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Group-theoretical and resonating Hartree-Fock studies for spin fluctuations in two-dimensional
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Magnetic structures of the two-dimensional Hubbard model on a uniform triangular lattice are investigated
from the viewpoint of quantum fluctuations. First, possible spin density wave (SDW) solutions in the unrestricted
Hartree-Fock approximation are group theoretically classified for the ordering vectors of Q, = (G, + G;)/4,
Q; = C§Qy,and Q; = C; Q. Then, to include the electron correlation effects efficiently, we apply the resonating
Hartree-Fock method. It is shown that the spin fluctuations in the metallic ground stateat U /¢ ~ 4.5 are reasonably
described as hybridization of two different SDW states obtained by the group theoretical classification and their
low-energy excited states. These fluctuations make the long-range magnetic order significantly reduced in the

correlated ground state.
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I. INTRODUCTION

Electron correlation effects in geometrically frustrated sys-
tems have been attracting much attention in condensed-matter
physics. In fact, a lot of experiments, especially for «-type
BEDT-TTF compounds, have clarified that these systems show
a variety of interesting and nontrivial ground states, such
as superconductivity, noncolinear 120° antiferromagnetism
(AF), and a nonmagnetic Mott-type insulating state.'™* This
variety of ground states indicates inherent multistability of
the system and the ground state can be easily changed
by small changes in material parameters such as a lattice
constant. Such multistability is an important factor in applying
these materials to technology. On the other hand, quantum
fluctuations inevitably become very large in such a system
with multistability, and they make it difficult to theoretically
investigate detailed electronic structures beyond the mean-
field and perturbative approaches.>”’ So far, some sophisti-
cated numerical methods, such as the matrix-product-states
variational approach (and its derivatives), the path-integral
renormalization group (PIRG) method, and variational and
quantum Monte Carlo calculations, have been applied for
a Heisenberg or Hubbard model on a triangular lattice,>"'?
and they have concluded that the ground state has 120° AF
ordering in the Heisenberg limit or strong interaction regime
while it is nonmagnetic metal in the weak interaction regime.
PIRG also predicted the nonmagnetic insulating state called
spin liquid in the intermediate interaction regimes.”'? In these
numerical researches, they calculated correlation functions to
determine the electronic structures of the ground states. In
general, however, it is quite difficult to visualize the detailed
spin structures and, therefore, to show how the long-range
order (LRO) is lost in the so-called nonmagnetic ground states.
In the strongly correlated and geometrically frustrated systems,
the nonmagnetic state would not be a simple paramagnetism
but large quantum fluctuations would eliminate the magnetic
LRO. Such detailed information on the magnetic structures
would be important not only for fundamental physics but also
for technological applications of these frustrated materials.

In this research, we visualize the magnetic quantum fluctu-
ations by superposition of nonorthogonal Slater determinants
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and explicitly show how long-range spin correlation is lost in
the metallic ground state. For systematic understanding of the
quantum fluctuations, we first classify the possible spin density
wave (SDW) solutions in the unrestricted Hartree-Fock (UHF)
approximation from the group theoretical point of view. To
clarify quantum fluctuations which reduce or eliminate the
LRO, a resonating HF method is applied. It is shown that
the quantum fluctuations in the correlated ground state are
described mainly by hybridization of two different SDWs and
their low-energy excited states. We also show that the character
of quantum fluctuations changes when the strength of the
on-site Coulomb interaction is changed, though the system
stays metallic.

This paper is organized as follows. In Sec. II, we introduce
our model and methods. Then, results and discussion are given
in Sec. III. Finally, a brief summary is given in Sec. IV.

II. MODEL AND METHOD

In this paper, we consider a two-dimensional (2D) Hubbard
model on a uniform triangular lattice. Its Hamiltonian is
given by

N
H=—t Z(aldaqu +a;,0ai,a) + Uann,-,i, (1)

(i,j)o i

where 7, U, and N represent a nearest-neighbor hopping,
an on-site Coulomb repulsion, and system size, respectively.
In the following, we consider a half-filled case and impose
a periodic boundary condition. To investigate the electronic
structures and quantum fluctuations, we apply a resonating HF
method,? in which a many-body wave function is constructed
by superposition of nonorthogonal Slater determinants,
such as

