PHYSICAL REVIEW B 66, 165106 (2002

Conduction states in oxide perovskites:
Three manifestations of TPt Jahn-Teller polarons in barium titanate

S. Lenjer, O. F. Schirmer, and H. Hesse
Fachbereich Physik, Universit@®snabrick, Osnabrgk, Germany

Th. W. Kool
Laboratory for Physical Chemistry, University of Amsterdam, Amsterdam, The Netherlands
(Received 2 April 2002; published 7 October 2D02

A comprehensive study of conduction polarons in purified BaTistals, containing about 100-ppm Nb as
extrinsic ions, is presented. Rib is compensated by i (3d') ions, many of them isolated. Small®Ti
polarons, stabilized by crystal strains, and polarons of intermediate size in less strained crystal regions are
identified. Both species break the point symmetry, indicating stabilization by a tetragora Jahn-Teller
distortion. There is indirect evidence for the presence of bipolarons in the crystal ground state. They have a
rather small dissociation energy, 0.01 eV. The investigations are based on electron paramagnetic resonance
(EPR performed aff <20 K under application of uniaxial stress. This allows to obtain local information on
the intrinsic Jahn-Teller properties of the conduction states of an oxide perovskite. For the small polarons stress
has the following effects(i) aligns the tetragonal Jahn-Teller axes along the stress directiorii padlarges
the radius of the aligned orbitals, transforming them into intermediate ones. The stress alignment of the
intermediate polarons is different: The Jahn-Teller axes orient perpendicular to the stress axis. Several of the
polaron features are elucidated by comparison with the stress-dependent Jahn-Teller properties of the impurity
ion Mo®* (4d%), where thed electron is prevented from tunneling to its* Tineighbors. The EPR of i in
reduced BaTiQ@ is attributed to polarons bound to doubly filled oxygen vacancies.
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[. INTRODUCTION studies. Important structural information on the polarons is
gained by observing the behavior of the EPR signals under
The structure of conduction-electron states in oxide pertniaxial stress. It turns out that a Jahn-Telld) effect
ovskites and especially in BaTiO(BT) has been studied (JTE) is at least partly responsible for the polaron formation.

intensively in the past-® There is evidence that in this com- | € Specific nature of the i (3d") electron polarons is

pound such carriers are on the verge of forming small po_highlighted by comparing their stress dependence with that

. L s of a (4d') electron, realized by a Md impurity in BaTiO;,.
larons, i.e., the electrons are self-localizing within about onepp e system is quite similar to 31; both cases are distin-

bond Iength.. These previous studies, howeve_r, have be ishable, however, with respect to the nature of their neigh-
performed with strongly perturbed specimens, i.e., reduced,,s- T8+ is surrounded by ions of the same %pei‘*‘l,’i
!

ceramics or single crystals, containing intended or accidenta\hereas these ions differ from §16. Therefore a Bt con-
defects. The corresponding spatially fluctuating potentialgjuction electron has a strong tendency to be delocalized to
tend to induce the formation of small polarons, and concluits Ti** neighbors; this is absent fordhelectron at a deep
sions from such investigations are not necessarily represeuefect, such as Md .

tative for unperturbed crystals. In this paper, in contrast, spe- In the first section a short overview on the general fea-
cially prepared specimens of high quality will be tures of polarons and their connection with the JTE will be
investigated, approaching the ideal case of no perturbatiorgiven. Then the experimental details of the investigation will
thus furnishing information on the intrinsic nature of electronbe outlined. The experimental results follow then, starting
polarons in BT. with those referring to Md'", succeeded by the i fea-

The present study is part of a systematic effort to elucitures. A separate section is reserved for polarons bound to an
date the structure and further properties of polarons in oxid@xygen vacancy in reduced BT. Each of these subsections
materials by electron paramagnetic resonafiRR.” Such will contain a specific dlscu33|_0n, de_almg W|th_the locally
investigations, yielding the most detailed conceivable insighfPPearing results. A general discussion, including the com-
into the microscopic properties of such systems, establish B2rison W.Ith a theoretical treatment of the structure S Ti
firm basis onto which interpretations of further, less conclu-Polarons in BT, follows and a summary will conclude the

sive experiments on global properties, such as optical aaper. Some of the main results of the EPR investigation of

.3+ . - . .
sorption or conductivity, can be based. Using nearly ideall! 8po|arons have been published earlier in a very abridged
material, we succeeded in identifying the EPR ot‘Tiree ~ WaY- Here we present an extended treatment of the subject.
polarons in an oxide perovskite, allowing to elucidate the
intrinsic nature of such charge carriers. In the previously

investigated strongly perturbed samples they are usually On general features of polarons recent overviews, e.g., by
bound to defects at the low temperatures needed for EPBmin and Holstei!, Devreesé? and Shluger and

Il. POLARONS
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Stonehant! may be consulted. The latter paper is concernedrom the purely dynamical case, where tunneling prevails,
especially with small polarons. The following brief introduc- over quasidynamic, with little strains, to quasistatic, where
tion to the topic is centered on the symmetry aspects of posome tunneling effects are still observable, up to the pure
larons. static situation have been classified and obsetved.

In crystalline matter conduction electrons can choose A combination of JT and polaron features is found in JT
among equivalent sites. The dynamics of the carrier transpoRolarons: They can form, if a mobile charge carrier finds
is determined by an interplay between interactions breakin§€generate orbital ground states at each of the eqllleaIent
the translation symmetry and those conserving it. Tunneling/t€S Of & crystal. In the special case treated here, ®d")
interaction, leading to band formation, belongs to the lattefn the cubic symmetry of thB site of anABO; perovskite, a
category. If it prevails, conserved translational symmetry ighreefold orbitally degenerate ground state is present in the
found, characterized by the same probability density of thdnitial, undistorted ne'arly octahedral crystal environment, the
charge carrier at each of the equivalent sites. A polarizatio§ymmetry of thed orbitals symbolized byy, yz andzx This
of the lattice by the electron tends to decrease its mobility, ul€generacy is spontaneously lifted by a tetragonal distortion,
to the point where self-localization takes place, spontanel®ading to a new, nondegenerate ground state, haxng
ously breaking the translation symmetry of a system. symmetry, if the distortion axis is labeled It should be

