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Spectral weight of hole-doped cuprates across the pseudogap critical point
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One of the most widely discussed features of the cuprate high-7.. superconductors is the presence of a
pseudogap in the normal state. Recent transport and specific heat measurements have revealed an abrupt
transition at the pseudogap critical point, denoted p*, characterized by a drop in carrier density and a strong mass
enhancement. In order to give more details about this transition at p*, we performed low-temperature infrared
spectroscopy in the normal state of cuprate superconductors La,_,Sr,CuO4 (LSCO) and La, g_,Eug,Sr,CuOy4
(Eu-LSCO) for doping contents across the pseudogap critical point p* (from p = 0.12 to 0.24). Through the
complex optical conductivity o, we can extract the spectral weight K* of the narrow Drude peak due the coherent
motion of the quasiparticles, and the spectral weight enclosed inside the mid-infrared (MIR) band Ky caused
by coupling of the quasiparticles to collective excitations of the many-body system. K* is smaller than a third
of the value predicted by band calculations, and Kyr forms a dome as a function of doping. We observe a
smooth doping dependence of K* through p*, and demonstrate that this is consistent with the observed doping
dependence of the carrier density and the mass enhancement. We argue that the superconducting dome is the
result of the confluence of two opposite trends, namely the increase of the density of the quasiparticles and the

decrease of their coupling to the collective excitations as a function of doping.

DOI: 10.1103/PhysRevResearch.3.043125

I. INTRODUCTION

The rich phase diagram of hole doped cuprates is a major
challenge in condensed matter physics. In addition to super-
conductivity with the highest superconducting 7, at ambient
pressure (7, ~ 100 K) it contains several other competing
phases including the pseudogap that is most prominent for
very low carrier concentrations. While many proposals have
been made about the nature of the pseudogap phase, the mi-
croscopic description thereof is not universally agreed upon
[1,2]. Moreover, the superconducting pairing mechanism as
well as its link to the pseudogap phase has not been estab-
lished beyond any doubt. When the carrier density exceeds the
value where the highest 7. is observed (the so-called “optimal
doping™), a critical point p* is reached where the pseudogap
vanishes. At this critical doping p* two important signatures
have been observed: firstly the carrier density n observed
by Hall effect [3—5] and thermal transport [6] jumps from
p to 1+ p indicating a major Fermi-surface reconstruction,
secondly the density of states and associated effective mass
m* observed by NMR [7] and specific heat [8,9] is strongly
enhanced at p* and exhibits a logarithmic divergence in tem-
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perature. The jump in n and the strong renormalization of m*
at the critical doping p* underline that the pseudogap phase
terminates at this point by a quantum phase transition. The
close proximity of p* to optimal doping further suggests a key
role in the mechanism of superconductivity in the cuprates
[10].

Two additional ordering phenomena occur at a doping level
close to the point where the pseudogap vanishes: (i) A change
of crystal structure from tetragonal at high doping to or-
thorhombic (approximately a /2 x +/2 superstructure) at low
doping [11-13]. (ii) A Lifshitz transition of the Fermi-surface
topology: at low doping it is a hole-like pocket centered at
the Brillouin zone corner, at high doping it is an electron-
like pocket around the Brillouin zone center [14-16]. For
La,_,Sr,CuO4 (LSCO) both the structural transition [12] and
the Lifshitz transition [15] have been situated at p = 0.20.
For La; g_yEug»Sr,CuOy4 (Eu-LSCO) the structural phase dia-
gram is more complex due to three different structural variants
[13], but the electronic specific heat is strongly peaked at
p = 0.235 [8]. At approximately the same doping also the
orthorhombic distortion disappears [13]. Approximately the
same critical doping is observed for the Lifshitz transition,
the vanishing of the pseudogap and the structural transition.
In the sequel, we will for each of the two types of compounds
of the present study refer to a single critical doping, namely
p*(LSCO) = 0.20 and p*(Eu-LSCO) = 0.235.

