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The evolution of Ca,_ Na,CuO,Cl, from Mott insulator to superconductor was studied using angle-
resolved photoemission spectroscopy. By measuring both the excitations near the Fermi energy as well
as nonbonding states, we tracked the doping dependence of the electronic structure and the chemical
potential with unprecedented precision. Our work reveals failures in the standard weakly interacting
quasiparticle scenario, including the broad line shapes of the insulator and the apparently paradoxical
shift of the chemical potential within the Mott gap. To resolve this, we develop a model where the
quasiparticle is vanishingly small at half filling and grows upon doping, allowing us to unify properties
such as the dispersion and Fermi wave vector with the chemical potential.
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A central intellectual issue in the field of high-
temperature superconductivity is how an antiferromag-
netic insulator evolves into a superconductor. In principle,
the ideal tool to address this problem is angle-resolved
photoemission spectroscopy (ARPES), which can di-
rectly extract the single-particle excitations. Despite the
great interest in this subject, there continues to be a lack
of consensus, perhaps the most prominent example being
the controversy over the chemical potential, w. Over the
past 15 years, there have been conflicting claims of w
either being pinned in midgap or shifting to the valence
or conduction band upon carrier doping [1-6]. The in-
ability of photoemission spectroscopy to provide a logi-
cally consistent understanding of this fundamental
thermodynamic quantity has been a dramatic shortcom-
ing in the field.

In this Letter, we present a new procedure to quantify
o precisely while permitting simultaneous high resolu-
tion ARPES measurements on the low-energy states. This
approach has allowed us to make major conceptual ad-
vances in addressing the doping evolution. We find that the
long standing confusion over u stems from the manner in
which quasiparticlelike (QP) excitations in the doped
samples emerge from the unusually broad peak in the
undoped insulator, which was previously and mistakenly
believed to represent the QP pole. On the one hand, we
find that pu changes in a manner consistent with an
approximate rigid band shift; on the other hand, this shift
appears to occur within the apparent Mott (or charge-
transfer) gap of the parent insulator. We show that this
ostensible paradox can be naturally resolved if one uses a
model based on Franck-Condon broadening (FCB) where
the QP residue, Z, is vanishingly small near half filling.
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This reconciles existing puzzles regarding the insulator
and the lightly doped compounds, and naturally ties the
behavior of u to low-energy features such as the Fermi
wave vector, kg, and the QP velocity vg.

Ca,_,Na,CuO,Cl, is an ideal system to address the
doping evolution of the cuprates. The stoichiometric par-
ent compound, Ca,CuQ,Cl,, is chemically stable and,
along with its close variants, has served as the prototype
for the undoped Mott insulator [1,7]. The system pos-
sesses a simple structure, with a single CuO, layer devoid
of known superlattice modulations, structural distortions,
or surface states. The x = 0.10 and 0.12 samples had T,’s
of 13 and 22 K, respectively (T = 28 K), while the
x = 0.05 composition was nonsuperconducting, and were
grown using a high pressure flux method [8]. ARPES
measurements were performed at Beamline 5-4 of the
Stanford Synchrotron Radiation Laboratory with typical
energy and angular resolutions of 13 meV and 0.3°, re-
spectively, using photon energies of 21.2 and 25.5 eV.
Measurements were performed at 15 K, except for x =
0, which was measured at 7 > 180 K.

Previous quantitative studies of u have relied on
core level spectroscopy which can difficult to interpret.
Since measuring p is of paramount importance, we in-
troduce a new approach which we believe to be more
accurate and direct. Our method uses orbitals in the
valence band which are completely occupied but reside
at low energies (<5 eV). We treat these as delocalized
bandlike states, an assumption supported by their agree-
ment with band structure. Therefore, their shift with
doping should simply represent the change in u. We
believe this simple “rigid band” model is justified by
the fact that the general shape of the valence band re-
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FIG. 1 (color online). (a) Valence band spectra for x =0,
0.05, 0.10, and 0.12 compositions at k = (0,0) and (7, 7). O
2p, and O 2p, states are marked by triangles and circles,
respectively. (b) Shifts of the O 2p, and O 2p_, peaks shown on
an expanded scale. (c) Doping dependence of u determined
from (b). (d) Valence band at k = (7/2, /2), showing the
lower Hubbard band (A) on an expanded scale.

mains qualitatively unchanged with doping, apart from
this shift [Fig. 1(a)].

