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Starting from the three-barn@d Hubbard Hamiltonian we derive the effectivé model Hamiltonian including electron-
phonon interaction of quasiparticles with opticabpons and strong electron correlations. We consiee possible cases
when the carriers move over the oxygen sites awdifaihe they move over the copper sublattice.tMoportantly, we find
that the phonon renormalizationta$ quite different in both cases. Within an effecHamiltonian we analyze the influence
of phonons on the dynamical spin susceptibilitiajrered cuprates. For example, we find an isotffpeten resonance peak
in the magnetic spin susceptibility, Jyfg,c), seen by inelastic neutron scattering. It expenii@ observation would be a
strong argument in favor of polaronic charactehefcarrier motion in layered cuprates.
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Introduction

An understanding of the elementary and the spiitatians in highT, cuprates is of central significance. For example,
it is known that the Cooper-pairing scenario via &xchange of antiferromagnetic spin fluctuatioss \guite success-
ful in explaining the various features of superamtivity in hole-doped cuprates suchds_ . -wave symmetry of the

superconducting order parameter and its feedbadkeelementary and spin excitations [1]. Most inatly, in this
scenario the dynamical spin susceptibiljgfg, ¢, controls mainly the superconducting and norntaflesproperties of
the layered cuprates [1]. One of the key experiaidact in the phenomenology of high-cuprates is the occurrence
of a so-called resonance peak in the inelasticroeigcattering (INS) experiments [2,3]. It occueddw T. in the dy-
namical spin susceptibility(q,a), at the antiferromagnetic wave vec@r= (777) and w = wes Which is of the order of
40 meV in the optimally doped cuprates. Its fee@#tliacvarious electronic properties like optical daotivity, Raman
response function, and elementary excitations e observed experimentally by various techniqlipsHurther-
more, its successful explanation within spin-flattan-mediated Cooper-pairing together with_ . -wave symmetry

of the superconducting order parameter favorssténario as a basic one for superconductivity éncthprates. On the
other hand, recent experiments indicate that alsstren-phonon interaction influences strongly théehav-
ior [4,5,6,7]. In particular, the observation oétfrelatively large isotope effect in various chéesistics of cuprates like
penetration depth [4], 'kink’-structure seen by ARS[8], and the isotope effect on the EPR linew[8{still raises a
guestion: what is the role of phonons in deterngnire superconducting properties of cuprates?

Here, we derive an effective] Hamiltonian where the hopping integraland the superexchange interaction be-
tween neighboring sping, are renormalized by phonons. We analyze theenfie of the electron-phonon interaction
on the dynamical spin susceptibility in layeredraies. In particular, we find an isotope effectlo@ resonance peak in
the magnetic spin susceptibility, Mg, ). It results from both the electron-phonon couplémd the electronic correla-
tion effects taken into account beyond random plageoximation (RPA) scheme. We show that evehdfdupercon-
ductivity is driven by the magnetic exchange tharahteristic energy features of cuprates can hafigigntly renor-
malized by the strong electron-phonon interaction.

1 Effective Hamiltonian
We start from the atomic limit of the three-cer(@pper-oxygen-coppep-d Hamiltonian

Ho=2 a8, + > &b+ e g+
+Uan¢anxa+ubrfr|b+ Uc '?cﬁf+zwq Q Q

whereeg,, and&; are the on-site energies of the copper and thgesxyioles,n? = g’ and n? =hb'b are the copper

3d and oxygen @ hole densities for site respectivelyl, = U, andU, refer to the on-site copper and oxygen Coulomb
repulsion, respectivelyp, denotes the phonon creation operator agds a phonon energy dispersion. The hopping
term between copper and oxygen

@)

H, = 20t (006, + 6o b) + 2 (AL 6o + 6,18) 2)
and the electron-phonon interaction
Hi=F =2 0. (p+ )+ g R+ B+ g il g+ b)), (3)

we consider as a perturbation. Hetejs a hopping term between copper and oxyggns a electron-phonon coupling

strength at the site This notation is similar to the simplified Holstenodel where the migrating charge interacts lo-
cally with breathing phonon modes forming electuimr-ational states.

