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We present an effective dipolar-spin model based on the strong coupling analysis, which may explain the
possible origin of “spin-liquid insulator.” The issue is related to a dimer Mott insulator reminiscent of an

organic triangular lattice system, x-ET,Cu,(CN);, whose gapless spin-liquid state has been discussed in the
context of geometrical frustration of exchange coupling, J, between spins on dimer orbitals. It turns out that
another degrees of freedom within the insulator, quantum electric dipoles on dimers, interact with each other
and modify J significantly through the dipolar-spin coupling, resulting in a possible “dipolar-spin liquid.”

DOI: 10.1103/PhysRevB.82.241104

A well known terminology “spin liquid” continues to at-
tract attention ever since the Anderson’s resonating valence-
bond picture was presented.! This state of matter is recently
discussed in organic solid, «-(BEDT-TTF),Cu,(CN);
(BEDT-TTF abbreviated as ET), in the context of absence of
magnetic orders and of the possibility of gapless excita-
tions.” The solid has a triangular lattice structure at half-
filling in unit of dimerized molecules and is driven toward a
Mott insulating state by the strong on-dimer Coulomb
interaction.® The origin of its spin-liquid state is then as-
cribed to the frustration effect from the nearly regular trian-
gular geometry of the spin-exchange coupling, J.q/Jo~ 1,
which is estimated from the corresponding effective transfer
integrals between dimer orbitals, 7/t~ 1.05.7 Theoretical
works are developed successively within the half-filled
single band Hubbard model (SBH) on the triangular
lattice;®~'? an exotic nonmagnetic (gapless) insulator is found
in the anisotropy range of ./t~ 0.7—1.% Some interpreta-
tions are given by many-body spin exchanges beyond the
Heisenberg model and the spinon Fermi surface!>'* or by
vision excitation. '3

Recently, however, x-ET,Cu,(CN); is reported to have
anomaly at T~6 K in lattice expansion coefficient'¢ as well
as in dielectric constant which shows a relaxor ferroelectric-
like behavior above this temperature.'” They suggest that the
electronic degrees of freedom is still active in the insulating
state. Coincidentally, model parameters are replaced from the
above-mentioned ones’ by the ab initio calculation to
téff/teffNO.S,ls’lg V/ Udimer~0'4 with Udimer/tw 15,18 where
V and U g, are the interdimer and on-dimer Coulomb inter-
actions, respectively. Therefore the geometrical frustration
effect is not strong. Instead, the intersite Coulomb interac-
tion, V, is large which shall play certain role in the low-
energy physics of this intriguing state. Since the system is
quarter filled in unit of molecule, there is an instability to-
ward charge order by V, which may compete with the Mott
insulator.?’ In this Rapid Communication, we explicitly in-
clude V which had not been considered in the previous stud-
ies of xk-ET,Cu,(CN); and demonstrate another scenario for
the suppression of magnetic orders. We describe charge de-
grees of freedom in the insulating state as “quantum electric-
dipoles” which fluctuate within the dimer. Dipoles couple to
spins through the interdimer fluctuation of charges. The sup-
pression of dipolar fluctuation by V leads to the significant
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degrease of J'/J and of magnetic correlations.

We go back to the basic model of organic solids in unit of
molecule,”® a quarter-filled two-band extended Hubbard
model, whose Hamiltonian is given as

H= E |: 2 tl](C)UC]G+ HC) + V,]n,n] + E Uann,l
(@) Lo=1l i

(1)

Here, cj-g/c o are creation/annihilation operators of electrons
with spin o(=1,]) and nj(,zchach and n;=n;; +n, are num-
ber operators. The model includes on-site (U) and nearest-
neighbor (V) interactions. We consider strong dimerization
effect, namely, each pair of sites connected by strong inter-
actions, (t;;,V;;)=(t4,V,), called “dimers” has one electron
(i.e., half-filled in unit of dimer) on an average.

The half-filled SBH in Refs. 8—12 is a limiting case of
quarter-filled Eq. (1), #,>1;; and V;;=0; In Eq. (1) each dimer
has sixteen bases which is reduced to four bases in SBH by
the “dimer approximation.” This four bases could account
for charge fluctuation between dimers and describe both
metal and dimer Mott insulator. Whereas, details of the two
dimerized sites are neglected, e.g., a doubly occupied basis
of SBH, (1)), represents only one bonding state among
six doubly occupied states of Eq. (1), (11,0),(0,7]),
(1,1),(,1,(1,7).(,1), where /0 denote the presence/
absence of spin-o electrons on (site-1,site-2). The intradimer
charge disproportionation/fluctuation is not considered,
which is no longer legitimated when V;; is large (=t,).18

