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Quasiparticle photoemission intensity in doped two-dimensional quantum antiferromagnets
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Using the self-consistent Born approximation, and the corresponding wave function of the magnetic polaron,
we calculate the quasiparticle weight corresponding to destruction of a real eléotcamtrast to creation of
a spinless holon as a function of wave vector for one hole in a generalizddnodel and the strong-coupling
limit of a generalized Hubbard model. The results are in excellent agreement with those obtained by exact
diagonalization of a sufficiently large cluster. Only the Hubbard weight compares very well with photoemis-
sion measurements in SEuO,Cl,. [S0163-182897)05821-9

The problem of a single hole in an antiferromagnetic In this paper we calculate the photoemission quasiparticle
background has been a subject of considerable interest sinegight for removing an electron, as a function of wave vec-
the discovery of highk. systems. One of the most powerful tor in generalized-J and strong-coupling Hubbard models,
tools for this study is the self-consistent Born approximationusing the SCBAand the wave function of the polardhThe
(SCBA).1* Excellent agreement has been obtained betweepamiltonian has the form
the position of the lowest pole of the holon Green function of
the SCBA and the quasiparticle dispersion obtained by exact

diagonalization of small systemis® An important advance H= —2 taciT+ s50Cio—t"
in the understanding of the SCBA has been the explicit con- too
struction of the corresponding wave function by Refter. ; 1
The interest in the problem has been revived by recent X > ci+ﬂ,(rci+,7(,<§—23.si+n)
angle-resolved photoemission experiments on insulating intn'o

Sr,CuO,Cl,, in which the hole dispersion and quasiparticle 3 1
weight have been measurédihile it was clear that the +_2 (S'$+ - >nini. ) )
“bare” t-J model was unable to explain the observed dis- 295 74 7
persion, several works have appeared fitting the experimental
dispersion using generalized] models®®® a generalized The first term contains hopping to first-, second-, and
Hubbard modéP and the spin-fermion (or Kondo-  third- nearest neighbor®\NN) with parameters,,t,,t3, re-
Heisenbergmodel for the cuprates.Except for the fact that spectively. The first NN of sité are labeled as+ 7. Equa-
the bandwidth is~10% narrower than the experimental re- tion (1) is obtained from a standard canonical transformation
sult if the experimental value of is taken'? the generalized of a Hubbard model with hoppinds,t,,t, if (complicated
t-J model including hopping to second and third nearesterms smaller than”=t%/U are neglected® The difference
neighbors(NN) and the three-site teritf, reproduces well between generalizedd and strong-coupling Hubbard mod-
the experimental dispersidhand also other properties of the els is the meaning of the operatoyr,, as explained below.
spin-fermion and three-band Hubbard mod@éla. consistent  The Hamiltonian can be written in terms of spinless fermions
picture of the observed spin and charge excitations has beemd spin-wave operatots*16 We adopt the procedure and
obtained using a generalized one-band Hubbard m@del.  notation used by Mantez and Horsch slightly generalized
However, very little attention has been devoted to theto include second- and third- NN hoppings and the three-site
explanation of the intensity of the observed quasiparticleerm2® The sublatticeA is defined as that of positive mag-
peaks. This task is difficult for the following reasort$}  netization. The spins of sublatti®are rotated 180° around
exact results for quasiparticle intensities in sufficiently largethex axis. In this way the Ndestate is converted into a fully
clusters(containing more than 16 unit cells, as discussecholarized ferromagnetic state, restoring the translational
below) exist only for the “bare”t-J model and only at a few symmetry of the nonmagnetic state at the price of losing the
wave vectors(ii) The SCBA provides the Green function of conservation of spin. Then, the, operator is defined as a
the spinless holon, while the Green function of the real parspinless holon creation operathf, while ¢;; becomes a
ticles contain spin-wave excitations and simple decouplingomposite operator involving a local spin deviatian The

approximations do not provide reasonable results. The holopegyit of both operations is the following representation:
weights are the same for wave vectors differing i, €)

contrary to experimenttiii) While a lot of work has been CiT:hiT: Cu:hiTai . ifieA,
devoted to the mapping of the three-band Hubbaadielfor
the cuprates to low-energy effectivaodels less attention CiT:hiTaiv Cu:hiT- if i eB. )

has been devoted to the mapping of the corresponding

operators'>1*15This information as well as the photoioniza- In the exchange paftast term of Eq(1)] the fermion occu-

tion cross sections for Cu and O are necessary if accuraggation numbers are averaged and the bosonic quadratic part
weights are wished. is diagonalized by a standard canonical transformation:
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aq:”qaq_vqaiq' () ZSP(K) =1{[Co| O) >+ [ i+ ol Cisr| O], (8)

