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We study the electron-phonon interaction in the strongly correlated superconducting cuprates. Two types of
the electron-phonon interactions are introduced inttdemodel; the diagonal and off-diagonal interactions
which modify the formation energy of the Zhang-Rice singlet and its transfer integral, respectively. The
characteristic phonon-momenturﬁ)(and eIectron-momenturriZI dependence that resulted from the off-
diagonal coupling can explain a variety of experiments. The vertex correction for the electron-phonon inter-
action is formulated in the S@) slave-boson theory by taking into account the collective modes in the
superconducting ground states. It is shown that the vertex correction enhances the attractive potential for the
d-wave paring mediated by phonon witﬁ:[w(l—ﬁ),O] around §=0.3, which corresponds to the half-
breathing mode of the oxygen motion.
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[. INTRODUCTION tion is directly observed by the inelastic neutron-scattering
experiments. A strong softening and broadening of the high-

It is widely accepted that the central issue in the highest longitudinal-opti€LO) phonon with the oxygen in-plane
transition-temperature T¢) superconducting(HTSC cu-  Cu-O bond vibrations occurs along theg,(0) direction in
prates is physics of the doped Mott insulator. The Mott-LSCO?*?* By doping of holes, the phonon energy- 85
Hubbard(charge-transferinsulating state with the antiferro- meV) reduces about 20% in the zone boundary.
magnetic long-range order in the parent compounds is well A recently observed kink structure in high-resolution
understood in strong Coulomb interaction between electronsangular-resolved photoemission spectroscofRPES
It is, then, well recognized that the electronic models withspectrd®=2° triggers reexamination of the strong
strong electron correlation provide a good starting point toquasiparticle-phonon interaction in cupratés’’ Here we
reveal the electronic structure in doped Mott insulator. Forsummarize the characteristic nature of this kink struct(ae:
example, one of the successful examples is the slave-bosdrhe kink structure is experimentally confirmed in a variety
mean-field theory in the two-dimensionall model and its of the p-type cuprates: LSCO, Bsr,CaCyOg (Bi2212),
extensions to the gauge theory which can explain a wid®i,Sr,CuQ;(Bi2201), (Ca_,Na,)CuG,Cl, (Na-CCOQ,
range of unusual properties both in the normal and supercor,Ba,CuQ; (TI2201), and so on. On the other hand, this
ducting states; the phase diagram in hole concentrateord  structure is weak in thae-type Nd_,Ce,CuQ, (NCCO). (b)
temperatureT, paring symmetry, pseudogap, and so'oh.  The kink energywnx, about 70 meV, is almost universal.

In spite of such successful results in the correlated electhe quasiparticle velocity ratio above and belay,y, i.e.,
tronic models, one shall have the questions that the ele®R,=v(w> wyin)/v(w<wyink), iS about 2 in optimal doped
tronic model alone is enough to explain essential physics ip-type cuprates and does not show the strong momentum
HTSC cuprates. Actually, since the early stage of the HTSGlependence along the Fermi surface. Belowy,,, width of
researches, a variety of experiments exhibit the latticethe quasiparticle spectra decreases rapidly. This is consistent
phonon anomalies and the strong electron-lattice couplingvith the rapid drop of the quasiparticle scattering rate de-
that stimulate a number of theoretical wofks® The rel-  duced from the optical conductivity dat%®Yc) The kink
evance of the electron-phonon interaction has also been distructure is seen far abovE., and remarkable changes
cussed in the context of fulleret@$® and other highT,  acrossT, are not observedd) The quasiparticle velocity
strongly correlated superconductors. The finite isotope efbelow the kinkv (w<wy;,) along the nodal direction is al-
fects onT, is one of the direct evidence of the phonon con-most universal in a wide range of HTSE.
tribution to the paring interaction. The oxygen isotope coef- These phenomena indicate the strong coupling between
ficient ag in La, ,Sr,CuQ, (LSCO) aroundx=1/8 exceeds the quasiparticles and a bosonic excitation with energy
0.5, being greater than the expected value in the Bardeemo,;,.28-30323336.37414% is suggested that there is a clear
Cooper-Schrieffe(BCS) theory?! The isotope shift is also correlation between the quasiparticle velocity ratio across the
found in the magnetic penetration depth at zero temperatureink R, , related to the electron-boson coupling strength, and
M(T=0) (Ref. 22, which cannot be understood within the the superconducting gap amplitutfeA scenario based on
standard BCS scenario. Anomalous phonon-dispersion reldhe magnetic-resonance mode around 41 meV as a bosonic
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excitation may be at a disadvantage; this excitation is only .
confirmed belowT . in YBa,Cu;Og_.,(YBCO), Bi2212, and H=2 &Cl,Cip— X (tijClyCiot H.c)+ > JiiSi- S,

TI2201. One of the plausible candidates for the origin of the b (o i L
kink structure is the optic phonon. The kink energy: is @)

close to that of a LO phonon with the oxygen in-plane vibra-yherec; , is the annihilation operator of a hole at sitevith
tion whose anomalous softening and broadening are ohgpin o, and is defined in the Hilbert space excluding the

served as described previously. o . B . .
Here we mention another kink structure in the ARPESdOUbIe occupancy, is theS= 1/2 spin operator at siie The

spectra in Bi2213%% This is found near 4,0) and (Or) formatior_1 energy; of the Zh_ang-R_ice singlet at siteand its
and, its kink energy is about 40 meV measured from thdransfer integrak;; betweeni andj are represented by the
Fermi energy. It has been claimed that this kink structureéeN€rgy parameters in the originald model as

almost disappears aboVg . Some optical study has already 5
observed the coupling to a 40 meV boson even abiqué® _ 2th4

They suggested phonon as a candidate for this 40 meV bo- si_Apd(i) ' @
son. Hence, the origin of this kink at the antinodal region

remains controversial. In this paper, we focus the half-and

breathing mode which plays the major role in the nodal re-

gion. ) 1 1

In this paper, we study the electron-phonon interaction in tij=thas A—(i)+ Al 3
the strongly correlated HTSC cuprates. The interactions be- pd pd

tween electron and phonon of the in-plane oxygen vibratiorfespectively. The charge-transfer enetgyy(i) is defined to
mode are formulated in thteJ model. There are two types of pe the energy difference of the and d levels at sitei:
the couplings, i.e., the off-diagonal and diagonal mteractlon%pd(i):sp_gd(i) in the hole picture, ant, is the transfer

which modify the intersite hopping.of the Zhang-Rice singletimegra| between the nearest-neighborihgN) p andd orbit-
and its formation energy, respectively. We calculate the efals We assume that — A 4(i)> A 4(i)
. o pd(i).

