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Differences between hole and electron doping of a two-leg CuO ladder
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Here we report results of a density-matrix-renormalization-group calculation of the charge, spin, and pairing
properties of a two-leg CuO Hubbard ladder. The outer oxygen atoms as well as the rung and leg oxygen atoms
are included along with near-neighbor and oxygen-hopping matrix elements. This model allows us to study the
effects of hole and electron doping on a system that is a charge-transfer insulator at a filling of one hole per Cu
and exhibits power lawg-wave-like pairing correlations when doped. In particular, we focus on the differences
between doping with holes and with electrons.
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[. INTRODUCTION Cu sites isA 4= €,— €4>0 andUg, andU, are the on-site
Coulomb energies for Cu and O, respectively. In this model
Two-leg CuO ladder materials are known to exhibit somean undoped ladder corresponds to a density of one hole per
of the basic physical properties of the higpcuprates. Un- Cu site. We will work in units wheré,q=1 and take as
doped two-leg ladder materials are found to be spin-gappedypical valuesU =8 andU,=3, throughout.
charge-transfer insulatdré and superconductivity has been ~ Two of the authors previously studied a similar mddel
observed in hole-doped ladders under high pressire. which the outer O sites were missing and only the near-
Moreover, ladder models have proved amenable to numericaleighbor Cu-O hopping,y was present. While this simpli-
studies, allowing one to explore the relationship between théed form allowed one to compare a charge-gap-insulator
parameters in the model and physical properties such as timeodel with the traditional one-band Hubbard anrdl mod-
charge and spin gaps of the insulating state and the pairingls, the absence of the outer O and thghoppings altered
correlations in the doped statéHere we continue this type the electronic structur€:'* In addition, the electron-doped
of theoretical study by examining the properties of a CuOpairing response of the model appeared to be quite different
ladder using a density-matrix-renormalization-groupfrom the hole-doped behavior. Here, for the more realistic
(DMRG) analysis® We will focus on the differences between structure shown in Fig. 1, we return to the study of the two-
hole and electron doping. leg CuO ladder in which the charge-transfer nature of the
The geometry of the two-leg ladder that we will study is insulating state is treated along with the effects of the oxygen
illustrated in Fig. 1. The Cu sites are characterized by a,, hopping matrix elements. We also will study longer lad-
dy2_,2 orbital, the rung O sites by @, orbital, and the leg O  ders with up to 3% 2 Cu atoms corresponding to 226 total O
sites by ap, orbital. The hole Hamiltonian for this model is and Cu sites.
given by We calculate the static properties of the modginumeri-
cally using the DMRG metho@With this approach we ob-

tain accurate ground-state energies and expectation values
H:ApdiE pi‘r(rpi(r_tpd<% (dr(rpj(r+p}-(rdi(r)
(o8 (o8

—tpp%” (PLoP1o+ PloPi) + U6 it

+up2i piTTpiTpiTLpil- (1)

Here tyq is the one-hole hopping matrix element between
nearest-neighbor Cu and O sites and the first sum in(BHq.

is over all nearest-neighbor sites. We will assume for sim-
plicity thatt,q has the same value between all the Cuand O . 1. schematic lattice structure of a two-leg CuO ladder.

sites. The third term in Eq(1) sums over all nearest- ere the solid circles represent @¢_,2) orbitals and the open
neighbor pairs of O sites artd, is the hopping matrix ele- circles represent @) orbitals on the rungs and @) orbitals on
ments between these sites. We have chosen the phases of Bigh legs. The orbital phases are chosen so that there is a hopping
orbitals such that the signs of the hopping matrix elementgatrix element,4 between nearest-neighbor Cu and O sites repre-
are constant and with the minus sign convention of @%.  sented by the solid lines and a hopping matrix elemgnbetween
tp¢>0 andt,,=0. The energy difference between the O andnearest-neighbor O sites represented by the dashed lines.
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(such as correlation functionfor a fixed number of holes of 1
each spin. In the DMRG calculations, open-end boundary g3
conditions are used so that when we discuss local quantitie: 06
they will actually be averaged over the ladder and correlation..
functions will be calculated using distances taken about the 04
midpoint. We have used up ton=2000 density-matrix 0.2
eigenstates to build the DMRG basis. Using an extrapolation i
of DMRG ground-state energies to vanishing discarded 0 02 04 06 08 1 0 1 2 3 4 5 6 7
weight!? we have obtained gr(%md state energies and gap: Top Apa

that are accurate to parts in 1Q,4. Although the largest . . .
source of errors in our calculatiogds are finite size effects, we FIG. 2. Hole densitync,) and(no) on the various sites of an

have been able to extrapolate a number of gap measuremerléndope‘j ladder with 82 Cu atoms: Cu sitegsolid circles, rung
to an infinite-size ladder. ?py) sites (up triangle$, leg O(p,) sites (down triangleg and