General remarks on the perturbation theory. To derive an effectiveJ Hamiltonian we employ the canonical Schrieffer-
Wolf-like transformationse™ He® [10,11]. For determination of tf&matrix we perform the following iteration procedur

S=8+ 3+ $F P s (4)
where the indexes 1,2,3,4 and 5, correspond tfirgtethe second, and so on iterations, respdgtivr example, the
term § is determined by the following chain of equations

[HOSl]:_HZ’[ Ho%]:_[ Hl%]]

[Hs]=-[ns]-3[~d ¢
[Hs]=-[Hs]-3[[He -1 4§ § ®
[Hos]=-[Hs]-S[[ne §-31 H$ §-

—mslsl+[llnd s § 3
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where AB] = AB—BA are the commutator relation. Then, an effectiventanian for the ground state configuration
including sixth order perturbation theory terms banwritten

_ 1, o 1 1
Ho =Ho+Hy+2H.S -l H,$ BIS+— gl KIS S. (6)

Note that using the decomposition (4) one can easlBct the different items corresponding to the varanders of
the perturbation theory. Quite generally we would tixenention thatl, is a part of the Hamiltonian which matrix ele-

| [} ments are nonzero between the excited and the gratedcsnfigura-
| Y | tions. It is assumed that the energy distance betweeexttited and
the ground state configurations is large enough regpect tdH,. On
Agc the other handH; is a term which acts within the quasi-degenerate
4| A states of the excited_and the ground state configngati¢ye also pos-
K | tulate that the energies associated Wthare smaller than the energy
(2) (©) (b) distance between the excited and the ground stateyoomtions.
Fig. 1.lllustration of the effective hopping betnehe cop-
per sites § andb) via the intermediate oxygen posi- Polaronic reduction factor of hopping integral between cation

tion (©). In the ground state configuration €0~ gites Let us consider first the correction to the hopping irstelge-

CU) there are two holes on the a site and one hol . . .. . .
on the b site. The excited state configurationesorr Stween cation (copper) sitea &ndb) via intermediate anion (oxygen)

sponds to (C4i-O-C?") state site €) shown in Fig. 1. In this case the large energy interval is
Dic=&—-8&—U, and it is further assumed thaty <|A.J and

Aqc= Ay The first term in the renormalization of the effective hingpntegral by electron-phonon interaction appears

in the fourth order of the perturbation theory, namedythie E[H283] which is quadratic with respect to the electron-
2

phonon coupling operator

3 3
1 1 1f 1
_E(A_J H,[F[F H,]| +hc:_§(A_j tto| G+ L] 3, (7)
and the effective hopping integral between #eafd p) states can be written as:
t t g2 g2 + gz
t  (effy=-2cL/1-Fa 4 Za Sci 8
baa( ) Aab { a)g Aia ( )

Note, the second term in the brackets has beamdiedlaccording to the usual polaronic theory wheniritermedi-
ate step of charge transfer process via the oxgigeris ignored [11]. Taking into account the nexders of the perturba-

tion theory one findexp{ - y,,E./w,} = 1- %/’ +( gi+ gi)/A 2 and thus

w, +(E./E)w
po= e 0 GBI ©
Here, we useg’ = Eq, i = a, b. Note, the exponential factor is reduced by thetofay, . On the other hand, the de-

pendence of the effective hopping integral on thasgparticle mass slightly enhances. For exampteht oxygen iso-
tope coefficient determined hy,, = -dIn[1/t,(eff)]/ din M we obtain

- _ Ea wa ’
a, = Za)a{yo-{A ” (10)

where y, is an empirical factoO < y, <1. According to the recent experimentslia,,Ca,, MnO, the isotope coeffi-
cient was found to ber,, =—-1.2 [12]. In particular, Eq. (10) agrees with the esipental observation, if we assume
that the carriers (electrons) move over the marggmpesitions.

Effective hopping integral between oxygen states. Let us now turn to the discussion of the renorzadidn of the
effective hopping between the oxygen positions.eNit the cuprates it seems to play the most impbrble, since the
effective carries are supposed to move over thgemxyositions rather on the copper ones. The qmnekng process
is illustrated in Fig. 2.

