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Structure of spin polarons in the spin-fermion model for CuO, planes
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We investigate the spectral functions and various spin-correlation functions relative to the position of the
moving oxygen hole in the quantum’ Blestate formed by copper spins in Cu@lanes. Solving the problem
in a self-consistent Born approximation we have found the spectral functions with the sector of Zhang-Rice
states coexisting with higher energy oxygen states, which agree qualitatively with the experimental data in
insulating SyCuO,Cl,. The antiferromagnetic correlations are reduced in the neighborhood of the hole but
remain antiferromagnatic and the correlation functions can exhibit similar dipolar distortions as reported in the
context of thet-J model. The spectral weight of the quasiparticle decreasesLawifli increasing size of
XL clusters for the realistic parameters, but remains finite in the thermodynamic limit of fla@es.

I. INTRODUCTION like valence band we consider below a realistic charge-
transfer(CT) model which takes into account Cu{3_2)

The discovery of the high-, superconductofsstarted in- and all in-plane oxygen orbitals Op2, 2p,) playing a
tense theoretical and experimental effort to describe the eledtominant role in Cu@planes. Ther-oxygen stateshybrid-
tronic structure of Cu@ planes of high-temperature super- ized with theo oneg were included as they were also ob-
conducting oxidegsHTSO's). It is a generally accepted view served with strong momentum dependence at higher energies
that the detailed exploration of their normal phase propertiegn the ARPES experiment by Pothuizen al® Integrating
is vital for the explanation of the mechanism of supercon-out thed!® upper andi® lower band we derived in previous
ductivity in HTSO’s. Recent angle-resolved photoemissionpapers®!® an effective model for the planar oxygen states,
spectroscopy (ARPES measurements of insulating however, only approximating the umklapp processes by
Sr,CuG,Cl, showed a stronghk-dependent low intensity splitting oxygen bands and not including the orbitals. As
guasiparticle(QP) peak existing only for some momenta at we show below, the proper treatment of these processes is
the binding energy near 1 eV. As reported in the recent papegssential to obtain the spectral functions quantitatively com-
by J. J. M. Pothuizeet al? these states can represent Zhang-parable with the results of ARPES experimehiseating the
Rice (ZR) singlets? The singlet character of the lowest en- excitations of the spin system within the linear spin-wave
ergy electron removal states has been shown in the experitSW) theory we calculate the spectral functions in a self-
ment by Tjeng etal® These experiments stimulated consistent Born approximatiqCBA).!>?°This approxima-
theoretical investigations of the QP states in thkmodel  tion proved to be surprisingly accurate for théd model32
with extended hoppings? and using more realistic and gives also physically expected results for systems with
Hamiltoniang€ = describing the motion of a single carrier in larger spinS=1.22
a two-dimensiona(2D) antiferromagnet. Recently Reitér® derived a wave function for a single

The t-J model, providing the simplest approximation to hole in thet-J model to all orders in the number of excited
the low-energy electronic states of strongly correlated sysmagnons in the AF background which is exact when non-
tems gives in presence of antiferromagndifd-) correla- crossing diagrams are included. With the help of the explicit
tions the spectral functions with a single QP peak with lowform of the QP wave function corresponding to the SCBA
dispersion accompanied by a broad featureless incoheremte can gain more information about the character of the hole
background at higher energits** While thet-J model can  motion than revealed from the spectral functions. Here, we
give only a generic description, the extendetd-J (Refs. 6  lean heavily on the work done in the context of thé and
and 7 andt-t’-t"-J (Ref. 8§ models allow to reproduce the t-J*> models by Ramak and Horschsee Refs. 24 and 25
dispersion of low-energy QP states in reasonable agreemefhey made a detailed investigation of various correlation
with the photoemission experiments. The effective paramfunctions around the spin vacancy, finding that all perturba-
eterst’ andt” may be derived from the multiband tight- tions introduced by a single hole in the quantum antiferro-
binding models using either the cell methddr the down- magnet decay at large distances following power laws with
folding procedurd® However, these effective one band dipolar or more complex angular dependencies. Similar stud-
models are useful only for the low-energy phenomena anies of the deformation of the spin system for &t or two
are not able to describe the higher energy states observéwleg® in the 2D quantum antiferromagnet were performed
simultaneously in HTSO'Y’ by exact diagonalization of small clusters.

To calculate the spectral properties of the entire oxygen- Whether the QP spectral weight remains finite in the re-
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gime referring to underdoped HTSO'’s approaching the ther- 3:1%_):&;0 3oL (1)

modynamic limit is still a controversial issue. There are two ’ '

different arguments against the QP pictu('x—}:Andersoﬁ9 Srznn:%(ajwaw_aTmovlanm)_ (2.3

argued that the QP weight has to vanish due to the existenc . : . )

of the upper Hubbard band, whi{@) Wenget al° claimed ~ @mo,j()) @r€ hole creation operators in @ 2orbital at sitem.

that the QP description fails due to the phase-string effectl he localized holes occupy thed2_,2 orbitals, and due to

On the contrary, as shown in the context of thkmodel, a  the local symmetry only the, orbitals communicate with

spin-polaron picture can be obtained using a SCBA withthe Cu(3l) states. The Kondo interactions in E@.2) are up

nonvanishing QP’¢see Ref. 1Bin agreement with available to second ordet}

results from the finite-size exact diagonalization

calculations:*2¢31 s
The paper is organized as follows. In Sec. Il we present A, U-A,

the effective model for the e_IeCtronic states in Guilanes.  are we have simplified the notation and write to repre-

