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Angle-resolved photoemission spectra of the stripe phase in the two-dimensional model
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The two-dimensional-J model with and without’ andt” hopping-terms is studied by exact diagonalization
on a 5x 4 cluster, which realizes a hole stripeyiuirection in a spin-Peierls phase. Next nearest hopping terms
with a sign appropriate for hole-doped cuprates enhance the stripe formation. The dispersion of the quasipar-
ticle peaks in the single-particle spectrum is in good agreement with bond operator theory for hole motion in
the spin-Peierls phase, particularly so for realistic valuet’ aindt”. The resulting spectral weight distri-
bution and Fermi surface agree well with experimental angle-resolved photoemission spectra on

Lay ,gN\dp ¢Sho 1 LU0,
DOI: 10.1103/PhysRevB.69.100502 PACS nuni®er75.40.Mg, 71.10.Fd, 71.10.Hf

The prediction of charged stripeand their subsequent x4 clustej a ground state with a pronounced stripelike such
experimental verificatignstand out as one of the rare in- as charge inhomogeneity emerges. Here we want to discuss
stances, where a nontrivial theoretical prediction for cupratehe single-particle spectra of this state.
superconductors was found consistent with experiment. Ac- A question to worry about first is, whether the stripes
cordingly, there is currently considerable interest in thesyrvive the additional hopping termst’,t”. Intuitively this
mechanism Ie_adingloto the formation and the physical impliis not what one would expect, because additional hopping
cations of stripes~*° On the other hand few experimental terms increase the mobility of the holes, so that any spatial
techniques provide such direct experimental insight into th%homogeneity should be washed out more efficiently. Sur-
electronig structure of a given compound as angle—re:_solvegrisingw enough, the numerics show that exactly the oppo-
photoemission spectrqscop)),o\RPES. It_|s th.erefore quite  gite is happening: the additional hopping terms even slightly
natural to look for the fingerprints of stripes in ARPES SP€C-enhance the charge inhomogeneity. This is demonstrated in

tra and indeed the results of Zhowetal. on Table I, which compares the static density correlation func-
Lay »dNdg 6S1p.1 LU0, (Ref. 11) are widely considered as rgon do(R)=2,(n;n; ) for vanishing and finite’ and”.

strong evidence for stripes. It is the purpose of the present” . hi " andt” v sh hat it domi
manuscript to present single-particle spectra obtained b witching ont” andt” separately shows that it Is predomi-

“computer spectroscopy” on the stripe phase of the tWO_nantIy thet” term which Iegds to “pf_;\iring ity direction” an_d
dimensional(2D) t-J model, presumably the simplest theo- thus is respons@le for this behgwor. Next nearest-neighbor
retical description of the CuQplanes in cuprate supercon- NOPPIng terms with the proper sign for hole-doped cuprates
ductors. As will be seen below these results combined with dus seem to have a stabilizing effect on stripes—if any.
relatively crude theory for hole motion in a spin-Peierls Next we address a special feature of the 4 cluster,
“packground” already give a quite satisfactory description of which will be essential to understand the hole dynamics,

most of the experimental results. namely the presence of spin-Peierls dimerization even at half
The t-J model reads filling. Table Il shows that the static spin correlation function
is strongly anisotropic, with singlet-bonds predominantly in
_ oAt A 2 & _ Ny y direction. Since the boundary conditions ix8 frustrate
H % 2 t"JC'*"CJ*"JrJ@Zj) (S S) 4 ) the Neel order, they apparently stabilize the energetically

. . ) close spin-Peierls phase. In fact, the ground-stgte) en-
Thereby i, j) denotes summation over pairs of nearest-grqy of the 5¢4 cluster is only marginally higher than that
neighbor sitesg; ,=c; ,(1—n; ;) andS; andn; denote the  of the square-shapeq20x 20 cluster (1.165)/site vs
operators of electron spin and density at sjteespectively.  _1 191y/site). Clearly, this is a confirmation of the proposal
We denote the hopping matrix elements; between
(1,0)-like neighbors by, between (1,1)-like neighbors ty

and between (2,0)-like neighbotd, all othertij are zero. TABLE I. Static density correlation functiogp(R), 5X 4 clus-

ter with two holes J/t=0.5. Other parameters até=t"=0 (left

Throughout we will assume that/t"=—2, as would be e sl .
appropriate if the physical origin of these terms is hoppinqpane} andt’/t=—0.4, "/t=0.2 (right pane}.
: H 12,13 ’ H
via the apex oxygen [2, orbital, andt’'/t<0, as is the 5 0298 0139 0035 0303 0151 0037