Ng
W) =>"Cu Y PClgn). )
n=1 G

Here Ny represents the number of generating Slater de-
terminants. P¢ denotes symmetry projections working on
the generating Slater determinants to recover the original
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symmetry of the system, as we superpose symmetry-broken
Slater determinants to incorporate the electron correlation
effects efficiently. Specifically, we employ the general spin
orbital (GSO) for the Slater determinants to describe an
axial-type SDW (ASDW), plane-type SDW (PSDW), and
3D cubic-type SDW (CSDW). The GSO is an extended
molecular orbital and is characterized by the following unitary
transformation of the field operators as

(Cly v o »CNSCNA 1y -+ - 5Con) = (@145 - - - ,ANY,A1Y s - -+ AN )
utt ut
x (UM Uu)' @)

Restricted HF orbitals correspond to U™ = UV =0 and
U™ = UY, while different orbitals for different spins
(DODS) correspond to UM = UVt = 0and U™ # UV, The
GSO allows nonzero off-diagonal terms, that is, (U N)]L =
U'' # 0.In this method, orbitals of all the Slater determinants,
as well as their superposition coefficients, are simultaneously
optimized. The orbital optimization corresponds to finding
Ny unitary matrices of 2N dimensions, as in Eq. (3), which
give the lowest energy expectation value for the Hamiltonian.
There is no such restriction as a negative sign problem in
a quantum Monte Carlo method or a dimension problem in
a density matrix renormalization group method. So far, we
have demonstrated that the resonating HF method explains
the correlation energies comparable to the variational Monte
Carlo or quantum Monte Calro simulations.'* In addition, we
can directly obtain information on quantum fluctuations by
analyzing the structures of generating Slater determinants.'>
For an efficient orbital optimization and analysis, it is impor-
tant to know the UHF ground and excited states. It would
be reasonable to employ such UHF ground and low-energy
excited states as initial Slater determinants of the resonating
Hartree-Fock wave function, though the orbital optimization
might make the final Slater determinants somewhat different
from these initial guesses. Practical applications are given
in Sec. III. We can also refer the UHF states to describe
the electronic structures and quantum fluctuations of the
system. Thus, it is important to classify such UHF solutions
systematically, before applying the resonating HF method.

A group theory is a powerful tool to classify symmetry-
broken solutions in the HF or HF-Bogoliubov equations.'®!8
In general, Hamiltonian has a symmetry of

Go=P x S xR, “)

where P, S, and R denote space, spin rotation, and time-
reversal groups, respectively. We should note that a uniform
triangular lattice has a D¢ L(t,,t;) space group, where L(t,,t;)
denotes the translation symmetry group for the unit translation
vectors t, and t, of the lattice shown in Fig. 1(1). Classifi-
cation of UHF solutions corresponds to the classification of
representation spaces spanned by the order parameter vectors,
according to the equivalent branching lemma.'>?" After the
Fourier transformation, such as

1 A
T T ikr
a, = ap e, (5)
s /_N ; ko
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FIG. 1. (Color online) A uniform triangular lattice in real space
(1) and reciprocal vector space (2). In (1), the dotted lines represent
the symmetry lines about spatial and spin rotations.

and applying the HF approximation, the Hamiltonian takes the
form

Hyr = Z E(k)ﬁltﬁk + Z Z Zf] Z&Lq/z"i&k—q/%

k q i=0,x,y,z k
(6)
]

where d, is a spinor representation of the field operators, such
as

a, = (alT,alT(i). (7
Here oy is a 2 x 2 identity matrix and 0; (i = x,y,z) are Pauli
matrices. In the following, for a systematic notation, we use

i = 1,2, and 3 for x, y, and z components of spin, respectively.
Z4 1s a self-consistent field defined by

U ; U .
Zg=5m@,  Zg=-2p@ (=123, @

where

1
Pil@) = 5 D (@ _q0idkia2). ©)
k

Here we focus on the SDW solutions to understand the
magnetic structures of the system. In the present research,
we employ the GSO to describe the coplanar PSDW and 3D
CSDW states, as well as the collinear ASDW state. As aresult,
pi(q) can be finite even when i = 1 and 2. As seen from Eq. (6),
the order parameter space of Hyr is spanned by

lig =Y af,q0idk—qp- (10)
k

We can construct Hermitian bases by
1 i
Ajg1 = E(li,q +li—q)s ANig2= E(li,q —li—q); 11