For small polarons the charge carrier and its accompamydnderstood that each of the other tetragonal directionsy,
ing lattice distortion are limited to about one lattice site andc@n likewise be axes of equivalent distortions; the corre-
its first neighbors. Such polarons can form if the coupling toSPOnding JT ground states have theror xz symmetry, re-
the lattice includes short-range contributicisse, e.g., Ref. spectively. Further details will be given in a later section.
9). In all practical cases the transport of small polarons isSUch @ JT effect can occur for the conduction electron at
characterized by thermally activated hopping, an incohererff@ch of the Ti sites, breaking not only the local point sym-
process. Their tunneling can be neglected and they thus shoetry but simultaneously also the translational symmetry.
broken symmetry. Large polarons, favored by Iong-rangeThe concept of JT polaroffswas aheunstlc_pnnmple in the
Coulomb interaction, can be considered to be the othefarch for high-temperature superconductivitizor present
boundary case. They extend beyond one bond length. Thellotions about the role of JT polarons in this field, sedl&fu
transport occurs coherently and they thus conserve transl4RefS. 16 and 17 Also several features of the colossal mag-
tional symmetry. Here the coupling to the lattice expresse§etic resistance compounds of the typg Lgsr,MnO; origi-

itself, e.g., by renormalization of the carrier effective mass tg@te from JT polarons, see, e.g., Ref. 18. . _
its polaron mass. The combined interaction of two like charge carriers with

Ideal polarons can be conceived theoretically; in reaithe lattice can lead to a stabilization energy which is larger
cases the interaction with lattice irregularities has to be takefan that of two separate polarons. If this surplus binding
into account. A major source of such perturbations ar@nergy_of two carriers is larger than_ thelr_Coulomb repulsion,
charge-compensating ions: one cannot dope a crystal to ghey WI_II attract Qach other, forming bipolarons. Unfortu-
n-conducting without introducing the corresponding donorhately, in all practical cases approached so far by HRE.
cores. The best for which one can hope is to study the propf) Studies, such bipolarons have been found to pair diamag-
erties of polarons by approaching a situation of zero dopingnetically and thus to be EPR silent. Still their presence can
Also crystal strains, caused by other sources, have to be coR€ inferred sometimes in indirect ways.
sidered. It is thus difficult to strictly separate the cases of
spontaneous symmetry_breaking _from those where localiza- Ill. EXPERIMENTAL DETAILS
tion is biased by potential fluctuations.

The formation of polarons shows features similar to those The BT crystals used in our study were grown using the
met in the JT effect? The latter applies to impurity ions crystal vibration method from a melt strongly deriched
exhibiting—in the case of unbroken point symmetry—orbitalfrom the frequently present alkali acceptor impurities, such
degeneracy or near-degeneracy of their ground states. Intexs Na or K. Such defects are usually compensated by oxygen
action with the lattice tends to break the point symmetry—vacancies, which are potential trapping centers for conduc-
leading to a static JT effect—because the resulting lifting oftion electrons. The alkali ions were washed out from the
the degeneracy can lower the energy of the system. Still alsstarting component BaGO Also the TiQ, component was
JT cases of conserved point symmetry are encountered; thepeoduced essentially free of alkali ions and likewise of Fe
are the situations labeled dynamic JT effects. In these inand Al by employing a special purification procedure. The
stances the renormalization of expectation values, for inpresence of a small concentration of Nb as a background
stance, of operators which restore the point symmetry, suctmpurity, however, could not be prevented. The BT starting
as spin-orbit coupling, is described by the Ham reductiormaterial and the crystals grown from it thus are weakly
factorsi? their inverses are analogs of the renormalized masdoped with NB*. As quoted by the supplier of the TjO
of large polarons. Static JT effects have features similar t@omponent, the Nb content is about 150 ppm. Since the dis-
those of small polarons. Also in the case of the JTE latticdribution coefficient of Nb in BT is about 1, the Nb content
strains play an important role. However, their influence isin the grown BT crystals can be estimated to be around 100
most pronounced foEXe situations, less for th&,xe  ppm. In BT, NB* acts as a donor and is compensated by
case, with which we deal in this paper. Depending on theTi®". These ions lead to a bluish coloration of the crystals,
relative influence of tunneling and strains, all cases startingvhich—in contrast to reduced crystals—cannot be removed
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by oxidation. With crystals prepared in this way the EPR of 19 P
isolated T¢* was observedd without further treatment. BaTiO;Mo™ 2 ®@
Resonances from reduced crystals or those grown from more 1.88 P~
impure starting materials are different. In addition to isolated
Ti®* also TP"-Nb®* pairs were identified. Astonishingly, a
sizeable concentration of the®Tiions is not associated with
Nb>" donors?® mainly these isolated T ions are treated in
this paper. The crystal containing Mo was kindly made 1.84
available by Dr. R. N. Schwartz, Malibu, California.

The EPR experiments were performed with a Bruker ER
200 S-SRC spectrometer near 9 GHz at temperatures be-
tween 4.2 and 20 K, achieved by an Oxford ESR 910 cry-
ostat. Uniaxial stress was applied to the specimens using a 1.8
setup as described by Kol.In this context it is useful to 0 10 20 30 40 50 60 70 80 90
mention that all the stress-induced phenomena reported in (100) [110] [010]
this paper take place in a completely reversible way without angle (degrees)
any hysteresis phenomena. Thus no stress-induced defect — ;
formation or other deterioration of the investigated samples Lo3s fonO T ¥y ®
occur. RN x

°
L)

1.86

g-value

1.82

IV. INTRODUCTORY EXAMPLE: 1.925

JT EFFECT OF MO °* IN BT

%

Figure 1 shows the angular dependence of the EPR spec- 1.915 p N

tra of Mo®* (4d?Y) in BT (Ref. 22 at 15 K for a rotation of

the magnetic field in &100) crystal plane. The branches in 2 oty Egy P =

Fig. 1 result from the’®®Mo isotope, which has zero nuclear 1.905 e ootare AN y l

spin (1=0). The resonances of the remaining stable iso- RN » S x

topes, havind #0, show hyperfine structufé,which sup- v t——e—e———~P=024 GPa
) ) . 1.895

ports the assignment to Mo but is not relevant in the present 0 20 40 60 80

context. The lines in Fig. 1 mark the resonance positions

predicted by the spin HamiltoniaH = ugBgS with S=3;

the principal values of the nearly axigltensor, typical for

Mo>", are given in Table I. The evaluation indicates that the gg 1. (a) The g values of the paramagnetic resonances of

Mo®" ion resides in an almost perfect tetragonal environo5+ in BT depending on the angle between crystal axes and di-
ment, slightly trigonally distorted, as expected if it replacesrection of magnetic field. The lines are the resonance positions cal-
Ti** in the rhombohedral crystal phase of BT, present beloweulated on the basis of thg-tensor information given in Table I.

