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We use angle-resolved photoemission spectroscopy and a new quantitative approach based on the
partial density of states to study properties of seemingly disconnected portions of the Fermi surface (FS)
that are present in the pseudogap state of cuprates called Fermi arcs. We find that the normal state FS
collapses very abruptly into Fermi arcs at the pseudogap temperature (7). Surprisingly, the length of the
Fermi arcs remains constant over an extended temperature range between 7™ and T, consistent with the
presence of an ordered state below T*. These arcs collapse again at the temperature below which pair
formation occurs (Tpy) either to a point or a very short arc, whose length is limited by our experimental
resolution. The tips of the arcs span between points defining a set of wave vectors in momentum space,
which are the fingerprints of the ordered state that causes the pseudogap.
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The Fermi surface in the pseudogap [1-15] state of the
cuprates is highly unusual because it appears to consist of
disconnected segments called Fermi arcs [16]. Their very
existence challenges the traditional concept of a Fermi
surface as closed contours of gapless excitations in mo-
mentum space. A linear increase of arc length with tem-
perature [14,17] was interpreted as an interplay of a
d-wave pairing gap [18] and strong scattering [19]. In
such a case, the Fermi arcs [16] are not real, gapless
portions of a normal state Fermi surface [20]. This picture
was recently confirmed by spectroscopic evidence that a
d-wave gap [20] and pairing [21] are present above T, up
to 150 K. It is not clear whether the Fermi arcs remain
gapless above this temperature. Traditional methods for
determining the presence of an energy gap in angle-
resolved photoemission spectroscopy (ARPES) spectra
[5,6,16,17] rely on a line shape analysis such as a shift in
the leading edge or a dip in symmetrized spectra [16]. In
the cuprates, however, these features are poorly defined
(especially above T.) because the spectral peaks are very
broad in optimally and underdoped samples. More impor-
tantly, this approach is strongly affected by the lifetime
effects, which likely explain linear variation of such deter-
mined arcs with temperature [17,19]. This makes the de-
tection of very small energy gaps and partial gaps (such as
the pseudogap, which affects only part of the spectral
weight) difficult or impossible to do. An energy gap is
most precisely defined as a decrease of the density of states
[DOS(EF)] at the Fermi energy. Such a quantity provides
also one of the most sensitive ways to detect of the opening
of an energy gap. In a gapless state, this quantity is inde-
pendent of temperature because unlike the spectral
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function, it does not depend on the electron lifetime. The
opening of an energy gap at the Fermi energy leads to a
decrease of DOS(E). Studying this quantity as a function
of temperature therefore provides a very sensitive method
to detect an opening of the energy gap, which is objective
and independent of the scattering effects. To obtain mo-
mentum dependent information, one can use the area of the
momentum distribution curve (MDC) at the Fermi energy
[Ampc(EF)] along a cut in momentum space, which repre-
sents a contribution to the DOS(Ey) from a small slice of
the Brillouin zone. One can make an even more rigorous
argument, since the MDCs in cuprates, in the absence of an
energy gap, are well described by a Lorentzian line shape
[22-24], and their area is independent of scattering and
temperature. The opening of an energy gap lowers
the spectral intensity at E. and therefore decreases the
Avpc(Er) (see a simple simulation in Fig. S6 in the
Supplemental Material [25]).

In this Letter, we use this novel approach, based on the
temperature dependence of the density of states, to detect
the opening of an energy gap in cuprates. This requires
very high quality data and temperature stability, but at the
same time, it allows us to obtain momentum-resolved
information about the opening of an energy gap with
significantly higher accuracy than previously possible.
We demonstrate that real, gapless Fermi arcs exist above
150 K (>T,) and their length remains surprisingly con-
stant up to the pseudogap temperature 7", where a closed
contour, normal state Fermi surface is recovered. This
finding resolves the controversy about the nature of arcs
and presents a consistent picture of fermiology in the
pseudogap state of cuprates. The tips of the arcs connect
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fixed points in momentum space and define a set of wave
vectors, which are the fingerprints of the ordered state that
causes the pseudogap.

