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Mott Transition in Kagomé Lattice Hubbard Model

Takuma Ohashi and Norio Kawakami
Department of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan

Hirokazu Tsunetsugu

Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
(Received 13 February 2006; published 8 August 2006)

We investigate the Mott transition in the kagomé lattice Hubbard model using a cluster extension of
dynamical mean field theory. The calculation of the double occupancy, the density of states, and the static
and dynamical spin correlation functions demonstrates that the system undergoes the first-order Mott
transition at the Hubbard interaction U/W ~ 1.4 (W:bandwidth). In the metallic phase close to the Mott
transition, we find the strong renormalization of three distinct bands, giving rise to the formation of heavy
quasiparticles with strong frustrated interactions. It is elucidated that the quasiparticle states exhibit
anomalous behavior in the temperature-dependent spin correlation functions.
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Geometrically frustrated electron systems have provided
hot topics in the field of strongly correlated electron sys-
tems. The observation of heavy fermion behavior in
LiV,0, [1], which has the pyrochlore lattice structure
with a corner-sharing network of tetrahedra, has activated
theoretical studies of electron correlations with geometri-
cal frustration. The discovery of superconductivity in the
triangular-lattice compound Na,CoO, - yH,O [2] and the
B-pyrochlore osmate KOs,Og [3] has further stimulated
intensive studies of frustrated electron systems. Geometri-
cal frustration has uncovered new aspects of the Mott
metal-insulator transition, which is now one of the central
issues in the physics of strongly correlated electron sys-
tems. Among others, a novel quantum liquid ground state
suggested for the Mott insulating phase of the triangular
lattice [4] may be relevant for frustrated organic materials
such as k-(ET),Cu,(CN); [5].

The kagomé lattice (Fig. 1) is another prototype of
frustrated systems with some essential properties of the
pyrochlore lattice. It is suggested that a correlated electron
system on the kagomé lattice can be an effective model of
Na,CoO, - yH,O by properly considering anisotropic hop-
ping matrix elements in the cobalt 3d orbitals [6]. The issue
of electron correlations for the kagomé lattice was ad-
dressed recently by using the fluctuation-exchange
(FLEX) approximation [7] and quantum Monte Carlo
(QMC) method [8]. These studies focused on electron
correlations in the metallic regime, and the nature of the
Mott transition has not been clarified yet. Therefore, it is
desirable to investigate the kagomé lattice electron system
with particular emphasis on the Mott transition under the
influence of strong frustration.

In this Letter, we study the Mott transition of correlated
electrons on the kagomé lattice by means of the cellular
dynamical mean field theory (CDMFT) [9]. It is shown that
the metallic phase persists up to fairly large Coulomb
interactions due to the frustrated lattice structure. This
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gives rise to the strong renormalization of three distinct
bands, resulting in the multiband quasiparticles with strong
frustration near the Mott transition. In particular, we find
that the quasiparticles exhibit anomalous behavior in spin
correlation functions, which characterizes strong frustra-
tion in the metallic phase.

We consider the standard Hubbard model with nearest-
neighbor (NN) hopping ¢ ( > 0) on the kagomé lattice,

H==1> cle+ U ngny, (1)

(ijho i

with n;, = cjgcw, where c;rlr (cjo) creates (annihilates) an
electron with spin o at site i. We use the band width W =
6t as the energy unit. To study the Mott transition in the
kagomé lattice system, we need an efficient theoretical tool
to treat both strong correlations and geometrical frustra-
tion. The dynamical mean field theory (DMFT) [10] has
given substantial theoretical progress in the field of the
Mott transition, but it does not incorporate spatially ex-
tended correlations. In order to treat both strong correla-
tions and frustration, we use CDMFT, a cluster extension
of DMFT, which has been successfully applied to frus-
trated systems such as the Hubbard model on the triangular
lattice [11].

In CDMFT, the original lattice is regarded as a super-
lattice consisting of clusters, which is then mapped onto an
effective cluster model via a standard DMFT procedure.

