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Friedel oscillations in a two-band Hubbard model for CuO chains
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Friedel oscillations induced by open boundary conditions in a two-band Hubbard model for CuO chains are
numerically studied. We find that for physically realistic parameters and close to quarter filling, these oscilla-
tions have a R modulation according with experimental results on ¥8&0O,_s. In addition, we predict
that, for the same parameters, as hole doping is reduced from quarter filling to half filling, Friedel oscillations
would acquire a & modulation, typical of a strongly correlated electron regime. Tke dodulation also
dominates in the electron doped region. The range of parameters varied is very broad, and hence the results
reported could apply to other cuprates and other strongly correlated compounds with quasi-one-dimensional
structures. On a more theoretical side, we stress the fact that the copper and oxygen subsystems should be
described by two different Luttinger liquid exponents.
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[. INTRODUCTION nects the present study to the more general theoretical inter-
est in various types of charge inhomogeneities appearing in
The application of scanning tunneling spectroscopystrongly correlated electron systems in low spatial dimen-
(STM) techniques to the CuO chain planes in ¥Ba;O,;_s  sions. In fact, in addition to the relevance of the presence of
(YBCO) has provided insights into the physics of thesecharge oscillations in the chains to the physics of the £uO
guasi-one dimensiondlLD) electronic structures. These ex- planes, it has been emphasized that precisely the assumed
perimental studies have shown, in real space, the presence stfong Coulomb interactions in the cuprates would naively
charge modulations along the chains at low temperature, irfavor a &g wave number instead of the observed:2vave
side the superconducting phdseThese charge oscillations number of the charge modulatiofs.
had been inferred earlier from neutron scattering experiments Since CuO chains are cut by oxygen depletion, we will try
on the same compouridTaking together results from both to describe the charge modulations as generalized Friedel
band calculatiofs and angle-resolved photoemission oscillations(FO’s) starting at the open end of the resulting
(ARPES indicating a chain filling close to one quarter, it fragments. A very recent numerical and analytical stdp
turns out that the observed charge modulations hav&ga 2 the 1D one-band Hubbard model indeed found a crossover
wave number. from 2kg to 4ke FO’s as the strength of the on-site Coulomb
Although earlier STM studiésgave indications of the interactionU is increased. We are going to examine a two-
presence of charge oscillations on the chains, the presebind Hubbard model, appropriate for CuO chdiwhere
interest in these features comes from a more recent set difie situation is more complex due to different Coulomb re-
experiments exploring the interplay between the chain planpulsions on Cu and O ions, in addition to the charge transfer
and the Cu@ plane in YBCO. On the one hand, the chainsbetween them? It is interesting to notice that ARPES
(running along theb direction may contribute to the in- shows a chain’s Fermi surface in agreement with band cal-
plane resistivity anisotropy in this compouhdt.is also im-  culations, and at the same time the dispersion along the chain
portant to notice that stripes in Cy@lanes also run along direction agrees with the holon band predicted by strongly
theb direction, maybe not coincidentally. On the other hand correlated theorie¥. Hence, although the Coulomb repulsion
there have been experimental indications of a superfluid deren Cu ions is large, it does not automatically imply a
sity induced on the chains due to the proximity to the GuO strongly correlated behavior on any given physical quantity.
planes8® Although the interpretation of this last set of ex- In particular, we will show a complex dependence d-2
periments is still controversiai’® one recent theoretical and &g FO's with respect to the Coulomb interactions and
study'! offers an explanation of STM resultbased on this charge transfer parameter.
scenario of proximity induced chain superconductiyBC). The model here studied does not include electron-lattice
In this model, the resonances in the chains arise from theoupling, which is another possibility of inducindg insta-
interference between magnetic impurities in the chains.  bilities. Experimentally it has been suggested that standard
Alternatively, we believe it is necessary to search for exdattice phonons are unlikely to reproduce the observed fea-
planations of these experimental results based on modetares. Finally, both in order to help the understanding of our
which capture the intrinsic electronic interactions on theresults and in order to extend the scope of this study, we will
chains. Eventually, in this kind of model, the SC on theconsider a somewhat large variation of interaction param-
CuG, planes could modify at an effective level the coupling eters, and, in addition to quarter filling, dopings close to half
constants of the intrachain interactions. This approach corfilling, and also electron doped chains will also be studied. In
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addition, we will consider open ends occupied with O ions 0.92
and Cu ions.

