PHYSICAL REVIEW B 70, 174517(2004)

Asymmetry of the electronic states in hole- and electron-doped cuprates: Exact diagonalization
study of the t-t’'-t"-J model

T. Tohyam&
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
(Received 1 June 2004; published 22 November 2004

We systematically examine the asymmetry of the electronic states in the hole- and electron-doped cuprates
by using at-J model with the second-neighbor hoppitigand third on&” (thet-t’-t”-J mode). Numerically
exact diagonalization method is employed for a 20-site square lattice. We impose twisted boundary conditions
(BC) instead of standard periodic BC. For static and dynamical correlation functions, averaging procedure over
the twisted BC is used to reduce the finite-size effect. We find that antiferromagnetic spin correlation remains
strong in electron doping in contrast to the case of hole doping, being similar to the case of the periodic BC.
This leads to a remarkable electron-hole asymmetry in the dynamical spin structure factor and two-magnon
Raman scattering. By changing the twist, the single-particle spectral function is obtained for all momenta in the
Brillouin zone. Examining the spectral function in detail, we find a gap opening at aroutkd=ilre, 0) region
for 10% doping of holeqthe carrier concentration=0.1), leading to a Fermi arc that is consistent with
experiments. In electron doping, however, a gap opens at afou(d/2,7/2) and persists up te=0.2, being
correlated with the strength of the antiferromagnetic correlation. We find that the magnitude of the gaps is
sensitive tot’ andt”. A pseudogap is also seen in the optical conductivity for electron doping, and its
magnitude is found to be the same as that in the spectral function. We compare calculated quantities with
corresponding experimental data, and discuss similarities and differences between them as well as their

implications.
DOI: 10.1103/PhysRevB.70.174517 PACS nuniber74.25.Jb, 71.10.Fd, 74.25.Ha, 74.72.3t
I. INTRODUCTION From angle-resolved photoemissiGARPES experiments,

it is clearly observed that hole carriers doped into the parent

High-temperature superconductivity in cuprates emergesiott insulators first enter into the=(£/2, +7r/2) points in
with carrier doping into insulating cuprates classified as thehe Brillouin zone and produce a Fermi atc!3but electron
Mott insulator. The carrier introduced into the cuprates iscarriers are accommodated at arokrl+7,0) and(0, =)
either an electron or a hole. Although the symmetry of su-and then the Fermi surface is formed in the superconducting
perconducting order parameter is common wdthwave in  region!* The doping dependence of core-level photoemis-
both cases;®the phase diagrams exhibit asymmetric behavsion also shows different behaviors of the chemical potential
iors between the electron and hole carriers. The most promihift between NCCO and LSCB.These experimental data
nent difference appears in the antiferromagn@iE) region  indicate the difference of the electronic states between hole-
near the Mott insulator, where the AF order disappears with and electron-doped cuprates.
small amount of carrier concentratidr~3%) in a hole- The electronic states and magnetic properties in the
doped cuprate La,Sr,CuQ, (LSCO), while in an electron- electron-doped cuprates have been theoretically examined by
doped cuprate Nd,Ce,CuQ, (NCCO) the AF order persists many groups, focusing on the comparison with the hole-
up to x=0.157 A difference in magnetic properties is also doped one4®-33Among them, the present author has studied
seen in inelastic neutron scattering experiments: LSCQ@ t-J model with the second-neighbor hoppitigand third
shows incommensurate spin structures for a wide rang€ of onet” (at-t’-t”-J mode).181819By applying the numerically
while in NCCO there is no incommensurate structures buexact diagonalization technique based on the Lanczos algo-
commensurate ones are obserYdtl.is also an important rithm to small clusters, the dynamical spin structure factor,
difference that a spin-gap behavior observed in the undemptical conductivity, single-particle spectral function, and
doped region of hole-doped cuprates by the nuclear magnettbermodynamic properties have been calculated, and it has
resonance experiments is not reported in electron-dopeldeen pointed out that the difference of AF correlations
cuprates. caused by the presence tdfandt” is a prime source of the

Differences in the electronic properties between the holeeontrasting behaviors in the electronic states between the
and electron-doped cuprates are also observed in other ekele- and electron-doped cuprates.
periments. The optical conductivity obtained from reflectiv-  In small clusters used in our previous wofR$819the
ity measurements exhibits a pseudogap feature at around On2omenta defined were discrete in the momentum space,
eV in the AF phase of NCC@&  but there is no such a feature since periodic boundary conditio8C) were used. Thus,
in LSCO with the same carrier concentration. The occurmomentum-dependent quantities such as the single-particle
rence of the pseudogap in the optical conductivity is correspectral function suffer from the discreteness. Two-particle
lated with the strong temperature dependence of the Halorrelation functions also suffer from the finite-size effects
coefficients and a metallic behavior in theaxis resistivity.  under the periodic BC, because the two-particle operators are
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described as the convolution of the single-particle operatorsorrelation functions for a 20-site square lattice under the
that are defined discretely in the momentum space. Therawisted BC. In Sec. lll, calculated results of the doping de-
fore, it is necessary to introduce a method that overcomegendence of magnetic properties such as the spin correlation
such discreteness and to clarify whether such a methoflinctions and two-magnon Raman scattering are presented.
changes the conclusions derived from small cluster calculageing consistent with experiments, AF correlation remains
tions under the periodic BC. In this paper, we introducestrong in electron doping. The single-particle spectral func-
twisted BC for a 20-site squaret’-t"-J cluster. The intro-  tions are shown in Sec. IV. Asymmetric electronic states be-
ductl_on of the_ twist can make the momenta defined contingyeen hole and electron dopings are discussed, focusing on
ous in the Brillouin zone, and thus we overcome the diffi-gohg that appear in different momentum spaces. Their impli-
culty of the dlscreteness n the speptral functibior two- . cations are discussed compared with experimental data of
particle correlation functions, we introduce an averagingypoeEs In Sec. V. the charge dynamics and pairing proper-
procedure over the twisted BC. This procedure is known Q.. "t ' 173 model are discussed. The doping depen-

reduce finite-size effec. Therefore, results obtained under . o :
the twisted BC are expected to provide information that ha§jence of the optical conductivity clearly shows asymmetric

not been obtained under the periodic BC. The quantities ex(_alec.tronic excitgtions that are clc_)gely related to the single-
amined in this paper are, in addition to the single-particldP@ticle properties. The-wave pairing also shows remark-
spectral function, several response functions in terms of spigPlé asymmetric behaviors, and the role of twe(w,0)
and charge, i.e., the dynamical spin correlation, two-magno#tates for the pairing is discussed. The summary is given in
Raman scattering, and the optical conductivity, together witiSec. V1.
several static correlations.