It serves to construct the Reiter wave function for an 0xygensent the effective coupling element, whereas in the actual

hole dressed by spin-wave excitations. The resulting spectralc jations reported in this paper the sign of this element

funct!ons gnd the behawor of different spin-spin Co”elat'ondepends on the phases of two different oxygen orbitals, if

functions in the neighborhood of the hole are calculated angl, . , in Eq. (2.2. The first term in the Kondo interaction

discussed in Sec. lll. A brief summary and conclusions a2 4) is due to fluctuations to the upper Hubbard band
presented in Sec. IV. (d’p>=d!%}), and the second one involves the transitions
to the lower Hubbard banddfp>=d®p%). Here A, is the
Il. MODEL HAMILTONIAN CT gap for exciting the 8 hole on a , orbital of the

The simplest realistic model which describes the holed1€ighboring oxygen.

within the CuQ planes of HTSO's is the three-band model In addition to the spin-fermion Kondo interactions, one
with Cu(3d_,2) and O(,) orbitals® However, this finds as well the spin-dependent contribution of the form
X4—y! o . '

model is too oversimplified to describe correctly the experi-
mental photoemission spectrum including the low-lying and HQF=S )\SJK(aTm(, s@nesT H.C), (2.5
! : :

1
. (2.9

‘JK: ZtSd

higher energy states. Thus we extend it here including (imn),s
O(2p,) in-plane orbitals. In the limit of weak Cu-O hybrid- with \,=+1 for s=1,|, respectively, and the effective
ization (t,q) as compared with the Coulomb repulsive en-three-site hopping of the oxygen holes,
ergy at copper sitegU) and the CT energyX), i.e., [ty
<U and|t,g|<A, we derive an effective Hamiltonian, fol-
lowing the procedure described in more detail in Ref. 12.
Treating perturbatively the virtual transitions from tti& ) ) ) .
configurations at Cu sites to higher enedfy(low-spin 1E; with Fhe effective hoppmg terms determined by a two-step
states and d'° states, one finds that the electronic states of'0PRINg process viadz_- orbitals on the Cu sites,
the CuQ plane are described by the following effective spin- 1 { 1 1 }

H= > i Tk(@l, sne.st H.C), (2.6)

(imn),

fermion modelmore details on its derivation from the multi- Tk=ot3 —— —— (2.7
band CT model may be found in Ref.)12 2°PA, U-A,
0 13 LIAF As for the Kondo interaction terrf2.2), the summations in
H=Hgs+Hp+H+H"+Hp_s. (2.1 Egs.(2.5 and(2.6) labeled by(imn) run over the nearest-

. . . neighbor oxygen sites andn of the same Cu ion at site
It consists of the superexchange interaction between the C d the elementsly and Ty include the phases of the

spins H, the direct oxygen-oxygen hybridizatign which 3d,2_y2 and 2, orbitals. For this reason, the three-site hop-
Ieads.to free hole hopping on the OXXQG” su/_t\)éathl@e the ping couples as well the two oxygen orbitals along xitg)
effective oxygen hole hopping ternt$, andHy", and the  jirection.

Kondo_interactionsiﬂh_S bet\_/vee_n the oxygen holes and cop-  The entire hopping part of the effective Hamiltoniehlﬁ
per spins. The latter coupling is responsible for the QP be- Hﬂ_i_HAF, can be diagonalized using the translational

havior of the oxygen holes at the new energy scale becauss‘ﬁ/mmetry. It is convenient to introduce in the reciprocal

tmhgéngr?gzse the dressing of the moving hole by thespace Fourier transforms of the oxygen operators,

; . A x(y),0(m),s» Which refer to the basis functionsp? and
The Kondo interaction 2py, labeled eithex ory, and to the type of @ orbital with
respect to this particular bondn{), labeled byo or r,
Hh-s=2 JS-Smn 2.2 L
imn ikR
ak,x(y),a(w)s:\/_ﬁ > Am,o(m)s ™ (2.9

describes an effective coupling between the spins of local- mex(y)

ized holes at copper site§=(S",S ,S7), and the spin  where the sum includes a given typey)] of oxygen orbit-
density sy, at the neighboring oxygen sites andn of the  als. With the help of these operators we rewrite the explicit
same Cu ion at sité. The oxygen spin operatois,, are  form of the hole hopping part of the Hamiltonidg.1) as
either local fn=n) or nonlocal (m#n), follows:
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M ,.(k,q) vertex with the first term in Eq(2.14) only. The
AF_ v
Hi+HR+HAF = 2 [Ha(K) ]k, s (29 kdndo interaction enters via the coefficients

kuu's
wherek is limited to the folded AF Brillouin zonéBZ), and Oy Ky — Oy
ay, s represent the following basis states) ¢, af ,us. F1i(k,q)=Jx| cos— —cos——|,
+ + + t + S B

Ay xms s a'k,y7751 a‘k+Q,X(rS' ak+Q,y(rS’ ak+Q,XqTS! ak+Q,yw5!
for u=1,...,8, respectively. The explicit form of the 8 K K —
;<_8AI\-|amiItonian matri Hp(k)],, is presented in Appen- Foo(k,q)=—2J¢ sinEX sinquy. (2.15

ix A.

