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Abstract: First-principles calculations for underdoped Lay_,SryCuOy4 (LSCO) have revealed a Fermi
surface consisting of spin-triplet (KS) particles at the antinodal Fermi-pockets and spin-singlet (SS)
particles at the nodal Fermi-arcs in the presence of AF local order. By performing a unique method of
calculating the electronic-spin state of overdoped LSCO and by measurement of the spin-correlation
length by neutron inelastic scattering, the origin of the phase-diagram, including the pseudogap
phase in the high temperature superconductor, Sr-doped copper-oxide LSCO, has been elucidated.
We have theoretically solved the long-term problem as to why the angle-resolved photoemission
spectroscopy (ARPES) has not been able to observe Fermi pockets in the Fermi surface of LSCO. As a
result, we show that the pseudogap region is bounded below the characteristic temperature T*(x) and
above the superconducting transition temperature T(x) in the T vs. x phase diagram, where both
the AF order and the KS particles in the Fermi pockets vanish at T*(x), whilst KS particles contribute
to d-wave superconductivity below T.. We also show that the relationship T*(x.) = T¢(xc) holds at
Xc = 0.30, which is consistent with ARPES experiments. At T*(x), a phase transition occurs from the
pseudogap phase to an unusual metallic phase in which only the SS particles exist.

Keywords: high-Tc superconductor; Kamimura-Suwa model; spin-correlation; neutron scattering;
Fermi-pockets and -arcs; angle-resolved photoemission spectroscopy; pseudogap; D-wave
superconductivity

1. Introduction

Since the discovery of high temperature superconductivity (HTS) in cuprates by
Bednorz and Miiller [1], more than thirty years have passed. However, a consensus on
its origin has not yet been reached. Copper oxide (cuprate) superconductors differ from
ordinary metallic superconductors in their production process of carriers. In LayCuQy, for
example, which is an antiferromagnetic insulator [2], carriers are generated by doping with
chemical elements or by creating oxygen deficiencies, by replacing 3+ cations (La>*) by 2+
(Sr?*) ions. Thus, the electronic structures of cuprate superconductors vary drastically with
doping, due to the special feature of the ionic crystal in cuprates.

In this context, we have recently performed first-principles calculations for under-
doped Lay_,SryCuOy4 (LSCO) [3] and have revealed the appearance of a spin-polarized
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band occupied by doped holes within the energy gap of the antiferromagnetic (AF) insula-
tor LapCuQOy. The tight binding parameterization of the first principles calculation for the
underdoped LSCO clarified that doped holes in the spin-polarized band correspond to KS
particles. Furthermore, when extra holes are doped, the apical O?>~ ions in the elongated
CuOg octahedrons in LSCO tend to approach the central Cu?* ions to gain attractive electro-
static energy. This backward deformation is called the anti-JT effect [4—6]. This effect, due
to the apical oxygen in cuprates, was supported experimentally by neutron scattering [7]
and polarization-dependent spectroscopy measurements [8,9].

As regards the electronic-spin state of LSCO, one view is based on the single-component
theory, in which only orbitals extended in a CuO, plane are considered. Since a doped
hole moves within a CuO, plane, this model is irrelevant to the anti-JT effect. A typical
model which takes this view is the t-] model [10,11]. An alternative view is based on the
two-component theory initiated by Kamimura and Suwa [12,13], in which the two kinds
of orbitals of each CuOg octahedron, both parallel and perpendicular to a CuO; plane,
are considered.

By means of the anti-JT effect, the energy separation between two JT-split levels at each
Cu?* ion becomes smaller with increasing hole concentration x, i.e., they become pseudo-
degenerate. These pseudo-degenerate states are represented by antibonding molecular orbitals
(MOs) |a*1) and bonding MOs |by), as shown in Figure 1.

|a",,) antibonding orbital : [b,,> bonding orbital :
Cudz?, 0 p,& O p, O ps & Cu dx?—y?

a*1g>

Figure 1. Relevant electronic orbitals for a doped hole: ajg antibonding molecular orbital (MO)

(Ieft side) and by bonding MO ‘blg> (right side).