Ca?l'ehgogé?rlggc;\?:iColmi)c?l;?fds. this model is exact dia o-RyT 10239 0144 0041 0261 0144 0043
PPl y g 0 2000 0049 0018 2000 0016 0.010

nalization of finite clusters by means of the Lanczos
algorithm?® In a preceding pap&t we have shown that by 0 1 2 0 1 2
changing the geometry of the cluster from the standard tilted R— R—

square form to a rectangular orimore precisely: to a 5
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TABLE II. Static spin correlation function for the half-filled 5 pattern, we derive a Hamiltonian for the motion of singly
X 4 cluster. occupied dimers. The singlet state on a bond formed by the

sites (1,2) igs)=1/y2(c] ¢}, —c] c},)[0). A dimer with

2 0.222 ~0.162 0.052 a single hole can be in either the bonding or antibonding
Ry1 1 —0.389 0.173 —0.059 state: |+,0)=sgn() 2. +&5)]0). Introducing th
0 0.750 ~0.276 0.061 - 1= gn(o) s (€1,%C3,)|0). Introducing  the
“creation operator’h! =[+,0)(s| we can—by straight-
0 1 2 forward generalization of Refs. 19—21—write down the fol-
R— lowing Hamiltonian describing the motion of these effective
Fermions:
by Read and Sachd¥that the transition to a spin-Peierls
phase is a likely instability of th&=3% 2D Heisenberg anti- H :kz;r e (N ohs ot e~ (D oo
ferromagnet. '
Clear evidence for the spin-Peierls nature of the half-filled V(KL hoy +H.C),
ground state can be seen in the single-particle spectral func-
tion A(k,w) (see Ref. 14 for a definitiopwhich is shown in cog 2ky)

Fig. 1. It is immediately obvious that this differs markedly €x(K)=Ft+1| cogko)*+ 2 +t'cogky)

from the familiar dispersion for a hole in an antiferromagnet.
Whereas for hole motion in a & state the top of the X (1+cog2ky))+t"(cog 2k,) + cog 2k)),
ARPES spectrum is at/2,m/2),}"'8the dispersion seen in
the half-filled 5<4 cluster has its maximum at (45,7/2),
which probably means+,7/2) in the infinite system. An-
other notable feature is the symmetry of the dispersion und
the exchange l,0)— (ky,7)—which is exactly what one
would expect from the doubling of the unit cell by spin-
Peierls order with dimers ig direction. To be more quanti-
tative, let us discuss the single-hole dispersion in the spi
Peierls phase. Starting from a product state of singlets, whic
cover the bonds of the lattice in the form of a columnar

V(k)=— gsin(Zky)—it’cos{kx)sin(Zky). (1)

eIZr)iagonaIizing the Hamiltoniaril) we obtain the dispersion
relation €,(k) and the quasiparticlesy,, ,=u,xh’ ;.
+va,kh1’q’,,, wherea €{1,2}. Figure 1 shows that there is
ngood agreement between the numerical peak dispersion in
fhe 5x 4 cluster and our simple theory. The main differences
are the flattening of the cluster dispersion near the band
maximum at (47/5,7/2) and the smaller bandwidth in the
T T T T numerical spectra. Taking into account the simplicity of our
PES, half filing — calculation, however, the agreement is quite satisfactory, and
is clear evidence for the spin-Peierls nature of the half-filled
ground state.

