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A new low photon energy regime of angle-resolved photoemission spectroscopy is accessed with lasers
and used to study the high 7. superconductor Bi,Sr,CaCu,0Og,s5. The low energy increases bulk

C

sensitivity, reduces background, and improves resolution. With this we observe spectral peaks which
are sharp on the scale of their binding energy—the clearest evidence yet for quasiparticles in the normal
state. Crucial aspects of the data such as the dispersion, superconducting gaps, and the bosonic coupling
kink are found to be robust to a possible breakdown of the sudden approximation.
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High T, superconductivity has been at the forefront of
solid state physics research since its discovery in 1986 [1].
Tunneling spectroscopy [2,3] and angle-resolved photo-
emission spectroscopy (ARPES) [4,5] have been among
the key techniques for studying the electronic structure of
the cuprates in the quest to understand the many-body
interactions responsible for high 7, superconductivity.
Unfortunately, both of these techniques are surface sensi-
tive, making unclear their detailed applicability to bulk
physics such as superconductivity. Here we introduce
laser-based ARPES, which is expected to have signifi-
cantly greater bulk sensitivity and which also offers supe-
rior energy and momentum resolution.

The bulk sensitivity of ARPES is limited by the electron
mean free path in the solid, which depends on the electron
kinetic energy in a roughly universal way [6]. Typically,
there is a broad minimum of the mean free path in the 20—
50 eV kinetic energy range with a sharp increase at lower
energy and a slower increase at high energy, which is
thought to hold true for Bi2212 [7]. With the current
interest in using ARPES to study bulk physics such as
superconductivity, the surface sensitivity has become a
real hindrance. In order to improve the bulk sensitivity of
ARPES, one may go to very high photon energy such as a
few thousand eV, though photoelectron cross sections de-
crease, and it becomes prohibitively difficult to obtain
good energy and momentum resolution. Moving to low
energy is thus a more attractive route to increase bulk
sensitivity, though there are some limitations to the extent
of k space that can be accessed.

A critical question for ARPES, especially at low photon
energy, is whether the sudden approximation, in which one
assumes that the electron leaves the sample prior to relaxa-
tion of the created photohole, is valid [7-9]. If this is so,
then the photoelectron spectrum should be directly propor-
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tional to the spectral function A(K, w) which is in principle
calculable using many-body techniques. Past work on
understanding the limits of the sudden approximation
have focused on core-level electrons buried deep beneath
the Fermi surface [7,8], with particular attention paid to the
intensity of plasmon loss features which weaken as the
adiabatic regime is approached (typically thought to occur
near kinetic energies of 15—-20 eV [8]). To our knowledge,
there have not yet been any experimental or theoretical
works which address what will happen to angle-resolved
spectra of dispersive peaks taken below this nominal cross-
over energy.

In this Letter, we will show that, for laser ARPES with
photoelectron kinetic energy below 2 eV, the electronic
structure near the Fermi surface remains qualitatively un-
changed relative to standard ARPES. This supports the
validity of past ARPES work on bulk physics and indicates
that a catastrophic breakdown of the sudden approximation
does not occur for the near-Fermi states. Additionally, the
improvements offered by laser ARPES enable us to ob-
serve the first spectral peaks that are sharper than their
binding energy, increasing the likelihood of nodal quasi-
particles in the cuprates.

We have developed a high resolution ARPES system
built around a Scienta [10] SES 2002 electron spectrometer
and a mode-locked Ti:Sapphire laser. We frequency qua-
druple the output of this laser to obtain photons tunable
around 6 eV. The fourth harmonic power was about
200 wW, which corresponds to 2 X 10'% photons/s in a
photon bandwidth of about 5 meV. This photon flux with
this resolution is roughly an order of magnitude higher than
what is available from the best synchrotron undulator beam
lines. At a sample temperature of about 20 K, this enables
us to measure 10%—-90% gold Fermi edge widths of about
11 meV.
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Figure 1 compares raw ARPES data from vacuum
cleaved, near-optimally doped Bi2212, taken along the
nodal direction [solid red cut in Fig. 2(c) inset] using
6 eV laser photons (a), 28 eV photons from beam line
12.0.1 at the Advanced Light Source (ALS) (b), and 52 eV
photons from beam line 10.0.1 at the ALS (c). All three
images were taken at a similar temperature (16—26 K) and
are scaled identically in energy and momentum. A constant
offset was subtracted from (c) due to the presence of
second order light from the monochromator. A Mg filter
was used to suppress second order light from the data of
panel (b). The data of panels (b) and (c) may appear broad
compared to other synchrotron data [5], though this is an
illusion due to the very small k window chosen to better
highlight the details of the data.

