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The dispersion of a single hole in thiel model obtained by the exact result of 32 sites and the results
obtained by self-consistent Born approximation and the Green function Monte Carlo method can be simply
derived by a mean-field theory witth-wave resonating-valence-bond-RVB) and antiferromagnetic order
parameters. In addition, it offers a simple explanation for the difference observed between those results. The
presence of the extended van Hove regionaf0f is a consequence of tlteRVB pairing instead of the
antiferromagnetic order. Results includitigandt” are also presented and explained consistently in a similar
way.[S0163-18297)08701-9

Important advances in the study of high-temperature sueomplicated dispersions obtained by includirigandt” are
perconductors have been made recently by angle-resolveshsily understood in terms of the mean-field theory. A better
photoemissiofARPES experiments:? Extended van Hove agreement with the ARPES of the insulating, GuO,Cl,
singularity (EVHS) near the Fermi surface of the supercon-(Ref. 3 could be obtained by tuning the values tf and
ductors is found. In particular, Wellst al3 have measured t”,*%?but there is still discrepancy.
the ARPES for the insulating SEuG,Cl, and find good Several years ago a number of grotip&®used the varia-
agreement with the prediction of tteJ model about the tional Monte Carlo method to study the phase diagram of the
bandwidth and other features. Although there is substantiatJ model at small hole density. The antiferromagnetic phase
disagreement about the position of the energy level nedooundary obtained agrees fairly well with experimefits.
(7,0). Near half filling the best trial function has antiferromag-

There were many theoretical studies the properties of netism andd-wave resonating-valence-bond-RVB) (Ref.

a single hole in a quantum antiferromagnet. The theoretical6) coexist. But no analytical mean-field theory was dis-
data used in comparison with ARPES data are obtained froraussed.

the t-J model by using the self-consistent Born approxima- The two order parameters, "Ble order and singlet
tion (SCBA)®~’ to treat the scattering of a single hole with d-RVB pairing, can be considered simultaneously in a mean-
the spin waves of the N state. The result of SCBA shows field theory of thet-J model, which is given by

an EVHS near 4,0). The SCBA dispersion of the single

hole is also reproduced in the Green function Monte Carlo

(GFMC) approach by Dagottet al® Based on these results, —ym 1

Dagotto and collaboratctbave argued that the EVHS is due 11~ _t<iz,>‘r (CiyCjotH.C) +J<iZ> S-S Zznin; |,

to the antiferromagnetism and have proposed the antiferro- ! ) (1)
magnetic van Hove theory to explain the mechanism of su-

perconductivity. o ) .

Recently Leung and Goodifhave solved the spectra Where (i.j) is the nearest-neighbor pairs andj,
exactly for a single hole in a 32-site square cluster. The=Cio(1—Nj ;). At half filling, we shall only consider the
dispersion relation obtained is very similar to the result ofS - S term which involves three mean-field order parameters.
SCBA except they have not observed the exact symmetryhe staggered magnetization is,=(Sy)=—(Sg), where
resulted from folding the Brillouin zonéBZ) in half due to  the lattice is divided intcA andB sublattices. The uniform
the antiferromagnetic long-range order. It should be noticedond-order parameter ig=(=,c;,c;,), and d-RVB is
that this asymmetry is also observed in the GFMC ré$aft A=(cj ci;—cjci) if i andj are nearest-neighbor sites in
a 12<12 cluster. x direction and— A for y direction. The mean-field Hamil-

In this paper we will show that the results obtained bytonian can be diagonalized and this is done recently by Inaba
SCBA (Ref. 7 and GFMC (Ref. 8 as well as exact etall’in the slave-boson formalism. They have examined
diagonalizatiot can be easily reproduced by a mean-fieldthe mean-field phase diagram of these order parameters. We
theory including both d-wave resonating-valence-bond shall adopt a slightly different approach.