Using the similar procedure as before we find

I )
v |
A Fig. 2: lllustration of the first step in the effee hopping between the oxygen
ac sites € andd) via the intermediate copper positiog).(In the ground
| A state configuration (&-Cl?*-O") there are two holes on the a and d-
Y | sites, respectively. The excited state configuratiorresponds to (©
(c) (a) (d) Cu-On
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t.t gZ gz+ g2
t eff = _da‘ac 1-=c+ =2 “c¢ , 11
dac( ) Ada { c2 2!?161 ( )
and
9.+ 9. @
=1-=a c c 12
ycd 2!(2ja EC ( )

Note, the factor 1/2 appears because insted@,f) =1 we presently havéa,a,) =1/2. For the oxygen isotope co-
efficient we also have

E w
a,=-——-2 13
cd 4 A(Z:a ( )
where/, = &— &. Note, the expected isotope effect is quite sk is in contrast with those expected for therates [16].
We will return to this problem later in the text.

Superexchange interaction. Let us also consider the charge transfer proagggested by Anderson [13] leading
to the appearance of the superexchange interaitltistrated in Fig. 3. In particular, the phonotated correction to
superexchange operator

Ho = 34[(5,9) ~2 2] 14)

appears in the sixth order of the perturbation themd has the following operator form

HE @)= 31 {HHH,S?+ HIF HH[F H]l + H[ A F HlHlH];]}+2A+U3 HH.EF HH] +
ca~a ca~ a 15
+ﬁ{H2H1H1[F,H1][F, HI+HHHLRIF H] +H HLE F HH],+H[LFHL F HH }+hc o
In a general case, frofH,S] = —H, we deduce that
S=G(d6-¢a)+ G(hact hace cam cgh 6
Cy(derf+dchi-figa- ped+ g hach Macn “fedn ‘hed
where C =t./(e.~¢€.), C,=U,C/(e,-€.-V,), C,=U.C/(e,~&.-U,), and

C,=-(CU,-CU,)/(e.~€,~U,+U,) Note, the first term describes the hopping ofeleetron between empty states.

On the other hand, the first and second termshegeiccount for hopping between the doubly occupiadd the emptg
states. NamelyC, +C, = ta/(£.-€.- V). Finally, the first and third terms describe tlaping between the doubly occu-

piedc and emptya sites, i.eC, +C, =t /(.- £,+U ).
The solution of the equatiofH,S,] = H,§ has the same operator form as frbut with new coefficients

C,,C,,C,, C, which are determined by

. C
C=—"—(0,-9)
SC_ a
. u.C, C
C,= L+ 2 o, -
2 g -g,-U, £C—£a—Ua( 2~ Po) (47
e
ga_EC_UC ga_EC_UC
Gz etSe G (g -0

gC_ga_Ua+UC gc_ga_u a+Uc
where  ®_-® -=% g (p,+P)-D, 9{p+ B)- Note, one finds here C+C,+C+C=

=t (P,-P)/(.~€,+U ~U )? Finally, =~ the  equation T
[HS]=dHS [ H$ BB vyields theS; in the form ofS, but also . 11
a
Fig. 3: lllustration of the superexchange interantin the cuprates. The ground | A
state configuration is characterized by the folluyveonfiguration (C#- Y |

O*-Ci#") where two holes distributed on the two coppeitipas @ and

b). In the excited state there are two configuratig@u’-O-Cu’) and Ay

(CU*"-O*~CUi"). The hole is first migrating from siteto the oxygen sie

and then to the copper site Note, that ai\,.= U, > |t the hopping I '

Hamiltonian containing,t can be included into H (') i (b)
a (o}
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with new coefficients

G
":—¢ _¢
G= g2 @, -0)
UC” T
ST\ S B e (18)
gc_ga_ua £C_£a_ua
UC" !
=S _(0,-0,)
é‘a_é‘C_lJC é‘a_é‘c_lJC
UC"_U C” T
Cr=-t2Tlhs G (o -0,

g&-€,-U +U_, &£.-€,-U _+U_
It is also useful to point out that
Cl+C+ G+ C=—,(P,~®)*/(e,~£,+ U~ U)*.
The other commutators are calculated straightfadiyar
[FH,]= (@, - t.(@;c,-ca)
[F.H]=(@,-®)Y t.(c -¢h) (19)
[F’ H1H2] = ((Da _(Db)z tactcb(baa; - g t?:)
[F, H,H,H 2] =(®, _CDC)Z todad cb(b;CUbJ 6}; -3 lj g b)
and the effective Hamiltonian in the sixth ordettef perturbation theory has the form
242
HO @ :%{é[@b H@) ]+

ca a

(20)
2
ACEU a
where (®7) are the usual averaged phonon fact@bd) = g*(2n, +1)= =g/ cothw /2 T)= ¢. Introducing the po-
laronic energyE, = ¢’ /&y we arrive to the final formula for the superexopaintegral

