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Renormalization of the elementary excitations in hole- and electron-doped cuprates
due to spin fluctuations
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Extending our previous studies we present results for the doping, momentum, frequency, and temperature
dependence of the kinklike change of the quasiparticle velocity resulting from the coupling to spin fluctuations.
In the nodal direction a kink is found in both the normal and superconducting state while in the antinodal
direction a kink occurs only belowW, due to the opening of the superconducting gap. A pronounced kink is
obtained only for hole-doped, but not for electron-doped cuprates and is characteristically different from what
is expected due to electron-phonon interaction. We further demonstrate that the kink structure is intimately
connected to the resonance peak seen in inelastic neutron scattering. Our results suggest similar effects in other
unconventional superconductors like,8uQ,.
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[. INTRODUCTION Here, ¢, refers to the bare energy dispersion of the quasipar-
ticles assuming no interaction with the spin excitations or
Elementary excitations in the cuprates are of central interphonons, i.e., a tight-binding energy dispersion for the £uO

est in order to learn more about the correlations and th@lane. In general, the self-ener@y(k,w) results from the
pairing mechanism for superconductivity. For example, it iscoupling of the particles to spin excitations, see Fig. 1 for an
well known that the understanding of the elementary excitaillustration. Obviously, the self-energy is a functional of the
tions in conventional superconductors like lead as measurespin susceptibility =>{x}. In its simplest form, the latter
by tunneling spectroscopy played the crucial role in acceptis of Ornstein-Zernicke forfthat allows for a sharp en-
ing the picture of electron-phonon-mediated Cooperhancement of fluctuations near the antiferromagnetic wave
pairing>~ In the highT, cuprates one expects that due to vectorQ= (r,):
the presence of antiferromagnetic spin fluctuations a strong
renormalization of the spectral density and the corresponding
energy dispersion may occur. It was shown by several ()=
group$-® that the so-called “dip-hump” structure seen in tun- ' 5 , . O
neling experimenfscan be explained in terms of the feed- 1+£(q-Q) i gt
back effect of superconductivity arising from the structure in
the gap functiom (k,w). Moreover, it has been argued that
this structure reflects the effective pairing interaction anc{;
points towards a spin-fluctuation-mediated Cooper pairingis
Recent developments in angle-resolved photoemission spef,

troscopy(ARPES allow us to study the elementary excita- fact that y(q, @) has only structures aroungy; and wave

it:s%r:foggegy{ha;niIlgmrgl:n?:r;ngiii?g?rl{slnclziglctgliﬁéhge?nm_ivecmr Q, their influence on the elementary excitations is
energy in the different parts of the Brillotin ZoriBZ) are expected to be very anisotropic at different parts of the Bril-

studied. This is important, since the coupling of the quasi—IOUIn zone. .

particles to spin quctuatio’ns varies at different parts of the_. In. order to |Ilustrate.the anisotropy of the elementary ex:
. citations we show in Fig. 2 the calculated Fermi surface for

BZ. Furthermore, the understanding of the structures seen by

ARPES and their doping, momentum, and temperature de-

pendence will help us to understand the role played by spin x(q, )

fluctuations in contrast to phonons regarding the formation

of superconductivity in the higfi. cuprates.

XQ

2

ere, xo is the value of the static spin susceptibility at the
ave vectorQ, ¢ is the magnetic correlation length, ands
the characteristic frequency of spin fluctuatignsughly
e peak position in the imaginary part of Eg)]. Due to the

A. Theoretical background G, U G UgkG

S'm'la'_' to the electron-phon_on case, _the coupling _between FIG. 1. lllustration of the coupling between holes or electrons
the quasiparticles and the spin excitations should influencg, 4 spin fluctuations characterized by the susceptibiity, ).
characteristically the energies, of the hole or electron car- s jeads to Dyson's equatid =G, !~ 3 describing the rela-
riers, tion between the bare Green’s functi@y and the renormalized

oneG(k,w). U (U o4) denotes an effectiveenormalized coupling
w =€+ ReX(k,w). (1)  constant.
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FIG. 3. Calculated bare tight-binding energy dispersion for the
hole-doped cuprates in the normal state using (Bg.The dashed
curve illustrates the changes due to renormalizatian= €,
+ReX (k,w). Due to structure in RE the energy dispersion shows
a kink feature along the (0,6} (,7) direction in the first Bril-
louin zone.

FIG. 2. lllustration of the anisotropy of the elementary excita- energy distribution curve$EDC) and momentum distribu-
tions. The solid line denotes the calculated Fermi surface for theion curves(MDC) allows the study of the quasiparticle ex-
hole-doped cuprates in the first BZ using E8). The dashed lines  cjtations close and well below the Fermi level up the ener-
refer to the magnetic Brillouin zone that crosses the electroni(‘gieS of 200 meV. Most importantly, recent ARPES studies by
Fermi surface close to ther(0) points exactly at the “hot spots” \,5rious group¥~*3reveal a kink structure in the energy dis-
where the antiferromagnetic wave vectQr (7, 7) connects two persion at energies about 605 meV below the Fermi en-
pieces of the Fermi surface. At ther(0) point and along the diag- ergy and along the nodal direction (0,0, ) direction
onal the wave vectoQ connects quasiparticle states below the of the first BZ. Furthermore. this kink'struéture appears in
Fermi level only. This allows us to define three characteristic "®he normal sta;[e and almost aoes not change if one enters the
gions 1,2,3 at the Fermi level. superconducting state

hole-doped cupratésFor the calculation we use the tight-  We illustrate the formation of the kink in Fig. 3 where we
binding energy dispersion for the Cy@lane show the unrenormalized tight-binding energy dispersipn
in the normal state along the route (0,8f,0)— (7, )
€= — 2t(cosk,+ cosky) + 4t’ cosk, cosk,—u.  (3) —(0,0) of the first BZ. Below E, the measured energy dis-
persion wy along (0,0}~ (,7) has changed compared to