The spin HamiltonianH is expressed in terms of the ,

Schwinger bosong; (see SRefs. 19 and 2Qvhich are ex- F22(k,q) and FZl(k'q) are obtained fromF,,(k,q) a”O_'
panded around the eksaddle pointb;; =b;; =0, b;; =bj; F1o(k,0), respectlvely, by th? transformanon
=1 fori A andj e B, whereA andB are the sublattices of (Kx:0x)<>(ky.qy). The distance Cu-Cu is the unit cell length
1 and | spins in the Nel state, respectively. Performing a=1.

Fourier, Next, we find the Green’s functiotfor py ,, states,
b :i E b: eiq-Ri+i E b: e R (2.10 GP (k,w)= 1 ' (2.16
TUNET IS " 0—E,(k)8,,~3},(k o)

and Bogoliubov transformations, which is determined in the SCBA by the hole self-energy

obtained from the bare vertex and the self-consistently

Bq=Uqbg—v bfq' dressed Green’s function,
L [1ra-re o1 .
| 2097 | : Shko)=5 %q M .a(K, )M g, (K,q)
o 1- (19" X GP (k= 0, 0— ). (2.17
Ug Sgr(')’q) 2(1- )1/2 )

) We have solved the system of Eq2.16 and (2.17) self-
with yq=1/225e'q‘s (herez=4 for a CuQ plane, one finds  consistently. Next, one has to project the obtained Green’s
in the LSW approximation the magnon dispersion for a 2Dfunctions on the states with momentukn only. Conse-
Heisenberg antiferromagnet wits=1/2 in the standard quently, the Green’s functions for thwiginal ay x(y) o(x).s
form, states have been approximated as

wq=Jz91- )2 (2.12

In the LSW order the total effective Hamiltonia2.1)

represents a coupled hole-magnon problem of the followin
foPm P g P g and the corresponding spectral function for a single hole is

given by

Gii(k,w)=~ 2 Vi, (K)[2GP,(k (2.18

Hisw= 2 EL(K)PL ,oPr st 2 wgBiB 1
O Ai(k,0)==—ImG;(K,o+ie). (2.19

+ \/—— > MK AP g Pk, —s(Bat B-g), As we show below, the spectral functith 19 exhibits quite
kq.pvs complex structure which, however, resembles the qualitative
(2.13  results obtained for the:J model” 33134

K he ei | £ h . b 9 Knowing the Green'’s function, we can obtain the Reiter
E.(k) are the eigenvalues of the matrix given by B2.9  ave functio®?* which in our model has the following
and py ,s are the respective eigenvectors. The vertex,

orm:
M ,.(k,q) has a complex form,
Mw<kﬂ>=<uq+vq>&§12[F§§/<k,q>vﬂg<k+q)v,,g(k) (Wi = F’[pk. SN qE M (k,01) Gy (K1, @1)
+F e (k+ Q)V,e(k+q+Q)V e (k+ Q). ol gl ek s W
(2.19 pkl'll’_s & \/Nn A1---Onsiq---ip "
This hole-magnon bare vertex depends on the geometrical X (K,q1)Gi. (K, wq) - -M; i (Kn_1,0n)
! n—1'n -

factors which follow from the Bogoliubov transformations
for fermions{V,,(k)} and bosonguy, v4}. Neglecting the
AF corrections to the free Hamiltonian would result in the xGin(kn,wn)pl i (71)ns:3$1' . -Ban |0), (2.20
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with the momentumk;=k—qg,;—---—¢;, and energyw; IR (é) T T (ig)
=&~ wg, ~ - — g conservation satisfied by each term. i ? { tam |
The QP energy is determined bye;(k)=E;(k) : ‘ N o |

e

+3i[k,&i(k)], and W stands for the QP spectral weight
given by

WRP= ! : (2.21)

Al J
1—{9—wzi(k-w)|w:si(k)

Alk,m)

The QP states are formed mainly by the “lowest” oxygen
band (lying close to the Fermi energyand the index in
|\Iff<’fi)> always refers to this band. The moving hole can not 69
only scatter to a different momentum, but also change its S S e e
band index. Therefore one finds a more complicated form of (V) oEV)

the wave function than that known from the) model?*%
Using the wave function from Eq2.20 we have calculated
various correlation functions describing the deformation o
the AF order in the Cu@plane.

FIG. 1. The electronic spectral functions as obtained for the
1Lrealistic parameters along the (0,0y¢r) direction with A,
=45¢eV,A_ =5.0eV: (a) the total free Hamiltoniansee Eq.
(2.9)], and(b) including the hole-spin coupling in the Born approxi-
mation. Solid and dashed lines stand for states wittnd 7= sym-

lIl. NUMERICAL RESULTS metry, respectively. The broadening ¢8) e=0.03 eV and(b) e

A. Parameters of a CuQ, plane =0.015 eV was used.

Below we present numerical results obtained for diﬁerentrameters of the modd®.1). The oxygen spectral functions
:,ﬁ:ﬁs\,?; tzgeg-ra:r}?erg'eé‘r’:rﬁedt;r‘;"ir?ntﬂﬁ’;;nig;:;;”’ along the (0,0)- (7,7) direction (where the strongest ZR
<6 eV. We have used apsimilar value of tpe-d ho (IE) states have been obser¢édare displayed in Fig. 1. Without
N 't t. =14 eV and of the Coulomb int t?%?pnug the AF background due to Cu spins the spectral functions
F;alrgn;s/etoptdh;sé oebtai?:a d (i)n thz Iogzlosnp:in-lgeiziify approxi would consist of four peaks corresponding to four oxygen
mation for HTSO®3" However, one should be aware of thebands. The AF order induces a local alternating potential

