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Spectral function of small spin polaron in two-dimensional spherically symmetric
antiferromagnetic state
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The spectral densith,(k,») of a small spin polaron in the Cuplane is calculated in the self-consistent
Born approximation within the framework of the three-band model. It is shown that the spin polaron is a good
quasiparticle excitation for this modéi,(k,») demonstrates small damping in contrasfigk, ) for a bare
hole, and the lowest boundauy, min 0f Ap(K,w) lies much lower thanoy, yi, for Ap(k,w). The quasiparticle
peak dispersion reproduces the flat region near the band bottom that is characteristic of the bare polaron
spectrum ). The spherically symmetric approach is used for description of spin excitations. It makes it
possible to consider the quantum antiferromagnetic background without the spontaneous symmetry breaking
and the unit cell doublind.S0163-182807)04404-4

Up to date much theoretical work has been devoted to thgare hole;(iii) the lowest boundary,, min 0f Ap(k,w) lies
problem of a hole motion in two-dimensionéD) s=1/2  much lower tharwy, mir for Ap(k, ). The distinctive feature
quantum antiferromagneti@FM).! The important question of our investigation consists in considering the AFM copper
is whether a hole injected in the undoped ground state bespin subsystem in a spherically symmetric approachi.
haves like a quasiparticl&QP). This problem is mainly in- Such an approach is the most appropriate for considering the
vestigated within the framework of theJ modef~’ and  quantum two-dimensiondRD) AFM at any finite tempera-
there are rather few works devoted to the three-band Hubure. As a result the scattering of a spin polaron by spin
bard model or the Emery modélthat is more realistic for €xcitations in the singlet spin background leads to the spec-
t-J model it was shown that the spectral density functionNote that the conventional two-sublattice spin approach
An(k,@) of a doped hole revealed a QP peak of intensity/€ads to pg_n?olczhcny relative to the magnetieduced Bril-
Z,~J/t and a broad incoherent part that has a width of abou u||:n ﬁong. ]R f 14 and d he Hamiltoni
6t—7t. The QP band bottom corresponds to the moment?h to owing gsi 8, —,haln 9 vtx)/le a .op;[ht € nami tqnlan
ki=(xw/2,£m/2). Similar results were obtained for the a cgrrespon $ to one-hole problem in the Guflane in
Emery modef The presence of a great incoherent part
and small intensity of QP peak indicate that bare holes are
rather poor elementary excitations even Koclose tok;.

The elementary excitations in the Cy@lane are known - " 1
to be described within the framework of the spin polaron H=r 2 ) Cr+a1,a-cr+32,o'<§500’+2500’S')
concept. In the Emery model the mean-field spectfugof r81.82,0.7
a bare small spin polaron demonstrates a flat band region J
close to the magnetic Brillouin zone boundafyThis region + 52 SSg. 1
corresponds to the bottom of the band and it arises due to the ne
hole moving in the antiferromagnetic background.

In the present paper we study the spectral density function ) .

Ay(k, ) of a small spin polaron in the Emery model treating 81,8 = * 50x, = 30y ,9= £ g« = gy .

the coupling to spin-wave excitations within the self- Here and belovg, , are basic vectors of a copper square
consistent Born approximatiofSBCBA) for the correspond- lattice (gl=1), r+a are four vectors of O sites nearest to
ing two-time retarded Green’s functic®(k,). We show the Cu siter, the operatorc! creates a hole with the spin
that (i) for the flat band region the QP peak of the spectraindex c=*1 at the O sites,, = 30,,, operatorS repre-
density functionAy(k,w) is close to the bottom of the bare sents the localized spin on the copper site.

polaron(), band and reproduces this flat regigii) the in- It is well known that the most prominent feature of the
tensity of this peak is much higher and the damping muchamiltonian(1) is that the low-energy physics of hole exci-
lower compared to the corresponding peakdgtk,w) for a  tations is described by the Bloch sudﬁ%a based on one site
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small polaron operatorg;rg (the analogous of the so-called , T 2 oy B
Zhang-Rice singlet in Cu@plaquettg'®* Rio=7350 o= 012, “Crigia,
— 2 Uzzﬂ(rlzl(rrifézcr+g+a’?2) s (8)
— Er erk rB:“U, (2) g.a01,0;
\) k
1 RJ —_ Z(r(rzzrrz(rl 200220201 c "
Blo=52 (€] a2 ¢/ 0 g2, 3 4“(9%@ e )
a
©=({Rico Bl ) = (1Q.+IQy)/K, 9)
NE e KB, B, ) =1+(Cq+ 1/4) y.
" 1 1 1
QAk)==5=8| 7+Cq| %t|g~Cot 5C2g | va

Here{,},[,] stand for an anticommutator and commutator,

respectively,oc= — o; Z71”2 are the Hubbard projection op-

erators for Cu sites states; y= %EQexka-g); i
=(SS;). Let us recall that in the spherically symmetric

approach adopted he(&" S/g) 8.5(S'S)=3S"S;). Note

that By ,|L) corresponds to the CuQOplane state with the

total spin equal tos; if |L) is the singlet state. We treat Qy(k)=Cy(v—4),

BE’U as a candidate for the elementary excitations operator

and calculate the corresponding two-time retarded Green's

function G(k,w) and spectral density Ay(k,w)

