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States induced in the single-particle spectrum by doping a Mott insulator
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In strongly correlated electron systems, the emergence of states in the Mott gap in the single-particle spectrum
following the doping of the Mott insulator is a remarkable feature that cannot be explained in a conventional
rigid-band picture. Here, based on an analysis of the quantum numbers and the overlaps of relevant states, as well
as through a demonstration using the ladder and bilayer ¢-J models, it is shown that in a continuous Mott transition
due to hole doping, the magnetically excited states of the Mott insulator generally emerge in the electron-addition
spectrum with the dispersion relation shifted by the Fermi momentum in the momentum region where the lower
Hubbard band is not completely filled. This implies that the dispersion relation of a free-electron-like mode in
the electron-addition spectrum eventually transforms into essentially the momentum-shifted magnetic dispersion
relation of the Mott insulator, while its spectral weight gradually disappears toward the Mott transition. This
feature reflects the spin-charge separation of the Mott insulator.
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I. INTRODUCTION

A significant feature in the Mott transition is the emergence
of states in the Mott gap in the single-particle spectrum due to
the doping of a Mott insulator [1]. Since such a feature does
not appear when a noninteracting band insulator is doped, this
phenomenon must be related to strong electronic correlations
intrinsic in the Mott transition. However, although these states,
which are called doping-induced states or in-gap states, have
been observed in materials such as cuprate high-temperature
(high-T¢) superconductors and in various theoretical calcula-
tions [1-45], their interpretations are controversial.

In particular, the question of whether the doping-induced
states in the two-dimensional (2D) Hubbard and 7-J models
in the parameter regime relevant to high-7, cuprates near
the Mott transition are essentially disconnected from the
low-energy states by an energy gap or not has attracted
considerable interest. This is because this issue is related
not only to the nature of the Mott transition but also to
the Fermi surface near the Mott transition (hole pockets or
a free-electron-like Fermi surface) [6,15-19,24-27,33,35,37—
39] and the anomalous features observed in high-T;. cuprates
[6-8]. The presence of the energy gap has been suggested by
numerical calculations [21-25,28,37-39] and interpreted in
terms of various concepts, such as the binding between double
occupancy and vacancy [21,22,24,26,27], the effect of a charge
2e boson [21,22], hybridization between the quasiparticle
and cofermion [26,27], and a spin-polaron shakeoff [37,38].
The absence of the energy gap has also been suggested by
numerical calculations [14,16—19,33-35], where the doping-
induced states have been interpreted as a quasiparticle coupled
with antiferromagnetic correlations [16] and as essentially the
magnetic excitation of the Mott insulator which emerges in the
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single-particle spectrum because charge character is added by
doping [33-35].

In this paper, we address this issue from a general
perspective, by investigating how the dispersion relation of
the doping-induced states should generally behave in the
small-doping limit of a continuous Mott transition, based on an
analysis of the quantum numbers and the overlaps of relevant
states. The validity of the argument is demonstrated using the
two-leg ladder and bilayer 7-J models. An intuitive real-space
picture of the doping-induced states is also presented.

We consider zero-temperature properties of repulsively
interacting systems where the ground states are Mott insulators
at half filling and metals in the small-doping limit. The
numbers of sites, unit cells, electrons, and doped holes are
denoted by N, Ny, N, and Ny(= N — N.), respectively. The
doping concentration is denoted by (= Ny /Ny).

II. QUANTUM NUMBERS

We study the single-particle spectral function defined as

Alk.) = %Zmﬁ |(m|c,'(’6|GS)h|28(a) —&p) for >0,

3 Yomo Mk o |GS)p*8(w + &) for o <0,
where |GS), and ¢, denote the ground state at N, =h
and the excitation energy of the eigenstate |m) from |GS),
respectively. Here, c,Tw denotes the creation operator of an
electron with momentum k and magnetization o.

If |GS);, has spin s, magnetization s,, and momentum
kg, (m|c,Tm|GS)h can be nonzero only for |m) with h — 1
holes, spin |s & 1/2|, magnetization s, + ¢, and momentum
k + ky [46]. In addition, if the ground-state energy (including
the chemical-potential term) at N, = & is lower than that of
Nn = h — 1 by €, N.-conserving excited states with excitation
energy w — € from |GS),_; can contribute to A(k,w) at
Ny = h, where € — +0 for Ny — oo in a metallic phase
(including & = 1). In interacting systems, it is generally
expected that low-energy eigenstates (particularly those of

dominant excitations) having the same quantum numbers as

those of components of c}: »|GS);, have nonzero overlap with
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ck »|GS);, for k where the lower Hubbard band (LHB) is not
completely filled.

Thus, if |GS); has spin 1/2 and momentum kg, |GS)( with
spin 0 and momentum 0 should contribute to A(k,w) at k =
—kr and w = € for the top of the holelike band [LHB at
half filling (N, = 0)] in the small-doping limit, which causes
hole-pocket-like behavior as in a doped band insulator [37].
In addition, the magnetically excited states with spin 1 at half
filling [37] having the dispersion relation w = f(k) should
emerge following doping along w = f(k + kg) + € in A(k,w)
for k where the LHB is not completely filled.

According to this argument, if the magnetic excitation
of the Mott insulator is gapless at momenta 0 and @, the
doping-induced states in the small-doping limit should also be
gapless at —kp and Q — kg (kg if Q = 2kg) and exhibit
the momentum-shifted magnetic dispersion relation in the
momentum region where the LHB is not completely filled
(primarily outside the Fermi surface). This behavior essentially
agrees with the results for the one-dimensional (1D) and 2D
Hubbard models in Refs. [32—-34] and those for the 2D ¢-J
model in Ref. [35] and suggests the coexistence of holelike
behavior and electronlike behavior for w 2 0.