This paper is structured as follows. In Sec. I, we describe
the model and method of calculation, and we show the nu- 0.88 |

merical results for density oscillations. The theoretical and
experimental implications of these results are discussed in
Sec. lll. = 084 |
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A. Model and method of calculation ﬁ:ﬁl §
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The model studied is the 1D two-band Hubbard model xg/’ R i
defined as 0.76 ‘ ‘ Mt
0 20 40 60
i
_ T _ , ,
H= tpdiza_ (C2i—14CoisT H-C-)+Ud2 N2i-11M2i -1} FIG. 1. Density at sité for L=64, n,=0.5, Uy;=8, U,=2,

U,g=0, andA=2, 4, and 5 from bottom to top. O sites: open

symbols; Cu sites: filled symbols. The curves have been arbitrarily
+ UpEi NaitNai + Updzi N2j—1N2; +A2 Nzi, (1) shifted for the sake of clarity.
T

where, ¢/, creates a hole with spinr at site j, nj, with r the distance from the impurity. This expression can be
=cf Cjs» Nj=N;;+n;,. The sums run over=1, ... L (L derived from the asymptotic form of the charge correlations

o

(even sites.t,g=1. All our results shown below correspond is the interaction dependent correlation exporfémMumeri-
to Ug=8, Upe=0, andU,,A<Uq. The number of holes cal studies have verified that FO’s follow this form for the

(Np) is larger tharL for hole doped systems in which case ©n€-band Hubbard artd) models on chains and ladd&rs?

the filling is computed as,= (2L —N,)/L, or smaller than @nd for the Kondo lattice model on chaﬁ?sln the follow-

L for electron doped systems in which case the filling isind, we will fit ougzdata using Eq2). The inclusion of finite
computed asi,=Nj,/L. At half filing n,=n,=1. The nu-  SiZ€ co_rr_ectlorfs"* to Eq._(2) would in principle Iead_ to a
merical technique employed in the present study is the O|e,petter fitting of '_[hg nu_mencal results. I_-|owev¢_ar, as discussed
sity matrix renormalization group algorithtdMRG) 26 The N Ref. 20, the finite size dependence is considerably reduced

most important quantity measured by this technique is th®Y disregarding the first few sites close to the ends of the
on-site charge densitya(i)=(n;). Most results were ob- chain. In addition, we believe that for the chain length here

tained with a truncation numben=200. For several cases Cconsidered I( =64) finite size corrections would fall within

we also examinedn=300 and 400 with almost indistin- the error bars in Figs. 3 and 6. The complete fitting proce-

guishable results. dure is detailed in the Appendix. The key point of this pro-
In principle, we are interested in the effect of oxygen cedure is t_hat Wesimu_ltaneously‘it the FO's starting from

depletion which implies that CuO chains are cut at oxygeri€ Ieft chain endCu sit9 and the one which starts from the

sites. These depleted oxygens could be modeled by just infight chain endO sitg).

posing open boundary conditions on chains with odd num-

bers of sites with the two end sites corresponding to Cu ions. B. Quarter filling

However, it is technically convenient to use chains with even We start by examining the electron densitj) as a func-

numbers of sites which implies that one end is occupied by. - . n

an oxygen ion and the other end site by a copper ion. Th jon of the position obtained by the DMRG 1dr=64, N,

open end with an O ion would correspond to a nonmagneti

impurity, for example a Zn ion replacing a Cu ibhlf one

assumes that Friedel oscillations from both ends do not ha

nonlinear superpositions, i.e., both oscillations are indepen-

dent of each other, then the use of even numbers of sitey CVN IN F'.g' 1 (J.p=_2) in both Cu and O ions, ak=2.
allows us to simultaneous study both types of impurities in a hese density oscillations extend appreciably over the whole
single chain chain. ForA=5, the density oscillations on both types of