Here, t andt refer to the hopping of a holéelectron be- the bare tight-binding case due to the self-energy corrections

tween nearest, next-nearest sites on the square latticgy and__". : ) . .
is the chemical potential that defines the doping. In &, as it follows from Eq(1). We define the kink at the inflection

and in the following we set the lattice constant to unity. Onepomt of the dashed curve where the renormalized dispersion

; N : tends to approach again the bare dispergjpnRecent stud-
clearly sees that the scattering of quasiparticles by spin fluc- .

X X . . . ) ) ies by Dessau and co-worketsreveal no kink structure
tuations in cuprates is anisotropic. First, the antiferromag-

. - N along (7,0)— (7, 7) direction in the normal state, but only
netic wave vectoQ= (,7r) connects exactly quasiparticles in the superconducting state
at the Fermi level close to ther(0) points of the first Bril- '
louin zone. These quasiparticles experience the strongest
coupling to antiferromagnetic spin fluctuations. Quasiparti- C. Doping and k dependence of the kink
cles at the diagonals of the BZ am®t connected by th&€
and thus have smaller scattering by spin fluctuations at thgn
Fermi level. The corresponding point on the Fermi surface i%/e

calledcold spotor nodal point Furthermore, the quasiparti- _k'=q=Q. This leads to the kink in the (0,0)(, )

cle states at the Fermi level close to tdepoint in the first o hat h | | h
BZ are usually called antinodal points. Note that the quasi-d Irection that has been obser\l/éa dley angle-resolved photo-
: emission spectroscopfARPES.”*° Here, we extend our

particle states at cold and hot spots which are connected bﬁrevious analysis and discuss in more detail the doping de-

Q. lie cIo_se tothe I_:erm| level. This will be important Ia_ter for gendence and the anisotropy of the kink feature as a function
discussing the kink feature. Therefore we may define threOf (k—kg) and ener in the normal and superconductin
characteristic regions at the Fermi surface regarding their F 9¥ok P 9

sensitivity to coupling to antiferromagnetic spin fluctuations State, for different routek — k. in the Brillouin zone: (0,0)
"—(ar,m), (0,0—(0,7), and (@,0)—(,7). Due to the

fact that the superconducting order parameter has nodes
along (0,0}~ (7,7r) and maxima for (0,0} (0,7) one ex-

Let us now discuss the experimental situatibose tothe  pects additional changes in the kink structure as observed
Fermi level as measured by ARPES. The combined study afecently*®*4This should help to contrast renormalization due

Previously we have shownthat from the momentum and
ergy conservation one expects changes of the quasiparticle
locitiesv = del/ Jk in the nodal direction fow=ws; and

B. Experimental findings
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to spin fluctuations to what we get due to electron-phonorbare tight-binding energy dispersion given by E8).. The
interaction. Furthermore, we investigate the interdependenagescription of the electron- and hole-doped cuprates within a
of the elementary excitations with the resonance peak that isne-band approximation is possible if one takes into account
observed in hole-doped cuprates by inelastic neutron scattedifferent parameters and quasiparticle disperéfadote that
ing (INS) below T.. It follows also from Eq.(1) and in the case of electron doping the electrons occupy the cop-
Im 3 (k, ) w?’— w that the temperature dependence of theperd band, while in the hole-doped case holes refer mainly
kink feature should reflect characteristically the coupling toto the oxygenp states yielding different dispersion param-
spin fluctuations and be different from the electron-phonoreters. Furthermore, the energy dispersions for optimally
coupling case. hole-doped La ,Sr,CuQ, (LSCO) and electron-doped
Note that in the case of electron-doped cuprates neither ld,_,Ce,CuQ, (NCCO) behave differently around,0)
resonance peak nor a kink feature is present. We will alspoint. While in the case of LSCO the flat bafidading to the
show that the kink feature is not restricted to the cupratesyan Hove singularity in the density of statdigs close to the
but is also expected for other novel superconductors wherEermi level, in NCCO the flat band is approximately 300
guasiparticles couple strongly to spin excitations. A particuimeV below the Fermi level. Then, using-250 meV and
larly interesting case might be &u0O, with large aniso- t'=0.1t, one describes the hole-doped LSCO dispersion,
tropic behavior ofy,{q,w) and in-planey. _(q,w)."*®  whereast=138 meV andt’=0.3 are needed for the de-
Generally, a strong nesting behavior of the Fermi surfacecription of the electron-doped NCCO compound fitting ear-
might yield pronounced kink features. lier photoemission data. These parameters, including an in-
This paper is organized as follow: In Sec. Il we presenttermediate couplingy = 4t, will be used for our calculations
the theory, and in Sec. Il we discuss our results for the kinkof various physical quantities in the normal and supercon-
structure, its doping and temperature dependence for hol@ucting state of electron- and hole-doped cuprétes.
and electron-doped cuprates. Finally, in Sec. IV we summa-
rize our analysis and contrast renormalization due to spin

) B. Generalized Eliashberg equations
fluctuations and phonons.