Although it has been pointed out that the spin-O and
spin-1 states at half filling can appear in the electron-addition
spectrum at Ny = 1, the relationship of the momenta (dis-
persion relations) has not been recognized in Ref. [37]; the
doping-induced states in the 2D ¢-J and Hubbard models
have been considered to be disconnected by an energy gap
from the low-energy states relevant to holelike Fermi surfaces
and have been interpreted as spin-polaron shakeoff bands in
Refs. [37,38]. However, according to the above argument,
it is natural to interpret the doping-induced states in the
small-doping limit as essentially the states of the spin-wave
mode of the Mott insulator and to consider that they exhibit
the gapless spin-wave dispersion relation [47-49] shifted by
kg in the 2D ¢-J and Hubbard models.

III. OVERLAP

To strengthen the above argument, we consider the ¢-J
model defined by the following Hamiltonian:

1
H=Y 1€ C0+ ) Jij (Si "Sj = Z"i”j)

i#j,0 i#]

—Mzni,
i

where ¢; o = ¢i (1 —n; _s)andn; = ZG n;  for the annihi-
lation operator c¢; , and number operator n; , of an electron
with magnetization o at site i. Here, S; denotes the spin
operator at site i. At each site, a vacant state |0) or a singly
occupied magnetization-o state |o) is allowed, but double
occupancy is forbidden. Here, we assume that |GS)q has spin
0 and momentum 0 and that |GS), has spin 1/2, magnetization
¢, and momentum k. For instance, |GS)( on a bipartite lattice
with the same number of sites in the two sublattices has spin
0 in a finite-size system with J; ; > O for neighboring sites
between the two sublattices and J; ; = 0 otherwise [50].
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M i +.0 T i
Because ¢; )’ can be expressed as S§;""¢; _|a)' and

ZSf’”E;U |}’ using

—+,0 ~t ~ z,0
Sl‘ = C; 5Ci,—0o> S,' =i,

- ni,fu)/zs

where |«)! denotes the state at site i (Ejakx)" = |o)! for |a) =

|0}, and O otherwise),

0(GSIT,, _ IGS), Z (GSIST, %, &1 (1GS)s

\/_

0(GSIS™ S .Gk _ |GS)1,

- mE
(1)

S+(z).o _

~ 1K-r 1
e ey

1k-r; Siﬁ-(z)ﬁ

using the site j coordinate r;. Equation (1) means that
the overlaps between the electron-addition states at N, = 1
(ck |GS); and ¢ ck |GS)1) and the single-spin excited states
at half filling (S;;fC |GS)o and Sy, |GS)o) are related to the
overlap between the electron-removal state for the momentum
at the top of the LHB at half filling (E ke,—c|GS)o) and |GS);.

From Eq. (1), if (GS|c_k _§|GS) is  0(1),
0(GSIS™; S,ck IGS) and  o(GS|S¥ < ,ék _IGS) are
expected to be O(1 /\/ﬁs) at O(N,) k points. Then, for
these k points, the normalized electron-addition states should

normally have O(1) overlap with the normalized single-spin
ex01ted states because L Z 0{GS|S_k, - Sk,|GS)o = 3/4 and

N > GS|ck‘.,gcki.a|GS)1 = 1/N[13,18].
In addition, because all sites are
pied at half filling, E' +Cj.o'1GS)o = §;

NLS 2je
0(GS|S*; 5,2 1GS)1 = /N (GSle"

singly occu-
¢i.o'|GS)p and

1] i,0

'(k—kF>"fnj|GS)o = 8k x:|GS)o. Hence,
—_ 5k,§E]]:,§|GS)1’
0{GSIS7 S 48 1GS)1 = v/Noo(GSIeL

—8k—kev/Nso(GSIZ, _ 1GS)1/2.

Thus, the overlap can be roughly estimated in a decoupling
approximation as

0(GSIST %48 IGS)1 ~ /Ni&1(GS|ér.sZf IGS)1,
0(GSIS“S 4k IGS)1 ~ v/Neg1(GS|& ¢} __|GS)s

_ Ch—cTp_ |GS)y

— Skt NE/2, 2
where & = ((GS|&' U |GS)1. Atk = —kg,

0(GS|S74 %, 1GS)1 = 0(GSIS™% 4éh _1GS)1 =0

because |GS) is assumed to be a spin-0 state.

The above results imply that the single-spin excited states
of the Mott insulator contribute significantly to the doping-
induced states in the small-doping limit for k where the

LHB is not completely filled (E,tyglGS)l # 0) and for k #
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—kg if o(GS|&T, _.IGS); is O(1). In 1D systems, even if

0(GS|5ikF’7§|GS)] — 0 for Ny — oo [51,52], exact-solution
analyses and numerical calculations strongly suggest that the
mode of the doping-induced states in the small-doping limit

primarily reflects the dominant part of the magnetic excitation
[32,53].

IV. WEAKLY COUPLED TWO-SITE CLUSTERS

To demonstrate the validity of this argument, we consider
the two-leg ladder and square-lattice bilayer #-J models for
>, J. > JH,IJ_ > Jl,andtH > JH > O(JJ_/IH is not too
small for the ground state to have spin O or 1/2 [54,55]). Here,
t; and J, denote —¢; ; and 2J; ; for neighboring sites between
chains (planes), respectively, and #; and J; denote —¢; ; and
2J;,; for neighboring sites in chains (planes), respectively, in
the ladder (bilayer) model. The other #; ; and J; ; are set to zero.
Although some aspects of the doping-induced states in similar
models have been discussed [40-42], this paper clarifies
the nature of the doping-induced states through explicit
calculations of the spectral weights, dispersion relation, and
overlaps with magnetically excited states, using the effective
eigenstates up to O(z)) and O(J)).

A. One-hole doping

The ground state at half filling (spin 0 and momentum 0), the
low-energy spin-1 eigenstate at half filling, and the low-energy
eigenstate at N, = 1 are expressed, respectively, as

IGS)o = [S)' ®@--- @ |S)™,

B Jlﬁ Zel"”"”flnz)" Bz 19,

|T>kH Sz

|B>Il‘H,6 _ \/_ Z 1ky-ry; |B ®l¢j |S>l,

where |S)/, | T, V7, and | B,. )f represent the two-electron spin-0
state, spin-1 state, and one- -electron bonding state, respectively,
at the jth two-site unit cell with coordinate r; forfy = J; = 0.
Here, s, and k) denote the magnetization and inter-unit-cell
momentum, respectively. The magnetic dispersion relation at
half filling is obtained by calculating the excitation energy of

|T)A" from |GS):

Jycosky+ Jo
J”(COS k”x —+ cos k”y) —+ JJ_

AEG) for 1D systems,
= for 2D systems.