Being consistent with the previous works under periodic
BC,161819e find that AF spin correlation remains strong in Il. MODEL AND METHOD

electron doping, in contrast to the case of hole doping, in the 1o Hamiltonian of 4-J model with the second-neighbor

presence of the second- and third-neighbor hoppthgsd hoppingt’ and third onet” (a t-t'-t"-J mode) reads
t”. This leads to a remarkable electron-hole asymmetry in the

dynamical spin structure factor and two-magnon Raman  H=-t> &, ¢ +8 ;%)

scattering. The single-particle spectral function also shows i,8,0
dramatic differences between hole and electron dopings. s
irection, i.e., the= irecti 3 ©sGiot s G
Along the nodal direction, i.e., the=(0,0)-(r, ) direction, _ i+8 oo T Yimg gYio
a quasiparticle band in the hole-doped system is gapless at 180
[ ile i i " T~ =t =
the Fermi level as expected, while in electron doping the > (Eimr,gci,o‘*Ci_,su,aCi,(r)+JE S.s'S, (1)

band is gapped up to the concentration0.2. The gap is
found to be correlated with the strength of AF correlation,
indicating that the gap is magnetically driven. The spectrawith 6=x andy, ' =x+y and x-y, and §'=2x and %/,x
function around the antinodal region, i.&=(,0) region, andy being the unit vectors in theandy directions, respec-
shows contrasting behaviors: A gap appears in hole dopin§vely. The operatot; ,=¢; ,(1-n; _,) annihilates a localized
but not in electron doping, leading to a Fermi-arc behavioarticle with spino at sitei with the constraint of no double
only in the hole-doped system. The gap is found to be seneccupancy, and; is the spin operator at siteIn the model,
sitive tot” andt”, as is the case of the nodal gap in electronthe difference between hole and electron doping is taken into
doping. Such a Fermi arc behavior has not been detectegccount by the sign difference of the hopping parameters
under the periodic BC. In the optical conductivity, a together with the difference of the localized partitieFor
pseudogap clearly appears in the electron-doped system afteple doping, the particle is an electron with 0, t' <0, and
the averaging procedure over the twisted BC. The origin of”>0, while the particle is a hole with<0, t'>0, and
the pseudogap is attributed to the strong AF correlation in th€’ <0 for electron doping. Although the ratid&/t andt”/t
spin background. The gap is found to have the same magnire material dependefft,we take in this study’/t=-0.25
tude as that in the spectral function along the nodal directionrandt”/t=0.12 for both the hole- and electron-doped cases,
indicating the same origin. In terms of pairing of carriers, wewhich is obtained by fitting the ARPES Fermi surface for
examine thel-wave pairing correlation function. The pairing NCCO with x=0.153° The [t| is usually taken to be 0.35
is found to be enhanced in the underdoped region ofV.® We setl/[t|=0.4. Hereafteri=e=1, and the distance
electron-doped system and also in the overdoped region dfetween the nearest-neighbor sites in the two-dimensional
hole-doped one, being consistent with previous studies undéttice is set to be unity.
the periodic and open B&:3’ Since the quantities examined  In order to examine the single-particle spectral function in
have fewer finite-size effects as compared with those undghe model, we use the exact diagonalization method for an
the periodic BC, we can make a more precise comparisofl-site square lattice with the translational vecté&g=Ix
between these results and experimental data. From the comimy andR,=-mx+ly, being thatl ,m=0 andN=1?2+m?. If
parison, we discuss similarities and differences betweeperiodic BC are used for the lattice, the momentlgnfor
them as well as their implications. single particle is defined dsy=2m(In;—mmn,)/Nx+27(mny
This paper is organized as follows. In Sec. Il, we intro-—Iny)/Ny,n; and n, being integers that give discretd
duce thet-t’-t"-J model and show outlines of the procedure points in the first Brillouin zone. Introducing BC with twist,
to calculate the single-particle spectral function as well as theve can define momenta continuously in the Brillouin zéhe.

i,0o i,6
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This procedure gives smooth band structures even if we use The two-magnon Raman scattering spectrum withBje
finite-size lattices. The twist induces the condition thatsymmetry is given by

Tiir, o= €% , andT,p_,=€ G ,, with arbitrary phases,

and. ¢, Note thatp,= ¢>b 0(7) corresponds to the periodic In(w) = 2 > PERWE|2S(w - EX+EX),  (6)
(antiperiodig BC. Introducing an arbitrary momentum N “m

=KX+ iy defining ¢yp) =Ry, the momentum for a

given « reads with the Raman operator fds;; mode

k=kg+ k. (2) R:;(S+X'Si_s+y'si)- (7)

In order fork to cover the full Brillouin zonex needs to
scan a square with the four corners tliag, x,)=+7/N(l of 0.11t] is used for each in (7)

—m,l+m) and £7/N(I+m,~I+m). We note that imposing  The real part of the optical conductivity under the electric
the twist is equwalent to transforming the opereﬁborc] N field applied along the direction is given by
(1) into <Ry~ RM +Cj.o»Ri being the position of sité. The

twist changes the "hopping terms but not the exchange term in () = Oging @) + Tred W), (8)
).

For a givenk, the single-particle spectral functidxk , )
at zero temperature reads

A standard Lanczos technique with a Lorentzian broadening

where the regular par.4 ) is
Tred @) = 2 E (Wi W52 olw - Ex + Eg),
Ak, w) =A_(k,w) + A (k,w), 3

with 9

with the x component of the current operator
Au(k,0) = 3 (T8l JTD28 T (E5-ED - 1), P P

m 5= =12 € o8~ T Cio)
@) v
where A,(A_) is the electron- additior(electron removal —it’ > (E;YJ,,;r,UEi,,,—E?_,;,VUEi,a)
spectral function. For hole dopingy U-ck »andg, , for A, 8o

andA_, respectlvely,ck +(Ck.») being the Fourier component
of ¢/ U(T:, ») with momentumk deflned in(2) and spino. On
the other handay ,=Cy, and¢ ck for A, and A_, respec-
tively, for electron doping. TheIf" and WX represent the The singular partgnfw) in (8) is related to the charge stiff-
ground state with the enerdsf and the f|na| state Witle¥, nessD, which is sometimes called the Drude weight, through
respectively, for a giver. The chemical potentigk,. is also _
dependent onc, which is defined as one half of the energy Tsing @) = 2D S w). (1)
difference betwegn the first ionization and affinity states ofrhe D satisfies a sum rule
the system. In this study, we calculat¢k ,w) for a lattice
with N=20(1=4,m=2) using a standard Lanczos technique _ 1(”
with a Lorentzian broadening of QtR The total number ok "7 2NN, E (5| ¥5) =D i o Tred w)dw,
taken in the calculation iN,=320; thereby, the Brillouin
zone hasr/40 meshes. (12)