. - outer O sitegsquarepversus(a) t,, for A, 4=2.7 and(b) A4 for
In Sec. Il we discuss our results for a filling of one hole dsquarep (@ top pd (b) e

per Cu, which corresponds to the undoped ladder. Our mairf® =~
interest is in the effect of the site energy differentgy o 4 + 5
=e,— €4 and the oxygen hopping parametgy,. We will (S)=a((V,005Yip)°) 2
examine the charge and spin magnitudes on the various sites
and the dependence of the charge and spin gaps,grand  on various sites is shown in Fig. 3 for the same parameters.
tpp. WhenUy is large compared witth ,g and A ,4=2t,,,  Here W[ =d/, or p/, depending on the sitar is the usual
we find, as expected, that the ladder is a charge-transfer irPauli spin matrix, and the indicesand 8 are summed over.
sulator with a spin gap. By comparing the low-lying spin For Apg=3 andt,,=0.5, the average spin moment on the
states of the CuO model with a two-leg Heisenberg modelCu site is 0.5. Dividing this by the average hole occupation
we extract effective rung and leg exchange interactions. Iior the Cu gives a squared spin moment of order 0.7 com-
Sec. lll, we examine the charge and spin magnitude distribupared with 3/4 for a Heisenberg spas1/2. With U,4=8,
tions for the doped case and find that, for typical parameterghe spin moment is well formed on the Cu site a(@&
characteristic of the cuprates, the doped holes tend to bﬁmp]y tracks(nCLo’ the probab”ity of having a hole on aCu
spread out on the O lattice while doped electrons tend to bgjte.
localized on the Cu sites. We also study the effect of doping The charge gap of an undoped ladder witk 2 Cu sites
on the effective exchange interactions and on the local spins given by
spin correlations. We then turn to a study of the pairing cor-
relations for both the hole-doped and the electron-doped lad-
ders. We find a power-law behavior with negative
“d-wave-like” Cu rung-leg pair correlations for both hole
and electron doping. However, we find that the internal strucwhereEq(N,L) denotes the ground-state energy of a ladder
ture of a pair depends on whether the system is electrof lengthL with N+ 2L holes. Extrapolating the charge gap
doped or hole doped. In Sec. IV, we conclude with somegrom numerical data for up tb =16, we find the results for
further comments relating these results to the general probd.(L—) plotted in Fig. 4. Here Fig. @) showsA (L
lem posed by the cuprate materials. —) versust,, for various values ofA,q and Fig. 4b)
shows A (L—) versusA,y for various values oft,.
From these results, we see that in order to have a charge gap,
we needA,4=2t,,. Experimentally>** A. is of order

We first investigate the properties of an undoped ladderl.4-2 eV. If we take,,~t,4/2, thenA 4~3 gives a realis-
For local properties such as the charge and spin magnitudé charge gap with,4~1.6 ev1o
distributions on the sites and the spin correlations between
sites, a ladder containing>82 Cu sites is sufficiently long.

A(L)=Eg(+2L)+Eq(—2L)—2Eqx(OL), 3)

Il. THE UNDOPED LADDER

0.7

In Fig. 2 we show the average ground-state hole occupatior 0.6}
of Cu sites(nCU}=(di‘}diﬁdﬁdu) and of the various O o5}
sites(no>=<piTTpiT+ P;rlpu) as a function of ,, andA 4. In % E 2‘3‘
Fig. 2(@ the hole occupation is shown fdr,y=2.7 versus ool
tpp. As t,, increases, the hole occupation on the Cu sites ol
decreases and that on the O sites increases. In fHy.tBe ol ol
hole occupation is shown fdr,,=0.5 versusA 4. Here as o 0z 0'4%0'6 08 1 oLz d“ 3607
%

A4 increases, the hole occupation on the Cu sites increases

as expected. The hole occupation on the outer O sites is kG, 3. Local spin momentS?) on the various types of sites of

typically about half that on the other O sites. Rg=0.5  an undoped ladder with 82 Cu atoms: Cu sitessolid circles,

andA,4=3, the holes are=70% on the Cu sites and 30% rung O(p,) sites(up triangle$, leg O(p,) sites (down triangle

on the O sites. and outer O siteésquarepversus(a) tp, for A ;=2.7 and(b) A4
The average value of the square of the spin moment  for t,,=0.5.
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This is due to the additional exchange path through the O
ions. This crucial role of the O-O hopping, in giving a
large effective Cu-Cu exchange has been emphasized by Es-
kes and Jeffersotr.