The ground state at N, = 1 with magnetization ¢ (|GS);) is
|B)7f’§ if k| can be set to &, where m indicates 7 and (7r,7) for
1D and 2D systems, respectively. For the small-doping limit,
the value of w is set such that | (GS|H|GS)| = ¢(GS|H|GS)o —
€ with € — 0.

We calculate the spectral function at N, = 1. By adding
an electron to the ground state at Ny = 1, spin-0 and -1
states are obtained [40] as follows: |GS)¢/ V2 2(=cl, §|GS)1)

k 2
for spin 0, and |T), (had ¢ )/ Nu(=¢ (k”,,)glGSh) and

IT)k ku+7r 0/ 2N.(= E(ku S |GS)1) for spin 1. Here, (k,k1)
1ndlcates the momentum with inter- and intra-unit-

PHYSICAL REVIEW B 92, 085129 (2015)

cell momenta k; and k,;, respectively, and kg = (,0).
Thus, there are spectral weights at ky = —m and w =
e in Aplky,w) %Z |0(GS|ckU|GS)1|2=8k,_kF/4] and
essentially along the d1spers10n relation of the mag-
netic excitation shifted by m, o =AE(k;+m)+e,

in Ag(ky.0) [, lo" " (T 12l, 1) o |GSNIP = 3/(AN),

where Ap(kj,w) and A,(kj,») denote the spectral functions

for CE/? 0).0 and EE,PHY”)A’G, respectively. The shift of 7 is due to

the momentum difference between |GS); and |GS)y.

The spectral weight for w > 0 averaged over the momentum
is 1/ Ng(=4), which is consistent with the spectral-weight sum
rule [13,18]. One quarter of this spectral weight (6/4) is from
the ground state at half filling, which contributes to the mode
causing hole-pocket-like behavior, whereas three quarters

(38/4) is from the magnetically excited states (| T)g”’XZ), which
spread over the entire k region for k;, =m and can be
identified as the doping-induced states. In addition, Eq. (1)
and the validity of the decoupling approximation [Eq. (2)] can
be confirmed using

0(GS[e!, _1GS) = 1/v2,
0(GSIS ks Pk i, |GSI = i, ny/2/ s,

_|GS)1 = 8k, 7 /v/2Ns.

B. Multihole doping

7,—¢ ~
0 (GS|S—kF—(ku -h)c(ku k1),

A similar analysis is applicable to multihole-doped cases
in the small-doping regime. The ground state at N, = & is
effectively expressed as a linear combination of direct products
of h |B,) and (N, — h) |S) states. Because the doping-induced
states are obtained by replacing one of the 4 | B, ) states with
|T5.), the spectral weights increase as § increases. In addition,
because a magnetic-excitation mode similar to that of the Mott
insulator remains for w =~ J, and because the Fermi momenta
remain near (7 ,0), significant spectral weights should continue
to be located almost along the momentum-shifted magnetic
dispersion relation of the Mott insulator in A, (k). The states
obtained by replacing one of the & |B,) states with |S) form
a mode as in a doped band insulator (= the upper edge of the
LHB at half filling) in Ay(k),w) [40].

More simply and generally, the behavior of the spectral
function at finite §(=4) can be understood as being deformed
continuously from that of the small-doping limit if phase
transition does not occur for 0 < § < §y. This change should
be small in the small-doping regime.

For confirmation, Fig. 1 shows the results for the ¢-J
ladder obtained using the non-Abelian dynamical density-
matrix renormalization group (DDMRG) method [35] [the
DDMRG method [56] in the U(1) ® SU(2) basis [57,58]],
where 120 density-matrix eigenstates are retained. The spin
dynamical structure factors S,(kj,w) and Sy(k|,w) are defined,
respectively, in the same way as A,(kj,») and Ay(k),w) for
w > 0 but for spin operators. The mode for w/f; ~ 1 in
A,(kj,w) at Ny, = 2 corresponds to the doping-induced states
and exhibits almost the same dispersion relation as that of the
magnetic excitation at N, = 0, but shifted by approximately
7 in ky [Figs. 1(a)-1(c)]. The states for kj ~ 7 and @ ~ 0 in
Ap(kj,w) form a mode as in a doped band insulator [Figs. 1(d)
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FIG. 1. (Color online) (a) A.(kj,w)t; at Ny = 2, (b) A,(kj,w)t; at N, = 0, and (c) S,(kj,w)t; at N, = 0 in the ¢-J ladder for ¢, /1) = 2,
Jy/ty =1/4,J./ty = 1, and Ny, = 120, obtained using the non-Abelian DDMRG method. At Ny, = 0, p is set to the value of the small-doping
limit. (d)—(f) The same as (a)—(c) but for A,(k;,w)t; and Sy(k;,w)t,. The solid green lines indicate w = 0. Gaussian broadening with a standard

deviation of 0.1 is used.

and 1(e)]. Thus, the results shown in Fig. 1 are consistent with
the above analysis.

The results shown in this section (Sec. IV) demonstrate that
the magnetically excited states of the Mott insulator emerge
as the doping-induced states in the small-doping limit in 1D
and 2D systems and that the dispersion relation of the doping-
induced states is essentially the same as that of the magnetic
excitation, but shifted by the Fermi momentum. In the above
ladder and bilayer #-J models, the doping-induced states in
the small-doping limit are disconnected from the low-energy
states because the magnetic excitation at half filling has an
energy gap; in models having a gapless magnetic excitation at
half filling, the doping-induced states should exhibit a gapless
dispersion relation in the small-doping limit.