In particular, we have selected O 2p states [O 2p, at
(0,0) and O 2p, at (77, 77)] which are nonbonding with the
Cu 3d,>_,» orbital or Zhang-Rice singlet [9,10]. The O
2p, orbital is directed out of the CuO, plane. The O 2p .
band is arranged in an in-plane, antibonding configura-
tion shown in Fig. 1(b) at (7, ), with an estimated
separation of ~3 eV from the bonding configuration at
k = (m, ) [11], although hybridization of the bonding
band with the Cu 3d,, orbital modifies this value by up to
~2 eV [10]. In Fig. 1(b), we show the shift of the O 2p,
and O 2p_. peaks on an expanded scale plotted relative to
chemical potential, demonstrating the change in w. This
data is summarized in Fig. 1(c), with statistics collected
from >5 samples for each concentration and referenced
to the x = 0 composition; we describe the methodology
for determining wu, later in the text. The shift from
these marker states yields pgos = —0.20 eV, w10 =
—0.28 eV, and pg, = —0.33 eV, all relative to u,,
with a typical uncertainty of *=0.025 eV. At finite x,
(0p/dx) = —1.8 = 0.5 eV/hole, comparable to esti-
mates from band structure ( ~ —1.3 eV /hole) [12].

We now turn our attention from the higher energy O 2p
bands to the lowest lying state, the O 2p and Cu 3d,>_
derived lower Hubbard band (or more precisely, charge-
transfer band) denoted as A in Fig. 1(d). The above
measurements of u have revealed a fundamental failure
of the traditional framework where this main peak of the
lower Hubbard band in the insulator represents a QP,
along the lines of the weakly interacting, Fermi liquid-

like picture, which we call the “‘coherent quasiparticle
scenario” (CQS). In the CQS, all energies above the peak
maximum should fall within the Mott gap. As shown in
Fig. 1, w shifts by an amount compatible with predictions
from band structure calculations. However, this shift
appears to occur within the apparent Mott gap—a logical
inconsistency as there are no available states within the
gap to shift into [Fig. 2(a), left]. While impuritylike states
may form within the gap, in this picture w should not
drop so rapidly with doping. By combining measurements
of both w and the near-Ef states, our new results suggest
an alternative picture inspired by FCB [Fig. 2(a), right).

To understand the failings of the CQS, the obvious
starting point is the parent insulator. Early studies of
Ca,Cu0,Cl, and Sr,CuO,Cl, yielded broad peaks with
a dispersion consistent with calculations from the ex-
tended #-J model [1,7,13], and were interpreted as QP
poles. However, one crucial point that remained unre-
solved was the extreme width of these excitations. We
address this as a critical flaw of the CQS, and use this
as a starting point for constructing a new model. Data
taken at the top of the lower Hubbard band, k =
(#7/2, /2), are shown in Fig. 2 where one should expect
the peak width, I, to be extremely narrow due to electron
scattering phase space constraints. Instead, I' is compa-
rable to the entire bandwidth 2J ~ 350 meV, completely
inconsistent with such a picture. Moreover, the width
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FIG. 2 (color online). (a) Illustrations of the coherent quasi-
particle scenario (CQS) and the Franck-Condon broadening
(FCB) model. (b) Ca,Cu0,Cl, at k = (77/2, 7/2) with fits to a
Lorentzian spectral function (dashed) and Gaussian (red or
gray). A and B denote the peak maximum and the onset of
spectral weight, respectively. Comparison with Sr,RuO, is
shown (thin black). Upper inset shows photoemission spectra
from H,, after Ref. [26]. (c) Dispersion of A and B along
(0,0) — (m, 7), along with experimental values for u (lines).
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cannot be due to disorder, as the undoped system is
stoichiometric, and adding chemical dopants results in
sharper structures, as will be shown. For comparison, we
also present spectra from Sr,RuO, (thin black) exhibiting
a nearly resolution-limited peak. Given that well-defined
QP excitations can be observed by ARPES, we must
confront the origin of the broad peaks in Ca,CuO,Cl,.
Moreover, in the CQS, the peak in Fig. 2(b) should be well
described by a spectral function A (K, w) = —(1/7) X
{Z7"/[(w — € — 2')* + (2")?]}, which should be ap-
proximately Lorentzian with a width dominated by an
impurity scattering term, Iy, [1]. A fit of A (K, o) to the
experimental data is shown and agrees poorly, even when
assuming an unphysically large I'yy,, ( ~ 300 meV), given
that the material is stoichiometric.

In light of this failure of the CQS, we believe that an
analogy to one of the simplest quantum systems, the H,
molecule, may be enlightening. The H, — HJ photo-
emission spectrum, shown in the upper inset of
Fig. 2(b), exhibits FCB. Only the “0-0” peak (filled
black) represents the H final state with no excited vi-
brations and comprises only ~10% of the intensity. In the
solid state, 0-O alone would represent the QP or the
coherent part of the spectral function, Ay, whereas
the excited states comprise the incoherent part, A;,..
This behavior is redolent of polarons, and such models
have been suggested in systems where strong couplings
are present [14—-16]. The low-energy tail is suppressed
exponentially, inconsistent with power law falloffs from
A (K, w) line shapes, but well described by FCB predic-
tions of a Gaussian envelope.