Since, as stated in Sec. |, Friedel oscillations appear duiQnS present a period of 2 which corresponds tka wave.

to oxygen depleted sites acting as impurity centers in aﬁ\lso shown are the oscillations far=4, close to the cross-

otherwise metallic chain, then they will follow a power law OVer between both regimes. . .
behavior predicted by Luttinger liquid thedt, By applying the fitting procedure previously discussed,
we are able to obtain the mean amplitudes for tke and

4k: components of the Friedel oscillations on Cu or on O
ions starting at site Loccupied by a Cu ion corresponding
to an impurity on an O ion, and the one starting at site 64

=96, which corresponds to quarter filling,,=0.5, as a
?unction ofU, andA. At this filling, the density modulation
as period of four unit cell spacings for th&2component.
his period can be clearly seen in the Friedel oscillations

cog 2Ker + ¢p) cog 4ker + ¢5)

p(1HK,)2 a2 r2K, , (2

n(r)—ng~a;
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FIG. 2. A dependence of the mean amplitude d-2(open U u
symbolg and 4 (filled symbol$ components fot) ;=8, L =64,
and various values dfl, at n,=0.5. (&) O density oscillations, O FIG. 3. Phase boundary between tHe 2nd 4 Friedel oscil-
impurity. (b) O density oscillations, Cu impurityc) Cu density  |ations at quarter filling folJ,=8 andL=64. (a) O impurity. (b)
oscillations, O impurity(d) Cu density oscillations, Cu impurity.  cu impurity. Open circles: boundary of Cu oscillations; filled

circles: boundary for O oscillations. Dotted lines are lines of con-
(occupied by an O ion corresponding to an impurity on a stantJ/te; of the effective one banttJ model(see the tejt The
Cu ion. These mean amplitudes are defined by B#) and ~ 9ray circles correspond approximately to the physical region of
(A5). The inclusion of the density oscillation close to the CuO chains.
ends introduces somewhat large numerical errors, so we dis-

carded the first three points near the ends. The results are tgd
depicted in Fig. 2. The error bars are about the size of the teff™ A (4)

symbols used. By discarding different numbers of initial sites
of course the amplitudes vary. However, their crossing point . ) ) )
does not change appreciably. Various features can be rapidiye have fixed the proportionality constant in such a way that
appreciated: a larger amplitude on O sites than on Cu sit¢§® physical point for the CuO chains corresponds/ig
for the dominant component, the suppression of the@m- = 0.35-0.4, taking into account some dispersion on the val-
plitude with increasingJ,, for O-site oscillations, and larger U€S reported for the Coulomb interactions which are approxi-
(smalle) O (Cu) amplitudes for Cu-impurity than for mately,Us~8 (the value adopted in the present stydy,
O-impurity. ~3-4 andA~3 (in units oft,g). At a fixed hole density,
The crossing of these mean amplitudesias increased ~ €ach line of constant/t.y; (indicated in Fig. 3 corresponds
for a given value ofU, is adopted as the crossing of the in the effective 10t-J model to a line of constark,,, which
2ke-dominated regime to theké-dominated regime. Other have been previously estimatétiThen, it can be appreciated
criteria could be eventually adopted but we found that thign Fig. 3 that the R¢/4ke boundaries are roughly parallel to
criterion faithfully reproduces the change of oscillation pe-these lines with the largest deviation corresponding to the O
riod which is the quantity measured in STM experiments 0scillations and the Cu impurity. In addition, as it can be
The results can be summarized in the “phase” diagramSeen in Fig. &), for the physical region corresponding to the
shown in Fig. 3. The region af below the crossover corre- CUO chaingindicated with a gray circle the FO's generated
sponds to the R--dominated regime while the region af by oxygen depletion havekz modulation in agreement with
above it corresponds to thed-dominated regime. The first €xPerimental results near quarter filliign the case of Cu
remarkable feature is that the crossover in the O-ion oscillalMpurity [Fig. 3(b)], although the Re/4ke boundary is
tions takes place at lower values &fthan the crossover in Shifted to lower values of, the FO's are predicted to have

the Cu-ion oscillations. also a X character in the physical region.
To help the interpretation of these results, we have over-
imposed on this figure lines of constalit,¢; of an effective C. n,=0.875 filling

one-band-J model, witHf® o _
While in the undoped compound, YBau;O,, the chain

filling is n,=0.5, upon oxygen depletion it increases toward

4t3d 1 2 half-filling, which is reached aé~0.36 (Ref. 24. Hence, in
J= —+ (3  this subsection we consider the casepf 0.875. Although
Az Ud 2A+U . .
P increased O depletion would produce, on average, shorter
CuO segments, in order to reduce the number of varying
and parameters and to facilitate the comparison, we study the

