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Intermediate-coupling theory for the spectral weight of a spin polaron

Min-Fong Yand
Department of General Programs, Chang Gung College of Medicine and Technology, Kweishan, Taoyuan,
Taiwan, Republic of China
(Received 15 July 1996

Within the intermediate-coupling theory, the quasiparticle weigtaf one hole injected into the undoped
antiferromagnetic ground state is studied. We find that, for the hole located at the quasiparticle band minimum
with momentunk,= (* 7/2,% 7/2), Z is finite. By comparing the results obtained by the self-consistent Born
approximation, we show that the intermediate-coupling theory fisrappropriate only whed/t=1.6. Finally,
the reason why this approach fails in the sndatlase will also be clarified.S0163-18207)04801-7

The problem for the motion of a hole in a two- problem by Barentzehlt is found that(1) the intermediate-
dimensional(2D) antiferromagnefAF) has received signifi- coupling results for the quasiparticle eneggk) is in agree-
cant attentioh especially since the discovery of the copperment with the dispersion curve obtained by means of a Green
oxide superconductors, where superconductivity arises frorfunction Monte Carlo methol;(2) the result for the band-
the doping of holes in an antiferromagnetic insulator. Thewidth W is quite good for weak couplingd(t>3), and is
AF with one hole is also a highly nontrivial correlated elec-still reasonably good in the intermediate range
tronic system, and is therefore of fundamental interest from §0.4<J/t=<3), where the deviation from the values obtained
theoretical point of view. by the self-consistent Born approximatfoiSCBA) was

Intuitively one would expect that the presence of a hole inabout 10—20 %. Thus the intermediate-coupling theory may
an AF leads to a distortion of the underlying spin configura-be appropriate fod/t=0.4.
tion, in a similar way as a conduction electron in a polar One of the most controversial issues in the spin-polaron
crystal causes a deformation of the lattice. Indeed, under thgroblem is whether a hole injected in the undoped ground
assumptions that the AF is not completely destroyed by dopstate behaves like a quasipartitfar, equivalently, whether
ing a hole and that the low-energy excitations of the spinthe quasiparticle weightor the wave-function renormaliza-
background are spin waves, one arrives at the following eftion constantZ at the Fermi surface is finite under the dress-
fective Hamiltoniarf> H, which is reminiscent of Fifdich’s  ing by the spin-wave excitations. There have already been
polaron Hamiltoniarf: many studies along this linésee Ref. 1 for further refer-

~ ence$. However, most of the previous studies have involved
H=H;+H;, numerical calculations on small clustefsven the studies
using the SCBA have to solve Dyson’s equation numerically
+ for small clusters Although numerical calculations on clus-
H,= Eq @qbgbyg, 1) ters show that the hole has a finite quasiparticle weight, there
is still some uncertainty as to whether the quasiparticle
weight vanishes or not in the thermodynamic lifit.
Ht:ﬂz [Mq(k)fl_qfkbg+ H.cl]. _In this paper, we will stu_dy the qua_sipart_icle weight
\/ﬁk,q within the intermediate-coupling theory, in which we can
o freely take the thermodynamic limit. Since when a single
Herebg andfy are the annihilation operators of the hole andple is doped, the hole will locate at the quasiparticle band
the spin wave.wq=wvq is the spin-wave excitation Spec- minimun with momentunky= (+ 7/2, = m/2) > we will con-
trum, wherew=J2/2, vq=\/1-v;, andy,==4e' %z with  fine ourselves to the spectral weight of the hole at momen-
d the unit vectors to nearest neighbors arioeing the coor-  tum k,. We find that the deviation from the results of Ref. 9
dination number =4 for a 2D square lattige a=2t/J is  is below 20% only whed/t=1.6. Thus the range of validity
the dimensionless coupling parametterefore, the small-  for Z is smaller than that fow/. Moreover, we will point out
J limit means the strong-coupling limit ¢4), N is the num-  that, although this approach is not plagued with the finite-
ber of the lattice sites, andMgy(k)= coshiyyy_q size effect, due to its mean-field nature, the infrared behavior
+ sinhdyyy is the coupling function between the hole and of the present system may not be correctly described by this
the spin wave, where cogf=[(1+ vq)/(zvq)]l’2 and methodevenqualitatively. This may be the reason why the
sinhfg=—sgn(yy)[(1— vq)/(2vq)]l/2 are the Bogoliubov intermediate-coupling theory for the spin-polaron problem is
transformation coefficients. Based on this similarigg,hole  not as successful as that for the lattice-polaron case.
in an AF may be viewed as a “spin polaron,” i.e., a hole In order to compare with the results obtained by SCBA,
dressed by a cloud of virtual spin-wave excitations of therather than starting from the Hamiltonian used in Barentz-
antiferromagnetic spin background. From this observationen’s papefEqg. (11) of Ref. 7, which is denoted adg,, in
the intermediate-coupling treatm@wif the Frdhlich polaron  the present repokt we take Eq.(1) as our starting point,
problem was recently applied to the present spin-polaromvhere the Bogoliubov transformation has been taken, such
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that the unperturbated ground state is the vacuum state fevhereF (k) and()(k) are defined in terms of,(k) as
the spinless fermion operators and the quanturel Istate,