To our knowledge, the data of Fig. 1 is the first direct
comparison of dispersive states measured at very low pho-
ton energy with those at higher energies, and so it is im-
portant to see that many features are accurately repro-
duced. Specifically, the band dispersion, Fermi surface,
and overall qualitative structure agree very well.
The band dispersions determined from Lorentzian fits to
momentum distribution curves (MDCs, intensity profiles at
constant energy) are overlaid on the images. The red dots
represent fits to every other MDC for the laser data and are
shown on all three plots for direct comparison. The blue
squares are the 28 eV dispersion, and the black triangles
are the 52 eV dispersion. The extremely minor differences
in the dispersion are well within the range of systematic
errors possible between different samples and experimen-
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FIG. 1 (color). Comparison of ARPES along the node in near-
optimally doped Bi2212 using (a) 6 eV laser photons at T =
25 K, (b) 28 eV photons at T = 26 K, and (c) 52 eV photons at
T = 16 K. The images are scaled identically in E and k, and all
three contain MDC derived dispersion for the laser data (red
circles). Additionally, the dispersions for the data of panels (b)
and (c) are shown as blue squares and black triangles, respec-
tively.

tal arrangements, and should not be considered significant
(notice that the laser dispersion falls between those from
different beam lines). This excellent agreement indicates
that many aspects of the sudden approximation remain
valid for the laser data.

The 6 eV photons of the current study do not have
enough energy to excite certain high energy loss features
such as bulk plasmons or other electronic excitations (e.g.,
due to Mott physics). Therefore, these experiments cannot
fully be in the sudden limit. Portions of the loss spectrum
such as the high binding-energy background may therefore
be reduced in the laser data. However, we note that there
are multiple components to the background including both
intrinsic and extrinsic parts of the spectral function, and we
are confident that some of the extrinsic scattering compo-
nents are reduced in the laser data [11]. Therefore, a
discussion of this higher energy portion of the spectrum
requires a comprehensive treatment of all these back-
ground terms, which is outside the scope of this Letter.

Although certain loss features may be absent from the
laser ARPES data, the dispersion kink at approximately
70 meV [5] is clearly seen in both the fits and the raw data
(Fig. 1). Since the kink is thought to be caused by the
coupling of electrons to a bosonic mode (e.g., a phonon), it
represents a loss feature, similar in many ways to the core-
level plasmon loss peaks used in past determinations of the
sudden threshold. The kink effect is also seen as a step
increase in the MDC widths (directly proportional to the
scattering rate) which are plotted in Fig. 2(b) and are
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FIG. 2 (color). (a) The MDC at the Fermi energy (red circles)
is shown along with a Lorentzian fit (blue line). (b) Lorentzian
MDC half-widths from the 25 K laser ARPES data of Fig. 1(a).
(c) Comparison of nodal (solid red line) and off-nodal (dotted
blue line) laser ARPES in the superconducting state. The loca-
tion of the cuts in the first Brillouin zone are shown in the inset.
(d) Comparison of the off-nodal cut from (c) in the normal (solid
red line) and superconducting (dotted blue line) states.
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Kramers-Kronig consistent with the dispersion [12]. This
step increase is seen with greater clarity for the laser data
than the synchrotron data. This is a strong indication that
relative to this excitation the laser ARPES experiment is in
the sudden regime, even though it may not be in the sudden
regime compared to plasmons or certain other electronic
excitations. This is consistent with recent theoretical work
showing that loss features from localized excitations
should persist to much lower photon energy (due to their
short interaction length) than those from plasmons [9], and
it suggests a new method to selectively disentangle corre-
lation effects from ARPES spectra.

The agreement between the laser and synchrotron ex-
periments should also be viewed as strong support for the
vast body of previous ARPES studies of Bi2212, as we now
see the same overall picture near the Fermi surface with a
probe that is significantly more bulk sensitive [13].
Figure 2 further illustrates this agreement, showing well-
known Bi2212 features as seen with improved clarity from
laser ARPES. Figure 2(a) shows the MDC at the Fermi
energy (red circles) along with a fit to the data (blue line).
The fit is a simple Lorentzian with no background. The
anisotropy of the superconducting gap [4,5] is shown in
Fig. 2(c) where energy distribution curves (EDCs, intensity
profiles at constant momentum) are shown at 25 K for the
nodal (solid red) and off-nodal (dotted blue) cuts shown in
the inset. Figure 2(d) shows the same off-nodal cut at 7 =
150 K (solid red curve) and at T = 25 K (dotted blue
curve), illustrating the opening of the superconducting gap.

The low temperature MDC of Fig. 2(a) has a momentum
full width of 0.6% of the zone diagonal, or about
0.0068 A~!. This corresponds to an electron mean free
path of about 150 A, which 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 high 7, superconductors. Strictly speaking, true
Landau quasiparticles exist only in the context of Fermi
liquid theory, where the excitations are infinitely sharp at
the Fermi surface and have energy widths with quadratic
dependence on energy and temperature. Although all of
these conditions may not exist in the cuprates, it would be
beneficial to be able to retain some aspects of the quasi-
particle picture. To do so to a reasonable degree, the elec-
tronic excitations must at least be sharper than their energy.
The fact that this quality has not yet been observed in

ARPES studies of cuprates has been used as key evidence
for the lack of quasiparticles.