Optimally doped Bi,Sr,CaCu,05.5 (Bi2212) single
crystals with 7. =93 K (OP93K) and (Bi, Pb), X
(Sr, La),CuQOg 5 (Bi2201) single crystals with 7. = 32 K
(OP32K) were grown by the conventional floating-zone
technique [26]. The samples were cleaved in sifu at base
pressure lower than 3 X 107!' Tr, yielding shiny, flat,
mirrorlike surfaces. ARPES data were acquired using a
laboratory-based system consisting of a Scienta SES2002
electron analyzer and a Gammadata helium UV lamp.
All data were acquired using the Hel line with a photon
energy of 21.2 eV. The angular resolution was 0.13°
(~0.005 A™") and ~0.5° (0.019 A~") along and perpen-
dicular to the direction of the analyzer slits, respectively,
and it was independent of the temperature in our experi-
mental setup. The energy corresponding to the chemical
potential was determined from the Fermi edge of a poly-
crystalline Au reference in electrical contact with the
sample. The energy resolution was set at ~10 meV.
Custom designed refocusing optics enabled us to accumu-
late high statistics spectra in a short period of time with no
sample surface aging from the absorption or loss of oxy-
gen. Measurements were performed on several samples,
and we confirmed that all yielded consistent results.
Additional details are presented in the Supplemental
Material [25].

In Fig. 1, we demonstrate the above procedure using data
at the node (gapless) and away from the node (gapped)

Bi2201 OP32K
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from a Bi2201 sample and compare it to the traditional
method of symmetrization. Figure 1(a) shows the MDCs
along the nodal cut [see the inset of Fig. 1(b)] measured
at various temperatures from below the superconducting
transition temperature (7,.) to above the 7*. The MDC
peak, which is observed at kp, broadens with increased
temperature, and peak intensity decreases, as the electron
lifetime shortens due to scattering. To make a better com-
parison of data at various momentum points, we express the
area of the MDCs Aypc(EF) as a percentage of the normal
state area. In the case of a nodal cut, this quantity remains
constant at ~100% for all temperatures, as expected for a
partial contribution to the DOS in the absence of an energy
gap [Fig. 1(b)]. This behavior changes dramatically away
from the node, where an energy gap opens. Figure 1(c)
shows the MDCs along a momentum cut close to the
antinode [see the inset of Fig. 1(d)]. At high temperatures
above T%, the peak width increases, peak intensity
decreases, and the MDC area remains constant, as
expected. Below T, the peak intensity and area begin to
decrease with decreasing temperature, indicating the open-
ing of an energy gap. This is even more evident in Fig. 1(d),
which shows the Aypc(Er) as a function of temperature.
This quantity is constant at high temperatures and
decreases below T%. The reduction of Aypc(Er) below
T* signifies the opening of an energy gap—in this case,
the pseudogap (arrow). The extraordinary sensitivity of this
DOS-based method allows us to detect smaller gaps at
higher temperatures. This results in a more accurate deter-
mination of 7% that is 30—-40 K higher for the same batch of
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FIG. 1 (color online).

Determination of the partial density of states at Er, Aypc(Er), from the ARPES data of optimally doped

Bi2201 (T. = 32 K). (a) MDCs measured along the nodal direction. The inset shows a dispersion image at the lowest temperature
(12 K). (b) The temperature dependence of Aypc(Er) estimated from the area of MDCs in (a). The momentum cut and estimated area
of MDC are shown in the inset. Statistical error bars are smaller than the size of the symbols, and the main source of noise in the data is
stability of the ARPES spectrometer, which can be evaluated by the small scatter of the data points. (c) Same data as in (a), but
measured along a momentum cut slightly off the antinode. (d) The temperature dependence of Aypc(Er) estimated from the area of
MDCs in (c). (¢) Symmetrized EDCs at kj for several temperatures, obtained from the data of (c). The Ty is defined as the
temperature where two peaks in the spectrum merge to one peak at elevated temperatures.
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samples than in our previous work [21] based on the line
shape criterion.

