forbidden). These data are correlated with the temperature dependence of activation enthalpies from Steinsvik
(Oslo), and it is found that the latter are characterised by a universal exponent of 7/4 for the dependence upon vacancy concentration, in
agreement with the predictions for a cubic lattice in percolation theory. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The presence of hydrogen in strontium titanate and in
related isostructural materials such as BST — Ba,Sr;_,
TiO; — has become important for two completely unre-
lated reasons (1) In ceramic thin-film BST hydrogen
enters the ferroelectric both from residual organics in the
MOD processing and from the forming-gas anneal and
spoils the switching process in the ferroelectric,' as
studied carefully by Ashida et al. at Fujitsu.* The pri-
mary effect is a significant decrease in remanent polar-
isation and hence switched charge. Very recently it has
been found that this catalysis® of H by Pt (and the sub-
sequent catalysis of oxygen vacancies by H-ions) can be
minimised by using a TiN/Al metalisation scheme.® The
strongly detrimental effects of even small amounts
(<4%) of H, on PZT and SBT were detailed very
recently® and include the fact that in the presence of H,
Pt-electroded SBT partially decomposes into elemental
Bi (as first reported by Hartmann, Scott et al.) and PZT
partially decomposes at 823 K to yield 0.3% Pb. (2) In
pure strontium titanate hydrogen may contribute to
dielectric and ultrasonic loss peaks and spontancous
strain at cryogenic temperatures from 8§ to 65 K, most
notoriously at 37 K.”8

* Corresponding author. Tel.: +44-1223-333-463; fax: +44-1223-
333-450.
E-mail address: jsco99@esc.cam.uc.uk (J.F. Scott).

2. Loss mechanisms in pure SrTiO3 at low-T

Measured at 8 MHz, the 37 K ultrasonic and dielectric
relaxation in strontium titanate has some resemblance to
the Snoek mechanism of relaxation in metals such as
hydrogen in iron, tantalum, or niobiu.m. Snoek mechan-
isms, however, involve interstitial solutes, whereas H in
SrTiO; goes only into oxygen sites (as OH hydroxyl ions)
and not interstitially; e.g.® the true chemical formula
should be written as WO;_(OH), instead of H. WO5s. H
in metals generates relaxation in only the (S;;-Si»)
compliance, and not, e.g. in Sy4.; this simple fact makes
it relatively difficult to relate to recent measurements of
mechanical relaxation in SrTiOs;, which was measured
in terms of Young’s modulus, Cyj, etc., not S;. It is
noteworthy, however, that the hydrogen Snock peak in
Fe, Nb, and Ta at ca. 10 MHz lies at T;,=120 K (10.8
meV) and exhibits an activation enthalpy of h=128
meV. This ratio of h/kgTy = 11.9 is very nearly that
(11.54£0.2) observed!® for all the low temperature
relaxations in strontium titanate, including that at 37 K.
The activation enthalpy of 128 meV (1033 cm~!) may
correspond to a localized vibration of metal-hydrogen,
and in general we expect that such relaxations in stron-
tium titanate or BST will be optical-phonon-driven. By
comparison, the activation enthalpy for H in SrTiOj is
known'! to be 0.40£0.02 eV (400 meV), about 3x the
value typical of hydrogen in metals and, notably, less
than half the activation enthalpy for oxygen vacancies.
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Furthermore, the hydroxyl reaction is exothermic, so that
locally a kind of avalanche might be expected, leading to
OH clusters rather than randomly isolated OH defects. It
is possible to hydrogenate perovskite structures fully to
100% hydroxyl ions, as in bernalite Fe(OH)s.