fective paring interaction, the quasiparticle renormalization . : ;
factor, the ARPES, tunneling and optical spectra for the off- Here, we introduce a motion of the oxygen ions along the

diagonal and diagonal couplings where the fermionic degre u-O bond n the Cugplane correspondmg to.the high-
of freedom is assumed as a quasiparticle with the renorma requency optical phonon of our interest. The displacement

ized band energy. We show that the characteristic phonorfl the negatively charged O ion along the Cu-O bond

momentum &) and electron-momentunk) dependences re- c_hanges the_electrostatic Madelung potential ac'ging onacCu
sulted from the off-diagonal coupling are quite consistentSlte and ;hr:fts the energy of the level as ey(i) =
with the experiments. This formulation and numerical results deq(l) wit
are presented in Sec. Il. The vertex correction in the electron- . .

phonon coupling is known to play a crucial role in correlated deq(i)=guli), 4
system&® This is studied, in the slave-boson picture, by ithin the i lectron-latti linau(i) i i
taking into account the fluctuations around the mean-field" "IN e linear electron-iattice couplingi(i) is a Inear
saddle-point solutions, that is, tewave paring order pa- co.mblnatlon Qf the O displacements around the Cu iite
rameterA, the fermion hoppingy, the Lagrangian multipli- [Fig. 1(@)] defined by

ersa, and the bosonic fielh. We formulate this vertex cor-

rection in the SW2) slave-boson theof$~4° which respects - %) U (i— ax iy ﬂ) U ay

an exact S(?) gauge symmetry in the undoped case, and is 2 X 2 2 y 2
expected to provide a better starting point than thd)U (5)
theory in the underdoped region. The fluctuations are treated ) o .

as the collective modes in the ordered stafeand the Whereu(i=(a/2)) (I=x,y) indicates the displacement of
electron-phonon interactions are corrected by the interactiothe O ion at sité +(&,/2) along the directioh. The coupling
between the collective modes and fermions. We show thagonstang is positive, because the approach of the negatively
the vertex correction enhances the effective interaction fogharged O ion to the Cu site lowers the energy level for a
the d-wave paring aroundj=[(1—6),0] with 5=0.3 hoI_e. The Op_leve! is not changed within the linear electron-
where the remarkable softening and broadening of the LdRttice coupling, i.e.,5e,=0, because of symmetry. The
phonon are observed in the inelastic neutron-scattering exodification of the charge-transfer energy is then given by
periments. The roles of the vertex corrections are examine@tpd(i)=20—9u(i). The O ion displacement also changes
in Sec. Ill. Section IV is devoted to the summary and discusine transfer integral betwegnandd orbitals as

sion. A part of the present theoretical works were briefly
discussed in Ref. 30.

u(i)=uy i—

+Uy

.
Iig , (6)

tha=toE0U

Il. ELECTRON-PHONON INTERACTION IN t-J MODEL

for a bond connecting a Cu siteand an O sité =a,/2. The

coupling constang, has an opposite sign of. As a result,
We will consider the electron-phonon interaction in thethe modulation of the formation energy of the Zhang-Rice

t-J model>! singlet is given by

A. Formulation of the electron-phonon interaction
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doped cuprates in Ref. 52. Here, we consider this electron-
phonon coupling in the framework of the slave-boson mean-
field theory. The detailed formulation based on the slave-
{) o C} ol boson theory is presented in Sec. llIA. The constrained
3 ) operatorc;,, is represented, in this picture, by a product of
—uli-a,/2)  uli+a,/2) the spinon(fermion) f;, and holon(boson h; as

@ —uy(i—ay i2) ci,=fishl, (11

(a) gested to explain the two-magnon absorption spectra in un-
uli+a,/2)

( with the local constrainE ,f] f;,+h'h;=1 in order to ex-
b) clude the doubly occupied states. In the mean-field approxi-
O o O o O mation, theJ term in thet-J model is rewritten by using the
27777 LTS A fermion hopping order parametgr (=3, f! f:,) as
G040 O, G0« oo
\‘ \‘ _ L J
O¢'+ OLil O \]ijS'Sj:_JiniTinjz_%((XDXU"’XMXU)), (12
CrOo0O0 O, OG0« S . :
N . which is a similar form to thé term in Eq.(1). The fermion-
] + O L= O lattice coupling through the modification dfis then reduced
O->OP<O 9 O 0<© to the off-diagonal coupling as
O ) O Jij=Jo+ gofu(i) +u(j)}, (13

FIG. 1. (a) A linear combination of the O ion distortion(i) where the coupling constant is given by
=Uy(i+a2)+uy(i+a,/2)—u(i —a,/2)—uy(i—a,/2). Open and

filled circles indicate the O and Cu ions, respectivéhy.Schematic t4
view of the half-breathing mode of the O vibration.,, —, and 0 gJ:6g—4. (14
indicate signs of the modulation of the transfer integjabetween A
the NN Cu ions in this displacement. In the standard slave-boson mean-field scheme, where the
boson amplitude is taken to béx in the ground state, the
2{to+gu(i)}? 2t3 ) diagonal-coupling constargy;, and the off-diagonal one
&= ———— = t0aial(i), (7) " from the modulation of the transfer integrgl; are scaled
Ag—au(i) Ay .
_ by the factorx, and the coupling caused by the superex-
with change interactiog; has a factor +x. This implies that, in
2 the Mott insulating limit ofx— 0, due to suppression of the
29 | 29 charge fluctuation, the diagonal coupling becomes irrelevant
Jaia=7 |-t 7 (8) A9 - gonal coupling A
Apg\Ap 1o while the off-diagonal type survives because the modulation

which is termed the diagonal electron-lattice coupling. Wemc J affects the spin chanr!el. Even at nonzéat smal) x
here the diagonal coupling becomes relevant, the vertex

note that the two terms in the right-hand side have oppositg"