In this one-band model, we assume that faeneelec-
trons (holeg are participating in the formation of antiferro-
magnetic fluctuations and in Cooper pairing due to the ex-
A. One-band Hubbard model change of these fluctuations. Thus both the magnetic
éusceptibility and the quasiparticle self-energy must be cal-
ulated self-consistently. This is possible in the FLEX
pproximatiort:~24In this approach the dressed one-electron

Il. THEORY

The elementary excitations and the spin excitations ar
key quantities determining the properties of the cuprates and
other superconductors with strong correlations and magneti ) . .
activity. The quasiparticles, holes, or electrons, interac reens fg_n_cﬂon are used to qa_lq_JIate the charge and spin
strongly with spin fluctuations and also with phonons. HOW_susceptlbllltles..These susceptlbmtlgs are .ther_1 used to con-
ever, phonons and spin fluctuations differ with respect tO\s/truct an effective Berk-Schrieffer-lik& pairing interaction

their doping dependence and anisotropy. This is clearly dem: eff describir)g the gxchange of ch_arge and sp@n fluptuations.
onstrated by neutron-scattering experiments, for example "€ generalized Eliashberg equations are derived in Appen-

Also the different behavior of hole- and electron-doped cu-d A- In order to demonstrate the significant role\bf in

prates and the feedback of superconductivityxdn,w) is ~ O4' work, we also show in Fig. 13 its corresponding diagra-
important. matic representation. Note that, in general, if the Cooper

In this paper we employ an effective one-band Ham”_pairing and the effective pairing potentid]s are generated

tonian. This is justified because upon hole doping antiferro-by the same quasiparticlgsolid lines in Fig. 13 strong

magnetism disappears due to Zhang-Rice singlet formatiofic!-€nergy and feedback effects Gifk, ) and)(q,(2) are
and quenching of Cu spins. In this one-band picture the Cougxpected _ _ o
lomb interaction between the quasiparticles refers to an ef- 10 & more precise, we write down the quasiparticle self-
fective interaction(i.e., the HubbardJ) within the conduc-  €N€rgy components,, (v=0,3,1) Wlth.reséggct to the Pauli
tion band. Then, further doping increases the carrier mobiliyatrices7, in the Nambu representaticfi; e, Jp=w(l
and a system of strongly correlated quasiparticles occurs. I 2) (Mass renormalization;=¢ (energy shiff, and =,
the overdoped case less magnetic activity is present yielding ¢ (9ap parameter They are given by
usual Fermi liquid. We assumé=W/2 (W= bandwidth in-
dependent of the doping concentration. N1 * L

The main physics of a single CyQplane is the two- 2,(k,@)=N kz . dQVei(k—k',Q)
dimensional one-band Hubbard model given by .
Xf do'(w,Q,0")A,(K"0") (5)

H=—<§ tij(Citer(rJFCjtrCio)JFUzi: NN, (4)
e with

wherec;’ creates an electron with spinon sitei, U denotes

the on-site Coulomb interaction, amgl is the hopping inte- Vei=[Ps(k—Kk',Q)—(85,1— 8,0— 8,3) Pc(k—k’,Q)].

gral. After diagonalization of the first term, one arrives at the (6)
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direction seems to be surprising, since the main interaction
of the carriers with spin fluctuations occurs at the hot spots
while the kink feature is present along the diagonal of the BZ
close to the cold spots. This argument, however, considers

T=100K
x=0.15

2.0+

1.54 only the quasiparticles exactly at the Fermi level. Away from
) the Fermi level but close to ifalong (0,0) (7, )] the
& quasiparticles couple strongly to spin fluctuations, as can be
= 10 seen from Fig. 2. Most importantly, as follows from Fig. 2,
the largest scattering will occur at valueslof ke=Q and
0.5 o= wgs. TO be more precise, let us rewrite H§) as
0.0 S(kiw)=—T2 > > 70G(k—K',iwy—ivy) 7U?

-150 -100 -50 0 ©m:¥m k',q
Energy (meV)

-200

1 . ~
FIG. 4. Calculated spectral densi§(k,w) in the normal state ><2 TGk +qlontTvn) 70G(q 1 wn)]
along the nodal (0,6} (,) direction (from left to right as a (7)
function of frequency in the first Brillouin zonéBZ). The peak
positions(connected by the solid line to guide the gyefer to the ~ and approximate the Green’s function by its noninteracting
renormalized energy dispersian, . One clearly sees the kink struc- paurt,
ture at an energy approximately,;,.=75*15 meV that results
from coupling of the quasiparticles to spin fluctuations. i W7o+ €T3~ Ty

G(kliwn)%GO(kiiwm)z (| )2_E2
This is a generalization of Fig. 1P, and P, denote the “n K

spectral density of the spin and charge excitations, respegvith E2= 2+ ¢2. Thus after little algebra one obtains on
tively, and are defined in Eq$A3) and (A4). The second the real axis?