183 K. Small tiltings of theg-tensor principal axes, consis- The small splittings are caused by the weak trigonal crystal-field
tent with the influence of the weak trigonal crystal-field com-component of the rhombohedral phase of BT. The orbitals corre-

g-value

0

{100] [110] [010]
angle (degrecs)

ponent, cause the small splittings in Fig. 1. sponding to the various branches are indicated. Under uniaxial
The prevailing tetragonal symmetry is caused by a statistress, assumed to be applied along[0@d] axis, the intensity of
T,Xe JT effect!? Here the representation symbb} indi- the lowest, nearly-angle-independent branch increases at the ex-

cates the threefold degeneracy and the symmetry properti@gnse of the upper two branchés) Same for the Ti* small po-

of the orbitals(xy, yz zx, ande the distortion mode of the laron signals. Under uniaxial stress, alignment occurs, as féf Mo
crystal environmentFig. 2). The presence of a JT effect is In addition the lowest branch shifts to lowgvalues, as indicated.
proved by the behavior of the system under uniaxial stress,

as applied along ELOQJ-type axis. In such an experiment the distributed over the three possible distorted configurations—
concentration of occupied orbitals extending perpendicular now favor that orbital having the lowest energy in the
to the stress axis increases, i.e., thoseyofymmetry do, if  stressed case. The rearrangement of the electrons to the new
stress is applied along [d00]-type direction calledz—an  energetical situation takes place at small stresses already and
assumption that will be made throughout this paper withougt temperatures as low as 4.2 K.

limiting generality. The sample could only be rotated around We want to mention here that also the weak trigonal
the stress axis i.e., the magnetic field was always perpendicerystal-field component will lift the assumed degeneracy of
lar to this axis and thus varying in they plane. Thexy the T, orbitals into a singlet and a doublet. This splitting,
orbitals then lead to the nearly-angle-independent branch ihowever, is expected to be small enough that it can be over-
Fig. 1. Simultaneously the orbitals extending along the stressdden by the tetragonal JT coupling. But still in the strict
axis, i.e., those ofkz and yz types, are depopulated. The sense one ought to speak rather of a pseudo-JTE, taking into
orbital occupation changes are caused by a reorientation @fccount the slight initial lifting of the degeneracy, instead of
the tetragonal axes, and the electrons—previously equallg pure JTE.
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TABLE . Principal g values of the various ¥f polaron mani-
festations and related defects.

BJ|x Bly Blz
Ti®* (small polaron
P=0 1.907 1.907 1.938
P=0.24 GPa 1.898 1.898 aligneBl
Ti3*-Np°*P 1.892 1.892 1.932
Ti®* (intermediate polaron
P=0 1.890 1.890 1.928
P=0.24 GPa 1.897 1.935 aligried
Mo>* 1.806 1.806 1.882
Axial Ti®* centers in 1.920 1.920 1.937
reduced BaTi@ 1.916 1.916 1.930
1.911 1.911 1.930

#The relevant axes are slightly tilted in(410)-type plane towards
[111] by 0.9° for M@" and 4.1° for Ti*. The branches in Fig. 1

mark the resonances resulting from all equivalent centers possible & Iz [
in cubic symmetry. E;r
b«Aligned” means that under stress only one axisjs realized. A~ =------- ;r -----------
measurement foB along the stress axis is not possible. 2E
T
As an alternative to th@,Xe JTE the association of y ﬁ Ixy>

Mo®>" with an ionic defect could cause the tetragonal sym-
metry. This, however, would not be consistent with the ob- FIG. 2. StaticT,x e Jahn-Teller effect of (ng ions in the oc-
servations. The rearrangement of a JT distorted environmemdhedral crystal field of a perovskite unit cell. One of the three
of Mo®" during reorientation involves only slight shifts of equivalent JT distortions is indicated. The indicated orbital ground
the relevant ions, whereas a defect next tMwould have  state is ofxy type. In the lower part it is shown how the electron
to change sites. In the latter case the reorientation barrieanergy is stabilized by-2E;r by this distortion. Since simulta-
therefore is expected to be much higher than in the previouseously the elastic energy rises By a total stabilization by-E;r
one. For instance, Hackmann and Kafiefound for the  results.
hopping timer of an oxygen vacancy between oxygen sites
in SrTiO; the temperature dependence =  with I ,: EPR signals of aligne¢ky-type) centersi,: EPR
=19exp(0.62 eV/KT), with 7o=5.3x10"*s, vyielding 7  signals of not alignedxz y2) centers;P: stress;V: stress-
=450 h at 600 K. At 4.2 K the corresponding time would be coupling coefficient; and;; : relevant stiffness constants of
effectively infinite. Taking such an oxygen vacancy as aBT. Figure 3 shows the experimentally determined quantity
sample case for an associated ionic defect in the present cage(2l,/1,,,) as depending onP. Using the stiffness
no movement would be expected at 4.2 K, the temperature glarameterd c¢;,—c,,=66 GPa the value ofV=0.90
which reorientation was observed. If instead of a vacancy arx 10* cm™? is derived. The fact thaty orbitals are stabilized
extrinsic defect was associated with Mo the barrier for by stress along is consistent with the corresponding slight
reorientation would even be higher, because then two iondeformation of the octahedron surrounding ™Mo The axial
would have to exchange sites. oxygen ions along the stress axis will approach®NMo

In the absence of external stress the JT ground stateghereas the equatorial ones will move somewhat outside.
resulting from equivalenitl00]-type lattice distortions, have The negative charge distribution in tiRg orbital then avoids
equal energy. This is necessarily so because the JT couplinge ligands more than irz or yz
is an internal interaction, which cannot lift the equivalence of In contrast to the situation of I, to be treated in the
the three tetragonal lattice rearrangements. External stressext section, no stress-induced changes of the Zeeman or
on the other hand, favors one of the JT ground states withyperfine splitting of the aligned orbitaty, were observed.
respect to the other two. The orbital population is determined’his means that the radial extension of the orbital is not
by the Boltzmann distribution. Quantitatively, this lead$'to altered.

