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Superionic behavior of high-temperature superconductors
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lonic transport, a characteristic feature of superionic conductors, is analyzed microscopically for the
RBa,Cu;0;_5 (R=rare earth high-temperature superconductors. The electronic correlation effects are consid-
ered to be responsible for the formation of a local double-well potential for apical oxygen, which, in turn,
results in a decrease of the activation energy for interstitial chain oxygen d¢®@153-1827)05302-2

I. INTRODUCTION proached. The transition of a crystal into such a superionic
(from the ionic conductivity standpoinstate happens due to

Intensive experimental investigations of oxide high-the stepwise growth in the concentration of Frenket
temperature superconductofidTSC’s) during the past de- Schottky defects which is promoted by their interaction
cade provide an extensive database on structural as well #srough the mediation of the lattice distortfdmnd the direct
dynamical properties of these compounds. We concentrat&oulomb interactiort®
our attention on the phenomenon of oxygen transport in the ANB®8~N compounds, which exhibit variation of the
superconductors of th&Ba,Cuz0;_5 (R123 family.1?  chemical bond from the ionic to the covalent type ugén
Oxygen ions exhibit pronounced mobility even at room tem-increasing from 1 to 4, probably represent the best studied
perature(i.e., far below the melting poiitand the effect of family of materials’ If the materials were arranged so that
oxygen ordering has been studied experimentally by neutrotheir chemical bond progressively changed from the former
and x-ray diffractiod as well as by spectroscopic type to the latter one, superionic conducté®&C's) would
technique$:® The binding energy of oxygen is known to occupy the borderline position. As it is generally accepfed,
vary strongly for different lattice sites, which allows, e.g., this borderline corresponds to the ionicity coefficient
realizing the site-selective oxygen-isotope substitution withinF;=0.785 and separates materials of predominantly the co-
the R123 structuré:’ At a temperature about 1000 K oxygen valent zinc-blende or wurzite structufieurfold coordinated
moves easily away from the O(1) chain sites toward therom the materials of the ionic rocksalt structufgxfold
vacancy sites O(5) in a basal plahat still higher tempera-  coordinatedl As a consequence, SIC’s exhibit the ability to
tures oxygen is removed from the structdir@s oxygen is  vary the coordination number under the pressure easily. For
removed from the Cu-O(1) chains and the occupancies ofxample, such a popularly known superionic conductor as
the O(1) and O(5) sites become equal, the orthorhombiégl can be transformed into the NaCl structure under the
structure transforms into the tetragonal modification with nopressure of only a few thousand atmospheres.

crucial change of lattice parameténsut with disorder of The electronic structure of Agl and other silver halides
oxygen ions in the plaif.Pressure above 70 kbar is known has been investigated experimentally by means of x-ray and
to stabilize the tetragonal modificatioh. UV photoemission spectroscopt®$® and an appreciable

There is some experimental evidence supported by the@verlap of 4l-silver and $-halogen orbitals was found. The
retical treatmertt ~*3that bulk R123 materials exhibit ferro- Brillouin-zone symmetry of both the wurzite and the zinc-
electric properties, with the apical oxygen atomé4f)play-  blende (covalent bong structures allows thegp-d mixing
ing the key role. Ferroelectric modeéfs!? in which the throughout the zone, whereas the rocksalic bond struc-
O(4) atom is moving along the axis in a double-well po- ture would forbidp andd orbitals mixing atk= 0.1t seems
tential, have been proposed with the origin ascribed to th@lausible to conclude that, in accordance with a degree of the
polaron tunneling** p-d mixing, crystals exhibi{Agl), or, alternatively, do not

In what follows we consider the oxygen transport phe-exhibit (AgCl and AgBJ) the superionic properties.
nomenon in oxide HTSC materials from the “superionic It is important to note that ferroelectric properties of the
point of view.” Given a small concentration of defects in a perovskite-structure oxidég.g., BaTiG, and PbTiG;) have
crystal, it is possible to examine their contribution to thebeen recently discussed with the origin attributed to the hy-
crystal properties through an expansion in a perturbation sebridization between the titaniumd3and oxygen p states’
ries. However, the relevant small parameter fails as the nunstrong correlation between the Cudj3and O () elec-
ber of defects increases, i.e., the system becomes qualitttonic states is the generally recognized property of HTSC's.
tively different. A regime where the number of allowable Considering the existence of oxygen transport as well, we
sites is much greater than the number of particles and, bexnalyze the ionic transport propertiesRf23 superconduct-
sides, the activation energy essentially decreases, may takes from the standpoint of superionic conductivity.
place long before the crystal melting temperature is ap- We have recently developed a microscopic model for es-
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tablishing a relationship between the superionic properties of
a material and the electronic subsystem featttéhe ap-
proach places primary emphasis upon the possibility of local
double-well potential formation for one type of crystal con-
stituent ions as a consequence of the appearance of specific
electronic excitations, namely, the electron-hole pairs that
originate from thep andd states and are dressed with the © Iéb:
transverse optical phonon cloud.

