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Abstract

The ground state of two-dimensional Heisenberg sp-dntiferromagnet (AF) with the spin—phonon coupling is studied
by the quantum Monte Carlo method. The magnetic moment per site, mean-square vibration of ion, phase diagram of AF long
range order—quantum spin liquid are simulated. The spin—phonon coupling is estimate@€{t@®@RR = Gd, Eu.
0 2003 Elsevier Science B.V. All rights reserved.
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The two-dimensional (2D) quantum spin Heisen- ing perturbation theory up to fourth order énin the
berg antiferromagnet (AF) has attracted a great deal antiadiabatic regime authors [4] have been derived ef-
of attention in connection with the properties of ma- fective spin Hamiltonian with long range interactions
terials with high-temperature superconductivity. The consisted of four- and six-spin coupling; - S;) x
parent compounds ®&uQy, R= Nd, Gd, Eu reveal  (5;.-5))--- (S, - S,). The additional four-spin coupling
low value of magnetic moment on site~ 0.4 [1] (K) and next-nearest-neighbok) antiferromagnetic
with fairly high Neel temperatur@y ~ 250-280 K. interaction result in spin nematic state [5] and quan-
These materials have tH# tetragonal structure and  tym spin liquid (QSL) atk /J1 = 2 [6]. A frustration
strong lattice fluctuations. The reflexes of X-ray mea- caused by the competition between nearest-neighbor
surements show spread ellipsoidal patch which are in- ( 7,y and J,—interaction breakdowns long-range order
terpreted as a strong vibrations of oxygen ions [2]. and also forms the quantum spin liquid in the parame-
The mean-square vibrations of ?jUi” plane CuO  ter rangeJ,/J1 ~ 0.2-0.4 [7]. The larger valuex,
in ElCuQy, are decreased with increasing tempera- , imply the larger spin—phonon coupling. It means

ture and exhibit minimum af’ ~ 160 K [3]. The in-  he nteraction between spin and phonon subsystems
teraction between magnetic and elastic subsystem ispeeqs to consider nonadiabatic limit. Using the uni-
taken into account by spin-phonon coupli@g. Us- tary transformation and the second-order of expansion
in terms of small parameter the sublattice magneti-
E-mail address: apl@iph.krasn.ru (S.S. Aplesnin). zation, phase diagram AF-QSL [8], spin—spin corre-
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lation functions [9] have been calculated in the AF w0 = | 2K @)
on a square lattice. These values may be essentially M
Changed if the h|gher order terms of eXpanSion will Spin_phonon Coup“ng paramet@rand tempera_
take into account. o _ . ture are normalized on the exchangei = 1, M = 1.

In this Letter we consider interaction of spifis= The temperature used in calculatiorgis= J /T = 50.
1/2 with acoustic phonons by quantum Monte Carlo The elastic subsystem is described by phonons with
method. Monte Carlo approaches restricted to finite the number of occupationph = 0,1,2... and mag-
lattice but without any adiabatic approximation and netic subsystem is in thé® representation. The con-
method [10] is based on a path-integral representation on the expansion of the statistical evolution operator
for discrete system in which we work directly in  —H/T jn powers of/ and« is applied. The world-

the Euclidean time continuum. All the Configuration line Configuration of Spins and phonons are updated

update procedures contain no small parameters.  through the space—time motions of the creation and
We consider a model Hamiltonian of an spin— annjhilation operators. The periodic boundary condi-
phonon system: tions are applied oi - L, L = 32 square lattices. 4000
Monte Carlo steps (MCS) per site are spent to reach
H=Y [J+aij—ui+)] equilibrium and another 8000 MCS are used for the
Lj averaging. The root mean square errors of the com-
x [sl?/.slgrl i+ (Sjj S TS Si++l /,)/2] puted quantities lie in the rangel®%6 to 06%.
h A ' A ' A Magnetic moment per site is evaluated by summing
+[J o) —uij)] over imaginary-time and over lattice
+ ¢ - ot
x [Siz,j Sijpt (Si,j Sij+1 TS Si,j+1)/2] B
. 1 o
+ M“,'Z,j/z + K (uij —uit1,)%/2 o= <N Z(_]_)lﬂ / S; (@ dt>,
+ K (i, — ui,j+1)%/2. (1) h 0

where bracket(---) denotes the thermal averages.

z,£ i i
Here 5*= are a spin operator components associ Mean-square vibration of iof?) is simulated by

ated with the site(i, j), J > 0 is the usual antifer-
romagnetic exchange integral,is the spin—phonon 5 h 2ng+1
; o8 : . )y = > .
coupling constanty; ; is the displacement in the-, 2MN 2(q)
y-direction, M is the mass of the ion anfl is the
spring constant. Using the quantum representation for More important is to determine the relative change

