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lon displacement and electron-hole localization in perovskite-like layered cuprates
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The electron-hole localization can be realized on a boundéarplane of layered crystals if the ion charge
e; and thec-direction force constank; satisfy the relation of (B)Eiev(eizlki)zo.s A, whereS and V
represent the boundary surface and the layer volume, respectively. In many perovskite-like layered cuprates,
the relation is satisfied mainly due to the smallneskfcompared to othek;’s in typical perovskite crystals.
This indicates the possibility of the electron-hole localization on the Quléne, where high-. superconduc-
tivity can be realized.

[. INTRODUCTION suggested from the temperature dependence of the Hall mo-
bility that the Cooper pairs can be formed by spatially local-
The modulated structure of a displacive type has beeized states. Thus it is considered to be important to examine
observed in many perovskite-like layered cuprates, such as e possibility of the charge localization especially on the
BSCCOM3TBCCOZ*NCCO>7YScBO®and LSCO’In  CuG, plane, where high-, superconductivity can be real-
BSCCO, for example, the ion displacement in thaxis di- ized. Experimentally, the coexistence of the localized and
rection is alternately modulated along theaxis direction itinerant charges has been indicated in normal and supercon-
with the modulation period about 26 A. To explain the ducting phases of YBCO by the femtosecond time-resolved
modulated structure, we previously proposed a two-sSpectroscopy and the transient photoconductivity
dimensional electron-hole lattice mod&lwhere the elec- measurement$. '8
trons and holes are, to stabilize the local polarization caused Although the electronic state of the layered cuprates has
by the ion displacement, pair created on the p@ne(and  been theoretically studied usiradp initio calculation$® and a
also the BiO plane in BSCCKr transferred onto the CyO  linear augmented-plane-wave mettf8d; the relationship
(and the BiQ planes from their adjacent planes. between the ion displacement and the electron-hole localiza-
If the pair-creation energy and the charge-transfer energton is not manifestly clarified. In Sec. Il we deal with the
are equal or less than about 1 eV, we found that the chargelectronic state of the localized charge in the background of
distribution of a stripe configuration can be realiZédhe  the local polarization charge caused by the ion displacement,
smallness of the pair-creation energy, which corresponds te/here the ion elastic energy is taken into account. For the
the band gap on a semiconductive plane, in the formation oglectron to be localized on the boundary surface, it will be
the electron stripe has been also emphasized bfpund that the ion charge; and thec-direction force con-
KusmartseV? where the electrons are trapped by an ex-stant k; should satisfy the relation of (3)2;.v(e/k;)
tended polarization well. From the stability condition of the =0.3 A, whereSandV represent the boundary surface and
total energy plus the chemical potential with respect to thehe layer volume, respectively. In Sec. lll, we give summary
electron lattice constanf3, andD,,, it has been found that and discussion.
the charge distribution of a checkerboard configuration,
where the electrons and holes are aligned in hsttand Il. MODEL HAMILTONIAN
b-axis directions, cannot be allowétiresulting in the for-
mation of the stripe configuration under certain region of the If the energy of the two-dimension&eD) electron-hole
chemical potential. However, in calculating the electroniclattice system is composed of the ion elastic energy, the elec-
state of the localized charges, we assumed that the elasfiton kinetic energy, and the Coulomb potentld(x;x")
energy due to the ion displacement is small enough com¢=1/|x—x'|) between the electron and tkieackground po-
pared with the Coulomb potential between the localized eleclarization charge caused by the ion shift, the model Hamil-
trons (holes and the polarization charges. If the elastic en-tonianH (in units of2=2m=e=1, where#, m, ande rep-
ergy is comparable with the Coulomb potential, theresent the Planck constant, the electron mass, and the
assumption of the charge localization on the Gutane, in  elementary charge, respectivean be written as
itself, may be violated, due to the overlap of the electron
wave function between two adjacent CuPlanes. This is N
because as the force constant increases, the bound potential =% gv ki(Azi)z_a:Eﬂ,z f YL V24, (x)d*x
owing to the (background polarization charges tends to
weaken, so that the spatial spread of the wave function may
elongate in thec-axis direction.
On the other hand, it has been pointed out that the local-
ized charges are closely related to high- whereN, V, k;, andAz represent the total electron lattice
superconductivity>~*°>Among them, Beschoteet al’®have  number, the volume occupied by one electron,zlérection