sign with each other. In the similar way, the transfer integraltcr?"ﬁclt'onﬂfort tht‘? electron-phonotu n:jt_eracﬂoln, mdll_JcedttzK
of the Zhang-Rice singlet is modified as e holon fluctuation, suppresses the diagonal coupling at the

large momentum transféf The vertex correction for the

tS off-diagonal coupling is presented in Sec. Ill in more detalil.
tj; =A—+goff{u(i)+u(j)}, (9) Consequently, the electron-phonon interaction Hamil-
0 tonian in thet-J model is summarized as
with
1 .
2 Hor-ph=ry 2 2 9K, g, fip(bf+b"0),
Gort=9 - (10) kao £
2A§ (15

termed the off-diagonal electron-lattice coupling. It is worthwhere bg is the annihilation operator of phonon with mo-

noting that the modulation df,q does not changg; . Thisis  mentumq and the modes. We take the two independent
because, with a shiftfoa O ion at sitei +a/2 along the  modesu=x andy where the O ions vibrate along theand
positivel direction, a decrease inq between sit¢ and site y directions, respectively. The electron-phonon coupling con-

i+a/2 is canceled out in the linear order by an increase irstant is given by a sum of the two-kind couplings
tpq between +a, andi+a;/2. The electron-phonon interac-

tion in thet-J model is also brought about by the modulation g“(K,q) = g% (K,q) + g%(K.q), (16)
of the superexchange interactidy due to the O displace-
ments. This type of electron-phonon coupling was first sugwhere

144520-3



SUMIO ISHIHARA AND NAOTO NAGAOSA PHYSICAL REVIEW B 69, 144520(2004

1 d, =0diaofn)/\2M ng, and the damping constant is intro-
sin , (17) duced in the calculation of spectra #s-0.005 eV.
Y2

2MN " 2 We first show the effective paring interaction for the
q d-wave superconductivity due to the electron-phonon inter-
and action. The momentum dependence of the effective electron-
electron interaction is derived by integrating out the phonon
1 qu degree of freedom in the electron-phonon interaction Hamil-
bk Q)= —4i inl — tonian. By using the second-order perturbational processes
Jori(K,a) = —4igos sm( ) : ! ;
" 2 with respect to the electron-phonon coupling, the effective
ZMN“’& Hamiltonian is obtained as
X {cosk,+ cosk,+ cogk,+ay) + cogky+qy)}, 1
(18 Mor= = 2. 2 g“(kQg K, —q)
,K,Q 0,0 1
with the oxygen masM and the phonon frequen@'g. The M
off-diagonal coupling constam,¢; is redefined thag), ¢ in- % “q T e A form
cludes the contribution frong; in Eq. (14). The diagonal- wgz—(gg— fg)? Krar T mar R
coupling constangdia(lz,ci) does not depend on the electron (19

momentumk as usual. Here, we note the characteristic
e|ectron_momentun12 and phonon_momentunﬁ depen_ In the mean-field approximation aCCOfding to the BCS

dences of the off-diagonal couplirgf’(K,q): (i) the fer- N€OrY, we obtain
mion degree of freedom does not couple to the two-

S "
dimensional oxygen breathing mode, i.egf[k,q _ @q T
—(mm)]=0. This is attributed to the fact that for the /o=~ 2 Lz —al9" (KD edicg
breathing modeu(i)+u(j) in Eq. (9) becomes zero in all o 4
the NN Cu-Cu bonddii) The coupling constant for the half- 1 .
breathing mode where the O ions shift aldndoes not de- = — F(a), (20)
pend on thel component of the electron momentum, e.g., ar @q

g% k,q=(,0)] is independent ok, . This is because this
O ion displacement does not chartgealong the direction
but changet;; perpendicular tol. This characteristics of

g%(k,q) are schematically shown in Fig(l).

where|&:— §R+ﬁ|<“’§ is assumed. The paring order param-
eter is introduced aghy=(fy;fy;) and is parametrized as
b= ¢po(cosk,—cosk)/2 for the d-wave paring.F(ﬁ) indi-
cates the effective paring interaction between electrons con-

B. Physical consequences of the off-diagonal and diagonal tributed from the ptlonon with momentuqn In Flgf 2@’ the
electron-phonon couplings contour map ofF(qg) for the off-diagonal coupling is pre-

) . . sented. The negativ@ositive region corresponds to the at-
We now turn to the numerical results for various physical,ctive (repulsive interaction for thed-wave paring. It is

quantities calculated from the electron-phonon interactiony ng that the phonon of the momentum, (0) aroundq
. . . . . . X
Hamiltonian introduced above. We pay attention, in particu-_ strongly contributes to thé-wave paring. This phonon

lar, to the implications of the characteristic momentum de'corresponds to the half-breathing mode of the O vibration

pendence of the off-diagonal electron-phonon coupling,here the anomalous softening of the dispersion relation is
Then, we treat, in this section, an electron as a quasiparticl§pserved in the neutron experimeft€* The vanishing

described by the renormalized energy bapd This treat- -~ o . .

ment corres};aonds to the mean-fielgyapf;{oximation in thé:[qzl(w’g)] |nd|cactjtes tf;)aththe off-diagonal electron-lattice
) o : coupling does not disturb the attractive magnetic interaction

slave-boson theory where the Lagrangian is given in(&9). dominated arounds, ). This originates from the charac-

in Sec. llI A. In spite of the detailed form for the quasiparti- ” . . ; . .
cle energyé; in the slave-boson theolfgee Eq.(36)], & is 'gnvsltt')ﬁ %ﬁf'ggonarL ctouplmlg t?attkt]hefb:re;]?ﬂ::ng mo?:t OJ thet
determined by the tight-bind fitting in Bi2212. The six tight- ation does not couple 1o the fermion as pointed ou

binding parameters are adopted by following the resuits ifRbove. The paring functioR(q) for the diagonal coupling is
Refs. 41 and 53. The fluctuations from the mean-field saddi@resented in Fig.(®) where the attractive interaction appears
points leading to the vertex correction for the electron-in the region ofg,+q,=<. The most remarkable difference
phonon interaction are studied in the following section. Theffom the off-diagonal results is seen that the phonon around
energy parameter values used in this section are given in &) strongly suppresses ttiewave paring. That is, this

unit of electron volt. We assume that the phonon frequencyliagonal coupling competes with the magnetic paring inter-
K action.