. ¥

C)

part of Eq.(5) is given in Eqs(A5) and(A6). It is interesting
to remark that the above formulas remain valid even if the u? P Im yrpa(k— k' @")
elementary excitations and the magnetic activity that controls 2 (k,w)~— e > do’ ;
Ve Would result from different quasiparticles. k' /0 w-o’ —Eq

The generalized Eliashberg equations allow us to calcu- o' o' — o
late all the properties of the system self-consistently like su- X cotl-(E —tanl‘( >T ) .
perconducting phase diagram, elementary excitations, the su-
perconducting order parameter, energy dispersion, angthe imaginary part of the spin susceptibility may be obtained
dynamical spin susceptibility, for exampie? Note that in  within the random-phase approximatidRPA) and is ap-
Eq. (5 self-energy effects due to phonons are neglectedyroximately given by Ornstein-Zernicke expressisee Eq.
Their contribution will be discussed in Sec. IV and in Ap- (2)] This Se|f-energ}§ now enters Eq(l) It is important

pendix B. that the self-energy is mainly frequency dependent, while the
bare dispersion of the carriers is not. Already in the normal
Il. RESULTS AND DISCUSSION state, 2 (k,w) has a maximum reflecting a corresponding
maximum of Imy atg~Q andw’~ wg;. Note thatwg; can
A. Anisotropic renormalization be determined according to Moriya and Ueda and paramag-

non theory fromygrpa=xo/(1—Uyg) or equivalent from
. _ . X0 H(a=Q,w=ws;)—U=0.% Obviously, wg is strongly
We start the discussion analyzing the spectral density ofioping dependent. This will be discussed later. Then, the

hole-doped superconductors in the normal state. The spectrgihk position follows from the pole of the denominator of
density reveals the elementary excitations and in particulagq, (9). This leads to the “kink condition”

the renormalized energy dispersion. First, we present our re-
sults for the spectral density along the nodal (6;Q)r, ) Okink™ Ex—qt 051(X). (10
direction in the first BZ. o . - .

In Fig. 4 we show the calculated spectral densltk, ), This gives an estimate of the .posmon 'of the kink. Further-
i.e., the local density of states, as a function of frequency ang'0re: since the superconducting gap is zeroder0, but
momentumk —ke. The peak positions correspond to the not for wzwsf,'the kink feature.along the nodal Q|rect|on
renormalized energy dispersion. Due to coupling of holes t 0,0)— (m,m) wil change_ ogly slightly belowT¢ . This we
antiferromagnetic spin fluctuations the quasiparticle dispern@ve demonstrated previousty.
sion changes its slope and shows a pronounced kink feature S
at the energywy,~ 75+ 15 meV. 2. (0,0=(0,m) direction

How can one understand the kink feature in a simple In order to see whether the kink feature is present in other
way? At the first glance the occurrence of a kink in the nodadirections of the Brillouin zone, we show in Fig. 5 the evo-

1. Nodal direction

134520-4
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FIG. 5. Spectral densitiN(k,w) as a function of frequency
along the (0,0} (0,7) direction of the first BZ in the normal state
calculated from the generalized Eliashberg equations. Again, the
peak positions reveal the renormalized energy dispersipn A —~
kink occurs at similar energy as in the nodal direction. Because of Q
inelastic scattering of holes on spin fluctuations close tar)0, -~
N(k,w) becomes also broader. Note that, in contrast to the nodal E
direction, one does not cross the Fermi level in the (©,00,7)
direction. Instead, one reaches the flat part of the tight-binding
band.

0.0 .
-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 O

lution of the spectral density along the (0,8)0,7) direc-

tion. Despite the fact that along this direction we do not cross o (meV)
the Fermi level, the kink feature is still present and is found
at an energy similar to the one for the nodal (6;Q)r, ) FIG. 6. Calculated spectral densi(k,w) along the antinodal

direction. This indicates that the occurrence of the kink fea{,0)— (w,) direction as a function of frequency in the first BZ

ture is not connected to some specific conditions whichn the normala) and superconducting) state. Due to the flat band

might be present only along the (0;0) r,#) direction. In- close to the Fermi level the spectral density shows no kink structure

stead, the kink is characteristic for all directions whére in the normal state. BeloW, the superconducting gafi(«) opens

—ke=Q and w=w;. Also below T, we find that the kink yielding a kink structure in the spectral density that occurs at the
ST* C . . .

feature is present in the (0,0)(0,) direction(not shown.  ENergieSwiini~50%10 meV at optimal doping.

Note that our results are in fair agreement with experimental )
datal? In Fig. 6(b) we show results foN(k,w) at a temperature

T=0.5T. where the superconducting gap has opened. A kink
_ o structure aroundw,;,~50+10 meV is present reflecting
3. Antinodal direction the magnitude ofp. Hence in the {,0)— (7, 7) direction
In Fig. 6(a) we show our results foN(k,») along the this kink feature is only present beloW. and connected to
(7,0)— (7, 7) route, i.e., the antinodal direction, of the first the feedback effect o$# on the elementary excitations. We
BZ in the normal state. Note that the spectral density at thavill show later that this feedback is also important for the
(0,7) point is broader than at the antinodal point due toresonance peak seen in INS.
stronger coupling to spin excitations peaked @tQ Note that the superconducting gafgk,») is calculated
=(m,m) as discussed in Fig. 2. Clearly, no kink is present.self-consistently in our theory and reflecting the underlying
The absence of a kink structure can be explained with the fl&gpin fluctuations which dominate the pairing potenWak.
structure of the Cu@plane around th&/ point (see Fig. 3. Therefore the occurrence of a kink structordy below T in
Simply speaking, for a flat band the frequency dependence dhe antinodal direction is a direct fingerprint of the spin ex-
3 in Eq. (1) does not play a significant role and therefore nocitation spectrum?® Furthermore, as we will discuss below,
change of the velocity and no kink structure is present. Im x(Q,w) entering in Eq.(9) is peaked at the resonance
What does happen in the superconducting state? BElow frequencyw,es (roughly atws¢+ A). Therefore the kink con-
the superconducting gap(k,w) opens rapidly for decreas- dition is given by
ing temperatureT and becomes maximal in momentum
space around th# point reflecting the momentum depen- Okink™=Ex— ot @res(X). (11
dence of the effective pairing interactigeee Eq.(5)]. In
addition, due to the frequency dependence of the gap the flat In Fig. 7(a) the frequency dependence of Rék,, ) in
band arounavi disappears. the normal and superconducting state at the antinodal point
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— 120 FIG. 8. Calculated paramagnon spectrum, i.e., the dynamical
> spin susceptibility Iny(Q,w) at a temperatur@= 2T for different
g 100 doping concentrationsx=0.12 (underdopej] x=0.15 (optimal
= g0 doping, andx=0.18, x=0.22 (overdoped
—_
é 60 (7,0)— (7, 7) direction that is not present in the normal
A state. Note, further effects due to bilayer splitting in cuprates
40
g are expected.
i . \
= 200 antinodal N ///
0 ‘ ~ ‘ B. Doping dependence of renormalization
-100 -50 0 50 100