+

<¢§>+u_l§[<¢§>+<¢§>]}a‘ b'b & + he

3 2 2 3E,
J=13, {1+{A_2+W+F} E.Ia)anA—zwc}' (21)

For simplicity we assuma andb centers to be equivalerd, is the superexchange interaction without polareffiects.
Note, the termea/Uj was found earlier by Kugel and Khomskii [11]. Timesent result explains well the isotope
shift of Neel temperature in undoped compounds.[28]

To summarize, the matrix of the unitary transfoiorafor the initial Hamiltonian was found by exclog the odd
terms with respect to the hopping integral witreaouracy up to the sixth order perturbation theNite, in the second
order perturbation the effective hopping integialappears.

It is further renormalized by the electron-phonoteiaction in the fourth order term where we introel the aver-
age over the phonons. Similarly, the superexchamtgeaction occurs in the fourth order perturbatio@ory and its re-
normalization takes place in the sixth order term.

Singlet-correlated band model. In order to illustrate the effective model we shiovFigs.4-5 the simplified energy
level scheme for two holes in the elementary ueglit @here are two copper upper and lower Hubbamdb with the
energy splitting of about), J6eV. At half-filling the lower Hubbard band is comg@ét filled which corresponds to

Cu?*(3d°) orbital configuration. Via doping an additionalygen hole Q(2p°) resides on four neighboring oxygen sites
(bonding molecular orbitals). The charge transtgy 4, 01.5eV. A kinetic exchange interaction between copper and
oxygen holes occurs due to a virtual hopping backfarth of the oxygen hole to the upper coppertbéutl band.

n
Hepxd :t; 6 + 15 (Sde) —p_nd . (22)
Ua_Apd AaC+Uc 4

Since the copper-oxygen transfer integral alodgpnd is large(t, 01.2eV),

U, this exchange coupling is very strong and leadsdopper-oxygen singlet formation
[15]. An additional stabilization of the copper-gen singlet state takes place (about

]Aac Fig. 4: lllustration of the copper-oxygen singletrhation on the square lattice.

v The additional doped hole cannot go to the copfierdiie to strong on-site

i Coulomb repulsion and is distributed among fourgety sites forming to-
Cu 3d 0 2p gether with the copper spin a Zhang-Rice singlet
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Fig. 5. lllustration of the coppeoxygen singlet movement on the squettice l T l

0.5eV) if one assumes that the lifetime of the singtet lattice sitéis larger than the relaxation time of th
local distortions. Indeed due to a local oxygentremtion around the copper the valuetdf strongly in- l T

creases. Thus, one arrives to the copper-oxygeaglesipolaron motion with an exponential factc
VE . A

Finally, the relevant effective Hamiltonian is givey
H= Ztij Lpipd'aw;f’ P +ZJ”. {(551 )_pr} : (23)
i >

The indexpd corresponds to a Zhang-Rice singlet formation with hole placed on the copper site whereas tlusmdec
hole is distributed on the neighboring oxygen s[tEs. Namely, W™ :[Xi” po— X" P’OJ/«/E is the copper-

oxygen creation operator in terms of copp@rgnd oxygenR) projecting operators. One can check that copgpggen
exchange term J [(Spsd)— ndnp/4] is diagonal by introducing W’ and W7" operators, i.e.
[0WPe ot =(J,,/2) WP .