(d-RVB) and antiferromagnetic order parameters. The pres- Instead of taking into account all three order parameters
ence of the EVHS is associated with tHeRVB pairing. together in the mean-field Hamiltonian, we first consider the

We have also looked at a more genetal model by  staggered magnetizations and uniform bond ordey. They
including next-nearest-neighbor hoppirtg, and next-next- produce upper and lower spin-density-wai&DW) bands
nearest-neighbor hoppind’. It is shown below that the with dispersions:=* &= *+[e2+(Img)?]Y? where ¢,=—3
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Jx(cok,+cosk). The states in these bands are then paired. -2.2 , , , ,
At half filling the mean-field Hamiltonian, in addition to a . o °
constant, is of the form L ’,.f’ ) ’
—eat ¢V 4
_ _ + +
Hvr= ;r &y kT ;T &by oo g . ‘
® . [ ] [
26| 4
+; Ak(a_kTakl_b_kakl)'i‘H.C., (2) .».‘......,.
whereA, = 2JAd,, andd,=cok,—cos,. The sum is taken o8 , , | ,
over the sublattice BZSBZ). The operators of the lower and ' (0,0) (m,0) (m,7) (0,0)
upper SDW bands are related to the originabperators by
ko= akChgt 0BKCk+qr aNA byy=—0BiCst ACiqo FIG. 1. Energy dispersion of a hole in thé model obtained by
resPECtZ'Vel)’- We se@= (7, m) f20r Ehe commensurate SDW | jy and ManousakisRef. 7) with SCBA on an 220 cluster
state,a=3[1— (e /&) ], andBr=3[1+ (ex/ &) ]. (solid circles, for J=0.2, andt=1. Dotted line is the fitted result of

Hwure can be diagonalized separately for the lower andg,—E, with Eq=5.37, x=5.47,A=2.27, andms=13.2.
upper SDW bands. For the lower band, in addition to a con-

stant, it becomes ¥, —E(fifu—fufa) where sion actually has the similar form as the dispersion of the

f1k=ukakT—vkafkl, f2k=vkam+ukafkl, and hole obtained by SCBA. In Fig. 1 we show that the energy
2 2 2 0 A2 dispersion of a single hole obtained by Liu and Manougakis
Ev= (&t A" =+ (Img)+ A ] (3 by using SCBA for a 2620 lattice withJ=0.2 can be fitted

The coherence factors amg2=31+ ¢, /EJ)], and v2=1  quite well by E,—E, with parametersy=5.47, m;=13.2,
[1+(&/EQ]. In terms of the operatora,,, the ground andA=2.27.E;=5.37 is just a constant shift. In this paper,

state has the familiar BCS form. Similarly, the upper SDwhe €nergy unitis. However, the value ah; is unphysically

band also forms two bands with identical dispersiok, as Iarg.e.. This is mainly due to our .neglect of thg co_nstraint in
those off andf,.. If we had not chosen zero chemical derlvmg Eq.(3). The effect of a_nuferromagnensm is grossly
overestimated. A more quantitative approach is to use the

otential for the half-filled case, there would be four nonde- . o L
P renormalized mean-field thedfyby taking into account the

generate bands as shown by Inatal !’ A e . e
In the above approach, the local constraint of no doubwconstramt a Ilttl_e bit more carefullyng will be.mult|plled by
renormalization factor. Instead of pursuing this approach

occupied sites is satisfied for the whole lattice on the averag® e :
but it is not for each individual site. To obtain a more accu-"¢ shall use the variational method to calculate the disper-
rate quantitative result for the Hamiltoniah, we shall use S0 numerically. Consequenty, as shown below, more

the variational Monte CarlVMC) method that satisfies the physically reason'c_lbl_e values of paramejcers are obtained.
constraint exactly. The ground statetf,e is simply given Here, the emphasis is that all the interesting features of the

by the product of two BCS-like wave functions, one for thedispersion obtained by SCBA is quite consistent with the

lower SDW band and the other for the upper SDW band. iform of Ey.

the presence of the constraint the wave function has the forrgisggr;i\r’]e v?en;ﬁ;ell Sggjt[wi{epgv?/z(r:r:gg?hnocﬂrfha% (;Itri]grlmetoh?ri?e