21, —AE
T =80 T V. EPR STUDIES OF TI3*
nal
with A. Small polarons

3 v The EPR signals in Fig. 4 have first been attributed to
AE=-——— (1)  isolated T¥* and TP*-Nb>" by Possenriedet al”® The as-
2C13—Cp2 signment of the latter resonances is based on the ten-line
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32
A 1.906
Mos+
—_ L leo2 ¢
2 16 &
s
a“ 1.898
i
1.894
0 0.2 0.4
P (GPa)
0 0.10 0.20 FIG. 5. Change of thg, value of the Ti* small polaron signal

depending on stress. The line is a guide for the eye.
P (GPa)

FIG. 3. Stress alignment of the three equivalent JT ground statelsmcormatlon on thegtensors is given in Table I. Also a stress-

according to Eq(1). The stress-coupling coefficients, correspond- Edgfe‘#ﬁ“gnm?”t occurs,ﬂ?une comparafble ;EI)' thf? ctas_(rahof
ing to the slopes of the lines, are 0:900* cm™! for Mo®* and 0” . Ihis again proves the presence ol a Ji efiect. 1he

0.27x 10" cm ! for Ti**. In strain-free crystals the lines should stress-coupling factor, however, is much smaller than in the
cross the ordinate at 0. The shown deviations are attributed to norF€Vious caseFig. 3). Also in strong contrast to the situation

zero initial average strains. of Mo>" the g, value of the alignedky orbital decreases
strongly whenP is raised[Figs. 1b) and 5.
hyperfine structure, typical foNb (I =9/2; 100% natural No change of the EPR spectra occurs for stress along the

abundance Although one would expect that a conduction trigonal[111]-type directions. Since the JT distor.tions_ create
electron has a lower energy at aNbsite, one has to accept tetragonal symmetry along the thrg£00]-type directions,
the experimental finding that the electron mainly resides ak111] stress affects all these distortions equally, and none of

Ti, as implied by the notation ¥-Nb5*: (i) the g values the JT ground states is preferred energetically with respect to
(T’able ) are nearly identical to those of isolated’*l’j Nb** the other two. Also this demonstrates that the slight trigonal

in a sixfold cubic environment would lead to quite differgnt CryStal-field component at the Ti sites, present in the low-
tensor<® (i) The hyperfine splitting caused 5§Nb is com- temperature rhombohedral crystal structure, does not have to

paratively smalf® The Nb donor thus forms a rather shallow be considered in our argumentations.

potential. This is supported by the fact that a sizeable con- What causes Ehe stress-mducgd line sfifgs. 1b) and
centration of T{" is isolated(Fig. 4). The spontaneous trans- 5], present '_cor T:i bl_ﬂ not for M& ?. Theg, andg, vaIu_es
fer of the Nb donor electron to the Ti conduction band in©f a1 (nd) ion in axial symmetry with arxy lowest orbital
BaTiO; has recently been mentioned in Ref. 26. We are?'® 9IVen by
mainly concerned here with the properties of such isolated

Ti**. In an environment of equivalent “Ti ions they indi- 0/=0e— %

cate broken translational symmetry, typical for small po- E,

larons. Without application of external stress, the EPR of

isolated T#* (Fig. 4 shows features similar to those of ~ &nd

Mo®>": the topology of Fig. ib) is isomorphous to that of kN

Fig. 1(a) again indicating nearly exact tetragonal symmetry. 0, =Qe— —. )
E,

T 1 i T

932 [G‘f{‘;] Here the deviations from the free spin valyeare caused
. 3+ o S+

15K Ti'-Nb by spin-orbit admixturex of excited orbitals, competing with
the crystal-field excitationg;, andE, . We cannot measure
g, of the alignedxy state under stress, because the direction
of the latter, which defines the tetragonal axis, always lies
perpendicular td. E, is caused by the JT splitting, separat-
ing the xz and yz orbitals from thexy ground state, Fig. 2.
The reduction factork comprises two componentsk
=k.oKy1, Where the first one takes into account covaleficy,
and the second, quenching of orbital angular momentum by
the JT effect’ SinceA>0 for Ti*", a decrease of, is
caused by a declining, . In the case of al,Xe) JTE the
energy spacingz, corresponds to B;r (Fig. 2); we thus
FIG. 4. EPR signals of ¥ and TP*-Nb®" in BT at 15 K. conclude tha€;y is decreasing. The influence kf; works

1 | ] |

335 340 345 350 B (mT)
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into the same directiot? kyr=exp(—3E,1/fiw); herefw is BII[110]
the energy of the representative coupling vibration. 9.13 GHz /\\(w
We shall attribute the change &f;; to an increasing de- 42K P=0
localization of the polaron wave function under rising stress. B
This is suggested by the observation that there is no stress-
inducedg shift for Mo®>", which does not have the banding
tendency of T#*. In order to show that delocalization tends
to decrease the JT couplitfgve point out that the JT energy
can be written as a sum of contributions resulting from the
JT coupling to phonons specified by different wave vectors o
o E;j=34EJr. If the extension of a polaron wave func- 300 320 340 360 380
tion, labeleda, exceeds the wavelengthn2q of a coupling B (mT)
phonon, the interaction with such a phonon is averaged away
and thus the corresponditd); decreases with rising polaron
extension. QuantitativeR?

P=0.13 GPa

P=0.26 GPa

FIG. 6. EPR signals of the investigated crystal at low tempera-
ture (4.2 K) for various stresses. The small polaron resonances and
their shift under stresfsee Figs. (b) and § are indicated by the
vertical dashed lines, marking the initaP&0) and final @

3 =0.26 GPa) positions. They are seen to be superimposed upon a
strong resonance signal, which is attributed to polarons of interme-
diate size. The width of this signal is larger than that of the small
polarons and decreases with rising strésse also Fig. 8 below

assuming, as a model case, 8 lydrogenic|W(r)|?> with  The intensity of the small polaron signals decreases under stress

radiusa. It is seen that with rising polaron radiasphonons [see also Fig. 1) below].

with large q are progressively excluded from the coupling.

