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Spin Liquid in the Multiple-Spin Exchange Model on the Triangular Lattice: 3He on Graphite
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Using exact diagonalizations, we investigate The= 0 phase diagram of the multiple-spin exchange
(MSE) model on the triangular lattice, we find a transition separating a ferromagnetic phase from
a nonmagnetic gapped spin liquid phase. Systems far enough from the ferromagnetic transition
have a metamagnetic behavior with magnetization plateaus/at,, = 0 and 1/2. The MSE has
been proposed to describe sofitle films adsorbed onto graphite, thus we compute the MSE heat
capacity for parameters in the low density range of the 2nd layer and find a double-peak structure.
[S0031-9007(98)06770-2]
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An increasing number of experiments dhle films In the present work, exact diagonalizations results show
have enforced the triangular lattice multiple-spin ex-that none of thes& = 0 long range ordered (LRO) AF
change (MSE) picture of the solid second layer ([1,2], andhases survive spin/2 quantum fluctuations. Instead, in
references therein). Following Thouless [3,4], the magthe AF region, the system is a quantum spin liquid (QSL)
netic properties of a 2-dimensional quantum crystal arevith short range spin-spin correlations, as suggested by

described in spin space by the effective Hamiltonian: Ishidaet al. [13] and Kuboet al. [11].
H = _Z(_I)Sgn(P)JPP’ 1) We truncate Eg. (1) to the following simplest cyclic
P exchange patterns:

where P is any permutation operator of the spins of _ geff -1
the lattice, and/, equals one half of the (positive) tun- H=J5" 3 P+ 1 3 (Pt P
neling frequency associated to the exchange profess _ _
Whereas exchange of an even number of spins favors an- —Js Z(P5 + Ps) + s Z(P6 +Ps'). (2)
tiferromagnetism, odd processes are ferromagnetic. Omhe spin-}2 permutation operators can be rewritten with
the triangular lattice with spin /2, 2- and 3-body ex- usual spin operators (Pauli matrices);; = 2S,.S; +
change reduce to a Heisenberg Hamiltonian with an ef{/2. Py, + H.c. and Pjass + H.c. (Pix3sse + H.C))
fective J5' = J, — 2J5. In 2-dimensionafHe, because are polynoms of degree two (three) By.S; [12,14].
of stoichiometric hindrance, the 3-body process is muciThe quantum phase diagram of this model is studied
more efficient than the 2-body one, and the effective couthrough the analysis of the finite size scaling of the low
pling constant is ferromagnetic. However, it was sus-energy spectra of samples subjected to various boundary
pected since a long time thatparticle terms with > 3 conditions (twisted or periodic with different shapes).
could not be ignored [1,5,6]. Very recently, a thorough Ferromagnetic-antiferromagnetic transition:-We first
analysis of susceptibility and heat capacity measuremenigsok at theT = 0 ferromagnetic-antiferromagnetic tran-
enabled Roger and the Grenoble group [7] to establish thsition line of Eq. (2). This line (see Fig. 1) is determined
density dependence of thes and the importance of the from about 50 spectra( = 19) in theJ,, space, with most
4-spin exchangd, in a large density range of the 2nd points near the transition. For all cases, the ground state
layer: from the 2nd layer solidification [antiferromagneticis either anS = 0 or anS = N/2 state. This excludes
(AF) solid] to the third layer promotion [ferromagnetic the possibility of auuudphase found in the classical cal-
(F) solid]. This is in accordance with recent path inte-culations of Kuboet al. [11], which is ferrimagnetic and
gral Monte Carlo calculations which estimat§' /J, =  has a total spit§ = N/4. The line where/,, the 1/72
-2+ 1,J5/Js=1=*05andJs/Js =1 *= 0.5][8]. coefficient of the susceptibility, vanishes stands roughly
As first suggested by Roger in 1990 [9], 4-spin exchang@arallel to theT = 0 F-AF line, inside the AF region.
strongly frustrates the system. Momoi, Kubo, and NikiThe density dependence of thig's proposed by Roger
have recently studied th&™ -7, model in the classical and et al. [7] for the second layer (see crosses in Fig. 1) leads
semiclassical (spin-wave) limits and found numerous orus to conclude that @ = 0 transition to ferromagnetism
dered phases: a ferromagnetic, a 4-sublattice ferrimagnetarcurs atp, = 6.8 + 0.3 nm~2 whereasJ y is zero at
phase, 3- and 4-sublattice AF phases, and a chiral orderggd = 6.5 nm~2 [7].
phase [10,11]. Our SU(2) Schwinger-Boson analysis of No Long Range Order-The nature of the nonmag-
the J5'"-J,-J5 Hamiltonian also pointed to a rich phase netic or antiferromagnetic (AF) phase is a more challeng-
diagram with Néel as well as helicoidal phases [12]. ing question. We first look for signatures of Néel long
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L L BB RN BRI G of a finite length scale¢ = /N, in the ground-state
| S=N/2 Groundstate ' / wave function. This is supported by two facts: a fast
0.6 ~Ferromagnetic decay of the spin-spin correlations with distance and a
nonvanishing spin ga@\ in the thermodynamic limit.
AS =1 gaps are plotted in Fig. 22 The two families
of samples (squares fav multiple of 4 or 6 and stars
for others) have gaps of the order of 1 for > 24,
An estimation of theN = o« gap is possible using the
7 strong correlation betwee/N and A, the result is
7 A = 1.1 = 0.5 (details will be given elsewhere).
N These data point to a quantum spin liquid state with
] a gap of the order of 1 fous" = —2 and J, = 1.
r 7 This gap and the sensitivity to the geometrical shapes
- S=0 Groundstate and boundary conditions of the small samples suggest a
0 A /1=0) - valence-bond picture of the ground state and of the first
\\\\‘\\\\‘\\\\‘\\\\‘\\ trlpleteXCItathn
—4 -3 -2 -1 0 Because of the strong frustration between the effective
I/, first neighbor ferromagnetic Heisenberg ter#§"() and
FIG. 1. Phase diagram fo€" < 0. The solid line is the" — the 4-spin antiferromagnetic exchange, it is the triangular