V. DIFFERENCE DUE TO DOPING

The difference in the electron-addition spectra between
a Mott insulator and the small-doping limit is explained as
follows. In a Mott insulator, c,Tw|GS)o yields no spectral
weights in the Mott gap because there are no eigenstates with
N, = N; + 1 in this energy regime. In the small-doping limit,
in contrast, c;m |GS); can yield spectral weights in the Mott
gap because low-energy eigenstates for the magnetic excitation
of the Mott insulator exist [32-37].

The emergence of the electron-addition states in the Mott
gap reflects the spin-charge separation of the Mott insulator
[33-36]. The spin-charge separation means that the low-
energy properties are described in terms of independent spin
and/or charge degrees of freedom rather than in terms of an
electronlike quasiparticle. In 1D interacting electron systems,
the spin-charge separation occurs even in a metallic phase
in the low-energy limit [59-61]. On the other hand, in a
Mott insulator, the spin-charge separation occurs [62] in any
dimension: the low-energy properties are described in terms
of the spin excitation which is gapless or has an energy gap
of the order of the (effective) spin-spin interaction, whereas
the charge excitation has an energy gap of the order of the

Coulomb interaction. Because of this spin-charge separation,
although there are low-energy magnetically excited states, the
electron-addition excitation does not have spectral weights in
the Mott gap in a Mott insulator; the charge quantum number of
the magnetically excited states (N, = N;) differs from that of
c;a |GS)o (N. = N; + 1). However, the magnetically excited
states can emerge in the electron-addition spectrum with the
dispersion relation shifted by the Fermi momentum following
the doping of the Mott insulator as discussed above [32-37].
This is in contrast with the noninteracting band insulator case,
where the lowest spin excitation energy is the same as the band
gap.

In the ladder and bilayer 7-J models considered above,
although the ground-state behavior is similar to that of a
(doped) band insulator, the characteristic of the Mott transition
(the emergence of the states) occurs for w > 0, reflecting the
spin-charge separation of the Mott insulator (the presence
of the low-energy spin excitation and the absence of the
low-energy charge excitation).

VI. REAL-SPACE PICTURE

The situation in the small-doping regime can be intuitively
explained as follows. The added electron, which is located
at the position of a vacancy at low energies, has almost no
chance to hop to another vacant site if vacancies are distributed
homogeneously. However, the added electron can hop with a
small energy to a neighboring site occupied by an electron
having the opposite magnetization, at the same time as that
electron hops to the site that was occupied by the added
electron. This is nothing but the spin exchange process. Thus,
in general, the electron-addition excitation in the small-doping
regime exhibits a dispersion relation similar to that of the
magnetic excitation of the Mott insulator, but shifted by
the Fermi momentum. This shift is due to the momentum
difference between the ground states before and after the
electron addition. The spectral weight in the large-repulsion
regime should be O(§) because the probability that the added
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electron occupies a vacant site is essentially Np/Ng in the
small-doping regime.

VII. REMARKS

Even if the ground state at half filling has an antiferromag-
netic long-range order, c,t’(T |GS); should have nonzero overlap
with the spin-wave mode at half filling because both involve
spin-1 components if |GS)¢ and |GS); have spin-0 and spin-
1/2 components, respectively. Thus, the doping-induced states
in the small-doping limit are expected to exhibit essentially
the same dispersion relation as that of the spin-wave mode,
but shifted by the Fermi momentum, in the momentum region
where the LHB is not completely filled (primarily outside the
Fermi surface). This picture is consistent with the results for
the 2D Hubbard and ¢-J models in Refs. [33-35].

The continuous transformation of the single-particle disper-
sion relation for w > 0 into the momentum-shifted magnetic
dispersion relation of the Mott insulator does not necessarily
mean that the magnetic excitation of the Mott insulator
is interpreted in terms of spinons (spin-1/2 and charge-0
quasiparticles), because this characteristic is independent of
quasiparticle pictures. The momentum shift is simply due to
the momentum difference between the ground states before
and after the electron addition. In the above ladder and bilayer
t-J models, the magnetic excitation is typically interpreted in
terms of a triplon (spin-1 and charge-0 quasiparticle).

The doping-induced states in the small-doping limit can
involve not only the magnetically excited states but also
other low-energy excited states (spin-0 excited states) at half
filling if cl »|GS)1 contains components with these quantum
numbers. Nevertheless, the doping-induced states are expected
to be primarily due to the magnetic excitation because this is
generally the most dominant low-energy excitation in a Mott
insulator (Fig. 1) [32-35].

In a first-order Mott transition where phase separation
occurs for 0 < § < §.(3#0), the states obtained by adding
an electron in the § — O limit are mixtures of the electron-
addition states from the ground state at § = 8. and those at
6 = 0, which are not exactly the magnetically excited states
at half filling. Nevertheless, the dispersing mode for w > 0
in the LHB before the Mott transition in the large-repulsion
regime should more or less reflect the magnetic excitation
from a Mott insulating state (an eigenstate at half filling)
similar to the ground state at § = §.. Thus, the indications that
a spin-charge-separated Mott insulator is being approached,
such as a reduction in spectral weight from the dispersing
mode [32-36], are expected to generally appear near the Mott
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transition in the large-repulsion regime, provided the value of
8. is relatively small.

VIII. DISCUSSION AND SUMMARY

We consider the issue of the doping-induced states in the
2D Hubbard and #-J models mentioned in Sec. I. Because
the low-energy magnetic excitation at half filling is well
described in terms of the gapless spin-wave mode [47-49],
according to the present results, a mode exhibiting the spin-
wave dispersion relation shifted by the Fermi momenta should
emerge in the electron-addition spectrum in the small-doping
limit; the mode should be gapless at the Fermi momenta be-
cause the spin-wave mode is gapless. If the LHB around (0,0)
is essentially completely filled, the mode appears primarily
outside this momentum region. This picture is consistent with
the results in Refs. [33-35]; interpretations suggesting that
the doping-induced states are essentially disconnected from
the low-energy states by an energy gap [21-28,37-39] are not
consistent with this picture in the small-doping limit. For the
1D Hubbard model, this picture essentially agrees with the
results in Refs. [32,34].

