
VOLUME 81, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 31 AUGUST 1998

ates
ith
net
e

sssC2H5NH3ddd2CuCl4: A Physical System for the Experimental Investigation
of Intrinsic Localized Modes

R. Lai and A. J. Sievers
Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853-2501

(Received 8 January 1998)

The weak dissipation of spin waves in magnetic materials makes antiferromagnets realistic candid
for the experimental observation of intrinsic localized modes. Our molecular dynamics simulations w
different antiferromagnets reveal that the lowest lying uniform spin wave mode of the antiferromag
sC2H5NH3d2CuCl4 is unstable and that it can be driven sufficiently hard with a 1 Oe cw microwav
field to generate intrinsic localized spin wave modes. [S0031-9007(98)06965-8]

PACS numbers: 75.10.Hk, 46.10.+z, 75.30.Ds, 75.50.Ee
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The realization that lattice discreteness can stabili
highly localized excitations in perfect nonlinear lattices
proving to be a new conceptual breakthrough in nonli
ear dynamics [1,2]. Although a fairly detailed theo
retical understanding of the important effects of lattic
discreteness on intrinsic localized mode (ILM) existenc
localization, and stability has been achieved [1,2], a
a simple tabletop model has been realized [3], the b
method for the generation [4,5] and detection [6] of the
large-amplitude localized excitations in crystals is still a
open question. The analogy between lattice vibratio
and spin waves has stimulated recent theoretical stud
of intrinsic localized spin wave modes (ILSMs) in sem
classical and classical magnetic models [7–13]. Owing
the soft nonlinearity of the spin-spin exchange interactio
only intrinsic localized spin wave gap modes and/or res
nances are allowed in a variety of antiferromagnetic sy
tems. These ILSMs arenontopologicaland can exist in
discrete lattices of any space dimension, so they should
contrasted with the continuumtopological kink solitons
which have been well studied in one-dimensional ma
netic systems [14]. Since the dissipation of spin wav
in magnetic materials [15,16] is usually weak compare
to that of lattice vibrations in crystals, antiferromagne
appear to be realistic candidates for the experimental o
servation of ILMs. In this Letter we describe simulatio
studies for antiferromagnetic materials where intrinsic l
calized spin wave modes are created via modulational
stability [17,18] when the uniform mode is driven with a
large amplitude ac field. Layered antiferromagnets sta
out as particularly noteworthy: We find that the low
est lying uniform spin wave mode of the antiferromagn
sC2H5NH3d2CuCl4 is unstable, and it can be driven suffi
ciently hard with a laboratory cw microwave field so tha
intrinsic localized spin wave modes are produced. Sin
these ILSMs appear at lower frequencies than the u
form mode they can be identified and examined using m
crowave homodyne detection methods.

Previous studies of intrinsic localized spin wave mod
in an antiferromagnetic chain with single-ion easy-ax
anisotropy described by the Hamiltonian
0031-9007y98y81(9)y1937(4)$15.00
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H ­ 2J
X
n

$Sn ? $Sn11 2 D
X
n

sSz
nd2, (1)

where both the exchange constantJ and the single-ion
anisotropy constantD are positive, have demonstrate
that they can exist in the gap below the antiferromagne
resonance (AFMR) uniform mode frequency for anyD .

0, and that the ratio of the anisotropy field to the exchan
field, HAyHE, is a crucial parameter which determines th
localization properties of these new modes [7,11,13,1
For a specific maximum spin deviation, the larger th
ratio HAyHE, the more strongly localized is the spin wav
mode, with the mode frequency moving further into th
gap. For the two standard easy axis antiferromagn
MnF2 and FeF2, very different localization properties are
to be expected. Because of its relatively weak anisotro
field, HAyHE ­ 1023 [19], MnF2 should generate broad
intrinsic localized spin wave gap modes (ILSGs) on
short time scale, which would be difficult to identify in
experiment due to the coexistence of extended nonlin
spin waves. On the other hand, FeF2, with a much larger
anisotropy value,HAyHE ­ 0.345 [16], is expected to
produce strong localization on a much longer time sca
which because of the relatively large frequency shifts c
be separated from the extended spin waves.

