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The slightly underdoped high-temperature system Laj.gsSro.14CuQO4 (LSCO) is studied by means of high-energy
high-resolution angular resolved photoemission spectroscopy (ARPES) and the combined LDA+DMFT+X
computational scheme. The corresponding one-band Hubbard model is solved via dynamical mean field theory
(DMFT), and the model parameters needed are obtained from first principles in the local density approximation
(LDA). An “external” k-dependent self-energy X describes the interaction of correlated electrons with antifer-
romagnetic (AFM) pseudogap fluctuations. Experimental and theoretical data clearly show the “destruction” of
the LSCO Fermi surface in the vicinity of the (7,0) point and formation of “Fermi arcs” in the nodal directions.
ARPES energy distribution curves as well as momentum distribution curves demonstrate a deviation of the
quasiparticle band from the Fermi level around the (7,0) point. The same behavior of spectral functions follows
from theoretical calculations suggesting the AFM origin of the pseudogap state.

1. INTRODUCTION

One of the puzzles of cuprate high-temperature su-
perconductors (HTSC) that remains unsolved is the
nature of the underdoped normal state, the pseudo-
gap regime [1]. Perhaps most powerful experimental
tool to access electronic properties of the pseudogap
state is angular resolved photoemission spectroscopy
(ARPES) [2-4]. It is commonly understood that the
pseudogap state has a fluctuation origin, but the type
of the fluctuations is still under discussion. Whether
these are superconducting fluctuations [5] or some order
parameter fluctuations (AFM(SDW), CDW, stripes,
etc.) [6, 7] coexisting or competing with Cooper pairing
is presently undecided.

There are prototype  compounds
among high-7, systems, e.g., the hole-doped
BisSryCaCus0g—s (Bi2212) system or the electron-do-
ped Ndy_,Ce,CuO4 (NCCO) system. Extensive
experimental ARPES data on Bi2212 and NCCO are

several
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available presently (see review [2]). For instance, Fermi
surface (FS) maps, quasiparticle band dispersions, and
even self-energy lineshapes mapped onto some models
are obtained from modern ARPES measurements [6].
Into this list of prototype compounds should of course
be included the first ever high-T,. hole-doped system
Las_,Sr,CuO4 (LSCO), which was also investigated in
great detail both theoreticaly and experimentally [2].

A number of interesting physical phenomena were
discovered in the normal underdoped phase (pseudogap
regime). For example, the FS is partially “destroyed”
in the vicinity of the so-called “hot spots” (points of
crossing between the FS and the AFM umklapp sur-
face). “Shadow bands” (partial folding of band dis-
persion) appear possibly as a result of a short-range
AFM order. Formation of the so-called Fermi “arcs”
around the Brillouin zone (BZ) diagonal, reminiscent
of the parts of a noninteracting FS, is experimentally
detected in numerous ARPES experiments [2]. Despite
apparently the same underlying physics, the pseudogap
regime demonstrates some material-specific features.
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For Bi2212, Fermi “arcs” extend almost up to the BZ
border, where they are strongly blurred. NCCO also
has Fermi “arcs”, but the FS “destruction” looks differ-
ent. The “hot spots” are well observed in NCCO, while
the FS is almost restored as a noninteracting Fermi
surface towards the BZ border [8].

The present paper is devoted to the pseudogap be-
havior in underdoped LSCO and its comparison with
Bi2212 and NCCO.

According to common knowledge, high-T, systems
are usually doped Mott insulators, effectively described
by the Hubbard model. The most common method
to solve the Hubbard model is presently the dyna-
mical mean field theory (DMFT) [9]. Its exactness
in the infinite spatial dimension limit makes it a lo-
cal approach. It is well established that high-T,
compounds have a quasi-two-dimensional nature, and
therefore spatial fluctuations play an important role
for their physics. To overcome this difficulty, we in-
troduced the DMFT+Xy computational scheme [10-
12] that supplies the conventional DMFT with an “ex-
ternal” k-dependent self-energy. The main assump-
tion of the DMFT+Xy scheme is the additive form
of the self-energy, which allows keeping the conven-
tional DMFT self-consistent set of equations. The
DMFT+3Xy approach was used to address the pseu-
dogap problem [11], the electron—phonon coupling
in strongly correlated systems [13], and a disorder-
induced metal-insulator transition in the Hubbard—
Anderson model [14]. For the pseudogap state, this
self-energy ¥ describes the interaction of correlated
electrons with nonlocal (quasi)static short-range collec-
tive Heisenberg-like antiferromagnetic (AFM or SDW-
like) spin fluctuations [15]. The DMFT+Xy approxi-
mation was also shown to be appropriate to describe
two-particle properties, e.g., optical conductivity [16].