In summary, the general and direct relationships of the
doping-induced states with the magnetically excited states
of the Mott insulator were clarified based on an analysis of
the quantum numbers and the overlaps, as well as through
a demonstration using the ladder and bilayer z-J models.
The results imply that the doping-induced states in the small-
doping limit exhibit essentially the same dispersion relation as
that of the magnetic excitation of the Mott insulator, but shifted
by the Fermi momentum, in the momentum region where the
LHB is not completely filled in a continuous Mott transition.
This characteristic should be general and independent of the
dimensionality and quasiparticle pictures.

With the reverse use of this characteristic, the magnetic
dispersion relation of the Mott insulator can be inferred
from the dispersion relation of the electron-addition excitation
in the small-doping limit by shifting this dispersion relation
by the Fermi momentum. In particular, if the electron-addition
excitation has a gap in an energy regime, the magnetic
excitation is also expected to have a gap in this energy regime.

ACKNOWLEDGMENTS

This work was supported by KAKENHI (Grants No.
23540428 and No. 26400372) and the World Premier In-
ternational Research Center Initiative (WPI), MEXT, Japan.
The numerical calculations were partly performed on the
supercomputer at the National Institute for Materials Science.

[1] H. Eskes, M. B. J. Meinders, and G. A. Sawatzky, Phys. Rev.
Lett. 67, 1035 (1991).

[2] H. Romberg, M. Alexander, N. Nicker, P. Adelmann, and
J. Fink, Phys. Rev. B 42, 8768 (1990).

[3] C. T. Chen, F. Sette, Y. Ma, M. S. Hybertsen, E. B. Stechel, W.
M. C. Foulkes, M. Schluter, S-W. Cheong, A. S. Cooper, L. W.
Rupp, Jr., B. Batlogg, Y. L. Soo, Z. H. Ming, A. Krol, and Y. H.
Kao, Phys. Rev. Lett. 66, 104 (1991).

[4] T. Takahashi, T. Watanabe, T. Kusunoki, and H. Katayama-
Yoshida, J. Phys. Chem. Solids 52, 1427 (1991).

[5] M. Taguchi, A. Chainani, K. Horiba, Y. Takata, M. Yabashi,
K. Tamasaku, Y. Nishino, D. Miwa, T. Ishikawa, T. Takeuchi,
K. Yamamoto, M. Matsunami, S. Shin, T. Yokoya, E. Ikenaga,
K. Kobayashi, T. Mochiku, K. Hirata, J. Hori, K. Ishii,
F. Nakamura, and T. Suzuki, Phys. Rev. Lett. 95, 177002 (2005).

[6] E. Dagotto, Rev. Mod. Phys. 66, 763 (1994).

085129-5


http://dx.doi.org/10.1103/PhysRevLett.67.1035
http://dx.doi.org/10.1103/PhysRevLett.67.1035
http://dx.doi.org/10.1103/PhysRevLett.67.1035
http://dx.doi.org/10.1103/PhysRevLett.67.1035
http://dx.doi.org/10.1103/PhysRevB.42.8768
http://dx.doi.org/10.1103/PhysRevB.42.8768
http://dx.doi.org/10.1103/PhysRevB.42.8768
http://dx.doi.org/10.1103/PhysRevB.42.8768
http://dx.doi.org/10.1103/PhysRevLett.66.104
http://dx.doi.org/10.1103/PhysRevLett.66.104
http://dx.doi.org/10.1103/PhysRevLett.66.104
http://dx.doi.org/10.1103/PhysRevLett.66.104
http://dx.doi.org/10.1016/0022-3697(91)90122-G
http://dx.doi.org/10.1016/0022-3697(91)90122-G
http://dx.doi.org/10.1016/0022-3697(91)90122-G
http://dx.doi.org/10.1016/0022-3697(91)90122-G
http://dx.doi.org/10.1103/PhysRevLett.95.177002
http://dx.doi.org/10.1103/PhysRevLett.95.177002
http://dx.doi.org/10.1103/PhysRevLett.95.177002
http://dx.doi.org/10.1103/PhysRevLett.95.177002
http://dx.doi.org/10.1103/RevModPhys.66.763
http://dx.doi.org/10.1103/RevModPhys.66.763
http://dx.doi.org/10.1103/RevModPhys.66.763
http://dx.doi.org/10.1103/RevModPhys.66.763

MASANORI KOHNO

[7] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039
(1998).

[8] N. P. Armitage, P. Fournier, and R. L. Greene, Rev. Mod. Phys.
82, 2421 (2010).

[9] M. B. J. Meinders, H. Eskes, and G. A. Sawatzky, Phys. Rev. B
48, 3916 (1993).

[10] H. Eskes and A. M. Oles, Phys. Rev. Lett. 73, 1279 (1994).

[11] H. Eskes, A. M. Ole§, M. B. J. Meinders, and W. Stephan, Phys.
Rev. B 50, 17980 (1994).

[12] E. Dagotto, A. Moreo, F. Ortolani, J. Riera, and D. J. Scalapino,
Phys. Rev. Lett. 67, 1918 (1991).

[13] E. Dagotto, A. Moreo, F. Ortolani, D. Poilblanc, and J. Riera,
Phys. Rev. B 45, 10741 (1992).

[14] E. Dagotto, F. Ortolani, and D. Scalapino, Phys. Rev. B 46, 3183
(1992).

[15] R. Preuss, W. Hanke, C. Grober, and H. G. Evertz, Phys. Rev.
Lett. 79, 1122 (1997).

[16] R. Preuss, W. Hanke, and W. von der Linden, Phys. Rev. Lett.
75, 1344 (1995).

[17] N. Bulut, D. J. Scalapino, and S. R. White, Phys. Rev. B 50,
7215 (1994).

[18] W. Stephan and P. Horsch, Phys. Rev. Lett. 66, 2258 (1991).

[19] Y. Ohta, K. Tsutsui, W. Koshibae, T. Shimozato, and S.
Maekawa, Phys. Rev. B 46, 14022 (1992).

[20] A. Moreo, S. Haas, A. W. Sandvik, and E. Dagotto, Phys. Rev.
B 51, 12045 (1995).