While this dimerization clearly renders thex3 cluster
unsuitable to describe undoped compounds such as
Sr,CuO,Cl,Y, it makes the interpretation of the spectra for
the striped ground state at finite doping a lot easier—as will
be seen now. Ignoring for the moment the formation of a
hole stripe as well as the fact that the dimer—Fermian_JY -
actually obey a hard-core constraint, one would expect that
the doped holes accumulate near the top of the single-hole
dispersion, thus forming to simplest approximation a cigar-
shaped hole pock&?! centered at (4/5,7/2) [or rather
(7,7/2) in the thermodynamical limjt Figure 2, which
shows the single-particle spectrum for the two-hole g.s. for
differentt’ andt”, demonstrates that this is indeed exactly
what happens. For most momenta there is a clear analogy
between the PES for the doped case and half filling, with the

- dispersion of the quasiparticle peak being essentially un-
(4"’5'M changed. Whereas peaks with a higher binding energy be-
) come more diffuse, the low energy peaks atr(8,7/2) and

654321012 (to a lesser exteptt (27/5,7/2) clearly cross to the inverse

wit photoemission spectrurlPES. Due to finite-size effects

FIG. 1. (Color onling Left: Photoemission spectrufPES for ~ there is always a substantial gap between PES and IPES of
the half-filled 5x 4 clusterJ/t=0.5.,t'/t=—0.2,t"/t=0.1. Right:  finite clusters—after all the electron numbers of initial and
Dispersion of the quasiparticle peak as extracted from the numericdinal states differ by a finite fractiof10% in the present
spectra(top) compared to the theoretical single-hole dispersioncase. It is therefore impossible to decide, whether the
€1(Kk) in the spin-Peierls phag@ottom). present gap is simply a finite-size effect or due

(0,0)

A(k,w) [arb. units]

(0,m)

(2n/5,1)
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FIG. 2. (Color onling Single-particle spectrum for the>&4
cluster with two holes. Parameter values dre=0.5,t'=t"=0
(left) and J/t=0.5, t’'/t=-0.2, t"/t=0.1 (right). Only the parts
near the Fermi energlfr /t=1.5 are shown.

FIG. 3. (Color onling Left: Single-particle spectral function
from bond-operator theory for'/t=—0.1, t"/t=0.05, the Fermi
energy(vertical ling corresponds to a hole density of 0.16. Right:
In the inhomogeneous striped phase, the Fermi surfaces of the

to the stripe formation. The only deviation from this ideal “Subsystems” may combine to form a free-electron-like “large”

rigid-band behavior is the appearance of high-energy IPE&€ermi surface.

peaks along (07)— (4m/5,7). The interpretation of these _ o ) )
peaks, however, is straightforward: in inverse photoemissiorfake into account that the Brillouin zone of the spin-Peierls

an electron is necessarily inserted into a dimer occupied by Bhase is[ —m,w] X[ —m/2,m/2]. Equation (2) is readily
single electron. The spins of the two electrons then caiverified by taking matrix elements of both sides betwgsn
couple either to a singlet—which means the IPES procesand |*=,o). The spectral weight of a given quasiparticle
leads back to the spin-Peierls “vacuum”—or to a triplet— branch then isv=[u% ,cosk/2)+iv} sink/2)|?. In Fig. 3
which means the IPES process leaves the system in a spithe resulting spectra for the symmetric momerkg, k,) and
excited state. The IPES peaks alongn0: (,7) presum-  (ky,k,) have been averaged, as would be appropriate for an
ably originate from the latter proce$we note that exactly ARPES experiment on a compound with domains of differ-
the same holds true also for the “usual” ground state of theent singlet directiod! The experimental ARPES spectrum
t-J model, see Ref. 22Taken together, the data presented seshould be compared to the parts of the spectrum below the
far demonstrate that the spin-Peierls order in the stripedfermi energy, indicated as the vertical line in Fig. 3. Along
phase is the key to understand its single-particle spectra. the (1,1) direction there is a band dispersing upwards and
Neglecting subtleties such as the possible formation of alisappearing halfway between (0,0) and, ). This is ac-
Luttinger liquid along the stripesthe possible condensation tually not a Fermi level crossing—ttdispersionof the band
of d-like hole pairs along the strip&sor the formation of actually bends downwards again after passing through
various kinds of order parametérthe spectra show that the (/2,7/2)—but rather a vanishing of the spectral weight of
system can be described by the dispersion for a single hole ithe dimer fermions. The situation along (1,1) thus is similar
a spin-Peierls background being filled up with holes. to the “remnant Fermi surface” in the half-filled
We now want to use thigather oversimplifielscenario compound$* The minimum distance from the Fermi energy
to discuss the experimental ARPES spectra oralong (1,1) depends arl andt”: bond-operator theory pre-
Lay ,gNdy ¢St 1.Cu0,. 1 Using the following representation dicts thate;(,0)— e;(/2,7/2)=4t"—2t'. For decreasing
of the electron annihilation operator: |t’| and|t”| the band maximum nearn{2,7/2) approaches
(7,0), and thus moves away froE—see Fig. 3. This may