o is independent of the modg and the momentum _ ) ) )
L4 L The ARPES, tunneling, and optical spectra are obtained in
q as w;=wpp, and choosew,,=0.07 eV. The ~electron— the Nambu-Eliashberg formulas. We calculate the self-
phonon coupling constants are scaled @i,y  energy for the X2 fermion Green’s function:
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FIG. 3. Contour map of the fermion spectral densﬁ'()lz,w) for
the off-diagonal casé) and(b) (g,¢=0.03 eV), and for the diag-
onal casec) and(d) (ggi,=0.02 eV). Solid lines indicate the spec-
tra with A;=0 and dotted lines irfa) and (b) are for the spectra
with A;=0.035 eV. Gray bold lines indicate the bare quasiparticle
dispersioné;. The phonon energy is,,=0.07 eV. Numerical
data are plotted in a unit of e\

©,0) k. (r, 0)

FIG. 2. Contour map of the effective paring interactlé(ﬁ) in .
the off-diagonal coupling casé), and in the diagonal-coupling State is less thad,+ wpy because of thel-wave gap. Al-

case(b). The energy gap is chosen to Bgg,=0.035 eV in(a), though, at a_glance, the kink e_ffec’_[ in thg spectra seems to be
and ¢ Juia=0.035 eV in(b). Numerical data are plotted in a unit of remarkable in the antinodal direction, this impression comes

eV. The phonon energy is chosena@g,=0.07 eV. from the almost flat dispersion aroundr,0) of the bare
energy band. As shown later, the quasiparticle renormaliza-

tion factor Z(E,w) dominating the velocity change at the

E(Iz,iwn)= i 2 73G0(IZ— ﬁ,iwn—iwm) T3 kink energy is slightly weaker in the antinodal direction for
q,0m, @ the off-diagonal coupling case. This is consistent with the
WE o2 s recent ARPES experiments where the quasiparticle velocity
x|g*(k,9)[*Dg(ai wm), (2D gdoes not show a huge changedat,, around the antinodal
where we introduce the bare fermion Green’s function direction, unlike the prediction in the magnetic mode

calculationg®*!

i@, 7o+ EpTat ApTy The tunneling density of states

. 2
(Iwn)z—EE

Go(K,iwp)= , (22

1 .
N(w)=——5 > TrimG(Kiw,—w+id), (24
with Eg= \/§E+ AE and the bare phonon Green’s function ™k

are presented in Fig. 4. An asymmetrical shape of the spectra
DA(Ghiwg) = } 1 _ 1 is attributed to the almost flat band around the() point
OIEmiT 2 iwon—wi+in lontef—iy ' below the Fermi energy. Outside the superconducting gap, a
a a (23) dip and hump structure appears, being consistent with
experiments*°°In the off-diagonal coupling case, the weak
n (1=1,2,3) is the Pauli matrices?’ is a unit matrix, and  hump structure is located at (Ag+ wpy). With increasing
Al =Aq(cosk,—cosky)/2] is the superconducting energy the diagonal-coupling parameter, this structure becomes pro-
gap. The energy and momentum dependences of the ocCHounced, in particular, in the negative side, and the position
pied spectral density corresponding to the ARPES spectra agf the structure shifts to the lower energy. It is seen simulta-
obtained by the(1,1) component of the Green’s function: neously that for the strong diagonal coupling, the gap struc-
A(K,®)=—(Um)ImGyy(K,iw,—w+i8). The calculated ture becomes shallow and is gradually collapsed.
results are presented in Figs(aB and 3b) for the off- The quasiparticle scattering rate deduced from the optical
diagonal coupling case, and (@) and (d) for the diagonal conductivity is calculated in the memory-function formalism.
case. The ARPES spectra show a kink structure below whicfihe optical conductivity is represented by utilizing the
both the spectral intensity and the quasiparticle lifetime remmemory functionM () which corresponds to the inverse
markably increase. The kink energy in the superconductingf the energy-depend lifetime(w) as
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FIG. 5. Imaginary part of the memory function M(w). The
diagonal and off-diagonal coupling constanﬁgfﬁ ,E;dia) are cho-
sen to be(0.03 eV, Q for a solid line,(0.015 eV, 0.01 eYfor a
broken line, and0, 0.02 eV for a dotted line. Other parameters are
wph=0.07 eV, A;=0, andt=0.3 eV. We use thak,=0.81ta*
calculated for the half-filled tight-binding model in the two-
dimensional square lattice with NN electron hopping.

FIG. 4. Fermion density of staté$(w). The diagonal and off-

diagonal coupling constants){;,dqi) are chosen to b&.03 eV,
0) for a solid line,(0.015 eV, 0.01 eYfor a broken line, and0,
0.02 eVj for a dotted line. Other parameters asg,=0.07 eV and
Ay=0.035 eV.

o w%
Tl @) G o M (@)

with the plasma frequencyp and the Cartesian coordinate
«. The memory functioM () is defined by®

(25 .
in overdoped Pb doped Bi22£2 These values are compa-

rable to the present results of Mi(w) in Fig. 5. That is, the
electron-phonon interaction provides a large portion of the
scattering rate in the optical region.
1 The memory function InM(w) at =0 corresponds to
Maa(@)= ———{Xaa(®@) = Xaa(0)}. (26)  the scattering rate in the dc reisistivity. The temperature de-
Xo pendence of InM (w=0) is presented in Fig. 6. It is known
Xao(w) is the Fourier transform of the retarded Green’sthat the scattering rate deduced from the experimental resis-
function of the operatoA, defined by the equation of mo- tivity data is of the order of Z.°" The calculated Inv (0)
tion for the current operatdr, asA,=[j,,H]. Explicitly, gradually increases around,,/5 with increasing tempera-
ture, and its absolute value is rather smaller thdn Zhese
results indicate that the phonon contribution is less dominant
for 7(0) ! in the resistivity, in contrast to the scattering rate
in the optical region as mentioned above. It is noted that the
ng(E,ﬁ)fE+aofgg(b§+ b’fg), (27)  superconducting gap, is put to be zero in Figs. 5 and 6.
When we introduce the finitd, to describe the pseudogap
where we consider the current between the NN sites. In the

calculation ofM , (), the correlation functions of fermion

A,=—2ta E {sina(k,+q,)—sinak,}

k,q,0,1

and phonon operators are evaluated for the noninteracting 000 ' ' e
Hamiltonian.yq in EqQ. (26) is the static limit of the response 0.05 | R
function ofj,. The calculated InM (w) are shown in Fig. 5. _ Il
ImM(w)[=ImM,,(w0)=ImM(w)] is rapidly depressed 3 004r ImM(0)=2T -~ )
below w,,. Introducing the diagonal coupling, the scattering 3 o3l R _
rate increases above the threshold energy and its reduction 2 L7

below the energy becomes steep. This large depression inthe ~ — 002} e ]
guasiparticle scattering rate deduced from the optical spectra ooil o ®,=0.07eV J
is commonly observed in a variety of HTSC, e.g., LSCO, | R

YBCO, TI2201, and NCCO around=400-800 cm? (Ref. 0.00 2 - .

