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Abstract

The spin density of states of a two-dimensional antiferromagnet in magnetic field having gpiaad. interacting with
acoustic phonons is investigated in the nonadiabatic approximation using the quantum Monte Carlo method. It is found the
gap energyA in the single particle spin excitations spectrum closes at magneticfietdt., Wpn < Wy and A >~ (1/2) He,

Wph > W, whereWp, and Wy are the bandwidths of phonon and spin excitations in antiferromagnet.
0 2004 Elsevier B.V. All rights reserved.
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Spin liquid phase have attracted a lot of interest 1D Heisenberg antiferromagnetic chain and identified
because they display both fractional excitations and with quantum domain walls. Anders¢8] suggested
topological order. While fractionalization could play that a 2D fractional quantum spin liquid may be de-
an important role in some theories of high-temperature scribed as a “resonating valence bond” (RVB) state
superconductorgl], the topological properties of  with pairs of excitedS = 1/2 spinons separating via
these liquid states have been proposed as possiblerearangement of these bonds.
devices to implement quantum bits for quantum com-  For the spin-12 model on the square lattice RVB
putationg?2]. The concept of fractional quantum exci- theory gives an energy of a singlet state withiti%
tations (spinons) is now well established both theoret- of ordered stat§6] and gapless fractional excitations.
ically [3] and experimentally4] in the spinS = 1/2 A frustrating interactions may induce fractional phases

in 2D. The competition between the neardstand
next-nearest exchangk on the square lattice leads
E-mail address: apl@iph.krasn.r¢S.S. Aplesnin). to pairing spins-12 into singlets at short distances
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to overcome frustration in Heisenberg antiferromag- Here S&* are a spin operator components associ-
nets. Similar situation has been observed in magnetic ated with the site(i, j), J > 0 is the usual antifer-
system with the spin-Peierls order when spins inter- romagnetic exchange integral, is the spin-phonon
acted with the optical phonon mode. In this case the coupling constanty; ; is the displacementin the y-
ground-state can be described by one ordered con-direction,M is the mass of the ion ank is the elas-
figuration of singlets with gapped magnoas = 1. tic rigidity constant of the lattice. Using the quantum
RVB state and the excitations of pairs §f= 1/2 representation for phonon operatérs ™, the Hamil-
spinons have been observed in the triangular antifer- tonian maps to:

romagnet C8CuCly with the partially released frus-

tration [7]. A gapped dimer liquid phase with the HZZ(JistiSj +HiSiz)

topological degeneracy and the deconfined fractional i.j
excitations have been studied in the kagome lattice K
[8]. A high degree of the frustration can be derived +Y >« 2M2Q) exp(iqgr)
from Hamiltonian with spin-phonon coupling. More- Gx:qy n.m
over the model with multiple spins interaction_ is a x (bq+b¥q)[(1— cosq, — i SiNg.)Sy.mSut1.m
particular case of a more general model of spins in- .
teraction with the acoustic phonons. Such systems are + (1= cosgy —isingy)SumSum+1]
nonlinear and may have breather or skyrmion like ex- + Zhsz(q)ba“bq, £2(q)
citation. q
In this Letter we will show that the interaction of 5K
S = 1/2 spins with the acoustic phonons on a square = wo\/z —Cc09g,) —C0dgy), wo= w (2)

lattice gives rise to the excitations with different mass
depending upon the strength of the phonon frequency. ~ SPin-phonon coupling parameter the excitation

At high phonon frequency the magnetic excitations €Nergye and temperature are normalized on the ex-
would have mass more light as compared to magnetic change/, 7 =1, M = 1. The temperature used in
excitations at low phonon frequency. For that we carry Ccalculationisg = J/T = 10. The elastic subsystem is
out simulations of the density of states of a single par- described by phonons with the number of occupation
ticle spin excitations in magnetic field. The interaction 7ph=0.1,2,... and magnetic subsystem is in the
between the spin and the elastic subsystems leads tgepresentation. The continuous time world-line Monte
nonlinear interactions not only between spins, but also Carlo approaci9] based on the expansion of the sta-
between phonons. For this reason, a correct solution tistical evolution operatoe ="/ in powers of./ and
should be carried out takg into account the nonadia- @ is applied. The world-line configuration of spins and
batic interaction between spins and phonons; this can Phonons are updated through the space-time motions
be done using the quantum Monte Carlo method based©f the creation and annihilation operators. The peri-

on the continuous-time algorithm. odic boundary conditions are applied bnL, L = 32
In the harmonic approximation, the Hamiltonian Square lattices. 4000 Monte Carlo steps (MCS) per site
for a coupled spin-phonon system has the form are spent to reach equilibrium and another 8000 MCS
are used for the averaging. The root mean square er-
H = Z[] Faui ) —uis1))] rors of the computed quantities lie in the rang#%
i7 ' to 0.6%.
4o - The spectral density of magnetic and phonon exci-
X [Si, iSiy1 (Si,jSi+1,j + Si,j5i+1,j)/2] tations can be determined from the corresponding time
+ [T 4o —uij41)] correlation functions calculated in the imaginary time

o . - for ¢ > 0. We define the spin correlator in the form
X [SZLjS{',jH + (S8 Si,jSi,j+1)/2]