By means of molecular dynamics (MD) simulations w
now estimate the ac field required to create ILSGs v
the modulational instability of extended spin waves f
an easy-axis antiferromagnetic chain of 256 spins w
periodic boundary conditions. The parameters for t
chain are chosen to match those of FeF2, which are given
in Table I. Since only the ratios between paramete
matter in these computer simulations we setDyJ ­ 0.69
in Eq. (1).

For a dissipative chain of classical spins in the presen
a circularly polarized driving fieldHac in the x-y plane,
the equation of motion for thenth spin can be written as

1
g

d $Sn

dt
­ $Sn 3 $Heff

n 2 ´ $Sn 3 s $Sn 3 $Heff
n d , (2)

whereg is the gyromagnetic ratio, the second term resu
from the Landau-Gilbert damping [19] which preserve
the magnitude of individual spins, and́ is a small
© 1998 The American Physical Society 1937
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TABLE I. Model Parameters for FeF2 [16] and sC2H5NH3d2CuCl4 [21]. HE is the exchange field,$H A is the anisotropy field
tensor,$H

ssdd
dip ­

P
n

$F snd [even (odd)n] is the dipolar field tensor arising from the same (different) sublattice, andv6s0d are the

AFMR frequencies. Both$H A and$H
ssdd
dip have only diagonal elements, which are listed here. All parameters are in units of oers

HE
$H A

$H s
dip

$Hd
dip v6s0dyg

FeF2 5.55 3 105 1.91 3 105 Neglected Neglected 5.01 3 105

sC2H5NH3d2CuCl4 829 h69, 974, 0j h2247, 500, 2253j h75, 2150, 75j 1915, 494
a
d

t

d

ct
y

n
f

l
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parameter measuring the damping strength. We confi
our MD simulations here to the application of the simple
possible case: a cw source with a fixed driving frequenc

In the MD simulations the discrete equations of motio
for the xyz spin components given by Eq. (2) are inte
grated numerically. Given an ac field strength, the drivin
frequency is set to a value slightly below the AFMR fre
quency of the uniform mode,vAFMR. The optimal driv-
ing frequency should maximize the total energy fed int
the antiferromagnetic chain so that the system attains
maximum nonlinear contribution.

Figure 1(a) shows the time evolution of the energ
per spin in a chain driven by a cw ac field with fixed
strength at three different frequencies. In each ca
the chain has the same initial configuration; that i
the spins are randomly deviated from their ground sta
configuration with an average spin deviationkdSnl ­
0.005. The time is measured in units ofTAFMR ­
2pyvAFMR. These three MD simulations demonstrat
that the driving frequency is a crucial parameter an
that vac ­ 0.995vAFMR is the optimal driving frequency
for this particular ac field strength. For this optima
case, the energy in the chain increases smoothly w
time during the first 240 TAFMR, and then becomes
saturated at longer times with the deviations produc
by irregular fluctuations. Although the details of the MD
simulation results depend on the initial spin configuratio
the evolution of energy per spin does not show
qualitative difference between what is shown here an
other random initial configurations.

The behavior of the energy per spin in the analog Fe2
system can be understood better by examining the tim
evolution of the energy density distribution [11] plot-
ted in Fig. 1(b) for the optimal case ofHac ­ 4.0 3

1024vAFMRyg andvac ­ 0.995vAFMR. After the driv-
ing field is turned on the energy density distribution in
creases smoothly with time and remains plane wavelik
until the instability triggered by the random initial con-
dition begins to manifest itself after about240 TAFMR.
With further development of the instability the extende
q ­ 0 spin wave decays into a few ILSG excitation
which slowly move around the lattice. Since the ILSG ex
citations have lower frequencies than the uniform mod
their coupling to the ac driving field is weak and the en
ergy in the chain reaches this steady state.