FIG. 1 (color online). (a) Sketch of the kagomé lattice and
(b) the effective cluster model using three sites cluster CDMFT.
(c) First Brillouin zone of the kagomé lattice.
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Each unit cell of the kagomé lattice has three sites labeled
by 1, 2, and 3, as shown in Fig. 1(a). We thus end up with a
three-site cluster model coupled to the self-consistently
determined medium illustrated in Fig. 1(b). Given the
Green function for the effective medium, G,,, we can
compute the cluster Green function (A}(, and the cluster
self-energy i,, by solving the effective cluster model
with the QMC method [12]. Here, GU, G,, and ig are
described by 3 X 3 matrices. The effective medium GU is
then computed via the Dyson equation,

Ggmm=[§; 1

kw+ﬂ—am—igm}

S (),
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where u is the chemical potential and 7(k) is the Fourier-
transformed hopping matrix for the superlattice. Here the
summation of k is taken over the reduced Brillouin zone of
the superlattice [see Fig. 1(c)]. We have generated k points
on the hexagonal grid and systematically increased their
number until the results converge with accuracy <107°.
The number of k points depends on the physical parame-
ters, and, for example, it is typically ~25000 at T = 1/80.
After 20 times iteration of this procedure, numerical con-
vergence is reached. In each iteration, we typically use 10°
QMC sweeps and Trotter time slices L = 2W/T to reach
sufficient computational accuracy. Furthermore, we exploit
an interpolation scheme based on a high-frequency expan-
sion of the discrete imaginary-time Green function ob-
tained by QMC methods [13] in order to reduce time
slice errors.

Let us now investigate the Mott transition of the kagomé
lattice Hubbard model at half filling. In Fig. 2, we show the
results for the double occupancy D,.. = {n;n;)) at various
temperatures. At high temperatures, D,.. smoothly de-
creases as U increases, indicating the development of local
spin moments. As the temperature is lowered, there ap-
pears singular behavior around characteristic values of U.
When 1/50 = T/W = 1/20, D,.. shows crossover behav-
ior at U/W ~ 1.35. At lower temperature T/W = 1/80,
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FIG. 2 (color online). Double occupancy as a function of
interaction strength U/W. At T/W = 1/80, we can see the
discontinuity with hysteresis, indicating the first-order Mott
transition.

the crossover is changed to the discontinuity accompanied
by hysteresis, which signals a first-order phase transition at
U./W ~ 1.37. This is the first demonstration of the Mott
transition in the kagomé lattice Hubbard model. Note that
the critical interaction strength U, is much larger than the
crossover strength of U found for the unfrustrated square
lattice [14]. As is the case for the triangular lattice [11], the
double occupancy D, increases in the metallic phase
(U< U,) as T decreases, while it is almost independent
of T in the insulating phase (U > U,). The increase of D,
at low temperatures means the suppression of the local
moments due to the itinerancy of electrons, in other words,
the formation of quasiparticles. Note that in the metallic
phase close to the transition point, the increase of D,
occurs at very low temperatures. This implies that the
coherence temperature T- that characterizes the formation
of quasiparticles is very low. This naturally causes strong
frustration and, as shown below, brings about unusual
metallic properties near the Mott transition.