[21] P. Phillips, T.-P. Choy, and R. G. Leigh, Rep. Prog. Phys. 72,
036501 (2009).

[22] P. Phillips, Rev. Mod. Phys. 82, 1719 (2010).

[23] T. Tohyama, Phys. Rev. B 70, 174517 (2004).

[24] S. Sakai, Y. Motome, and M. Imada, Phys. Rev. Lett. 102,
056404 (2009).

[25] S. Sakai, Y. Motome, and M. Imada, Phys. Rev. B 82, 134505
(2010).

[26] Y. Yamaji and M. Imada, Phys. Rev. Lett. 106, 016404
2011).

[27] Y. Yamaji and M. Imada, Phys. Rev. B 83, 214522
(2011).

[28] S. Sakai, S. Blanc, M. Civelli, Y. Gallais, M. Cazayous, M.-A.
Meéasson, J. S. Wen, Z. J. Xu, G. D. Gu, G. Sangiovanni, Y.
Motome, K. Held, A. Sacuto, A. Georges, and M. Imada, Phys.
Rev. Lett. 111, 107001 (2013).

[29] T. D. Stanescu, M. Civelli, K. Haule, and G. Kotliar, Ann. Phys.
321, 1682 (2006).

PHYSICAL REVIEW B 92, 085129 (2015)

[30] B. Kyung, S. S. Kancharla, D. Sénéchal, A.-M. S. Tremblay, M.
Civelli, and G. Kotliar, Phys. Rev. B 73, 165114 (2006).

[31] A. Liebsch, Phys. Rev. B 81, 235133 (2010).

[32] M. Kohno, Phys. Rev. Lett. 105, 106402 (2010).

[33] M. Kohno, Phys. Rev. Lett. 108, 076401 (2012).

[34] M. Kohno, JPS Conf. Proc. 3, 013020 (2014).

[35] M. Kohno, Phys. Rev. B 92, 085128 (2015).

[36] M. Kohno, Phys. Rev. B 90, 035111 (2014).

[37] R. Eder and Y. Ohta, Phys. Rev. B 54, 3576 (1996).

[38] R. Eder, K. Seki, and Y. Ohta, Phys. Rev. B 83, 205137 (2011).

[39] R. Eder, Y. Ohta, and T. Shimozato, Phys. Rev. B 50, 3350
(1994).

[40] R. Eder and Y. Ohta, Phys. Rev. B 69, 100502 (2004).

[41] T. M. Rice, S. Haas, M. Sigrist, and F.-C. Zhang, Phys. Rev. B
56, 14655 (1997).

[42] S. Haas and E. Dagotto, Phys. Rev. B 54, R3718(R) (1996).

[43] C. Lavalle, M. Arikawa, S. Capponi, F. F. Assaad, and A.
Muramatsu, Phys. Rev. Lett. 90, 216401 (2003).

[44] M. M. Zemlji¢, P. Prelovsek, and T. Tohyama, Phys. Rev. Lett.
100, 036402 (2008).

[45] P. Prelovsek and A. Ramsak, Physica C 341-348, 893 (2000).

[46] P. Nozieres, Theory of Interacting Fermi Systems (W. A.
Benjamin, New York, 1964).

[47] P. W. Anderson, Phys. Rev. 86, 694 (1952).

[48] E. Manousakis, Rev. Mod. Phys. 63, 1 (1991).

[49] J. E. Hirsch, Phys. Rev. B 31, 4403 (1985).

[50] E. Lieb and D. Mattis, J. Math. Phys. 3, 749 (1962).

[51] S. Sorella and A. Parola, J. Phys.: Condens. Matter 4, 3589
(1992).

[52] S. Sorella and A. Parola, Phys. Rev. Lett. 76, 4604 (1996).

[53] K. Penc, K. Hallberg, F. Mila, and H. Shiba, Phys. Rev. B 55,
15475 (1997).

[54] M. Kohno, Phys. Rev. B 56, 15015 (1997).

[55] V. Ya. Krivnov, A. A. Ovchinnikov, and V. O. Cheranovskii,
Synth. Met. 33, 65 (1989).

[56] E. Jeckelmann, Phys. Rev. B 66, 045114 (2002).

[57] L. P. McCulloch, A. R. Bishop, and M. Gulacsi, Philos. Mag. B
81, 1603 (2001).

[58] I. P. McCulloch, Ph.D. thesis, Australian National University,
2001.

[59] E. D. M. Haldane, J. Phys. C: Solid State Phys. 14, 2585 (1981).

[60] S. Tomonaga, Prog. Theor. Phys. 5, 544 (1950).

[61] J. M. Luttinger, J. Math. Phys. 4, 1154 (1963).

[62] P. W. Anderson, Physica C 341-348, 9 (2000).

