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Lattice distortions, incommensurability, and stripes in the electronic model for highT ; cuprates
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Striped superconductivitySC) with lattice distortions is investigated based on the three-band Hubbard
model for highT . cuprates. A stable inhomogeneous striped state is determined in the low-temperature tetrag-
onal phase with lattice distortions using a quantum variational Monte Carlo method. The ground state has
vertical or horizontal hole-rich arrays coexisting with incommensurate magnetism and SC induced by several
percents of lattice deformations. The SC order parameter oscillates according to the inhomogeneity in the
antiferromagnetic background with its maxima in the hole-rich regions, and the SC condensation energy is
reduced as the doping rate decreases.
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Over the last decade, the oxide hih-superconductors surate CDW peaks were observed for the orthorhombic
have been investigated intensivélflhe mechanism of su- system$>?° In the elastic and inelastic neutron-scattering
perconductivity (SO has been extensively studied using experiments with La ,Sr,CuQ,, the incommensurate mag-
various two-dimensional2D) models of electronic interac- netic scattering spots aroundr(w) have been observed in
tions. The 2D three-band Hubbard model is the simple anthe SC phase in the range of 00%<0.131%26:28
most fundamental model among such models. The 2D one- In this paper, an incommensurate striped SC under lattice
band Hubbard model is regarded as the simplified model oflistortions is investigated based on the three-band model. In
the three-band model. Studies of these models over the lagdie description of SC in the underdoped region, it is of prime
decade indicated that theewave SC is induced from the importance to investigate the effect of inhomogeneity. In this
electronic repulsive interaction? significantly, it has been paper, we take into account all of the inhomogeneity, lattice
shown that the SC condensation energy and the magnitude ifstability, and anisotropic pairing to clarify the ground state
order parameter are in reasonable agreement with the expeii the underdoped region of high: cuprates. The Hamil-
mental results in the optimally doped casét tonian is given byH=HJ+V+H, where

The SC condensation energy obtained by the variational
Monte Carlo method (VMC) is estimated asE.qyngq
=0.00117=0.59 meV per site in the optimally doped case HO — T d L e
for the single-band Hubbard model in the bulk lifitWe Mo ed% Gioio* ep% (Pi iz P20
must note thaE.,,qis given as 0.17-0.26 meV by specific-
heat daztéz'lg’limd 0.26 meV by the critical magnetic-field +piT+§,/20pi+§//2,a)+tpd2 LA (P14 20t Pi 4 2.0
value Hg/87.*" The agreement of the VMC value with the ’ io
experimental estimation is quite significant and supports the
calculations. The VMC method can be regarded as an ap- —Pi—x2.0™ pi79l2,0)+H'C']+tpp2 (1+v))
proximation to quantum Monte Carlo calculatiofig® The io

SC order parametekg determined from a minimum of the o' - RS Lt .
energy is of the order of 0.01-0.0435 meV—20 meV at [P 3i20Pi 320~ Pis g oPi-3i20™ Piyp2oPi 20
hole density5~0.2.11 :

The interplay between magnetism and superconductivity P _j,0Pi-x20T H.c.]+tpd_2 [ui;df(,ppr;(,z,(,

lo

is suggested in the underdoped region. The reductidn of

this region remains unresolved and may be related to mag- 1 dt - dqtm - 1 ~dqt . -
netism. An existence of incommensurate correlations with Ui, =58 Pi —512,5F UigdioPi+ §12.0— Ui —y0igPi - 12,0
modulation vectors given byQ¢=(w*+2748,7) and Q. +H.c], (1)
=(*476,0) [or Qs=(m,7=275) and Q.= (0,+476)]

has been suggested for the hole-doping &té=2%The lin-

ear doping dependence of incommensurability in the under- V=U4> diTTddeiTldiL! )
doped region supports a striped structure and suggests a re- i

lationship between magnetism and SCA relationship

between the spin-density way8DW), charge-density wave where H,, denotes the lattice elastic energy given Hy,
_(CDV\/_) orders and a crystal structure is also suggested 'n—-(Kpd/Z)Ei(u.2~+u.27~+u.2~+u.2;)+(Kpp/2)2i4vi2Where
intensive studies by the neutron-scattering measure- o ohmxe Ty LTy " -
ments'”24~2in particular, in the low-temperature tetragonal Kpa @1d K, denote the elastic constanisandy regrresent
(LTT) and low-temperature less-orthorhombic phases, th&hit vectors in thex andy directions, respectivelyp, s, .
CDW order is stabilized’ while no well defined incommen- and p; .3, denote the operators for theelectrons at the
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. ~ . - T ~
site Rj=x/2, and in a similar way; . v, andp;.yp,, are

defined.U4 denotes the strength of Coulomb interaction be-

tween thed electronsu;;, andv; represent the variations of 0.003
the transfer energy,y andt,,, respectively. The number of
cells that consist ofl, p,, andp,, orbitals is denoted ai.