The relaxations measured near 8 MHz by Scott and
Ledbetter'? in SrTiO; were primarily longitudinal at 65 K
and transverse at 37 K. This is not compatible with the
original 1937 theory of phonon-assisted relaxation by
Landau and Rumer, which predicts a negligible attenua-
tion of transverse modes, due to wave-vector conservation
restriction in three-phonon processes involving only
acoustic phonons. But this restriction is not applicable to
SrTiO;, however, since it is known!? that in this material
the soft transverse optic phonon has a relaxation time of
1.3x10~1%5, a full order of magnitude faster than acoustic
processes. Thus the inference is that optical phonon
relaxations are dominant in strontium titanate at cryogenic
temperatures, which is the fundamental point of Scott and
Ledbetter, viz. w,(q) — @)(q0 + ) — @§)(go), Where
o) and o) are the ferroelectric and antiferro-distortive
soft optic modes, respectively.

3. Interaction between H and oxygen vacancies

It greatly complicates matters that the hydrogen con-
centration in oxide ferroelectrics acts as a catalyst to
produce oxygen vacancies and other positive charge
centers.'*"!7 This was studied carefully by Takatani. et
al.'® and Kanaya et al.!® This means that the problem of
hydrogen in perovskite oxide ferroelectrics cannot be
cleanly separated from the problem of oxygen vacan-
cies. The activation enthalpy for OH in strontium tita-
nate is only 0.40+0.02 eV, about half that of oxygen
vacancies. The activation energy to move an oxygen
vacancy in strontium titanate is 0.82 eV, this is about
15% of the activation enthalpy to create an oxygen
vacancy, which is known with great precision to be 5.76
eV (133 kcal/mol). And the reaction is exothermic.
Thus, local avalanche-like runaway reactions can occur,
producing hydrogen-defect clusters and also oxygen-
vacancy clusters. Information on proton mobilities in
oxide ferroelectrics can also be found in a rather differ-
ent context: that of proton-conducting ferroelectrics.?’

Oxygen vacancies in SrTiO;_, self-order!! into 2x2x1
super-lattices at a critical concentration x.=7%. As the
vacancy concentration increases from zero, where the
activation enthalpy His 2.0 eV, H drops!! from 2.0 to zero
eV, signalling a phase transition. The dependence of H
upon x is given empirically (present work), as shown in
Fig. 1, with y = 1.78 £ 0.10 in the equation

H = Hy(x. — x)” (1)

We note that the percolation exponent?! for a three-
dimensional model (simple cubic) is y = 7/4, which

25

-
- (5] N
s L s

Enthalpy of annihilation (eV)
o
b

0 u T T T T
0 0.1 02 03 04 05 06

x-x(crit)

Fig. 1. Graph of activation enthalpy!! for displacement of oxygen
vacancies in strontium titanate vs. vacancy concentration, showing
percolation exponent of 7/4.

agrees with the experimental value in Eq. (1) and with
Prosandeev’s idea of cluster-polarisation.

4. Tetragonality and electric field effects

Below ca. T,=105 K pure strontium titanate is tetra-
gonal with a doubled unit cell.??> Oxygen vacancies and
other charged defects can shift this transition tempera-
ture significantly. Oxygen vacancies make the system
less tetragonal; that is, they shift the transition tem-
perature T, to lower temperatures. An oxygen vacancy
concentration of n=10? cm—3 is sufficient to lower T}
by 25 to 80 K; highly reduced SrTiO; has T, as low as
40 K.232* This effect is not due to carrier concentration
per se; making strontium titanate heavily n-type by add-
ing 10" cm—3 Nb donors has no effect on Ty.; hence this
downward shift in Ty is due only to vacancies; but these
oxygen vacancy concentrations have relatively little
effect on the temperature of the ferroelectric phase tran-
sition (which is incipient only — occurring at negative
temperatures — although Curie-Weiss law extrapola-
tions of dielectric constant or soft-mode frequencies give
a fictitious T¢'=35.5 K). By comparison, adding Ca
substitutional for Sr raises the actual ferroelectric tran-
sition temperature Tc (as high as 40 K);?° that is, Ca-
doped SrTiOj is ferroelectric at cryogenic temperatures,
whereas pure SrTiO; is not (even in thin-film form?2°).
Adding Bi also makes SrTiO; “more tetragonal” (raises
Ty), as evidenced in the greatly increased intensity of the
Raman superlattice modes which become allowed due to
the cell-doubling cubic-tetragonal phase transition at T;.%’