For a comparison, we plot the symmetrized energy
distribution curves (EDCs) at kr for several temperatures
in Fig. 1(e). This is the traditional way to detect the energy
gap [16,17]. The single peak present at high temperatures
develops a dip on cooling (below the temperature marked
as Tpea), which was previously interpreted as a signature
of a gap opening. It is clear that the Ty is considerably
lower than the T* because smaller gaps, even if present, do
not always produce a dip in the symmetrized spectra.
Careful investigation of Ayppc(Ep, T) is essential to detect
the temperature at which energy gap(s) open. We also note
that in the scanning tunneling spectroscopy data, the dip at
Ep exists above Ty (previously considered to be the
pseudogap opening temperature) [27,28].

In order to study the temperature evolution of the Fermi
arc, we carefully measured Aypc(Er, T) for a number of
Fermi momentum points. In Fig. 2, we show the data
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FIG. 2 (color online). Temperature dependence of the MDC
area along the Fermi surface Aypc(Er) for optimally doped
Bi2201 (T, = 32 K) measured at several points on the Fermi
surface. Aypc(EF) is expressed as a percentage of the MDC area
above T*. The top left panel corresponds to the antinodal
direction. The inset of each panel shows the FS and the location
of the cut, normal to the FS. The pseudogap temperature (7)
and the temperature above which the arc exists (Tpy) are
indicated by arrows. T, is indicated by a dotted green line.
Ampc(Er) at the nodal point is constant down to lowest tem-
perature and already shown in Fig. 1(b).

obtained from optimally doped Bi2201 (7, = 32 K; raw
MDC data are included in the Supplemental Material [25]).
The Appe (EF, T) starts to decrease upon cooling at 7 in the
top four panels for 0° = ¢ = 17°, indicated by arrows.
This signifies the simultaneous opening of the pseudogap
for a range of Fermi momentum pointsupto ¢ = 19° at T".
The Fermi surface therefore collapses very abruptly at 7.
For the Fermi momentum points closer to the node (bottom
four panels), the Aypc(Er, T) remains constant down to a
much lower temperature, the value of which is the same as
the onset of pairing [21]—T;. The lack of variation in
Anpc(Ep, T) for ¢ > 19° down to T,,;, demonstrates the
absence of a gap and indicates that the length of the arcs is
constant in this temperature range. On further cooling, at
Tpairs Ampc(Ep, T) starts to simultaneously decrease
at four measured points on the arc [marked by arrows in
Figs. 2(e)-2(h)]. This signifies the collapse of the arcs
below T, into the point node of a d-wave paired state.
The same behavior, albeit with slightly different values of
T,,ir and momenta, is observed in optimally doped Bi2212
samples (7. = 93 K), as shown in Fig. 3.
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FIG. 3 (color online). Temperature dependence of the MDC
area along the Fermi surface Aypc(Er) for optimally doped
Bi2212 with T, = 93 K measured at several points on the Fermi
surface similarly to Fig. 2. The pseudogap temperature (7*) and
the temperature above which the arc exists (7p) are indicated
by arrows. T is indicated by a dotted green line. Ayipc(EF) at the
nodal point is constant down to the lowest temperature and
shown in Fig. S5 of the Supplemental Material [25].
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FIG. 4 (color online). Momentum dependence of the tempera-
tures at which the gap opens and the length of the Fermi arc is
determined from ARPES data and marked by red and blue
arrows in Figs. 2 and 3 (a) for optimally doped Bi2201 and
(b) for optimally doped Bi2212. The length of the arcs remains
constant for Ty, <7 < T". Below T}, we can only impose an
upper limit on the length of the remaining arc indicated by black
arrows. (c)—(e) The Fermi surface for three key temperature
ranges. The antiferromagnetic zone boundary is marked with a
dashed black line. (f) The Fermi arcs of the Bi2212 and Bi2201
samples for Ty, <7 <T* determined from our ARPES data.
The key g vectors connecting the tips of the Fermi arcs are
indicated with arrows.