The nearest-neighbor Cu spin-spin correlatids S;)
are antiferromagnetic in the undoped ladder. For a fixed
value ofty,, —(S-S;) increases with\ ;4 and tends to the
value obtained for a two-leg Heisenberg ladder wiigfy
for A >t,p- This simply reflects the fact that increasing,q

FIG. 4. Charge gap of undoped ladders extrapolated to an inficaUSeS the holes to become more localized on the Cu sites, as

nite ladder lengthL —. (@) As a function oft,, for A,q=0 shown by the increase in the Cu spin mome(89) in Fig.

(squarel A,q=1 (down triangle A,4=2.5 (up triangle$, and 3(b). For the same reason, for a fixed value 8fq,

A,q=4 (circles. (b) As a function ofA 4 for t,,=0 (circles, t,, —(S-S;) decreases with increasing, and vanishes for
=0.5 (triangles, andt,,=1 (square}s top>A,4-. This decrease is due to the reduction of the local

magnetic momentéS?) on the Cu sites as the holes spread
The lowest triplet spin excitation is gapped and localizedfurther onto the O sites, as seen in Figa)3
on the Cu sites of the laddére., the spin density remains The low-energy properties of the spin degrees of freedom
zero on the O sites in the triplet stat&@he spin gap is given of the undopedi-p Hubbard mode(1) can be mapped onto

AL — o0)
AL —oc)

by an anisotropic Heisenberg ladder:
N N N N
ANL)=Eq| 5 +15 1L |=Eo| 5. 5.L ], @ H=<% 3iS- S ®)

whereEq(N;,N,L) is the ground-state energy of an<2 Here(ij) represent near-neighbor bonds along the legs and
ladder withN,+ L holes of spinc=1, | . We first discuss the rungs of a two-leg ladder with;;=J, for the rungs and
spin gap of the undoped laddeN{0). In this case we for the legs. To estimate the parametérsandJ;, we con-
extrapolate the spin gap to an infinite ladder length usingider the low-energy states of tldep model for a Cy, Os;
data for up toL=16. The dependence of the spin gapcluster L X2 Cu laddey. Then by making a one-to-one cor-
Ag(L—) onty, andA,q is shown in Figs. &) and §b),  respondence of the states of this system tolthe? Heisen-
respectively. As for the charge gap, there is a spin gap only iberg ladder, we derive th&, andJ; parameters of the an-
Apg=2ty,. For largeA,  the spin gap decreases due to aisotropic Heisenberg Hamiltonian. These processes are
decrease in the effective exchange coupling as observed performed for ladders of length=8, 12, and 16 with the
our previous work. Thus the spin gap goes through a maxi- open boundary condition. We confirm that the low-lying spin
mum at a finite value o\ ,4>2t 4. Experimentally?'® A, states of thed-p and Heisenberg clusters have the same
~0.03-0.05 eV so that with,;~1.6 eV, we need\¢/t,y  quantum numbers and characters for all the three values of
=0.03. This confirms that,,=0.5 andA ;=3 represent To make the mapping systematically with various system
appropriate choices, consistent with electronic band-structurgizes, we extract the two lowest triplet excitation energies,
calculations' Eu=Eo(So=1)—Eo(Ser=0) and Ep=E;(Sx=1)

For a two-leg Heisenberg ladder, the spin gap is equal te- E¢(S,,;=0). Here,E,(S=S,,) is the energy of thenth
approximately half of the exchange interaction. Thus fromexcited state with total spi6. Then we determing, andJ,
Fig. 5@ we see that provided ,4=2t,,, the effective ex- by fitting the excitation energieg;; and E;, with results
change interaction between Cu spins increases yjthFor  obtained fromd-p clusters with the samie. In this way, with
example, forA ,4=2.5, the spin gap and hence the effectiveA =3 and t,,=0.5, we find that J, =0.0G,4
Cu-Cu exchange increase by 40%tgsgoes from 0 to 0.5. (~96 meV) andJ;=0.08,4 (~128 meV); both of which

are in a reasonable range as compared to experimental and
%3,14,16

004 0.04 —r—r—1——1— theoretical result
003k @ o I It is also interesting to examine the effecttgf, andA 4
2 | on the effective exchange coupling anisotropy. From the
&o.oz . nearest-neighbor Cu spin-spin correlati@- S;) we define
S
0.01 .
<S'Sj>rung
G ©
0.5 0 0.5 1 Si)teg

where we use an average & -S;) over the ladder. For a

FIG. 5. Spin gap of undoped ladders extrapolated to an infinitd 1€isenberg laddef5) with an exchange coupling, on the

ladder lengthL—c. (a) As a function oft,, for Apg=1 (circles, ~ rungs andJ; on the legsR versusJ, /J; is shown in Fig.
A,g=2.5 (up triangles, A,q=4 (down triangle and A,,=7  6(a). Various experimental and theoretical estimeté$