In contrast to the single-particle spectral function, the Moy here the stress-tensor operatgyis given by
mentum transfer in two-particle correlation functions such as
the dynamical spln_ correlation _functlt_)n is rest.rlcted. to dis- - —IE ( GRS CT-X G (r)
crete momenta defined by ti\esite lattice even if we intro-
duce the twisted BC. In order to evaluate various two- t
particle correlation functions under the twisted BC, we -t X ( Civs oCio T Gy 4G a')
average the correlation functions over tNe points of «. oo
This procedure is known to reduce finite-size effeéts. o ~t

The dynamical spin correlation function reads 2 % (¢ Civax,oCiio + Ciax, G, o) (13)

=12t 2 (€, 0C0 ~ Tz, oCio) - (10)
I,o

|2 K A standard Lanczos technique with a Lorentzian broadening
S, @) 2 2 [y, IS Vo - En+ By,  (5) of 0.1t| is used for eachs in calculating(9). The same
broadening is used for the singular pétt).
whereSé is the Fourier component of triecomponent of the We also calculate static correlation functions as a function
spin operator with momentum transfgrA standard Lanczos of distancer. The spin correlation with staggered phase fac-
technique with a Lorentzian broadening of QtD% used for  tors, which is a measure of the strength of AF correlation, is
eachk in (5). defined as

KK m
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electron %=0.01
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FIG. 1. Staggered spin correlati@y(r) as a function of the
two-spin distance for an N=20t-t’-t"-J lattice, obtained by aver-

aging over twisted BC(a) Hole doping(t=1, t'=-0.25,t"=0.12,

andJ=0.4) and(b) electron dopingt=-1,t'=0.25,t"=-0.12, and
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rapidly decays at large distance with increasingOn the
other hand, the AF correlation in electron doping is similar to
that of the Heisenberg model, although the magnitude de-
creases with doping. This indicates the presence of AF order
even in the electron doped systems upxte0.2. At x=0.3
the AF correlation almost disappears at large distance. We
note that, although detailed studies on doping dependence of
the magnetic correlation length for electron-doped NCCO
have been reported;*! the present results cannot be com-
pared with them because of small system size. Foit'a
t”-U model, whereU represents the on-site Coulomb inter-
action, it has been report&dhat the temperature-dependent
correlation length agrees with the experiments.

The difference of AF correlation between hole and elec-
tron dopings in thé-t’(-t”)-J model has already been pointed
out under periodic BE58 The present results obtained by

J=0.4). Solid squares, circles, upper triangles, and lower trianglesaveraging over twisted BC confirm that such a difference in

are x=0 (Heisenberg modgl x=0.1, x=0.2, andx=0.3, respec-
tively. For comparison theJ results are plotted with open symbols

in (a).

Cspin(r) = Niz

where the summation gb is taken to be bonds satisfying

-2 (Vg

Sp - SIVE), (14

|p|=r, andN, is the number of the bonds. The fac@yis 1 : O\ - . _ ‘
when the two sites are in the same sublattice, and —1 othefthis stabilizes the Néel-type spin configuration; thereby, AF
wise. The charge correlation for doped carriers is

1
Cchargegr) = N_E

2 (WL -0 (1 -y W),

(15)

where the number operatoy is given byni:EUciT’Uci,(,. In
terms of superconductivity in thet’-t”-J model, thed-wave

pairing correlation can be calculated, which is defined as

1
Cpair(r) = N_E

2 AwEAL AP, (16)

I+p’

whereA,; is thed,z_j2-wave singlet operator

1
Ai=—
V2,

_Ei,UEi_y,_U) .

2 (_ 1)0(’Ei,(lzi+x,—lf +Ei,()Ei—X,—(r _Ei,(JEi+y,—(r

17)

Ill. MAGNETIC PROPERTIES

AF correlation is independent of BC and thus intrinsic to the
model. The origin of the difference comes from the sign
difference oft’ andt”.1618 et us consider the Hilbert-space
bases with Néel-type spin configuration in the spin back-
ground. Thet’” andt” do not change spin configuration of
these bases because of the same sublattice hoppings. This
means that the self-energies of the bases are dependent on
the values oft’ andt”. We can find®18 that the energies
become lower whet! >0 corresponding to electron doping.

correlation remains strong in electron doping. For hole dop-
ing, on the other hand, the self-energies of the bases are
increased and thus become comparable with other bases with
different spin configurations. Such a mixture of various spin
configurations gives rise to a similar effect caused by
nearest-neighbor hopping of carriers. In fact, we find from
Fig. 1(a) that the spin correlation is similar to that of the
t-J model. We note that the similarity between th&-t"-J
andt-J model has not been observed in a cluster under the
periodic BC, where the spin correlation decreases with in-
creasing the magnitude ¢f andt”.

The dynamical spin correlation function®) in the N
=20 lattice are shown in Fig. 2. Far=0.1 of electron dop-
ing, the excitation at|=(, 7) exhibits the minimum energy
among the momenta defined in the lattice, and has the largest
weight. Since the staggered spin correlatig,(r) shown in
Fig. 1 indicates the presence of long-range AF order, the
finite-excitation energy aij=(, ) can be due to the finite-
size effect that inevitably causes a discrete energy separation
between the ground state and excited states. Away from
(7, ), the spectral weights are distributed at the higher-
energy region, whose scale is comparable with the spin-wave

In this section we show calculated results of doping deexcitation of the Heisenberg model whose lower-bound
pendences of the spin correlation functions and two-magnogdges are denoted by the downward arrows. This again con-
Raman scattering for the=20 square lattice of thet’-t”

-J model.

Figure 1 shows the staggered spin correlat@g;(r)
in (14) for different carrier concentratiorx, where x
=N./N, N, being the number of carriers in tiNesite lattice.