39). This threshold energy is rather larger than the so-called 0.00 0.01 0.02 0.03

pseudogap estimated in the inelastic neutron scattering, Temperature (eV)

ARPES, and tunneling spectra, and is close to the kink en- r|g 6. Temperature dependence of the imaginary part of the
ergy related tawpp, in the present scenario. Absolute valuesmemory function InM (w) at w=0 (bold line). Broken line indi-

of the calculated InM(w) are compared with the experi- cates a curve of IM(0)=2T. The diagonal and off-diagonal
mental quasiparticle scattering ratg, is estimated in the gjectron-phonon coupling constantg,gai) are chosen to be
two-dimensional tight-binding model with the NN electron (0,03 eV, 0. Other parameters are,,=0.07 eV, A,=0, andt
hopping. Around the threshold energy, the experimentak0.3 ev. We use thaj,=0.81ta? calculated for the half-filled
m(w) ! is about 2000 cm® in underdoped Bi2212 and tight-binding model in the two-dimensional square lattice with NN
LSCO withx=0.14, 1000 cm! in NCCO, and 500 cm'  electron hopping.
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explained by the magnetic excitation arouiilé(qr,w) and

(0, m) (a) !
] the diagonal electron-phonon coupling.

COMODOOMED
(OO0 DDV
SI=PHRTROROIO

Ill. VERTEX CORRECTION
A. Formulation of the vertex correction

We now go beyond the slave-boson mean-field treatment
in the electron-phonon interaction {rRJ model. This is car-
ried out by taking into account the fluctuations around the
mean fields, leading to the vertex correction in the fermion-
phonon interaction. We formulate this effective electron-
phonon coupling in the S@) slave-boson theof§~*8which
imposes that the fermion operators

fiT fll

are taken to be the local $2) doublet. This is an exact
symmetry in thet-J model at half filling® where the two
order parameters, i.e., the fermion hoppmngUfiT(,ij)

and the fermion paring;;(=f;,f; —f; f;;) become equiva-
lent. Even at the finite but small doping, it is expected that
the low energy physics is captured by this picture. The gen-

eralized SW2) theory away from the half filling is provided
by introducing the S(2) doublet for bosons h;
=(hyi,hy)'.*" Then, the physical electron operator ds,
=h!w;, with constraintsi= ¥ 7¥, +hl7h=0. Three
bosonic fieldsa! (I=1~3) are required as Lagrange multi-

COO0O00O000000
NN
BEWONNN—=—=0O

(0,0) (r, 0)

FIG. 7. Contour map of the real part of the fermion renormal-
ization factor ReZ(lZ,w=AO) in the off-diagonal-coupling case),
and in the diagonal coupling cagb). Broken lines indicate the

Fermi surface irg; . The diagonal and off-diagonal electron-phonon ~* " -
coupling constantsgy .Jqia) are chosen to be.03 eV, 0 in (a), pliers to keep these constraints. It is known that the Lagrang-

and (0, 0.02 eVl in (b). Other parameters ar,,=0.07 eV and ian in the SW2) theory is rewritten as being similar to that in
Ao=0.1035 eV pn the U1) theory. This is carried out by representing the two-

component bosons as a &) rotation, denoted by the rota-
state, ImM(0) will be further reduced due to the reduced tion matrixg; , of the standard slave-bosbn.*® By integrat-
final density of state. The nonmonotonous energy depering out the variabley;, the Lagrangian for the-J model in
dence ofr(w) ! derived from the optical spectra suggeststhe SU2) theory associated with the electron-phonon inter-
the two-component scenarid® which is beyond the scope action is obtained as
of our calculation.

The momentum dependences of the fermion renormaliza- L=Ly+Lei—ph, (29
tion factorZ(k,w)=[1— 93 (K,w)/dw] ' atw=A, are pre-
sented in Figs. (8 and 7b) for the off-diagonal and diago-
nal couplings, respectively. The broken lines indicate the ] 3
fermi »surface forgg. In the off-diagonal couplmg cgse, LtJZEZ Tr[Ui’jUij]+§ E (‘l’LUij‘PngrH.C.)
ReZ(k,w=A,) is close to one around thg+k,= 7 line in {n (ij).o
the Brillouin zone, and is strongly reduced around (0,0) and 1
(7,7). In contrast, the momentum dependence is much + - 2 W (9, 7p—ialm) W+ > hi(g,—ia’+ u)h;
weaker in the diagonal case, reflecting that the coupling con- 215 [
stantgé‘ia(lz,ﬁ) is independent of the electron momentkm
as seen in Eq(17). The calculated results for the off- —t > (f]f;,hihf+H.c), (30
diagonal coupling can explain the anisotropic quasiparticle (i)
scattering rate suggested in the recent ARPES experiments: -

Full width at half maximum(FWHM) of the quasiparticle %th a 2X2 matrix
energy distribution curve is measured along the Fermi sur-

face in Pb-doped Bi2212 compouffiThe reduction in U —
FWHM on going away from the node is observed along both 4
the bonding and antibonding quasiparticle bands. This ex-

perimental momentum dependence is consistent with the offfhe second term in Eq29) is the fermion-phonon interac-
diagonal results shown in Fig.(&, but is difficult to be tion:

wherelL,; is the electronic part:

(31)

_Xi*j ) Aij)

AL xi
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spite of Eq.(36). The linear coupling of the fluctuation with
1 .. 1
Lei-ph=7= _ E g“(k,q)\IfE+ag7-3\If,;U§(b’jE+ bg), the fermionic degree of freedom is described by the second
K p,0 term in Eq.(34):
(32)
which is nothing but the Hamiltoniaf15). From now on, we
focus on the off-diagonal electron-phonon coupling in 1 2 T s 2
g“(k,q) of the present interest. L= N <, Yierao(Xa Tk a) Wio- (40

The fluctuations around the mean-field saddle points in
the SU2) theory are examined, in detail in Ref. 48, as the

low-laying collective modes in the superconducting ground(;a)v and (ﬂz 0.9, (v=1~12) are the fluctuations with 12
state. For the fermion hopping and the fermion paring, . .

