PRL 106, 016404 (2011)

PHYSICAL REVIEW LETTERS

week ending
7 JANUARY 2011
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We propose that an extension of the exciton concept to doped Mott insulators offers a fruitful insight
into challenging issues of the copper oxide superconductors. In our extension, new fermionic excitations
called cofermions emerge in conjunction to generalized excitons. The cofermions hybridize with
conventional quasiparticles. Then a hybridization gap opens, and is identified as the pseudogap observed
in the underdoped cuprates. The resultant Fermi-surface reconstruction naturally explains a number of
unusual properties of the underdoped cuprates, such as the Fermi arc and/or pocket formation.
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Since the discovery of cuprate superconductors, the
nature of low-energy electronic excitations evolving in
their normal metallic phase has attracted much attention
as one of the central issues in condensed matter physics.
One reason for the interest lies in its connection to the
origin of the high temperature superconductivity itself.

Electronic states in the underdoped cuprates are uncon-
ventional. For example, spin and charge excitations are
unexpectedly suppressed as “‘pseudogap phenomena’ in
the normal state. Recent improvement of experimental
tools, such as angle-resolved photoemission spectroscopy
(ARPES), has further enabled resolving strong momentum
dependence of quasiparticles (QPs) [1-3]. In particular,
QPs are hardly observed around antinodal points (7, 0)
and (0, 7) in the 2D Brillouin zone for the CuO, plane. It
looks like a truncation of a large Fermi surface observed in
the overdoped cuprates, and is sometimes called the
“Fermi arc.” More fundamentally, the normal state of
the cuprates remains a challenge as Mott physics in the
proximity to the Mott insulator [4]. Although the doped
Mott insulators in two dimensions have been studied for a
long time using various theoretical approaches [5—-17], the
nature of the electronic states is not yet fully understood.
Recently revealed pseudogap and arc or pocket of the
Fermi surface [1-3] require a conceptually deeper under-
standing for Mott physics.

In this Letter, we elucidate a key role of excitonlike
physics on this issue, rather than widely discussed anti-
ferromagnetic [18] and superconducting [19] fluctuations.
Excitons are known to be a key concept in physics of
semiconductors [20,21]. The excitonic state also emerges
in the Mott insulator, for instance as the charge transfer
excitation at the optical gap edge in the cuprates [22-24],
due to a strong binding of empty (holon) and doubly
occupied (doublon) sites in half-filled Mott insulators. In
the doped Mott insulators, in spite of screening by doped
carriers, the remnant of the binding may still remain as
weak binding between a doped holon and the preexisting
doublons similarly to excitons. When an electron or hole is
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added to the doped Mott insulators, it may appear as
a normal QP extended in space. However, an electron
(a hole) can alternatively be added locally to a holon
(doublon) site with a small cost of the on-site Coulomb
repulsion. This generates a bound composite particle (co-
fermion) consisting of the preexisting holon (doublon) and
the added electron (hole). We call such cofermions (CFs)
holo-electron (doublo-hole).

A CF (a holo-electron or a doublo-hole) dynamically
breaks up into (and recombines from) a conventional QP
and a charge boson. This dynamic process is naturally
interpreted as a hybridization between the CF and the
QP. Here, we show that the resultant hybridization gap
offers a natural understanding of a number of key proper-
ties of the underdoped cuprates [4] such as Fermi pocket or
arc formation [1-3], pseudogap behavior seen in the single
particle spectra [2,25], specific heat [26,27], the asymmet-
ric density of states (DOS) [28], and violation of the
Wiedemann-Franz law [29,30], without any symmetry
breaking. We specifically predict that the pseudogap opens
as a s-wave-like gap in the unoccupied part above the
Fermi level contrary to the widely assumed d-wave
structure.

We study the Hubbard Hamiltonian on a square lattice,

A =3"1el8,, + U gy, )
ij i

where 6; (¢;,) 1s spin-o creation (annihilation) operator at
a site i, while 71;, = é;ﬂ,éw. For the hopping ;;, we take
only — for the nearest-neighbor and # for the next-near-
est-neighbor pairs.