For the Heisenberg modék=0.0), the correlation is almost

firms that the ground state is the AF ordered state even in the
presence of mobile carriers. With further doping of electrons
(x=0.2), the (7, 7r) spectrum loses its weight and the high-
energy weights at other momenta shift to the lower-energy
side, as expected from the reduction of AF correlation. This
doping dependence is qualitatively consistent with recent in-

constant at large distance, indicating the presence of AF oklastic neutron scattering measurements for an electron-
der. In hole doping, the AF correlation is suppressed andloped material, Br,CgCuQ,.*?
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FIG. 3. Two-magnon Raman spectripiw) with B,;; geometry
(@) old (b) ol for an N=20t-t’-t"-J lattice, obtained by averaging over twisted
BC. (a) Hole doping(t=1,t'=-0.25,t"=0.12, and]=0.4) and(b)
electron dopingt=-1, t'=0.25,t"=-0.12, andJ=0.4). Solid and
dashed lines represent the data ¥er0.1 andx=0.2, respectively.
The dotted lines represent the spectrum in the Heisenberg model
(x=0) obtained by averaging over the spectra¥or16, 18, 20, and
26 lattices.

FIG. 2. Dynamical spin correlation functio®(q,») for an N
=20t-t’-t"-J lattice, obtained by averaging over twisted B@)
Hole doping(t=1,t'=-0.25,t"=0.12, andJ=0.4) and(b) electron
doping (t=-1, t'=0.25,t"=-0.12, andJ=0.4). Solid and dashed
lines represent the data fa=0.1 andx=0.2, respectively. The dot-
ted line atg=(sr, ) in (a) represents the data for tite model at
x=0.1. The momenta defined in the lattice are showtajnin (b)
the edge of the spin-wave excitations in the Heisenberg model perimental ones because of excluding electronic Raman con-
=0) obtained by the linear-spin-wave theory is indicated by thetributions.
downward arrow for each momentum.

. S IV. SINGLE-PARTICLE SPECTRAL FUNCTION
At x=0.1 of hole doping, the lowest-energy excitations

are not atq=(w,m) but at (7,0) as shown in Fig. @), In this section, we present doping dependence of the
although the spectral weight is the highest(atm). Forx  single-particle spectral functioA(k,w) for both hole- and
=0.2, the (m,m) weight decreases and the weight atelectron-doped-t’-t’-J models, and discuss the similarity
(37/5,4m/5) shifts to lower energy. These behaviors indi- and difference between the calculated results and ARPES
cate a tendency toward incommensurate spin correlations reata,

ported in hole-doped materials such as LSQR2f. 8 and

YBa,Cu0_s5.*2 At (7, ) for x=0.1, we find, from the com- A. Half filling

parison between the solid and dotted lines, that the introduc- ) ' ) .

tion oft” andt” shifts weights to lower-energy side. Since the L€t us start with the spectral function at half fillirig
equal-time spin correlations are almost the same, as seen if)- Figure 4 shows the weight map along the high-
Fig. 1, we can say that the effect tf andt” on magnetic
properties is the shift of AF spin fluctuation toward lower
frequencies.

(~l2,1/2)

Two-magnon Raman scattering also shows such contrast- .0-49
ing magnetic behaviors between hole- and electron-doped
systems. Figure 3 exhibits t&, two-magnon Raman spec-
trum Ig(w) in (7) for the N=20 lattice. The dotted lines in the % I

figure represent thB,4 two-magnon Raman spectrum of the

Heisenberg mode(x=0), which is obtained by averaging -4

over the spectra foN=16, 18, 20, and 26 lattices in order to Io
reduce finite-size effects. The main peak due to two magnons -8

appears at aroune~ 3J.** For x=0.1 of electron doping,

the two-magnon peak position remains unchanged with 0.0)  (=0) (’;") ©0)  (=0)

~3J as expected from the presence of AF order, though its
weight decreases. !n cgntrast, the Mo-magnon peak shifts to FIG. 4. (Color onling Weight map of the spectral function for
the lower-energy side in hole doping from~3J 10 2J at gz N=20t-t'-t"-3 model at half filing along the high-symmetry
x=0.1. Atx=0.2, there are no pronounced magnon peaks ifines, |t|=1, t'/t=-0.25,t"/t=0.12, andJ/|t|=0.4. Twisted BC are
both the hole and electron dopings. Such a contrasting bgmposed on the lattice in calculating the final states. For each BC a
havior about the position of the two-magnon peak is consist orentzian broadening of 02 is used. The scale of the weight is
tent with recent experimental data, where in hole doping thghown in the bar at the right side of the panels. The on-site Cou-
peak position shifts to the lower-energy sitldut not in  lomb interaction that determines the Mott-gap magnitude is set to
electron doping® We note that the line shapes of the calcu-be U/|t|=4]t|/J=10. The chemical potential is located at the zero
lated spectra cannot be directly compared with those of exenergy.
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symmetry lines in the first Brillouin zone obtained by intro- (n/2,7/2)

ducing the twist for theN=20t-t’-t"-J model as mentioned 4

in Sec. Il. To obtain continuous weights, we perform a .0-38
smoothing procedure for each symmetry line that has 2

/40 meshe$! The on-site Coulomb interaction that deter-

mines Mott-gap magnitude is set to be|t|=4]t|/J=10. %0
The top of the lower Hubbard band is located lat
=(w/2,7/2). Quasiparticle energies at arourie,0) are
lower than that of(#/2,7/2). The spectral weights at
around(,0) are suppressed in contrast to the case of the
t-J model, where the quasiparticle energies at béth
=(m7,0) and (w/2,7/2) are almost degenerate and their 00 ®0)  (mm) ©00)  (n0)
weights are simila¥® On the other hand, the quasiparticle at k
(7r,0) in the upper Hubbard band is located at the bottom of gy, 5. (Color onling Weight map of the spectral function for
the band. Therefore, the charge excitation with minimum engn N=20t-t'-t"-J model at the hole concentratiox=1-18/20
ergy is fromk=(w/2,7/2) in the lower Hubbard band to =0.1.t=1,t'=-0.25,t"=0.12, and)=0.4. Twisted BC are imposed
(7,0) in the upper Hubbard band. In other words, the Motton the lattice. For each BC a Lorentzian broadening of i8.2sed.
gap in the two-dimensional insulating cuprates is an indirecfThe scale of the weight is shown in the bar at the right side of the
gap, as previously pointed out by the exact diagonalizatiofpanels. The red curves represent a noninteracting tight-binding band
study of a Hubbard model witki andt”.*® From such an Wwith the same hopping amplitudes.