|0), with respect to the spin-wave operatbgs The relation 1 2
~ F(k)= - =2, A\(k) |, 12
betweenH andHg,, is simply (k)=ex N% a(k) (12)
H=V'Hg,V, ©) 1 >
Q(k)=—=F(k Ag(K)M (k). 13
where V denotes the unitary operator of the Bogoliubov (k) N (k) q alkIMq(k) 13

transformation. Then the ground-state energy can be written in terms of
Following the procedure in Ref. 7, one first makes a 9 9y

change of coordinates to the rest frame of the moving holé:(k) and{2(k):

by the wunitary operator (i.e., the so-called Jost E(K)=— awQ(K)[1-2InF(K)]. (14)
transformationt?
L Now we turn to the calculation of the spectral weight. The
“ip-R: spectral weighZ, of the hole at momenturk is defined as
U:kEp (NEI Te P R.)flfk_p, 3) p ghzy
Z=[( ¢ ¢, (15)

where the translation operators for the bosons are defined by
where|¢{V)=|f!,0) is the ground-state eigenvector of the
Ti=ex;{ —iRi'z qbgbq 4 unperturba.ted Hamllitgm?rHJ,. within the one—hole sup—
q space; while|¢,)=UW]|f,,0) is the corresponding varia-
Then, in order to further diagonalize all terms linear in thegongl gr%undéstate eigenvector of the full Hamiltonid,
boson operators of the transformed HamiltoniaBdHU, a y Eas.(3)-(6),
displacement transformatioV is employed:

1
<¢<k°>|¢k>=<0 N T 0> =(0/Wi0)
W=2 W fLfy, (5) .
1 =exp( - m% xg(k)), (16)
szexp{\/—NEq Nq(K)(bg—=b) |, 6 where T{|0)=]|0) (becauseby|0)=0) and the Baker-

Hausdorff formula is used in the last line of the derivation.
where the unknown parametexg(k) are determined by the From Egs.(15), (16), and(12), one obtains
mean-field equations via the variational principle, i.e.,

1 2
SE(K) Zy=exp — NZ hq(k)) =F(k). 17
k) O @ !

