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Identification of an intrinsic localized spin-wave resonance in antiferromagnetic chains
with single-ion easy-plane anisotropy
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We find that a stationary intrinsic localized spin-wave resonance can exist and is long lived within the linear
spin-wave spectrum for a perfect one-dimensional antiferromagnetic chain of classical spins with single-ion
easy-plane anisotropy. Numerical simulation studies demonstrate that the excitation is stable with regard to a
noise perturbation. The resonance is infrared active and its frequency decreases with increasing maximum spin
deviation.[S0163-182807)52418-(

It has been realized for decades that spatially localizedut'’ that some magnetic superlattices can also be described
modes can occur in purely harmonic lattices only when disby an energy functional similar to E¢1).1° In this case the
order is introduced so that the translational invariance of thepins are truly classical since each spin is the total spin mo-
underlying lattice is brokeh.In recent years it has been ment of a magnetic layer.
noted that some vibrations in perfectly periodic lattices con- We assume that the chain is magnetically ordered along
taining both nonlinearity and discreten&ssappear to local- the x axis at low temperatures with spins pointing alterna-
ize and the study of thigtrinsic localizationin various non- tively parallel or antiparallel to the axis. The equations of
linear periodic lattices is proving quite fruitffit’®> These  motion for thex, y, andz components become
intrinsic localized modes have somewhat the character of ag

reviously studied force constant defects, but they may ap- %
gear anyzvhere in the homogeneous lattice and gre m)(/)bilpe.ﬁsﬁ:[(Sﬁ*ﬁsﬁﬂ)sx_(S¥*1+S¥+1)S§J_AS¥S§’
Recently, it has been shown that intrinsic localized spin- (2a)
wave modegILSMs) can occur in both classical ferromag-
netic chains with on-site easy-plane anisotr§gyand anti- h ds)
ferromagnetic chains with on-site easy-axis anisotrSpy. HSE:[(Sﬁ71+5§+1)5§_(5§71+5ﬁ+1)5ﬁ]+A3§5ﬁa
Like their vibrational counterpart, the ILSMs extend over (2b)
only a few lattice sites and have amplitude-dependent fre-
guencies outside the linear spin-wave bands. A large number hods
of antiferromagnets actually are characterized by easy-plane 23S dt
anisotropy and an unanswered question is whether such
ILSMs can exist in easy-plane antiferromagnetic chains. Here we have introduced dimensionless variat#esD/J

In this paper we have investigated stationary ILSMs inands,=S,/S whereS is the magnitude of spin. Thereafter
chains of classical spins coupled antiferromagneticallyve shall treass, as a classical vector of unit length.
through nearest-neighbor exchange interactions with on-site To obtain the two linear spin-wave dispersion relations
uniaxial easy-plane anisotropy. Although no ILSMs aregX js approximated as\=(—1)" in Egs.(2b) and(2c). With

found above the top of the linear spin-wave spectrum whichgyclic boundary conditions applied the eigenfrequencies are
in this case, is gapless, a symmetric single-peaked intrinsic

localized spin-wave resonan¢é.SR) can exist with fre- 0% (q)=4sirfga+2A(1+cogja), 3
guency lower than thg= 0 frequency of the upper branch of ] ) . ) )
the linear spin-wave spectrum. This numerical study demonwherea is the lattice spacing between two adjacent spins and
strates that intrinsic in-band resonant modes can be stablethe dimensionless frequendy. (q)=%w-(q)/2JS. These

We consider a one-dimensional antiferromagnetic chairftandard dispersion curves are plotted in Fig. 1 for the case

of N spins (N even which is described by the Hamiltonian of A=1.0. Since the ground state possesses rotational sym-
metry about the hard axis, i.e., theaxis, the lower branch of

linear spin-wave excitation€) _(q), is gapless as shown in
H=23§n: SvSheat D§ (SH)?, (1) Fig. 1, while the upper branct. (q), exhibits a “gap”

below Q. (0)=2\A. The two branches are degenerate at
where both the nearest-neighbor exchange condtand the  the Brillouin zone boundary.
single-ion anisotropy constaflt are positive. The axis is Can an intrinsic localized spin-wave mode exist at the
therefore a hard axis. The anisotropy that is used i(Bds  zone boundary of the plane-wave spectrum? A necessary
an effective anisotropy which may arise from either the in-condition is that the substitution of= 7/2a+i « into Eq.(3)
teraction of the magnetic moments with their neighboringgives a real localized mode frequency; however, since a
ions via spin-orbit coupling or the long-range dipolar inter- complex frequency is found this possibility is excluded. In a
action between the magnetic moments. It has been pointesirict sense there is no gap for the spin-wave excitations