The different reasons for the kink structures in hole-doped
o (meV) cuprates along different directions in the first BZ will be also
reflected in their doping dependence. So far, the results we
FIG. 7. (a) Calculated frequency dependence of Rék,,w) at  have shown were for optimal doping concentration0.15
the antinodal poink, of the first BZ in the normalsolid curvé and  that refers to a band filling ofi=0.853! Note that the su-
superconducting statélashed cunje Due to the feedback effect of perconducting transition temperatufe behaves differently

the superconducting gap(w), a peak(dip) occurs foro>0 (w in the overdopedOD) and underdopedJD) regime:
<0) which roughly defines the position of the kink structute).

The corresponding imaginary part at the antinodal point3k

=k, ,w) is shown. Again, due to the feedback effectdfw), a TexA(T—0),  OD,
maximum occurs below, . Note that both R&% and Im X are not
fully antisymmetric(symmetri¢ with respect taw at optimum dop-
ing x=0.15.

T.xng(T—0), UD,

where ng is the superfluid density that is calculated self-
consistently from the generalized Eliashberg equations.
k=Kk, is shown. Due to the occurrence of the resonance fea- In the antinodal (Gr)— (7, 7) direction the kink is only
ture in Imy(Q, ) and the related feedback of the supercon-present belowl . due to the feedback ap(w). In the OD
ducting gap¢(w), Re 2 shows a pronounced structure be- case,¢(w) decreases reflecting a mean-field-like behavior.
low T, at energies of aboutw,.st+A, Also the Thus the energy where the kink occurs must decrease with
corresponding imaginary part, IB(k=k,,»), shows a overdoping:
peak belowT, [see Fig. T)]. This pronounced behavior is

responsible for the kink formation alongr(0)— (7, ) di-

rection in the BZ. Therefore, while the kink f(.aatures arernis pehavior is indeed observed by Dessau and
present along (0,0 (m,m) and (m,0)— (m,m) directions ..\ ersl4 Note that the above argument remains true also
in the ;uperqonductmg state of hole-doped cu.pratgs, thelr, the strongly OD case where no resonance peak in
nature is qualitatively different. Along the nodal direction theImX(Q,w) occurs because the feedback effect dofw)
superconducting gap is zefor «=0) and thus the feed- should always be present.

back effect of superconductivity on the elementary and spin  Regarding the kink along the nodal (0,8) #, ) direc-
excitations is small. Therefores; determines mainly the tion we note the following. In Fig. 8 we show the calculated
formation of the kink feature. On the other hand, along thedoping dependence of Imat the antiferromagnetic wave
antinodal direction the gap is maximal and yields a strongsector Q versus frequency in the normal state. One clearly
feedback of superconductivity gp. Thus in the supercon- sees the characteristic Ornstein-Zernicke behajdee Eq.
ducting statew,.s and A yield the kink structure along (2)] of Imy,

kink(X) %= Ag(X). (12
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FIG. 9. lllustration of the kink position. We also show Rg olt
since this controls the kink position and*. The dashed curve
refers to the bare dispersion. Note thét—uv for w> w,, reflects 16
mainly the width of the peak in Iy 1k (b) 1 =—— resonance peak
t
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Imx(4=Q.w)= —— 7, 13 & 1o} '
W+ wgs e -
_ o _ _ = 8} :
and thatwg; increases with increasing doping from under- s { “ sC
doped to overdoped cuprates. Singg determines the kink ér o
e S. SIf e scgap !
position along (0,0} (7, ) direction we expect — 4 i‘
ns
2 -
wyink(X) € wg¢(X). (14 ! NS
) . i i ) . i 0 r— ' " L A L "
This is in qualitative agreement with experimental dattor 0.0 0.1 02 0.3 04
underdoped regime and optimally doped supercondyctors o/t

On the other hand, the spectral weight of ¥(Q,») de-

creases drastically with overdoping. Therefore the coupling FIG. 10. Calculated feedback of superconductivity on the spin
of the quasiparticles to spin fluctuations is getting muchsusceptibility Imy(q,«) for the electron-dopeds) and hole-doped
weaker in the OD case. These two competing effects seeffy) cuprates at optimal doplng<(_:0.15). The solid curves refer to
responsible for the nonmonotonic and weak doping deperf’® normal state {=1.5T), while the dashed curves denote the
dence of the kink position in the nodal directi¥h. renormalized spin susceptibility in the superconducting stafgé at

