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Optical perturbation of the hole pockets in the underdoped high-7, superconducting cuprates
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The high-T7, superconducting cuprates are recognized as doped Mott insulators. Several studies indicate that
as a function of doping and temperature, there is a crossover from this regime into a phase characterized as a
marginal Fermi liquid. Several calculations of the doped Mott insulating phase indicate that the Fermi surface
defines small pockets which at the higher doping levels switch to a full closed Fermi surface, characteristic of a
more metallic system. Here we use femtosecond laser-based pump-probe techniques to investigate the structure
of the Fermi surface in the underdoped region of Bi,Sr,CaCu,0Os. 5 and compare it with that associated with the
optimally doped material. We confirm the concept of a small pocket in the underdoped system consistent with

theoretical predictions in this strongly correlated state.
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It is well established that the ground states of the parent
cuprate materials are antiferromagnetic insulators. Upon dop-
ing, long-range magnetic order is lost and replaced by super-
conductivity with transition temperatures previously thought
unattainable. However, the phase diagram is also dominated
by the so-called pseudogap regime where, at high temper-
atures, the system has a gap in the spectral response cen-
tered around the chemical potential with maximum in the
antinodal direction. At low temperatures, the system enters
the superconducting state. It is therefore generally thought
that a determination of the source of the pseudogap and
the subsequent unraveling of the complexities of the cuprate
phase diagram will ultimately provide a pathway to a final
understanding of the physics of high-7, superconductivity
and, from that, a possible pathway to the development of
new materials with even higher superconducting transition
temperatures. As such, the pseudogap represents one of the
most studied regions of the cuprate phase diagram. Early
photoemission studies found this region to be characterized
by arcs centered in the nodal direction reflecting the presence
of the gap in the antinodal region [1,2]. Some studies indicate
a temperature dependence to the arc length [3], others an arc
length influenced primarily by the doping level [4,5]. More
detailed studies of the states above the chemical potential
identified a particle-hole asymmetry in the pseudogap state [4]
with the latter subsequently shown to be consistent with hole
pockets having an area proportional to the doping level [6]. In
this picture, the pockets are formed by the arcs on one side
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and a “ghost” Fermi surface of reduced intensity or invisible
on the backside as found in theories that treat the strong
correlations associated with the doping of a Mott insulator
[7-9]. The possibility of an invisible backside reflects the
local value of the Green’s function being zero at the chemical
potential, a concept associated with the Mott insulator [10].
We note that the system can also be described by models of the
charge transfer insulator (CTI) type that take account of the
excitation energies associated with the ligand oxygen atoms
[11]. Under certain conditions, the CTI and Mott insulators
can be shown to be equivalent [12]. Support for such models
also comes from spectroscopic intensity scanning tunneling
microscopy (SISTM) or quasiparticle interference studies of
the Fermi surface reconstruction [13] and from high mag-
netic field studies of the charge carrier count [14]. The latter
study was in fact carried out on yttrium barium copper oxide
(YBCO), but both studies are again consistent with a Fermi
surface reconstruction such that the “enclosed” Fermi surface
area switches from scaling with the doping level x in the
underdoped region to (/+x) in the overdoped region at a
critical doping level, x., approximately equal to 0.19. A crit-
ical doping level of approximately 0.19 in bismuth strontium
calcium copper oxide (BSCCO) is also consistent with several
other studies including Raman [15] and thermodynamic con-
siderations [16]. We further note the particle-hole asymmetry
reported in the earlier photoemission studies [4], which has
also been noted in a recent pump-probe photoemission study
of the same system [17]. Questions remain, however, about
the nature of the arcs. Are they really one side of a “pocket”
that scales with x or do they, for instance, reflect the thermal
closing in the vicinity of the node of a d-wave gap associated
with preformed pairs. In the latter case, the arc would be part
of a Fermi surface that scales with an area given by (1 + x),
reflecting the observation that the parent compound has a
half-filled band leading to one hole already in the ground state.
In the present study, we therefore return to these questions
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but now use pump-probe techniques to photodope rather than
chemical dope to modify the hole concentration. By pumping
additional holes into the system and monitoring the change in
the momentum-dependent Fermi wave vectors around the arc
on femtosecond timescales, we are able confirm a picture of
small “hole pockets” in the pseudogap region.