Figure 3(a) shows EDCs along the node for three tem-
peratures at three k values each, along with fits to the data.
The fits are simply a Lorentzian plus a small background
[15], multiplied by a Fermi-Dirac function. This line shape
was chosen to represent lifetime broadened states, with no
Gaussian resolution broadening or w dependence of the
electron self-energy 3. Including w dependence to 3 such
as in a Fermi liquid or marginal Fermi liquid [16] form
does improve the agreement even further [12], but will not
be discussed in this Letter. In order to minimize complica-
tions from the kink, we fit to peak energies of about
60 meV only. Compared to past experience with EDC
line shapes [4,5], the Lorentzian fits show surprisingly
good agreement with the data. Figure 3(b) shows the
Lorentzian full widths from similar fittings for many tem-
peratures plotted versus their peak position. The solid line
on the plot has a slope of one, indicating that peak binding
energies and full widths are equal. All points in the shaded
region can be considered quasiparticle-like, defined as
exci-
tations sharper than their energy. Quasiparticle-like exci-
tations so defined have never been seen in published
ARPES data of cuprates. True Landau quasiparticles
would become infinitely sharp at the Fermi surface, a
property that can never be fully realized in a real experi-
ment (as the Fermi energy is approached, the EDC widths
eventually must become dominated by resolution, impurity
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FIG. 3 (color). (a) EDCs (triangles) and Lorentzian fits (blue
lines) at different temperatures (offset for clarity) for three
emission angles each. (b) Summary of EDC fitting results
showing full-width 2Im3 versus peak position. The shaded
region indicates where peak full widths are sharper than their
energy, which should be considered quasiparticle-like. (c) Raw
EDCs from the laser (red circles) and 52 eV synchrotron source
(black triangles) measured at the same k value.
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scattering, and thermal effects). Quasiparticle-like excita-
tions can clearly be resolved in our data beyond about 20
meV for 25 K and can barely be resolved beyond 40 meV
for the 100 K data. Inclusion of instrumental resolution
would bring more states into the quasiparticle regime.
This is, to our knowledge, the clearest evidence for qua-
siparticles in a cuprate superconductor. That this is the case
can be directly seen from the raw data, which falls off to
approximately zero intensity by Er, implying peak full
widths smaller than or comparable to the binding energy.
Prior ARPES experiments had broad peaks which typically
extended all the way to the Fermi energy for all states [4,5].
The full origin of the peak broadening of the synchrotron
experiments is not yet clear, though a few possibilities
exist. We feel that the biggest contribution comes from
the poorer k resolution at high photon energy. Although it
has only a small effect on EDC width near the antinode
where the bands are flat, it is significant for the highly
dispersive nodal states. We can estimate this effect for the
present case using an analyzer-limited angular resolution
of =0.15°, which translates into momentum broadening of
Ak = 0.002 (1, 7) for 6 eV photons, Ak = 0.011 (7, 7)
for 28 eV, and Ak = 0.016 (77, 7) for 52 eV. To estimate
the effect on the EDC width, we multiply by the measured

band velocity of 2.4 (;";) . This contribution is about 5 meV

for 6 eV photons, 26 meV for 28 eV, and 38 meV for 52 eV.
The surface sensitivity of the high energy ARPES can also
affect the energy width. Although we do not expect a
change in the underlying electronic structure, extrinsic
surface effects (scattering from surface contaminants, for
example) could produce a constant energy broadening.
This type of effect will vary with sample and experimental
conditions, but the broadening will be reduced for more
bulk-sensitive experiments. Also, the final-state photoelec-
tron lifetime broadening will be increased for the higher
energy experiments (consistent with shorter mean free
paths), implying an increased integration over Kk ;. For a
perfectly two-dimensional system this would not be an
issue, but it can become appreciable in real systems with
only a small amount of k | dispersion [17,18].

The question could be raised whether the near-Fermi
peaks of the laser ARPES spectra are anomalously sharp.
For example, one might imagine a breakdown of the sud-
den approximation causing a transfer of weight from the
deeper binding-energy portion of an EDC peak to the
near-E portion, with a resultant peak sharpening (this is
expected to occur without a transfer of momentum [19]).
This would, however, asymmetrically sharpen the peaks,
and as shown in Fig. 3(c) as well as in Fig. 1, the peaks are
observed to sharpen from both the high and low binding-
energy sides. This rules out a breakdown of the sudden ap-
proximation as a main contributor to the peak sharpening.

Despite the observation of quasiparticle-like peaks in the
spectral function, Fig. 2(b) still shows a roughly linear
dependence on energy of the MDC widths, if one ignores
the step change in width due to the kink at 70 meV. This

contrasts with the quadratic dependence expected from a
true Fermi liquid but is consistent with the ‘“marginal”
Fermi liquid phenomenology which has previously been
observed in the cuprates [16]. Whether a quadratic depen-
dence will be revealed with further resolution improve-
ments and lower temperatures is not yet clear.

The improvements in resolution as well as the bulk
sensitivity of this new technique indicate a promising
future for using lasers as an ARPES light source, possibly
extending the technique to materials which do not cleave
well. Also exciting is the possibility to directly probe the
time evolution and k structure of excited states using the
femtosecond pulsed nature of these light sources. This
should be a uniquely powerful probe of the electron dy-
namics, with clear impacts for the study of superconduc-
tors and other novel electronic materials.
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