Previous optical studies on bismuth and mercury cuprate
families [17-19] have demonstrated that the free carrier spec-
tral weight is far below the band calculations and approaches
zero at zero doping. These studies have also demonstrated
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the coupling to high-energy degrees of freedom far exceeding
those of phonons supporting the possibility of an electronic
pairing mechanism. However, the strongly overdoped side of
the phase diagram has remained unexplored and the high-T;
of the Hg1201 and Bi2212 families has limited the accessible
temperature range where the normal state properties could be
analyzed.

To elucidate this puzzle, we measured infrared optics and
extracted the complex optical conductivity ¢ in the normal
state of two cuprates, LSCO and Eu-LSCO for four dopings
across the pseudogap critical point p*: 0.12, 0.15, 0.21, and
0.24 (a total of six samples). In LSCO and Eu-LSCO, the
pseudogap line delimited by 7* is well defined both by trans-
port measurements [20] and ARPES [21]. Compared to other
cuprates, the 7, of LSCO and Eu-LSCO is relatively low,
and thus interesting for extracting the normal state properties
down to low temperatures without using external magnetic
fields.

The parent compound of LSCO and Eu-LSCO is La,CuOy.
Substituting La by Sr introduces holes amounting to a hole
concentration p = x. Substituting La with Eu does not in-
troduce holes or electrons, but it modifies the maximum of
the superconducting critical temperature (7,**): in Eu-LSCO
T = 15-20 K versus T,"™ = 3040 K in LSCO. The
high-temperature crystal structure of LSCO and Eu-LSCO
for all Sr concentrations is body centered tetragonal (space
group I4/mmm) with lattice parameters a = b = 3.78 A and
¢ = 13.2 A. For LSCO with doping p < p*(LSCO), the low-
temperature structure is single-face-centered orthorhombic
(space group Abma) with, for the undoped parent compound,
ad =542 A, 0 =5344, and c = 13.1 A [11-13]. The or-
thorhombic distortion corresponds to a rotation of the CuQOg
octahedra such as to buckle the Cu-O squares along the o’
direction, causing the lattice parameter a’ to be smaller than
b’ [22]. Accordingly, in-plane anisotropy has been observed
for the magnetic susceptibility [23], the DC resistivity [24],
and the optical conductivity [25] of untwinned crystals with
doping concentrations p < 0.04. The LSCO and Eu-LSCO
crystals used for the present paper were prepared as described
in Refs. [8,26-28]. Since in the orthorhombic phase, these
crystals were ab-plane micro twinned, the properties reported
in the present paper represent the effective medium average
of a-axis and b-axis properties. X-ray diffraction was used to
align and select the surface, which for part of the samples
was chosen parallel to the ab plane and for the other ones
perpendicular to ab such as to obtain surface dimensions of at
least 0.5 mm?. A polarizer was used for selecting the optical
response parallel to the CuQO, planes.

II. OPTICAL CONDUCTIVITY

We measured the infrared reflectivity from 2 meV to 0.5 eV
using a Fourier transform spectrometer with a home design
UHYV optical flow cryostat and in situ gold evaporation for
calibrating the signal. In the energy range from 0.5 eV to
5 eV we measured real and imaginary parts of the dielec-
tric function using a home-design UHV cryostat installed
in a visible-UV ellipsometer. Combining the ellipsometry
and reflectivity data and using the Kramers-Kronig relations
between the reflectivity amplitude and phase, provided for

each measured temperature the complex optical conductivity
spectrum o (w, T') = o1(w, T) + ior(w, T) in the range from
2meV to 5eV.