085129-6


http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.70.1039
http://dx.doi.org/10.1103/RevModPhys.82.2421
http://dx.doi.org/10.1103/RevModPhys.82.2421
http://dx.doi.org/10.1103/RevModPhys.82.2421
http://dx.doi.org/10.1103/RevModPhys.82.2421
http://dx.doi.org/10.1103/PhysRevB.48.3916
http://dx.doi.org/10.1103/PhysRevB.48.3916
http://dx.doi.org/10.1103/PhysRevB.48.3916
http://dx.doi.org/10.1103/PhysRevB.48.3916
http://dx.doi.org/10.1103/PhysRevLett.73.1279
http://dx.doi.org/10.1103/PhysRevLett.73.1279
http://dx.doi.org/10.1103/PhysRevLett.73.1279
http://dx.doi.org/10.1103/PhysRevLett.73.1279
http://dx.doi.org/10.1103/PhysRevB.50.17980
http://dx.doi.org/10.1103/PhysRevB.50.17980
http://dx.doi.org/10.1103/PhysRevB.50.17980
http://dx.doi.org/10.1103/PhysRevB.50.17980
http://dx.doi.org/10.1103/PhysRevLett.67.1918
http://dx.doi.org/10.1103/PhysRevLett.67.1918
http://dx.doi.org/10.1103/PhysRevLett.67.1918
http://dx.doi.org/10.1103/PhysRevLett.67.1918
http://dx.doi.org/10.1103/PhysRevB.45.10741
http://dx.doi.org/10.1103/PhysRevB.45.10741
http://dx.doi.org/10.1103/PhysRevB.45.10741
http://dx.doi.org/10.1103/PhysRevB.45.10741
http://dx.doi.org/10.1103/PhysRevB.46.3183
http://dx.doi.org/10.1103/PhysRevB.46.3183
http://dx.doi.org/10.1103/PhysRevB.46.3183
http://dx.doi.org/10.1103/PhysRevB.46.3183
http://dx.doi.org/10.1103/PhysRevLett.79.1122
http://dx.doi.org/10.1103/PhysRevLett.79.1122
http://dx.doi.org/10.1103/PhysRevLett.79.1122
http://dx.doi.org/10.1103/PhysRevLett.79.1122
http://dx.doi.org/10.1103/PhysRevLett.75.1344
http://dx.doi.org/10.1103/PhysRevLett.75.1344
http://dx.doi.org/10.1103/PhysRevLett.75.1344
http://dx.doi.org/10.1103/PhysRevLett.75.1344
http://dx.doi.org/10.1103/PhysRevB.50.7215
http://dx.doi.org/10.1103/PhysRevB.50.7215
http://dx.doi.org/10.1103/PhysRevB.50.7215
http://dx.doi.org/10.1103/PhysRevB.50.7215
http://dx.doi.org/10.1103/PhysRevLett.66.2258
http://dx.doi.org/10.1103/PhysRevLett.66.2258
http://dx.doi.org/10.1103/PhysRevLett.66.2258
http://dx.doi.org/10.1103/PhysRevLett.66.2258
http://dx.doi.org/10.1103/PhysRevB.46.14022
http://dx.doi.org/10.1103/PhysRevB.46.14022
http://dx.doi.org/10.1103/PhysRevB.46.14022
http://dx.doi.org/10.1103/PhysRevB.46.14022
http://dx.doi.org/10.1103/PhysRevB.51.12045
http://dx.doi.org/10.1103/PhysRevB.51.12045
http://dx.doi.org/10.1103/PhysRevB.51.12045
http://dx.doi.org/10.1103/PhysRevB.51.12045
http://dx.doi.org/10.1088/0034-4885/72/3/036501
http://dx.doi.org/10.1088/0034-4885/72/3/036501
http://dx.doi.org/10.1088/0034-4885/72/3/036501
http://dx.doi.org/10.1088/0034-4885/72/3/036501
http://dx.doi.org/10.1103/RevModPhys.82.1719
http://dx.doi.org/10.1103/RevModPhys.82.1719
http://dx.doi.org/10.1103/RevModPhys.82.1719
http://dx.doi.org/10.1103/RevModPhys.82.1719
http://dx.doi.org/10.1103/PhysRevB.70.174517
http://dx.doi.org/10.1103/PhysRevB.70.174517
http://dx.doi.org/10.1103/PhysRevB.70.174517
http://dx.doi.org/10.1103/PhysRevB.70.174517
http://dx.doi.org/10.1103/PhysRevLett.102.056404
http://dx.doi.org/10.1103/PhysRevLett.102.056404
http://dx.doi.org/10.1103/PhysRevLett.102.056404
http://dx.doi.org/10.1103/PhysRevLett.102.056404
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1103/PhysRevB.82.134505
http://dx.doi.org/10.1103/PhysRevLett.106.016404
http://dx.doi.org/10.1103/PhysRevLett.106.016404
http://dx.doi.org/10.1103/PhysRevLett.106.016404
http://dx.doi.org/10.1103/PhysRevLett.106.016404
http://dx.doi.org/10.1103/PhysRevB.83.214522
http://dx.doi.org/10.1103/PhysRevB.83.214522
http://dx.doi.org/10.1103/PhysRevB.83.214522
http://dx.doi.org/10.1103/PhysRevB.83.214522
http://dx.doi.org/10.1103/PhysRevLett.111.107001
http://dx.doi.org/10.1103/PhysRevLett.111.107001
http://dx.doi.org/10.1103/PhysRevLett.111.107001
http://dx.doi.org/10.1103/PhysRevLett.111.107001
http://dx.doi.org/10.1016/j.aop.2006.03.009
http://dx.doi.org/10.1016/j.aop.2006.03.009
http://dx.doi.org/10.1016/j.aop.2006.03.009
http://dx.doi.org/10.1016/j.aop.2006.03.009
http://dx.doi.org/10.1103/PhysRevB.73.165114
http://dx.doi.org/10.1103/PhysRevB.73.165114
http://dx.doi.org/10.1103/PhysRevB.73.165114
http://dx.doi.org/10.1103/PhysRevB.73.165114
http://dx.doi.org/10.1103/PhysRevB.81.235133
http://dx.doi.org/10.1103/PhysRevB.81.235133
http://dx.doi.org/10.1103/PhysRevB.81.235133
http://dx.doi.org/10.1103/PhysRevB.81.235133
http://dx.doi.org/10.1103/PhysRevLett.105.106402
http://dx.doi.org/10.1103/PhysRevLett.105.106402
http://dx.doi.org/10.1103/PhysRevLett.105.106402
http://dx.doi.org/10.1103/PhysRevLett.105.106402
http://dx.doi.org/10.1103/PhysRevLett.108.076401