0 transition line between ferromagnetic and antiferromagneticﬁ's_pln plaquette which is the first syster_n_ with a paramag-
phases. The crosses are Rogeral’s results (7) for four netic (§ = 0) ground state and a significant gap. [For
2nd layer densities (NM2): p§ = 6.5 (Jo/Js = 0.7), p? = 7.0, N = 24 (N = 12) one can compare the spectrum of the
ps =7.65, andps = 7.8. Forb, ¢, andd Js/J; = 0.4 (the  sample built with four (two) 6-site triangles with the spec-
size of the crosses may underestimate the uncertainties in theg computed from other shapes. The triangle-compatible
parameters). Two of the black triangles indicate the sets Oghape gives the lowest energy and the largest gap (oth-
coupling parameters corresponding to Figs. 2, 3, and 4. The . .
upper one is the point close to the frontier mentioned in€rS have energies and gaps comparable with the frustrated
the text. family ones).] However, the ground-state wave function
is not a naive tensorial product 6f = 0 independent tri-
angle wave functions: such an approximation gives a very
range order (NLRO). NLRO is characterized on finitehigh ground-state energy-@.8 to be compared to-4)
systems by very stringent spectral properties [15]: (i)and largely underestimates the gap (0.4 to be compared to
The symmetry breakings associated to the order paramay. This quasiindependent triangle picture is thus deeply
ter are embodied in a family ofN¢ low lying lev-  renormalized by resonances.
els collapsing to the ground state in the thermodynamic Analysis of the low lying levels in th§ = 0 subspace
limit (a is the number of magnetic sublattices). Thesegeads to the same conclusion: The number of singlets
levels with definite space and SU(2) symmetries and dybelow the first triplet level is very small<{10 all
namical properties should appear directly below the firstiegeneracy taken into account). As a comparison, this is
magnon excitations. (ii) The finite-size scalings of thesevery different from the Kagomé case where a continuum
levels are known. In particular, the ground-state energyf singlets state is found in the magnetic gap [16,17].
per siteE(S = 0,N)/N has corrections scaling 87/2,  Thus, this system seems a very example of a short range
the AS = 1 spin gapE(S = 1,N) — E(S = 0,N) goes resonating valence bond state with a clear cut gap in a
to zero asN~!. None of these prescriptions is obeyedtranslationally invariant 2-dimensional spifi2l model.
by the MSE spectra in theS*= 0 ground state” region Consequently, both the low temperature specific heat
displayed Fig. 1, whatever the twisted or shape boundary
conditions may be. Thus, we exclude any commensurate
or noncommensurate NLRO.

