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The anomalous momentum and temperature dependence of the spectral lineshape in data from
underdoped BiSLCaCuOg.s (Bi2212) indicates that the quasiparticles are strongly coupled to
collective excitations centered ne@ = (7, 7). The doping dependence of the spectral lineshape
and its correlation with the size of the superconducting gap indicate these collective excitations are
related to the pairing interaction in high- superconductors, in analogy with phonon induced structures
in tunneling spectra of low,. materials. [S0031-9007(97)02505-2]
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Over the last decade, angle-resolved photoemissiofoverdoping) represents smaller (larger) hole concentra-
spectroscopy (ARPES) has contributed significantly tdion than those needed to achieve maximim
the understanding of the high- superconductors [1]. Figure 1 shows typical normal state photoemission spec-
The most recent example of this is the observation ofra recorded at 100K from an underdoped and an over-
an anisotropic excitation pseudogap in the normal statdoped Bi2212 sample with. of 84 and 80 K, respectively.
of underdoped Bi2212 [2-4]. Despite the progress(«) and (B) represent spectra taken at the Fermi surface
the line shape of photoemission spectra remains poorlgFS) crossing along the (0, 0) ter(7) direction and the
understood. This is particularly true for the underdoped, 0) to (7, 7) directions, respectively. The spectra from
materials. In this paper, we analyze the momentumthe overdoped sample show Lorentzian-like peaks at the
temperature, and doping dependence of the spectral lifeermi level. The spectrum from the underdoped sample
shape, with emphasis on a broad feature at 100—200 meMcorded atd) is very similar to that from the overdoped
that is always present in spectra taken nearQ) in un-  sample. In contrast, the spectrum g&) (is dramatically
derdoped samples. This feature is absent in spectra takeélifferent. It is an edgelike structure with a very broad
at the Fermi surface along the (0,0) to,(r) direction  maximum near 100—200 meV. Furthermore, the leading
in underdoped samples and along both of these directiorexige is pulled back from the Fermi level by about 20 meV,
in overdoped materials. We argue that these results areflecting the reported,-—,- like normal state excitation
due to a strong dressing of the photohole ko= (7,0)  pseudogap [2—4].
in the underdoped material, while the dressing is modest The difference between the spectra &) (from the
in the other cases. This result is consistent with the holenderdoped and overdoped samples is generic. In the
coupling strongly to collective modes of momentum
whose spectral functiog’’(q, w) peaks nea€® = (w7, 7)
for the underdoped case, while the coupling is weak
becausey’(q, w) is weak and broad in momentum for the
overdoped case. The doping dependence of the ARPES
spectrum and the superconducting gap suggests that these
collective excitations are related to the pairing potential
with momentum dependence consistent withpairing
symmetry [5].

Angle-resolved photoemission data were obtained us-

©,0)7 (m, 0)~ 1

®

Intensity (arbitrary units)

|

ing a Vacuum Science Workshop chamber attached to (A) Underdoped (B) Overdoped '

the beam line V-3 of the Stanford Synchrotron Radiation L] !

Laboratory (SSRL) and a Scienta-200 analyzer using a He 400200 0 4000 2000
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discharge lamp. Details of the experimental setup and the
sample preparation are the same as those reported earli/dG. 1. ARPES data from an underdoped Bi2212 (A) and an
[3]. The energy resolution of data discussed here is eioverdoped Bi2212 (B) sample with an energy resolution of
ther 35 or 20 meV as specified later, and the momenturA® MeV. The inset showe-space locations where the spectra

lution is+1 d Dobi f th lei were recorded. The curve depicts the experimental Fermi
resolution 1Is=1 degree. Doping O the sampie IS acCoM- g, face. &) and (B) denote the Fermi surface points along

plished through oxygen content adjustment by annealinghe (0, 0) to ¢, 7r) and ¢r, 0) to (r, ) directions, respectively.
under various conditions. The notation of underdopingg) is very close to 4, 0).
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underdoped regime, the spectra are very insensitive to dop-
ing, although the broad maximum may shift with doping
level and the details of the line shape may show small vari-
ations. Once in the overdoped regime, the spectra change
rapidly from a broad feature with a normal state pseudogap
to a much sharper peak at the Fermi level without the nor-
mal state gap. Our recent experimental investigations find
that the superconducting gap size decreases rapidly with
the increase of carrier density in the overdoped regime [6].
This empirical correlation between the disappearance of
the broad feature at 100—200 meV and the decrease of su-
perconducting pairing strength suggests that these features
are closely related to the pairing interaction.