It is worth noticing thatp-d correlation is not the only a
possible source of formation of a double-well carrying the
dipole moment. A similar conclusion could be reached FIG. 1. A schematic figure illustrating the arrangement of oxy-
within independent models;?2with some reservations about 9en at different sites.
the polarization(transverse rather than longitudipahd sta-
tistics (Bose rather than Ferinof involved excitationg® In IS the averaged energy of the dipdl in the field of a
general, suppression of the oxygen activation energy is indecharged particlésee Ref. 24, Fig. )1 with the factor 2 in
pendent of the mechanism of double-well potential formatiorfront of (Ui, in Eq. (3) being due to necessity of consider-
provided that the resultant dipole magnitude is the sfgee  ing contributions from both ions at interstitial sites and va-
Eq. (3) and the discussion beldwBut when treating the cancies, which remain at lattice sites,
problem of “fast ionic transport,” it is natural to try first to )
apply the microscopic modélwhich seems to be adequate x=eD/e;R°T, y=DEys/T, D=es,
for superionic conductivity.

I, is the Ith-order Bessel function with an imaginary argu-
ment, and Shi is the integral hyperbolic sine functiblp, is

II. MICROSCOPIC MODEL AND DISCUSSION the concentration of dipoles,, is the reduced energy of a
dipole in the absence of Frenkel defects given by

1/2

As it is shown in Ref. 21, the local potential for some ions
may exhibit the double-well shape, nonsymmetrical with re- .
spect to the original lattice site, even at a temperature far go=1-ycotly, )
below the superionic transition point. The spacing of poten€ ¢ is the intensity of an external electric field which is due
tial minima 6 was found to be to the presence of a charged double layer, if any, near the
crystal surfaceg; is the charge of the ion, and,; is the
2 background dielectric constant. The integral in E8) is
0=Tex M@ZA ' (1) taken overR<Rg, whereR; is the screening length, as the
Coulomb interaction is essentially suppressed at larger dis-
where tances. The electric fiel&ygs can be roughly approximated
by a steplike function, which takes the approximately con-
1 ) stant valué® of Eys=T/eR; in the vicinity of the surface and
A= Né |7ql“®q. 2 abruptly decays at distances larger tHadn The screening
length is taken hereafter &~ 10"’ cm which provides a
M, is the effective ionic mas@ave takeM;=Mg below, con-  feasible analysis when the influence of the surface is totally
sideringM ¢, >Mg), N is the total number of ionsy is the  neglected.
characteristic phonon frequencf € 1), v, is the electron- Following Eg.(2), it is possible to evaluate the eigenen-
hole pair—transverse-optical phonon coupling constant, angrgy shift due to the electron-hole—phonon coupfihgs
fexcis the expectation value for the operator of a number ofA~M?/w, whereM is the characteristic matrix element of
electron-hole excitations. In the case under consideration thid&e proper dipole-dipole interaction. In accordance with the
electron-hole excitations are of a nonzero chemical potentigdorm of the Hamiltonian for this interactionyl=(u/a)V,
(unlike Ref. 23, which is due to the finite concentration of whereu is the ion displacemeng, is the Q4)-Cu(1) spacing,
holes fixed by oxygen content even at low temperatures. and V is the total self-consistent potentidlfelt by an
As a result of the Coulomb interaction of a stable Frenkelelectron-hole pair. Thus we finally obtain
defect with the ionic dipole®, originating from O(4) sites

(Fig. 1), the defect activation energy decreases. Disregarding %
h o . . - . A~ (6)
anisotropy within the range of integratioisee discussion M w282
below), the gain in activation energy can be estimated as '
(kg=1) (Ref. 29 at low (T<Tp) and
= Vi T
AE,=—47NpT | dRR(g9—2(Uin), €)) ANZZ_W (7)
where at high (T=Tp) temperatures. Her&, is the Debye tem-
) perature,
[1(x) sinh(x)coshy)