L a%omponents and their structure factors, respectively, defined
well as the slave boson and the Lagrange multipliers, we g

introduce small deviations from the saddle points;

le:X0+5XIJ ' - " ” ” " ’ ’ ’
Xd=(5)(ax ,5)(ay , 5Aax ,5Aay ,5Aax ,5Aay ,5)(ax ,
Aij=Ao(=1) 7+ 64y, , 1 02 o3 o

OXqy 1085, 08;,68,,00q), (41
hi:ro(1+ 5ri),
ial =85\ o+idal . 3y and
7 =(1,—1) for a direction of the bondi=(x,y). We adopt
the radial gauge wherg is chosen to be real and its phase fg g, q=[—2JS7y,—23§,79,2JCy71,2JCy71,—2ICy75,
degree of freedom is absorbed in the Lagrange multipliers.

Up to the quadratic fluctuations, we have a fermionic part of —2JCy75, —23Cy7, —23Cy 75, —iTy, —i Ty,

the Lagrangian as 75— (ti+ s o) 73], 42)
Lyy=Lyegt+Li+Lo+Lg, (34

with the constant termh,. Ly is the mean-field part with abbreviationss, = sinq+q/2) andC,=cosf +q/2) for

I=(x,y). 5Xa,(=5xél+|5xél) and 5Aa|(=5Aél+|8Agl)
1 t are the Fourier transforms afy;; and 6A;;, respectively,
Lve=~5N > Wi (9:70~ k73~ A1) Wiks, (39 wherel indicates a direction of the bond connecting sitad
ko sitej. The third termL, in Eq. (34) is the quadratic term of

where we define the mean-field quasiparticle energy the fluctuations. Explicitly,
&=~ (Lt Ixit Mo, (36)

with  xg=2Jxo(cosktcosk) and Ag=2JA(cosk, L,= —2iréz 5a35r,|;

—cosk,). The conventional definition of the superconducting k

gap A corresponds to 2A,. The bare fermion energy is

considered up to the next NN hopping tgs= 2r 3{t(cosak, —réz (tBih1+tycosak, cosakyh,—Ng)| Sl
+cosak))+t; cosak, cosak}. The mean-field solutiong, k

Ay, and\ are determined by the saddle-point equations:

+3 2 (|oxal+]onal), (43)
1 &k kil=(xy)
Xo= " 5N & E—R%Z, 37
k
with Ny=—Zg&y/Ex and \,=—2Z] éccosak.cosak,/
A= 1 z AOJ 2 38 Ei]. The effective fermion-phonon coupling is obtained in
N < Eg P B8 his scheme. The dynamics of the fluctuatiagss governed
through the interaction between the fluctuations and fermion.
1 2té; By integrating out the fermionic degree of freedom in the
)\OZNZ £k (39 action, we obtain the RPA-type summation of the bare
k

Green’s  function for the fluctuations GJO(G)
> -+ . .
with Eg= 1/§E+ A?, Bi=cosk—cosk,, and vy;=cosk, =F.T.<xd(r)x_a(0))0, where(- - - )q indicates an expecta-

+cosk,. The calculations in Sec. Ill are based &y  tioninL,, and the fermion polarization functiov =(q,i w,,)
+Lei—pn Where & is obtained by the tight-bind fitting in defined by
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-0.065
e aPacs
= -0.039
-0.026
-0.013
6.2E-4
FIG. 8. Feynman diagram for the effective electron-phonon in- oo
teraction vertex. Bold lines, double lines, and broken lines indicate 0.040
the fermion propagatorsGo(IZ,iwn), the bare collective-mode
propagators Gjo(ﬁ):MJ(ﬁ)‘l, and the phonon propagators
D(q,iwy,), respectively.
Me(@iwn) =2 fiigiGolKiwm)
K,
- . %
X Go(k+ 0, ioption)fiigk- (44) %8
- . . . 40
Go(k,iwpy,) is the bare fermion Green’s function calculated 20
by Lye [EQ. (35)]. The effective fermion-phonon vertex is Igig
now given by the bare interaction plus the correction due to I?:g
the collective modes of the fluctuatiofBig. 8). Explicitly,

the coupling constant is

g*(K,Gsi @n) = 7%~ A(dsiwn) - g (45
Su . . R [N
7, is a vector with 12 components defined as 00) a x0)
-4 . 4 1 [ Yk FIG. 9. Contour map ofa) the effective paring interactioR(q)
(74),=419o11J sin Py in the off-diagonal coupling case with the vertex correction, @nd

the vertex functionF(d,O). Parameters are chosen to ti§=3,
t1/J=—1.5, Gor1/J=0.1, w,,/I=0.5, andx=0.1. Numerical

Ox Qy data are plotted in a unit af.
X4 8,7,c04 —|+d5,gc04 —| ;. (46)
2 2 are given in a unit ofJ, and we usd/J=3, t;/J=—-1.5,

Go1/3=0.1,x=0.1, andw,,/I=0.5. The holon is assumed
to be condensed and its amplitudgis taken to be/x. The
obtained mean-field solutions afg=0.278 andy=0.370.
The vertex correction is a crucial for the calculation of the
paring function and the condensation energy. The momentum
MJ(G) dependence of the eﬁecti\ieéparing interactlé(ﬁ) is ob-

= — , (47)  tained by Eq(20) whereg*(k,q) is replaced by the effective
My(Q)+Me(.iwn) coupling constang*(k,q;iw,=0) defined in Eq(45). The
represented by the inverse of the bare fluctuation Green8umerical results are presented in Figa)9The vertex cor-
functionMJ(ﬁ)=GJO(a)*1 and the renormalized fluctuation "€ction does not only enhance magnitude of the attractive

1
2N I\/qu

The finite components d&=7 and 8 in 775 are attributed to
the fact that the fermion-phonon vertex is proportional to