Note, in general case the effective Hamiltoniantaors also the Coulomb interaction between dopddsho

and the interaction of quasiparticles via the phofield. We dropped these terms here, becausedbeyt con-
tribute  directly to the spin  susceptibility. The pping matrix element is ft :l;j"

exp(-yE" /wID)[(1+5)/ 2+ 2<$ $>/( ]}5)} where t is the bare hopping integral. The exponential dattkes

into account electron-phonon interactiolE\,z(gD)Z/a(D is the so-called polaron stabilization energy lé top-

per-oxygen singlet state and O/< 1. From the experimental data [16] the whole anential factor was esti-
mated to beyEiD/af:OQZ around the optimal doping. Note, its value is @asing upon decreasing doping. The
effect of the copper spin correlations is describgdhe square brackets. In particular, one seaisftr the anti-
ferromagnetic square lattice the hopping betweearest neighbors vanishes. This is illustrated i Bi As one
sees the oxygen hole cannot move between the ciesrwith antiparallel spin orientation. Furthema, there
is no more than one oxygen hole per each unit @dien, the spectral weight of the singlet-corredaband
changes upon doping similar to that of the uppebli4ud band. The half-filling is already reachedat 1/3. This
doping level we will refer to the optimal doping.e/¢how in Fig. 6 the doping evolution of the spalciveight for
the lower Hubbard (copper) band and singlet-coteelgcopper-oxygen) band. Note, the latter is catgdy filled
for o= 1.

In the following section we will discuss the respoa peak seen by Inelastic Neutron Scattering (IN®jgh-T

cuprates. We will show that its position might leastive to the renormalization of the hopping gné and could be a
good test for the polaronic nature of carrier mofio cuprates.

2. Dynamical spin susceptibility

To derive the dynamical spin susceptibility in thgerconducting state we use the method suggegtedliibard and
Jain [18] that allows to take into account stroleg®onic correlations. First we add the externagmnetic field applied
alongc-axis into the effective Hamiltonian

H, =Re) he'@ ) (24)
q
Then we write an equation of motion for tHeoperators using the Roth-type of the decouplinese [19] and ex-
panding the
P ={wrmwr ) = (1 d) 2+ o REF[ e ]
q

1

up to the first order ir§, = x**(q,w) h . In particular,

Fig. 6. The spectral weight of the lower Hubbardgper) band (-
1< 0<0) and the singlet-correlated (copper-oxygen)ntha
(0 < 0<1). Note, the optimal doping corresponds to ftfadf-
filled copper-oxygen band which is reached der 1/3

0
-1 -2/3 -1/3 0 1/3 2/3 1
filling factor o
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oW, 7P

G — )W TP+ A W+

(25)
+HJ_‘4 —tk_q J Sq —i} qJ;c_T(,‘pd gt
2 2

and the similar expression occurs f&’’? . Here, A, :(A(,/Z)(coskX - cosky) is the dxz_yz -wave superconducting

gap, J, = J(coskx + cosl@) is the Fourier transform of the superexchangeaateén on a square lattice.

Using the Bogolyubov-like transformations to thevrguasiparticle states
a7 =u P W (26)

at? =u W —y Y7
where u? =(1/2)(1+ (g - #)/E.) and v} =(1/2)(1- (& - u)/E,) are the Bogolyubov coefficients, is a chemical

potential, andE, =/(& — ) +4; is the energy dispersion in the superconductiatgstve obtain the new equations
of motion for thea operators

'aa'kl’pd — 1, pd 1, pd pdt H

i 3t =E.a. ™ +M,, (U W 5+ VWL, )expiwt) -
dar |

| = TR M (U W, - ) expla).

Here, we have introduced the notatidh,, = (Jq/z—tk_q) S — /2. Itis further useful to re-write these equatiams
the form.

1, pd
da, ™ E.a =
ot (28)

= Mg [ (Ueleq + Y V)@E + (Yo ¥ = Y )alh, Jexpt )

and

pd,t
Ly an =
ot (29)

= My [ UoVeg =M U-)a 5 + (Y Yo + ¥ Yoo)als, [expt do g

which could be solved by the iteration procedurecdiise the quantitied,, are assumed to be small one can put into
the right hand sides of Egs. (28)-(29) the timeethelence of the quasiparticle operators in the a&iesehthe external

magnetic fieldj.e. a;'* = a,:"*(0)expiE, t), a®y, =a’’, (0)exp(E,_t). Then the solution can be written as

a.™ =a, ™ (0)exptiEt )+ Ba, " (O)exphi E_, +w) I

pd,t (30)
+BZa—k+v-q (0) eXpI] (Ek—q _w)[]
where the coefficients are:
Bl — qu(ukuk—q + V( %—q)
_Ek + Ek—q +w (31)
B - qu (uk—qvk - L’L \(—q)
? B -Etw
Similarly, the solution of the next equation canfinend:
af =a’ (0)exp(E,t )+ Aa, P (0)exphi B, +w) F a2