We first employ the Kotliar-Ruckenstein slave-boson
formalism [31], while the local Hilbert space of the
Hubbard model is expanded not by the original electron
¢, but instead by introducing a fermion f »» which stands
for the o-spin QP, following Ref. [32] and one slave boson
for each Fock state as é for the empty state (holon) |0), p,,
for the singly occupied state | o) (o =1 , or] ), and d for the
doubly occupied state (doublon) | 1|). After the mapping,
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the Coulomb repulsion U is now interpreted as a “‘chemical
potential” for ﬁ;r, while the correlation now appears, as we
describe below, in hopping process of f:fa disturbed by
slave-boson motion under the local constraints é;r é; +
SoblyPic + dld; =1 and fl,fi; = pl,pi, +dld; im-
posed to keep consistency between the boson and fermion
Hilbert space. In the enlarged Hilbert space, these two
constraints are assured, respectively, by the Lagrange mul-
tipliers )\f-l) and /\(-2) in the Lagrangian as

L=Y7L0D8; + LjoMtfio(n) + LY. @)
ij

Di=0, =+ A0, Lip(n) = 2, (0], (7),
and 2;, = g,iﬁ(pwe + d*pm)g(” @ = (1= plpis —
efe) 12 and 3P = (1 — pf piv — d:rd,-) 12 following
the literature [31]). A part of the Lagrangian £g))

Agl), /\5(27) and quadratic terms of bosonic fields only [31] as,
LY = 3del (o, + AMein) + X, 55,000, + A~
/\(2)]]7“,(7') +dt Do, + U+ AV =3 A24,(n). To
take into account the Gaussian ﬂuctuations of the bosonic
fields beyond the mean-field level [33], the Bogoliubov
prescription is used, where the boson operators b; (b=

d or p,) are divided into condensate b, and ﬂuctuatlng
components b; as bJr = b, + bJr b = by + b;.

In this Letter, we make further progress by considering
low-energy dynamics arising from coupled bosons and
fermions. First, we reexamine the strong coupling (U/t —
+00) limit [8,17], where adding a o-spin electron is pos-
sible only to |0), namely, a holon site, to avoid creating | 1])
(doublon) with the cost of U. Creation operators for the
electron at |0) are given by ¢; f L.

When /U becomes nonzero, an added electron may
become a coherent QP. However, we still have rather
localized character of holons, and it allows alternatively
forming a collective excitation of a hole and the added
electron similarly to an exciton. This collective character is
clearly distinguished from the conventional QP. In fact this
composite-fermion does not have charge in contrast to the
QP [34]. Our crucial step is to include dynamics of this
composite fermion expressed by é; fIT ( f ,-,,é;r).

When we impose the local constraints more strictly for
fluctuating bosons beyond the mean-field level, it turns out
that, in the hopping process of f, expressed by

f 5”,, ”f,,,, the coefficient ;fj}, = glUgZU(pl”e +
d;rp,(,)(ej Pis T ﬁ;fl}c?) is dominating [35]. Here we em-
ploy g1, = (1~ pg, — &) "* and g1, = (1 = pj, —
d3)~'/? following Ref. [31]. This vertex stands for the
backflow consisting of bosons, due to QP motions.

Then we treat coupling of charge bosons and QPs in
f oL Py f jo» Which represents a part of the electron-electron

ijo

interactions in the Hamiltonian (1), by interpreting the
form such as f;rgb,-b;-r fjo as the decoupled product of

= (¢, d)fi and C,, = f;, (@], d)T. Namely, this

where

contains

boson-QP interaction is equivalently treated by introducing
integrals over the Grassmanian Stratonovich-Hubbard

fields Y, = (41, %1) as €1 C;p—CL Y0+ YL.Cp —
YLY,,.

The newly introduced Grassmann fields lZ/;ro. and /{/L are
physically interpreted as CFs, the holo-electron and

doublo-hole, respectively. Then, CLY]U + YJr C is
naturally interpreted as breakup and recomblnatlon pro-
cesses of the CFs. After integrating fluctuating bosons out,
as mentioned below, it results in the hybridization between
CFs fp,,, Xo and QPs f(,.