where we use the relation llT q = li—q- Now the problem is
reduced to classifying the order parameter spaces I', which
are spanned by {A; 1,4 q,2} and are also the representation
spaces of the symmetry group Gy. So far, Ikawa and Ozaki have
classified the UHF solutions for K(q = (G, + G;)/3) and
M(q = G,/2) points,?! where G, = (277,27/+/3) and G}, =
(0,477 /+/3) are reciprocal lattice vectors shown in Fig. 1(2)
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(the lattice constant is set as unity). The famous 120° AF
state is classified as a PSDW in K point. In this research, we
focus on the UHF SDW solutions with the ordering vectors
Q= i(Ga + Gy) and its C;E-rotated vectors Q; and Q3. As
shown below, some UHF solutions classified by these ordering
vectors play important roles in understanding complicated
magnetic structures of the system. By applying the elements
of D¢ group, we can see that these Q, Q», and Q3 make up a
set of fundamental vectors,

Qi = (G, + Gy),
CFQi = 1(—2G, + Gy») = Q.
C;Qi = HG, —2Gy) = Q,

CiQi=-Qs, CoQi=-Qy
(12)
CQr =-Q1, CQr=1Qy,
C»Qi =Q;, CxnQ =Q;s,
C Qi =—-Q, CpQi =-Qy,
Cy3 Q1 = —Qs.

cos® + (1 — cos O)n?
1 —cosO)niny + nzsinf
(1 —cosO)nin3 — nysind

In the following, the spin rotation by 27 /n around the p
axis is represented by u,,. p can be the x,y,z axes, the
17,17,2/,27,3,3” axes in Fig. 1(1). Spin rotations around
a(y = x) and b(y = —x) axes are also used and they are
represented by

- +
Upg = Uylly,, Uy = Upcly.. (16)

(iii) By applying the time-reversal operator ¢z, we obtain
T T

[y ==y, 10k = —0x|, (17
t- a]];l = a]\_kTa t- ax| = d—k¢,
which result in
t-Aimie) = —Nim12)- (18)

(iv) From Eq. (12), we obtain

+ +
CiAhiii=2ANi31, CiAijip=—A;32,
+ +
ColNizi =AM, Cohinos=—Ai12, (19)
+ +
CiAhiz1=2Aip1, CoAizo=—A;2,

where we should note that Q;, Q5, and Q3 go to —Q3, —Q;,
and —Q; by C; rotation, respectively. We should also note,
from Eq. (12) or geometrical relation shown in Fig. 1(2),

CorAinie) = Ny, CarAini) = Aii10),

(20)
CorAizi0) = Ni3 i)

We obtain similar relations for 7 rotations around other axes
(17,2/,2”,..), though we do not show them here.
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Here C, represents 27 /n rotation around the z axis (perpen-
dicular to the plane), while C;, represents 7 rotation around
the p axis shown in Fig. 1(1). The indices 4+ and — represent
the counterclockwise and clockwise directions of the rotation,
respectively. As aresult, we should classify the order parameter
spaces I' spanned by 18 bases, A; ;1 and A;, 2, where i is
an index for three components of spin and m is an index
for Q,(m = 1,2,3). For this purpose, we should note the
following relations for the symmetry operations,

(i) From Egs. (5), (10), and (11), the translation operator
T (n) transforms the bases of the order parameter spaces, as

T A, 1,00 m2) = DNim 1, Nim2)
y <cos Q.n stmn>. (13)

—sinQ,,n cosQ,,n
(i1) Spin rotation around the e axis is explicitly given by

u(€,0)A;m 102 = ZR(e»e)jiAj,m,l(Z)» (14)
J

where e = (n1,n,,n3) and R(e,0) is a 3D matrix given by

(1 —cosO)niny, —nzsinf (1 —cosO)ninsz + nysinf
cosf + (1 — cos G)n%
(1 — cosB)nynz + nysind

(1 —cos@)nny —n;sinb | . (15)
cos6 + (1 —cos O)ng

III. RESULTS AND DISCUSSION
A. UHF solutions with SDW ordering

Possible UHF solutions are summarized in Tables I and II,
where the bases of the order parameter spaces and invariance
groups are shown, respectively. These solutions are obtained
according to the equivalent branching lemma, namely, finding
the 1D bases of the order parameter spaces.'>?’ Here we show
some examples of how to find the UHF solutions and explain
the spin structures of the SDW solutions.

TABLE I. Bases of the order parameter spaces for the classified
SDW solutions.