Instead, we take the strong coupling limit (insulator) of
Eq. (1) as t;/U,t;;/Vy4,V;;/U,V,;;/ V4—0. This approxima-
tion projects out bases having double occupancy on dimers
with energy of order U or V,, and describes both dimer Mott
and charge ordered insulators. The remaining bases keep
exactly one fermion per dimer as, (site-1,site-2)
=(1,0),(0,7),(/,0), and (0,]). We introduce electric-

dipolar and spin operators, P and §. Then, the above four
states are described in the 2®2 spinor representation as,
(P*,$9=(3,3),(-3.3),(3,-3), and (=3,~3). The quantiza-
tion z axis of dipoles is fixed to the dimer-bond direction in
real space. In the following, we derive the effective Hamil-
tonian by treating ¢;; and V,(#V,) perturbatively, by which
the charge fluctuation between dimers is taken into account.
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FIG. 1. (Color online) (a) x-type lattice structure adopted to Eq. (1) in unit of molecule (circle) and bold line represents dimer bonds,
(t4,V,). (b) Anisotropic triangular lattice in unit of dimer, transformed from panel (a). (c) Two different types of connections between dimers
in panel (a). Polarized (d) and (e), and unpolarized (f) configurations of quantum dipoles. Charges avoid neighboring alignment along the
bond with strong V;; as shown explicitly in the fermionic representation (left panels). Panels (g)—(j) are the representative second-order
perturbation processes, which generate effective interactions in Eq. (3), where filled circles and arrows represent the electrons and spins,

respectively.

For the realization of Eq. (1) in the bulk system, we
choose a model lattice of k-type organic solids?! shown in
Fig. 1(a); the interdimer interactions are (t;,V;;)
=(t,,V,).(t,,V,).(t5, V) along three different bonds. If we
take dimer as a unit, this lattice is mapped to an anisotropic
triangular lattice in Fig. 1(b), whose horizontal (W’) and di-
agonal (W) interdimer bonds originate from (75,Vy) and
(t,,V,).(t,,V,) in Fig. 1(a), respectively. The effective
Hamiltonian, H.z=H"+HP+HI+HW, is generated in
unit of dimer in Fig. 1(b). The first-order Hamiltonian is

HD = E

WoPL P+ 2 1(PL+P),  (2)
lebond W,W' Y

where W=V and Wy=V,—V,. Equation (2) is nothing but a
transverse Ising model of dipoles, where a competition of
correlation and local quantum fluctuation of dipoles is im-
bedded, namely, the Ising interaction term Wf)(~Vij) versus
the transverse field #,. Representative dipolar states are
shown in Figs. 1(d)-1(f); when #,<V,;, there are two differ-
ent spatial orders depending on the geometry of V. At 1,
>V, dipoles fluctuate and stay spatially uniform. The
former “dipolar-solid” corresponds to charge order and the
latter “dipolar-liquid” to dimer Mott insulator. At this order,
the spin degrees of freedom are fully degenerate.

Degeneracy of spins is lifted at the second order level.
The second-order terms for two bonds (W'=W’ and W)
which connect dimer « and 8 yields??

HP = - W PP+ Wh(PL+ P) + W.S,S,

— W (PoPY(S S p) + Whi(Ph+ PR (S Sp).
(3)

Let us first focus on bond W’. The first (PgP%) term origi-
nates from the process in Fig. 1(g). Noteworthy is the emer-
gence of a dipolar-spin coupling term, (P, P3)(S,Sp), which

together with VAVS'S-term originate from the process in Fig.
1(h); exchange of spins occurs only when fermions occupy
nearest neighbor sites, i.e., when dipoles are antiferroelectric
(P;,P%): (—% , %) This four-body term reminds of the Kugel-
Khomskii Hamiltonian discussed in manganites?>?* in the
context of orbital-spin coupling.

The diagonal bond W consists of two interactions (p,q),
each generating terms in the same manner as bond W’. In
addition, there are processes shown in Figs. 1(i) and 1(j);
Dimers exchange their fermions through two connections p
and ¢ by ending up flipping P?, namely, fermion in dimer o
changes its site location. This generates the two terms with
(P,+P,) in Eq. (3) only for bond W, i.e., W =W, =0.