The experimental system used in this study at the Univer-
sity of Duisburg-Essen combines a commercial regeneratively
amplified Ti:sapphire laser system (Coherent RegA 9040)
and a homebuilt time-of-flight (TOF) electron spectrometer
employing a position-sensitive delay line anode (Roentdek
Hexanode). With this unique instrument, we measure the
photoelectron intensity as a function of kinetic energy, two
independent in-plane momentum directions k, and k,, and
pump-probe delay ¢ [18]. Time-resolved experiments were
performed in a pump-probe geometry by first exciting the
samples using the fundamental p-polarized (perpendicular to
the nodal line) output of our laser system (hvpymp = 1.5€V,
40 fs pulse duration, 6 uJ energy per pulse) and subsequently
probing the pump-induced dynamics by direct photoemis-
sion using suitably delayed frequency-quadrupled s-polarized
(parallel to the nodal line) pulses (hvpope = 6.0€V, 90fs
pulse duration). The fundamental and frequency-quadrupled
pulse trains at a 250 kHz repetition rate were focused
on the sample to (100 um)? and (50 um)>, respectively.
The temporal overlap between pump and probe pulses was
determined with an accuracy of Afy = +5fs by analyz-
ing hot carrier relaxation as a function of time delay in
Bi;Sr,CaCu;0g4 5 in energy windows E-Er = 1.4-1.5eV
above the Fermi level Er. Here we work at pump flu-
ences of a few 100 uJ/cm? as specified below. The sub-
sequent population dynamics showed negligible hot carrier
lifetime contributions, thus directly reflecting the pump-probe
cross correlation (XC) which is found to have a width of
100 £ 5 fs.

Angle-resolved photoemission spectra (ARPES) were
recorded as four-dimensional data sets I (E, k,, ky,t) with
exposure times of 60 s in 20 subsequent scans by time- and
angle-resolved photoemission spectroscopy (tr-ARPES). The
probe-pulse intensity was carefully tuned to prevent spectral
broadening due to space-charge effects, resulting in typical
electron count rates of 100 kHz at the electron analyzer.
The Fermi energy Er was referenced at T = 100 £5 K to
a 2.8-nm-thick Pb film evaporated onto the samples using a
calibrated Knudsen cell at the end of the measurement. Fitting
of the Fermi- Dirac distribution yielded a Gaussian energy
resolution of AE = 55 £ 5meV full width at half maximum
as confirmed separately by the probe beam’s optical spectrum.
Thus the overall temporal, spectral, and momentum resolu-
tions of the experiment were determined to be below 100 fs,

55meV, and 2 x 1073 A_], respectively. Single-crystal
samples of BiySr,CaCu,0g,s grown using standard floating-
zone furnace techniques were cleaved in situ under ultrahigh-
vacuum conditions (p<10-10 mbar) at base temperatures of
100 K.

Figure 1 shows the essential elements of the experiment.
As previously noted, within certain theories, in the under-
doped regime, the Fermi surface is thought to be composed
of pockets with one side having spectral weight in the form
of arcs and the other side essentially invisible to spectral
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FIG. 1. The Fermi surface calculated within the framework of the
YRZ ansatz as a function of the doping levels indicated. The upper
inset shows how the concept of “closed” pockets arises from this
type of model. The right-hand inset shows the effect on the Fermi
surface of photodoping by pumping with IR (1.5 eV) in the present
experiment.

probes [8]. The formation of such pockets as a function of
doping is shown in the upper inset. Essentially, a particle-hole
asymmetry manifests in the form of a parabolic dispersion
with the two sides of the parabola defining the two sides of
the pocket at the chemical potential. The top of the parabola or
peak in dispersion is defined by the scattering of the photohole
in the underlying spin liquid associated with resonating va-
lence bond (RVB)-type models [8,19]. Again, as noted earlier,
alternative models that recognize the strong correlations in
the system can also produce the pockets [7,9], as can models
based on the concept of pair density waves [20]. Pumping
with the near-IR pulses temporarily introduces more holes
into the system, resulting in a short-lived expansion of the
Fermi surface [21] or pocket, as indicated in the inset to the
right of Fig. 1.