SDW Basis of I

ASDW, Az

ASDW, Az 11— A3

ASDW; Asq1+ Ao

ASDW, Az —As 2+ Aszp — Ason
ASDW; Az + A3+ Az

ASDW4 A312+ A3po+ Aszsn

PSDW, A1 — N

PSDW, A1 — Ao

PSDW; Moy — ?Al,z,l — Ao+ ?Al,z,l — 123
PSDW, Nayj2— ?Auz‘z — Ao+ ?Am,z —1A23,
CSDW, A+ Ao+ Az

CSDW, A2+ Aopo+ Aszsn

245101-3
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1. ASDW1 ~ASDW6

These SDW solutions have a spin rotation symmetry around
a certain axis. For convenience, we choose the z axis for this
symmetry axis. First, let us take A3 as a basis of the order
parameter space I'. Obviously, this is one of the simplest 1D
bases. From Eq. (13), we obtain

TQ2t)A311 = —A311,
Tty —tp)A311 = A31,1.

T(2t)A311 = —A311,
(21

With Egs. (12) and (21), we can see that this basis is invariant
for D, L(t, — t,,2t, + 2t;). Here the D, symmetry group
comes from C; and Cyy (or Cyp) rotation symmetries of Az g ;.
In addition, from Egs. (14) and (15), this basis is antisymmetric
for the spin rotations by 7 around the x and y axes, while it is
symmetric for the spin rotations around the z axis, such as

urc Az 11 = ulee,m)A3 11 = —A3 11,
uzyAz 11 =u(e,,m)A3 11 = —Asz 11, (22)
u(e;,0)A311 = Az 1.1.

With Eq. (18), we can see that the invariance group of I'; is

G(Fl) = DZL(ta - tb,2ta + 2tb)[E + T(Zta)MZ)c
+ T(2ty)uzy]Ae)M(ey), (23)

where A(m) = {u(n,0),0< 0 <27} and M(m)={E,tu
(n,7)}. We should note that we can express this invariance
group with different combinations of operators but, of course,
they are equivalent to each other. This subgroup represents
a collinear axial SDW (ASDW) solution and is denoted by
ASDW| in Tables I and II. The spin structure of this state is
shown in Fig. 2(1). We also obtain the geometrically equivalent
ASDW solutions for Az, and A3 3.

Next, we take A3z — A3z, as a basis of the order
parameter space I';. Applying the translation and spin rotation
operators gives the same relations as Eqgs. (21) and (22),
respectively. On the other hand, this basis does not have a
spatial rotation symmetry around the z axis. For example,
As3.1 2 is antisymmetric for C; rotation, as seen from Eq. (12).
Instead, it satisfies

Coy (A3 11 — As12) = Az — A3 . (24)

PHYSICAL REVIEW B 84, 245101 (2011)

Thus, we obtain the invariance group of I'; as

G = CIZL(tu —tp,2t, + 2t)[E + T2t )ur, + T(th)qu
+T(t,)Cr + T(t,)C2]A(e) M (ey), (25)

where C), = {E,Cyy} and we used the following relations
obtained from Eqgs. (12) and (13),

CoAz 11 = Asz1,1, ColAzjip=—A312,
T(t)A3 11 =T{p)A311 = —A312, (26)
T(t)A312 =T{p)A312 = A3 1,1

We also used Eq. (22) for the spin rotations in Eq. (25).
This solution is denoted by ASDW,, and its spin structure is
shown in Fig. 2(2). Other ASDW solutions are obtained quite
similarly and their structures are shown in Figs. 2(3)-2(6).

2. PSDW, ~ PSDW,

Now let us move to the SDW solutions whose spin
directions are not collinear but coplanar. These solutions are
called PSDW. For convenience, we take the xy plane for the
spin directions. First, we take A 1] — A, 12 as a basis of the
order parameter space I';. From Egs. (12) and (14), we obtain

CoAv11 = A1,
CrAr 10 = =N 12,

Thus, this basis is invariant to C,u,,. Furthermore, as the
spin direction of this basis is perpendicular to the z axis, it
is antisymmetric for the spin rotation by 7 around the z axis.
From Eq. (13), this basis is also antisymmetric for 7' (2t,)
and T (2t,) translations. Therefore, the basis is symmetric for
T (2t,)u,, and T (2t,)u,,. It also satisfies

ure A1 = A1, @n
Ay 12 =—~MAsz12,

up A = u(e,m/2)A 10 = Aoy,
T(t)A2 11 = —A2 1, (28)

Uy Aoia=—A112, TU)A1L12= A1,

which means the basis is invariant for T(ta)uf(z. The basis

is also invariant for T'(—t,)u, . As a result, the invariance
group of I'7 is

G(T7) = CoL(t, — t,2t, + 2,)[E + Couny + T (t)u,
+ T (—tuy, + T2t )uz. + T(2t,)uz. 1M e;). (29)

TABLE II. Invariance group of the SDW solutions, where C;, and C} represent { E,C,» } and {E,C,y}, respectively.