In Fig. 9 we illustrate the kink feature resulting from the ~0-7Tc- Due 1o largews=0.3 and the small superconducting
renormalizatio d3'/dw~v* ~(1+)\), v~v] of the bare gap, the feedback of superconductivity is small in electron-doped

. . . . . . cuprates. Contrary, due to a small;=0.02 in the hole-doped
dispersion. We estimates2A<3. This renormalization is cuprates, the feedback of superconductivity fulfills a resonance con-

doping dependent and stronger for underdoped hole-dope ion for Imy yielding a strong renormalization of the spin excita-

cuprates. Of course, we expect thf'ﬂ th_e positior! of tge kinlfion spectrum and to a formation of the resonance peak. Note that
as well as the change of the quasiparticle velocity-u™)  he hopping integrat is different for hole- and electron-doped cu-
are important fingerprints of the coupling to spin quctua—prateS as discussed in the introduction.

tions. Note thatv* —uv for frequenciesw> wyini reflects

mainly the width of the peak in Iny. Important is the slope  the flat band around (@) lies in electron-doped cuprates

ratiov* /v fqr 0<Oink - . well below the Fermi level and therefore it cannot be soft-
Another important behavior concerns the asymmetry begned due tap(w).

tween hole- and electron-doped cuprates. Note that no kink
feature has been reported in the electron-doped cuptates.

is believed that the electron-phonon coupling is much more
pronounced in electron-doped cuprates than in hole-doped In Fig. 10 we show results for the spin susceptibility
ones. This is indicated, for example, by the Fermi liquidimygpa(Q,w) in the optimally electron{a) and hole-(b)
behavior of the resistivity= T2 in the normal state at opti- doped cuprates in the normal and superconducting state tak-
mum doping and by the transition betweel_,.-wave ing into account different tight-binding energy
symmetry of the superconducting gap towards anisotrepic dispersions®*°While in the normal state of hole-doped cu-
wave as it has been observed in several experinféigsn- pratesws; is of order of 25 meV, in the electron-doped ones
ply speaking, the spin fluctuations in electron-doped cuprateis value is much largerds;~70 meV) and Iny is much

are weaker than in the hole-doped ones yielding a smaller less pronounced. Therefore antiferromagnetic spin fluctua-
and a smaller superconducting g&fThus no kink is present tions are much weaker in the electron-doped cuprates due to
in the nodal direction and also no kink occurs in then()0, weaker nesting of the Fermi surface and less density of states
—(r,7) direction belowT,. This is related to the fact that due to the flat band well below the Fermi level. Regarding

C. Relation of kink and resonance peak
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08 D. Anisotropic scattering rates
(a) A x=0.15 Finally we discuss the anisotropy of the scattering rate
~ 06 b ——T=2T ST . 7 }(w) of hole-doped cuprates at different points on the
& - - =T=1.05T, s Fermi surface. In Fig. 11 we show our results for'(w) at
Tl—' ----- T=0.7T, antinodal point the antinodal point and the nodal point, respectively, for op-

k~(n,0) timal doping(a) and for the overdoped cag$b) for various

7 temperatures. In Fig. 14) one clearly sees that the scattering
P g s rate is very anisotropic on the Fermi surface reflecting the
’ - nodal point anisotropy of the coupling of elementary excitations to spin
, - fluctuations. In particularr~*(w) in the normal state is al-
et most three times larger at the antinodal point than at the
T nodal point. This agrees with recent ARPES experiments.
' ' ' / t ' ' Furthermore, we find that It «w demonstrating a non-
® Fermi-liquid behavior in the hole-doped cuprates. Belbw
08 at the antinodal point™!(w) reveals a strong feedback of
(b) x=0.22 superconductivity at energias,.st+Ay. At the nodal point
the effect of superconductivity is rather weak. In the over-
06F ——T=2T, antinadal paint doped cuprates the anisotropy between nodal and antinodal
k~(x,0) points is strongly reduced and far— 0 almost disappeared.
Most importantly the system then behaves more Fermi-liquid

0.2

8 oat like. The latter is seen from Fig. () where one observes a
TP crossover from the In® = w to the Im 3 o w? behavior. This
) is also in agreement with experimental observaffbt.
02 nodal point
IV. SUMMARY
00 b= = - N 1 1 1 " . i
0.0 0.1 0.2 03 0.4 05 In summary, we have analyzed the elementary excitations
) / t in hole- and electron-doped cuprates and the fingerprints of

spin fluctuations on them. The quasiparticles around the an-

FIG. 11. Scattering rate” '(w) of optimally (a) and overdoped tinodal points of the BZ experience the strongest scattering
(b) hole-doped cuprates versus frequency at the nodal and antinodgh spin fluctuations yielding a non-Fermi-liquid behavior. In

point of the Brillouin zonegBZ) calculated at various temperatures. ggreement with experimental data, we find that coupling of

The anisotropy results from coupling to spin fluctuations and ishgles to spin fluctuations yields a kink feature in the renor-
disappearing in the overdoped case. Thus a crossover from a nofyglized energy dispersion.