T3. A(ﬁ,iwn) is the energy-dependent vertex function of a
12X 12 matrix

A(Qiwy)=

Green’s function interaction, as will be discussed in more detail below, but
also shifts the minimum region froma(,0) to[ 7(1— 6),0]

. 1 with 6=0.3. This is exactly the momentum region where the

Gi(d,iwn) = : (48)  minimum of the anomalous dispersion is observed in the

Ms(@)+Me(Q,iwn) inelastic neutron scatterirfg:>*In Fig. 9b) we plot the con-
which describes dynamics of the collective modes in the sutour map of the absolute value of the vertex function

perconducting ground state. I'(q,w=0) defined by
B. numerical results with vertex correction F(ﬁ iw ):2 1A(6 iwg)7 c05< %)
1 n 1 n 14
We show, in this section, the numerical results obtained v 2

by taking into account the vertex correction for the electron- R q

phonon interaction in Eq45). As shown below, the effects +A(q,iwn)8,,cos( Ey) ] (49

of the vertex correction depends strongly on the physical

guantities. Some of them are seriously modified, while other®Ve resolve this vertex function into the contribution from the
are insensitive to the vertex correction. The parameter valuesllective modes by following the classification in Ref. 50.
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The strong intensity aroungl=(0,0) inT'(q,0) is attributed -
to the Goldstone mode, i.e., the uniform collective phase

mode of the superconducting order parameter. This eigen 0.0
vector is denoted as
Sayg=OA" — SA" 50 2 |
C(Uq— ax ayy ( ) 3§
L
<

wherea indicates the overall phase gf; andA;; around the
staggered-flux order parameters. This contribution in the ef-
fective fermion-phonon interaction is, however, irrelevant,
because of the factor si(/2) in Eq.(46) and also because ~0.06 o /) -
the long-range Coulomb interaction lifts up the frequency to 00 01 g0 02 03
plasma energy in real system. A large contribution around

(7r,0) is mainly attributed to the two collective modes, i.e., FIG. 10. Superconducting condensation eneidy. Solid and

the amplitude mode broken lines indicate\ Ew,,/J? with and without the vertex cor-
rection, respectively. The inset shows the real part of the fermion
oA =A05Aél +X05X,;‘|| , (52 renormalization factor RE(k,0). Parameters are chosen to tijé

_ . _ =3, t,/J=—1.5, wp,/I=0.5, andx=0.1.
for | =(x,y) representing the amplitude fluctuation for the

12 - 12 i
order parametefixq|“+[Aq|*, and the transverse and longi- j and hence the condensation energy which are not consid-

tudinal ¢ gauge modes ered here, andii) the determination of RE(IZ,O), i.e., the
(52) electron-phonon coupling constaxitfrom the experimental
velocity ratio may be overestimated.
The momentum dependence of the phonon self-energy is

bLa= X00R T AodX gy (53 presented in Fig. 11. The phonon self-eney(q,

The amplitude fluctuatio®A; has a large intensity around =@pn) is calculated from the fermion bubble of the bare fer-
(7,0) and (0Osr), and increases the effective paring interac-mion Green'’s functiorGy(k,w) associated with the vertex

tion F(q) around these momenta. This may be a remnant oforrection. We consider the phonon mode where the oxygen
the instability toward the columnar-dimer state which is welli0ns vibrate along the direction. As shown in the Fig. 1a),
known in the insulating cas®:%2 The ¢ modes are the am- the softening of the phonon dispersion is remarkably seen
plitude modes with the out-of-phase fluctuation for the fer-2long the @,0) direction withqy=</2. This is the region
mion hoppingy;; and paringd;; . The longitudinal¢ gauge where the softening of the oxygen vibrational LO phonon

mode ¢, ; shows a large intensity in the low-energy region mode is reported in the inelastic neutron-scattering experi-

aroundﬁq:(w/2 0), in addition to the peak structure around ments. The phonon softening is gradually reduced with in-
e creasingq,, and along the d,,w) direction, the phonon

q=(m/2,m) suggested in Ref. 50. This mode shifts the mini-fequency is almost unrenormalized. By introducing the ver-

mum point ofF(q) from (7,0) without vertex correction to  tex correctionFig. 11(b)], these tendencies become signifi-

[7(1—6),0] with §=0.3 in the low-energy region. cant. Although the qualitative feature of the calculated pho-
The superconducting condensation enekd@yis given by  non softening is consistent with the experiments, absolute

the expectation value of the effective BCS Hamiltonian, i.e.,

Eq. (20), where the vertex correction is included in the cou-

pling constant. The numerical results AE as function of 0.0

the bare off-diagonal coupling constam;s is presented in

Fig. 10 associated with the renormalization factor

¢Té:X05Aéy_A05Xéy1

ReZ(k,«=0). As shown in the broken line in Fig. 10, the 0.1
condensation energy is positive in the case without vertex 3
correction. Thus, thel-wave superconductivity due to the §
present LO phonon is stabilized by introducing the vertex E:ﬁ_o'z

correction. By considering the velocity ratl®, across the
kink energy, a value 0f,/J is expected to be 0.2 where -0.3
ReZ(q,0) is about 0.6-0.8 a=(0,0) and ¢r,), and
AEw,,/J?=—-0.02 is converted into about 40 K, takirly

=100 meV. The actual condensation energy is of the order ~O4g——— (; 0 ('1 —
of 7 K for optimally doped YBCG? which is smaller than
this value. One can consider various reasons for this discrep- FIG. 11. Real part of the phonon self-energy without the vertex
ancy. (i) The estimation of the condensation energy has armorrection(a), and with the vertex correctiofb). Parameters are
uncertainty due to the subtle subtraction of the phonon conchosen to be/J=3, t;/3=—1.5, gos/I=0.1, w,,/I=0.5, and
tribution, (i) there are other mechanisms to reduce the pairx=0.1.
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0 Om) ' '
’_3
k]
w1
3
% .
22 ~
w
]
’_3
5
2 17
c
3 1 L 1 L
5 (00) (x0)
2}
] FIG. 13. Contour map of the real part of the fermion renormal-

(0,0) (n/2,1/2)(0,0) (n/2.1/2) ization factor R&Z(k,0) in the off-diagonal coupling with the ver-
tex correction. Parameters are chosen tat/de=3, t;/J=—1.5,
FIG. 12. Contour map of the fermion spectral dengik, ) ot/3=0.1, wpn/J=0.5, andx=0.1.