Although these numerical simulations demonstrate th
the ILSMs can be generated in a chain with the FeF2
parameters via the modulational instability mechanis
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by driving the unstable extended spin waves with
cw ac source, the optimum ac field parameter require
corresponds toHac ­ 200 Oe for a driving frequency
of vac ­ 52.34 cm21. Such intense sources do not ye
exist in this frequency region. Since the localization
property of an ILSM is really determined by the ratio of
HAyHE it should be possible to apply the same metho
to excite ILSMs with HA comparable toHE but for
antiferromagnets with the AFMR frequency in the GHz
region. Furthermore, since the exchange fieldHE would
then be scaled down by a factor of 100, one would expe
the required strength of the driving field to decrease b
roughly the same factor.

FIG. 1. Molecular dynamics simulation results of a periodic
uniaxial easy-axis antiferromagnetic chain of 256 spins drive
by a circularly polarized ac cw field. The parameters o
the antiferromagnetic chain correspond to those of FeF2.
(a) Evolution of energy per spin for three different ac
driving frequencies. The strength of the ac field isHac ­
4.0 3 1024vAFMRyg, and the frequencies of the ac cw fields
vacyvAFMR are as follows: 0.994 (dot-dashed line), 0.995
(solid line), and 0.996 (dashed line). (b) Energy density
distribution as a function of time for the optimal driving
frequencyvac ­ 0.995vAFMR. Energy density is in arbitrary
units, and time is measured in units ofTAFMR. (The fine
wiggles result from the fact that up spins for ILSGs in uniaxia
easy-axis antiferromagnets have a larger deviation than adjac
down spins and hence have higher anisotropy energy [11]).
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Because of these constraints we examine next
well-known quasi-two-dimensional antiferromagne
sC2H5NH3d2CuCl4 [20,21]. The structure of this com-
pound is face centered orthorhombic. The interactio
between copper ions within theab plane are strongly
ferromagnetic, and there exists a very weak antiferr
magnetic interaction between neighboring copper ions
adjacent layers. AtT ­ 1.4 K the interlayer anti-
ferromagnetic exchange field isH 0

E ­ 829 Oe, and
the intralayer ferromagnetic exchange fieldHE ­
5.5 3 105 Oe. ThusH 0

EyHE ­ 1.51 3 1023 ø 1, and
below the Néel temperaturesTN ­ 10.2 Kd the low fre-
quency spin dynamics can be described quite accurat
by a 1D two-sublattice antiferromagnet with spins in th
same layer pointing in the same direction and modeled
one effective spin.

The effective one-dimensional Hamiltonian is given b

H ­ 2JAF

X
n

$Sn ? $Sn11 1
X
n

$Sn ?
$D ? $Sn

1
1
2

X
n,n0

$Sn ?
$F sn 2 n0d ? $Sn0 , (3)

where $Sn is the effective spin of thenth layer and
is treated as a classical vector with unit length. Th
antiferromagnetic exchange constantJAF . 0, and the
anisotropy tensor$D arises from the anisotropic ferro-
magnetic exchange interaction between spins belong
to the same layer. The third term describes the dipo
dipole interactions, where$F sn 2 n0d is the effective
dipolar interaction tensor between spins belonging
the nth and then0th layers, and the dipolar interaction
between spins belonging to the same layer$F s0d is the
strongest. The model parameters are set to beJAF ­
207 Oe and$D ­ diagh34.5, 487, 0j Oe so that thez axis
is the easy axis, and the antiferromagnetic exchan
field and the anisotropy field match those measured f
sC2H5NH3d2CuCl4 which are listed in Table I. The ef-
fective dipolar interaction tensor$F sn 2 n0d can be ob-
tained by summing contributions from spins belongin
to the n0th layer. It has only diagonal elements owing
to the symmetry of the lattice [21]. Since the Hamil
tonian does not possess uniaxial symmetry, there a
two antiferromagnetic spin wave branchesv6sqd with
v1s0dyg ­ 1915 Oe, andv2s0dyg ­ 494 Oe. Because
of the negative curvature of the upper dispersion cur
branch atq ­ 0, the existence of intrinsic spin wave reso
nances can be ruled out [22]; however, the positive cu
vature of the lower branch at the zone center permits t
existence of ILSGs to occur belowv2s0d.

To study the creation of ILSGs in this system wher
dipole-dipole anisotropy is important, we again apply
cw microwave field to a chain of 256 spins with a periodi
boundary condition in the MD simulations. The dampin
parameteŕ is set to be1025 so that the ratio ofGyv is
of the same order as that in FeF2. At time 0 the spins are
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randomly oriented from the easy axis by a small amo
with kdSnl ­ 0.005.