Fermi-liquid to a Fermi-liquid behavior occurs. Note also the feed-

back effect of superconductivity for different parts of the BZ at ] o ]
optimal doping. A. Possible phonon contribution to the kink feature

One of the interpretations of the kink structure in hole-
the superconducting state, note that in the hole-doped cuwoped cuprates has been the electron-phonon interaction sug-
prates a strong renormalization of the spin-fluctuation spectrgested by Lanzarat al® Indeed, it is clear that phonons
occurs due to the feedback effect of superconductivity anavould also cause a kink structure in the energy dispersion if
that Ay~ wg leading to a resonance peak @t w,.s [See  one assumes that Eliashberg functieAF(q,») has the
Fig. 10b)]. To be more precise, a resonance condition same features gg(q,w), namely peaked at the wave vector

Q and at the Debye frequenayp, i.e., v=wp~wg;. By
1 analyzing Fig. 2 it is clear that both spin fluctuations and
— =Re xo(q=Q,0= e, (15)  electron-phonon coupling can cause a kink structure. How-
Uer ever, in general, one would expect that its position and dop-
ing dependence might be different in both cases. For ex-
which signals the occurrence of a spin-density-wave collecample, only in the case of dominant spin-fluctuation coupling
tive mode, must be fulfilled in order to observe a resonancean the kink structure be related to INS experiments, i.e., Im
peak® In electron-doped cuprates, the spin excitations doy(Q,w), and, furthermore, the kink position is given by
not obey Eq.(15) and thus only a rearrangement of spectralw;n~Ex_q+ wsi(X). As discussed earlier, the kink feature
weight occurs belowl ., but no resonance peak. Therefore along the antinodal (&) — (7, 7) direction results from the
the kink feature is intimately connected with the resonancestructure in¢(w). Thus additional structure ith(w) due to
peak. As we see from Fig. & there is only a small feed- the electron-phonon interactioiEPl) may also contribute.
back of superconductivity below,. on Imy in the electron- Therefore the question remains: How to distinguish between
doped cuprates due s> A,. Thus we find also no kink spin fluctuations and phonons as a reason for the kink for-
feature in the superconducting state of electron-doped cumation? To answer this question one has to understand how
prates in the antinodal direction. consistent are both scenarios with available experimental
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S

Tl S+

=~

FIG. 13. Particle-particle channel of the Bethe-Salpeter equation
for superconductivity due to an effective pairing interactidgy
entering in Eq«(5). The solid lines refer t& and the dashed lines
denote the effective Coulomb interacti@hof Eqg. (4). Vertex cor-
rections that would yield to a renormalized coupling strendth
(as indicated in Fig. Jlare neglected. The summation of the corre-
sponding bubble and ladder diagrams is performed up to infinity.

FIG. 12. lllustration of a possible kink structure in,8uQ,. ~ While in principle it is possible to trea? e x} and G(k,«) on
The Fermi surface of $RuO, consists of three bands. The nesting different levels, we assume that both quantities are generated by the
properties of thed band yield to a formation of two-dimensional Sa@meitinerant quasiparticles. Note thef refers to the exchange
incommensurate spin fluctuations &= (2/3,2m/3) and ws;  Of SPin and charge fluctuations yieldinglg  >-wave instability of
~6 meV. Therefore the quasiparticles at teband should be the normal state.
strongly renormalized due to coupling to spin fluctuations.
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structure arises only from the EPI, it is difficult to understand

thed,2_,2 symmetry of the superconducting order parameteAPPENDIX A: GENERALIZED ELIASHBERG EQUATIONS

and relgted observerc]i anis:)trohpy Of, thf? kink .strucuimae , The interdependence of elementary excitations with spin
A_ppendn:B). N%E?Qt at only the spin-fluctuation scenario gycitations leads to strong self-energy effects. The corre-
yields Tc=70 K,*" a d,>_>-wave order parameter, and a sponding Dyson equation yields the dressed 22 matrix

kink feature in qualitative agreement with experiment. AlSOGreen’s functiorG in terms of the bare Green’s functi@y
the doping dependence of the kink is difficult to explain gng the self-energy:

within the phonon scenario. In contrast to EJ.0) one
would expectwyi,k=~Ey_q+ wp(X) in the case of electron- Gfl(k)zegl(k)—z(k)

phonon coupling. _ - _ -
=lwpZ(K) o~ [ (k) + &(K) JT3— (k) 71,
(A1)
B. Kink structure in the triplet superconductor Sr ,RuO,?

. . . wherek=(k,iw,). In the FLEX approximation for the Hub-
Finally we want to emphasize that the formation of the ard Hamiltonian the self-energy is determined by the

kink feature due to spin fluctuations _should_ not b_e restrigte ollowing generalized Eliashberg equations:
to cuprates. For example, the quasi-two-dimensional triplet
superconductor SRuQ, (isostructural to LaCuQ,) (Ref. B B B B
42) reveals pronounced incommensurate antiferromagnetici(k)zz [Po(k—=k")7oG(K" )79+ P(k—Kk")73G(K") 73]

spin fluctuations at the wave vect@;=(2#/3,27/3) and k'

frequencywgs~6 meV that originates from the nesting prop-

erties of the quasi-one-dimensionaland 8 band4>~*° (see = Ver(k—k')G(K'). (A2)
k!