AF . ; ;
fact that the estimates af based on fourth-order term in (Hpp”) which acts on the moving oxygen hole, and gives up

perturbation theory do not give a reliable value as higher:EO eight states obtained by diagonalizing the Hamiltonian

0 J AF . .
(fifth) order processes also contribute significantly to the|-|h+|_|h+|_|h (2.9 [see Fig. 13)]. They are characterized

value of this parametéf Therefore the value ofJ by strongk dependence of the corresponding subbands. At

=0.15 eV was assumed for the superexchange element; it }Qe high-symmetry points (0,0) andT(.W) several of these
close t0J=0.13 eV which is a generally accepted value in states become degenerate and one finds only two strong QP

the literature®®*° We also included a realistic oxygen dis- peafoIOirrTIggdfbf\):vigg?eztearfesé trﬁzps%z[ic\:/t?;y(.)btaine d when
persiontp,=0.4 eV (Ref. 3 and assumed,,=t,,/2. The the interactions with magnons are included in the SCBA.

model dogs not 'UCIUde the Cufg,> 2) and Cu(8ly,) in- The QP peaks are drastically modified with respect to those
plane orbitals which are rather weakly coupled to oxygen Fig. 1(a). Close to the €/2,m/2) point the formation of
orbitals by the respective hybridization elements and do no 9. ' me) P

. L : the ZR singlets found ab~ —0.8 eV [which appear about
g;);’glskl)zute significantly to the formation of coherent QP 0.5 eV above the highest free oxygen band ai(r, )] is

All the numerical calculations were performed on differ- accompanied by completely incoherent oxygen states at

ent 2D clusters ranging from 222 to 42< 42 sites in they higher e;cnatlon r?ner?rl]e(s;.e., more ?'Stanﬁ fron]l thedFerm|
space with torroidal boundary conditions in the irreducibleenergy' pproaching the 4, ) point we have found @,

wedge of the unfolded BZ. The energy axiswas divided coherent bandlike states at~—2.4 eV, in agreement with
into 500 points per 1 eV and we have stopped iterating Wheﬁhe symmetry con_5|derat|or(see F_|g. 3. OT Ref. B 'V'Ofe'
the changes ifEy , ;A (k,w)2 became less than 0.1-0.01% over, our calculations also_predlct S|r_n|Iarp,2 bandlike
(this correspondé to 20—40 iterations, depending on the p(,;_tates atw~—5.6 eV [see Fig. 1b)] which has th been
rameters Except for Fig. 1 very small broadening reported yet. In ther sector clo_se to thev{,w)_pomt the
=0.005 eV was used. Larger leads to broadening of the lower band ato~—5 eV from Fig. 1) change into an an-

main maxima with no apparent change in the incoherent pa&bg%ndvs’tate at"; _%5 evﬁ Wh"efthe upger one agz .
of the spectra and the positions of the main maxima. -0 eV gives a broad incoherent feature due to Its dressing

by the magnongcompare Fig. (a) with Fig. 1(b)].
The intensity of the QP states close to the Fermi energy
strongly depends on the momentum reflecting the cou-
First, we show that the spectral functions obtained bypling of the moving hole to spin background tuned by the
solving the spin-fermion model within the SCBA are quite vertexM ,,(k,q) in Eq. (2.13 which is weak in a large part
different from those found for free oxygen bands, and agreef the BZ1° However, except for the (0,0) point where the
very well with the experimental results for the realistic pa-vertex vanishes, very little of bandlike states survives in the

B. Spectral functions
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FIG. 2. Positions of the main maxima in the calculated spectra o(eV)
from Fig. 1 (*) and in the ARPES data of Ref. ]} along the
_(019)'(77177) direction. Low-energy bounhang-Ric¢ states are FIG. 3. The hole self-energ¥.(k,w) (in eV) calculated at the
indicated by ZR. minimum of QP-band found &t=(0.457,0.457) for the param-

eters as in Fig. 1. Solid and dashed lines correspond to the real and
o channel. It is quite remarkable that the coupling betweermaginary parts of the self-energy, respectively.
the = and o channels which is quite weak, is nevertheless
able to change ther sector quite considerably. As a result, menta close to the, ) point in the high-energy sector is
the higher energy spectrum is completely incoherent at intefresponsible for the formation of unbound states eat
mediate momenta. —6.5 eV. Both parts of the self-energy have similar behavior
A correct interpretation of the ARPES spectra of the cu-as found for thet-J model calculationgsee, e.g., Fig. 8 in

prates is an outstanding problem. Early attempts focused oRef. 13, but with weaker oscillations in the bound-state sec-
the low-energy part of the spectral function with a state withtgr.

low dispersion which can be fitted by the) model®’ This

QP state can be even fitted using a mean-field approach .

within the three-band model for an undoped insulator where C. Correlations around an oxygen hole

the polaronic effects are abséntHere we approach this  We turn now to the structure of the wave function for a

problem by including both mean-field processes in the effecsingle hole in the spin-fermion modé2.20), and study the

tive spin-fermion model, and the polaronic effects which, asphysical consequences of adding a hole in the spin-fermion

we show, change the spectra in a rather dramatic way.  model by evaluating various spin-correlation functions. Let
It is very encouraging that the main features seen in thes first estimate the number of magnons which have to be

experiment of Pothuizeet al are reproduced by the present included in the wave-function{") in further numerical

model calculation(see Fig. 2, reproducing even the asym- analysis in order to represent with sufficient accuracy the

metry of the intensity in the ZR states around the pointinfinite expansion(2.20 by a finite ordef? In Fig. 4 we