1
+§f N (x)U (x;x" )N (x"): d®xd3x’, )
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force constant, and thedisplacement of théth ion, respec- O[(A/D)?] for A>1 or A<1, respectively. This is because
tively. Furthermoren™9(x) =n(x) + =, .yoi(x,y) 8(z) with H;=0(1/A), while H;;=0(1/D) or Hij=O(A2/D3) for
n(x)=2a:il,2://2(x):,ba(x) ando;(x,y) representing the po- A>1 or A<1, respectively. In a practical case, whedbde
larization charge density caused by fitke ion displacement. ~10 A, which corresponds to the modulation period, and
Noticing thato; andAz are related as;=(1V)e Az (g is A~1 A, which is on the order of the Bohr radius;; can
the effective charge of thigh ion) and thatN can be written  be neglected.

asN=(1/S) fdxdy (S is the surface area occupied by one In a singly or doubly occupied statel, can be written in
electron, we can replace the first term in the right-hand sidethe Hartree-Fock approximation as

of Eq. (1) by

1
Hi=H®=(-Vv?)- §<U "} (for single occupation

N 1
7 2 ki(Az)* =3 2 f {oixy)fPdxdy, ()

1
eV =H@=2HE+ 5{(U) (for double occupation  (4)

whereKi=(ki/ei2)(V2/S). Substituting Eq(2) into Eq. (1) In estimating H;, it is convenient to use a variational
and requiring the stability condition of(H)/ do(x,y)=0,  method, rather than to solve the original Hartree-Fock equa-
we can rewriteH as(see Appendix A tion. Since we are concerned with the localized state, it
seems natural to choose the trial function of the ground state
|¢) as a Gaussian form, that s, (X|¢)
Hoo S f L) V2, () d :H?:1[1/\/(27)1_7?Ai]exp(—>q?-’/4Ai2), where Aj's (with A;
a==1/2 =A,) are variational parameters. Notice th&j is an in-
creasing function of\ (this is because as increases, the
polarization charge density decreases so that the bound po-
tential in the z-axis direction can be reducedThen it is
L, , , sufficient to examine the limiting case such that A; (its
—U 06X )(n(x"))]d*xd*x’, (3 validity will soon be verifiegi In this case, the doubly occu-
pied state turns out to be unstable, because the potential en-
where U’(x;x")=1[1-\(d/d|z])JU(x;;x_) with 1\  ergy(—U’+3U) tends to be positive due to the vanishing
=273, .v(Lk;) andx.=(x,y,*|z|). of (U’) in the limit of A —co.
Now we deal with a localized state. Even in the supercon- Hence we only deal with the singly occupied state, where
ducting state, where the localized charges coexist with thei(® can be written fon>A; as(see Appendix B
itinerant charge$®~*8 it will be found that the subsequent
results may not be altered in a stripe phase, where the local-

1( R
+§f N()[UOGX)IN(X'):

ized electrons and holes are equal in number. In the mixed 1/1 1 V1 1] Va2
phase of the localized state/°”) and the itinerant state H‘(S)zz(iJrlT = " ox|nF- 9B B
|4 the expectation value dfl can be written agH) Bl A 3

=4 ¢ e fioc, it [ KO+ UE], whereK® represents the ki- )
netic energy and)®<) corresponds to the Coulomb interac- Hére B=(A1/A5)?—1 and g(B)=/5In x- (dlox)f s(dx,
tion between the states s antl fn general, the Coulomb Where  fs(x)=erf@(x)exp(-28x%)  with  erfe(x)
interaction ofu1inio9) \which should be screened based on=(2/\/m)[;exp(-t)dt. From the stability condition of
the Thomas-Fermi theory, cannot be neglediad?D elec-  JH¥/dA;=dH35=0, we obtain
tron gas, the screening radius, which, different from 3D gas,
is independent of the carrier density, is on the order of)1 A / 1 1
However, if the localized electrons and holes are equal in Az=1\/ash EJFW , B=1.213, ©®
number, as in the case of a stripe pha$@"°® turns out to _ o
be vanishing from the stability condition of(H)/d|y(®)  Whereag(=%%me), the Bohr radius, has been explicitly
=0 (for more strict discussion, see Ref.)2This can be represented.
understood by considering that tkgcreene Coulomb in- For the electrons and holes can be regarded as well local-
teraction of the itinerant charge with the localized electronized on thexy plane, thez-direction spatial spread of the
cancels that with the localized hole. Hence in the stripeglectron wave function, A3, should be smaller than the
phase, the electronic states of the localized and the itinerafitterplanar distancg that is,
phases can be treated independently, implying that the fol- )
lowing results valid for the localized state can also hold for Ans l@i &
the mixed state. 3727 s & ki