014513-3



M. MORI, T. TOHYAMA, S. MAEKAWA, AND J. A. RIERA PHYSICAL REVIEW B 69, 014513(2004)

0.66

0.62 [

= 058

0.54 |

0.50 L : : x
0 20 40 60

FIG. 4. Density at sitd for L=64, n,=0.875, U4=8, U, FIG. 5. Same as Fig. 2 but for,=0.875.
=0, Upq=0, andA=1, 3, and 5 from bottom to top. O sites: open ] . )
symbols; Cu sites: filled symbols. The curves have been arbitrarily Finally, by further oxygen depletiony>0.36, the chain
shifted for the sake of clarity. would formally go into the electron doped region. The
2kg/4ke boundary between Friedel oscillations on Cu ions in
same chain length as in Sec. IIB, i.&.=64. The filing "€ €lectron dopedy.=0.875, system is also included in
n,=0.875 then corresponds =72 holes. In this case Fig. 6. This result confirms the trend suggested by the cases
2ke=77/8 and &g = /4. " n,=0.5 andn,=0.875, that by reducing the number of holes
Let us start by examining in real space density oscillationdnis boundary shifts to lower values affor a fixedU,. On
corresponding to this filling. They are illustrated in Fig. 4. e other hand, the occupancy on O sites is very low and we
The oscillations for small\, corresponding to -, can be observed Rp oscillations for all values of the parameters
regarded as period 2 oscillations with kinks, while the oscil-€xamined. Itis reasonable to speculate that by further reduc-
lations at large\, corresponding to K- have a well defined N9 the number of holes the presence & scillations on
period 8 unit cell spacings. Cu ions will eventually disappear as well, i.e., the effects of
As we did in Sec. Il B, we have fitted the density oscilla- strong electron correlations are expected to be more impor-
tions for both Cu and O ions, and the results for the meaf@nt close to half filling.
amplitudes of the R and &« components are shown in Fig. '
5. By comparing with the previous results at quarter filling, it D. Global properties
can be concluded that the amplitudes of the dominant com- Let us examine some g|oba| properties like the total

ponent are in general much larger in this case mf ground state energg, and the average amplitude of FO.
=0.875. Again O oscillations, in general, have larger ampli-Since this energy is monotonically increasing with with
tudes than the Cu ones. It can be also observed that the e‘ﬁ%ﬂ the other parameters fixed, it is more meaningfu| to ana-
o]‘ U, is relatjvely small in the present case. Also there arqyze the quantity obtained by subtracting frdeg the quan-
virtually no differences between the cases of O and Cu imtjity An,, whereng is the average filling on O sites. The
purities. average of the amplitude of the FO on Cu sites is defined as
Again, the crossing points betweek2and &g compo-
nents of the mean amplitudes lead to the “phase” diagram 1 )
shown in Fig. 6. As anticipated by the previous figure, the Acu=T Z In(i) —ncyl, 5
boundary between thek? (low A) and the &g (high A)
regions has been considerably shifted to lower valueA of where the sum runs over Cu sites amg, is the average
with respect to the quarter filled case. As foy=0.5, these filling on Cu sites. To be consistent with the fitting procedure
boundaries also approximately follow the lines of constant@aind hence to allow a comparison with Figs. 2 and 5, we
K, of the effective 1Dt-J model. However, in contrast with discarded the first three sites close to both chain ends. The
that case, there is much less difference between the bountesulting quantity is shown in Figs.(& and 7b) for nj,
aries for O depletion-induced FO'Big. 6(@)] and the bound- =0.5 and 0.875, respectively. It can be noticed that it pre-
aries for the FO's induced by nonmagnetic substitution of Cusents a minimum at a value af close to the R/4kg bound-
ions[Fig. 6b)]. In any case, as in the quarter filled case, theary of Cu FO at a given value df,. As it can be seen in
most remarkable feature is again that tHe 20 4k cross-  Figs. 7c) and 7d), the corrected energf,— Ang also pre-
over for oxygen FO's takes place at smaller valued dhan  sents a minimum at approximately the same values &br
the one for Cu FO. Notice that for this filling the physical n,=0.5. At n,=0.875, the minimum of this quantity is lo-
region of parameter@ray circles falls now on the 4 side  cated at a lower value, closer to th&24ke boundary of
of the diagram. oxygen FO's.
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FIG. 7. (a) Average amplitude of Friedel oscillations on Cu sites
for n,=0.5. (b) Same forn,=0.875. (c) Corrected ground state
energy forn,=0.5. (d) Same fom,=0.875.