As a possible way of theoretical simulation of
the pseudogap regime for real materials, we pro-
posed the LDA4+DMFT+Xy hybrid method [7]. It
combines first-principle one-electron density functional
theory calculations in the local density approximation
(DFT/LDA) [17] with DMFT+X) [18].

The LDA+DMFT+Xyx method allowed us to ob-
tain Fermi arcs and the “hot spot” behavior for both
electron-doped (e.g., Nd; g5Ce.15Cu0Oy (NCCO) [8]
and Pr1_85Ce0_15CuO4 (PCCO) [19]) and hole—doped
(BiySryCaCuy0g_5 (Bi2212) [7]) high-T, cuprates.
Pseudogap behavior of the dynamic optical conducti-
vity in the LDA4+DMFT+Xy scheme [16] was also dis-
cussed for B12212 [7] and NCCO [38].

Here, we describe LDA+DMFT+Xy computations
of the Fermi surface and spectral functions for the ho-

le-underdoped Lay g6Srg.14Cu0Oy4 (LSCO) system sup-
ported by high-energy high-resolution bulk-sensitive
ARPES [3].

2. COMPUTATIONAL DETAILS

The LasCuO4 system has the base-centered
orthorhombic crystal structure with space group
Bmab with two formula units per cell [20]. The
corresponding lattice parameters are a = 5.3346,
b = 5.4148, and ¢ = 13.1172 A. The atomic positions
are as follows: La(0.0,—0.0083,0.3616), Cu(0,0,0),
0(1/4,1/4,-0.0084), and 0,(0.0,0.0404,0.1837).

As a first step of the LDA+DMFT+Y, method,
we performed density functional theory calculations
in the local density approximation (LDA) for these
crystallographic data. The band structure was ob-
tained with the method of linearized muffin-tin or-
bitals (LMTO) [21]. It is well known that the Fermi
level of these compounds is crossed by the antibond-
ing O2p—Cu3d partially filled orbital of the z? — y?
symmetry. Tight-binding parameters for this band
were calculated by the N-th order LMTO (NMTO)
method [22] as ¢t = —0.476, t' = 0.077, t" = —0.025,
and t"" = —0.015 (in €V units). These values agree
well with previous studies [23]. The Coulomb interac-
tion value on the effective Cu-3d(z% — y?) orbital was
calculated by the constrained LDA approach [24] and
was found to be U = 1.1 eV. These LDA-obtained pa-
rameters are used to set up the corresponding one-band
Hubbard model.

The second step is to consider the above-defined
Hubbard model using the DMFT self-consistent set of
equations [9] supplied by an “external” momentum-de-
pendent self-energy Yy [11]. The additive form of
self-energy (the main approximation of the scheme is
to neglect the interference between the Hubbard inter-
action and pseudogap fluctuations, which allows preser-
ving the conventional DMFT equations) allows defining
the LDA+DMFT+Xyx Green’s function as

1

Gi(w) = wHp—ek) - 2(w) - Sk(w)’

(1)

where the bare electron dispersion (k) is defined by
the LDA-calculated hopping parameters listed above.
To calculate Yy, we used a two-dimensional pseudogap
model [1, 15] describing nonlocal correlations induced
by (quasi)static short-range collective Heisenberg-like
AFM spin fluctuations. Thus we introduce a correla-
tion length dependence of the pseudogap fluctuations
into the conventional DMFT loop.
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There are two points that make the DMFT+Xy
scheme different from the usual DMFT scheme. First,
momentum-dependent Yy is recalculated at each
DMFT iteration (Xy(u,w,[E(w)]) is in fact a function
of the DMFT chemical potential and the DMFT
self-energy). Second, the DMFT+Xy lattice problem
is defined at each DMFT iteration as

1 1
Gii(w) = N ; w+p—ek) —B(w) — I(w) - (2)

After numerical self-consistency is reached, we obtain
Green’s function (1) with the corresponding ¥(w) and
Yx(w) of the last DMFT iteration. All further compu-
tational details can be found, e.g., in Refs. [7, 8, 11].