Fig. 12 for an illustration On general grounds one would
expect a kink structure in the renormalized energy dispersiof, order to provide a better understanding of our numerical

of the quasiparticles. Although the correlation effects ar&yrocedure we show the corresponding Feynman diagrams for

weaker in SfRuQ, (U is smalley, andQ; is an incommen- v, iy Fig. 13. Within RPA the spin and charge fluctuation
surate wave vector, similar conditions as in cuprates argyeraction are given by

present. Note that the kink feature should occur at smaller

energies than in cuprates due to a lower valuagfin the P.=(2m) 2U%Im (3xs— x0), (A3)
ruthenates. Further experimental studies should test our sug-
gestion. With xs=xso(1—Uxso) ~* and
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Pe=(2m) *UZIm (3xc— Xco), (A4)

with xc=xco(1+Uxco) 1. Therefore the kernel and the
spectral functions of the one-particle Green’s function in Eq.
(5), A,, read

f(—w')+b(Q) f(o')+b(Q)
(0,Q,0')= , A5 ”“
(@2.07) w+i5—Q—w’+w+i5—Q—w' (A5) -

A (k,w)=—7"tIm[a,(kw)/D(k )], (AB)

and

D=[wZ]?—[ed+ £]>— ¢?, (A7)

ay=wZ, az=e+¢( a=d. (A8)

FIG. 14. lllustration ofd,._.-wave Cooper pairing for a fixed
In Eg. (A5) f and b are the Fermi and Bose distribution frequency) =Qq~ wsi~ wp due to spin fluctuations peaked at mo-
function, respectively. Finally, the bare susceptibility is cal-mentumk—k’=qg=Qp and due to phonons peaked G Qs
culated from The solid line denotes the Fermi surface and the dashed line refers
to the nodes of thd,2_,>-wave order parameter. The corresponding
sign of the order parameter is also displayed.

T (>
ImeO,cOZNJ_wdw’[f(w,)_f(a)'-i-w)]

SOk,w)=N"1Y, mdQVeﬁ(k—k’,Q)—azFi(k—k’,Q)
X > [N(K+0q,0" +0)N(K, o) k' /0
k

+A(k+q0 +0)A(ko)],  (A9) X Lﬁ do'l(0,Q,0")A,(K ). (B1)

where we assume that tlsameitinerant carriers are respon- 5 . )

sible for the elemenatry excitations and, at the same timd,o" @ Fi(a,{2) we employ a Lorentzian in frequenc)
generate the spin excitations. In E@9) we useN(k,»)  aroundQo~wp (Debye frequency and a normalized form
= Ay(k, ) +As(k,w), and the real parts are calculated with factor Fi(a) peaked ag=gqy,; as indicated in Fig. 14. The
the help of the Kramers-Kronig relation. The subtractedSPin fluctuations that are dominating(q, ws() are peaked
terms inPg and P, remove a double counting that occurs in atgq= Q_pair- _ _ o
second order. Note that.x in Eq. (5) is dominated by the It is instructive to write down the weak-coupling limit of
exchange of spin fluctuations due to the fact that the systerthe 7, component of Eq(B1) that reads T=0)

is in the vicinity of an antiferromagnetic phase transition, but

the above equations still remain valid in the case whgre [Ver(q) — @2Fi(q)]
becomes more important. Ak)=—> —2 5E ———A(k), (B2
Our numerical calculations are performed on a square lat- k' k

tice with 256X 256 points in the first Brillouin zone and with
200 points on the reab axis up to 16 on a logarithmic  where agairE,<=\/A2(k)+ezk is the dispersion of the quasi-
scale. Within our self-consistent procedure the full momenyparticles in the superconducting state. Note that the contribu-
tum and frequency dependence of quantities is kept. tion to the pairing potential is repulsive for spin fluctuations
and attractive for phonons, respectively. In the case where no
phonons would contribute to the Cooper pairing’F;(q)
APPENDIX B: PHONONS AND dyz_,2-WAVE =0], Vex(Q) bridges parts of the Fermi surfaqe where the.
SUPERCONDUCTIVITY superconducting order parameter has opposite signs. This
momentum dependence of the pairing interaction is indeed
In this appendix we analyze how the magnetic moderequired for solving Eq(B1) and is typical for unconven-
which is mainly peaked atg=Q=(w,7) leads to a tional superconductivity. Note that for a repulsive and
dy2_,2-wave order parameter that is maximal around(Q) momentum-independent pairing potentég(q) = const, no
and, in particular, to which extend phonons contribute to thissolution of Eq.(B1) can be obtained.
result. In general, the generalized Eliashberg equations read How is the kink related to the pairing mechanism? Physi-
after the inclusion ofttractive phonons(branchi) via their  cally speaking, the interdependence of elementary excita-
spectral functionw®F;(q,Q): tions that dominateVx(q), leads tod,2_,.-wave Cooper
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pairing as well as to the kink structure as observed bycursonly below T, and is a result oth(w) that is maximal
ARPES experiments. In other words, the quasiparticlearound (Osr). Therefore the kink structure in the antinodal
around the hot spots couple strongly to spin fluctuations thadlirection is mainly connected to spin excitations peaked at
leads(a) to ad,2_2-wave order parameter, aibl) the same  Qp,,= (7, 7) and not to the phonon branch peakedgj;.
coupling leads to the kink in the nodal direction that occurs Note that in the case where no spin fluctuations would be
close tothe Fermi level wher®,.;= (7, ) as indicated in  present, i.e.Ve4(q)=0, the attractive phonon contribution
Fig. 2. will cancel the minus sign on the right-hand side of Eg{l)

It follows also from Eq.(14) that attractive phonons with yielding an order parameter witewave symmetry. Thus
a corresponding spectral function®F(q) peaked atq  we safely conclude that botdl,>_>-wave Cooper pairing
=(pair CONtribute constructivelyto d,2_,2-wave pairing as and the anisotropy of the kink feature in the elementary ex-
long as the main pairing interaction is provided by spin fluc-citations are hardly to recoincile within the same physical
tuations. However, the kink close to the antinodal points ocpicture.
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