(m/2,m/2). Our calculations predict also the QP states closgyesent the normV{" (B1) of the wave functio¥ (") as a

to the (m,0) point, where the bound states were also obynction of the superexchange eleméntalculated for dif-

served by Wellet al” As seen in Fig. (), the ZR states are  ferent number of magnons included in the wave function,

built up of states coming from both sectd¢s®lid and dashed 5 for the momenturk selected at the minimum of the QP

lines). Thus fort,,#0 bothp, andp orbitals are active in  pand. We have found that already fi®0.15 eV it is suffi-

the formation of bound states and one may consider insteaglent to include onlyn=3 terms in the wave function in

the oxygen orbitals rotated by/4 which replace the ones order to reproduce more than96% of the norm of the wave

directed along the or y direction. The prominent role @,  function, while the same level of accuracy is obtained with

orbitals in the formation of ZR states is also observed in theynly two magnons fod>0.3 eV. In the weak-coupling re-

photoemission experiment of Pothuizestal,” where a  gime of J>0.6 eV one magnon is sufficient, and the QP
strong feature at+,r), originating fromp ., orbitals, has a

strong intensity variation witl, and disappears close to the 1.0
(m/2,7/2) point in the BZ[see Fig. 1a) in Ref. 3|. Further-
more, close to the (0,0) point we have found two strong QP 08}
peaks in the same energy region as measured,Du&),Cl,.
Some discrepancies between our spectral functions and the L o8
ARPES results may come from the interaction witfy3 2 z .
or 3d,, orbitals, or from out-of-plane oxygen states which o K
are not included in our model. 0.2
Finally, we present in Fig. 3 the self-energy(k,w),
calculated at the QP-band minimum. The QP bound state 0.0 £ . L

0.0 0.2 Oj4 0j6 0.8 1.0

manifests itself by the minimum in both R€k,w) and I@V)

Im3 (k,w) at w=—0.8 eV. Moreover, one can find strong

minimum in Im2(k,w) at o=—4.3 eV close to the band FIG. 4. The norm\; ; as a function of) including magnons up
oxygen state¢see Fig. 1b)]. At intermediate energie®~  to ordern=3 in the QP wave functiori2.20 for the momentum
—4 eV ReX(k,w) changes sign being negatiygositive) in k= (0.457,0.457) which corresponds to the minimum of the QP
the low (high) energy sector. Positive RHk,w) at mo-  band atA,=A_=5.0 eV.
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TABLE I. QP weight ©=0) and the norm A" (n () S ()
=1, 2, 3)[given by Eq.(B1)] for the momentum at the minimum .
of the QP band as a function of the CT energles=A . (in eV).

o ;
Other parameters as defined in Sec. Ill. N e v s . & a o .
R 4 Vi 4 v, L 4
A=A n=0 n=1 n=2 n=3
PR c
3.5 0.183 0.510 0.787 0.935 - »\( ) d
4.0 0.174 0581  0.864  0.972
5.0 0376  0.754 0918  0.962
a—ea— @& & H & a2 —8
6.0 0.490  0.822 0931  0.955 n LV, 4 VLV, 4 *
P O]
peak due to the=0 component grows steadily with increas-
ing J. In contrast, the strong-coupling regime of small N
. . . H p
<0.15 eV is characterized by a rapid decrease!\/(ﬁ'f) for &Qﬁi’i N o
n=2 and 3, and this decrease is much faster that irtthe teo e
model(compare Fig. 4 with Fig. 6 in Ref. 25This suggests FIG. 5. Diagrams included in the numerical calculations of spin

that a moving hole dresses easier by spin excitations in theeviations around the hol@and other correlations functionsrwo-
present spin-fermion model as a result of a strong Kondaenagnon vertice¥; andV, (3.2) are shown by empty circles, while
coupling Ji . the one-magnon processes contained in the wave fun@iaf are
In general, also increasing CT enerfyystabilizes the QP shown by full circles.
states, as shown in Table I. The increase of the spectral
weight from 0.174 to 0.490 betweeh=4.0 and 6.0 eV is indicesi,, iy, iz=1,...,8 make the individual diagrams
very strong, while the change in the polaron shape is resporirom Fig. 5 about 8 times longer to evaluate than the re-
sible for a decrease of the QP weight between 3.5 and  spective diagrams in theJ model. For these reasons we had
4.0 eV. In the range of 35A<6.0 eV one finds more than to omit three additional diagrams of ordet @imilar to Figs.
93% of the norm by includingn=3 magnon excitations. A 5(c) and Fd) with one more bosonic lifewhich give, how-
small decrease ONS‘R from A=4.0 to 6.0 eV results from ever, smaller contributions than the diagrams shown in Fig.
the decrease and change of sign of the effective hopping.
«Ty and from the decrease dfJy for A>5.0 eV. In Figs. 6 and 7 we display the distribution of bosons
Before we address the results obtained for various spinaround the oxygen hole. As presented in Fig. 6 the spin
correlation functions, let us analyze the calculation procepolaron formed around the hole is extended in ¢h&) di-
dure. The distribution of bosons around the oxygen hole isection of the hole momentum, reflecting the asymmetry of

defined by the correlation function the QP band energy. This asymmetry is similar to that found
No=(nb’ b 3.1 before for thet-J model®* However, in the(11) direction
r={Nobi;(ybir (1)) (3.3) we also found considerable spin fluctuations which were not

where nOZ(l/N)Ek,k'EMspIMspkMs is the oxygen hole den- present for the spin polaron in tihe] model. As a qualitative