The optical conductivity spectra of LSCO and Eu-LSCO
hole-doped from p = 0.12 to p = 0.24 are presented in Fig. 1.
The doping content p = 0.15 corresponds to the “optimal”
doping where 7, is maximum [29,30]. In these figures, we
clearly observe a broad MIR band located around 0.1-0.3 eV,
which is more pronounced in underdoped and optimally
doped samples compared to the Drude response. Below T,
a depletion at low energy is present, corresponding to the
superconducting gap. The optical conductivity probes the
collective response due to the free charge carriers, phonons,
and inter-band transitions. For a noninteracting Fermi gas, the
free charge response is described by a zero-energy mode (the
Drude peak) with a spectral weight K and the width corre-
sponding to the (frequency independent) scattering rate. If we
take into account coupling to phonons or collective excitations
of the electron many-body system, part of the Drude spectral
weight is transferred to a mid-infrared band (MIR band) at
higher energy, carrying a spectral weight Kyyr. These two
components, schematically sketched in Fig. 2(a), are clearly
visible in the experimental spectra shown in Figs. 1(a)-1(f).
The residual Drude response carries a spectral weight K*. The
total spectral weight becomes

K =K* + Kur. (D

A convenient tool for the analysis of the optical conductivity
of an interacting electron liquid is provided by the extended
Drude model, where both the scattering rate 1/t and the
effective mass ratio m* /m are frequency dependent functions
[37-39]. For two-dimensional materials, like cuprates, the
extended Drude model can be written as

_ &2 K
AR 1 t(w) — iom*(w)/m’

o(w) 2
where d, represents the distance between two CuO, planes,
and m is the band mass. In this expression the relation between
spectral weight K, density n and mass m of the free charge
carriers is provided by the expression K = d./i*n/m. A slight
rearrangement of terms in Eq. (2) provides

&2 Km/m*(w)
d.i? 1/t%(0) — i’
which is a particularly useful expression in the context of
a Fermi liquid. In this case, the scattering rate and effec-
tive mass of the quasiparticles are given by lim,—o 1/7*(w)

and lim,,_.o m*(w), respectively. The coherent Drude spectral
weight K* can be defined as

3

o(w) =

m
K*=K—. “)
m
Experimentally, we obtain K from an integration of the real
part of the optical conductivity o

/ " oo = STk )
o(w)dw = ,

o 24,1

with o, the cut-off frequency chosen below the interband

transitions and above the MIR band (1 eV in the present case).

An equivalent way to obtain K, K*, and Kyjr, providing the
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FIG. 1. Real part of the ab-plane optical conductivity, o|(w) of La,_,_,Eu,Sr,CuQy single crystals (x=0.12, 0.15, 0.21, 0.24, y=0.0, 0.2).

same values, is fitting the spectra with a linear superposition
of Lorentzians, and extracting the different spectral weights
associated to each intraband transition: K* for the narrow
Drude response and Kyjr for the broad MIR band.

III. SPECTRAL WEIGHT ANALYSIS

In the experimental optical conductivities shown in Fig. 1,
the two main contributions in the total spectral weight K are
from the coherent Drude response K* and the broad MIR band
Kmir. Phonons contribute less than 10% to the total spectral
weight K. In Figs. 2(b), 2(c), and 3(a), we report the value
of K, K*, and Kyr as a function of doping. Our data for
Eu-LSCO (closed circles) and LSCO (closed squares) corre-
spond to the lowest temperature we can reach in the normal
state (slightly above T;.). Empty squares and empty circles are
values extracted from published data in low doped and highly
doped samples [31-34]. The dashed curve is a guide to the
eye.