indirect nature, we can expect that doped holes predomi- . .
nantly enter into thezr/2 77/%) region in I?]eavy undeprdop— Just below and above the Fermi level. We also find that along

. hile the el . 0 . the (0,0)-(ar, ) direction the dispersion exhibits a slight

Ing, w Ile the e gctrgns enk;[er 'Eto ther, )Ireglpnh. gownturn toward0, 0) at (w/2,7/2). On the other hand, at
We also see In Fig. 4 that the spectral weights at aroun round(sr,0) the spectra are located below the Fermi level

the bottom of the upper Hubbard band are the largest amo

those at other regions. Since spectral weight at half filling irsWlth small weight and flat dispersion. These behaviors are

; . consistent with the picture that doped holes predominantly
rogghly proporltlonall to .the produ_ct of the weight of the occupy the(w/2,7/2) region in underdoped system, which
Neel—_type cor_1f|gurat|on n 'the Heisenberg ground state b s expected from the dispersion at half filling as discussed
that in the single-carrier final state, the large weights a

around(, 0) imply that the Néel-type configuration is domi- ab?l'\fgee. most interesting feature in Fig. 5 is a gapped behavior
nant in the final states neétr,0), and thus AF correlation is 9 9. gapp

i inthe | ¢ f the sinale electron-d gear the Fermi level along ther,0)-(7, ) direction. This
strong In the low-energy Sectors ol the single electron-topedqq g 1o correspond to the pseudogap observed in ARPES
system. Such a momentum-dependent feature comes fro

Y 8periments for hole-doped high- cuprate€? In order to
the presence df andt”.!® see such a gap feature in more detail, we show in Fig. 6 the
intensity map at the Fermi levéb=0) for both the electron-
removal(A_) and electron-additiofA,) spectra. Note that in

Figure 5 shows the weight map of the spectral functionfinite-size latticesA_(k, w=0) is not equal toA.(k,w=0), in
for a two-hole doped systenix=0.1) along the high- contrast with the case of the thermodynamic limit, and rather
symmetry lines in the first Brillouin zone. The red lines in A_(k,»=0) in this case is comparable with ARPES intensity
the figure represent a noninteracting tight-binding band witmear the Fermi level. In Fig.(8), spectral weights are large
the same hopping amplitudes &s1, t’'/t=-0.25, andt”/t near the nodal0,0)-(7,7) direction, and the weights de-
=0.12, which is available for a guide of the band renormal-crease away from the nodal region along the original nonin-
ization of thet-t’-t"-J model. From the weight map, we find teracting Fermi surface. This is similar to the so-cakedmi
that large spectral weights appear at arokrsd 7/2,7/2) arc observed in the normal state of underdoped high-

B. Hole doping

A (k,w=0) A (k.0=0)

l0.26 FIG. 6. (Color onling Contour plot of
A(k,w=0) for an N=20t-t’-t"-J model at the
hole concentrationx=1-18/20-0.1. t=1, t’'=
-0.25,t"=0.12, and)=0.4. (a) Electron-removal

® _ 8 [ spectrumA_(k,»=0) and (b) electron-addition
< 04 204 spectrumA, (k,w=0). The scale of the weight is
shown in the bar at the right side of the panels.
Io The red curves represent a noninteracting tight-

binding Fermi surface with the same hopping
1.0 0. ‘ y ¥ 8 10 amplitudes.

(@) kfn (b) kin
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(n/2,7/2)

4
0.34

) -
30 -

2

i
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(0,0) (n,0) (n,m) (0,0) (m,0)

k

FIG. 7. (Color onling Same as Fig. 5 but for &8J model.

materialsi>134°We do not find pocket-like features in the
electron-removal side at arourta/2,7/2), consistent with
the experiments.

We also note that the ridge of the spectra in Fi¢p)6
reaches the momenta @0.67,0) and (0,0.67). Such a
feature has experimentally observed in

method of equations of motion for the’-J model®® In the

present calculations, the presence of the weight at arou

(0.67,0) and (0,0.6m) is interpreted as the effect of and
t”: The quasiparticle energy at arout/2,0) is insensitive
tot’ andt” in contrast with that afw, 0), as is expected from

Na-doped,;
Ca,CuO,Cl,,'* and theoretically demonstrated by using the

PHYSICAL REVIEW B 70, 174517(2004)

(n/2,7/2)

0.0) (=0) (0,0) (m,0)

(mim)
k

FIG. 9. (Color onling Same as Fig. 5 bt=1-16/20-0.2.

similar to that of thet-t’-t”-J model. Therefore, we can say
that the long-range hoppingsandt” are responsible for the
formation of the gap and thus for a Fermi-arc behavior ob-
served in ARPES experiments of hole-doped cuprés?®
Recent ARPES experimefitshave shown that the flat band
around k=(w,0) is deeper in energy for
Bi,_,Pb,SrCa_,(Pr, En,Cu,0g.s (BSCCO than for LSCO.

n%incet’ andt” for BSCCO are known to be larger than that

r LSCOZ8 the experimental data are consistent with the
present picture that’ and t” predominantly control the
pseudogap magnitude.

In order to examine this more quantitatively, we plot in

the tight-binding form. Thereby, the quasiparticle is kept,:ig. 8 thet’ dependence of the gap eneify,, for two cases

close to the Fermi level at ther/2,0) region.
In the electron-addition sidgFig. 6(b)], spectral weights
predominantly spread along tk@, 7)-(r,0) direction. In or-

of t"/t'=-0.12/0.25=-0.48 antf/t' =0. TheEy, is defined
as the minimum-energy difference between the electron-
removal and electron-addition states lat (w7, w/4). At

der to detect these weights, we need angle-resolved inversg'/t=0, the gap is finite but may come partly from the

photoemission with high resolution.