S|ty operator at Rm:O, and the average is calculated difference to thet-J mOdEI, for smaller CT elementAU

with respect to the wave function(2.20, (---) =A_,=4.0 eV we found_ a completely differer)t spatial struc-
=(WM|---|¥™M). The boson number operatbf,b;, gen-  ture of the polaron which extends instead in i) and
erates qualitati{/ely new vertica (.,0,) andV,(qy,dy), in (01 dlrect_|ons (Fig. 7), reflecting the symmetry of the
addition to the hole-magnon vertices which follow from the Square lattice. Thereby the largest changes are found on one
interaction term(2.13. They describe either scattering of a Sublattice, indicating that the oxygen hole couples strongly to
magnon on a hole, or creatigannihilation of two magnons

(see Fig. 5and have the same form as those used by REms Nr

and HorscF® in their calculations for thé-J model, .02

V1(01,0) = 3 (Ug,Ug, + 0gqvq,) €' W 2R, 01
Vo(01,02) = 3 (Ugug, T Ug g )€ @ 2R (3.2

In Fig. 5 we have presented diagrams which were in-
cluded in the evaluation of the correlation functibi ; the

corresponding analytic expressions are given in Appendix B.
The diagrams were evaluated self-consistently with the
dashed lines standing for a self-consistent hole propagator
The numerical computations are much longer than for the
one band-J model for two reasonsi) the QP peaks are not FIG. 6. Distribution of spin deviations around the hdig cal-
so well separated from the rest of the spectrum and conseulated at the QP-band minimum k&t (0.457,0.457) for: A,
quently the energy stefiw has to be smallerii) the band =A_=5.0eV.
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0.03

FIG. 7. Distribution of spin deviations around the hd\g cal-
culated at the QP-band minimum &t=(0.457,0.457) for A,
=A_=4.0eV.

the copper sites with the opposite spin direction. A similar
shape of the polaron as in Fig. 7 is found for even smaller
3<A_,<4 eV. Further decrease in the CT elements leads to
very weak and less coherent ZR sector, while the second-
order procedure used in our model is no longer reliable. On
the whole, the spin deviations created by the hole motion are FIG. 8. Nearest-neighbor spin-spin correlation funct@pas a
weaker than obtained in theJ model as the spin-fermion function of the superexchange interactidrcalculated at the QP-
approach to the hole motion is by construction in thePand minimum ak=(0.45m,0.45m) for (&) A,=A,=5.0 eV, and
intermediate-coupling regime while thel-type model rep- () A,=A;=4.0 eV. The inset irb) shows the labels of Cu-Cu
resents the strong-coupling limit of the problem. bond_s for which the data are showf (are the copper sitgsThe
The modification of the nearest-neighbor spin-spin correfl€ is located at oxygen in the center of bond 1.

lation function due to the presence of the hole is expressed, . . .
by P P single Cu-Cu bond at a time, distracting the superexchange

processes going through this particular bond. However, the
Cr=(no(SS)), (3.3 direction of each Cu spjn Ioca_lted next to the hole is deter-
mined by three other neighboring copper spins, and one can-
whereR=3(R;+ R;) labels the bond between two neighbor- not thus expect larger changesQ@g than by about 25% of
ing copper sites andj. The Cy function was evaluated rela- its asymptotic value-0.329. In thet-J model the AF corre-
tive to its background value in the undoped antiferromagnetiations are much stronger disturbed by the added hole, as
_ L found in the charge and SEansdistribution functioy and
_ > Ng, by Ramsk and Horsck®
Co=|"2tN % Yot N % co4a(R;~ Rj)]uqvq}(n(,}, Another interesting information about the deformation of
(3.9 spin background by the added hole is contained in the bond
spin currentgg . As the total spin is not conserved, we con-

giving for ang square lattice the well-known res@h= " gjger only thez component of the current operator defined by
—0.329np).“" The nearest-neighbor spin-correlation func-
tion Cr defined on the bonds which connect two nearest jr=(No(S X S)U?, (3.5

copper sites separated by one oxygen(®3) is shown as a
function of the superexchange element in Fig. 8. AF correwith a unit vectoru=R,—R;. We have studied the currents
lations persist in the vicinity of the oxygen hole and thejy for the same sets of parameters as akisee Fig. 9. The
ferromagnetic polaron picture is not realized hereJat currents are much weaker than those found by Rénasd
=0.15 eV and larger. This shows that due to the extendeéforsch for the spin polaron in theJ model?#?®and vanish
character of spin polaron, the magnetic correlations in then the bond with an oxygen orbital occupied by a hole. A
doped Cu@ planes are less susceptible to the Kondo intersharp difference in the polaron shape between two different
action elemend than one might expect from the solution of values of CT gapd =5.0 and 4.0 eV, as represented Ky
small clusters in the strong-coupling regifidn agreement function (see Figs. 6 and)7 is also reflected in the spin
with intuition, in both cases ak ,=A .=5.0 and 4.0 eV, the currents on different bonds. If thel1) polarons are formed
strongest deformations of the quantumeNerder are found atA=5 eV, the largest currents are found on bonds labeled
on the same Cu—Cu bond where the hole is added, being and 2, while large current on the bond 5 found for
~0.03 and~0.055 atJ=0.15 eV, respectivelyFigs. §a) =4 eV shows that the backflow of spin is large along the
and 8b)]. We observe the change of local symmetry of thesame direction as the direction of the bond which contains
spin-spin corrections from thel1) to (10) direction. the oxygen hole.