In the localized statd,y/(°9|H| y°9) can be decomposed
as(y 9| H| ) =% H;+ =, ;H;, whereH; andH;; rep-  where ag=(1/m)[1+2/(1+B)]ag(=0.321 A), and we
resent the intralattice energy and the interlattice energy, rehave used the relations b& V/S and Eq.(6). Originally, Eq.
spectively. If the electron lattice constabtis much larger (7) is valid for \> A5 or from Eq.(6) A>ag. In the case of
than the spatial spreatl of the electron wave functiort;; \<ag, the value ofA; should be smaller than that far
is negligible compared withl;, thatis,H;;/H;=0O(A/D) or ~ >ag (becaused; is an increasing function ok, as men-

ZaB ’ (7)
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TABLE I. Values of Sy, ke, (1/So)(€2/ke,), andr ¢, for vari- Ill. SUMMARY AND DISCUSSION
ous layered cuprates. Thedirection force constark; is evaluated . .
using the interatomic force constafifj as kj=ZX;.f;;cos6;, We have found in layered cuprates, where the relation of

where ¢;; represents the angle between thand theij directions. Eq. (7) is satisfied, localized charges can be realized on the
The values ofS; and k¢, for La; gsSh1:Cu0Q,, YBa,Cu;Oy, CuG;, plane, mainly due to the smallness of thirection
Bi,Sr,CaCyOg, and TLBa,CaCyO, are taken from Refs. 23—-26, force constant of the Cu ion, compared with that of other
respectively, while the values @f; andr ¢, o for these cuprates are jons in typical perovskite crystals. In layered cuprakes

taken from Refs. 27-29 and 26, respectively. =40 kdyn/cm, while in BaTiQ, for example, K
=500 kdyn/cnt® The condition of Eq(7) is necessary for
ii (A) the charge localization, so that we should further require the
Cuprate S5 (A2 ke, (kdynfcm) Skeu reuo (R) stability condition of the total energyid)+ «N) with re-
LSCO 142 30 0.54 54 spect to the total lattice numbé\l, where u correspo_nds to _
the charge-transfer energy or the electron-hole pair creation
YBCO 14.8 406 0.39 2.3 . . . 1
BSCCO 146 36 0.44 29 energy. In the limit of vanishing’s, it was found* for u
' ' : =1 eV that the localized charges whose charge distribution
TBCCO 14.9 39 0.40 257

is of a stripe configuration can be realized. Even in the case
8Due to the lack of the force constant data fQ[J,BaandfCu,Yv we of nonvanishingki,s, it is also eXpeCted that the localized

approximatekc, asfeyo- charges of a stripe configuration be realized, although the
®Calculated value by the same authors who derived the value cillowed region ofu may be further restricted due to the
Key- nonvanishing;’s.

In the latter half of the section, we discuss that the small-
ness ofkcg, is characteristic to the layered cuprates. If the
tioned in the above paragraplience the relation of Eq7)  c-direction Cu phonon ignearly a soft mode[the soft-

is automatically guaranteed in the case\etag, once the mode phonon, in itself, is frequently observed in
relation is satisfied foh>A. LSCO¥ % TBCCOX** and BSCCO (Ref. 37], the
Now we examine whether or not the relation of Ef).is  c-direction force constaritc, can be roughly estimated, as
satisfied in perovskite-like layered cuprates. In general, thén the case of BaTigQ using the dipole interaction dg,,
c-direction force constant of the Cu ion is small enough com-~ —2no(cheo/rf:u,o), whereng represents the number of

pared with that of other ions, so that it may be sufficient tOthe apica| Oxygemin T|_’ Bi_, and Y-based CuprateBO: 1,

show the following relation: while in La-based oneg=2). Actually, this relation is rea-
sonably in agreement with the experimental valu&gf for
1 eéu’)~ eco~ €2 Henace it is found thatkc,/kti~(ng/2)(ecy/
— —=ag, 8  en)(rrio/rcuo”, where the two values &, are assumed to
So Key be almost equal to each other, for simplicity. In Y-, Bi-, and