Figure 2(b) shows the doping dependence of the total spec-
tral weight K = K* + Kyr. The solid-black curve represents
the spectral weight of the sheet conductance obtained from the
calculated band structure [41] using the expression [17,42]

dc 8281(,(,
K=< ;nk,aw (6)

where ny , is the occupancy of the state with momentum &
and spin o, &, is the energy-momentum dispersion, d, is the
interplanar lattice spacing, and V is the sample volume. The

bandstructure calculation of Ref. [41] was done for the high-
temperature tetragonal crystal structure of La,CuO4. Here
we assume that the band dispersion is doping independent.
These model assumptions do not (and are not intended to) ac-
count for the low-temperature orthorhombic structure and/or
emerging electronic order in part of the phase diagram. For
a two-dimensional free electron gas, Eq. (6) provides K, =
Er /. The effect of interactions is to transfer part of this spec-
tral weight to interband transitions, which typically spread
over arange of 10 eV. An additional effect of electron-electron
interactions and electron-phonon coupling is to distribute the
free carrier optical conductivity over a “coherent” zero-energy
peak and an “incoherent” mid-infrared band. For p < p*, the
unit cell is doubled and consequently we expect folding of the
bandstructure to occur. This will normally cause a change of
the free carrier spectral weight roughly in proportion to the
1+ p to p reduction of the number of free charge carriers.
As stated above, this effect is not taken into account in the
bandstructure calculation shown in Fig. 2(b). A recent ab
initio band structure calculation [43] has shown that, while
antiferromagnetic correlations have a strong effect on the band
dispersion, the orthorhombic distortion causes band splittings
of order 0.1 eV. The spectral weight removed from the K*
then reappears in the interband transitions in the mid-infrared
range. For this reason, the calculated K;;, shown in Fig. 2(b)
should be compared to the experimental K = K* + Kyg (i.e.,
instead of K*).

For p < p*(LSCO), the experimental value of K initially
increases roughly proportional to the hole doping p. Then,
between p = 0.10 and 0.30, K remains at an almost constant
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FIG. 2. (a) Sketch of the two components of the free carrier
optical conductivity: Zero-energy mode with spectral weight K* and
mid-infrared band with spectral weight Kyr. (b) Total free carrier
spectral weight K = K* 4+ Kyr in a broad range of hole doping
for LSCO (closed squares) and Eu-LSCO (closed circles). Empty
squares and empty circles are K from previously published optical
data [31-34]. The solid-black curve represents the theoretical value
K., extracted from band calculations. (c) Spectral weight of the zero-
energy mode K*. Solid line: Superconducting spectral weight K7
calculated from the London penetration depth [35,36]. (d) Effective
mass in units of the free electron mass m, obtained from the linear
term of the specific heat (stars [9]) compared to the effective mass
from K* assuming a Fermi-liquid state (1 + p free carriers, squares)
and a doped Mott insulator (p free carriers, circles). The dotted and
dashed vertical lines indicate respectively the critical dopings p* for
LSCO and for Eu-LSCO separating the orthorhombic (p < p*) and
tetragonal (p > p*) crystallographic phases.

value of about 125 meV, which falls a factor 3 below K};,. This
significant reduction of the free carrier spectral weight can be
explained by the fact K o« n/m, where n is small inside the
pseudogap state. Above p = 0.30, K finally increases again,
and the extrapolation of the experimental data reaches the
band value K;j, around p = 0.40.

In Fig. 2(c) the narrow Drude spectral weight K* is pre-
sented as a function of doping. Similar as for K, K* =0
in the insulating phase and it increases gradually when the
system gains more and more holes. It increases continuously,
approximately as a quadratic function of doping, up to p =
0.34, without any noticeable anomaly (i.e., a kink or a jump)
at p*. In a free electron approximation where K* o n/m*,
our observations for K* would be in conflict with the sharp
transition in carrier density observed in the DC transport data
[3,4,6]. However, for an interacting Fermi liquid, the Drude
spectral weight K* is obtained by replacing &, in Eq. (6)
with the quasiparticle energy ¢; . This expression mixes two
different quantities, ny, and 1/m} = h~ >3} /9k?, both
of which undergo important changes around p*. A detailed
description of the doping dependence of K* requires ad hoc
assumptions about the evolution of the electronic structure in
the pseudogap phase. Instead, staying close to the experimen-
tally observed quantities, we present in Fig. 2(d) a comparison
between the effective mass obtained from the linear term of
the specific heat y [9] using the relation m};, = 3d.h*y/ (mk3)
(stars), and the effective mass from the spectral weight of
the zero-energy mode assuming a Fermi liquid using mj. =
d.i*(1 + p)/K* (squares) and a doped Mott insulator using
mi, = d.h*p/K* (circles). We see that m, matches n, for
p < p*(LSCO), and mj; for p > p*(LSCO). This comparison
puts in evidence a transition in the carrier density around
p = p*(LSCO), in agreement with the transition observed by
transport measurements.