+Aal, O)exd (E_, —w) 1

with coefficients

28 Magnetic Resonance in Solids. Electronic Journal.6/(2004)
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:qu(ukvk—q_l'L—q\() '%: NLq(Lll li!—q+ YV—q)
E+E 0 B tw

(33)

The expression for the longitudinal component efdlgnamical spin susceptibility can be obtainednfthe relation
S R G T (34)

For example, for the spin 'up’ we have

(wpe wyee) :%Z@;’m Wy PR = g +%Z<w5d* Wi (35)

k+q

Note, the last term has the same exponential fa@dt ) as for external magnetic field. Then the correfati
function can be found

S (Wit =S gy (@t al) ey (a2 )
+ uk Vk +q <akpd'T a—pkdllq > + \{( l'!(+q <a—l|; pda’kT -;-(:)d>} éqRi |

Substituting in theths the solution for the quasiparticle operators @) (32) one can see that each correlation func-
tion gives two terms which are proportional kb, . For example, in the functio(uk”d”a,j;gd> one obtains the first

(36)

term after substitutiom”"' and taking the linear correction with respectite magnetic field into account. Similarly,

the second item arises from the substitution ofratpe oy;%'. Note, we use<a'k"d"(0)ak""“(0)>:de f. and
<a§"’d (O)a, (0)> =P, (1~ f, ), where f, =1/[1+ expE, /k,T) is the usual Fermi function.

Finally, after straightforward calculations andnggsthe following definition

S =x“a.w)h @7
one obtains the expression for the dynamical spéeeptibility in the form
%)
X@@)= X(6.4) (38)

J X (Q,w)+1N(q,w)+ Z(q,w)

This is a central result of our paper. Hepe(q,w) is the usual BCS-like Lindhard response functidfg,«) and

Z(q,a) result from the strong electronic correlatioreet. In the normal state the expressionf¢g,«) has been ob-
tained by Hubbard and Jain [18]. In the supercotidgatate it is given by

tk 1:k _T1<+q fk+q
w+i0" +E, -E_,
tk (1_ fk)_tk+q (1_ fk+q )+
w+i0" -E, +E,
tk 1:k _tk+q (1_ fk+q ) +
w+i0"+E, +E_,
t(1-f) g fk+q
w+i0" -E, -E,,,

P
(g, w) =W"“;{uku“q (U g + ¥ Vg

PV Vg (W Vg + Y Ug)
(39)

+ukvk+q (l’l( \(+q - Lt!+q Y)

+uk+qvk (\{< l'l<+q - Ll! ¥+q)

The functionZ(q, @) is written as follows

1 w+i0
Z(q,w) =— . 40
Q@)=Y s, (40)

Here, f, is the Fermi distribution functiong” = (1-9)t, /2, & =Pt is the energy dispersion in the normal state,
and

t, =2t(cok, + cok, ¥ 4 cok, cdg+ {2 (cok cog2
is the Fourier transform of the hopping integral arsquare lattice including nearest, next- and-next-nearest

neighbor hopping, respectively. The origin of teemsl(q,«) andZ(q,«) relates to the no double occupancy con-
straint. In particular, for the Coulomb repulsidr= co andJ = 0 the dynamical spin susceptibility does not pedio the
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standard Lindhard response function but is rendeeélby the electronic correlation effects [20].r Rbe A, =0
Eq. (37) agrees with the normal state result ferdiinamical spin susceptibility [18,21,22].

Results and Discussion

Inelastic neutron scattering (INS) measurementbeuirectly the imaginary part of the dynamicalnspiisceptibility.
Therefore, it is of interest to analyze the rolayed by the electronic correlations in connectiati the 'resonance’
peak seen by INS [3]. This feature is well undaydtasing various approaches [23,24] as a resutheofpin density
wave (SDW) collective mode formation at= «w,, i.e. when the denominator of the RPA spin susceptjtditthe an-
tiferromagnetic wave vectd) is close to zero.