To see how the quasiparticles evolve around the Mott
transition point clearly, we calculate the density of states
(DOS) by applying the maximum entropy method [15] to
the imaginary-time QMC data. In Fig. 3, we show the DOS
at T/W = 1/80 for several values of the interaction U/W.
In the noninteracting case (U = 0), the DOS has three
distinct bands including a &-function peak above the
Fermi level. With increasing U/W, the DOS forms heavy
quasiparticle peaks around the Fermi level and eventually
develops a dip at U/W ~ 1.40, signaling the Mott transi-
tion. There are two characteristic properties in the metallic
phase close to the critical point. First, we note that heavy
quasiparticles persist up to the transition point (U/W =
1.30 and 1.36) and that there is no evidence for the pseu-
dogap formation, which is consistent with the U and T
dependence of the double occupancy in Fig. 2. This is
related to the suppression of magnetic instabilities in our
system, in contrast to the square lattice case, where the
quasiparticle states are strongly suppressed and a pseudo-
gap opens. The second point to be noticed is how strongly
the renormalization occurs near the critical point. One can
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FIG. 3 (color online). Density of states at T/W = 1/80.
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see three renormalized peaks near the Fermi level: not only
the electrons near the Fermi surface but also the two bands
away from the Fermi surface are renormalized to partici-
pate in the formation of quasiparticles. Therefore, the three
quasiparticle bands are all relevant for low-energy excita-
tions near the Mott transition, in contrast to the weak
coupling regime where only the single band around the
Fermi surface is relevant.

The remarkable fact we find is that the quasiparticles
show anomalous properties in spin correlations due to
strong frustration around the transition point. Shown in
Fig. 4 is the NN spin correlation function (S7S7,,) at
different temperatures. (S7S7, ) is always negative so that
the spin correlation is antiferromagnetic (AFM), which is a
source of strong frustration on the kagomé lattice. As U/W
increases, the NN AFM spin correlation is enhanced gradu-
ally. In the insulating phase the AFM spin correlation gets
stronger with decreasing temperature, as is expected. We
can see that more striking behavior emerges in the metallic
phase close to the critical point: the AFM spin correlation
is once enhanced and then suppressed with the decrease of
the temperature. The anomalous temperature dependence
results from the competition between the quasiparticle
formation and the frustrated spin correlations, which may
be characterized by two energy scales: the coherence tem-
perature T and T, characterizing the AFM spin fluctua-
tions. The AFM correlation is developed around 7" ~ T,
which stabilizes localized moments and causes frustration
in accordance with the monotonic enhancement of spin
correlations in the insulating phase in Fig. 4. On the other
hand, when the system is in the metallic phase, electrons
recover coherence in itinerant motion below 7. Therefore,
the frustration is relaxed by itinerancy of electrons via the
suppression of AFM correlations at 7 < T.. Thus, the
nonmonotonic temperature dependence of (S;S7, ,) clearly
demonstrates that the heavy quasiparticles are formed
under the influence of strong frustration.

The anomalous properties also appear in dynamical spin
correlation functions. We calculate the dynamical spin
susceptibility xjoc(w) = —i [ dre''{[Si(1), S7(0)]), where
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FIG. 4 (color online). The NN spin correlation function
(S38%,.,) as a function of U/W. Note that the low-temperature
spin correlation in the insulating phase is weaker than that for the
isolated triangle, (S7S7,,) = —1/12.

S§; = (c;rTcl-T - c;rlc,-l)/Z. In Fig. 5, we show Imy,.(w)
around the Mott transition at 7/W = 1/80. A remarkable
point is that the profile of Im y;..(w) dramatically changes
around the Mott transition. In the insulating phase
(U/W = 1.4, 1.5), Imy,.(w) has two distinct peaks at
low energies. In the metallic phase (U/W = 1.3, 1.36),
two peaks get renormalized into a single peak and its peak
value is strongly suppressed. This is the first demonstration
of drastic change of spin dynamics between metallic and
insulating phases in frustrated systems. In the insulating
phase, the short-range AFM correlations become dominant
at low temperatures, resulting in the appearance of the
double-peak structure. The strongly enhanced low-energy
peak in y)..(w) corresponds to excitations among the al-
most degenerate states for which a singlet spin pair is
formed inside the unit cell, while the higher-energy
hump is caused by the excitations from these low-energy
states to other excited states. In the metallic phase, the
AFM correlations are suppressed and then frustration is
relaxed via the itinerancy of electrons, which leads to the
renormalized single peak structure in yj.(w). Therefore,
the dramatic change in y;,.(w) features the competition
between itinerancy and frustration of correlated electrons
around the Mott transition point.