As an “impurity solver” for DMFT equations, the
numerical renormalization group (NRG [25, 26]) was
used. The temperature of DMFT(NRG) computations
was taken to be 0.011 eV and the electron concentration
used was n = 0.86.

The self-energy Yy (w) due to pseudogap fluctua-
tions depends on two parameters in general: the pseu-
dogap amplitude A and the correlation length £ [1, 15].
The value of A was calculated as in [11],

A? = U2<ni;#¢><(m¢ —nip)?), (3)

where local densities n;4, n;) and the double occupancy
(nipngy) were calculated within the standard DMFT
scheme [9]. The behavior of A as a function of hopping
integrals and the Coulomb interaction was studied in
our previous work [11], while A as a function of the
occupancy n was investigated in Ref. [7]. For &, we
believe it is safer to take experimental values. In this
work, the value of A was calculated to be 0.21 eV and ¢
was taken to be 10a, where a is the lattice constant [27].

3. EXPERIMENTAL DETAILS

The high-energy ARPES measurements were car-
ried out at BL25SU in SPring-8, using incident pho-
tons of the energy 500 eV, on single crystal samples.
The normal to the cleaved sample surface was set al-
most parallel to the axis of the analyzer lens and the
sample was set at about 45° to the incident light di-
rection. The photoelectrons within polar angles about
+6° to the normal to the sample were simultaneously
collected using a GAMMADATASCIENTA SES200 an-
alyzer, thereby covering more than a whole Brillouin
zone along the directions of the analyzer slit. The Fermi
surface mapping was performed by changing the an-
gle along the direction perpendicular to the analyzer

slit. The base pressure was about 4 - 10~8 Pa. The
(001) clean surface was obtained by cleaving the sam-
ples in situ in a vacuum at the measuring temperature
20 K. The overall energy resolution was respectively set
to 100 and 170 meV for high-resolution measurements
and Fermi surface mapping. The angular resolution
was £0.1 (£0.15) for the perpendicular (parallel) di-
rection to the analyzer slit. These values correspond
to the momentum resolution +£0.0247/a (£0.0367/a)
at hv = 500 eV, where a is twice the Cu—-O bond
length within the CuOs plane. Because the photoelec-
tron mean free path of the order of 12 A at the kinetic
energy of the order of 500 €V is longer than that for
conventional ARPES at hv ~ 20-60 eV, the bulk con-
tribution to the spectral weight is estimated at about
60 %. The position of the Fermi level was calibrated
with Pd spectra.

4. RESULTS AND DISCUSSION

For the temperature and the interaction strength,
we have to take the finite lifetime effects of quasipar-
ticles into account. Instead of just a dispersion e(k),
we must then work with the spectral function A(w,k)
given by

Alw, k) = —%ImG(w,k), (4)

with the retarded Green’s function G(w,k) obtained
via the LDA+DMFT+Xy scheme [10, 11, 16]. Of
course, there are considerable lifetime effects origi-
nating from Yy corresponding to the interaction with
AFM fluctuations (substituted in our approach by a
quenched random field).

In Fig. la, a contour map of spectral function (4)
obtained from LDA+DMFT+Yy for the Cu-3d(z*—y?)
band is presented. The width of the spectral function is
inversely proportional to the lifetime. Around the (7,0)
point, we can clearly see the splitting of the spectra by
AFM pseudogap fluctuations of the order of 2A. The
AFM nature of the pseudogap fluctuations also leads
to the formation of a “shadow” band, which is much
weaker in intensity and becomes the real quasiparticle
band in the case of complete folding with a long-range
AFM order.