Another unresolved issue is a large energy scale sepa-
rating the peak from the experimental positions of w. For
an insulator, u is not well defined, and is pinned by
surface defects and impurities and will vary between
samples. However, the limits of this distribution are
well defined, with a lower bound set by the QP pole at
the top of the valence band. For this study, we identify
two features: the peak maximum (A), and the onset of
intensity (B), determined by a 30 signal above back-
ground. In Fig. 2(c), we show the dispersion of A and B
along (0,0)-(7r, 7r). While A qualitatively tracks the dis-
persion of the #-J model, B disperses only weakly and has
a separation of ~450 meV from A. We present the distri-
bution of ey, from numerous samples in Fig. 2(c) and B
clearly sets a lower bound for the distribution of ey,
This behavior suggests that the true QP (B) is hidden
within the tail of spectral intensity, and A is simply
incoherent weight associated with shake-off excitations.
For x = 0, we reference A and the valence band features
such that B is aligned to 0. This demarcates the upper
bound for both the QP at half filling and w(x = 0%),
which take as wq. This model is also consistent with the
temperature dependence of the line shape, where a simi-
lar multiple initial/final state model was proposed [17].
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FIG. 3 (color online). (a)—(d) EDC spectra from x = 0, 0.05,
0.10, and 0.12 from (0.277, 0.277) to (0.727, 0.727r) with hump
positions marked by open symbols and kg shown in bold. Data
are plotted on a relative energy scale referenced to the shift in
o shown in Fig. 1(c).

There are a number of possible mechanisms for this
line shape broadening. Although some approximate ana-
lytical calculations have predicted that interactions with
the spin background cause Z — 0 [18,19], the majority of
exact numerical simulations of the pure ¢-J model show
that Z remains finite (Z ~ 0.2) [20]. Therefore we believe
lattice effects are a likely candidate, and our data bears
some resemblance to lattice polaronic systems [14-16].
Recent calculations incorporating lattice effects into the
t-J model have reproduced the most salient features of the
ARPES spectra, including a vanishing QP peak (B) and a
broad hump (A) which recovers the original #-J dispersion
[21]. However, more work is necessary before the origin
of the FCB can be conclusively determined.

In Fig. 3, we show the doping evolution of the near-Eg
energy distribution curves (EDCs), from (0.27, 0.277) to
(0.727,0.727). All data are plotted relative to u using
the values determined in Fig. 1(c). With doping, feature A
evolves smoothly into a broad, high energy hump with a
backfolded dispersion similar to the parent insulator
(symbols), while w shifts downward from B. It is now
clear that p does not fall immediately to A upon hole
doping as expected in the CQS. Spectral weight develops
at u, and a well-defined peak becomes visible for the x =
0.10 and 0.12 compositions, comprising a coherent, low-
energy band. The dispersion of the hump (A) is summa-
rized in Fig. 4(a), and was determined by tracking the
local maxima or second derivatives of the EDCs, but does
not represent any precise physical quantity. Feature A
remains fixed at high energies with doping, justifying
our model which decouples A from w.

We also track the dispersion of the lowest energy ex-
citations ( — 0.05 eV < w < Ef) from a momentum dis-
tribution curve (MDC) analysis (lines). The dispersion of
the low-energy states reveals a remarkable universal be-
havior across doping levels where both the velocities of
the QP dispersion (vg) and Fermi wave vectors (Kg)
virtually collapse onto a single straight line, with a
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FIG. 4 (color online). (a) Summary of hump (symbols) and
MDC dispersions (lines) from Fig. 3. (b) Doping dependence of
spectra from kg along with a schematic of the proposed
distribution of coherent (blue or dark gray) and incoherent
(pink or light gray) spectral weight.

band velocity (1.8 eV A) corresponding closely to the
recently discovered ‘‘universal nodal velocity” [22].
This result also ties u to the QP dispersion to explain
how kg evolves with doping, with Akp ~ Au/ve. We
note that a number of different theoretical proposals
have predicted the emergence of sharp QP-like excita-
tions from broad features, including dynamical mean-
field theories [23] or “‘gossamer’” superconductivity [24].
Figure 4(b) is a schematic summary of the doping-
induced transfer between coherent (blue or dark gray)
and incoherent (pink or light gray) spectral weight. This
explains the apparent absence of a peak for x = 0.05, as it
is overwhelmed by the incoherent weight, and also dem-
onstrates that neither in-gap states nor a rigid band shift
were adequate models in the FCB context. A similar QP
emergence was also observed in La,_ Sr,CuO, [25],
although with a larger separation between A and Efy [1].

In conclusion, we have developed a phenomenological
model based on high precision measurements of x and
detailed studies of the near-Ef states, providing us with
the first globally consistent understanding of the doping
evolution of the cuprates. This picture can be summarized
as follows. (i) At half filling, Z is vanishingly small,
reminiscent of FCB. The true QP is found in the long
tail of spectral intensity. (ii) The misidentification of the
broad peak as the QP pole was at the root of the long
standing confusion over w. (iii) With doping, spectral
weight is transferred to the low-energy QP peak. (iv)
The shift of the chemical potential and kg is dictated
by the band velocity of this faint QP band. We believe
that this model provides a foundation for the origin
of the quasiparticles upon doping and should be used as

a guide to develop microscopic theories for high-T,
superconductivity.
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