ConsequentlyE ;1 is lowered if the polaron radius increases. respective signals essentially unperturbed by other ones ap-

Why is the radius of thexy ground state of the polaron pearing only at low temperaturésig. 6). Furthermore, quite
increased under stress? The following model may be put foranexpectedly, the EPR intensity of the®Tipolarons rises
ward. Each of the Pi" ions is accompanied by a JT distor- with temperaturdFig. 7). This increase of the small polaron
tion; in the unstressed crystal all three distortion axes aréntensityl occurs exponentially according to the relation
present with a statistical weight gf The resulting disorder
will lead to sizeable local potential fluctuations to which a —E,
each T¢" contributes as well as adjusts itself in a self- 'ZTeXF{W
consistent way. To this disorder caused by the smaif Ti
polarons discussed here there will be additional contributions The factor 1T takes account of the Boltzmann distribu-
by the further T* objects introduced below. The potential tion between the EPR Zeeman levels. This influence, on the
fluctuations resulting from these sources will tend to de-basis of which the usual increase of EPR signals with low-
crease the mobility of the conduction electrons, thus lead tering temperature is expected, is overcompensated by the
enhanced coupling to the lattice, and correspondingly loweexponential. WithE,=0.01 eV it appears to describe the ac-
the wave-function radius. If the disorder is removed by stressivation of the Tf* small polaron EPR from a diamagnetic
alignment of the JT axes, the potential fluctuations become@recursor state. The parameterdenotes a temperature-
weaker, and delocalization sets in, causing a loigt. This  independent background concentration.
chain of arguments is supported by the fact that there are no At low temperatureqe.g., at 4.2 K in Fig. Bthe EPR
stress-dependeutshifts for Mo *: because of the inequiva- spectra of the material are dominated by a broad structure,
lence of M@" to its Ti neighbors, the radius of the Mb

E‘}Tocf e'd|W(r)|?dr=

2

=242
1+2aq

+c. 4)

ground state is expected to be smaller from the outset and not
to be increased by stress. The situation can also be described 40
in the following way: Under increasing alignment the crystal -
becomes more strain-free and the orbital approaches the £ 3
eigenstate expected for a conduction electron in an ideal BT 5
crystal. Such states are predicted to be of intermediate size e 20
by an embedded-cluster calculatiorio be commented be- :
low. Small polarons can form only if supported by lattice 5
irregularities, such as strains. As a corollary we furthermore 10
arrive at the important conclusion that the value of TP™*
gives an indication for the radius of the ground-state orbital. 0
B. Intermediate polarons T XK)
All the EPR studies of Pi" reported so fafFig. 4) have FIG. 7. Increase of the small polaron signal with temperature.

been performed at 16 K, because this allowed to observe thEehe line is calculated on the basis of E4)
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P=0.13 GPa

B|{[110]

4 8 12 16
T (K) WY /,/1// LAY,
P

FIG. 8. Dependence of the width of the intermediate polaron
signals in Fig. 6 on stress and temperature: the widths of the lines FIG. 10. Scheme of the alignment of the plane of the interme-
decrease with rising stress and they increase with rising temperakiate polaron orbitals under stress as applied along the indicated
ture. The lines are guides for the eye. direction. The shown delocalization of the electron density is based
on the calculations in Ref. 29. The shadings represent the electron

attributed to Ti* polarons of intermediate size for reasons todenS't'es atthe respective sites.

be discussed below. It is not observable at 16 K, because itgoved under stress. The alignment thus rather occurs as
width rises strongly with temperatur@ig. 8. The broad sketched in Fig. 10, favoring extended orbitalsyafand xz
signal is seen to be composed of two angular-dependenypes.

components, if observed for clarity under=0.24 GPa(Fig. There is no doubt that the new centers also have to be
9). Using this stress leads to sharper component lines, aftributed to T*: (i) Especially theirg values are quite
indicated in Figs. 6 and 8, and thus allows a more definiteclose to those of the small i polarons under stresgi) On
signal decomposition. But also f&=0, where the width is the other hand, they are distinctly different from those of
large (at least 7 m7T, an analysis has been attempted and—other defect species, such as Mo(Table |). As mentioned
despite limited resolution—it was clearly observed that inabove, the smalley values of the present Ti signals point

this case an additional, third component contributes to th& & larger polaron extension. Not knowing the radii of the
spectra(Fig. 9). In this figure theP=0 data are compared to correspondlng wave functions exactly, we caunouslyllabel
those taken withP=0.24 GPa. All the relevang-tensor them intermediate polarons, leaving open the question of
components are listed in Table I. It is se@fig. 9) that for whether they can already be considered large ones. As seen,

_ . . .0., in Fig. 6, they coexist with the small polarons and can
P_.O the responsible centers are charactenzed_ by thre%e assumed to exist in crystal regions that are more strain-
equivalent tetragonal axes. FBr=0.24 GPa the horizontal free from the beginning.
br_anch does not appear any more, indigating gstress-inducec?lt should be noted that the EPR signals of the intermediate
alignment of the axes. It is thus again straightforward t0,1ar0ns and especially their large widths correspond to a
assume a JT effect as the cause of the tetragonality. Howevepch |arger concentration, if compared to the small ones. By
in contrast to the previous case of the smaft‘Tpolarons,  cajibration with an EPR standard it is found that the small
here the branch corresponding to orbitals extending perpefyolaron concentration is about 0.1 pges related to the Ti
dicular to the stress axif.e., of extendedky type) is re-  contenj at 14 K, whereas the intermediate ones are present
with about 4 ppm. Thus most of the paramagnetic Ti po-
larons manifest themselves as intermediate ones. The major-
ity of Ti®* ions, however, must be present in a diamagnetic
configuration, since the concentration of Nb to be com-
pensated, is of the order of 100 ppm, see above. This addi-
tional reservoir of T is likely to consist of bipolarons, as
outlined below.

