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Figure 1 compares raw ARPES data from vacuumtal arrangements, and should not be considered signi cant
cleaved, near-optimally doped Bi2212, taken along thd&notice that the laser dispersion falls between those from
nodal direction [solid red cut in Fig. 2(c) inset] using different beam lines). This excellent agreement indicates
6 eV laser photons (a), 28 eV photons from beam linghat many aspects of the sudden approximation remain
12.0.1 at the Advanced Light Source (ALS) (b), and 52 eWalid for the laser data.
photons from beam line 10.0.1 at the ALS (c). All three The 6 eV photons of the current study do not have
images were taken at a similar temperature (16—26 K) andnough energy to excite certain high energy loss features
are scaled identically in energy and momentum. A constarguch as bulk plasmons or other electronic excitations (e.g.,
offset was subtracted from (c) due to the presence oflue to Mott physics). Therefore, these experiments cannot
second order light from the monochromator. A Mg lter fully be in the sudden limit. Portions of the loss spectrum
was used to suppress second order light from the data slich as the high binding-energy background may therefore
panel (b). The data of panels (b) and (c) may appear broaugke reduced in the laser data. However, we note that there
compared to other synchrotron data [5], though this is amre multiple components to the background including both
illusion due to the very smak window chosen to better intrinsic and extrinsic parts of the spectral function, and we
highlight the details of the data. are con dent that some of the extrinsic scattering compo-

To our knowledge, the data of Fig. 1 is the rst direct nents are reduced in the laser data [11]. Therefore, a
comparison of dispersive states measured at very low phaliscussion of this higher energy portion of the spectrum
ton energy with those at higher energies, and so it is imrequires a comprehensive treatment of all these back-
portant to see that many features are accurately reprground terms, which is outside the scope of this Letter.
duced. Speci cally, the band dispersion, Fermi surface, Although certain loss features may be absent from the
and overall qualitative structure agree very well.laser ARPES data, the dispersion kink at approximately
The band dispersions determined from Lorentzian ts to70 meV [5] is clearly seen in both the ts and the raw data
momentum distribution curves (MDCs, intensity pro les at (Fig. 1). Since the kink is thought to be caused by the
constant energy) are overlaid on the images. The red dotoupling of electrons to a bosonic mode (e.g., a phonon), it
represent ts to every other MDC for the laser data and areepresents a loss feature, similar in many ways to the core-
shown on all three plots for direct comparison. The bludevel plasmon loss peaks used in past determinations of the
squares are the 28 eV dispersion, and the black trianglesidden threshold. The kink effect is also seen as a step
are the 52 eV dispersion. The extremely minor differenceéncrease in the MDC widths (directly proportional to the
in the dispersion are well within the range of systematicscattering rate) which are plotted in Fig. 2(b) and are
errors possible between different samples and experimen-

FIG. 1 (color). Comparison of ARPES along the node in nearFIG. 2 (color). (a) The MDC at the Fermi energy (red circles)
optimally doped Bi2212 using (a) 6 eV laser photonsTat is shown along with a Lorentzian t (blue line). (b) Lorentzian
25 K, (b) 28 eV photons af 26 K, and (c) 52 eV photons at MDC half-widths from the 25 K laser ARPES data of Fig. 1(a).
T 16 K. The images are scaled identicallygnandk, and all ~ (c) Comparison of nodal (solid red line) and off-nodal (dotted
three contain MDC derived dispersion for the laser data (redblue line) laser ARPES in the superconducting state. The loca-
circles). Additionally, the dispersions for the data of panels (b)tion of the cuts in the rst Brillouin zone are shown in the inset.
and (c) are shown as blue squares and black triangles, respee?) Comparison of the off-nodal cut from (c) in the normal (solid
tively. red line) and superconducting (dotted blue line) states.
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Kramers-Kronig consistent with the dispersion [12]. ThisARPES studies of cuprates has been used as key evidence
step increase is seen with greater clarity for the laser dat®r the lack of quasiparticles.
than the synchrotron data. This is a strong indication that Figure 3(a) shows EDCs along the node for three tem-
relative to this excitation the laser ARPES experiment is irperatures at threle values each, along with ts to the data.
the sudden regime, even though it may not be in the suddebhe ts are simply a Lorentzian plus a small background
regime compared to plasmons or certain other electronifl5], multiplied by a Fermi-Dirac function. This line shape
excitations. This is consistent with recent theoretical workwas chosen to represent lifetime broadened states, with no
showing that loss features from localized excitationsGaussian resolution broadening lordependence of the
should persist to much lower photon energy (due to theielectron self-energy . Including! dependence to such
short interaction length) than those from plasmons [9], anés in a Fermi liquid or marginal Fermi liquid [16] form
it suggests a new method to selectively disentangle corréloes improve the agreement even further [12], but will not
lation effects from ARPES spectra. be discussed in this Letter. In order to minimize complica-
The agreement between the laser and synchrotron efions from the kink, we t to peak energies of about
periments should also be viewed as strong support for th@0 meV only. Compared to past experience with EDC
vast body of previous ARPES studies of Bi2212, as we nowine shapes [4,5], the Lorentzian ts show surprisingly
see the same overall picture near the Fermi surface with @0d agreement with the data. Figure 3(b) shows the
probe that is signicantly more bulk sensitive [13]. Lorentzian full widths from similar ttings for many tem-
Figure 2 further illustrates this agreement, showing well-Peratures plotted versus their peak position. The solid line
known Bi2212 features as seen with improved clarity fromOn the plot has a slope of one, indicating that peak binding
laser ARPES. Figure 2(a) shows the MDC at the FermEnergies and full Wldt'hS are equal: All points in the shaded
energy (red circles) along with a t to the data (blue line). "€gion can be considered quasiparticle-like, de ned as
The tis a simple Lorentzian with no background. The €XCI- _ o ,
anisotropy of the superconducting gap [4,5] is shown infations sharper than their energy. Qua5|part|(_:le-llke exci-
Fig. 2(c) where energy distribution curves (EDCs, intensity!alions so dened have never been seen in published
pro les at constant momentum) are shown at 25 K for the®RPES data of cuprates. True Landau quasiparticles

