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Abstract

In order to study the magnetic properties of frustrated metallic systems, we present quantum Monte Carlo data on the magnetic

susceptibility of the Hubbard model on triangular and kagomé lattices. We show that the underlying lattice structure is important and

determines the nature and the doping dependence of the magnetic fluctuations in these models.
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The discovery of superconductivity in NaxCoO2 � yH2O
has generated new interest in frustrated interacting systems
[1]. In cobaltates, cobalt and oxygen ions form a two-
dimensional triangular network, and it has been shown
that the triangular CoO2 lattice consists of four coupled
kagomé sublattices [2]. For this reason, we use Quantum
Monte Carlo (QMC) simulations to investigate the
magnetic properties of interacting systems on triangular
and kagomé lattices [3]. The triangular Hubbard model
was studied previously with the path-integral renormaliza-
tion-group (RG) [4], the one-loop RG [5] and the
fluctuation-exchange (FLEX) [6] approaches. The FLEX
method was also used for studying the magnetic properties
of the Hubbard model on the kagomé lattice [7].

In the following, we will see that the triangular Hubbard
model has strong antiferromagnetic (AF) correlations near
half-filling and at low temperatures, when the Coulomb
repulsion U is of the order of the bandwidth. On the other
hand, for weak U, the magnetic correlations saturate as
T ! 0. The Hubbard model on the kagomé lattice also
exhibits enhanced short-range AF correlations. In the
doped case, we find that the short-range AF correlations
are stronger for the kagomé than the triangular lattice.
- see front matter r 2006 Elsevier B.V. All rights reserved.
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This is interesting since the ground state of the spin-1
2

Heisenberg model has long-range order on the triangular
lattice and it is disordered in the kagomé case. We note that
it would be useful to investigate the possibility of super-
conductivity in metallic kagomé systems.
The Hubbard model is defined by

H ¼ �t
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where t is the hopping matrix element between the nearest
neighbor-sites, U is the on-site Coulomb repulsion, and m is
the chemical potential. Here, cis (cyis) annihilates (creates)
an electron with spin s at site i, and nis ¼ c

y

iscis. In the
following, we will take to0 and consider hniX1:0, which is
the appropriate case for the cobaltates [2]. In obtaining the
QMC data presented here, the determinantal QMC
technique [8] was used.
For the triangular lattice, the magnetic susceptibility is

defined by

wðqÞ ¼
Z b

0

dt
X
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where mzðriÞ ¼ c
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i#ci# and mzðri; tÞ ¼ eHtmzðriÞe
�Ht.

In the following, w will be plotted in units of jtj�1.
The kagomé lattice is a three-band model, since each unit

cell consists of three sites. Hence, each lattice site on the
kagomé lattice can be represented by the indices ð‘; dÞ
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where ‘ is the unit-cell index and d denotes the atomic site
in a particular unit cell. For the kagomé case, we define the
magnetic susceptibility as

wdd 0 ðqÞ ¼

Z b

0

dt
X
‘

e�iq�r‘ hmz
dðriþ‘; tÞmz

d 0 ðriÞi, (3)

where mz
dðriÞ ¼ c

y

id"cid" � c
y

id#cid#, cids (cyids) is the annihila-
tion (creation) operator of an electron with spin s at lattice
site ði; dÞ and the summation is performed over the unit-cell
locations. Diagonalizing the 3� 3 matrix wdd 0 ðqÞ, we obtain
waðqÞ which describes the three modes of the magnetic
excitations on the kagomé lattice.

We first present results for the triangular lattice at half-
filling. Fig. 1(a) shows wðqÞ versus q for U ¼ 4jtj on various
size lattices as the temperature is lowered. Here, it is seen
2

χ 
(q

)
χ 

(q
)

χ 
(q

)

1

0

3

0

3

0
Γ Μ Κ Γ

q

c

b

a T=0.1 |t|
T=0.20 |t|
T=0.25 |t|
T=0.5 |t|

T=0.33 |t|

T=0.5 |t|

T=1.0 |t|

〈n〉=1.0
〈n〉=1.1
〈n〉=1.2
〈n〉=1.3

12x12

10x10

8x8

Fig. 1. Magnetic susceptibility wðqÞ versus q of the triangular Hubbard

model. Here, q is scanned along the path G!M ! K ! G in the BZ of

the triangular lattice. The temperature evolution of wðqÞ at half-filling is

shown in (a) for U ¼ 4jtj and in (b) for U ¼ 8jtj. In these figures, the

dotted curves represent results for the noninteracting case at the lowest

temperature used in that figure. The evolution of wðqÞ versus q with the

electron density hni is shown in (c) for U ¼ 8jtj and T ¼ 0:33jtj. Here, the

dotted curve represents the results for the noninteracting system at hni ¼

1:3 and T ¼ 0:33jtj.
that wðqÞ does not vary significantly with T, in particular
for 0:25jtjpTp0:17jtj. For comparison, w0ðqÞ for the
noninteracting system at T ¼ 0:17jtj is shown by the
dotted curve. Fig. 1(b) displays wðqÞ versus q for U ¼ 8jtj
at half-filling, where we observe a large Stoner enhance-
ment of the AF correlations. In contrast with the U ¼ 4jtj
case, here, wðqÞ at the K point grows rapidly with a Curie-
like T dependence down to 0:33jtj. However, it is not
known whether wðqÞ saturates at lower T for U ¼ 8jtj.
Fig. 1(c) shows the filling dependence of wðqÞ for U ¼ 8jtj
while T is kept fixed at 0:33jtj. Here, we observe that the
AF correlations decay monotonically with doping.
Next, we discuss the magnetic properties of the Hubbard

model on the kagomé lattice. Fig. 2(a) shows QMC results
on waðqÞ for U ¼ 4jtj and T ¼ 0:2jtj at half-filling. The top
band (a ¼ 1) and the second band (a ¼ 2) involve strong
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Fig. 2. Magnetic susceptibility waðqÞ versus q for the Hubbard model on

the kagomé lattice. Here, the three magnetic modes of waðqÞ are shown at

each q point, as q is scanned along the path G!M 0 ! K 0 ! G in the first

BZ of the kagomé lattice. Results on waðqÞ at half-filling are shown in (a)

for U ¼ 4jtj and T ¼ 0:2jtj and in (b) for U ¼ 8jtj and T ¼ 0:33jtj. These
data have been obtained on lattices with 6� 6 and 4� 4 unit cells. In (c),

results are shown for hni ¼ 1:15 with U ¼ 4jtj and T ¼ 0:14jtj.
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short-range AF correlations. The third mode is weaker in
magnitude. Fig. 2(b) shows waðqÞ versus q for U ¼ 8jtj and
T ¼ 0:33jtj at half-filling. In Fig. 2(c), the QMC results are
shown for U ¼ 4jtj and T ¼ 0:14jtj at hni ¼ 1:15. In the
doped case, we find that the near-neighbor AF correlations
are stronger for the kagomé than the triangular lattice.

In this paper, we have presented QMC results on the
magnetic correlations in the Hubbard model on the
triangular and kagomé lattices. At the temperatures where
these calculations were performed, we find, in both of these
models, that the magnetic correlations grow rapidly as T

decreases at half-filling for U ¼ 8jtj, while they saturate
when U ¼ 4jtj. In addition, in the doped case, the low-
frequency short-range AF correlations are stronger in the
kagomé case than in the triangular case. This makes the
interacting metallic systems with kagomé type of lattice
structures a promising field for studies of super-
conductivity.
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