3

q

phonon operators, b, the Hamiltonian maps to: (U?) = u?(a)) — (o =0)).
The values of («) and (U2(«)) are simulated for
H= Z Ji iSiS; set of acoustic frequenayo/J = 1,2,4,6,8,10 vs.
ij spin—phonon coupling. The normalized vakiéx)/
5 o(0) and (U%(a)) reveal universal dependence on
+ o Sin(gyn + gym + /4 a/a. for casewg < 2J and wp > 2J, as shown
qxzqzv%; MQ(Q)[ (@ + 4y v in Figs. 1 and 2. This difference may be due to

appearing additional peculiarities in the density state

~isingen + qym —/4)] of spin and phonon excitations if the branches of

X (bq + btq) the corresponding excitations are intersected. The
X [SINGxSumSu+1.m + SiNGy Sy mSam+1] magnetic moment per site fits well to a straight line
+ 0/0(0) =114 — 130/a;, wg < 2J ando/o(0) =
+ Zhﬂ(q}bq ba, 1.12 — 0.960 /., wo > 2J in the parameters range
a 0.15< a/a. < 0.7 and disappears sharp at the critical
2(q) = wo\/z — coggy) — COg4qy), spin—phonon coupling = «.. Mean square vibrations

of ions exhibit anisotropy, as illustrated in Fig. 2,
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Fig. 1. The magnetic moment per site as a function of the
spin—phonon coupling fabg = J (1), wg = 6J (2).
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Fig. 2. Mean-square vibration2) vs. spin—phonon coupling
at wg=J (2,4), wg = 6J (1,3) along [10] (1,2, 8 = x), [01]
(3,4, B =) directions.

as result of dynamical lattice dimerization favored to
decreasing magnetic energy.
Models of a static dimerized exchange are widely
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Fig. 3. The phase boundary AF-QSL calculated by MC and the
expansion in terms of small parameter (EX) [8].

of one direction lattice. The exchange dimerization is
8 ~ au and shows nonlinear dependence on the ion
displacement:. Interaction between elastic and mag-
netic systems causes elastic tensions that induce lo-
cal exchange dimerization. Staggered magnetization
is decreased and disappeared at$.. lons displace-
ment anisotropy corresponds to symmetry lowering of
lattice and qualitatively agrees with results obtained
for static lattice dimerization [11].

Phase diagram of AF long range order—quantum
spin liquid in plane the upper bound of acoustic pho-
non frequency—spin—phonon coupling is presented in
Fig. 3. The phase boundary AF-QSL is well approxi-
mated by the power functian = 1.65(3)a 3. For
comparison the boundary computed by unitary trans-
form up to the second-order af (all higher order
terms are omitted) [8] is shown in Fig. 3. When band-
widths of the spin-wave and phonon spectrum become
comparable in magnitude the contribution of all higher
order terms of expansion are important.

Low magnetic moment on site = 0.4(1) in

used to describe the spin-Peierls materials. Consider-Gd,CuQs and EyCu(y [1], established from neutron

ation of various kinds of exchange dimerizati®a=
Ji.i+1— Ji.i—1in square lattice [11] shows existence of
the critical values. ~ 0.5. For§ < . the energy gain

scattering and electronic spin resonans on&ibn
in EwCuQy, o = 0.35(4) [13] seem results from
spin—phonon coupling. This confirms the anomaly of

is achieved by exchange dimerization along of one di- acoustic phonon excitation alonfX direction in

rection lattice so-calle¢r, 0) mode condensation and
(r, ) mode condensation fér> §.. Long range AF
order becomes unstable at the critical value- 0.75
simulated by quantum Monte Carlo [12] in terms of

parent compound N&CuOy [14], strong vibrations of
oxygen ion in CuO plane in GE&€u, [2] and small
decreasing mean square vibration oft€un plane
CuO in EuCuQy [3] with temperature rise. Typical

Heisenberg model with exchange dimerization along upper bound of acoustic frequencyig~ 4 x 1012 Hz
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[14], antiferromagnetic exchangé ~ 0.1 eV and
parameters of spin—phonon coupling inZ&GdiO; and
EwCuOy determined frono (o) area ~ 0.06,~0.07.

So, summarizing, the dependence of magnetic mo-
ment per site in two-dimensional antiferromagnet as a
function of spin—phonon coupling is determined. Pa-
rameters of spin—phonon coupling in §&210, and
EwCuQy are found. The calculated phase diagram
AF-QSL allows to estimate the validity of using small
expansion parameter for calculation of sublattice mag-
netization.
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