0.4

Js/J,

0.2 A /1,-08)

= T T T T T —

5™ — J, model—We have analyzed in detail the 3 S E | : . : | E

JST = —2,7, = 1 model for nearly all possible systems 4 2 - . Yok

from N =6 to 30 and forN = 36. We noticed two oy EI - * e

different scaling behaviors: samples with multiple of 3 C. o Mo o =

4 or 6 have a low ground-state energy increasing With 0 = R -
0 0.02 0.04 0.06

whereas others samples have a high ground-state energy
decreasing withV. The energies of both families merge N-t

for No = 40. Our interpretation is the followingNo is g5 2. Spin gap plotted as a function ofNLfor £ = —2,
a crossover size above which the system is not anymorg = 1. The vertical bar is thev = « extrapolation made out
sensitive to boundary conditions and this is the signaturef the E/N — A correlation analysis.
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and spin susceptibility are thermally activated(T) ~  wherelS; = 1,55) is theS = 1,5% = §j state, symmet-
e AT Ccy(T) ~ e 2/T]. However, the gap decreases ric with respect to the small diagonal of tdéh diamond.
rapidly when approaching the AF-F transition and we ard~or N = 16 the projections of the exact low lying levels
not yet able to decide if the gap vanishes at the transitioon £ range from10% to 50% for nearly all the states in-
to ferromagnetism or before. Indeed, experimental resultgolved in the peak (and drop undé&f for higher energy
of Ishida and collaborators seem to indicate either a vergtates). These numbers are very large compared with the
small gap or a quantum critical behavior [13]. expectation values of the projection of a rand&ns 0 or
2nd layer heat capacity—We compute the MSE heat S = 4 wave function, which are, for the same lattice size,
capacity forJ‘fff/J4 = =2,Js5/Js = 0.2, Jg/J4 = 0.08, of the order of1%. Since each tiling of the lattice gives
with N = 16,20, and 24 (Fig. 3) and find a clear low 3"/* independent states, the entropy associated Hitis
temperature peak. The entropy 4&t/Jc, = 0.5 is at least If3"/4) = 0.4N In(2), in agreement with the low
=0.4N In(2) and the low temperature peak is thus likely temperature peak entropy found in our samples.
to remain in the thermodynamic limit. It also subsists These results lead to the following picture: At high
for a relatively large range of competing,. Such a temperature down td" = J., the degrees of freedom
low temperature peak is characteristic of different highlyare essentially random spiryZ For T less thanJc,,
frustrated systems [9,18]. The high temperature peak ithe thermal wavelength increases and near neighbor
located at a temperature of the orderJf (J¢, is the spins behave coherently as weakly ferromagnetic entities
leading coefficient of thd /T expansion of the specific (pseudo spin 1). This explains the low temperature peak.
heat: C, = 9/4(Jc,/T)* + O(1/T?), its expression At T = A (spin gap), the 4-spin exchange coupling
as a function of the/'s is given in [19]). The low creates larger clusters and the system organizes itself as
temperature peak height and location do not only depend QSL.
on J¢, but also on the relative values of the coupling Magnetization—Now we apply a magnetic field and
parameters. A better agreement between present resultok for the spinS of ground state T = 0 magnetiza-
and experimental results [13] is expected by a fine tuningion). The large gap between the sectors of total spins
of the coupling parameters. Indeed, moving towards the = S;,.x/2 andS = Sy.x/2 + 1 indicates that exciting
boundary line between AF and F phases both decreasese diamond to it§ = 2 state costs a large energy. This
the gap and shifts the low temperature peak towardfeature gives rise to a low temperature plateau at magneti-
lower temperature. zationm = 1/2 (Fig. 3) which has also been found in the
Low energy degrees of freedemTo understand the classical variational picture by Kulei al. [11]. (Related
excitations responsible for this low energy peak we lookedbhenomena have already been encountered in the Heisen-
for possible common properties of low lying levels: berg model with Ising anisotropy [20], in the MSE model
It appears that most of these levels have a significamin the square lattice [21], on Heisenberg ladders or chains
projection on the subspace engendered by spin-1 diamorjd2,23]. An m = 0 plateau has been observed in the
tilings. This subspac& is defined by the nonorthogonal spin-ladder compound G(CsH;;N,),Cly [24,25].) For
family of wave functions: the same coupling parameters as Fig. 3, Fig. 4 shows two
o . metamagnetic transitions Hi; andH, and the magneti-
) = ® IS¢ = 1.8 € {-1.0.1).  (3) zation is completely quantizedz = 0,1/2, or1. Thanks
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FIG. 3. Heat capacity versus temperature for three sizes. 0 1 2 3 4 5
Coupling parameters at&™ /J, = —2, Js/Js = 0.2, Jo/Js = guB/J,

0.08. For these valueg:, = 0.93J, and theN = « spin gap is

of the order of/,/2. Because of finite-size effects, @h = 20 FIG. 4. Magnetization versus magnetic fieRl Exchange
and?24 the high temperature peak (= J¢,) only shows up as parameters are those of Fig. 3. Sincé’lite, J, = 2 mK and
a shoulder. gu = 1.5 mKT™!, He is in the telsa range.
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