We note that there several features present in Aypc data
below the temperature at which the gap opens. Most nota-
bly, there is an accelerated decrease of the Aypc(EF) in
already gapped parts of the Fermi surface (FS) (¢ values of
6° or 13° for Bi2201 or 8°, 14°, and 19° for Bi2212) below
a temperature that coincides with Tj,,;.. Naturally, the for-
mation of a d-wave pairing gap [20,21] below that tem-
perature would cause a faster decrease of the density of
states at Er. A number of other features seen in the data can
be attributed to changes of the electron scattering rate. The
area of MDC is not affected by the scattering only in the
absence of an energy gap and therefore can be used to
detect such an event. Once an energy gap is present, this is
no longer true, and changes in the scattering rate will affect
the Aypc(Er). This likely contains a lot of important
information about pairing, but its understanding would
need significant theoretical consideration, which is beyond
the scope of the present work and will be studied carefully
in the future.

We summarize key results in Fig. 4. In Figs. 4(a) and
4(b), we plot the gap opening temperatures for Bi2201
and Bi2212, respectively. These are the temperatures
indicated by arrows in Figs. 2 and 3, which mark the
onset of a decrease in Aypc(Ep, T) and therefore the
opening of an energy gap. In the antinodal region, for
¢ =< 20°, this occurs at 7", below which a gapless arc is

present. The four momentum points on the arc remain
gapless down to T, which means that the length of the
arc is roughly constant and equal to ~60% of the normal
state FS between T and T Below Tj,; [indicated by
the arrows in Figs. 2(e)-2(h) and 3(e)-3(h)], the gap
opens simultaneously for all four momentum points on
the arc we measured. Therefore, that portion of the arc
collapses below this temperature. Using our method
close to the node (i.e., ¢ = 35°) is difficult because
the gap magnitude is very small and its effects on the
DOS are below current sensitivity. Therefore, we can
only impose an upper limit on the length of the remain-
ing arc for T < Ty, of 20%-30%, as indicated in each
panel of Fig. 4; however, a separate set of experiments
[20,21] strongly suggests that the d-wave pairing gap is
present below 150 K (Bi2212), and therefore real arcs
are collapsed to a node. In Figs. 4(c)—4(e), we present a
schematic diagram demonstrating the process of forming
the arcs and their subsequent collapse. Our most impor-
tant finding is the collapse of the Fermi surface into arcs
on cooling at T* and the constant length of these arcs
down to Tp,,. We emphasize that the traditional line
shape analysis underestimates the temperature at which
an energy gap opens due to scattering effects. To confirm
this, we repeated a traditional symmetrization analysis
for our data from Figs. 2 and 3 and demonstrated an
apparent linear expansion of the arcs with temperature
(see the Supplemental Material [25]).

We note that the Fermi momentum points at the tips of
the arcs do not coincide with the antiferromagnetic zone
boundary. The vectors connecting these points such as (0,
0.4), (1.4, 0), and (1.4, 0.4) are likely the key to determin-
ing the nature of the ordered state underlying the pseudo-
gap phenomenon in the cuprates. This finding is consistent
with the presence of an ordered state below 7™ and/or
elusive Fermi pockets [29,30]. Earlier STM studies
[31,32] proposed a scenario for the pseudogap based on a
charge density wave with a (0, 0.4) ordering vector. We
note that in the case of Bi2201, the FS segments close to
the antinode are not parallel and are not significantly
nested [33]. The strong energy dependence of the checker-
board pattern [34] in STM is also inconsistent with the
signatures of a classical charge density wave. The other
two vectors, however, may be related to a nematic state
reported by a separate STM study [35]. So far, we have not
been able to identify a theory consistent with the above set
of vectors; however, we hope that this information will lead
to the development of a correct theory of the pseudogap
state.
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