Although analysis of ARPES line shapes in high-
cuprate is controversial [7—11], the doping, momentum,
and temperature dependence provide new information
to gain added insight. First, a few words about the | Ry
experimental background due to inelastic scattering of ST ITTT PIUTT FYTRT FETTY FRRTT FTY FRUTRITOY
photoelectrons. The background is usually a featureless 400 300 200 100 0 -100
signal that monotonically decreases towards lower binding Binding Energy (meV)
energy with a steplike intensity drop near, but slightlyrg > ARPES data from normal and superconducting states

below the Fermi level [3,8]. This background exists inof underdoped Bi2212 nea#(0). As illustrated in the inset of
all spectra, and our discussion in this paper is based ofig. 1(8) is the Fermi surface crossing point along the Q) to
features observed above this background. Spectra takém. 7) line and it is very close to#, 0). The upper two sets of
from the overdoped and underdoped samplesjtén be Icurves were recorded with 35 meV energy resolution while the
. - . ow set of curves was recorded with 20 meV energy resolution.
modeled with a broadened Lorentzian at the Fermi level,
together with an experimental background. The spectrum
from the underdoped sample g@)(cannot be modeled in gest that the broad feature is not caused by one-electron
the same way unless one is willing to use a very largeexcitation from a second band [14,15].
width and an asymmetric shape. On the other hand, since In Fig. 3 we propose an interpretation of the data dis-
the spectrum is taken at the Fermi surface as determinezlissed in Figs. 1 and 2. Figuredd( depicts the hole
by the relative intensity change as a function of anglespectral function in the weak coupling case in which the
only a single Lorentzian at the gap edge is expected ifjuasiparticle peak is approximately a Lorentzian centered
the data solely reflect the excitation of a quasiparticleat &, plus a weak incoherent background. Although the
Therefore, the broad feature gB)(in Fig. 1(A) signals present system is far from a normal Fermi liquid, the spec-
other excitation processes that are coupled to the procet® of the overdoped and of the underdoped samples at
of creating a photohole. () resemble this picture, albeit the quasiparticle width
The fact that the ARPES data establish the existence ¢ too large and does not vary &s;|> which the Lan-
other excitations in addition to the quasiparticle is mostdau theory predicts. Figure 3] depicts the spectrum of
evident in spectra from the superconducting state nea hole in a system where it is strongly coupled to col-
(7, 0) where two components are directly resolved. Thdective excitations. In addition to the quasiparticle peak
top two sets of curves of Fig. 2 are from an underdopedit ¢;, one has excitations at higher binding energy due
sample recorded with 35 meV resolution, while the bot-to the excitation of collective modes. In this case the
tom set of curves is from a less underdoped sample witprobability of creating a quasiparticle without creating col-
20 meV resolution. In the superconducting state, the extective excitations is small, resulting in a weaker spec-
perimental data consist of a resolution limited peak, dral weight ate,. Thus, the creation of a photohole is
broad feature near 100—200 meV that is separated fromnore likely to produce collective excitations plus a hole
the peak by a dip in intensity [12,13] and the experimendin the quasiparticle band in this case. This loss feature,
tal background. This peak represents the excitation of aaused by collective excitations, will have a broad en-
guasiparticle in the superconducting state, with its posiergy distribution because of the momentum dependence of
tion at (B) being determined by the superconducting gapthe collective mode spectrum as well as the recoil energy
On the other hand, this peak only represents a fraction aff the hole when a collective excitation is emitted. In a
the experimental spectral weight. A significant portion ofsimple boson model [16] of a localized hole coupled a
the spectral weight remains as a broad feature which caeollective excitation of frequency,, this crossover from
only be the signal of additional excitations. It should beweak to strong coupling is evident in the spectriafw),
noted here that dispersion and polarization analysis sugvhere o is the negative of the binding energy. Thus,
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While the doping dependence of the loss feature in

E. the photoemission spectra suggests that the collective

< e | excitations are a key feature of the pairing interaction, the
""11 (@) ! k dependence of the loss spectra gives added weight to
= = =% - Surace this conclusion. There are two possible routes to explain

why the above loss feature is highly dependent in
the underdoped samples. The first is that the coupling
constantg,, may be strongly dependent on the photohole
momentunk, while the second is a phase space argument.
We believe the second route is sufficient to explain
the data. Based on neutron scattering data from other
cuprates [21-23], we assume the collective modes have
a wide energy distribution, with a characteristic energy
by, - oy % wo, and their spectral functioy”(q, w) is peaked near
/ Supercendcting state Q = (7, 7). With this assumption, it follows that a
el Sl :D]l @ photohole created at the Fermi surface nearr{Ocan
}3){\ emit a collective excitatioq = Q, with the hole recoiling
) . %-ho; to a quasiparticle state in the vicinity ofr(0) near
¢ ¢ the Fermi energy. Thus, the energy loss in this case
is dominated by the collective modes; i.e., it occurs at
FIG. 3. lllustration of photoemission process and spectragn energy scale of ordepy,. On the other hand, for
shape in systems with weala) and strong couplings )  photohole near the Fermi surface at){ emission of a