In contrast to the-J model where four bonds around an  Finally, we have addressed the problem of the lattice size
added hole areemoved the oxygen hole can affect only a dependence of the spectral weightin the QP peak evalu-
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0.005 . . . ~ L by a factor larger by one order of magnitude<(6.7) than
@) . 3* that reported for the-J model with the corresponding pa-
0008y % - rameters, where the slope was givendsy=0.386 (see Fig.
0.003 | Q 16 in Ref. 13.
s
0.002 IV. CONCLUSIONS
0.001 - We have presented a method to study the dynamics of a
single oxygen hole in the Heisenberg antiferromagnet pro-
0.0 duced by copper spins in CyQplanes using the SCBA
0.005 . . . . method. Calculating the many-body Reiter's wave funéfion
(b) ™o, we presented a systematic way to determine various spin-
0.004 | by I correlation functions and the shape of spin polaron as a func-
0.003 ° tion of covalency within Cu@ planes, determined by the
0 o, 1 ratio t,q/A,. We have shown that the Reiter's wave func-
o002l e e il tion is characterized in the present situation by rather fast
AN \”"- . «»0 convergence and only few magnon states suffice to repro-
0.001 - A °° e duce the properties of the system, except for the regime of
A oy T, small J—0.
063 07 0% o8 70 The congldered spin-fermion mod@.1) includes thep .
I (eV) oxygen orbitals, and we have shown by the present calcula-

tions that these orbitals are important for getting a realistic
FIG. 9. Thez component of the bond spin currents as a  description of the spectral properties at energies far from the

function of the superexchange interactibnalculated for the same Fermi level. Although the QP states are quite similar when
parameters as in Fig. 8. The labels of Cu—Cu bonds are the same gse p.. orbitals are neglected, their spectral weight increases
defined in the inset in Fig.(8). by adding this additional channel to build the bound states.

Although our main goal here was not to reproduce the ex-
ated at the bottom of the coherent band. For small momentperimenta| results, without any fitting of parameters we ob-
q—0 we find the vertex ,,(k,q)~q in the spin-fermion  tained the QP dispersion fdr,=4.5 eV which agrees quite
model, and the magnon dispersier{q) ~q. Thus we can  well with that reported for SCuQ,Cl, by Pothuizeret al3
assume the same scaling law as in thkmodel, namely In spite of certain similarities, the spin polarons are quali-
tatively different from those reported earlier for thel
model?*?° First of all, the spin polarons are more extended
than in thet-J model. We believe that this follows from the
oxygen hopping which diffuses the compensation cloud
with L bEing the linear cluster dimension. The numericalaround the moving hole. Second, the Spectra| function de-
data for 2D clusters with different number of sitbks=L pends Strong|y on the CT energy, with better QP’s at |arge
XL are presented in Fig. 10. The spin polarons are extendeghlues ofA. The QP weight increases with increasihgand
and therefore the smallest cluster used i%22; for smaller  for A_=5-6 eV we found the QP states with the spectral
clusters the polarons do not fit to the cluster size with th&/veights of about 0.4—0.6see Table), and the distribution
present value ofl, and the results are unreliable. We havef magnons showing the dipolarlike shape. A similar shape
found that the above simple scaling law fits quite well to ourof the spin polaron was found for the) model?*?®although
numerical data, leading to finite spectral weightag{>)  with stronger spin fluctuations around the hole. In contrast,
=0.23 in the thermodynamic limit fod=0.15 eV. More-  in the region of decreasing, with the increased Kondo
over, the data show a stronger decreasgiwith increasing  coupling J« the mechanism of the formation of ZR bound

states changes, and they propagate mainly by the exchange

a(L) = ay(®) + -

T (3.6

1.0 - - - ' of collective excitationgin the strong-coupling regimeEs-
08l a (L) =6.7/L+0.23 | pecially in this regime the polarons propagate differently,

and their shape is different from that found at larger values
06} of A.

02F

0.0

N |
0.4 1

0

0.01

002 003 004 005
1/L

In our model the electron-phonon interactions were ne-
glected. As shown by Rarak et al*® for thet-J model cal-
culations(with couplings of holes to spin waves and an Ein-
stein phonon mode includgthe slow motion of the polaron
for large J/t enhances the effect of the lattice distortion,
resulting in a QP mass enhancement. This indicates that in
order to make a more quantitative comparison with the ex-

FIG. 10. Finite-size scaling of the spectral weight of the QP atPeriment this interaction leading to some decrease of the QP

k=(m/2,m/2) for

realistic CuQ@ parameters with A=A _
=5.0 eV. The calculations were performed for systems of Bize

=LXL with L=22, 26, 30, 34, and 42.