where ui=v2+1=1/2+1/(2v), vq=(1-79)"% uy>0, whereQ=(m,m), and|y) and |y ) are thedegenerate
Sgn@,) = sgn(yq), andy,= (cosqy + cosqy)/2. Retaining eigenstq}es of the lowest energy of E4). with a finite over-
only linear terms in spin deviations for the rest of £y, the  lap with'c,,|0). The corresponding result for the generalized
Hamiltonian becomes t-J model ijj(k) is obtained taking infiniteU. Since
Ze(K)=2Z¢ (k) we restrict to spin up in the following. The
0 + + states|¢,) can be constructed following the procedure used
H_EJ+; wqaqanr; ek by Rjiter>‘.5 The only change in Eqg1)—(10) of Ref. 6, is
that the quasiparticle energy,= \.q is replaced by
4t A— € in Egs.(3), (6), and(9), and by\,— e,_4 In EQ. (4).
+ \/_N% M (k,q) (hihy—qaq+ H.c), (4)  Thus, writing explicitly only the terms with less than two
spin-wave excitations we have
where EJ is a constant, wq=2Jv,, e=[t,+2(1
—X)t"]ex(K) +[t3+ (1—x)t"]e1(2K), and M(k,q) 1
= (Ug¥iqtvgyd, With €1(K) =4y, and ex(k)=4 cosk, |¢k>:A0(k)hl|°>+m§ Ak @)hi_qaf0)+ ..., (9)
cosk, . In the present case, the dopirg 0. The constraint
that at the same site there cannot be both a hole and a spivhere
deviation is neglected since it does not affect the results for
motion of a hole in ajuantumantiferromagnet. The holon A1(k,q)=4t;M(K,q)Gp(K—g,\ = @g)Ag(K).  (10)
Green functionG,(k, ) is obtained from the self-consistent

solution of the following two equations: Using Egs.(2) and(6) and retaining only term lines in spin

deviations we obtain

S (k)= LS M2(k,)Gy(k— G0 wg) =~ _r b P
, N5 : h , q/s ciT:hi—U(l—x)E77 hip,a, ifieA,

G Yk,w)=w—e—3(k,w)+ie. (5) 1—x

_ S =hlat 1

We have solved Eqs(5) in clusters of 1& 16 and U

20X 20 sites. In order to obtain accurate values of the holon

quasiparticle weighZ,,, we have discretized the frequencies X[, 2 hly,+ 2 thl s(ais—a)|, ieB.

in intervals ofAw=10"“t; and have taken the small imagi- 7 oF

nary parte=5Aw. As an alternative method to that used by (12)

Liu and Manousakié,we have fitted the part of the spectral ) ) ]

weight nearest to the quasiparticle peak by a sum of severdih€ most important correction of ordetULis the first term

Lorentzian functions. The resulting width of the quasiparticlePetween brackets in the second Etfl) and reflects the fact

peak was practically identical toe2and from its integrated thatin the ground state of the undoped Hubbard model, there

weight we determined;,. We have verified that using this 1S @ finite double occupancy at sitBsand an electron with

method there are practically no finite-size effects in our clusSPin up can be destroyed there, leaving a hole in one of its

ters. NN [this leads to the second term between brackets in Egs.
In the sudden approximation, the angle-resolved photot12 and(14)]. . _ _

emission spectrum is proportional to the spectral density of Expressing Eqgs(11) n Fourier components, and using

states for Cu and O at wave vectlr These in tum are Zica@® "= (JcoT €8 g)N/2, we obtain

related to the imaginary part of the Green function for the 1

generalized-J operatorc,,, or the generalized Hubbard op- = _= T T

eratorc,,, through a low-energy reduction proceddfé? In G =5 [Tt Sahic o)

linear order in 1, the well-known procedure of the canoni-

cal transformatiolf*'’ applied to the generalized Hubbard n LE (. —suh! )

model, in the subspace of no double occupancy, leads to 2 NG e PATkaRQ

- t x{[1+g(k,q)]ag—f(k)al}, (12
Cio=Cio+ > Us(”iECwaa_CiT;Cijaﬁ- (6) _ o ! !
g where the phass,=¢e'%R with ie A, and

Calling |0) (]¢)) the ground state of Eq4) for the un- ¢

doped(hole doped with wave vectdt) system, and using f(k)= —1(1—X)61(k),
the Lehmann representation of the wave function, one real- U

izes that while the holon quasiparticle weight is

1-x
Zy(k)=|(uid{]O)]?, ™ gtoq)= gt e(k)= e (k)]

the weight for emitting a Hubbard electron is +t3[ €1(2k) — €,(2k+2q) ]} (13
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FIG. 1. Quasiparticle weight of theJ modeIZ‘CJ,,(k) calculated o2l e GH || |
with the SCBA in a 2 20 lattice for several wave vectotti-
angle3, compared with exact diagonalization results in a square NM N=20x20
cluster of 20 sitei‘EJD(k) (Refs. 13,18 (squares and the spinless oil —O0—GU
holon weight Z,(k) of the SCBA (circles. Parameters are ’ —O0—GH
t1=l, J=O3, t2=t3=t”=0.
Using Egs.(3), (7), (8), (9), (10), and (12) we obtain the 0 o B oo L ®0 ©O(r0) (W22) (0