In a recent study of LSCO [15], the linear term in the
specific heat y, which is proportional to the density of states
at Er, was compared to the value expected from the electronic
band structure & , measured with angle resolved photoelec-
tron spectroscopy (ARPES), with the result that &; , measured
with ARPES gives a y in overdoped LSCO well below the
specific heat value. It was speculated that the mass enhance-
ment of y in the electronic specific heat results from quantum
criticality emerging from the pseudogap collapse. The good
agreement Fig. 2(d) between the optical data and specific
heat on the overdoped side would suggest that the renor-
malization of the spectral function near the critical doping
p = p*(Eu-LSCO), is more easily resolved with optics than
with ARPES.

For comparison, the penetration depth 1/A7 is plotted in
Fig. 2(c) (solid curve) [35,36]. As I/AZ o n/m* inside the
superconducting state, we can calculate the superconducting
spectral weight K of the condensed Cooper pairs. From
p =0 to the optimally doped sample p = 0.15, K. = K*,
which is what we should expect if the pair breaking gap A
is much bigger than the residual scattering rate //7. This
observation does not in itself allow to distinguish between the
BCS limit where A is much smaller than the Fermi energy Er,
or the opposite case corresponding to Bose-Einstein conden-
sation of preformed pairs [44—48]. On the overdoped side, the
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FIG. 3. (a) Kmir as a function of p. (b) Kymir as a function of K*.
for LSCO (solid curve) is extracted from Ref. [40].

observation that K. goes to zero while K* keeps increasing,
indicates that A < /i/ty. This is a natural consequence of A
becoming smaller for reasons that we will discuss below.

By knowing K and K*, we can directly extract Kyjr =
K — K*, the spectral weight enclosed inside the MIR band
corresponding to the electronic correlations in the extended
Drude model. We show Kyr as a function of doping in
Fig. 3(a) and compare it with 7 (solid curve [40]). We give an-
other representation of this behavior in Fig. 3(b), where Kyir
is plotted as a function of K*, which is a monotonously in-
creasing function of doping. The three symbol styles represent
the different doping regions: Underdoped (empty symbols),
optimally doped (crossed symbols), and overdoped (closed
symbols). It is interesting to note that this representation re-
sults in a smoother doping dependence, indicating that any
scatter in the doping value obtained from sample stoichiom-
etry (for example oxygen off-stoichiometry) is absent when
we use K* as a measure of the charge carrier density. We
observe that the MIR spectral weight forms a dome with a
maximum around p = 0.15, i.e., K* = 26 meV. This doping
value p = 0.15 matches the optimal doping for 7, obtained
in Refs. [35,36]. This correlation of the MIR spectral weight
and 7, as a function of doping suggests that the strength of the
MIR band reveals an important part of the superconducting
pairing interaction.