First the remarkably different stress alignment of the in-
termediate polarons will be discussed. As pointed out, their
energy is determined less by the JT coupling to the lattice
and more by the onset of banding, i.e., by a decrease of
kinetic energy accompanying delocalization. All orbital con-
figurations tending to increase the banding thus will be sta-

0 20 40 60 80 bilized. Under stress the crystal will expand slightly perpen-
[100] (110] [010] dicular to the stress axis; a dilatation by aboxt B0 per 1
angle (degrees) GPa is calculated from the elastic parameters of Blhere

will thus be a limit for the stress-induced expansion of an

FIG. 9. Angular dependence of the intermediate polaron resoxy-type orbital, since under increasing stress tHe Tieigh-
nances undeP=0 (full lines) and P=0.24 GPadashed lines bors alongx andy will start to be removed from the initial

1.93

1.92

191

g-value

1.90 |

1.89
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Ti®* site and tunneling to the equatorial* Tineighbors will  dependence of the small polaror? Ticoncentratior(Fig. 7)
therefore be limited. On the other hand, thé*Thneighbors  suggests that this object arises from a diamagnetic back-
alongz will move closer to Ti* (Fig. 10; a compression by ground with an activation energy of 0.01 eV. Since diamag-
12x10°% per 1 GPa is calculated. Now a more efficient netism is typical for all bipolarons indirectly identified so far
banding along this direction is possible, but only if thein the course of EPR studiést is likely that the observed
ground-state orbital of ¥i" reorients in such a way as to Ti3* signals arise from thermal dissociation of bipolarons,
move high density towards thedirection, i.e., leave th&y  for which the energy gain via a common lattice distortion by
configuration and assume am or yz character, as shown in o electrons outweighs their Coulomb repulsion by the very
Fig. 10. This banding along the stress direction is mediatedma|| amount of 0.01 eV. The recombination of dissociated
by thep,, orbitals of the G ions between the Ti ions neigh- ejectrons to bipolarons is expected to be strongly impeded by
boring along the stress axis. The increase of banding undedj,, giffusion. Under this circumstance a background con-
urr:iaxial ?t:ﬁSSEiSPSISO. sugljgest(_ad bé/ E[hetﬁbsgt{vationd_tfgat tr2:%ntration of those ¥ polarons will thus remain which are
shape of the signal assigned to the intermediate pg-__.. : I :
larons tends to become more Lorentzian with increasin%:net'ca"y htmd(_arelczi fl’O:'] ;Eehcombman??_. ;—.h's accountts for
stress, indicating an onset of exchange narrowing. € parametec in g. (4). The present findings support an

f earlier suggestioi that the ground state of conduction elec-

In the previous publicatidhon the topic a reorientation o . : _ ! &Ti
the intermediate polarons, as presented here, was not takdi@ns in BT consists of bipolarons. Since the Tconcentra-

into account as a possibility. The explanation of the angulafion in the crystals, which can be detected by EPR is only
dependence of these stress-aligned objects, different fro@Pout 4 pprmsee abovk whereas the total Nb concentra-
those of the small polarons, was rather based on the assumiin is estimated to be about 100 ppm, it is likely that a
tion that the conduction band had a minimunka0. How-  Sizeable concentration of i bipolarons is present in the
ever, this model could not account for the fact that the investigated specimens at low temperatures. The orbital
values of the intermediate polarons changed so little undestructure of T#" bipolarons is known from crystallographic
stressP #0. studies of TjO,.3* Here TF*-Ti®* pairs at neighboring sites

In this context two observations are mentioned that underhave been identified. This is different from the electron dis-
line the present interpretation of the alignment of the inter4ribution in bipolarons postulated previously by Moizhes and

mediate polarons. In the tetragonal phase of BT, existinguprurf? for BT, assuming two electrons on one Ti site,
between 8°C and 120 °C, the crystal is elongated along itsquivalent to Ti+.
fourfold, [001]-type axis. This corresponds to a negative
stress, if compared to our present investigations. Assuming
that the majority of the conduction electrons form interme- D. Further observations
diate polarons(or bipolarons, see belgwsuch a negative In addition to the shift of their resonance positions, the
stress will favor orbital expansion perpendicular to the elongyq) polarons also show a decline of their intengfg.
gated tetragonal axis. In _thls way it stabilizes the gxtendeql(a)] under increasing stress. Apparently this is caused by
xy-type states. This explains the fact that the electrical congg transformation of these objects into polarons of interme-
ductivity in ltetragonal BT is larger perpendicular to the_te'diate size, as indicated in Fig. (). Here it is seen that the
tragonal axis than parallel to it should be noted that this concentration of small polarons relative to the intermediate
feature cannot be explained by the alignment behavior of thgnes decreases. It is also observed that the width of the EPR
small polarons: According to their alignment behavior, segjgnals of the intermediate polarons declines under stress
above, negative stress should orient the plane of the cormgrig g whereas that of the small polarons is rather insensi-
sponding orbitals along the axis, favoring conduction alongye to such influence. To explain this we have to consider
and not perpendicular to it. first that the wave function of the small polarons has high
These arguments are furthermore supported by the faginpiitude near one Ti site only. Because of the low tunneling
that there are no indications for small or |ontermed|at_e POtendency of small polarons, their energy is dominated by the
larons in SrTiQ, also slightly doped with NES the material ~ corresponding rather localized lattice distortion. The strain
rather shows the behavior of free electrons moving in a widgjisorder in the unstressed crystal primarily serves to localize
band.'Thls is due to the slightly shorter lattice constant of thgp,o charge carrier and contributes comparatively little to its
material, about 2% less than that of BT 4.00 A. Thus bandinergy. We therefore have a unique wave function for all
transport is expected and found to be the prevailing transpodi || polarons and the EPR signals thus are rather sharp. In
mechanism in SrTi@. This may explain the circumstance jntermediate polarons, on the other hand, an electron encom-
that EPR of Ti* conduction states has never been observeglasses several Ti ions, and the wave-function amplitudes at
in SrTiO;. These findings show how sensitively thé*ﬂl each of these sites are influenced by the combination of
conduction states in Ti-oxide perovskites react to |att'Cestronger tunneling, the remaining locally varying strains, and
change;s.AIso the different manifestations_ of the JT (_affects_o{he weaker polaron coupling. Relative to it, the strain rem-
Mo®* in both compounds can be explained on this basishants now are more important. The wave function in this
while static in BT, they are dynamic in SrTiC* case is therefore not unique and varies from carrier to carrier,
depending on the local strains. Therefore alsoghalues,
via the level energiefEq. (2)] depending on the wave func-
As has been mentioned above, there is evidence tRat Ti tions, are expected to have larger spreads. The stress align-
can manifest itself in a third way in BT. The temperaturement on the other hand sorts out definite distortions, overrid-