Paying attention to the pseudo-degenerate states |a*15) and |byg) at each Cu site,
Kamimura and Suwa [12] showed that, in the presence of the local AF order, a doped hole
with up (or down) spin can itinerate by taking, alternately, a Hund’s coupling spin-triplet
with a localized up (or down) spin at a Cu site and a spin-singlet with a localized down
(or up) spin in a neighboring Cu site without destroying the AF order, as shown in Figure 2.
Later, this model was named the Kamimura-Suwa (K-S) model when published in Physical
Review B [13]. A feature of the K-S model is the coexistence of a metallic state and the AF
order, as shown in Figure 2.
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Figure 2. Heuristic explanation of the K-S model using a two-story house model [13,14].

In Figure 2, the first story of the Cu house (CuOg-house) is occupied by localized
spins (black arrows), which form the AF order by means of the superexchange interaction
via intervening O?~ ions. The second story in the copper house consists of two floors,
due to the anti-]JT effect; the lower a*;; floor and the upper by, floor. In the second story,
a doped hole with an up spin (red arrow) enters the a*|4 floor of the left-side Cu house
owing to the Hund'’s coupling spin-triplet exchange interaction with a Cu localized up spin
in the first story. By means of the transfer interaction, the doped hole with up or down
spin is transferred into the byg (or a*;g) floor in the neighboring Cu house through the
oxygen rooms, and thus forms a metallic state in the presence of the AF order by alternately
taking Hund’s coupling spin-triplet and spin-singlet states without destroying the AF order.
The doped hole with an up spin (red arrow) shown in Figure 2 has been named a “KS
particle” [3]. Below T, the KS particles contribute to the d-wave superconductivity [15,16].
As seen in Figure 2, these KS particles can itinerate under the coexistence of the AF order.

In our previous paper [3], first-principles calculations showed that a feature of the KS
particles in the underdoped LSCO is the coexistence with AF order. Here, the underdoped
regime in LSCO corresponds to the doping concentration range from the metal-insulator
transition, x = 0.05 (=x,), to the optimum doping x = 0.15 (=xp), at which a vale of T, takes
the highest value of about 40 K [17] while the overdoped regime corresponds to the doping
concentration beyond xp,, where the AF order vanishes at x = 0.30 (=xc) [18].

Following on from the previous paper for underdoped LSCO [3], the purpose of this
contribution is to clarify the electronic-spin state of LSCO in the overdoped regime. Then,
combining the results obtained in the previous paper and the present paper, we establish a
new phase diagram leading to the origin of the so-called pseudogap [19] in LSCO.

2. How to Clarify the Electronic-Spin State of Overdoped LSCO

In the previous paper [3], we adopted the first-principles SCAN method [20] to
calculate the electronic-spin state of underdoped LSCO following the method of Fur-
ness et al. [21]. However, in the overdoped regime we face a great difficulty, as explained
below: With increasing Sr concentration x, doped holes tend to occupy the p orbitals in O?~
ions between Cu2* ions in LSCO. As a result, some of the O~ ions in CuO; planes change
to O'~ ions, so that the superexchange interactions, | Y <> Si-Sj in the K-5 Hamiltonian
(see Equations (1) and (2) in Ref. [3]), are gradually destroyed with increasing x in the
overdoped regime. Thus, the spin direction in the overdoped regime changes from the AF
order to a spin-disordered phase, and finally the AF order vanishes at x. = 0.30 [18]. We
call this spin-disordered phase a spin-glass phase. In the spin-glass phase, the number of KS
particles which coexist with the AF order decreases with increasing doping with holes or
temperature, and finally vanishes.
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3. Comparison with Neutron Scattering Experimental Results of the Magnetic
Excitations in the Underdoped to Overdoped Regimes of LSCO

Detailed neutron scattering studies have been reported in [22-24]. In particular,
Figure 51in [24] by Aeppli et al. reports the doping dependence of the dynamic spin-
correlation in LSCO to be from x, = 0.05 in the underdoped regime to x = 0.30 in the
overdoped regime. It should be noted that a similar trend has been reported in a wide dop-
ing dependence in [22]. Later, Wakimoto et al. [18] reported that AF correlation disappears
at x = 0.30. In order for readers to understand these experimental results quantitatively, we
put them together in Figure 3.