bandwidth should also be taken into account.
Finally, unlike in thet-J model, the QP states do not exist
in the whole range ok, but only in certain parts of the BZ.
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This was best illustrated by the comparison of the calculated R
spectral functions with those measured in the ARPES [G](k)=(
experiments. Furthermore, in the regime ok, =3-4 eV

the coherent bound states form only very close to the 0 0 ; AF
(w/2,712) point, and their spectral weight is much smaller Where[H; 1, [Hy.], [HG], and[H;"] represent the fol-
than that reported in the SCBA, or in the exact diagonalizaloWing 2X2 matrices:

tion calculations for thé-J model (see Table )l Therefore

N[HLT1(K) 0)
, (A3)

0 0

the low-energy sector of the spectra and the correlation func- A At sin & sin &
tions in this regime do not resemble those obtained by olm pp =T 21D
Ramsk and Horsch in the SCBA calculations for the [Homl(k)= :
model?42° LI A
. 4tpp Sin ? sin ? o(m)
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APPENDIX A: THE HOLE HOPPING HAMILTONIAN —sin EX sin 5” Sir? Ey
Below we specify the form of an:88 matrix[Hp(k)],,,./ (AB)
which describes the hole oxygen states in an antiferromag-
net. Using these basis states for the momdéntnd k+ Q, ink Ke . ky
this matrix may be represented as follows: SINKx A iy
. . [H5 1K) =3k K
[H1(k)  [G](k) in= cos-L —si
[Hal(=| . . (A 2sin7 cos sinky
[Gl(k) [H](k+Q) (A7)

where[H](k) and[G](k) are 4x 4 matrices constructed by
the 2x 2 blocks corresponding to the statesnd 7, respec-

tively. The [H](k) and[G](k) 4x4 matrices refer to the
2p, and 2p,. states and have the following block form:

[H21(K)+[HI(k)  [H2,1(k)
[HO,1(k) [H21(k)
APPENDIX B: NORMALIZATION OF THE WAVE FUNCTION

Here we adopt the units with the Cu-Cu distarttee unit-
cell length a=1, and we take the reference energy of a hole
on 3d,2_,2 orbital e4=0. A is the CT gap for the holes
occupyingp, orbitals, whilet,, andt;Jp are direct oxygen-
oxygen hopping elements between the pairs of
. (A2 2P (7 2P(x) aANd  2,(-2P ) Neighboring orbitals,
respectively.

[H](k>=(

In this appendix we present the analytical expression for the naifi= (¥ {"|w(V), of the wave functiof ("), given
by Eq.(2.20), together with the explicit form of the diagrams shown in Fig. 5. The Green’s function is always evaluated below
the lowest pole and only its real part is nonzero. In the present model with several oxygen bands one finds the following
complex form of the norm:

N&??=w8?[1+N1§j M2 (k,01) G(Ky,w1)
1

N2 Miil(kaql)Miii(kvql)Gil(klywl)Gii(klawl)Milj(klqu)Mjii(klqu)sz(kZawz)+ e

01,000,101

+N7" > Mii,(k,qp)M

! o1

(o PR« P P E R P B i1

XGi,(kz,2)Gis(kz,w2) X - XM i (Kn-2,Gn-1)Mir i (Kno2,00-2)Gi _ (Kn-1,@n-1)

(kvql)Gil(klawl)Gii(klvwl)Miliz(klqu)Miéii(klqu)

.
Ill

XGir (Kn-1,00-DMij(Kn-1,00) M7 (Kn-1,00)Gf(Kq,@p) {[0). (BD)

Next, we provide an explicit form of the diagrams of Fig. 5. After straightforward calculations one finds the following
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contributions to the spin deviations around the hole from the diagrdms-(8), where the contributiongb) and (e) are
evaluated together with the corresponding H.c. terms:

i 1 ! ! li !
NRV=WRE G 2. Vala1,a0) 2 Mig, (K, Mg, (k,61) G, (kg 01) Gy, (K, w3), (B2)
ap.0; 1
. 1
Ngmzwg?oﬁq%z v1<q1,q2>i21 Mi i (K.a)M; i (K1,02)Gi (Ky,@1)Gi (Kz,w5), (B3)

. 1
NgO=wr & 3 V1(Q2,%)[i2 Mi i, (K,G)Mi i (K1,02) Gy (Ky,01) Gy (Kp, )
1

1,092,051
X| 2 Migi,(K.a)Migi,(Ke,02)Gi (kg ,01)Gi (K5, 03) |, (B4)
I3
: 1
N'F?(d)=W8'i°0N > V1(Q1,Qi)[2 Mi i, (K,a)Mi i (K1,02)Gi (K1, @1)Gi (K2, @5)
Q1,05 .d2,ip "1
X '23: Mi0i3(k=qi)Mi3i2(ki=QZ)Gi3(ki7wi)Gi2(k,1‘”&)}1 (B5)
NEO =W =3 Vy(da.0s) > Gi(Ka o) > M (KM i (K2.05)Gy, (Ks,01) Gy (K, w3)
ONQ2’Q3 q1.12 2 1 ot 12 ! !
x| 20 My (K, a)M; i (Kg,02)Gi (kg @) |. (B6)
13

The lowest-order diagran{s) and(b) are very easy to evaluate. The following two contributiér)sand (d) can be rewritten
in the form with independent summations owgr, g; andg,, g, momenta, respectively, making their numerical evaluation

technically much faster. Unfortunately, the diagréendoes not obey this symmetry and requires more time for the numerical
calculation of the correlation functions.
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