The gap along thé,0)-(7, ) direction is sensitive to
the magnitude of’ andt”. To see this, we show in Fig. 7 the
spectral function for thé&-J model withx=0.1. We find a less
clear gap observed along ther,0)-(7, ) direction, al-
though the dispersion along th@®,0)-(w, ) direction is

1.2 T T T T
—u— tft=-0.48
—o— tt=0 n
—_ —
% 0.8} ./ 1
t; -
L ./ D/D/D
® / o—
= 04} s o 1
% "5
(]
0'0 1 1 Il 1
0.0 0.1 0.2 0.3

-tit

FIG. 8. Dependence of the gap energy,, on t' for an
N=20t-t’-t"-J model at the hole concentratiorz0.1.t=1 andJ

finite-size effect. With increasingt+t, Eg,, increases for

both the cases df'/t'=0 and -0.48. Comparing them, we
also find thatt” significantly contributes for the gap magni-
tude. Since’ andt” not only reduce quasiparticle energy at
around(r,0) but also enhance low-energy AF fluctuation in

(n/2.1/2)
]

00) (@0 (an) (r,0)

k

(0.0)

FIG. 10. (Color onling Weight map of the spectral function for
an N=20t-t’-t"-J model at the electron concentratiotx22/20
-1=0.1.t=-1,1t"=0.25,t"=-0.12, and]=0.4. Twisted BC are im-

=0.4. Egapis the minimum-energy difference between the electron-posed on the lattice. For each BC a Lorentzian broadening @f 0.2

removal and electron-addition stateskat(,/4). The ratio of
t"/t is kept at —-0.12/0.25=-0.48solid squares and 0 (open
squarep

is used. The scale of the weight is shown in the bar at the right side
of the panels. The red curves represent a noninteracting tight-
binding band with the same hopping amplitudes.
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FIG. 11. (Color online Con-
tour plot of A(k,w=0) for an N
=20t-t’-t"-J model at the electron
concentrationx=22/20-1=0.1t
=-1, t'=0.25, t"=-0.12, andJ
=0.4. (a) Electron-removal spec-
trum A_(k, w=0) and(b) electron-
addition spectrum A,(k,®=0).
The red curves represent a nonin-
teracting tight-binding Fermi sur-
face with the same hopping
amplitudes.

the spin background, the magnitude of the gap seems to kiifferent from those for hole doping. At aroutkd- (7, 0), an
related to the strength of AF fluctuation. In fact, we find thatelectron pocket is seen as expected from the spectral function
the gap is also dependent on the valueJofThe gap at at half filling (see Fig. 4. Note that, in order to get such a
-t'/t=0.25 changes from 0.8%or J/t=0.4 to 0.51 for J/t  clear pocket, the presence of AF order is neces$dryfact,
=0.2. strong AF correlation remains in the lattice, as explained in
From Fig. 5 we see that gap opens not only al¢ng0) Sec. lll. Along the(0,0)-(4r, 77) direction, we find a clear gap
-(7r, ) but also along thé€0,0)-(7, ) direction. In the lat- in the dispersion.
ter, the gap appears in the electron-addition siele 0), and The Fermi surface map is shown in Fig. 11, where elec-
its magnitude is smaller than that &i,7/4).5° The gap tron pockets centered #tr,0) and (0,7) are clearly seen.
value is also found to be dependent ©rif Fig. 5 is com- The presence of the pockets and the absence of weights
pared with Fig. 7. In order to detect this gap, we need anglealong the nodal direction are consistent with ARPES data
resolved inverse photoemission experiments. for underdoped NCCO where AF long-range order persists.
At x=0.2 (four holes in theN=20 lattice, the gap be- We also note that recent spectral function calculations for a
comes less clear than that at0.1, as shown in Fig. 9. Hubbard model with long-range hoppings display gap behav-
Along the (0, 0)-(, ) direction, the gap feature almost dis- iors consistent with our results as longdss large?8-33

appears, and a downturn of the dispersion(=at2,m/2), The spectral function for a four-electron doped system
seen atx=0.1, vanishes completely. Furthermore, a spectra(X=0.2) is exhibited in Fig. 12. Thé,0) electron pocket
distribution near the Fermi level along tiie,0)-(7,7) di-  seen ak=0.1 almost disappears, although the spectral inten-

rection becomes continuous, though the weight at arounéity at aroundr,0) is still strong enough to show a remnant
(w,ml4) is still small. We can say that overall behavior of the pocket. In contrast, ther/2,/2) gap clearly remains
gradually approaches the noninteracting band with increadut with smaller gap magnitude. With further doping, the

ing hole concentration. spectra show dispersions similar to a noninteracting system.
Figure 13 exhibits the case 0f=0.3, where the gap at
C. Electron doping around (7/2,7/2) almost disappears and the dispersion

qualitatively follows the noninteracting band. The velocity at
the Fermi level is almost one half of the noninteracting-band
velocity, which is independent of the Fermi momentum.

Figure 10 show#\(k , w) for a two-electron doped system
(x=0.) of the N=20t-t’-t"-J model. The spectra are very

(n/2,7/2) (r/2,1/2)

0,0 @®0O) (mm) 0,0 (r,0) 00 (0 (nm)

k k

0.0 (x0)

FIG. 12. (Color online Same as Fig. 10 but FIG. 13. (Color online Same as Fig. 10 but
x=24/20-1=0.2. x=26/20-1=0.3.
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1-2 T T T T 0.4 T T
—m—x=0.1 tt'=-0.48 :
—0—x=0.1 =0 " 03
—e—x=0.2 t"*=-0.48 n

w08y '/ . E
g / o/;7 w02
P el 0.1
Wooal E?n .
e 0.0
0

0.0 1 1 1 I I 1 ( ) (‘)/t (b) (D/Itl

000 005 010 015 020 025 a

Lt FIG. 15. Optical conductivity(w) for anN=20t-t’-t"-J model.

FIG. 14. Dependence of the gap enerBy,, on t’ for an (8@ Hole _doping(tzl/,t’:—O.%S,t”:O.lZ, andj=0.4) and(b) eIe(_:-
electron-doped=20t-t'-t"-J model.t=—1 andJ=0.4. Egpis the ~ O" doping(t=-1,1'=0.25,t"=-0.12, and)=0.4). Dashed, solid,
the minimum-energy difference between the electron-removal an@nd dotted lines represent the carrier concentratior=di.1, 0.2,
electron-addition states at the noninteracting Fermi momerk@lm ar_ld O.3,_respectlve|y. Delta functions are broadened by a Lore_nt2|an
along the(0,0)-(7, ) direction. For the electron concentratian with a width of O.J_rt|. Insets: Thex dep_endence of the Drude weight
=0.1, the ratio oft"/t is kept at ~0.12/0.25=-0.4@olid squares D @s well as the integrated total weigkt
and 0(open squargsFor x=0.2,t"/t=-0.48(solid circles.
-J lattice. Atx=0.1, there is a broad-peak structure at around
w~1 in addition to the Drude contribution centered«st O
for both the hole and electron dopings. Such a broad-peak
structure is known to be incoherent charge excitations ac-
companied by magnetic excitatio’s.This is physically
Tharacterized as an excitation from the AF ground state to an
excited state where wrong spin bonds are created by the mo-
tion of carriers. As a result of the presence of the broad peak
separated from the Drude contribution, a gap-like feature,
i.e., a pseudogap, emerges at around0.5.