(squares (b) As a function ofA 4 for t,,=0 (square} t,,=0.5  suggest that values aof, /J; ranging from 0.5 to 1.0 are
(up triangle$, andt,,=1 (circles. appropriate for two-leg CuO ladders. Figur@6shows that
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FIG. 7. (&) The hole densityn and (b) the square of the spin
moment(S?) on the various types of sites of a ladder withx15
Cu atoms as a function of filling: Cu sites(solid circleg, rung
O(py) sites (up triangles, leg O(p,) sites (down triangles and
outer O sitegsquares

x=1+N/(2L), whereN is the number of doped holed(
>0, x>1) or doped electrondN<0, x<1) in a ladder with
L X2 Cu atoms. Results for the site occupations versus the
doping are shown in Fig.(@). Here, we see that the slope of
FIG. 6. RatioR between nearest-neighbor spin correlations onte hole occupation on the Cu site versughanges ak
rungs and_legs(:a) For a two-leg Heisenberg ladder wiFh 100 rungs — 1 Eor electron doping, the electrons are more likely to go
as a function ofj, /Jy; for an undoped CuO ladder with-8 Cu o the Cy site than are the holes when the system is hole
sites (b) versustp, and (c) versusa g doped. For the parameters we have chosen, an added electron
) _ goes about 80% onto a Cu site while an added hole goes
th|§ corresponds to values Rfvarymg from 0.6 to 1.2. The  zpout 90% onto the O sites. This is, of course, what one
ratio R obtained for our CuO ladder is shown versysand  \yould expect for a charge-transfer insulator. This is also con-
Apqin Figs. Gb) and Gc), respectively. We see that the ex- sistent with Monte Carlo results for the three-band Hubbard
change coupling anisotropy is again consistent with parammodet’18 as well as our previous DMRG results for the
eter valuesd,4~3 andt,,~0.5. In the absence of the outer cyQ |addef The variation of the local squared spin mo-
O sites, the anisotropy rati& becomes significantly larger ments on the different sites versus doping are shown in Fig.
than the values shown in Figs(i§ and @c) for 0<tp,<1.  7(p). As discussed previously, in the charge-transfer regime,
In the charge-transfer insulating phase, one finds an effectivighere U is large compared td g and A4 is larger than
exchange coupling ratid, /J;>1 for realistic parameters, in  geveral timeg,,, the spin moments are mainly on the Cu
disagreement with most experimental and theoretical estisjtes. \When the system is electron doped, the electrons go
mates. Thus, it appears that it is important to include theynto the Cu sites eliminating their moments. Thus, the aver-
outer O sites in order to obtain a qualitatively correct de-age moment on the Cu sites depends upamthe same way
scription of two-leg CuO ladders. _ _ _as the Cu site occupatiofnc,), and (S2,)/(nc,) remains
The dependence of the charge and spin magnitude distrisssentially constant, of order 0.7. The change in the average
butions, the charge and spin gaps, and the spin-spin correlgioment shown in Fig. () simply reflects the fact that for
tions on the parametetg, andA 4 can be understood quali- he electron-doped case, spin moments at individual Cu sites
tatively. Fort,,=A,,4/2, the holes are delocalized on all Cu 416 removed when electrons are added to those sites. Like-
and O sites and the undoped CuO ladder is in a metalliGise, for the hole-doped situation the average spin moment

phase. For\p4=2t,,,, the holes tend to be localized on the o the Cu sites increases only slightly acreases and a
Cu sites and the undoped system is a charge-transfer insulgsy more Cu sites have holes.

tor. Low-energy spin excitations involve the holes on the Cu |, Fig. 8 we have plotted the average value of the nearest-

sites only. Thus, the spin degrees of freedom localized on thﬁeighbor Cu spin-spin correlatioK§ - S;) on the rungs and
Cu sites lead to an effective two-leg spin ladder. Here, as

noted, we are working in units whetgy=1, Uy4=8, and 02
U,=3. We have seen that the magnitudes of the charge and
spin gaps as well as the site charge densities, spin moments,

and effective exchange couplings are consistent with "?:0.1 L
=3 andt,,=0.5. We will now examine what happens when S
such a CuO ladder is doped with holes and electrons.
o, L .
0.75 1 1.25

Ill. THE DOPED LADDER

X

~ Turning to the doped situation, we investigate the proper- FIG. 8. The average nearest-neighbor Cu spin-spin correlation
ties of the model(1) with Ay3=3, Uy=8, Up,=3, and function(S-S;) on the runggsolid circles and legs(open circles
top=0.5 for various hole concentrationer Cu atom  versusx calculated on ladders with 262 Cu sites.
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legs versus doping. As electrons are doped onto the ladder
and spin moments are removed from the Cu sites, the mag-
nitude of the(S;- ;) correlations decrease on both the rungs
and the legs. Similar results are observed for the nearest-
neighbor spin-spin correlations in thel model on a two-leg
ladder as the hole concentration increases.