<Uint>:1_x|0(x) "~ “Shi(x—y) + Shi(x+y) “) V~[e,+eq— AW, (8)
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and dipolesNp=Ng, whereNg is the concentration of apical
YRRy O(4) oxygen ions, Eq(3) yields the estimation of the energy
[ H 2 .
8p+8d=8p+8d+2 W( Lo o 1) gain (,D/R“T>1) (Ref. 24:
|!
W [ 9 — ¢eD
A TP ©) AEa:—167TRNOE—1. (10

is the sum ofp- andd-electron energies renormalized with
regard to the Coulomb interaction between full levéls. In accordance with the cutoff procedure used to approximate
Dol Lol the integral in Eq(3), R is to be of the order oRg, but at
AW=W( )—W( the same time, it is physically clear th& is within the
1.2 21 121 2 interval Ry<R<Rs, WhereR,=2.6 A is the characteristic
0O(1)-O(4) distance. The upper limit to the energy for dis-
is the difference between the direct and exchange Coulomplacement of the chain oxygen into interstitial position has
interaction terms, wher@/ is been recently determined Bg=2.8 eV, with the energy for
plain oxygen(displacement along the axis) being about

ER PR A . O ik 0 E,=8.4 eV Taking into account the anisotropy correction
i1 02 i3 ia _j f ¢j1(X_R|1)¢j2(X _R|2) factor of 2/3 and the effective charges of oxyden
e=—2.6 at the ™) site ande/ = — 1.8 at the Q1) site, we
o2 estimate the gain in activation energy according to @)

X—————r b, (X' —R) at —1.4 eV>AE,>—5.4 eV atT=10° K. It means that
(X, X" )|x=x"| " 3 promotion of oxygen transport due to the interaction in ques-
tion is expected to be really pronounced.

X ¢,~4(x— R,°4)dx dx, Let us briefly consider the case of oxygen-depleted

RBa,Cu;0-_ s superconductors. As it is known, increase in

with ¢; being the Wannier functions. In deducing E8) we 5 is accompanied by a reduction of the in-plane hole con-
did not explicitly consider the processes where an electrogentration as well as by the appearance of chain-oxygen va-
leaves out the hole destroying the paif! It is easy to show cancies. Because of the proper increase of the screening
that we can implicitly include into consideration the appro-|ength, the parametaf grows
priate effects with no change of formal procedure. All one
has to do is to transform to wave functions of the form:

eZ
8p+ 8d+ -

~ 1 .
$(x—RO=¢(x—R)=5 2 $(x—RIT}., v~ i

i#j,17#1
whereT)},=[d ¢¥ (x—R.)¢;(x—R?) is the overlap in-
tegral. The set of new functions, once orthogdialan ac-
curacy of O(I'®)] and normalized[to an accuracy of Wwhich results in the double-well spacidgncreasdEqs.(1),
0O(I'?)], enables one to take into consideration transition€6)—(9)]. Besides, the difference in depth of the double-well
similar to (I,p)—(l’,d) through a simple modification of the potential minima becomes negatitd,e., the ion occupation
available matrix elements. For example, téevel energy  of the shifted minimum becomes preferable, which means

RO R A I
eptegt W( )~ ,

=1 2 201

ep is changed t(’ip:gp—rQ, where that the characteristic @)-Cu(1) distancea decreas_e%‘f We
expect that increase in the IR phonon frequereyupon

L T [ I oxygen depletion from the chafffanay compensate the con-
Q”—‘; w 1 2 2 1 -W 1 2 1 2 tribution of the potentiaM and spacinga variation and in

this way stabilizes the spacin®) Another important factor is
and so on. the appearance of chain-oxygen vacancies, which in itself
In order to proceed further we consider the following setpromotes the formation of oxygen defects through the me-
of the parameters. The characteristic energy of a pair is estdiation of lattice distortion in complete agreement with the
mated atV=2 eV (e,=4,1'=0.2)2%30f_ ~1, thatis to scenario for superionic transitidd.To summarize, the oxy-
say that the number of holes is only weakly temperaturegen deficiency increase promotes the ionic transport both
dependent, which is a good approximafidor temperatures through the increase in the apical double-well spacing and
below the orthogonal-tetragonal phase transition. Taking intaéhrough additional lattice distortion.
account that the frequency of the highest energy long- In conclusion, we have found th&Ba,Cu;0-_ 5 high-
wavelength optical phonon faR123 is w=1.1x10" s  temperature superconductors exhibit remarkable similarity to
(570 cm™ 1) and the C(1)-O(4) distance isa=2 A, we im-  superionic conductors in electronic structure and existence of
mediately get the value of the (@ ion displacement a double-well potential for O(4) apex-oxygen ions. Accord-
5=0.14 A at low temperatures ant=0.21 A atT=10° K. ing to the developed microscopic model, this potential is
If we take the background dielectric constantegs=10  responsible for the pronounced oxygen transporRit23
(e1~egc axi9),?®3! and consider that the concentration of materials in the normal state.
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