Spin correlation Length

70.00 [ T ™ T T T T
La,,Sr,CuQO,
60.00 | .
7 ho=2~5meV ~kgT; |
50.00 - 38 T=T, ]
40.00 /\E .
30.00 | ° ° |

Spin correlation length (A)

10.00 |- iy -

optmumaopng 11

0.00 Lovin -
0 005 ©.1 O35 0.2 025 O3 035

Sr(x)

Figure 3. Experimental results by various groups [22-24] on the doping dependence of the spin-
correlation length in underdoped to overdoped regimes of Lay_,SryCuOy.

The dotted thin line (blue) in Figure 3 is expressed as the function 0.38/+/x nm, which
is just the average separation between the holes introduced by Sr** doping [25].

From Figure 3, we notice qualitatively that the spin-correlation length begins to
increase with increasing x from the metal-insulator transition at x, (=0.05) to the optimum
doping at xp (=0.15) in the underdoped regime, and then decreases in the overdoped
regime. In order to clarify a reason why the spin-correlation length begins to increase
with increasing x from x, up to x, in the underdoped regime, the K-S Hamiltonian for
model systems in a two-dimensional (2D) square lattice with 16 (=4 x 4) localized spins
was solved [26]. The calculated results have clarified that the AF correlation grows from
the metal-insulator transition at x, up to the optimum doping x;, so as for the kinetic
energy of a doped hole not to increase. We call this characteristic feature the “kinetic energy
lowering mechanism”.

Concerning the spin-ordering, Tranquada et al. [27] suggested the possibility of a
spin-stripe order in connection with an anomalous suppression of the superconductivity
in LaBaCO in a very narrow region around x = 1/8. In the case of LSCO, however, the
first principles calculations [3] did not show such an anomaly. Thus, we think that the
appearance of a spin-stripe order might depend on the cuprate’s family.

As regards the Fermi surface (FS), the first principles calculations for underdoped
LSCO [3] have shown the coexistence of Fermi pockets at the antinodal G; point (7, 0)
and three equivalent points, and Fermi arcs at the A point (71/2, 71/2) and three equivalent
points in the square Brillouin zone (BZ) in the ky—k, plane in k space, as shown in Figure 4.
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Figure 4. Fermi surface (FS) of LSCO in the underdoped to overdoped regimes.

When x increases from the underdoped to overdoped regime, the two arcs sepa-
rated with the magnetic ordering vector Qar(7, 7r) move to the incommensurate positions
Qy(m F v, mxy). As a result, Fermi surface nesting occurs, as shown in Figure 4. In fact,
this FS nesting has already been pointed out by the neutron inelastic scattering experi-
ments [28]. As regards the Fermi surface nesting, we can make further comments: the
hour-glass-shaped magnetic excitation spectrum reported in cuprates [29] may be related
to the Fermi surface nesting behavior.

4. Angle-Resolved Photoemission Spectroscopy (ARPES) Experiments and a Reason
Why ARPES Is Not Able to Observe Fermi Pockets

Concerning the coexistence of the Fermi pockets and the Fermi arcs, ARPES experi-
ments have reported only on the existence of Fermi arcs, but not on the Fermi pockets (see
Yoshida et al. [30]). Here, we suggest a reason why ARPES is not able to observe Fermi
pockets. As shown in Figure 1, the KS particles in the Fermi-pockets occupy |a*15) MO
(mainly Cu d,? orbital), while the SS particles in the Fermi arcs occupy |b1g> MO (mainly
Cu dy®_,? orbital). Thus, the wavefunction of the KS particle is perpendicular to the CuO,
plane (the crystal surface), while that of the SS particle is parallel to the CuO; plane. As a
result, we can say that, for most of the ARPES experiments in which the electric vector of
incident photon is parallel to the CuO, plane, we can mainly observe the Fermi arcs, even
though FS consists of pockets and arcs.