The wave function with the inhomogeneous spin structure
is made from solutions of the Hartree-Fock Hamiltonian
given as Hyia =Hpgt Zi,[ dngi—o(— 1) Yim1d{ d;,,,
where we have variational parametegsand'eg in Hpy. In
this paper,dng; and m; are assumed to have the fari? o
ongi=—Sjalcosh(x—x")], and my=A;,Itank(x o ’
—xjs”)], with parametersy and A;,. where x]-Str denote the 0 0.005 00

e . . . . 1/Na
position of a stripe. The inclusion of stripe order parameters
considerably improves the ground-state energy. In small F|G. 1. SC condensation energy per site as a functionf il
clusters, the deviation of the energy of striped state from the units wheret~t,4/3 andN, is the number of atoms. Squares are
exact value is within several percents for the Hubbardor 5~0.2, t,,/t,q=0.4 andU,/t,q=8 for the three-band model

0.004

AE/N

0.002

0.001

model®? on square lattices. Circles are &t 1/8 coexisting with stripes for
The wave function is constructed from the solution ofty,/t,q=0.4 andU4/t,q=8 on rectangular lattices 328, 24x6,
Bogoliubov—de Gennes equation given by 16X 8, and 16<4. Triangles are for the single-band Hubbard

model; §=0.86 andt’=—0.2 andU=8 for solid symbols and’
=0.84 andt’ = —0.15 for open symbol&nergy unit ist) (Ref. 9.
A Ny — N A
; (HiiTui + Fiivj )=E*ui, 3) The diamond shows the value indicated from experiments.
stable than the uniform SDW state for small hole dopthg.
> (Frur=Hj v} =E}, (4 InFig. 1, the size dependence of the SC condensation energy
! is shown for the uniform SC in the overdoped region and the
where H;,) and ;) are ANx 3N matrices including the striped SC in the underdoped region with the results obtained

terms ford, p,, andp, orbitals. The Bogoliubov operators for the one-band Hubbard model for comparison. The param-
are written in the form eters ard,,= 0.4 andU 4= 8 in ty4 units. The squares in Fig.

1 indicate the SC condensation energy of pttwave state
\ Lt \ at 6~0.2, while the circles are for SC coexisting with stripes
a":Z (uiaj;+tviay) (E*>0), () at 5=1/8 for Q,=m/4 evaluated on rectangular lattices 32
X8, 24x6, 16xX8, and 16<4. In both cases, the energy
_ _ _ obtained through an extrapolation is of the same order as
axzz (ui)\aiI"_Ui)\aiTL) (E*<0). (6)  experimental values,
|

a;, denotesd;,, Pi+xz2,. OF Pi+j2, cOrresponding to the Econg=0.000 14,4~0.2 meV, ®)

A
Co?ﬁgg{atﬂtesvsg\i/eapudnzi'[ién < writton 4% where we have assigndgy~1.5 eV* The data in Fig. 2

Ng/2
p= PGPNJ:[ a,a{0)Pg %} (U=vy;afial b ]0).

(@)

U and V are matrices defined byV()M:vjA and U),;
=uj”. P¢ is the Gutzwiller operator. The spin modulation
potential is contained inH;;,,) and the SC order parameters
Ajj are included in E;;). We assume the following spatial
variation for the SC order parameters in thelectron part:
Aji+x=AL08QUX+X2)], Ajj4y=—A0sQeX), Where g
Q,=2m4 (6 is the hole density The SC order parameter
oscillates according to the spin and charge distributions so
that the amplitude has a maximum in the hole-rich region G 2. sc condensation energy per site vs the hole density in
and is suppressed in the hole-poor region. The ENErg\. ; units, where the parameters atg,=0.4 andU4=8. Solid
expectation value is calculated using the Monte Carlqrcles and open circles indicate the SC condensation energy for the
algorithm.ﬁ'ﬂ'lS(O)=(¢|O|w)/( P ). uniform SC and striped SC, respectively. The lines are fitted by
Here we show the results in the case without lattice disparabola. Squares are obtained for the single-band Hubbard model
tortions. It has been shown that the striped state is moreith the next-nearest transfer= —0.2 on 12< 12 lattice(Ref. 36.
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© * @ * © * ® FIG. 4. Energy gaimAE=E(u=0)—E(u) (u=dtyy/tyy) per
(b) site as a function of transfer deformatiarin t,4 units. The param-

i ) eters aretp,=0.4 andU ;=8 for 16x 4 lattice. The hole-rich stripes
FIG. 3. Lattice structures in the LTT phaé® and LTO phase are in they direction. The energy gains féA) ;=0 (triangles,