We treat Gaussian fluctuations of bosons, and the dy-
namic coupling between QPs and CFs by using a set of the
Dyson equations up to the second order of 7;;, as depicted
in Fig. 1: Thick lines (thick wavy lines) stand for the
dressed Green’s functions of the charge bosons
Adb(r, 1) = —(TBH1)B2T(0)) (spin bosons C(r, ) =
—(T¢¢(r)p"1(0)), where a, b=1, 2, r=i—j
(BL B = (&, d), and (¢, 32) = (Pips piy). Here we
neglect the coupling between charge and spin bosons
such as <[7;ro'é,->, since it becomes small scaled by the
doping rate x for |x| << 1. The correction at higher doping
is left for future studies. Thick lines with arrows represent
the dressed QPs Gg)(r, 7). Thin lines [thin wavy lines]
represent bare propagators of the charge bosons A& (r, 7)

[spin bosons C2*(r, )], determined by £ Thin lines with
arrows are bare propagators of the QPs G, (1, 7) deter-
mined by [, = Z,jfm(r)[D 8 + go(rtu]f],,(r) where

loo = 819835 (Poseo + doPos)>. The Lagrangian L, is
obtained by decoupling the fluctuating bosons from the
Lagrangian I - .AEE?) [see Eq. (2)]. Thick (thin) dashed
lines with arrows are the cofermion propagators JF¢?
(Fsd = 8.4/€ with € = 0) (c, d = i, x). This peculiar
divergence of _’]:8" is because the Lagrangian does not
include CFs if we neglect the interactions between bosons
and fermions. By solving the Dyson equations, we obtain
the propagators for the QPs and CFs. Here the bosonic

FIG. 1 (color online).

Diagrams for the Dyson equations. Solid
(dashed) lines with arrows represent propagators of the QPs
(CFs). Wavy (solid) lines stand for the charge (spin) bosons.
Condensations of bosons are represented by lines terminated at
crosses. Coupling constant 810820 ij is represented by open
polygons. Here, we do not distinguish holons and doublons.

Spins and “flavors” of CFs (¢, ) are also not distinguished in
the diagram, for simplicity. Filled circles stand for the amplitude
of the hybridization between QPs and CFs.
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degrees of freedom are taken into account in a self-
consistent fashion, through the CF self-energy and the
amplitude of hybridization between the QPs and CFs.

Now we show how our self-consistent solution of
coupled QPs, bosons and CFs predicts normal-state prop-
erties. We show the result at U = 127 and ¢/ = 0.25¢ to get
insight into the cuprate superconductors by restricting to
paramagnetic solutions at temperature 7 = (. First, we
give the spectral functions calculated from the electron
Green’s function G,k w) [35]; Ak w)=
—Im[G,,(k, w)]/7r. In Fig. 2(a), we show A(k, w) for the
hole concentration x = 0.05. Two main features are found,
as confirmed by numerics [36]: the coherent band arising
from the QP around the Fermi level and the remnant of the
upper (lower) Hubbard band at w > 61 (w < —2f) gener-
ated by dynamics of & and d [33,37].

Here, we focus on reconstructions of the Fermi surface.
The QP Green’s function is given as [35]

Gk w)=[w — fpe + p — 3k )], (3)

where 3, = A(k)*/(y @ — a;) is the QP self-energy aris-
ing from the QP-CF hybridization A (k). Here the CF propa-
gator (y,@ — a;) ! is obtained from the expansion around
the CF pole. The QPs Green’s function has a hybridization
gap due to the hybridization with the CFs and Gg) shows
the divergence of the QP self-energy given by 2. ; at the zero
surface [12,14-16] defined by y,®w — a; = 0. In our the-
ory, the zero surface splits the band dispersion and gener-
ates a distinct s-wave-like gap [as is seen in Fig. 2(b) and
supported by recent numerical observation [15,16]].
Topological transitions occur at x = 0.13 and x =~ 0.18
[see Figs. 3(a)-3(d)]. Below x =~ 0.13, the reconstructed
Fermi surface consists of nontrivial small hole pockets, as a
result of the QP-CF hybridization as we see in Fig. 3(a).

(a) 12
6 >
5 :
8 0 ~
-6
(0,0) (m,m) (m,0) (0,0

FIG. 2 (color online).

Calculated
¢/t =025 U/t=12 and x = 0.05. (a) Spectral function
A(k, w) along lines running from (0,0), (7,7) and (7,0) to
(0,0). The dashed line is the Fermi level. We use a finite broad-
ening factor 6 = 0.05¢. (b) Band dispersion of QP for x = 0.05.

spectral functions for

It is difficult to distinguish the pockets from the arc struc-
ture as we see in Fig. 3(a). This is because the zero surface
near the outer part partially destroys the QPs. For 0.13 < x,
large Fermi surfaces appear, instead of Fermi pockets.
For 0.13 =< x =< 0.18, a holelike surface centered at
(7, 7r), and an electronlike one centered at (7, 77) coexist
[see Fig. 3(b)]. However, the electronlike surface is hardly
seen again because of the nearby zero surface.