The Brillouin intensity studied at 9 K.?® has an unex-
plained dip at 2.7 kV/cm, which is unrelated to the fer-
roelectric transition field (1.9 kV/cm) at this temperature.
The dielectric loss tangent for the relaxation mode (peak
“A”) that is field dependent peaks sharply at?® 5 kV/cm.
The latter effect seems to be due to a mode crossing of a
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field-independent mode (mode III at 23 cm~') with the
field-dependent mode which is driven upward from 8§
cm~! at E=0-23 cm~!. These are not the field values at
which the ferroelectric soft modes cross the anti-
ferrodistortive soft modes at 9 K. The latter crossings are
at 1.0 kV/em for E,/E, components and ca. 17 kV/cm
for A4/ A5, components.*

5. Infrared data

In at attempt to study H in SrTiO3; and BST we have
employed infrared spectroscopy of the OH-stretching
region. A single crystal of pure strontium titanate was
used as the calibration benchmark. Spectra for this spe-
cimen are shown in Fig. 2. This is a nominally pure
strontium titanate crystal, which should exhibit no OH-
vibrations. Fig. 2 compares these OH-stretching regions
with data on MOD (metal organic decomposition) bar-
ium strontium titanate (samples from Symetrix Corp. and
from Aachen gave the same results). A broad shoulder
tentatively assigned to OH was observed at 3100 cm~! in
addition to a strong polaron absorption band at 4000
cm~!; the polaron band is modelled (notation of Ref.
14) with known longitudinal optical long-wavelength
LO phonon energy w, =815 cm~'; W = 3440 cm~';
and E =240 cm~'. This gives a ratio of W/w, =4.2,
which is true in most perovskite oxide polarons. 3100
cm~! is the OH frequency in hydroxyl perovskites!? such
as bernalite Fe(OH);. The BST results are nearly identical
to those reported on PZT,3! showing that oxygen vacan-
cies, not Pb vacancies or Pb "3, are the likely culprits. The
principal conclusions from these data are that BST exhi-
bits the same self-trapped polarons at oxygen vacancies
as does PZT, and single-crystal SrTiO; exhibits no
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Fig. 2. Infrared data at 292 K of self-trapped polaron absorption
associated with oxygen vacancies in 290 nm BST ceramic film (Briiker
IFS113v spectrometer) and for a SrTiOj; crystal, showing the known
strong phonon peak at 1280 cm~! but no polaron absorption.

measurable density of such vacancy polarons. The tem-
perature dependences and donor and acceptor con-
centration dependences of these BST polarons will be
reported in a separate paper.

6. Second-harmonic generation (SHG) data

Second-harmonic generation is a very useful techni-
que for demonstrating the local breaking of symmetry
in a centrosymmetric crystal. This occurs in our single-
crystal strontium titanate and in BST films (Fig. 3) not
only at surfaces, but also in the interior of the crystal.
This is probably due to oxygen vacancy clusters but
may also involve twin boundaries, mosaic spread, etc. —
basically most kinds of local symmetry-breaking. How-
ever, in order to produce SHG the symmetry-breaking
must be of odd parity and extend over a wavelength of
visible light (ca. 500 nm), so that point defects, unless
correlated (e.g. clusters) should not be efficacious. Note
that long-range strains usually are not parity-breaking>?
and hence also should not produce SHG. However,
infrared-absorption from nominally forbidden LO
(longitudinal optical) phonons at surfaces (“‘Berreman
modes”) is well known.*?> The most important aspect of
SHG in strontium titanate or BST is that oxygen vacancy
clusters will permit3? strong SHG in a nominally centric
crystal of ABOj perovskite structure and that the SHG
signal is linearly proportional to mean cluster polarisa-
tion size <p(7T)> (not physical cluster diameter). Thus
the regions in the interior of single-crystal strontium
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Fig. 3. Second-harmonic generation intensity theory from Ref. 33.
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titanate specimens that exhibit strong SHG are likely to
be clusters of oxygen vacancies, and these may in turn
arise from local hydrogen concentrations.
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