Tl-based cupratesng=1), the smallness ok, originates

whereS, is the unit crystal lattice surface within which one from the small number of the apical oxygen. This at the same
Cu ion is occupied. SincE; _(e?/k;) is proportional taS S time is expected to induce tizedisplacement of the Cu ion,
can be chosen as unit crystal lattice surf&e Using the ~ Wwith the result of the elongation ofg, o, as is practically
experimental values &, andkc, (see Table)l, we find that shown in Table I. Even in La-based cuprate,&2), r ¢, ois
the relation of Eq(8) is satisfied forec,=e. still longer thanrjo(=2 A). This is because the La ion,
To be compared with a typical perovskite crystal such adocated just above or below the apical oxygen of the £uO
BaTiO,, where two-dimensionally localized charges are notoctahedron, is surrounded by the pyramidal oxygen, not the
observed, we estimate the value ofs@/(ef/ki), in whichi octahedral oxygen, so that the La ion is expected to shift
corresponds to the Ti ion in BaTiQ Near the ferroelectric €asily in thec-axis direction, which may further induce the
Curie temperature, when the soft-mode phonon of the Ti iorglongation ofrc, 0. Thus the crystal structure that the Cu
is observedky; can be written using the dipole interaction ions on the Cu@ plane (or other cations lying in the same
as® ky=—4(ereo/r}o), Wherery o represents the dis- C-axis direction as the Cu ions, such as La ions in L$@f@
tance between the Ti ion and the apical oxygen. Hencéurrounded by the pyramidal oxygens may be the cause of

(1/50)(e%/kﬂ) can be estimated as longerr ¢, o than the cation-oxygen distancg in a typical
perovskite crystaABO;, where the B ion is surrounded by

) octahedral oxygens.

er; ~
§ k—T'zO.YaaB (near Curie temperature (9
o
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APPENDIX A: DERIVATION OF EQ. (3)

From the stability condition o6(H)/5a(x,y)=0, H can
be written as

1
H=H(o-i=0)+§2 d®xd3x’,

f oi(X,y)8(z)n(x")
[x=x'|
(A1)

ION DISPLACEMENT AND ELECTRON-HOLE . . .

<2w)22i m(x,y):—f (n(x"))

with 1N =272(1/k;) . Substituting Eq(A2) into the sec-
ond term in the right-hand side of EGA1) and integrating
over x, we obtain

X,y)o(z
> TV —— [ (n00ye 0 —x e,
i [x—x|
(A3)
wherex.. =(x,y,*|z|) andG,(x,y,z) is given by
( )= explikx+ily —zyVk2+1?) dkdl
XY,z
Galxy, JCH12(1+ VKT 1?)
1 ( ) 1
= X,Y,2)= .
7 % J x2+y*+2°
1- )\E 1—)\5
(Ad)

APPENDIX B: DERIVATION OF EQ. (5)

Using the x representation of the statep) as ¢(x)
=112_,[1(27) %A lexp(—x2/4A?) with A;=A,, we find
that< V2) is calculated ag— V2>——f¢*(x)V2¢(x)d3
=133 (1/A?). In a similar way,(U’) can be written as

<U’>=f [H(X)|2U" (x;x")| p(x")|2d3x d3’

= lefxr exq—erz)erfcz(A—\/%r)dr, (B1)

where A2=A%—-A3, and we have used folJ’(x;x’)
the integral representation asU’(x;x")=[q[1/(1

689
where
H(01=0)= =2, 15[ () V() dx
+1:n)UGx)n(x’):d3x d3x’
andX;o(x,y) is given by
eilk(x =) +1(y" =) -2/ [\kZ+12
dkdld®’, A2

1+MVk*+12 (A2)
|
+A1)]exp(=Io(rVE2+ 79)dr,  with  &=x—x',p=y

—-y',{=]|z|+|Z'|, and J, the Bessel function of the first
kind. In the limiting case oi\>A;, (U’) can be decom-
posed into(U')y=U;+ (1/A\)U5, where

u’—f”’ '
1~ 0 1+Nr r.

*1 - As
U’=f —exp(—A?r?)erfd| —=r |dr,
2 ror F( ) \/E

with r satisfying the relation of M/<r,<<1/A5. In calculat-
ing Uj, change the variable as (A3/\2)r—r and intro-
duce the functiorf(r) asf(r)=erfc®(r)exp(—28r?) with 8
=(A,/A3)?—1, then we obtain

o |
roAz/V2
roAs _[Trols J'°°
=—InN—-f| — | — Inr-f'(r)dr
V2 ( \/E) rods/\2 o

~—In NG -f(o)—f:Inrf’(r)dr,

where we have assumed that1. As a result{U’) can be
expressed as

(B2)

(Inr)" f(r)dr

(B3)

<U’>z— (for \>A)),

In——f Inr-f'(r)dr

(B4)

which is indeed independent of the choicergfsuch that
IN<ro<1/A;.
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