nodal (solid red) and off-nodal (dotted blue) cuts shown in¥vould become innitely sharp at the Fermi surface, a
the inset. Figure 2(d) shows the same off-nodal c(ft at property that can never be fully realized in a real experi-

150 K (solid red curve) and al 25K (dotted blue ment (as the Fermi energy is approached, the EDC widths

curve), illustrating the opening of the superconducting gapE entually must become dominated by resolution, impurity

The low temperature MDC of Fig. 2(a) has a momentum
full width of 0.6% of the zone diagonal, or about
0:0068A 1. This corresponds to an electron mean free
path of about 150 Awhich is almost 5 times the length
scale of the “patchy” disorder measured in STM measure-
ments [2]. This long length scale is consistent with the
interpretation that the patchiness is associated with the
antinodal states only [14].
Great interest and controversy has existed over the na-
ture of the near-Fermi ARPES line shape of cuprate super-
conductors since it directly gives information about the
interactions felt by the electrons [4,5]. Particular attention
has been paid to the issue of the existence of quasiparticles,
the renormalized low-energy excitations which can be
mapped to the simpler noninteracting electron gas pre-
dicted by band theory. A lack of quasiparticles might signal
the need for an entirely new and exotic ground state to de-
scribe the highT, superconductors. Strictly speaking, true
Landau quasiparticles exist only in the context of Fermi
liquid theory, where the excitations are in nitely sharp at _ )
the Fermi surface and have energy widths with quadrati€!CG- 3 (color).  (a) EDCs (triangles) and Lorentzian ts (blue
dependence on energy and temperature. Although all llne.s).at different temperatures (offset for cIanty) for three
these conditions may not exist in the cuprates, it would b& T >>ton angles each. (b) Summary of EDC tling results
: . ' %howmg full-width 2Im  versus peak position. The shaded
ben_e C'al_to be able to retain some aspects of the quas'r'egion indicates where peak full widths are sharper than their
particle picture. To do so to a reasonable degree, the elegnergy, which should be considered quasiparticle-like. (c) Raw
tronic excitations must at least be sharper than their energgpcCs from the laser (red circles) and 52 eV synchrotron source
The fact that this quality has not yet been observed irfblack triangles) measured at the sakngalue.
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scattering, and thermal effects). Quasiparticle-like excitacontrasts with the quadratic dependence expected from a
tions can clearly be resolved in our data beyond about 2@ue Fermi liquid but is consistent with the “marginal”
meV for 25 K and can barely be resolved beyond 40 meVFermi liquid phenomenology which has previously been
for the 100 K data. Inclusion of instrumental resolutionobserved in the cuprates [16]. Whether a quadratic depen-
would bring more states into the quasiparticle regime. dence will be revealed with further resolution improve-
This is, to our knowledge, the clearest evidence for guaments and lower temperatures is not yet clear.
siparticles in a cuprate superconductor. That this is the case The improvements in resolution as well as the bulk
can be directly seen from the raw data, which falls off tosensitivity of this new technique indicate a promising
approximately zero intensity bg, implying peak full  future for using lasers as an ARPES light source, possibly
widths smaller than or comparable to the binding energyextending the technique to materials which do not cleave
Prior ARPES experiments had broad peaks which typicallyvell. Also exciting is the possibility to directly probe the
extended all the way to the Fermi energy for all states [4,5]time evolution andk structure of excited states using the
The full origin of the peak broadening of the synchrotronfemtosecond pulsed nature of these light sources. This
experiments is not yet clear, though a few possibilitiesshould be a uniquely powerful probe of the electron dy-
exist. We feel that the biggest contribution comes fromnamics, with clear impacts for the study of superconduc-
the poorek resolution at high photon energy. Although it tors and other novel electronic materials.
has only a small effect on EDC width near the antinode This work was supported by DOE Grant No. DE-FG02-
where the bands are at, it is signi cant for the highly 03ER46066, NSF Grant No. DMR 0402814, and the NSF
dispersive nodal states. We can estimate this effect for theUV ERC. The ALS is supported by Basic Energy Sci-
present case using an analyzer-limited angular resolutiofnces, DOE. We thank M. Bunce, E. Erdos, M. Thorpe,
of 0:15 , which translates into momentum broadening ofW. Yang, and X. Zhou for assistance, and A. Bansil,
k 0:002(; )for6eVphotons, k 0011(; ) G- Sawatzky, and D. Scalapino for useful discussions.
for28 eV, and k 0:016(; ) for 52 eV. To estimate
the effect on the EDC width, we multiply by the measured

band velocity o2:4-/-. This contribution is about 5 meV *To whom correspondence should be addressed.

for 6 eV photons, 26 meV for 28 eV, and 38 meV for 52 eV. Electronic address: Koralek@colorado.edu
The surface sensitivity of the high energy ARPES can also  "To whom correspondence should be addressed.
affect the energy width. Although we do not expect a Electronic address: Dessau@colorado.edu
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