Another reason for why Fermi pockets cannot be observed could be that the mean
free path of an SS particle (mainly Cu d?_,? orbital) in the metallic phase is considerably
longer than the spin-correlation length, while that of a KS particle (mainly Cu d.? orbital) is
slightly longer than the spin-correlation length [14]; on the boundary of a spin-correlated
region, localized spins on the boundary are frustrated. The spin flip time on the boundary
is estimated from 75 = h/], where h is the Planck constant and ] is the superexchange
constant (0.1 eV), while the travelling time of an SS particle over a spin-correlated region
A is estimated from Tgss = A/UR(s), Where vp(g) is the Fermi velocity of an SS particle [3].
Thus, 75 and T are estimated, respectively, to be 10~ s and 10713 5. Hence, the spin-flip
time is shorter than the travelling time of an SS particle over A, so that an SS particle can
move coherently beyond the spin-correlated region. In fact, the mean free path of an SS
particle is 30 nm, so that ARPES could observe Fermi arcs clearly. On the other hand, the
travelling time of a KS particle is estimated from Ty = A /vgs), Where vg(s) is the Fermi
velocity of a KS particle The band calculation of the spin-polarized band [3] shows that
Up(ks) is 10 times faster than vg(), and thus the mean free path of a KS particle is estimated
as 3nm. From this estimate, we conclude that, for ARPES measurements, it is difficult to
observe Fermi pockets.
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Since the KS particles in the Fermi pockets coexist with AF order, the number of the
KS particles decreases with increasing x in the overdoped regime due to the diminution of
the AF order. This behavior is consistent with the experimental results shown in Figure 3.
On the other hand, the number of the SS particles in Fermi arcs increases with increasing x,
because the SS particles do not depend on the AF order. Here, we remark that the present
definition of SS particles is similar to the Zhang—Rice singlet in the t-] model [10,11].

5. New Phase Diagram

Finally, we propose a new phase diagram for LSCO, as shown in Figure 5a. By
increasing x and/or T, both the AF correlation and the number of KS particles decrease
together and finally disappear at the characteristic temperature T*(x), while the number of
SS particles increases across T*(x). In addition, the wavefunctions of a KS particle with up
and down spins, ¥} +(r) and ¥} | (r), have the unique phase relation [15]

e, (r) = explik-a)¥iq (1)

()
Umel mcellic
D-wave
d 0 Superconductor
(Bhasel
X, =0.3

—
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Figure 5. (a) New Phase diagram. The pseudogap phase consisting of KS and SS particles appears
below the characteristic temperature T*(x) and above T¢(x). When x and/or temperature T increase,
the number of KS particles decreases and disappears at T*(x). At T*(x.), both the AF order and the
d-wave superconductivity disappear. Thus, the relation T*(x.) = Tc(xc) = 0 holds. Below T, the KS
particles with up and down spins form a Cooper pair, contributing to d-wave superconductivity. The
SS particles form the unusual metallic phase above T*(x). (b) The first-principles calculated density of
states (DOS) for the pseudogap phase in underdoped LSCO with x = 0.125. This area is occupied by
holes (above Ep (=energy 0)).
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Thus, below T, the KS particles on the Fermi pockets contribute to the d-wave super-
conductivity in the phonon mechanism due to apical oxygen modes [31].

Thus, a “mixed phase” consisting of both KS and SS particles appears below the char-
acteristic temperature T*(x) and above T¢(x) in the T vs. x phase diagram. We define this
mixed phase as the pseudogap phase. Since the number of SS particles increases across T*(x),
the SS particles form a unique phase above T*(x), where the AF correlation vanishes at T*(x).