SDW Invariance subgroup

ASDW, D, L(t, — t,,2t, + 2t,)[E + T (2t )us, + T (2t,)uz,1A(e,) M (ey)

ASDW, CLL(t, — tp,2t, + 26,)[E + T 2t )us, + T2t uzy + T(t,)Cor + T (t,)C21A(e,) M (ey)

ASDW; D, L(4t,,4t,)[E + T (2t,)uz,1A(e, ) M(e,)

ASDW, CiL(4t,,4t,)[E + T (2ty)us, + T(t,)C21A(e;) M (ey)

ASDW5 D¢ L(4t,,4t,)A(e,)M(e,)

ASDWq D;L(4t,,4t,)(E + Cyus,)A(e;)M(ey)

PSDW, CoL(t, — t,2t, + 26,)(E + Cour ) E + Tt + tyus, + T(2t)uz, + T (2t )uz, + T(t)uy, + T(—t)uy 1M (e;)
PSDW, L(#t,,44,)(E + Cour ) E + Cop T(tp)uf, + Cop T(—ty)ug, + Tty + t)ua, + T2ty + T(2t)us. 1M (e,)
PSDW3 CQL(4ta,4tb)(E + sz/Ltzy/)(E + C;ru; + C{u;Z)M(eZ)

PSDW4 L(4ta,4tb)(E + C2u27)(E + sz/Mz}f/)(E + C;'u;'z + C;u;:)M(ez)

CSDW] CzL(4ta,4t1,)[T(ta + t[,)uzx =+ T(Zta)l/lzy =+ T(th)uzz](E =+ CzyMz;,l)(E =+ C;ufl 4+ C;M;l)
CSDW, L(4ta,4tb)(E + CQI)[T(ta + th)lxlzx + T(2ta)u2y + T(Zth)uZZ](E + C21/u2ht)(E + C;ru?, + C;u;,)
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FIG. 2. (Color online) Spin structures of collinear ASDW solu-
tions. Arrows show spin directions, and their length represents the
amplitude. Circles and squares denote the sites with net charges and
no spins. Different shapes and colors show different net charges.

This solution is called a PSDW,;. Other PSDW solutions
are obtained similarly. The spin structures of all the PSDW
solutions are shown in Fig. 3.

3. CSDW, and CSDW,

We introduce the SDW solutions whose spin directions are
3D. In this paper we call them cubic-type SDW (CSDW). First
let us take Aj 11 4+ Az21 + A3z as the basis of the order
parameter space I'(;. This basis is symmetric for C; rotation.
Furthermore, as this basis satisfies

TQRtHA 1,1 = —A1,0s
TQt)Arp1 = A2 1,
TQ2t)A331 = —N331,

TQRty)A1,1 = —A111,
TQ2t)A2p1 = —As21, (30)
TQ2ty)A33,1 = A3z 3.1,

it is invariant for T'(2t,)uzy, T (2t,)uz,, and T (2t, + 2t;)usy.
In addition, from Eqgs. (12) and (14), we obtain

up A1 = —A2 11, CorArig = A2,
upNooi =—Ai21, CourlAipi = A, 3D
upA331 = —~A331, CorAzzi = Az31.
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(3) PSDW;

et he e S
i e

(4) PSDW,4
FIG. 3. (Color online) Spin structures of coplanar PSDW solu-

tions. Notations are almost the same as in Fig. 3, but in (3) and (4),
different colors, as well as their lengths, show different amplitudes.
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FIG. 4. (Color online) Spin structures of CSDW solutions. In
(1), the view is seen from (1,1,1) direction. Red, gray, and blue
arrows represent the positive directions of the x, y, and z axes,
respectively, while the corresponding light colors represent their
negative directions. Circles represent the spin perpendicular to the
paper [(1,1,1)-direction]. In (2), black, green, and blue arrows
represent the spin directions, upward, downward, and parallel to the
paper, respectively. Circles denote the sites with no net spins.