(b). The symbol “+” means that the oxygen atoms move upward (B) u;;=0, (open circley, and (C) (solid circles are shown. The

and instead “" means that oxygen atoms move downward. “O” elastic energyku?/2 is shown by the dashed lirféor K=5 and

denotes the oxygen atom. K=10). The summations AE=E(u=0)—E(u) and the elastic
energy per site are also shown for the c&Sg The Monte Carlo
statistical errors are smaller than the size of symbols.

show the SC condensation energy as a function of the hole

density. The SC condensation energy per site for the striped

SC is reduced as the hole density decreases, while that f¢k/2)u? for the constanK. K is estimated as follows. Ac-

pure d-wave SC remains finite even near half fllllng This Cording to Harrison’s ru|é? tpd is expected to vary ad "

suggests that an origin of the decreaseTgfin the under-  wjth n~7/2, d being the Cu-O bond length. Sin@pq/tpg
doped region lies in the reduction of hole-rich domain where= _n s5d/d, the elastic energy is estimated as

the SC order parameter has finite amplitude.

Now let us consider the effect of lattice distortion on 1 2
stripes. In the LTT phase stabilized at low temperatures near EE'ZEC(Zd)s(F)
1/8-hole filling?® the distortions of the CuO square occur in
the manner shown in Fig. 3. The LTT phase has a “iltindThe constantC is estimated asC~1.7x 102 dyn/cn?
axis” on which the copper and oxygen atoms never move— 1 7 e\/A3.41 Sinced~2 A. K is of the order of 10 eV:
even in the distorted staf@The vertical or horizontal stripes g g ev. We point out thaE... has possibly a linear term
can coexist with the lattice distortions in the LTT phase, ' ' ¢!
being parallel or perpendicular to the tilting axis.

The structural transition from low-temperature ortho-
rhombic (LTO) to LTT phases occurs in LaBaSrCuO and
LaNdSrCuO systent. It is not cleara priori what structure
is stabilized due to the lattice deformation. We consider the
following cases assuming that the stripes are inytlugrec-
tion: (A) ujz=u,u;;=0v;=0, (B) uz=0uiy=u,v;=0, (C)
Uix= U, Ujy = U €COS(XQ,%),vi=u cos(Dyx;), where Q= 24,

u is the amplitude of deformation df,4 andt,,, andu;,
=u; _, are assumed,  increases along the tilt axis com-
pared to the LTO phase. The cage) corresponds to the
structure of mixed LTT-HTT(high-temperature tetragonal
phase. The energy gain per site definedAds/N=[E(u
=0)—E(u)]/N is presented in Fig. 4 as a function ofin

tpg UNits. The energy in the cagB) is lower than that in the
case(A) indicating that the stripes are parallel to tilting axis  FiG. 5. Schematic structure of lattice distortions and stripes
under the rigid LTT structure. We simply assume the samevhere the hole-rich arrays are perpendicular to the tilting axis. We
elastic energy cost for these types of rotations. The cost dfall this state the mixed LTT-HTT phase. The shaded square repre-
energy due to lattice distortions is assumed to be given bygents distorted CuO unit cell.

1 1 K
_ - 3 22
2C(2d) —nzu S U™ 9)

Hole-poor region Hole-rich region

132408-3



BRIEF REPORTS PHYSICAL REVIEW B57, 132408 (2003

in u. The 62 term, if present irE,,, is proportional tau since In this paper, we have investigated the inhomogeneous
u~1—cos(@)~ ¢%/2 whered is the tilt angle. The presence of ground state with the lattice distortions based on the three-
linear term may lead to a first-order transition. As shown inband model of highF. cuprates using the variational Monte
Fig. 4 the striped state is more stabilized in the LTT phaseCarlo method. The SC condensation energy decreases as the
We show schematically the stable striped state in the LTTdoping ratio decreases, which is due to the reduction of SC
phase in Fig. 5 obtained from our VMC evaluations, wheredgomain in the hole-rich region. The stable striped state has
the shaded square represents the tilted CuO unit cell rotatingg|e-rich arrays being perpendicular to the tilting axis of the
around the tilting axis. The LTT-HTT state is more stabilized |5ttice distortions in the LTT phase as shown in Fig. 5, which

due to the kinetic-energy gain coming from the softening of.5, pe regarded as the LTT-HTT mixed phase
tilt angles. '
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