FIG. 6. Phase boundary between the 2nd 4 Friedel oscil-
lations forUy=8, L =64, n,=0.875.(a) O impurity. (b) Cu impu-  Kondo-Heisenberg modefé,are considerably more compli-
rity. Open circles: boundary of Cu oscillations; filled circles: bound- cated and related available results are limf&dror hole
ary for O oscillations. Open triangles correspond to Cu oscillationdoped cuprates, i.e., with holes in excess of the number of
in electron dopedn,=0.875, chains. The gray circles correspond Cu ions, it can be assumed that Cu ions are mostly singly

approximately to the physical region of CuO chains. occupied, and in this case our results suggest that kha@®
4kg crossover is “driven” by the oxygen oscillations. That
I1l. DISCUSSIONS AND CONCLUSIONS is, the O subsystem is more susceptible to strong correlations

than the Cu subsystem. On the other hand, for the case of

The two most important results of the present studyelectron doped chains, i.e., with fewer holes than Cu ions,
which can be deduced from Figs. 3 and 6 @yehe Xr t0  the 2k to 4k crossover takes place at small for Cu
4k crossover takes place at smaller valuesdofor given  density oscillations while for O FO'’s havekg in the range
U, as doping is reduced from quarter filling to half filling; of parameters studied, and in this sense, the crossover seems
and (ii) for hole doped chains this crossover takes place atdriven” by the Cu ions. Hence, the nearly empty O band in
smallerA for the density oscillations on O ions than for the electron doped chains is symmetric to the half filled Cu band
ones on Cu ions. Let us discuss these two features in detaih hole doped cuprates.

In the first place, the fact that thekg/4ke boundaries There are two factors affecting the magnitude of the mean
quite likely correspond to lines of constafy of an effective  amplitudes of the B- and & components: their amplitude
1D t-J model suggests that both the approximate mapping ot the origin, and their power law exponents. The amplitudes
this model and the whole fitting procedure are physicallyat the origin[A,, A;, B,, andBj, in Egs.(Al) and (A2)]
correct. One should notice that this effective one-band modeahay depend on the formation of bound states between holes
is obtained essentially by projecting out the oxygen sites, i.eand impurities. With respect to the power law exponents, one
is a model valid mostly for Cu ions. In addition, it becomescould assume that the FO’s on Cu and on O sites are deter-
less valid as one moves away from half filling. It is not mined by two differenK , since they obey different effective
obvious then that the boundaries for oxygen oscillations folmodels in addition of having different hole densities. Unfor-
low also approximately the lines of constality¢; although  tunately, although the fittings to the oscillations using Egs.
with some important deviations, especially at quarter filling.(A1), (A2), and(A3) are very good, the determination I&f,

The dependence &, onJ/t and the hole density for the 1D from the fitted values is very noisy to allow reliable conclu-
t-J modef® is consistent with the shifting of the Clkg/4ke  sions. In this sense, an independent studpefodic chains,
boundary to lower values @ as hole densith,—1, and in  with a careful study of finite size effects, would be necessary
turn this is consistent with the intuitive notion that strongly to confirm this possibility.