and (r,0)]. The Fermi surface picture depicts the phase .o tive modeQ will lead to the hole recoiling to a state
space considerations for the coupling between the quasipartic|e

and collective excitations neatr(7). The light shaded area Q fa_r from the Fgrmi energy, and t.he ,lOSS spectrum will
indicates the filled states, and the dark shaded area indicates thé shifted to considerably larger binding energy due to
flat band region near the Fermi level. the hole’s recoil energy and be intrinsically weak being

off resonance (see below) or is forbidden if the hole is
scattered to an unfilled state. A further effect enhancing
Alw) = e 837 (g*/n)6(w — € + nwy); wheree is  the strong loss spectrum neg)(or (, 0) is the flatness
the quasiparticle energy, equal to the bare hole energgf the quasiparticle bands in this vicinity [24]. Thus, even
g0 < 0 plus the self-energy’w,. Forg > 1, this model if the peak of y”(q, w) is spread over a sizable region
yields a spectrum in which the quasiparticle peak is comaroundQ, the recoil energy of the quasiparticle is modest
parable to or weaker than that of the collective excita-and the above conclusions continue to hold.
tions, and corresponds roughly to the normal state data. To quantify these ideas consider a coupled fermion-
In Csy and related compounds, broadening of photoemisboson model with band structure corresponding to the
sion features has been attributed to this effect [17,18]. UnFermi surface in Fig. 1. The photohole spectral function
der favorable conditions, the individual phonon sidebandss given by
have been resolved, facilitating a realistic estimate of the . 2 2
electron-phonon coupling constant that is consistent withf (& @) = Zak, 0)/{lo — & = Sk, )] + Z3(k, )},
the T, of doped Gy compounds [17]. ()
From the above discussion, we believe the broad feature o - . .
in spectra from near,0) in the underdoped sample Whe_re the self-energy is given within the rainbow approxi-
is a manifestation of a strong coupling between thegmation by
quasiparticle and the collective excitations. From a rece s ,
study of underdoped and overdoped samples with simil 2k, @) = fgkq)( (g, v)A(k — ¢, @)
doping to those reported in Fig. 1 [6], it is found that the
sugergonducting gF;p of the gverfgo]ped sample is about X 8w — o' —v)dvde'dq/Qn), (2)
35% smaller than the underdoped sample. This means
that the pairing strength is significantly reduced in the 3, (k, w) = Pf[22(k’w)/(w - wdo'/7m. (3)
overdoped sample. Hence, the presence and absence
of the broad loss feature is empirically correlated to aThe quasiparticle peak occurs when the resonance con-
stronger and weaker pairing. This fact points directlydition o — &, — X;(k, w) = 0 is satisfied and the level
to the collective excitations being the glue that pairs thewvidth X,(k, w) is small. The loss peaks occur when
electrons. In conventional superconductors, the same rolB,(k, w) is large. This leads to a strong loss spectrum
is played by phonons which were detected in tunnelingf the hole energys;, + 2(k, w) is small compared to
experiments [19,20]. wo. However, the magnitude of these peaks are reduced
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by the large energy denominator in (1) when the recoitations, and thus the pairing interactions, are peaked at
hole is in a high energy state or is in an unfilled stateQ = (7, 7). Although collective excitations of similar
above the Fermi surface. This is the case in the undeproperties are observed in neutron experiments, it is im-
doped samples at). However, near4, 0) or (8) point,  portant to detect them in the single particle spectral func-
the recoil quasiparticle is near the Fermi energy and théon because it measures the combinat'gﬁg)(”(w,q)
admixture of collective modes is large for coupling con-rather thany”(q, ») alone.
stantg = 1. It is the geometry of phase space imposed Z.X.S. would like to thank Shou-cheng Zhang for
by the peak iny”(q, w) coupled with the shape of the stimulating discussion. Z.X.S. acknowledges support
Fermi surface which enhances the loss spectrumra®) from DOE’'s Office of Basic Energy Science, Division
or B while suppressing it atf). In overdoped specimens, of Material Sciences through SSRL, and NSF Grant
x"(q, w) is weak and broad i, and such enhancement No. DMR-9311566. J.R.S. acknowledges support from
effects vanish. We note that in the limit of small hole NSF Grant No. DMR-9629987.
band width one can sum the diagram series to retrieve the
result of the localized hole model discussed above.
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