C. Bipolarons
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1.8 it was established that the ground-state wave functions were
16 of T, (e.g.,xy) type, similar to the case of the small polarons
- treated above. This electronic structure of the defect ap-
Z 14 peared to be in accord with a model derived from previous
5 12 theoretical treatments of the&, center:®3"they indicated the
8 ground-state of the system to be Bj type. However, for
~ 1.0 several reasons, listed, for instance, in Ref. 38, these calcu-
0.8 lations did not model the situation reliably. More recent the-
06 oretical treatment®~4° using larger orbital basis sets than
- the previous ones, definitely and independently showed that
0 005010 015 020 0.25 0.30 the ground-state wave function ofy rather has a &
P (GPa) —r?) electronic structure and a high density within the va-
0.5 cancy. Centers wiFh or.b?tals.of this symmetry could, how-
. Q=1L ever, not yet be |den.t|f|ed in reduced BT, although they
0.4 T=432i2 would be easy to monitor by EPR. _
; How can this discrepancy be resolved? The isolated va-
03 cancy does not appear in a paramagnetic state if it is a nega-
o tive U system. This meafisthat two electrons iV do not
0.2 repel (U>0) but attract each other by joint lattice distortion,
outweighing the Coulomb repulsion. This leads to a diamag-
0.1 netic ground-state, just as for bipolarons, which are special
negativeU systems referring to quasifree and not to bound
0 0 o1 02 0.3 charge carriers. For a “negativé’- V5 center only the con-

figurations with no electrongg or with two electron/ are
stable?? The nonexistence of the singly ionized oxygen va-
FIG. 11. (a) Decrease of the intensitly, of the small polaron cancyVgo—being paramagnetic—is possibly also supported
signals under rising stress. The line is a guide for the ¢pp. Dby defect chemical studies of BT: under oxygen pressures
Decrease of the intensity, of the small polaron signals relative to betweefi® 10° and 10°'° Pa there is no evidence for singly
those of the intermediate polarohs, under rising stress. The line ionized oxygen vacancie¥y, at equilibrium conditions.
is a guide for the eye. How are the T#* EPR signals arising from reduced BRef.
35) to be explained then? The charge statgsandVg have
ing the internal strains, and thus leads to more defined andeen identified by Miler, Berlinger, and Rubirf$ indirectly
equal wave functions. A line narrowing results. Such an efby their influence on the EPR of neighboring®Ni(3d’)
fect has previously been reported for the stress dependena®purity ions(Fig. 12 in SrTiO;. Ni®* has a strong crystal
of magnetic-resonance linewidths of a defect in siliébm  field, low spin configuration, i.e., thg, subshell is filled and
this specific case a carrier could choose among three sitefe seventh electron is accommodated ixan y? orbital, if
equivalent with respect to the defect core, and tunneling way, is saturated with two electrons. If it is empty, the?3
competing with strains, as in the present case. A pronounced r? orbital is lowest(Fig. 12. No evidence was found for
EPR line narrowing was observed under stréss. the configuration with one electron Mg, supporting the
On the same basis the width of the intermediate polaronsegativeU nature ofV. Because the effect of the fullg is
rising with temperature, Fig. 8, can be explained. Because ddvidently to repel negative charges at a neighboring cation,
the increased tunneling the mobility of the intermediate pothe lowest orbital of a i ion next to full Vy is thus ex-
larons is raised. The accompanying lattice rearrangemenisected to be oky type (Fig. 12), as established experimen-
raise the probability for longitudinal'; relaxation of the tally. This model, corresponding to a bound®Tipolaron
spins, leading to increased linewidths. next to a filledV, is able to explain the configuration of one
of the axial Tt * centers in Table |. Becaussy, in this case
is lower than for the small polaron, as can be seen from Table
I, the axial field is stronger than in the latter case. Here the
Previously® several Ti* defects withg tensors slightly ~ splitting of the T, states results not only from the JT-type
different from those of the ¥i" small polaron were observed stabilization of thexy orbital but also from the influence of
by EPR in undoped BT after a strong reduction treatmentthe neighboring fullVg, evidently lowering the energy of
Among them there are three axially symmetric oriese this orbital and raising the energy gt andyz
Table ) having somewhat smalleg, , i.e., slightly larger Exactly one of the three axially symmetric centers, iden-
axial splitting energie$Eq. (2)] between theT, sublevels tified in reduced BT, as listed in Table | can then be assigned
than the small polaron resonances. These signals hate a TP* polaron bound next 5. It is not known which
beforeé® been assigned to the most fundamental intrinsic deene this is. The other axial centers of this type as well as
fects in BT, oxygen vacancie¥,, i.e., to one electron cap- several other ones with nonaxial symmétrare likely to
tured at an empty oxygen site, leadingig. Experimentally ~ arise from a T* polaron bound tovy plus additional de-

P (GPa)

VI. TI 3 POLARONS BOUND TO AN OXYGEN VACANCY
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Ni** Ti* or strongly doped crystals. The localization by defects will
prevent the formation of intermediate polarons.

VII. DISCUSSION

The theoretical studies mentioned above are based on an
embedded-cluster modelifigof Ti** polarons in BT. These
calculations clearly show that the eigenstate of & Téon-
duction electron in ideal BT is represented by a polaron of
intermediate size. However, this occurs only if correlation
effects are carefully taken into accodfitHartree-Fock-type
approaches tend to predict too strong localization at one lat-
tice site only. In contrast, under an appropriate inclusion of
correlation effects, it is seen that energy is gained in an ideal
BT crystal if the electron is delocalized from a singl€ Ti
site at least onto its first Ti neighbors and even beyond. The
calculation predicts that 28% of the conduction-electron den-
sity is found at the central Ti site, 44% is transferred to the
four nearest Ti sites alond 00]-type directions, and 28% to
the four next-nearest Ti positionglong [110]-type direc-
tions). For visualization of this extent of the electron density,
see Figs. 10 and 13. It was also found that electron density is
almost entirely restricted to ongl00]-type plane. This
proves the presence of a JT effect also in the case of such an
intermediate polaron theoretically: the energy would be