For electron doping, it has been discusSethat the

seudogap is very sensitive not only Xdout alsot’ andt”:

ﬁcreasing the absolute values ©ft andt”/t, the gap in-

Let us discuss the origin of the gap along tt@,0)-
(ar,7) direction seen forx=0.1 and 0.2. The gap is, of
course, the consequence of the presendé afdt”, because
there is no gap at the Fermi level along the nodal direction i
thet-J model(see Fig. 7. In Fig. 14, we show th&' depen-
dence of the gap enerdyy,, defined at the noninteracting
Fermi momentumk? along the nodal direction. Since the
t-J model has no gap, the gap value of|).at -t'/t=0 is
due to the finite-size effect. As is the case of hole dopseg
Fig. 8), we find thatEy,, increases with increasingt '+t for
bothx=0.1 and 0.2. From the comparison between the cas

of t"/t"=0 and -0.48 foix=0.1, we also find that’ signifi- creases in energy. Such a pseudogap featuséai has been

cantly contributes to the formation of the gap. Sincandt” . i .
enhance AF correlation as discussed in Sec. I, the magntElearly observed in electron-doped NCCOIn Fig. 15a),

tude of the gap in electron doping seems to be related to th/ghe gap feature is also seen in hole-doped case=at1.
strength of AF correlation. Reflecting the sensitivity to the lthough the gap feature has not been clearly reported in the

AF correlation, when we increaskfrom 0.4 to 0.6 keeping normal state of hole-doped LSCO, a broad peak can be seen

. at w~0.5eV for x<0.06%° The calculated broad-peak
t"/t'=-0.48 forx=0.1 E,,increases from 1.0t to 1.33t|. : .
"=gap
Even forx=0.2, the gap increases with increasirg/t structure in hole doping probably corresponds to the broad

o A peak observed experimentally.
grho'(sju'(r;p:'r?:gtgst :gwgsgrflgg%np;insgm\lvifrgr(t)r?g e?(rg)zlsi?rr\]e;? 32!1 At x=0.2, a remarkable difference appears between hole
fact that at this concentration titewave superconductivity nd electron dopings in Fig. 15: A pseudogap remains in

emerges at low temperature, the gap obtained in the preseﬁltectron doping accompanied by a peak.a0.7t], while it

calculation may indicate an overestimate of the AF correla; isappears in hole doping. Since such a gap feature is related
. Y ; ; to magnetic excitations as discussed above, the difference
tion. Thus, we may need to clarify the mechanism of the ga|

closing which makes the svstemdavave superconductor Rhould reflect the difference of magnetic properties. In fact,
g W o ysten . Sup " AF correlation atx=0.2 behaves differently as already
We will discuss this in the following section.

shown in Fig. 1, where the AF order is expected for electron
doping, while the AF correlation length is very sh@inaller
than 2 lattice unitsin hole doping. This clearly demonstrates
In this section, we first discuss the difference of the opti-the fact that charge dynamics is strongly influenced by AF
cal conductivity between the hole- and electron-dop¢d spin correlation. Ax=0.3, o(w) in electron doping shows
t"-J models. Next, we show th@-wave pairing correlations  similar behaviors to the hole-doped case. This is reasonable
together with charge correlations in the models. because the concentrationxof 0.3 is enough to kill AF cor-
relation.
It is also interesting to compare the peak positiomr{m)
Figure 15 shows the dependence of the optical conductiwith the gap in the single-particle spectral functiatk , w)
ity o(w) on the carrier concentratiox for the N=20t-t’-t”  discussed in Sec. IV. In electron doping, the values of the gap

V. CHARGE DYNAMICS AND PAIRING PROPERTIES

A. Optical conductivity

174517-9



T. TOHYAMA PHYSICAL REVIEW B 70, 174517(2004)
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FIG. 16. Charge correlatioBnadr) as a function of the two- FIG. 17. t' dependence ofd,_>-wave pairing correlation

carrier distancer for an N=20t-t'-t"-J lattice, averaging over Cpai(r) at the largest distanae=y10 for anN=201t-t'-t"-J lattice.

twisted BC. Solid squares: hole dopiiig=1, t'=-0.25,t"=0.12, t=1 andt"=0.12 fort’=-0.25, whilet=-1 andt"=-0.12 fort’

and J=0.4). Open squares: electron dopititge-1, t'=0.25, t"= =0.25.J=0.4 for both cased’=0 corresponds to theJ model.

-0.12, and)=0.4). Solid squares, circles, and triangles arexer0.1,x=0.2, and 0.3,
respectively.

Eqap at aroundk=(7/2,7/2) are 1.@ and 0.74 for x=0.1 L .
agcToz respectivelysee Fig. 14 These numbers almost correlation is strongly enhanced for electron dopifig
agree 'tc; the peak positions ij"(w)'as shown in Fig. 1). =0.25 at_x:Q.l, which is congisten"[ Wi.th a dgnsity-matrix
Such an agreement indicates that the pseudogaf and renormalization-group calculatici.With increasingx from

. . . . 0.1 to 0.2, the correlation decreases rapidly. The enhance-
the gap inA(k, ) in electron doping have the same origin.

) 2 ) ment of pairing correlation for' =0.25 predominantly comes
Nfeehdless to say, AF spin correlation is the underlying CaUSEom the enhancement of pairing itself as indicated in Fig.
of the gaps.