Finally, we investigate how these spin correlations affect
the long range correlations by calculating the wave vector
dependence of the static susceptibility,

T t t
Xyo(@) = ]O 47 (e} (D an(De o Ocis ),
kK’

3)

where vy, 6 = 1,2, 3 denote the superlattice indices. We
employ the standard procedure in DMFT to calculate
Xvs(q) [10], which includes NN correlations as well as
on-site correlations. It is convenient to introduce y,,(q) for
three normal modes (m = 1, 2, 3) by diagonalizing the 3 X
3 matrix x,s(q). We find that the q dependence of the
mode with the maximum eigenvalue [referred to as
Xmax(@)] is much weaker than that for the other two modes,
while the second largest mode has the strong q dependence
with a maximum at q = (0, 0). These results are consistent

8 - T T T T T T T

L — U/W=1.30 |

6l -===U/W=1.36_
2 b — U/W=1.40 |
R U/W=1.50
S N
E ,/ ‘\ \\
B AN N T

O 1 | 1

0 01 02 03 04 05

FIG. 5 (color online).
T/W = 1/80.

Dynamical susceptibility Im y;,.(w) at
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FIG. 6 (color online). The maximum mode of the susceptibil-
ity ¥max(q) at T/W = 1/30. Hexagons in panels denote the first
Brillouin zone as shown Fig. 1(c).

with the previous FLEX calculation [7] and the QMC study
[8]. We find, however, notable new results in the strong
coupling regime. In Fig. 6, we show yn.(q) for several
strengths of U/W at T/W = 1/30. In the noninteracting
case U/W = 0, the susceptibility takes a maximum at six
points in the Brillouin zone. As U/W increases, the sus-
ceptibility is enhanced not only at these six points but also
on the lines through I' and M points, so that xn.x(q)
becomes much flatter at U/W = 1.1 than in the noninter-
acting case. Once the system enters the insulating phase,
the q dependence of yn.<(q) dramatically changes its
character due to the enhancement of short-range AFM
correlations. At U/W = 1.4, the susceptibility is further
enhanced along the three lines in q space and becomes
dominant instead of the six points that give the leading
magnetic mode in the weak coupling regime. Furthermore,
by investigating the eigenvectors of Ym.«(q), we find that
two spins in the unit cell are antiferromagnetically coupled
but the other spin is free. Therefore, these enhanced spin
fluctuations favor a spatial spin configuration in which one-
dimensional (1D) AFM-correlated spin chains are inde-
pendently formed across free spins in three distinct direc-
tions. This is one of the naturally expected spin correla-
tions on the kagomé lattice, because it stabilizes antiferro-
magnetic configurations in one direction, which is more
stable than the naively expected spin configuration having
a singlet pair and a free spin in each cluster. This is
consistent with the intrachain spin correlations in the q =
0 structure predicted for the kagomé Heisenberg systems
[16]. The essential difference is that there is almost no
correlation between different chains. This is the first ob-

servation of 1D spin correlations in the itinerant electron
systems with frustration.

In summary, we have investigated the Mott transition in
the kagomé lattice Hubbard model using CDMFT com-
bined with QMC calculations. We have found that the
metallic phase is stabilized up to fairly large U, resulting
in the three-band heavy quasiparticles with strong frustra-
tion. This causes several anomalous properties of spin
correlation functions in the metallic phase close to the
critical point. We have also found a novel 1D spin corre-
lation in the insulating phase. Although we have used the
three-site-cluster CDMFT, the nature of the Mott transition
and the anomalous properties near the critical point would
not change qualitatively for a larger cluster size because
they are mainly due to the local nature of electron corre-
lations. On the other hand, the cluster size may affect [17]
more sensitively the spin correlations obtained in the in-
sulating phase and the spin liquid state (or other nonmag-
netic ordered states) [18] that is expected to be realized at
low temperatures. However, the enhanced one-dimensional
spin correlations could emerge in the intermediate tem-
perature region where localized spins are developed in
each cluster.
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