correlated electrons regimes become more important close to Order of the crossoverlt seems to be first order in the
half filling. sense that there are no other oscillation wave numbers be-

However, this mapping does not explain by itself why, intween Xg and &g . The evidence of this is rather indirect
the case of hole doping, thek2/4ke boundaries for O oscil-  since our method of fitting does not make room for variable
lation occur at smaller values df for any givenU,, i.e.,  wave numbers, and a Fouriésr windowed Fourier trans-
why the O subsystem enters the strong correlation regime didbrm would mix the Friedel oscillations starting form the left
smaller interactions than the Cu subsystem. To understarahd right ends of the open chain. The indication of a first
this feature, it would be necessary to analyze effective moderder type of crossover comes from the fact that the overall
els obtained by projecting out Cu sites and retaining O sitesaverage amplitude of the density oscillations are minimum at
These effective models, the so-called “spin-fermion” or the crossing poinfFigs. 1, 4, Ta) and 7b)]. This suggests

014513-5



M. MORI, T. TOHYAMA, S. MAEKAWA, AND J. A. RIERA PHYSICAL REVIEW B 69, 014513 (2004

that the system beppmes “frustrated” at the grossing. point 1 cog 2ke(L— 1)+ 1)
due to the competition of B and &g modulations being R(r)=By+ BlL— +B,
unable to develop a modulation at another wave number. The r
behavior of the corrected ground state enefgy—Ang,

[Fig. 7(c) and 7d)] is consistent with this interpretation: its B, COS(‘”‘F(L_”’L‘PZ)' (A2)
minimum is located close to the point whekg,, is also at a (L—r)72

minimum presumably because it gains energy due to delo-
calization. Hence, this quantity also suggests that there ard
ZE FO with a modulation intermediate betweekg2and S(r)=L(r)+R(r), (A3)

F .

Predictions The main prediction of the present study is with no<<r<<L—ng. ng is the number of sites from each
that CuO chains in YB#&Cu;0,_ s would undergo a R- to  edge that are cut out to avoid wild oscillations. Below, the
4k crossover in the Friedel oscillations induced by oxygenconstant termsA, and B, are neglected, since a uniform
depletion or by nonmagnetic substitution of Cu ions as dopcomponent is subtracted before the fitting process.
ing moves from quarter to half filling and eventually into the ~ The mean amplitudes of thekg and &g components of
electron doped region. Additionally we predict that experi-the Friedel oscillations starting from the left and from the
ments such as STM, probing O sites, would detectka 4 right edges of the chain are defined as
modulation while experiments such as neutron scattering
would still see a Rz modulation on Cu sites. More gener- — Az jL*”O 1

(L=r)mn

hereL is the system size, then our fitting function will be

ally, the modulation of FO’s can be considered as a sensible Ak L= L—2n,

tool to detect the sometimes subtle presence of strong elec-

tron correlations in quasi-1D systems. Finally, if the ob- A Ly 1

served modulations in CuO chains are essentially Friedel os- Ag L= _3f dr— (A4)

cillations and the presence of superconductivity on the Fr L—=2ng r7z

planes plays a minor role, then similar modulations should
. : nd

be observed in the non-superconducting compoun@

PrBaCu;0; (Refs. 27 and 28

)
ng r’Yl

No

_ B Bz L—ng 1
A, R= [=2n, dr—,
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APPENDIX: FITTING PROCEDURE ! i T
In general, the oscillation starting from the Cu edge is ,COg4Keri) sin(4Kerj) 1
different to that from the O-edge. The total oscillation, as TA3 (72 S T
A . I

obtained numerically, is the superposition of both oscilla- i i
Itlons. Assuming these oscillation follow the Luttinger power cog 2ke(L—1))] Sin{ 2ke(L—r1)]
aw expressions, ) +BY

(L=rp™m (L=rpm
1 cog 2Kgr + 1) cog 4Ker + ¢5)
L(r)=AgtA;—+tA A —r i —r.
(N=AgtA;-+A; o + Az 2 +Bécos{4kF(L r,)]+B,3IS|r{4kF(L rl)].
(A1) (L=r)7™ (L=ry)72
and (AB)
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