Ne/2 VMC method. The power methdd,which is essentially the
|Wo)=Pd EK (A@g;aly +BibygbI )| 10), (49 same as the GFMC method, applies many powers of Hamil-
tonian to a trial wave functiofTWF) to project out the
where N, is the total number of electrons and coefficientsground state with the same symmetry as the TWF. To in-
A= (E+&)/A and B =—(E— &)/A¢. The projection crease the convergence the method is modified by combining
operatorPd enforces the constraint of no doubly occupiedwith the Lanczos method, we call it the power-Lanciek)
sites. In this wave function there are two variational param-method?*??
eters:A/y and mg/y. In the absence of staggered order, Following the mean-field theory discussed above, we can
mg, this is exactly the same RVB wave function used byeasily construct a variational wave function for a hole with
Gros?® Without pairing this wave function describes the momentumk andS,=1/2. This function hadl/2— 1 singlet
SDW state| W) is similar to the trial wave function used by pairs of electrons and a single unpaired electron with mo-
Chenet al!* but with a slightly lower energy. It has about mentumk andS,=1/2,
—0.332) per bond which is within one percent of the best
estimate of the ground-state energy of the Heisenberg model. Ng/2—1
The success df,) gives support to the mean-field theory |W,)= |:>d(;K+T 2 ’(Aqaa}atql-{— qu(}qui) |0),
that derives Eq(4). q
According to the mean-field Hamiltoniad = discussed (5
above, creating a hole is to take away a quasipartigle
from the lower SDW band in the ground state, or the correwhere the prime on the summation symbol indicates that the
sponding one in the upper SDW band. Hence the energy ahomentumk is excluded from the sum ik is within the
such a state is just Eq+Ey, where—Eg is the ground-state  SBZ, otherwisek-Q is excluded. Notice thgt¥;) is essen-
energy at half filling. Interestingly, the quasiparticle disper-tially the same a§_kl|‘lf0).
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FIG. 2. Energ_y dispersic_m of a hol_e in the) model on an FIG. 3. Energy dispersion of a hole in thd model on a 32-site
8X_8 cluster, fc_)rJf_O.s, and:_f 1. Open C"F'es are VMC results by_ cluster(open squargsobtained with exact diagonalizatigRef. 10
using|¥), solid circles obtained by applying the PL method to this for J=0.3, andt=1. Solid circles are results of GFM@®ef. 8 for

wave function.E,,—E, are plotted as the dotted lines. For the a 12<12 cluster withJ=0.4. Dotted lines are the fittedl;, — E,
lower curve x=6.92, A=2.71, m;=18.84, Eo=743, and  c,es For the upper curve32 sites, x=5.43, A=2.43,
ter=0.03. ms=17.6,E,=7.09, andt.4=0.012. For the lower curve (2212
sitey, y=6.87,A=2.83,m;=18.4,E,=8.9, andt4=0.011.
The energies obtained by the VMC method for ax &8
cluster withJ=0.3 are shown in Fig. 2 as the open circles. physics of the one-hole state. In particular, we notice that the
The variational parameters afe x=0.3 andms/x=0.056.  asymmetrical energy dispersion betwelerand k+Q are
Notice that the ground-state energy for the half-filled latticepresent in both 32 and 144 clusters. Although a careful and
(—22.65@) is subtracted from the data. The single-holesystematic investigation is necessary before we can firmly
state has the lowest energy at/@,w/2). We then apply the establish this asymmetry for larger clusters, this result clearly
PL method to this TWRRef. 23 to project it onto the lowest s in better agreement with our mean-field theory than the
energy state. Results are shown as the solid circles in Fig. ZCBA calculations. As explained above, even for small clus-
The results represented by the solid circles in Fig. 2 argers, SCBA(Refs. 5—7 results still have the perfect antifer-
almost identical with that of Fig. 1. For both, the bandwidth romagnetic symmetry.
is about 2.4, the energy difference between states at Another interesting result is the observation of the flat
(m/2,m/2) and (r,0) is about 0.43, and there is an EVHS band region, which is the so-called EVHSear (,0) in
around ¢r,0). However, there is one difference. In the Figs. 2 and 3. Examining, or E;, shows that EVHS is due
SCBA, starting from the classical WEstate, the hole only to the presence af or d-RVB order parameter and it is not
hops between the same sublattice. The hole energy begimsconsequence of long-range antiferromagnetic ordering. The
with t%/J. States ak andk+Q have the same energy. Our curvature of the dispersion atr(0) depends on the ratio
result shows an energy difference betweem,f) and  A/y. Thed-RVB order parameter has the largest band gap
(0,0) and a slight asymmetry between energiek @and near (7,0). This band gap will produce large density of
k+Q. This is due to the nonvanishing hopping matrix ele-states which is reflected by this EVHS.
ment between the two sublattices which is related with the |n our calculation of the lowest energy state for each wave
uniform bond ordery. Kane et al** have pointed out this vector k, it is not guaranteed that the state we obtained has a
difference between a mean-field theory based onel Blate  finite spectral weight when a hole is produced from the half-
or a RVB state. filled ground state. It is therefore necessary to examine the
Quantitatively, the difference between Figs. 1 and 2 carspectral weighZ, defined as
be accounted for by introducing a coherent nearest-neighbor
hopping in addition to E, of Eq. (3), E;«=Ey
— 2te(cok,+cosky). Both the solid and open circles in Fig.
2 can be fitted very well by a functional for&,,—E,,
whereE, is a constant. Although solid circles represent re-where|®) is the normalized exact ground state at half filling
sults much closer to the ground state than the results of TWBEnd | ¥, ) is the lowest energy state at momentinin the
(open circleg the qualitative feature of the dispersion is es-presence of one hole. Here we use VMC and PL method to
sentially unchanged. calculateZ,. The trial functions ardW¥,) of Eq. (4) and
Much more accurate numerical results are obtained in the¥ ;) used to obtain Fig. 2. The results for 64 sites are plotted
exact calculation for a 32-site cluster by Leung andin Fig. 4. Open circles are VMC results and solid circles are
Goodind®? and in GFMC for a 1X 12 clustef In Fig. 3,  results of first order PE*?3We have also included the exact
the 32-site result fod=0.3 is shown as open squares, solidresult of 32 site¥ as the open squares. For most wave vec-
circles are results from GFMC far=0.4. Both dispersions tors our results have roughly the right magnitude except near
can be fitted rather well b, — E, discussed above. k=(0,0). Clearly, we have not yet obtained the exact results
The results of our trial wave function shown in Fig. 2 for 64 sites and more higher order power method calcula-
agree fairly well with the more accurate results of Fig. 3.tions are needed. However, the result is enough to see the
This certainly enhances our belief that the mean-field theorasymmetry betweerk and k+Q, which is absent in the
or the trial wave functio¥,) has captured the essential SCBA.