However, as holes are added to the CuO Hubbard model
(1) andx increases, the rung spin-spin correlations decrease
more rapidly than those along the legs. As we have seen, the
added holes tend to go onto the O sites, which frusttates
screens the exchange coupling between the Cu spins. A
rough estimate of this can be seen by considering g0gu FIG. 9. The Cu rung-rung pair field correlation functi®{¢)
cluster with one hole or electron added. Calculating the low=(A;, ,A]) versus¢ for a 32x2 Cu ladder. Here, we have nor-
lying states of the cluster and comparing the excitation enemalizedD(¢) to its value at=4. Circles, squares, and triangles
gies with a four-sitet-Jo system, we find thafeq/tyy is correspond to an undoped ladder, a ladder doped with two holes,
50% smaller for the one-holexE 1.25) case relative to its  and with two electrons, respectively. Inset: Same datamalized
value for the one-electrorx&0.75) case. Thus, in the hole- to their{=1 valug on a log-log scale. The lines have slopd/2,
doped system, the effective exchange interaction between thel, and—2.

spin moments on the Cu sites is weakened. Because this o )
effective exchange is initially larger along the legs thanfung-rung pair field correlations or decrease much faster.

across the rungs, the rung correlations decrease more rapioEPme results for the rung-rung pair field correlation function
than those along the legs. We note that the anisotropy in the (¢) versus¢ are shown in Fig. 9 for a ladder containing
reduction of the spin-spin correlations as a function of dop-32%2 Cu sites. We have normaliz&(¢) with respect to its

ing is much stronger than intal model on a two-leg ladder, Valué até=4. The pair field correlations in the undoped

even if one uses a strongly anisotropic exchange couplingyStem decay rapidigexponentially with distance while, as

I #J). Shown in the inset, the pair porrelatlons _when two electrons
The average values of the nearest-neighbor Cu-O spir2'® added_or .removgd_exhlblt' an apprommatg power-lgw de-

spin correlations increase rapidly with the number of holes irff@y- (Qualitatively similar pair field correlation functions

the ladder. For hole doping the appearance of strong nearedtave been calculated inta) two-leg ladder with two doped

neighbor Cu-O spin correlations corresponds to the formal0les) While the decay of the normalized rung-rung pair
tion of a Zhang-Rice singl® in an isotropic two- field correlations for the two-electron- and two-hole-doped

dimensional Cu@ lattice. In the two-leg CuO ladder ladders are similar in the CuO Hubbard mo@B| the size of
however, the strength of the Cu-O spin-spin correlation dethe rung-rung Cu pairing correlatl(_)ns are a factor of 4 larger
pends on the type of the O site considered. Rung Cu-O spirfgr the electron-doped case relative to the hole-doped one.

spin correlations increase less rapidly than the other one§his reflects the fact that for electron doping the added car-
with increasing hole concentratior. This confirms the Mers go primarily onto the Cu sites, while for hole doping

higher frustration of antiferromagnetic correlations in thethey go primarily onto the O sites. For higher doping (0.75
rung direction than in the leg direction when an additional=x<1.25) the Cu rung-rung pair field correlations are very
hole is placed between the two holes localized on nearesgimilar to thos_e shown in Fig. 9 for doped holes or electrons.
neighbor Cu sites. Correspondingly, for hole doping the spin- 10 determine whether doped holes or electrons form
spin correlation between a Cu site and its outer O site inPound pairs, we have first calculated the binding energy of
creases faster than for the other nearest-neighbor sitd@0 doped holes and electrons. The pair binding energy is
because of the absence of frustration for this type of O siteglefined as
Turning next to the pairing correlations, we have calcu- _ B _

lated the Cu rung-rung pair field correlation function App(L) =2Eo(* 1) =Eo(£2L)=Eo(OL), ©