FIG. 12. Structure of the ¥ polaron bound t&/¢ as compared  higher if the electron was delocalized also into the equivalent
to established models of Ki next toVo; see Ref. 41. [010] and[001] planes. So the local cubic symmetry is bro-

ken. However, the studies also show that the intermediate
fects. They are all characterized by smaller averAgg ~ Polaron is not only stabilized by coupling to &type JT-
values than for small polaron i, supporting the associa- Vibration mode but also to aatype breathing mode. This is
tion with defects. This occurs especially if the crystals con-expected because of the charge unbalancef: Tihe Cou-
tain acceptor ions, i.e., ions negatively charged with resped®mb field originating from this extra charge is nearly isotro-
to the lattice. It is expected that in these casés Ts asso-  PIC In the nearly cubic crystal, inducing a breathing ionic
ciated both withVq and the acceptor, situated in different screening and co.rrespondmg binding. A total-t_anergy gain of
relative orientations. This has been protedspecially for 2.15 eV by coupling of the electron to the lattice was iden-

- . s ified; this is the sum of the JT energy, 0.09 eV, and the
associations with Na and K. Concluding, it appears that th o L T ’
Ti®* EPR signals observed in reduced BT have to be attrib. reathing contributions, 2.06 eV. In order to find the net sta

< ; ) _ bilization energy the 2.15 eV would have to be subtracted
uted to a polaron bound 5, either isolated or in conjunc- .0 half the conduction bandwidth. The low-energy

tion with a second lattice perturbation. subpeak of the BaTiQ, conduction band has a half-width of
Such systems demonstrate the influence of defects on thgout 2 e\*® indicating that the polaron level will lie close to

polaronic properties of the material. This supports the rethe rigid-lattice conduction-band edge. The estimate thus

mark, made in the introduction, that no information on theshows that a Fit electron is on the verge of forming small

intrinsic properties of polarons is to be expected in reducegolarons. Experimentally, the JT coupling is more directly

@

FIG. 13. (a) Schematical indication of the ¥i electron density of a small polaroth) electron density of the intermediate polaron
eigenstate of ideal BaTi) as based on Ref. 29, ari¢) assumed electron-density distribution of Tibipolarons in BaTiQ, as based on

(b).
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available, because it alone breaks the point symmetry andligned and the crystal becomes more homogeneous, allow-
thus causes the anisotropy of th¢ensor. Frong, [Eq. (2)] ing a less restricted tunneling.

one calculates In this way the previous small polarons turn over to those
of intermediate size and merge with the larger reservoir of

£ 2 2kn (5  Such objects present already before applying stress. They

T 3g9.—9g,° probably exist in crystal regions that are already less strained

before applying stress. A theoretical modeling of electron
For the investigated paramagnetic’ Tiobjects and for polarons in BT by embedded-cluster calculations indicates
Mo°" one derives the JT energi&sy: Ti*" small polaron:  that the intermediate polarons are the eigenstates of an un-
0.072 eV, T?" intermediate polaron: 0.060 eV, and MoJT  perturbed crystal. Polarons of this type are also paramagnetic
ion: 0.233 eV, using the values\(Ti®*)=154cm*,  and can be aligned under uniaxial stress, indicating that they
M(Mo®")=1030cm !, and, as an estimat&=0.8. It is |ikewise owe their axiality to a JT effect. Their alignment
seen that the empirical JT coupling energies fot"Tare  behavior, however, is different from that of the small po-

close to those predicted theoretically. larons. These turn the plane of their ground-state orbitals
perpendicular to the stress axis, whereas for the intermediate
VIIl. SUMMARY ones the orbital planes are parallel to the stress axis. This

_ — . . different behavior is attributed to the fact that the small po-
By EPR investigations of very pure BaljOcontaining |4rons are stabilized by local stress-induced distortions sup-

about 100 ppm Nb as extrinsic defects, at temperatures bey,ing the Jahn-Teller effect, whereas the intermediate po-
tween 4.2 and 20 K and employing uniaxial stresses betweefons' are favored by orbital orientations enhancing

0 and 0.2_6+GPa,1 we identified two paramagnetic manifestgy,nnejing. Numerous further observations corroborate this
tions °f+T'? (3d*) conduction polarons. 7 compensates o4l such as decrease of the intermediate polaron line-
the Nt?5+|mpu_r|t|es and is not, in most cases, associateqyigih under stress and its rise under growing temperature.
with Nb>", which thus apparently represents a rather shal- The concentration of polarons rises exponentially with in-
low donor potential. The first ¥ species has a relatively ¢reasing temperature. Apparently they originate from a diag-
localized wave functlon_and is therefor_e c0n5|d_ered tp be fhagnetic background reservoir, representing the third mani-
small polaron. It has axial symmetry with an axis easily ré-estation of TH* polarons. Their diamagnetism is consistent
orientable along the direction of uniaxial stress. This indi-ith the assumption that they represent bipolarons, i.e., two
cates first _that Pi* is isolated and second that the axial electrons at neighboring ¥ sites, attracting each other by
symmetry is caused by a JT effedt2>ée.”Both features joint lattice distortion, which overcompensates their Cou-
show that two symmetries are broken=Tiin an environ-  jomp repulsion. The binding energy of these electron pairs is
ment of equivalent Ti" ions breaks the translational sym- rather small, about 10 meV. The presence of bipolarons re-
metry of the crystal; the axial Jahn-Teller distortion indicatesquireS that these should be present in the low-temperature
that the essentially cubic site symmetry is also broken. Fopround-state of the crystal. The observation of paramagnetic
comparison the Jahn-Teller effect of the extrinsic ion°Mo Ti3* objects then apparently is based on a metastable situa-
(4d") was also investigated. Consistent with the Jahn-Tellefion: They represent those few electrons kinetically hindered
distortion it exhibits the same reorientation features a3 Ti from diffusion-limited recombination to bipolarons.

In addition the latter ion shows a shift of igsvalue, indicat- Also Ti¥* polarons bound to defects created by reducing
ing that the Jahn-Teller coupling is changed under streSBT have been identified. They shaywalues similar to those
This is absent for Md". The reason for this change must of the free polarons discussed before. Assessment of all ex-
thus be sought in the tendency of thé Toorbital to delocal-  perimental facts indicates that they are bound to oxygen va-

ize, expected because of its equivalent Ti neighbors. A largegancies filled with two diamagnetically paired electrons.
orbital has a lower Jahn-Teller coupling. This is proved by

caI(.:uIatmg“the phonon f(_)rm fgctor of thr—; system for varying ACKNOWLEDGMENTS
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