Z =|(Wilc .| D)2,
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. . . . . . y direction tox direction. Due to thed symmetry of the
o0 0 singlet bond, such a rotation produces a negative sign in the
0.6 1 o, O 7 hopping matrix element. Similarly fa’, a nearest-neighbor

RVB bond is reversed, ang; has the opposite sign.

04+ 0r00m0m0 From Fig. 5 orE,,, we can see that the bandwidth, which
N D“‘D;-Q‘;D“‘D is the energy difference betwedn=(0,0) and ¢r/2,7/2),
ozl e | would be reduced if’ is negative and”=0. But fort” to be
positive and of the similar magnitude #s the bandwidth is
0.0 . . about the same as thieJ model. While for most region of

the BZ the effect oft’ andt” cancels each other, but near
(00) (mo) (mm (0,0) (m0) (0.m) (,0) they add up. Hence the most significant change be-
. . tween Figs. 2 and 5 is the energy increase for the state at
FIG. 4. Spectral weighZ, as a function ofk for the 8<8 (. 0) This increase is necessary to make the theory in better
cluster used in Fig. 2. Open circles are VMC results and SOI'dagreement with the ARPES data by Wadtsal® The ARPES
circles are by PL1. The exact results of 32 sites are shown as opgfhta are the open triangles in Fig. 5. We have rescaled the
squares. data so that the energies at (0,0) am®(r/2) match that of
the squares in Fig. 5. Notice that we have not chaseor
So far we have assumed that the hole only has the nearest-in order to match the experiments. Even if we had used the
neighbor hopping matrix element. To explain the ARPESmatched’ ort”, the discrepancy between theory and experi-
(Ref. 3 result, there has been efftrt? to generalize the ment along (1,0) direction will not be removed. This can be
model by including the next-nearest-neighbor hoppitlg, easily understood by examiniri,,. The energy at 4,0)
and next-next-nearest-neighbor hoppit, Fairly compli-  may be shifted by’ andt”, but not at ¢r/2,0). Unlike other
cated results obtained in these cases can be simply undesell-known high-temperature superconductors,C310,Cl,
stood in our mean-field theory. The basic dispersion is detelis known to be fairly difficult to be doped into a supercon-
mined by the spin interaction. The additional contributionductor. We note that sincen(0) is exactly at the EVHS
by t, t’, andt” is the same as that of the ideal gas exceptegion with a large density of states, some subtle difference
with a renormalized magnitude. Hence for thd'-t"-J between materials may become important. The experimental
model, the one-hole dispersion has the forBy=E;, analysis is further complicated by the recent observation of
— 4t gcosk,cos,— 2L cos(&,) +cos(X,)]. This is verified thed-wave-like gap structufé?’ near ¢r,0). More accurate