desired result

8t FIG. 2. Top: quasiparticle dispersion in clusters of1¥5 (solid
AN _ _ symbolg and 20x 20 sites(open symbols Bottom: corresponding
1+fk+—2 M(k,q)Gn(k—q,\ yMBOIS , ; ,
(k) N (k,Q)Gn(k=a, A wq) generalized-J (squares and generalized Hubbar@ircles quasi-
particle weights. Parameters arg:=0.35,t,=—0.12,t3=0.08,
J=0.15,t"=J/4, andU=3.5.

ZMk) 1

o

Znk) 2

2
. (14

X{vg[1+g(k,a)]—ugf(k)}
sponding\ are not represented in Fig. 2. The weights for
The sum is restricted to the magnetic Brillouin zone and théhe generalized-J and Hubbard models have significant dif-
term with =0 is excluded(there are no magnons with ferences: in contrast to the results fig=t;=t"=0 (not

q=0 orq=Q in the |¢)). The weightZEY for the gener-  shown), fo(k) is larger fork=(7/2+¢,m/2+¢) than for

Co
alizedt-J model operatoc;, is given by Eq.(14) with the k= (m/2—¢,m/2—¢) with small e. Instead, Z5/'(k), in
Hubbard perturbative correctiong(k) (first NN) and agreement with experiment, is larger inside the noninteract-

g(k,q) (second and third NNset to zero. ing Fermi surface. This effect is more noticeable for smaller
In Fig. 1 we compare the weight for thteJ model ob-  values ofU (t;/U=0.1 was taken in Fig.)2"® _
tained by exact diagonalizatioff(k) in a square lattice of ~ In summary, using the SCBA and related wave function,

20 sited® with our resultsZt (k) for the 20< 20 cluster at We have calculated the dispersion and quasiparticle weight
equivalent wave vectors. The comparison between exact rdOr removing a real electron in an undoped antiferromagnet
sults for square clusters of 16, 18, 20, and 26 sites suggedgscribed by a generalized) or a generalized Hubbard
that while theZ,(k) are nearly 20% larger for the 44 model in the strong coupling limit. The weight for the)
cluster, the finite-size effects are of the order of 5% for largefModel agrees very well with available exact results in suffi-
clusterst® The agreement between the exﬂﬁD(k) and C|ently large clusters. While the_generallzed.Hubbard can
SCBA ZY (k) results is quite satisfactory. Note that the very eXp'a!'” we I bqth the measured d|spersm weight of the
small value ofZ(Q) is a severe test to Eql4), since it ql_JaS|part|cIe in SyCuO,Cl,, the generalized-J model,
requires a near cancellation of the different terms. Instead’v'thOUt mapping the electron operators, cannot. .

" . . - " Note addedAfter submission of this manuscript we be-
the "bare” SCBA result satisfieZ,(k) =Z,(k+ Q) and can came aware of exact diagonalization resyfEDR) of the
not reproduce the shape of the exact results.

With the confidence gained by the above comparison, wé"] model in a square cluster of 32 sites with periodic bound-

have calculated the generalized and Hubbard weights for ary conditions which has nine nonequivalent wave vectors

parameters which fit the observed quasiparticle dispersio NeE\g/\c/)B' A Trz(sau?'::pgsclgnt rz[{at;ﬁsktﬁ?ézeil\zl\e/\rx/wr?élavrv:; to
A in Sr,CuO,Cl,.” There are several choices f, t5, and P

s ) . - A ) k=(0,0) [k=(0,0), (w/4,7/4) and (@/2,0)], where finite-
t”, including different signs of” which produce nearly iden- . : .
tical results. We took the parameters of Ref. 5. The resultin ize effects in the EDR are obvious from the fact that

. : : - N . Except at the two NEWV nearest th=(0,0)
dispersion and weights are represented in Fig. 2. Compared "k*Q .
with the parameters of Fig. 1, the effectstef t;, andt” are =(0,0) and r/4,7/4)], where the larger value df; in the

dramatic. They push thg, towards the incoherent part of Er?aRi)nleea:g:?altlgA?Eerregumaesr:?z\i/\:}tlﬁlil\f:erlggﬁt'stzgi\e v(éegghts
the spectrum and reduce considerably the weights for th& 9 g B4).
lowest A, (in the electron representation of Fig). As a F.L. is supported by the Consejo Nacional de Investi-

consequence, we could not detect quasiparticles ked)r, gaciones Cienticas y Tenicas (CONICET), Argentina.
Q or (,0) (Z,<10 4 for thesek). Therefore, the corre- A.A.A. is partially supported by CONICET.
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