The wavefunction of the SS particle, ¥ a4 (1101, 207), takes the following entanglement
form. This causes the emergence of a new particle called an SS particle. Then, the wave
function of an SS particle at a site A, ¥s; 4(r101, r2072) has an entangled form, given by

Y¥ss,4(r101,1207)

1/vV2{¢p(r - RA)_X(fz —Rp)+¢(r2 = Ra)x(r1 —Ra)} x 1/vV2{a(1)B(2) — B(1)a(2)}

where ¢(r) and x(r) represent the wavefunctions of the upper bonding by orbital and lower
antibonding b*; localized orbitals, respectively.

Thus, the itinerant behavior of SS particles is different from that of a single particle
in a metallic state. In this context, we call a new metallic phase beyond T*(x) “Unusual
Metallic phase”. Thus, the characteristic temperature T*(x) in the phase diagram represents
a phase boundary between the pseudogap phase and the Unusual Metallic phase, and a phase
transition occurs at T*(x), at which the AF correlation vanishes. The order parameter in this
phase transition may be the spin-correlation length in the AF correlation.

In order to calculate the x dependence of T#(x), we introduce a quantity defining
the difference between the free energy of the pseudogap phase Fpg (T, x) and that of the
UnusualMetallic phases Fst(T, x), following Ref. [32]:

AF(T/ x) = FPS(T/ x) - FST(T/ x)/ (1)
Then, T*(x) is defined by the equation
AF(T*(x), x) =0 ()

Since both the calculated electronic entropy [13] and measured electronic entropy [33]
coincide well in both the pseudogap phase and the unusual metallic phase in LSCO
without introducing any adjustable parameter [13], we calculated T*(x) as a function of
x by taking T*(x, = 0.05) = 300 K [32] and T*(x. = 0.30) = 0, where T*(x. = 0.30) indicates
the disappearance of both the AF order and the KS particles at x. = 0.30. Since the d-wave
superconductivity also disappear at x = 0.30 [17], the relation T*(x.) = Tc(xc) = 0 holds. This
theoretical prediction is consistent with ARPES experiments [34]. The calculated results of
T*(x) are shown (red curve) in the phase diagram in Figure 5a.

6. Discussion

The doping dependence of T*(x) is consistent with the result of T*(x) obtained
from ARPES experiments on Pb-Bi2201 [34]. The appearance of the superconducting
gap much lower than the pseudogap is consistent with the results of the tunneling
spectroscopy experiment [35].

Figure 5b shows the first-principles calculated density of states (DOS) for the pseudo-
gap phase in the underdoped LSCO. The predicted key feature of the pseudogap phase is
the appearance of a broad peak around +70 meV, which is due to the flat nature of the spin-
polarized band. Through accurate parametrizations of the first-principles spin-polarized
band to the K-S model in the underdoped LSCO, we have shown that a doped hole in the
spin-polarized band corresponds to a KS particle with the Hund’s coupling spin triplet [14].
The KS particles with up or down spin occupy the antibonding a4 orbital (|a*1,)) around a
Fermi pocket at the antinodal point (7, 0) in the 2D BZ, and thus may cause the circulating
orbital motion, including the apical oxygen around the up or down localized spin. This
circulating orbital motion due to the spin-triplet Hund’s coupling of a KS particle may
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be compared with recent inelastic neutron scattering results in Hg-cuprates [36]. Thus,
the present theory has clearly shown that the magnetic effect appears in the pseudogap
phase in LSCO, although the magnetic order and superconductivity have been said to be
mutually exclusive.

Since the calculated DOS of the pseudogap in Figure 5b predicts the spontaneous
breaking of time-reversal symmetry, we may say that the calculated result in Figure 5b
is consistent with the experimental result of left- or right-circular polarized photons by
Kaminski et al. [37]. In addition to those already mentioned, we would also like to point
out that the phase diagram proposed in Figure 5a is also consistent with the polar-Kerr
experiment [38], in which the Kerr rotation angle is zero above T} while non-zero below Ty.
Since Ty is below T*(x), and thus the magnetic order exists at T, the polar-Kerr effect may
occur in the pseudogap phase in Figure 5a.

In conclusion, we have shown that the present new theory born from the anti-JT effect
due to apical oxygen is consistent with a considerable number of experimental results on
LSCO and similar oxide superconductors.
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