In Ref. [17], a linear relation between p and K*, K* = Kyp
was reported for HgBa,CuO,, s (Hg1201), Bi,Sr,CaCu,0s_5
(Bi-2212) and Bi;Sr,CuQOgys (Bi-2201) with Ky = 0.5 eV.
In contrast, the results for LSCO and Eu-LSCO shown
in Fig. 2(c) follow a superlinear dependence. The afore-
mentioned linear relation would give K* ~ 0.2 eV at p =
p*(LSCO), which is two times higher than the value for LSCO
shown in Fig 2(c). Given that the ab planes of LSCO are
buckled whereas Hg1201, Bi-2212, and Bi-2201 have flat ab
planes, we postulate that the buckling of the ab planes of
LSCO causes a further suppression of K* in addition to the
effect of the pseudogap that is common to all cuprate high-T
superconductors.
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IV. Tc AND THE SPECTRAL WEIGHT

For the overdoped samples where no band folding is
present (n = 1 + p), the ratio Kyr/K* describes the mass
enhancement A = m*(0)/m — 1 = Kyr/K* due to the cou-
pling to electronic and vibrational collective excitations. At
the underdoped side of the phase diagram where n = p, K*
is reduced due to two effects, namely the reconstruction of
the Fermi surface due to band folding, as well as mass en-
hancement due to many-body effects. In Fig. 4(a), Kmr/K*
is represented as a function of doping content (squares). The
dashed line is a guide to the eye. In the underdoped region,
Kmir /K™ is very high and goes to infinity down to p = 0. This
is consistent with the notion that the charge in a Mott-insulator
is fully localized, hence bound at a nonzero energy. In the
overdoped region, Kyyr/K* becomes indistinguishable from
zero within the measurement accuracy for p > 0.27, coincid-
ing with the upper doping limit of the superconducting dome.
In Fig. 3(a), the T,-like dome of Kyr puts in evidence a poten-
tial link between Kyyr and 7. For this reason, in Fig. 4(b), we
plot 7 as a function of Kyyr. Empty squares are used for un-
derdoped samples, crossed squares for optimally doped, and
closed squares for overdoped samples. For p > 0.10, we find
a proportionality between these two quantities (with the fa-
miliar exception at 1/8 doping), which implies that the broad
MIR band not only results from coupling of the electrons
to collective (spin, charge, and vibrational) excitations, but
also that this coupling mediates superconducting pairing. For
the strongly underdoped samples (p < 0.08), T.(p) is much
lower, indicating that in the underdoped region the coupling
to collective excitations contributes only in part to the super-
conducting pair formation.

V. CONCLUSIONS

In this paper, the optical conductivity o(w,T)
was measured in the normal state of La,_,Sr,CuQO,4
and La;g_ Eup,Sr,CuOs at four doping contents
p =0.12,0.15,0.21, and 0.24 across the pseudogap critical
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FIG. 4. (a) Spectral weight ratio Kyur /K™ as a function of hole doping. (b) 7. as a function of Kyyr. The spectral weight ratio Kyr /K*
vanishes around p = 0.27 exactly where the superconducting dome ends.

point p*. The free carrier spectral weight exhibits the
following trends as a function of doping: (i) the total
spectral weight K is much smaller than the band calculation,
illustrating the consequences of the pseudogap state and
the strong electronic correlations in the underdoped region.
(i1) The coherent spectral weight K* increases continuously
and smoothly from p =0 to 0.34 without any noticeable
transition. Due to a compensating effect in K*, which is
proportional to the ratio of carrier density over effective
mass, this is consistent with anomalies near p* observed
in the specific heat and the Hall constant. (iii) The spectral
weight of the broad MIR band forms a dome looking alike the
superconducting dome and T, o Kyr, putting in evidence
a candidate for the pairing mechanism revealed by the MIR
band. In particular, 7, goes to zero at the same doping value
where the intensity of the MIR band becomes negligible.
(iv) K} = K* in the underdoped region and K. <« K* in the
overdoped region.

Taken together, the superconducting dome in the phase
diagram of LSCO and Eu-LSCO cuprates is the result of two
competing phenomena, namely, (i) the density of charge carri-
ers available for superconductivity characterized by K*, which
vanishes for doping p — 0 and (ii) the pairing interaction
revealed by Kyr, which fells to zero at high doping.

The data sets generated and analyzed during the current
study are available in Ref. [49] and will be preserved for
10 years.
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