' . . 16. In the momentum space, the strong pairing originates
. In the inset of F!g. 15, the Dr_ude w_e|g@t as well as the from the large single-particle spectral weights near the Fermi
integrated total weighK defined in(12) is plotted as a func- level atk=(1,0), as shown in Fig. 10. This is easily under-
tion of x. Both the weights increase with Comparing the T

hole and electron dopings, we find thatas well asK is stood if we express the pairing operata in (17) as

— —1\0R - . R _
larger in electron doping than in hole doping. Such an en2/NZk(COSk=C0Sky)2,(~1) 7Ty .- - The d-wave opera

hancement in electron doping, particular ¥6£ 0.2, is a con- tc_)r has the_ largest amplitude I&_n:(w,O)_ and thus the !arge
sequence of the interplay between the charge motion anﬂfgle'pf’irt'de_ occupation at_t_Hss_een n glectron doping at
spin background, where the AF spin background makes po§(—‘0'1 gives rise to large pairing Interaction.
sible smooth sublattice-charge flows tiaandt”.1® The e_nhancement “".Wa"e pairing correlation in elec-
tron doping is accompanied by an enhancement of AF corre-
lation. We speculate that the AF correlation exceeds the pair-
ing correlation near half filling, i.e., the AF order overcomes
In order to consider the pairing of carriers, we first showthe superconducting order. With increasing electron concen-
in Fig. 16 the charge correlation functi@,4r) that gives  tration, AF correlation weakens and finally pairing correla-
information on attraction between doped carriers. Comparingion may become dominant, resulting in a transition from AF
hole and electron dopings, we find that the nearest-neighbao superconducting order as observed experimentally. Such a
attraction(r=1) is stronger in electron doping than in hole picture may have some connections with recent data for
doping, and vice versa for the long-distance correlation Pr;_,LaCgCuQ, indicating the coexistence of AF order and
=110), which is irrespective of carrier concentratianThe  superconductivity in the vicinity of the transitiGf.
relatively strong nearest-neighbor attraction in electron dop- An important point to notice further is that the AF-
ing is easily understood if we consider the fact that the AFsuperconducting transition may be accompanied by a topol-
order existing in electron doping is favorable for the pairogy change of the Fermi surface from small to large ones. At
formation gaining the exchange energy. For hole doping!:he same time, the gap at the Fermi level along the nodal
such a force to attract two carriers is weak and thus thelirection is expected to be closed in order fip_-wave
carriers spread over the whole system, leading to the ersuperconductivity to be induced. However, in the present cal-
hancement of long-range carrier correlation. culations, the critical electron concentrationwhere the gap
Since the nearest-neighbor charge attraction is strong inloses(x~0.3), is higher than experimental values of the
electron doping, short-range pairing of two electrons is als@\F-superconducting transitiotk~0.1-0.15 or a quantum
expected to be strong as compared with hole doping. Howphase transitiot? (x=0.165. The discrepancy may indicate
ever, this does not automatically mean that superconductinghe presence of additional effects that have not been included
pair-pair correlation is strong. In Fig. 17, we show thein the present-t’-t"-J model: for instanc&1) the x depen-
d-wave pairing correlatiorC,,(r) at the largest distandg  dence of the parameter values, which has been incorporated
=v10) in the N=20 lattice. We find that theé-wave pairing into the studies of &-t’-t"-U model?8-32 and (2) the effect

B. Charge correlation and d-wave pairing

174517-10



ASYMMETRY OF THE ELECTRONIC STATES IN HOLE-. PHYSICAL REVIEW B 70, 174517(2004)

of inhomegeneity, the presence of which has been reported ihe gap, an electron pocket is clearly seen at ardund)

local probes such as muon-spin relaxatfoand nuclear for x=0.1.

magnetic resonange® experiments. In any case, we may In the optical conductivity, a pseudogap feature clearly

need to clarify the origin of the discrepancy. This still re- appears in the electron-doped system up+®.2 under the

mains as a future issue. averaging procedure over the twist. The origin of the gap is
In hole doping, thed-wave pairing correlation shows attributed to the strong AF correlation in the spin back-

small value up tox=0.2 (seet’ =-0.25 in Fig. 17. However, ground. In fact, we find that the pseudogap has the same

it is enhanced ax=0.3. This is consistent with a recent the- magnitude as that in the spectral function along the nodal

oretical study’ where the enhancement is attributed to thediréction, confirming the same origin.

increase of the occupation numberkat (,0) whose posi- Compa_ring _the calculated _spectral function and optical
tion approaches the Fermi level. conductivity with recent experimental datat*we find that

the presence of the electron pocket and pseudogap agrees
with the experimental data but only far<0.15. In particu-
lar, the critical electron concentratiorwhere the gap closes
is x~0.3 for the present calculation, but this is higher than
In this paper, we have examined the doping dependencgxperimental values of the AF-superconducting transition
of magnetic and electronic properties in the hole- andx~0.1-0.15 or a quantum phase transitfn(x=0.165.
electron-doped cuprates by using the exact diagonalizatiofhis discrepancy may indicate the presence of additional ef-
technique for the-t’-t"-J model. In order to reduce finite- fects that have not been included in the presetitt’-J
size effects in small-size lattice, twisted BC are introducedmodel. We may need to clarify the origin of the discrepancy
instead of standard periodic BC. For the calculation of corbut leave this as a future issue.
relation functions, we have averaged the results for various In terms of pairing of carriers, thé-wave pairing corre-
twisted boundary conditions. The single-particle spectralation function is examined, and the pairing is found to be
function has been obtained for all momenta in the Brillouinenhanced in the underdoped region of electron-doped system
zone by changing the twist. and also in the overdoped region of hole-doped one, consis-
We find that the fact that AF spin correlation remainstent with previous studies under the periodic and open
strong in electron doping in contrast to the case of hole dopBC.353"In electron doping, AF correlation is also enhanced
ing, which has been obtained under the periodic'8&;1° in the same concentration. We thus speculate that AF corre-
does not change even if the averaging procedure over tHation exceeds pairing correlation near half filling, but with
twist is employed. This confirms asymmetric magnetic propincreasing electron concentration AF correlation weakens
erties in thet-t’-t"-J model. This necessarily leads to a re- and finally pairing correlation may become dominant. Al-
markable electron-hole asymmetry in the dynamical spirthough the electronic states in the normal state of Aigh-
structure factor and two-magnon Raman scattering. The doguprates, including asymmetry between hole and electron
ing dependence of these quantities in electron doping igoping, are found to be described well by th-t"-J model,
qualitatively consistent with recent experimental d&t¥in-  the relation of thet-t’-t”-J model to thed-wave supercon-
dicating the justification for the use of the’-t"-J model. ductivity in addition to the competition between AF order
Using the twisted BC, we have also uncovered dramati@nd superconductivity in electron doping remains to be re-
differences in the single-particle spectral function betweersolved in the future.
hole and electron dopings. In hole doping, the quasiparticle
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