along the nodal direction without the vertex correctiahand (b),

and with the correctioric) and (d). (&) and(c) are for the spectra jssyes in many systems such as cuprates, manganites, and
with Ao=0, and(b) and(d) are for the spectra with/J=2A0/J ., Especially in cuprates, it has been often claimed that the
=0.57. Parameters are chosen toth&=3, t;/J=—1.5,go1;/J  strong correlation dominates to hide or reduce the electron-
=0.1, 0pp/J=0.5, andx=0.1. The dispersion relation of the qua- phonon interaction. This seems to be true for the diagonal
siparticle _energyfl; is chosen tq be the_ same form with that in Fig. coupling of phonon because the charge-density fluctuation is
3. Numerical data are plotted in a unit ofJ suppressed by the Mott physics. This is assumed also in the

value of the frequency shift is much larger than the observaPr€Sent paper neglecting the diagonal electron-phonon cou-
tion, in particular with the vertex correction. This may indi- Pling. However it also plays an important role in the dynam-
cate that the adopted electron-phonon coupling constant i§S Of the hole observed in the ARPES of the undoped
overestimated, as mentioned previously, and a further refineuprate§' because the photodoped hole is subject to the
ment for the vertex correction is required for more quantitafather strong coupling to the breathing phonon mode. This
tive discussion. electron-phonon interaction might be the origin of the
On the other hand, the electronic spectra are not sensitiv@nomalously large width of the ARPES spectra, because the
to the vertex correction as shown below. Figures 12 show thetrong-coupling small polaron gives the Gaussian line shape.
ARPES spectra along the nodal direction with and without Now some remarks are in order on other works on the
the vertex correction. The energy dependence of the vertexiectron-phonon interaction in cuprates. "sRo and
function is taken into account in the calculation of the spec-Gunnarssoft studied the electron-phonon interaction in the
tra. Comparing Figs. 13),12(b), and 12c),12(d), it is con-  t-J model in a similar way estimating the value of the cou-
cluded that the vertex correction does not play significangjing constants from thedependence of the transfer integral
roles in the ARPES spectra. This is because the electronignq the intersite Coulomb interaction between the O and Cu
self-energy is given by thefontr|but|ons from the wide range,q (r is the distance between these two ioriEhe off-
of the phonon momentury, and the vertex correction is diagonal coupling constant is an order of magnitude smaller
large only in a rather limited| region as shown in Fig.(B).  than what we estimated, while the diagonal-coupling con-
This fact is also consistent with the shift of the kink position stant is huge of the order of 0.25 eV. Therefore they con-
in the superconducting state; the kink energy shifts fiogy  cluded the diagonal coupling is the dominant mechanism of
t0 wpnt+2aA with @=0.7. However, this does not repro- electron-phonon interaction in cuprates, even though it is re-
duce the experimental observation that the kink position doeguced considerably by the same mechanism we discussed in
not change across the superconducting transition. this paper. However the small value of off-diagonal coupling
We present, in Fig. 13, a contour map for the renormalconstant is due to the rather subtle cancellation between two
ization factor for fermion R&(k,w=0) with the vertex cor- terms, and might change in a more realistic calculation. Also
rection. In the case where the vertex correction is includedthe vertex correction strongly enhances the off-diagonal cou-

the essence of the momentum dependence oZ(R®)  Pling.
pointed out in the preceding section, i.e., the large renormal- Huanget al® recently studied the electron-phonon vertex
ization around IZ:(0,0) and @r,7), remains, although corrgctlon for the diagonal coupling due to the Coulomb cor-
- - . relation, and found that the large momentum transfer scatter-
ReZ(k,0) aroundk= () is slightly reduced. ing is reduced considerably while that of small momentum
transfer is enhanced. This feature is consistent with the ear-
lier analytic studies on the vertex correctfdmhe important
The interplay between the electron-phonon interactiorpoint made in that pap&tis that the interaction between the
and strong electronic correlation is one of the most importanguasiparticle and phonon enhancedy the electron corre-

IV. DISCUSSION AND CONCLUSIONS
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lation because of the enhanced density of states. This mighith the vertex correction, the attractive interaction in-
have an important implication for the kink structure observedcreases, and the phonon momentum induces the interaction
in the (7,0) momentum region. shifts to[ 7r(1— 8),0] with §=0.3. These changes are caused
The dynamical aspect of the vertex correction has beeby the amplitude fluctuation mode and tiegauge mode,
discussed in the case of the diagonal electron-phonothat is, the collective fluctuations of the order-parameter am-
coupling’® Also in the present case of the off-diagonal cou-plitude | x;;|?+|A;;|2, and its out-of-phase fluctuation mode,
pling, we expect the rich structure in the energy dependenceespectively. However, the kink position in the ARPES spec-
of the vertex. For example, the resonance between the phera shifts fromw,p, 10 wy,+2aA acrossT, in our calcula-
non energy and the superconducting gap might enhance thien, while it does not in the experiments. The resolution of
electron-phonon coupling. These interesting issues are lethis discrepancy is left for future studies.
for future studies. It is evident that the strong electron correlation plays a
In summary, we have studied the electron-phonon intermajor role in the physics of HTSC cuprates, and the role of
action in HTSC cuprates motivated by the recent ARPEShe phonon is also modified by it. Some specific channel of
experiments. The off-diagonal electron-phonon couplingthe electron-phonon interaction is selected to be enhanced by
which modulates the hopping integral of the Zhang-Rice sinthe strong correlation, and this will avoid the competition
glet and the superexchange interaction, is relevant in thaith the magnetic mechanism working in different momen-
small doping region. We formulate the vertex correction betum regions. Therefore it seems that the electron correlation
yond the mean-field slave boson theory. Along with as theand the electron-phonon interaction collaborate to enhance
slave boson and the Lagrange multiplier, the fluctuations fothe d-wave pairing. The role of the other phonons besides the
the fermion hopping and paring lead to the collective modesalf-breathing mode studied here is left for future investiga-
in the superconducting stat®.Thus, the dynamics of the tions.
collective modes dominates the vertex function for the
electron-phonon interaction. Characteristics in the off- ACKNOWLEDGMENTS
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