Thus, this basis is invariant for Cyy u,pt. Finally, we point out
an interesting symmetry characteristic of 3D spin alignment.
We consider the spin rotation by 27 /3 around x = y = g,
which is denoted by u; From Eqgs. (12) and (14), we obtain

CiAriy = Ao,
CiAsn1 = Ass1, (32)
CiAis1=A10,

+

uy A= Ao,
+

u3 A1 = A3n1,
+

uy A3z = A131,

which means this basis is invariant for C3 u31 Thus, the
invariant group of this order parameter space is

G(I'11) = CoL(4t,,4t,)[E + T (2t, + 2tp)us, + T (2t )usy
+ T Qty)ur. [(E+Coyugpt E+CTuz+C3 uz)).
(33)

Another CSDW solution is also classified in the similar way.
Spin structures of these CSDW solutions are shown in Fig. 4.
Among these UHF solutions, ASDW, shown in Fig. 2(2)
becomes the HF ground state in the weak and intermediate
interaction regimes. We show in Fig. 5 the U dependence
of the UHF energies for ASDW, and 120° AF states. In
the strong interaction regimes, the lowest UHF state is 120°
AF state, which is qualitatively consistent with the previous
researches.®!0 In the following, we focus on the electronic
structures in the weak interaction regime (U/t = 4.5-5).

Energy(t)
[
\

FIG. 5. (Color online) U/t dependence of the energies for
ASDW, (black squares), ASDW, (blue circles), and 120° AF (red
circles) states. Solid lines are guides for the eyes.
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FIG. 6. (Color online) Spin structures of Ny =

B. Resonating HF calculations

For further investigation to incorporate the electron cor-
relation effects, we apply the resonating HF method to this
frustrated system. In the following, the system size is N =
12 x 12, and we superpose Ng = 10 Slater determinants [and
their symmetry adopted ones denoted by P¢ in Eq. (2)] to

(9)

10 Slater determinants generating the resonating HF wave functions for U/t = 4.5.

construct a many-body wave function. The group theoretical
classification for the UHF solutions is useful for the resonating
HF study since it gives important information on trial Slater
determinants to be superposed. Specifically, the lowest UHF
solution in the weak interaction regime (U ~ 4.5) is the
ASDW, and, therefore, we employ this ASDW, and its
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S(k)

075 — |

FIG. 7. Spin correlation function S(k) for U/t = 4.5.

low-energy excited states as initial Slater determinants. On
the other hand, in Fig. 6, we show all the optimized Slater
determinants generating the resonating HF wave function for
U/t = 4.5.In this figure, the up and down spins are denoted by
the red and blue arrows, respectively, and the spin amplitude
is represented by length of the arrow. We can see the spin
flipping or modulation from the uniform ASDW, ordering
in Figs. 6(1)-6(3), 6(5), and 6(8)-6(10). Areas where the
spin modulations are significant are marked by ovals. One
of the most important features is that we obtain the Slater
determinants whose spin structures are very close to the
ASDW/|, as shown in Figs. 6(4), 6(6), and 6(7). In fact, we did
not take such configurations as the initial Slater determinants,
and the orbital optimization worked to incorporate the electron
correlation effects efficiently. From Fig. 6, we can say that
quantum fluctuations are described by quantum interference
among the ASDW -like states and ASDW,-like states as well
as their symmetry adopted ones.

Now we can speculate that quantum fluctuations due to
such hybridization of Slater determinants having different spin
structures and spin modulations will reduce the LRO of the spin
correlation. In Fig. 7, we show the spin correlation functions
calculated from the resonating HF wave function. Here we
define S(k) as

1 .
SO = — > (8 S;)e ", (34)
iJ

PHYSICAL REVIEW B 84, 245101 (2011)

S(k)

FIG. 9. S(k) for U/t = 5.

where r;; denotes the relative coordinate between the sites
i and j. This and the following momentum dependences
are calculated by transforming the original triangular lattice
to the topologically equivalent square lattice with diagonal
transfers.”'® We cannot see any significant structures except
small ones at k = (w/2,7/2) and (—m/2, — m/2), which
would reflect the ASDW,-like spin configuration. This struc-
ture is as small as 1.4 x 1072, and therefore, the present
result is consistent with the previous ones, which conclude
that no LRO exists in this interaction regime.g’10 However, as
shown above, our results give more explicit spin structures
through the Slater determinants generating the resonating
HF wave function. We should emphasize that this spin
structure is not simply paramagnetic but the spin correlation is
eliminated by large quantum fluctuations due to hybridization
of Slater determinants having different spin structures and spin
modulations.
Here we define N (k) as