Spins follow dipoles through these second-order dipolar-
spin coupling terms in Eq. (3). Effective interactions between
spins on neighboring dimers (a,B) are evaluated from the
expectation values of coefficient of S-Sz of Eq. (3) as

J = <Ws/s> - Wl’)pss<Piv ZB>’

J= (W) = Wy PL P + (Wi (P + P)). (4)

In order to examine the actual competition between 7, and
Vi;» we perform the exact diagonalization on H. in finite
dimer clusters.”> We adopt (t,,7,)=(0.7,—0.25) in unit of 7,
=1, which describes «-ET,Cu,(NCS);,” and take (U,V,)

= s . ese values are interpreted to coetficients an
(15,10). Th 1 interpreted fficients W' and

W of Hgy- For the choice of Vj;, we take V,>0 and V,
=Vp=0, concentrating on the type of dipolar solid given in
Fig. 1(e), which is sufficient to clarify the essential physics
of the competition of V;; and 1.

We first elucidate the phase diagram on the plane of 7, and
V, as shown in Fig. 2(a). As anticipated, the dipolar-solid
[Fig. 1(e)] and liquid [Fig. 1(f)] appears at large V, and ,,
respectively. The solid-liquid phase boundary is determined
as a minimum of charge gap of the U=c0 limit of Eq. (1).
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FIG. 2. (Color online) Results of diagonalization with

(tg,1,,19)=(1,0.7,-0.25) and (U,V,,V,,Vp)=(15,10,0,0). (a)
t4-V, diagram with solid and liquid phases, e.g., S+L denotes the
phase with Solid dipoles (U=%) and Liquid spins (at second order).
Along its V,=3 line, (b) J and J', and (c) (P}, P“) and (P}) are
shown. Broken lines, J,4 and J),, are the 7;— o limit of Jand J' from
Eq. (4) with (PZPB) 0 and (Pa>——0 5. Solid line, J., gives the
conventional dimer approximation. Panels (d)—(f) show the com-
parison up to second-, third-, and fourth-order perturbations; (d)
J'1J, structural factors of (e) spins x,. and (f) charges C, with Q
=(m, ). Solid line in panel (e) is x, of the Heisenberg model of
corresponding J'/J in (d) on the same cluster.

Next, we vary t; along the fixed line of V,=3 in the phase
diagram at the second order level, H 4= HOIHO. Figure
2(b) shows that J' is suppressed in the dipolar solid at small
t4, and increases significantly by 7;. This can be explained by
the remarkable 7; dependence of (P*;P;;) shown in Fig. 2(c);
In Eq. (4), the second term of J’ with the constant coeffi-

cient, W opss 4“’ v =0, has large negative contribution to J’
by (PZP )= 025 at t,~ 1, which goes to zero as (P%, )
—0 at td—>00 Similar discussion holds for J; the second/

third terms of Eq. (4) are increasing/decreasing functions of
4

td, since. W=y — 7oy <0, (P, Pp)=-025—0, and
ot . "
W= (5 + #’V ;LVL #)(P +1)>0, (PX)=-02—

-0.5. The two cancel out keepmg ] almost unchanged by t,.

One important point is the unexpected decrease of J' due
to V;;. In general, V;; works to screen U and to enhance J.%
This effect actually appears in the increase in denominator of

Wipss < (U=V;)™ ' by V. However, in our case V;; works
directly on dlpoles at the first-order level and varies (P%P )
more significantly than their coefficients, suppressing J'. By
contrast, J! =45/ Ugine, Obtained by the conventional dimer

approximation based on SBH shows a “screening effect” as
U+Vy

shown in Fig 2(b), where tlg="2, and Ugper=214+"5

_U= Vd[l (U )2]1/2

Another mterestmg aspect is the strong correlation be-
tween J and J'. In the dipolar-solid state, the dipolar vectors
are bound to particular spatial directions, which contribute to
both J and J' through (P{Pp) ~ +0.25. The antiparallel di-
poles along bond W' always suppresses J', whereas along
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bond W, the antiparallel dipoles in Fig. 1(d) suppress J but
parallel ones in Fig. 1(e) do not. In both cases, however, we
confirmed that J'/J is suppressed at small 7, [see Fig. 2(d)].