Figure 2 displays experimental energy distribution
curves (EDC) in panel (a) along the (0,0)—(7,0) direc-
tion. Around the (7,0) point, a certain deviation of
the A(w,k) maxima from the Fermi level (a kind of
“turn-back”) is observed. We attribute such behavior of
A(w, k) to pseudogap fluctuations. A similar theoreti-
cal behavior shown on panel (b) of Fig. 2 is calculated
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Fig.1. LCOO Cu-3d(z* — y?) band dispersion along high-symmetry directions of the square Brillouin zone computed with
LDA+DMFT+3X. The Fermi level is zero
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Fig.2. ARPES EDC curves a and LDA+DMFT+Xy spectral functions b along the (0,0)—(m, 0) high-symmetry direction;
ARPES MDC curves c around the (7, 0) point for LSCO at # = 0.14. On panels a, b, and ¢, filled circles guide the motion
of the A(w, k) maxima. The Fermi level is zero

by our LDA+DMFT Xy approach (see also Fig. 1)),
The same behavior is also observed (traced by circles)
in experimental ARPES momentum distribution curves
(MDC) demonstrated on panel ¢ in Fig. 2.

1 Theoretical curves are shifted up by 0.2 eV for better fit
with experiment.

The bulk-sensitive high-energy ARPES data for
Laj g6Srg.14Cu0y4 show a clear “turn-back” structure of
the EDC peak as a function of the momentum near
(0,—m), which were not seen in the previous low-energy
ARPES data for La; g5Srg.15CuOy4 [4]. The contour
map of the spectral weight in the vicinity of Er seems
to be essentially similar in overall features for this
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Fig.3. Fermi surfaces of LSCO at x = 0.14 from experiment (left panel) and LDA+DMFT+Xy computations (right panel).
Crosses on the left panel correspond to experimental kr values

doping level between the high-energy and low-energy
ARPES studies.

Experimental and theoretical Fermi surface maps
are shown in Fig. 3. Both pictures reveal strong scat-
tering around the (7,0) point, which we associate with
scattering in the vicinity of the so-called “hot spots”
(crossing points of the Fermi surface and the AFM
umklapp surfaces) that are close to (m,0) [7, 8]. Such a
strong scattering comes from scattering processes with
momentum transfer of the order of Q=(m,x) [1, 15],
corresponding to AFM pseudogap fluctuations. Along
the nodal directions, we observe typical Fermi arcs.
They are quite well seen in the theoretical data, while
in the experiment, we have just narrow traces of them.

5. CONCLUSION

Our LDA+DMFT+Xy hybrid approach was shown
to be an effective numerical tool to describe the
short-range ordered state in quasi-two-dimensional sys-
tems [7, 8, 19]. Material-specific model parameters such
as hopping integrals (which define the bare electron
band dispersion of the effective Cu3d(z? — y?) orbital)
were calculated via an LDA-based NMTO method [22].
The Coulomb interaction parameter U was obtained
from the constrained LDA method. The pseudogap
amplitude A was computed using the LDA+DMFT
scheme [8, 11]. Supplementing the conventional DMFT

7 KT, Bein. 6

self-energy by Yy (w) describes nonlocal dynamic cor-
relations due to short-range collective Heisenberg-like
AFM spin fluctuations.

In this work, we performed LDA+DMFT+Xy cal-
culations for the hole-doped Laj ggSrg.14CuQy4 com-
pound in the pseudogap regime. Because of fluctua-
tions of the AFM short-range order, we clearly observe
formation of the so-called “shadow bands” as partially
folded bare dispersion. A pseudogap is formed around
the (7,0) point, which is qualitatively the same as in
Bi2212 [7], NCCO 8], and PCCO [19]. The Fermi sur-
face of LSCO is similar to that obtained for Bi2212 [7].
Namely, the “hot spots” are not well resolved because
the crossing point of the bare Fermi surface and the
AFM umklapp surface are very close to the Brillouin
zone border. This is essentially due to the shape and
size of the LDA Fermi surface. In this respect, the sit-
uation here is different from that for NCCO [8] and
PCCO [19], where “hot spots” are clearly seen. To sup-
port these theoretical results, we here present new high-
energy, high-resolution ARPES data for LSCO. Typical
pseudogap-like effects of the Fermi surface destruction
were observed in both theory and experiment. The
same is true for spectral functions. The overall semi-
quantitative agreement between theory and experiment
basically supports our general picture of the pseudogap
state as being due to strong scattering of carriers by
short-range AFM order fluctuations.
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