http://dx.doi.org/10.1103/PhysRevLett.108.076401
http://dx.doi.org/10.1103/PhysRevLett.108.076401
http://dx.doi.org/10.1103/PhysRevLett.108.076401
http://dx.doi.org/10.7566/JPSCP.3.013020
http://dx.doi.org/10.7566/JPSCP.3.013020
http://dx.doi.org/10.7566/JPSCP.3.013020
http://dx.doi.org/10.7566/JPSCP.3.013020
http://dx.doi.org/10.1103/PhysRevB.92.085128
http://dx.doi.org/10.1103/PhysRevB.92.085128
http://dx.doi.org/10.1103/PhysRevB.92.085128
http://dx.doi.org/10.1103/PhysRevB.92.085128
http://dx.doi.org/10.1103/PhysRevB.90.035111
http://dx.doi.org/10.1103/PhysRevB.90.035111
http://dx.doi.org/10.1103/PhysRevB.90.035111
http://dx.doi.org/10.1103/PhysRevB.90.035111
http://dx.doi.org/10.1103/PhysRevB.54.3576
http://dx.doi.org/10.1103/PhysRevB.54.3576
http://dx.doi.org/10.1103/PhysRevB.54.3576
http://dx.doi.org/10.1103/PhysRevB.54.3576
http://dx.doi.org/10.1103/PhysRevB.83.205137
http://dx.doi.org/10.1103/PhysRevB.83.205137
http://dx.doi.org/10.1103/PhysRevB.83.205137
http://dx.doi.org/10.1103/PhysRevB.83.205137
http://dx.doi.org/10.1103/PhysRevB.50.3350
http://dx.doi.org/10.1103/PhysRevB.50.3350
http://dx.doi.org/10.1103/PhysRevB.50.3350
http://dx.doi.org/10.1103/PhysRevB.50.3350
http://dx.doi.org/10.1103/PhysRevB.69.100502
http://dx.doi.org/10.1103/PhysRevB.69.100502
http://dx.doi.org/10.1103/PhysRevB.69.100502
http://dx.doi.org/10.1103/PhysRevB.69.100502
http://dx.doi.org/10.1103/PhysRevB.56.14655
http://dx.doi.org/10.1103/PhysRevB.56.14655
http://dx.doi.org/10.1103/PhysRevB.56.14655
http://dx.doi.org/10.1103/PhysRevB.56.14655
http://dx.doi.org/10.1103/PhysRevB.54.R3718
http://dx.doi.org/10.1103/PhysRevB.54.R3718
http://dx.doi.org/10.1103/PhysRevB.54.R3718
http://dx.doi.org/10.1103/PhysRevB.54.R3718
http://dx.doi.org/10.1103/PhysRevLett.90.216401
http://dx.doi.org/10.1103/PhysRevLett.90.216401
http://dx.doi.org/10.1103/PhysRevLett.90.216401
http://dx.doi.org/10.1103/PhysRevLett.90.216401
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1103/PhysRevLett.100.036402
http://dx.doi.org/10.1016/S0921-4534(00)00722-X
http://dx.doi.org/10.1016/S0921-4534(00)00722-X
http://dx.doi.org/10.1016/S0921-4534(00)00722-X
http://dx.doi.org/10.1016/S0921-4534(00)00722-X
http://dx.doi.org/10.1103/PhysRev.86.694
http://dx.doi.org/10.1103/PhysRev.86.694
http://dx.doi.org/10.1103/PhysRev.86.694
http://dx.doi.org/10.1103/PhysRev.86.694
http://dx.doi.org/10.1103/RevModPhys.63.1
http://dx.doi.org/10.1103/RevModPhys.63.1
http://dx.doi.org/10.1103/RevModPhys.63.1
http://dx.doi.org/10.1103/RevModPhys.63.1
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1103/PhysRevB.31.4403
http://dx.doi.org/10.1063/1.1724276
http://dx.doi.org/10.1063/1.1724276
http://dx.doi.org/10.1063/1.1724276
http://dx.doi.org/10.1063/1.1724276
http://dx.doi.org/10.1088/0953-8984/4/13/020
http://dx.doi.org/10.1088/0953-8984/4/13/020
http://dx.doi.org/10.1088/0953-8984/4/13/020
http://dx.doi.org/10.1088/0953-8984/4/13/020
http://dx.doi.org/10.1103/PhysRevLett.76.4604
http://dx.doi.org/10.1103/PhysRevLett.76.4604
http://dx.doi.org/10.1103/PhysRevLett.76.4604
http://dx.doi.org/10.1103/PhysRevLett.76.4604
http://dx.doi.org/10.1103/PhysRevB.55.15475
http://dx.doi.org/10.1103/PhysRevB.55.15475
http://dx.doi.org/10.1103/PhysRevB.55.15475
http://dx.doi.org/10.1103/PhysRevB.55.15475
http://dx.doi.org/10.1103/PhysRevB.56.15015
http://dx.doi.org/10.1103/PhysRevB.56.15015
http://dx.doi.org/10.1103/PhysRevB.56.15015
http://dx.doi.org/10.1103/PhysRevB.56.15015
http://dx.doi.org/10.1016/0379-6779(89)90858-8
http://dx.doi.org/10.1016/0379-6779(89)90858-8
http://dx.doi.org/10.1016/0379-6779(89)90858-8
http://dx.doi.org/10.1016/0379-6779(89)90858-8
http://dx.doi.org/10.1103/PhysRevB.66.045114
http://dx.doi.org/10.1103/PhysRevB.66.045114
http://dx.doi.org/10.1103/PhysRevB.66.045114
http://dx.doi.org/10.1103/PhysRevB.66.045114
http://dx.doi.org/10.1080/13642810110051782
http://dx.doi.org/10.1080/13642810110051782
http://dx.doi.org/10.1080/13642810110051782
http://dx.doi.org/10.1080/13642810110051782
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1088/0022-3719/14/19/010
http://dx.doi.org/10.1143/ptp/5.4.544
http://dx.doi.org/10.1143/ptp/5.4.544
http://dx.doi.org/10.1143/ptp/5.4.544
http://dx.doi.org/10.1143/ptp/5.4.544
http://dx.doi.org/10.1063/1.1704046
http://dx.doi.org/10.1063/1.1704046
http://dx.doi.org/10.1063/1.1704046
http://dx.doi.org/10.1063/1.1704046
http://dx.doi.org/10.1016/S0921-4534(00)00378-6
http://dx.doi.org/10.1016/S0921-4534(00)00378-6
http://dx.doi.org/10.1016/S0921-4534(00)00378-6
http://dx.doi.org/10.1016/S0921-4534(00)00378-6