We search for the smallest driving field strength th
will induce significant localization and find it to oc
cur whenHac ­ 0.987 Oe. After a few trials, the fre-
quency of the driving field is set tovacyg ­ 487.5 Oe
to maximize the energy going into the chain. The M
simulation results showing the evolution of the ener
density distribution for the optimal case are plotted
Fig. 2(a). The amplitude of an extended nonlinear s
wave grows smoothly for about70 TAFMRf2pyv2s0dg,
while for longer times the extended mode decays in
slowly moving localized excitations. MD simulation
with different random initial configurations show qual
tatively similar results.

The ILSGs for this anisotropic chain have a nonzero
magnetic moment,Mystd ­

P
Sy

nstd, in the y direction.
Figure 2(b) displays the power spectrum ofMystd for
the MD run shown in Fig. 2(a). The power spectrum
calculated from the data during the time period from
and 512 TAFMR to exclude the contribution from initia
extended spin waves. The lower frequency compone

FIG. 2. Creation of intrinsic localized spin wave modes in
anisotropic antiferromagnetic chain of 256 spins driven by
circularly polarized ac cw field. The parameters of the an
ferromagnetic chain correspond to those ofsC2H5NH3d2CuCl4.
The frequency of the ac cw field isvacyg ­ 487.5 Oe, which
is the optimal frequency corresponding to the applied ac fi
strengthHac ­ 0.987 Oe. (a) Energy density distribution as
function of time. Energy density is in arbitrary units, and tim
is measured in units ofTAFMRf2pyv2s0dg. (b) Power spec-
trum of the net magnetic momentMystd for the simulation run
shown in (a), which is calculated from the simulation data d
ing the time period from 90 to512 TAFMR. The dot-dashed
line identifies the driving frequency.
1939
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FIG. 3. Creation of intrinsic localized spin wave modes i
an anisotropic antiferromagnetic chain. All parameters are t
same as those in Fig. 2 except that the frequency of the
cw field is vacyg ­ 485 Oe, which is the optimal frequency
corresponding to the applied ac field strengthHac ­ 1.396 Oe.
(a) Energy density distribution as a function of time. Energ
density is in arbitrary units, and time is measured in uni
of TAFMR. (b) Power spectrum of the net magnetic mome
Mystd for the simulation run shown in (a). The dot-dashed lin
identifies the driving frequency.

shown here are generated by the ILSMs produced by
decay of unstable extended spin waves.

To demonstrate the effect of the ac field streng
on the ILSG spectrum, we double the power of th
cw microwave source so that the ac field strength
increased by a factor of

p
2 to Hac ­ 1.396 Oe. As a

consequence of the redshift resulting from the increasi
driving power, the optimal driving frequency is move
down further tovacyg ­ 485 Oe. Figure 3 shows the
MD simulation results. As plotted in Fig. 3(a), the effec
of the instability begins to show up earlier owing to
the increase in the driving field strength, and the ILSG
are more localized with the FWHM of the central pea
of the energy-energy correlation function [18] average
between 100 and200 TAFMR equal to 17.8 compared to
20.8 in Fig. 2. The power spectrum ofMystd for the
corresponding run is displayed in Fig. 3(b). Compare
to Fig. 2(b) where the shift of the center of gravity o
the frequency spectrum from the driving frequency is 9
in Fig. 3(b) there are more low frequency componen
producing a corresponding shift of 10% since on th
average the ILSGs generated in this case have lar
amplitudes and hence lower mode frequencies.

In contrast to the broad (,1 mm width) spin wave
envelope solitons observed in yttrium iron garnet (YIG
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films [23], the spatial size of an ILSM in an antiferromag-
net is comparable to the lattice spacing, and its formatio
and stability are strongly affected by the strength of th
on-site anisotropy field and the discreteness of the unde
lying lattice. Since the ILSMs have frequencies below th
extended spin waves and are magnetic dipole active, th
signature can be directly probed by microwave homodyn
detection methods.
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