=—(1/7)ImG(k,0+i0"),

1 1
2 §—Cg+ ECd Ydk»

<R|R>(irr) = <Rk,U|Rl,o’> - <Rk,o|Bl,a’>

1
Xy Bl Reo (10
G(K,®)={Biol Bl Vo <Bk‘g|5k'0>< kol Rio)

e o(t—t! o Here and belovd=g,+g,, y4x=cosk,g)cosk,q).
_Lft,dte ( )<{Bk'0(t)’8k’ff(t ). 4 We see from Eqs(s)s and (10), that theyself-energy
3 (k,w) accounting for interaction effects is expressed
through the higher-order Green’s functions. One should no-
tice, first, that the terms linear i , do not contribute to the
irreducible Green’s functior§10). Second, the lowest-order
G YUk,w) =Gy =3 (kw), Z(k,0)=(Ry IRE ), self-energy contribution is provided by the first term in the
' (5)  right-hand side of the expressi¢h0), while the second term
leads to higher-order corrections. Following Ref. 7 we evalu-
ate (10) with a proper decoupling procedure for two time
correlation function(Rka(t)RLU(t’)). This procedure is
Go=(0—Q,) 1 equivalent to the self-consistent Born approximati8eCBA)
in a usual diagrammatic techniqlién our case this means
that the two time correlation function is decoupled into the

The Dyson’s equation foG(k,w) has the form

where

Ry o=[Bxo.H]= TKIR, & (6)  spin-spin correlation function and the polaron-polaron corre-
VINKy T lation function. The adopted decoupling procedure preserves
the main character of polaron site opera(@8—four hole
site operators surround the copper spin operator and it sche-
Rio=—47B o+ R 4R, (7)  matically has the form

<zrl<t>(a2 cr2+alrt>zr2<t>)(a2 zr3<t'>c33+a2<t'>)zr4<t'>>:<(aZ cr2+a1<t>zr2<t>)(a2 zr3<t'>c33+a2<t'>)>

X(Z, (DZ; (1) (11)
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FIG. 1. Spin polaron spectral densityAy(k;, o), FIG. 2. Spin polaron spectral densityAy(k;,w)k;

ky=(m/2,7/2),3=0.77 (thick solid ling andA(k;,w) (thin solid =(0,0)J=0.77.

line) schematically represents the spectral density for the bare hole

from Ref. 12. The position of the spectral density function L (k,Q) =4y ql (1+ y_ )/ 2Ky_q— 1],
Ao(ky,) peak for the barézero order spin polaron Green’s func-
tion Gy(k,w) is represented by the vertical dotted line.

4')’k—q _1}

3
FJ(k1q):47q[<Z_cg 3K,
—-q

Let us mention that we also tested the more complex decou-
pling procedure, and it did not qualitively alter the results
given by approximation(11). On the next step we project
polaron operators in Eq11) onto By, :

I'(k,q) corresponds to the bare vertex for the coupling be-
tween a spin polaron and a spin wave. It is knd(that this
vertex is substantially renormalized fqrclose to the AFM
c(D)Zi(t)=EBe (1), ={c()Z:(). B 1. (12 yectorqp:(w,qr). This renprmalization is dug to the strong
(DZ()=EB, (1), ={eZi(0.Bqh). (12 interaction of a polaron with the condensation part of spin
The resulting correlation functions may be expressed througbxcitations that must be taken into account from the very

G(k,w) and the spin excitation Green’s functior® beginning. As a result, the renormalized veri&k,q) must
1 83C. 1- be proportional tt [(q—q0)2+' L<?]"2 L being the spin-
D(q,w)=~>, 9 (S, )=~ _92_7‘12 spin correlation lengthl..—< in our case of a long-range
NFT ' 3 w'-owg order state of the spin subsystem. Below this renormalization

is taken into account empirically by the substitution
wi=—32]a,Cy(1— o) (2A+ 1+ yy); (13

here we neglect the influence of doped holes on spin dynam- I'(ka)=T(k,a)=T(k,a) V(1+ 7). (17)

ics and take the spin ;pectrum parame’Fers cglcqlated in Refhe introduced vertex correction is proportional | gp- g
15 (the_ vertex czorrectlorul:l], the spin excitations con- ¢, q close tog,. We have used also the following two func-
densation parmn”=0.0225). tions for the vertex correctiog1+ y; and 1+ y; and have

th Fgally,,w? co?e ttcr)]trt]elwell-kno_wn mt_c;:r?_raltheq?atlon for obtained results similar to those presented below. Let us
€ Lreen's function that always arnses within the rameworl%ention that the bare vertex leads the dramatic decrease of