NK) =Y (al,a;o)e ™. (35)
i,j,0

This represents the momentum distribution of electrons, and
therefore, it should have jumps at the Fermi wave numbers
when the system is metallic. In fact, as shown in Fig. 8§,
N(k) for U/t =4.5 has clear jumps, which indicates the
system is metallic. It is interesting that each Slater determinant
generating the resonating HF wave function is close to the

FIG. 8. (Color online) Momentum distribution of electron density
N&k) forU/t =4.5.

FIG. 10. (Color online) N(k) for U/t = 5.
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FIG. 11. (Color online) Structures of Ny = 10 Slater determinants generating the resonating HF wave functions for U/t = 5.

ASDW, or ASDW, configurations, but the total wave function
shows the metallic behavior. This would be also caused by the
quantum fluctuations.

Next, we show S(k) and N(k) for U/t =5 in Figs. 9
and 10, respectively. We can see that the spin structure
is slightly increased (~4.5 x 1072) and the slope in N (k)
becomes gentle, though the system seems still nonmagnetic

and metallic, as in the case of U/t = 4.5. We can find the
reason for this change in the electronic structures into the
change in the character of quantum fluctuations. In Fig. 11, we
show the spin structures of the Slater determinants generating
the resonating HF wave function for U/t = 5. We cannot find
Slater determinants having the ASDW,-like spin structure.
The reason is as follows. The energy of the ASDW, solution
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largely increases as the increase of U/t, compared to ASDW,
solution, as shown in Fig. 5. In the case of U/t = 4.5, the
energy of the ASDW, is very close to that of the ASDW,,
and therefore, the resonance of these two states can effectively
work to lower the ground-state energy. However, when U/t
is increased, the energy of the ASDW, becomes much higher
than that of the ASDW,, and the resonance with the ASDW,
does no work to lower the ground-state energy. Thus, the
change in electronic structures is reasonably described by the
quantum fluctuations.

Our purpose is not to lower the ground-state energy as
much as possible but to obtain physics for the complicated spin
structures in the frustrated systems. Therefore, as shown above,
Ng = 10 Slater determinants are enough. Here, for the future
works, we just mark the ground-state energy of the resonating
HF wave function at U/t = 4.5, that is —132.7¢ for the N =
12 x 12 system. We are also interested in the metal-insulator
transition or competition between the nonmagnetic insulating
and 120° AF states in the intermediate and strong interaction
regimes. PIRG calculations for N = 6 x 6 predicted a very
complicated phase diagram there. Quantum fluctuations in
these interaction regimes will be investigated elsewhere in
the near future.

Finally, we briefly mention the finite-size effect. It is
difficult to exactly determine whether the system has a real
LRO or not in the thermodynamic limit, even though the spin
correlation is extremely small in our finite-size calculations.
In the thermodynamic limit, simple overlap between the UHF
solutions, for example, ASDW; and ASDW,, would be 0.
However, the optimized Slater determinants generating the
resonating HF state have significant modulations from the

PHYSICAL REVIEW B 84, 245101 (2011)

uniform UHF states, as shown in Figs. 6 and 11. Such modu-
lations are important to make resonance between ASDW  -like
and ASDW,-like states finite in the thermodynamic limit.
In addition, hybridization of the ASDW,; and ASDW, can
contribute to physics, through the Slater determinants which
are nonorthogonal to both of these two states, even if their
direct overlap goes to zero. Thus, we think the resonating HF
picture, mentioned above, would hold in the thermodynamic
limit, though numerical research is restricted to finite size
systems. A scaling analysis will be done in the near future.

IV. SUMMARY

We have clarified the detailed electronic structures of
the Hubbard model on the uniform triangular lattice in the
weak interaction regime. First, we have classified the UHF
solutions according to the group theory. Then, by using
information obtained from the group theoretical classification,
the resonating HF calculations have been carried out. We have
shown that the system is metallic and nonmagnetic in the
weak interaction regimes. This is not a simple paramagnetism
but spin correlation is eliminated (or significantly reduced)
by large quantum fluctuations due to hybridization of Slater
determinants having different spin structures and spin modula-
tions. Thus, we have obtained the physics behind the electron
correlations in terms of the quantum fluctuations.
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