D(1)/D(4)

whereEy(N,L) is the ground-state energy of a ladder with
D(€)=(Aj (Al () Lx2 Cu site andN+2L holes. We could not extrapolate
App(L) to theL—e limit because finite-size effects are too
irregular. However, we have found that,(L—«) is cer-
Aiw‘:di’rndi‘ru_difudiT2T ) (g)  tainly positive both for hole and electron doping. Therefore,
we expect two doped holes or electrons to build a bound pair
Here, d!, . creates an electron of spion theith rung and  in the CuO Hubbard ladder for the parameters we use here.
the A\=1 or 2 leg of the ladder. The pair field has a As in our previous worK, the binding energy of two doped
“ d-wave-like” structure in the sense that the rung-leg Cu-Cuholes is of the order of the spin gap of the undoped ladder.
pair field correlation function has a negative sign while theFor instance, for a 282 Cu site ladder we have obtained
rung-rung or leg-leg pairing correlations are positive. WeA,,~0.02,4, to be compared with the spin gapg(L
have also examined other pair field correlation functions cor—«)=0.03,4. The binding energy of two electrond,,,
responding to pairs on diagonal Cu sites or pairs on O sites-0.044, is also of the order of the spin gap in the undoped
and found that they are either qualitatively similar to the Culadder but twice as large as the hole pair binding energy. In

with
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our previous investigation of the two-leg CuO laddeve R A AR [ e
found a vanishing pair binding energy for electron doping. 10, Y
To understand this change we have calculated the pair bind

ing energy as a function of the various model parameters in e~
ladder with 8<2 Cu sites. It appears that the difference be- 3 192
tween the present result and the previous’aselue to the ]
nearest-neighbor O hopping,. In fact,t,,>0 is necessary
to obtain a finite pair binding energy in the electron-doped
ladder. When the CuO model is reduced to a simple, one- 197G 5 10 s
band Hubbard modet,,>0 leads to an effective next-near-

neighbor hopping’ that favors pairing when the system is G, 10. The projected correlation functiofs (1) for (a) the
electron doped® In addition, as previously discussety,,  Cu sites of a two-electron-doped ladder dhyithe O, orbitals of a
>0 leads to an enhanced Cu-Cu effective exchange. two-hole doped ladder. The distanicis measured along the ladder

In order to have a more detailed picture of the differencein units of the interval between two Cu rungs. Open and solid
between the electron- and hole-doped pairs, we have invesircles correspond to correlations between doped charges on the
tigated their internal structure. In &J model or a spin- same leg and on different legs, respectively.
fermion model, it is easy to measure correlations between
doped charges because there are no other itinerant charges . (Y|PEREnsmPel )
(i.e., there are no charge fluctuations in the undoped system Ce(m)= (UPEPID (12
In the CuO Hubbard mode(l), however, bare electron- e e

electron and hole-hole correlation functions give little infor- where E,=dy;d} d, d! , calculated in a ladder with 32

mation about the correlations between two doped charges 2 Cu atoms and two doped electro@(m) measures the

because they are dominated by the quantum fluctuations @brrelation between two added electrons on the Cu sites.
the other charges. Therefore, we have to project out thRiote that the most probable arrangement for the two elec-
ground state of Eq(1) onto a subspace with no charge fluc- trons is on diagonal nearest-neighbor sites, which is similar
tuation. For that purpose we consider a perturbation expang what is seen it-J ladders. Results for the hole-doped case

sion intyg andty, of the Hamiltonian(1) with Ug>Ayq  are shown in Fig. 1®). Here the hole-hole correlation func-
>0 andx close to 1. The ground state of the unperturbatedion is given by

Hamiltonian ¢,q=1t,,=0) is degenerate. For electron dop-

Cl(1)

ing, the ground state has at most one hole on each Cu site
and no hole on any O site. The projection operator onto the ¥ Ph2 HogHnim —oPh| ¥
ground-state subspace is C(m)= 7 , (13)
<</f Pn2 HnoPn w>
P.=]] (1—d.d;.d d; plpipl). (0
€ H (1= dliy iyl 'l)lzl (Py1PyiPiPy)- (10 where the operator
For hole doping, there is exactly one hole on each Cu site H _E 2 o (14)
and no doubly occupied O site in the ground state of the "4 6 PioPia
unperturbated Hamiltonian. The projection operator onto the
ground-state subspace is measures the probability of finding a hole in ap @bital