of SCBA the QP bandwidth.
1
G(k’w):w_Qk_E(k,w), (14) 3 T T T T T : T T
where 95 _A"(k’w) i
_N-1 2 2 | § i
2 (k@) =N"12 MAK Q1+ 7g)G(k= g0 ag) ;
15| : -
+1,G(k— g, 0+ wq)]. (15
1+ N
vq=1/[exp(Bwy)—1] is the Bose function an@ is an in-
verse temperature. 05 L i
Kk* (_4C )(l_’y ) 1 1 1 1 : 1
M2(k,q)= K—qrz(k,Q) — = & (19 e 25 8 25 2 15 1 05 0
k Wq w/T
J . . .
I'(k,q)= 7T (k,q)+ EFJ(k,q), ~ FIG. 3; Spin polaron spectral densitpAy(ks, @) in kg
=(m,7),J=0.77.
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We calculate the spectral densAyk,») atT=0 by solv-  strengthZ,(k,) =0.35 in contrast tk;=(7,7) where no
ing the self-consistent equatigh4) on a 32< 32 site lattice. QP peak is observed. With the decreasd wélue the lowest
A finite damping constant §=0.01r is introduced, Onw peaks are preserved. The QP bandwidth deter_mined by
w— o+ 5. Instead of the usual iteration approach for nu-these peaks and the analogous pealkfer (m/2,7/2) is of
merical evaluation of Eq.14) we use an alternative method the order ofJ. .
based on the continued fraction expansioGgk, w).*® The It is clear that for small/r the concept of a small spin
details of this procedure will be presented elsewhere. In FigPolaron fails, and it is important to estimate the validity lim-
1 we show the spectral density,(k,) for the value of its of this concept. Our calculations demonstrate that the in-
ko= (/2 ,7/2), which reproduce the low-energy excitation. €nsity of QP peaks and the structérg(k, ») do not change
In Figs. 2 and 3A,(k,®) is given for ky 5= (i, ),(0,0) dramatically fork,, corresponding to the band bottom, up to

. P ’ y ’ ’ 1 ’ _ ~ ~

which correspond to the top of the band. In these calculationglr_o'l' For exampleZy(/2,m/2)~Z,(m,0)~0.50 at.
the characteristic value of energetic parameter0.7r is 3/ 7=0.1. So thel/7 lowest boundary value of the small spin
taken. To compare our results with the results for the bar@0laron concept validity is lower thaif 7=0.1.
hole A(k,w) (Ref. 12 is also given for k; Figure 1,J=0.?r, explicitly demonstrate.s the (_)ne-peak
= (m/2,7/2),d=0.77 in Fig. 1. The position of the spectral STUCIUrEAy(k,w) in contrast toAn(ky, ). Itis also impor-
density functionAy(k, ) peak for the barézero ordey spin tant that the bottom of our QP spectruwalue of w, corre-

polaron Green’s functio,(k, ) is also represented in the SPONding to the center of the poat, i, = —3.52r is sub-
figures by the vertical dotted line. stantially lower thanw,;, ,= —2.67 from Ref. 12(note that

As mentioned above, due to the AFM character of spinPU" unit of energy is twice that of Ref. 12=2t). Thjs rgsult .
correlation functions, th€, demonstrates a “flat dispersion 'S @ consequence of the fact that elementary excitation—spin
region” close to the liney,<0,|y,<14In particular, the polaron of small radan,g—from.the beg_lnnlng takes into
momenturrk, is related to this flat region. As seen from Fig. account the strong local hole-spin coupling.

1, the spectral density function of this momentum has a sharp To summarize, we have shown that spin polarons of small
QP peak. Our calculation shows thag(k,w) for k deter- adlus_ are good qua5|part|cle_s for reallstlc vaI_ues of param-
mined by the equatiory, =0 are very close to the function eters in the Emery model_. This means, in particular, that the
given in Fig. 1. If we would conside®,, corresponding to pr(_)plem of supercondt_Jctln_g hole pairing must p? treated as
the maximum of the peak@nalogous to the peak in the Fig. pairing of these quasiparticles rather then pairing of bare
1) as the QP energy, then we can conclude that QP energi@?les'

also reproduce the flat region. This region also describes the We are grateful to O. A. Starykh and P. Horsch for valu-
bottom of the QP band. It may be seen from Fig. 1 thatable discussions and comments and to A. V. Yankevich and
Ap(ky,) demonstrates much sharper QP peaks relative tg. Zasinas for technical help. This work was supported, in
the results for a bare holay(k,w) in the t-J and Emery part, by the International Association for Promotion of Co-
models**? For example, the pole strengB(k) [Z,(k) is  operation with Scientists from the Independent States of the
the area under the pepfor the QP peak of Fig. 1 equals to Former Soviet Union(Grant No. INTAS-93-285 by the
Z,(k)=0.82. The corresponding value féf, given by Ref.  Russian Scientific Foundation for Fundamental Researchers,
12 is much smallerZ,(k) =0.25. by Russian National program on Superconductivi@rant

As may be seen from Figs. 2 and 2,(k,») for No. 93080. R.O.K. acknowledges the support from Center
k,=(0,0) also demonstrate the QP peak with the poleof Scientific, Technological and Economic Researchers.
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