in Fig. 5. experimental results for SEuG,Cl, and other high-

In Fig. 5 the first-order Lanczos restilof using|¥,) for ~ temperature superconductors are needed to clarify the dis-
the t-t’-t"-J model with J=0.3, andt’=—-0.3t"=0 is  crepancy between theory and experiment.
shown as the circles, = —0.3 andt”=0.2 as the squares.  In summary, by using a mean-field theory that takes into

We have shifted the two sets of data so they match agccount both staggered magnetization éri@VB singlet we
k= (m/2,7/2). The lower dotted curve shows the fitted resulthave derived the energy dispersion of a single hole in the
by E, with ti=0.092 andt’s=0. The squares are fitted t-J and t-t'-t"-J models. Numerical results obtained from
with t/=0.065 and’,= — 0.055. All other fitted parameters €xact diagonalization, GFMC method and VMC are all in
are the same as those used in Fig. 2. good agreement with the dispersion relation. In this theory,

Notice thatt/, has the opposite sign df. This can be occurrence of the EVHS nearr(O_) is du_e to the presence of
easily understood in terms of th&RVB property of the d-RVB order parameter. The dispersion dogs not have the
TWF. When the hole hops from sité,,i, to site exact sublattice symmetry observed in theeNstate in

. xaly

ix+1i,+1, it rotates a nearest-neighbor RVB bond in theWhiCh K é?”d K+Q are de_generate. This particular f_eature
agrees with results obtained by exact diagonalization and
GFMC method and disagrees with the SCBA. Simple argu-

—onl ments have been provided to account for this difference.
-t It should be pointed out that there are other quite success-
ful variational studie€ about the single-hole dispersion. Al-

. TLET though the wave functions were constructed in different
= [ ] ways, it was recognized that the spin-flip terms are essential
16 ] in obtaining the right physics. The energy due to the spin-flip
1 term is exactly what the RVB order parameters are designed

-2.0 - 8 for. We believe that one of the main reasons why so many

different calculations mentioned in this paper all have ob-
(0,00 (m0) (mm (0,00 (m0) (0,m) tained similar results is that they all have taken into account
the dominant spin-flip effect. The RVB theory is the easiest
FIG. 5. Energy dispersion of a hole in thé¢’-t"-J model on an ~ Waly to take into account of this effect right from the begin-
8x8 cluster, ford=0.3, t'=—0.3, andt=1. Circles are for hing. It also gives a more intuitively simple interpretation of
t"=0 and squares fot’=0.2. Both results are obtained by using the dispersion and EVHS.
first order PL method ofi?’;) (Ref. 23. Triangles are the rescaled ~~ The EVHS has been observed in many high-temperature
ARPES dataRef. 3. E,—E, are plotted as the dotted lines. The superconductors. There is not yet a convincing theoretical
parameters are the same as those in Fig. 2, exfepD.092 forthe  reason to explain it. Although the theory presented here is
lower curve, and for the upper cureg;=0.065 andgz=—0.055.  only valid in the presence of a single hole, we can make a
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few general comments about the underdoped region. In many We wish to thank Y.C. Chen, P.W. Leung, and Yu Lu for
earlier numerical studies tileRVB state has been known to many useful discussions. Part of the research was conducted

give a good account of the ground state ofthlemodel. The

using the resources of the Cornell Theory Center which re-

d-RVB order parameter would produce a gap and a largeeives major funding from NSF and NY state with additional
density of state or EVHS ati,0). Such a gap may provide support from ARPA, NIH, IBM, and members of the Corpo-
a natural explanation for the spin gap and the gap observette Research Institute. Part of the computations were per-
in ARPES?%2" Theoretical work is now in progress to ad- formed at the National Center for High Performance Com-

dress these issues.

puting in Taiwan. We are grateful for their support.
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