around the Cu site with index (the sum runs over the four
nearest-neighbor O sites of this Cu kit&V/e average the
ph:H (3dT+sf*l)H (1_pjTijTp;r¢pii)’ (12) density over four O sites around each Cu site because a
i j doped hole is locked in a singlet state with another hole on a
Cu site as in a Cucluster(i.e., in a Zhang-Rice singl&).
where S¢ =d/ d;,d; _,dl_,. Using perturbation theory This also facilitates the comparison with the electron-doped
one could then derive effective Hamiltoniaes generalized ~case and thé-J two-leg ladderCp(m) measures the corre-
t-J model and a generalized spin-fermion model, respechation between two added holes i, Orbitals around differ-
tively) in the subspace defined i, and P;,, which ap- ent Cu sites. Figure 1B) shows that the most probable ar-
proximately describe the low-energy properties of the CuGangement for the holes is on diagonal next-nearest-neighbor
model(1) in the regimet,q,t,,<Ap4<Ugq for electron dop- O, orbitals.
ing and hole doping, respectively. Therefore, for the realistic For larger distancen, both C¢(m) and Cjj(m) decrease
parameters ;4= 3t,4=6t,,, we calculate the ground state approximately as exp{|m|/£) with correlation lengths(in
|) of Eq. (1) and then use the projected stategy) and  units of the distance between two Cu rupngs~ 3.3 andé&;,
P,|#) to determine the correlations between doped carriers=2.9, respectively. Note that these correlation lengths can-

(electrons or holes not be interpreted as the pair size because the exponential
Figure 1@a) shows the electron-electron correlation func-decay sets in only fom=¢,,. The average distance be-
tion tween doped carriers is given by

245109-6



DIFFERENCES BETWEEN HOLE AND ELECTRON . .. PHYSICAL REVIEW 86, 245109 (2002

(b)

0 n 1 n
0.75 1 1.25

1] ] L1 *
; u.om i FIG. 12. TheL—x extrapolated spin gaj\s versus hole con-
centrationx. The open squares denote hole doping while the tri-

angles denote electron doping. The undopedlL case is shown as

FIG. 11. A schematic view of the density-density correlatlonsthe open circle.

showing the structure of a pair i@ an electron-doped ladder and
(b) a hole-doped ladder. Here, one carridoped electron or hole  x—1 is of order 0.018. This behavior is similar to what has
is located at the sita marked by an open circl@round the middle  peen found previously in studies bt’-J ladders??
of the laddey. The radius of the solid circles is proportional to the  An examination of the spin structure of %=1 state
probability C¢(m) [C(m)] of finding the second doped electron containing two doped electrons or holes shows that the spin
(hole) on that site. Only the central part of ladders with-@ Cu  anq added carriers are spatially correlated. Thus, the spin gap
sites is shown. is set by the energy of a bound magnon-carrier pair. For
instance, Fig. 13 shows the spin dengiiy the Cu sitesof

2 Im[Co (M) the S,=1 state with two_ doped c_arrie(electr_ons or hole?s
_ = eh when these doped carriers are in the configuration with the
Mep=—""—" (15 highest probabilityC, ,(m) (the pair structure of the triplet
> Cep(m) states is similar to that of the singlet states shown in Fiy. 11
m

For electron doping, the spin structure shown in Fig. 13 is
_ _ very similar to that found irt-t’-J two-leg ladder$? For
which yieldsm,~4.5 andm,~4.8 for the electron and hole hole doping, however, the spin structure is quite different,
pair, respectively. which is only in part due to the difference in the carrier
A more intuitive picture of the difference in the internal configuration. Even if we use the same carrier configuration
pair structure between electron and hole doping is shown i@s for the electron-doped caéiee., two doped carriers on
Fig. 11. Here, we show the probabilige(m) [C,(m)] of  nearest-neighbor diagonal siteshe spin structure of the
finding the second doped electrthole) at a Cu sitgina O,  hole-doped system is different from that found in the
orbital) when the first doped electrahole) is located on the  electron-doped system ¢+J model. In particular, we note
Cu site (in the O, orbital) marked by an open circle. The that there is a small spin density on the Cu sites in the center
electron pair appears to be denser than the hole pair which &f the Q, orbitals where the holes are located, which shows
qualitatively consistent with the larger binding ener®  that in the magnon-carrier pair, holes on Cu and O sites are

calculated for the electron-doped case. no longer completely locked in a Zhang-Rice singlet.
As we use open boundary conditions, the correlation
functionsCg ,(m) depend on the positiofi.e., the indexn) IV. CONCLUSION

o the 1, dope) caricelec o o ol W have checkec | Using the e matx renormalzaton roup, we have

P o ..~ studied the structure of the charge, spin, and pairing correla-
positions on the ladder and have found significant variations
close to the ladder ends. In Fig. 11 we show the pair structure (a)

in the middle of a ladder with 322 Cu sites as finite-size

A * e
and boundary effects are minimal there. We believe this | | | J i |
structure to be representative of the pair structure in an infi- ' o '
nite ladder.