. a _ ~ Thus, by solvingF(k) and Q(k) via the self-consistent
with the ground-state enerd(k) defined by the expectation equations, Eqs(10) and(11), we getZ, at the same time.
value From now on, we confine ourselves to the case of

et A T et k=kq. After numerically solving the self-consistent equa-
E(k)=(fx,0W'U'HUW]f,,0). (®) tions, we geZ=27, asa function of)/t. The result is shown
It can be shown that, for a single hole, the Jost transformain Fig. 1. If we compare our resul{solid line) with those
tion U and the Bogoliubov transformatioi commute each obtained by SCBARef. 9 (open circleg, we realize that our
other, then spectral weight is fairly accurate fdft>2.5(i.e., the agree-
o _ _ ment is within 10%. However, the deviation from the results
(ff,OlWIUTHUW/f] ,0)=(f] ,0|WUTVTHg,VUWIf] ,0)  of Ref. 9 is below 20% only whed/t=1.6. Thus the range
v =i of validity for Z is smaller than that fow.
=(fi, O(W'VTUHg, UVWfy ,0), In the following, we will clarify the reason why the
(9) intermediate-coupling theory for the spin-polaron problem is
which is just the expression of the expectation value obtaineflot as successful as that for the lattice-polaron case. Notice
in Ref. 7. Thus the variational calculations in our case isthat, after restricting to the subspace with one hole at mo-
completely the same as those in Ref. 7. Therefore, the meafentumk, as shown in Eqsi45¢) and (47) of Ref. 7, one
field equations lead to the following self-consistent equaarrives at the effective Hamiltonian for the boson operafors

tions: [see Eqs(57) and(58) of Ref. 7],
Hy=const- >, ,(k)blby, (18
q

M2(k
k= 2F0 S

g Vqt2aQ2(K)’ (10

where €,(k) = v4+2a()(k) can be considered as the renor-

) M2(K) malized energy spectrum of the spin waves in uniwoin

InF(k)=—a—F2(k)2 q ., (11) the rest frame of j[he hole at momentukn Hence, for
N 7 [vqt2aQ(K)] g—0, the renormalized energy spectrug(k) —2a(k),
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FIG. 1. The spectral weighZ for one hole located at the FIG. 2. The induced spin gapaZ(ko), as a function ofl/t.
quasiparticle band minimum with momentukg= (= 7/2,* 7/2)
as a function of/t. The results of the intermediate-coupling theory as a positive constant. As claimed by AnderSdmhether
are shown as the solid line, and open circles represent those of- is zero or not greatly depends on the infrared behavior of
tained by SCBA(Ref. 9. the system. Since the infrared behavior may not be faithfully
described by this variational approach, it is reasonable that

. _ . . the intermediate-coupling theory may not predict the accu-
which is nonvanishing for a givek; while the “bare” one, Ping y may P

. e - . rate value ofZ in the spin-polaron case.
vq>|q|—0. That is, a finite gap, 2 (k), is introduced into vau ! pin-p

o ) . S For further support of the above arguements, we present
the excitation spectrum of the spin waves by this varlatlona{he results of the “induced spin gap,”@(k,), as a func-
approach, even though the original excitation spectrum iSion of J/t in Fig. 2. We find that,’as]/t de(':reases, the

gapless dug to the Goldstqne theoréiThus th_e long- induced spin gap increases and invalidates the variational
wavelength (infrared properties of the system is altered approach

qualitatively. This qualitative change in the excitation spec- In conclusion, within the intermediate-coupling theory,

trum is not 'reasonablg, becausg the correction.to the Spi@\’/e show that the quasiparticle weightis finite, and our
wave denerr]gleksj bg a smglet_holel Itn ?“;na(;]r_oicoplc l’ngbaCkFesults agree with those obtained by the self-consistent Born
ground shou € proportional o which wou € approximatiol whenJ/t=1.6. Because of the failure to de-

negligible in the thermodynamic limit. In the lattice-polaron scribe correctly the infrared behavior of the system, this ap-

case, although there is_ still a nor_lva_nishing corr_ection to th‘f)roach is not suitable for the study of the spectral weight of
phonon energieSthere is no qualitative change in the pho- the spin-polaron case, especially whi is small.

non energies by this approach, because only the longitudinal
optical (LO) phonons are considered and the bare energy The author thanks Professor T. K. Lee and Dr. M. C.
spectrum of these LO phonons can approximately be take@hang for their critical reading of the manuscript.
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