In this way, at small 7,4, J'/J becomes small, namely, the
geometry of spin interactions approaches a square lattice.
For reference, we consider the bulk ground state of the
Heisenberg model;'>27-3% at J'/J=<0.7 the antiferromagnetic
order sets in, which is reflected in the spin structural factor,
Xo- as a single peak at @Q=(, 7). Figure 2(e) shows the peak
amplitude of x, of our model versus the Heisenberg model
calculated on the same finite cluster. The phase transition of
the spin sector takes place at J'/J~0.7, i.e., at (t,/tp),
=24, which gives the phase boundary in Fig. 2(a). At
ty/tg>(t4/tp), well inside the dipolar-liquid phase, the
present model has the same y, as the Heisenberg one. By
contrast, xo is significantly suppressed from that of the
Heisenberg one at t,/t5=(t,/tp).. This indicates that in ap-
proaching the dipolar-solid phase, the dimer spin degrees of
freedom is no longer mapped onto the Heisenberg model
even at the second-order level. In such case, the multiple
spin exchanges which emerge as higher order perturbation
terms may become important. Therefore, we calculate all the
perturbation processes up to fourth order Hp=H"+H®
+H®+H™ (up to eight-body interactions and including the
four-dimer ring exchanges’! which maximally amount to
J4/t~0.0027). The numerical results up to third and fourth
orders are compared with the second order ones in Figs.
2(d)-2(f); J'/J as well as the structural factor of dipoles [Cy
in Fig. 2(f)] are almost unchanged. The spin structural factor
Xo 1s rather sensitive to the orders of perturbation, however,
in the vicinity of the dipolar-solid/liquid phase boundary, z,
=1.7-2.4, there remains a strong suppression of magnetic
correlation yg at all orders [for all Q # (#,)]. The corre-
sponding region is described as “dipolar-spin liquid” phase
in Fig. 2(a). It apparently not originates from spin degrees of
freedom alone. We consider that the liquid dipoles develop
their short-range correlation, which rumple the distribution
of charges, resulting in a spatially nonuniform value of J’s
within the certain imaginary time scale, leading to the pos-
sible spin liquid state. Thus, in the dimer system, the four-
body dipolar-spin interactions in Eq. (3) play comparably
important role as a well-known higher order ring exchange
terms’! in liquidizing the spin sector.

To summarize, we derived an effective dipolar-spin model
relevant in the insulating phases of the quarter-filled ex-
tended Hubbard model with lattice dimerization. The in-
tradimer charge degrees of freedom is described as quantum
electric dipoles fluctuating by ¢, (the interdimer transfer in-
tegral). At large 7, the conventional dimer Mott insulator,
namely, a dipolar liquid, is stable. The interdimer Coulomb
interaction, V, competes with 7, and at large V/¢, a dipolar-
solid (charge order) emerge. The spins couple to the dipoles
through the interdimer charge fluctuation, and in approaching
the dipolar solid from a liquid phase, strong modification of
spin-spin interactions, J and J’, as well as significant sup-
pression of the antiferromagnetic correlation is observed, in-
dicating the existence of a dipolar-spin liquid.

We anticipate that the so-called spin-liquid Mott insulator
«k-ET,Cu,(NCS); lies in our dipolar-spin liquid phase at low
temperature, where both spins and charges remain short
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range ordered. The final comment is given on the comparison
of parameters with experiments and other theories.
k-ET,Cu,(NCS); undergoes a metal-insulator transition at
~0.4 GPa.? The ab initio calculation shows that t;; varies by
1.3 times from ambient pressure to 0.75GPa,'” which brings
Ugimer! tegr from 15 to 11.1332 These values are about twice as
large as the conventional empirical estimate of Ugyjyer/ toft
~7-8.21In such case, our perturbative treatment up to fourth
order can be qualitatively adopted, at least at ambient pres-
sure. Starting from the same #;; (Ref. 7) the conventional
dimer approximation on a SBH reaches the effective Heisen-
berg coupling, J.«/J.~ 1, whereas our dipolar-spin-liquid
always has J'/J~0.6-0.7. Interestingly, our J'/J coincides
with a result of the ab initio calculations as, \J'/J ~ 1’/ teq
~0.8.1819 Thus, we interpret the ab initio results as a renor-
malized effective value of J’s after including V. Regarding
the interpretation of 6 K anomaly, we expect the following
scenario; at high temperature (7), the thermal fluctuation of
dipoles is dominant (dipolar liquid is stable). At T~0, the
dipoles remain short range ordered as well due to the quan-
tum fluctuation (z,), and so as the spins which follow dipoles.
In lowering T, the dipolar(electronic) correlation once grows
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but the system still remains a dipolar liquid toward 7=0. T
=6 K is possibly a maximally correlated point, i.e., maxi-
mum of V against dipolar fluctuation (¢;,7T), where J'/J is
suppressed at most. In fact, a relaxor ferroelectriclike behav-
ior of dielectric constant indicates a pseudotransition at 7'
=6 K.!7 The lattice anisotropy also takes a local maximum
here, which implies that J'/J also pass through an extreme
value. To confirm this scenario, further development in both
theories and experiments are required. Thus, so far, one can-
not exclude the possibility that the “gapless spin liquid” may
not be the result of the geometrical frustration but of a strong
correlation between spins and charges (dipoles).

Note added in proof: We recently became aware of a
complementary study (Ref. 33) concentrating on the dielec-
tric properties.
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