Im ¥ ( g, @) (arb. units)

Im xFiPA( q, ®) (arb. units)

Fig. 7. Dispersion of the resonance peak calculdtedn Eq. (37)(a) as a function of frequency argl away from 7). Two

branches of the dispersion curves are in good agezg with recent experimental data [26]. For conmipan we also put the
RPA resultgb) using the same parameters

Let us first concentrate on the influence of thectlonic correlations beyond RPA on the resonareak p
formation atQ = (777) In Fig. 7(a) we show results of our calculatidasthe Im x(Q,«) from Eq. (37) as a func-
tion of frequency andj, (q, =77) in the superconducting state. Here, we ws&€00,t' = -20, and” = 4 (in meV)

at optimal doping. For comparison we also put RBsuits using the same parameters in Fig. 7 (barGieaddi-
tional electronic correlations beyond RPA andZ terms) affect significantly the Imbehavior in the supercon-
ducting state. First, in contrast to the RPA thsition of the resonance peak obtained from Eq. {8 8hifted to a
lower frequencies. The main reason is that du@ #mdZ-terms the resonance condition can be satisfieilyaas
a more wide range of parameters. Furthermorentengity is also much higher than in the RPA césaddition,
the upper branch of the resonance peak dispersi@y from «,, and Q,- is much more pronounced. Note,

these dispersion curvesq? are in good agreement with experiment [25,26]afjn we discuss the influence of

the electron-phonon interaction on the resonaned fermation by changing the isotope mass®6f by *®0. This
30 Magnetic Resonance in Solids. Electronic Journal.6/(2004)
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shifts the average frequency of the LO phonon maxtte consequently renormalizes the hopping intetgaald the
superexchange coupling constahtMost importantly, the electron-phonon interactranges most dramatically
the hopping integral rather than the superexchange couplindgn particular, the superexchange coupling con-
stantJ changes less than 1% upon substituting the isstfipg which agrees well with experimental data][28
Therefore, there is almost no influence of theapet substitution on the resonance peak determirmd RPA,
since in this approximation its formation is detered mainly byJ. In particular, we findvithin RPAno change

in the w,, value upon changing the isotopes. In the casejo{¥’) the most important contribution to the cgme

effect on the resonance peak appears dud pw (1, .)In particular, using our estimation given above find

that at optimal doping the hopping integral chanige$% upon replacindO by *20. This results in the lowering
of the resonance frequency atA) from 41 meV for the'°O isotope towards 39 meV for tHO sample. This
leads toa,,,=-dInw,/dinM =0.4 for optimally-doped cuprates. This effect is begahe experimental error

res res

and can be further tested experimentally. Furtheemin the underdoped cuprates one may expectrasgtope
effect due to a larger value ¢fE"/ ¢’ [16]. At the same time the superconducting traoisitemperature which is

determined by shows much weaker isotope effect and is aroapd=0.05 [27]. Therefore, even if the supercon-

ductivity is driven by the magnetic exchange thsoreance peak formation can be significantly rendizad by
the strong electron-phonon interaction.

Summary

To summarize, we analyze the influence of the edeat correlations and the electron-phonon intéoacon the dy-
namical spin susceptibility in layered cupratese Efectronic correlations taken beyond RPA redhista the spectral
weight of the resonance peak away fromr) leading to the pronounced dispersion. This igdnd agreement with re-
cent INS data [25,26]. Furthermore, we find thédpe effect on the resonance peak due to strongliogwf the carri-
ers to LO phonon mode. It results from both eleefphonon coupling and electronic correlation effetih contrast to
the small isotope effect on the superconductingstten temperature we find larger isotope coedfition the reso-
nance peaklr,, = 0.4 in optimally-doped cuprates. We also would likentgie that the value of the isotope coefficient

depends strongly on the value of the exponent@bfaTherefore, the experimental verification af prediction is de-
sirable. In particular, it would put a strong coastt on the ingredients the theory of cupratestroostain.

The authors would like to express their gratitum®tof. B.l. Kochelaev for fruitful and helpful disssions on in-
triguing modern problems of high-and related materials and an honor to write anlarfor his "Festschrift". Using
an opportunity we would like to wish him all thesbéor his 70-th birthday.
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