1 Kyt L explain, why the depletion of low-energy spectral weight
Ck,o_ﬁ cog 5 |hy qoisin5[he o1 (@ along (1,1) is most pronounced for the;LgNdy ¢St 1CUO,
system, which has relatively small values ©f and t”.**

we can obtain the full ARPES spectrum from bond-operatoActually the situation in this compound is slightly more in-
theory. Therebyy is the “backfolded version” ok, so as to  volved in that Zhotet al. could show subsequentRthat by
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taking special measures to enhance the ARPES intensity might expect to see something that looks very much like a

Fermi level crossing along (1,1) could be made visible. Asfree-electron Fermi surface, as observed in Bi2212. Thereby

pointed out by Zhoet al.?> however, the very small spectral the magnituddt’| and |t plays a crucial role, in that it

weight of the respective band portion suggests that this igetermines the energy ofm(2,7/2) relative to ¢r,0) and

due to disorder and/or fluctuations. thus controls the relative size of the two “components” of
Next, along €r,0)—(m,7) there are two real Fermi- the Fermi surface. Clearly, a more elaborate theory which

surface crossings, which are symmetric arountl#/2).  takes account of the spatial inhomogeneity is necessary to

Again due to matrix element effects, the one betweeryegcripe this.

(m,m/2) and (m,m) has small spectral weight, which would |y summary, numerically exact diagonalization results

probably render it unobservable in an ARPES experimentgy, o that the 20-J model with next-nearest-neighbor hop-

i‘ipehctr(_)scopic'allyl/" t'r:1e systen; thushwo?ld look very .much ping terms appropriate to describe hole-doped cuprates has a
ike having a single Fermi-surface sheet neay@)) running spin-Peierls phase which leads to the formation of pro-

roughly parallel to (1.0)(see Fig. $ and disappearing as nounced hole-stripes. The single-particle spectrum in the

(7/2,712) is approached. . . . .
The bond-operator theory outlined above does not take?trlpe phase then in found to be in good agreement with a

into account a key feature of the striped phase, namely itgimple bond-operator theory for hole motion in a spin-Peierls

spatial inhomogeneity. In the stripe phase, weakly doped rkhase, thus providing further evidence for the intimate rela-

gions with antiferromagnetic order alternate with higher_tionship b_etween spin-Peierls ordering and stripe formgtion.
doped spin-Peierls stripes, see Fig. 3. The Fermi surface fd/Pon doping, holes accumulate near the top of the single-
the antiferromagnetic domains would be hole pockets cenl0le dispersion to simplest approximation forming cigar-
tered on ¢r/2,7/2), the one for the spin-Peierls domains shaped pockets centered on the corner of the spin-Pierls Bril-
would be(large) pockets centered onm(/2). Making the louin zone at (7, w/2)—the latter in full agreement with
reasonably plausible assumption that to simplest approximdiond-operator theoRf.** The notion of a Fermi surface
tion the Fermi surface observed in an ARPES experimenghould not be taken too literal, because closEgdhe stripe
corresponds to a superposition of those of the twdormation is likely to change this simply free-particle picture
subsystems—thereby taking into account the fact that thdrastically, but all in all the quasiparticle dispersion and
respective backsides of the Fermi surfaces, i.e., the portiorspectral weight distribution of the stripe phase as seen in the
facing (w, ), have a practically no spectral weight—one simulations are in good agreement with ARPES experiments.
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