+ Hi S+ M2 24 K i — uiy1,)2/2
+ K (i, — ui j41)°/2. @)

(S7(mSsT(©0)
=" |wIS*IGS) [ exf[—(E, — Eo)t], ®3)
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where|v) is the complete set of eigenstates of Hamil-
tonian Ho, Ho|v) = E,|v), Ho|GS) = Ep|GS). Let us
redefine the spin correlat() as

(S™()$*(0) = /dw ps (@) ex —(w1)].
0

ps(@) =Y 8w —2,)|(ISTIGS) |,

2, =E, — Eop, 4)

where p, (w) defines the spectral density of magnetic
excitations. In fact, the Monte Carlo method is used
for calculating the time correlator on a finite interval
0 < 7 < 0. In order to reproduce the spectral density rig 1. The gap energy/7 in the single particle spin excitation
in a wide range of energies, we must solve the integral spectrum as a function of spin-phonarteraction parameter for
equation(4). For this purpose, we use the stochastic @o/J =1 (1), 6 (2). Thefitting functiom /J ~ [( — ctc1) /etc2]%

oo

procedure optimizing the deviati¢hO] is plotted by solid line.

70
D= /[G(z) -G, (0|6 M) dr (5) 3.

0 i
of the computed correlataF (r) from the true corre- § et
lator G, (t) with the spectral density; (o). & 27 —2

Let us consider two cases when the dispersion
curves for magnons and phonons intersect, which is
observed atvg/J < 2, and additional singularities are
formed in the density of states of these quasiparti-
cles and the opposite case @§/J > 2. The firth
case is similar to the spin-Peierls interaction. The fig-
ures follow two typical cases whetg/J = 1 and
wp/J = 6. Under the action of the magnetic system
the ions displacements aliibute nonuniform under
lattice. The structural factor of lattice fluctuations be-
comes spatially anisotropic. There are two types of
fluctuations: ladder-type containing two nearest chains
for wg/J =1 and quasi-one-dimensional chains for
wp/J = 6, separated by distanee~ 7 — 10.

Forua > «., a gap is observed in the single particle
spin excitations spectrum. The dependence of the gap
energy on the magnitude of the spin-phonon coupling
together with the approximating power function

0.50(8)

p(w)

AT > (@ — ) /o] wo=J (6)
is depicted irFig. 1 Fora > a.» the long-range mag- (b)

netic order disappears and a quantum spin liquid is rig. 2. The density of states of single particle spin excitations for
formed[11]. Magnetic field suppress the quantum spin  wg/J =1, a/aep = 1.2, H =06 (1), 1.0 (2) 1.5 (3) (apg/J =6,
fluctuations. The typical densities of spin excitations «/ac2=10,H =0.3(1),0.9(2), 1.5(3) (b).
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Fig. 3. The gap energy/A(H = 0) in the single particle spin ex-
citation spectrum as a function of magnetic fiegfd A(H = 0) for
wo/J =1, afacp =12 (1),wo/J =6,a/a.2=1(2),1.8 (3).

calculated in the magnetic field are shownFig. 2
The gap closes at the critical field. as exhibits in
Fig. 3. Gap energy is equal to Zeeman energy for
wo/J =1, A~ H,. In the spin liquid phase the rela-
tion between the gap energy and critical field is differ-
ent in two times forwg/J =6, A >~ (1/2)H,. When

wp < 2J the short wavelenth phonons gives rise to
ions displacements and to dynamic local lattice dimer-
ization. The excitation spectrum of dimerized lattice is
triplet. At wp/J = 6 an effective interaction between
spins realizes via the long wavelenth phonons which
beaked down at the critical fielH.. It is possible this
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state may be interpreted as a classical breather in the
kind of domain composed of the rotated spins in the
range of angleg0, 7 /2).

Let us summarize the main results. If the band-
width of phonon excitations is less than the band-
width of magnon excitations in two-dimensional anti-
ferromagneWpn < W, (dispersion curves of magnon
and phonon excitations are intersected) the excitation
spectrum of quantum spin liquid is the gapped magnon
excitations withAS* = 1. In contrast limitWpp > W,
the mass of low-lying energy excitations in the spin
liquid is in two times less as compared to mass of
triplet excitations.
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