A gap Apg measured from the Fermi level u emerges
near the antinode, corresponding to the pseudogap in the
ARPES as we identify in Fig. 3(e). The pseudogap Apg is
determined by the hybridization gap A(k), basically scaled
by a fraction of 7, consistently with numerical studies [13].
The doping dependence of Apg is given in Fig. 4(a), in
agreement with the ARPES for LSCO [2,25].

For x = 0.13, the density of states (DOS) of the elec-
trons ¢, at the Fermi level, pp = — ¢ [ d*kA(k, 0)/4,
is clearly suppressed, as illustrated in Fig. 4(b). We com-
pare pp with the specific heat coefficient y measured
for LSCO [26,27] by using the conventional relation
y = m*pgp/3 at T = 0. Our vy is consistent with experi-
ments. The w-dependence of the DOS shows significant
asymmetry around o = 0 in contrast to the DOS for
the noninteracting case [35], which naturally explains the
asymmetric averaged tunneling spectra observed in the
hole-underdoped cuptrates [28] (see Refs. [38,39] for dif-
ferent interpretations).

The present result slightly depends on the choice of the
parameters. For instance, Apg decreases from the present
result by an amount ~0.05¢at ¢/t = 0.25and U/t = 15 or
'/t =0.15 and U/t = 12, while the qualitative features
are robust.

The present CF contributes to the entropy and the ther-
mal conductivity « in addition to the QP. On the other

(a)
(0,m) . . x=0.15
\}\electron_—

\ \/ like

x=0.20
\ \electron-
N\ like

(0,0)
(d)

small pocket )
electron like
X

00.13" | 0.18
hole like

FIG. 3 (color online). Reconstructed Fermi surfaces and spec-
tral functions A/(k, @) for ¢/r=025 and U/t=12.
(a—c) Ap(k, w)(= —Im[GY(k, w)]/7) at @ = iS. Here we take
the broadening factor 6 = 0.05¢. Solid and dashed lines illustrate
the poles of QPs. (d) Doping dependence of Fermi-surface
topology in our theory. (¢) A(k, w) along the symmetry line
running from (0, 0) through (77, 0) to (7, 7) for x = 0.10. Thin
solid and dashed white lines illustrate poles of QPs. We define
Apg as the gap between u(w = 0) and the maximum of the QP
dispersion below w along this symmetry line.
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FIG. 4 (color online). (a) Pseudogap Apg as a function of hole
doping rate x. Thick solid line is Apg calculated by our theory.
Closed (red) squares show Apg estimated from the ARPES [25]
for La,_,Sr,CuO4 (LSCO). (b) DOS of electrons vs x in the
present theory (bold solid curve). The thin dashed curve stands
for the DOS of the noninteracting case. Closed (blue) circles are
obtained by a linear extrapolation of low-temperature normal-
state y of LSCO in Ref. [26] to T — 0, representing the
presumable lower limit. Closed (red) squares stand for the
estimate for LSCO obtained in Ref. [27] by the Zn doping,
which may be an upper limit. All of the present results are
obtained at t = 0.4 eV, '/t = 0.25 and U/t = 12.

hand, the electric conductivity o is contributed only from
the QP. Therefore we expect a serious breakdown of the
Wiedeman-Franz law [29,30] that predicts a universal
constant Ly = 72k3/3e? for the ratio L = k/To. Our
theory predicts L > L.

We propose to test our specific prediction of the s-wave-
like gap structure in unoccupied spectra, for example, by
improving the low-energy electron spectroscopies, such as
the inverse photoemission, the low-energy electron diffrac-
tion spectroscopy, resonant inelastic x-ray spectroscopy, or
time resolved photoemission spectroscopy. The midin-
frared peak and long tail of the optical conductivity [22]
indeed supports our prediction.

Our finding is that hidden cofermionic particles called
holo-electrons and doublo-holes play a key role: The CFs
hybridize with the QPs and cause a hybridization gap
identified as the pseudogap. A number of resultant proper-
ties consistent with the unusual normal states of the cup-
rates support relevance of our cofermion theory to physics
of the cuprates.
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