Figure 2(a) shows the Fermi surface for optimally doped
Bi2212 (T, = 91K) as measured directly in the TOF spec-
trometer at negative time delays before pumping. The mea-
sured Fermi surface on the left represents the integration of
two separate measurements approximately symmetric around
the nodal point. Here the sample temperature is 100 K and the
fluence 200 uJ/cm?. As reported before [20], and reflecting
the sudden injection of charge, Fig. 2(b) shows the shift in
momentum of the dispersing band at a binding energy 15 meV
below the Fermi level as recorded 100 fs after the pump pulse,
and Fig. 2(c) compares the dispersion of the entire band in
the nodal direction before the pump pulse, at t = 0 and at
t = 100 fs after the pump pulse when the displacement due
to additional holes is at its maximum.

Figure 3 shows the detected change in the Fermi wave vec-
tor as a function of angle and time for two different samples:
the optimally doped material (7. = 91 K) and the underdoped
sample (7. = 50K). Again, in both cases, the sample is
held at a temperature of 100 K and the incident fluence is
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FIG. 2. (a) The spectral intensity
measured in the nodal region con-
structed from two neighboring spectral
maps. (b) MDCs showing the measured
position of the dispersing band in the
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nodal direction at a binding energy cor-
responding to 15 meV at two differ-
ent times: ¢ < 0 before the pump pulse
arrives and 100 fsecs after the pump
pulse arrives. (c) The extended dispers-
ing band in the nodal direction mea-
sured at two time intervals: O fs, effec-
tively before the pump, and 100 fs after
the pump. Elsewhere [20], we have pre-
sented similar data for other time delays.
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200mJ/cm?. Aky is determined by deriving the full band
dispersions through energy dependent momentum distribution
curve (MDC) peak fittings as a function of angle and time
compared with that measured 5 ps before the incident pump
pulse. In all cases, the maximum Akg occurs approximately
100 fs after excitation with the system subsequently relaxing
back to its equilibrium. Particularly in the underdoped case,
it is very clear that the instantaneous change in the Fermi
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FIG. 3. Measured change in Akr as a function of angle and of
time delay for two different doping levels as indicated, with OP91 K
corresponding to optimally doped with 7, =91 K and UD50K
corresponding to the underdoped material with 7, = 50 K. The nodal
direction corresponds to an angle of 45°. Note that the error bars were
determined by the standard deviation of the linear fit analysis to the
E(k) as shown in Fig. 2.

wave vector due to the injection of additional photoholes is
much larger away from the nodal direction than in the nodal
direction, defined by ¢ = 45°, indicated by the dashed line in
Fig. 2(a).

In Fig. 1, we reproduced from Ref. [8] the calculated
Fermi surface as a function of doping within the context
of the Yang-Rice-Zhang (YRZ) ansatz proposed as a model
of the pseudogap state. We note that the YRZ ansatz describes
the single-particle Green’s function associated with an exci-
tation embedded in a spin-liquid background as in the RVB
models. As noted earlier, the ansatz has been shown to provide
an excellent description of both the ARPES studies of the
hole pockets and of the doping-dependent charge carrier count
in YBCO. We make a couple of observations based on the
calculation: (a) the change in kg with doping is smallest in
the nodal direction and (b) the change in kg as a function
of doping is largest near the ends of the pockets in the
underdoped region. The latter observations are also consistent
with SISTM studies of the Fermi surface.