As in the undoped ladder, the lowest triplet excitation in
the doped ladder is gapped and involves only holes on the Cu
sites. The spin gapg4) for the doped system versusis l t
shown in Fig. 12. Here, we have extrapolated the spin gap 1 i
A¢(L) to L—oo for fixed hole concentrations=0, *+1/8,
and *1/4 using numerical results for up to=32. For the

limit x—1 we have extrapolated the spin gag(L) to L FIG. 13. A schematic view of a magnon (@ an electron-doped
—oo for the two-hole- and the two-electron-doped laddersjagder andb) a hole-doped ladder. Here, both doped carriefsc-
with up toL =32. One sees that the value of the spin gap inrons or holesare located at the positiori€u sites or Q orbitalg
thex— 1 limit differs from thex=1 undoped value. That is, marked by open circles around the middle of a ladder with 26
the g=(,7) magnon in the undoped system=1) has a and 25<2 Cu sites, respectively. The length of the arrows is pro-
gap of order 0.03, while in the doped system the spin gap agortional to the spin density on the corresponding Cu site.

(b)

-0
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tions for a Hubbard-like model of a two-leg CuO ladder. Thispand Hubbard ot-J models. When the ladder is hole doped,
model allowed us to examine the differences between eleghe holes go dominantly onto the O sites leading to a low-
tron and hole doping that occur in a charge-transfer insulatogensity gas of fermions delocalized over the O-site lattice
For the undoped ladder, where there is one hole per Cu, wgnd interacting by spin exchange with the localized spins on
found that parameters obtained from electronic-structuréhe Cu sites. The local magnetic moments remain essentially
downfolding calculation§"** lead to reasonable charge and unchanged on the Cu sites, but the O holes frustrate the
spin gaps. A typical parameter set in units of the Cu-O hopexchange coupling between the spins on the Cu sites.
ping tp,q were a near-neighbor oxygen-oxygen hopptpg This local, strong-coupling picture focuses on the differ-
=0.5, an oxygen-copper site energy differedcg=3, and  ences between the electron- and hole-doped ladders. Never-
on-site Cu and O Coulomb repulsiokk;=8 andU,=3, theless, on low-energy scales, the spin gap and pairing cor-
respectively. With these parameters, the charge gap is detaelations of the electron- and hole-doped systems are quite
mined primarily byA 4 rather thanUy and the spin gap is  similar. Both exhibitd-wave-like power-law pairing correla-
set by the effective Cu-Cu exchange. We have found that thgons in which the pair field Cu-Cu rung-leg correlations are
O-O hoppingt,, plays a significant role in giving a large negative. The spin gap for both dopings is associated with a
effective Cu-Cu exchange interaction. bound magnon pair. However, the internal structure of the
For the undoped ladder, we found that the holes wergairs differ for electron and hole doping.
distributed~70% on the Cu sites and 30% on the O sites. We expect to observgualitativelysimilar results in other
The large on-site Coulomb interaction on the Cu site leads tdoped CuO charge-transfer insulators. In particular, the dif-
the spin moment being dominantly on the Cu site. Basicallyferences in the charge and magnetic properties and the inter-
if the hole is on a Cu site, the square of the spin momenhal structure of pairs for hole and electron doping are prob-
(0.7) has nearly its full value of 3/4. When electrons areably found in two-dimensional cuprate systerfligh-T¢
added, they go primarily onto the Cu sit@s order 80% of  superconductoistoo. Although, the parameters used in this
the added charge goes onto the Cu $itéhis is seen in both  work are also realistic for the two-dimensional cuprate sys-
the decrease in the average Cu site hole occupation and tiems, ourquantitativeresults for two-leg ladders should not
decrease in the average spin moment. Note that the decredse generalized to these systems. Our calculations show that
in the spin moment simply reflects the fact that there areyuantitative results for ladders depend significantly on the
fewer C#* sites in the electron-doped system. Alternatively,detail of the CuO lattice geometry, such as the presence or
when holes are adde@lectrons are removgdthey go pri-  absence of the outer O sites, and thus could be very different
marily onto the O sitegof order 20% of the holes go onto for a two-dimensional lattice. Therefore, to explain quantita-
the Cu with 80% going onto the surrounding O sjit€khis tively the experimentally observed differences between hole-
leaves the local spin moments on the Cu sites. and electron-doped layered cuprates, one should carry out
Thus, the undoped CuO ladder is a spin-gapped insulatatumerical calculations for two-dimensional lattices.
with a charge gap set by the oxygen-copper site energy dif-
ference. Magnetically the undoped ladder is essentially a
Heisenberg ladder made up of hole spins localized on the Cu
sites. When the ladder is electron doped, some of the holes We would like to acknowledge useful discussions with
(and sping on the Cu sites are removed and pairing correla-O.K. Anderson, R. Martin, and G. Sawasky. D.J.S. would
tions develop. Because the doped electrons go primarily ontlike to acknowledge support under a Department of Energy
the Cu sites, the electron-doped system is closer to the on&rant No. DE-FG03-85ER-45197.
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