In Figs. 4(a) and 4(b), we compare the measured change
in the Fermi wave vector at the two different doping levels
with the predicted change based on two different pictures
of the Fermi surface. The experimental points represent a
local average over £3°. The green dashed lines represent the
anticipated change in the Fermi wave vector as a function
of angle based on the concept of a full Fermi surface with
area proportional to (1 + x), where again x represents the
doping level. Here we are simply assuming a circular Fermi
surface centered on the (;r,7) point of the Brillouin zone. In
this model, the calculated change in the Fermi wave vector
Akp, proportional to Ax/kg, is very similar, reflecting the
relatively small amount of charge injected. The green dashed
line in Figs. 4(a) and 4(b) reflect the isotropic change Akg
predicted by this model. Thus, within this model, Akg in the
nodal direction would be larger in the underdoped regime
than the optimally doped regime, contrary to the experimental
observations for the nodal direction indicated by the green
triangles.
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FIG. 4. (a) The closed red dots with associated error bars indicate
the measured change in &r as a function of angle for the underdoped
T. = 50 K material. The nodal direction corresponds to an angle
of 45°. The experimental measurements are compared with the red
dashed line representing the calculated change using the YRZ ansatz
and the green dashed line indicating the potential change to be
expected in the simple large Fermi surface model. (b) The same as
in (a), but now for the optimally doped 7. = 91 K material. The blue
dashed line is again calculated within the YRZ ansatz.

The second model is based on the use of the YRZ ansatz.
Thus in Figs. 4(a) and 4(b), the red and blue dashed lines indi-
cate the change in the calculated Fermi wave vector between
two different spectral functions, A(k, w), corresponding to the
change in doping levels, before and after photoinjection. Here,
Ak, w) = -Im G(k, w), where

8t
0 — & — Ax[w + &K)]

with g, a factor that reflects the availability of sites for intersite
hole hopping as a function of doping, & the underlying
electronic structure, and & the nearest-neighbor hopping term.
Apg represents the RVB gap function associated with singlet
pairing and, in the present case, w corresponds to the Fermi
energy. Elsewhere we have shown that the doping-dependent
term Ag [8,22] derived from the exchange interaction term,
J Y sis;, contained in the r — J model can provide the basis
for a mean-field description of the doping-dependent pseu-
dogap temperature, 7* [23]. In the nodal direction, Eq. (1)
reduces simply to g;/(w — &)). The distinction between the
measured Akg and the calculated Akg for the full Fermi

Gk, w) =

ey

surface is observable for the optimally doped system, but
could still be argued to be within error bars. However, the
deviation from the calculated full Fermi surface Akg for the
underdoped sample is quite dramatic. Good agreement is
found for the Akr associated with the hole pockets, however.
We note that the Akg reported here corresponds to a hole
doping at the level of approximately 4.4 £ 0.2 x 1073 holes
per incident photon, in agreement with our earlier study [21].

Here we report that pump-probe studies allow us to observe
the deviation of the Fermi surface associated with small hole
pockets from that associated with the large Fermi surface that
tends to characterize the overdoped regime. This is an inter-
esting observation because “static” photoemission invariably
reports that the Fermi arcs associated with the underdoped
region always appear to fall on that large Fermi surface [24].
However, we note that in our earlier study which mapped
out the shape of the “pockets,” it was necessary to normalize
the measured spectra to the Fermi distribution and thereby
acquire a more accurate measurement of the Fermi surface
crossing point [25]. This had the effect of shifting the posi-
tion in momentum space associated with the Fermi surface,
probably reflecting the observation that more weight is given
to states just above the chemical potential. In the present
study, we pump the system with near-IR photons and monitor
the relaxation on ultrafast timescales. Immediately after, i.e.,
approximately 100 fs, we presumably populate the same states
and gain access to the same information.

In summary, we have applied the pump-probe technique
to study the nature of the Fermi surface in the underdoped
cuprates. These studies clearly confirm the concept of small
pockets characteristic of the doped Mott insulator.
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