=(sp_1tsnr)sh—(sh_1tshi)sy. (20
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FIG. 1. Linear spin-wave spectrum for an antiferromagnetic -0.2
chain with easy-plane anisotropy. The anisotropy parametér is .
=1.0. The ILSR arrow identifies the frequency of the intrinsic lo- site n

calized spin-wave resonance described in the text.

FIG. 2. Shape of a stationary intrinsic localized spin-wave reso-
shown in Fig. 1, even though the upper and lower branchesance with the maximum spin deviatish= —0.65 and the anisot-
do have different polarizations, so we now investigate theopy parameteA=1.0. (a) The spin deviatiors;, versus lattice site
possibility that a nonlinear localized resonance may oscillaténdexn. The left side shows a factor 5 expansion of the ordinate to
at a frequency below , (0). Since the linear spin waves are display the plane-wave character in the win@®. The spin devia-
elliptically polarized we anticipate that the nonlinear reso-tion s? versus site index. The left side shows the same factor 5
nant spin-wave excitation would also be elliptically polar- expansion and a sign alternation to illustrate the resonant mode
ized. To find the eigenvector of a stationary ILSR we use th@/ane-wave character.

ansatz we seek the symmetric single-peaked localized solution with

the same pattern of sign alternation near the center of the
resonance. Far away from the mode center the localized so-
and (4) lution would be mixed with the spatially uniform plane-wave
solution from the lower branch. To explore this possibility in
st =(—1)"1—(s))%cofw,t—(s3)2sirfw, t} Y2 detail we numerically solve the set of coupled nonlinear
. equations given by Eq5) for a chain of 64 spins with pe-
Here the squared terms 8} ands; cannot be neglected. riodic boundary conditions using the globally convergent
Substituting Eq(4) into Egs.(2b) and(2c) we obtain, inthe  Newton method. We find that the intrinsic localized reso-
rotating wave approximatiotRWA) where higher harmon- nance does exist for a range of anisotropy parameters.
ics are ignored, the following coupled time-independent non- - As an illustration the spin deviation versus site index of
linear equations: an ILSR is plotted in Fig. 2 as filled circles for the param-
, , , eterssj=—0.65 andA=1.0. The frequency of this ILSR is
(=)™ =1(sh s)[sh-1 T S TAS] found to beQ,=0.930X) ., (0) within the RWA. As ex-
z y z y z ected, near the center of the resonance the sign of the
FHSh-10Sh- )+ ShrSh o) ISn Eomponent of the spin deviation alternates from 3ne spin to
Nl 2 y , v , y the next while the sign of thg component does not change.
(=D" sy =[f(sh-1,57-1) T F(Sh41.8041) ISk Hence the time-periodic and spatially localized ILSR has an
(Y, D))+ 4] osci!lati_ng_net mqgnetic moment in thedirectioq. Unli!<e
n»EnLEn=1 0 e lh the intrinsic localized gap modes found before in antiferro-
where magnetic chain§ with easy-axis anisotropy, the spin devia-
tions do not disappear with increasing distance from the cen-
ter. Instead the localized excitation evolves into a weak
) (6) plane-wave pattern, as expected for a resonance, which has
the eigenvector character of the lower branch. The seemingly
and F is the hypergeometric functidfi. Since a stationary irregular off-center region a8” far from the center exhibits a
localized resonance, if it exists, should bifurcate from thesmooth plane-wave pattern under the transformatijn
spatially uniformg=0 mode of the upper branch in Fig. 1 —(—1)"s¥. This sign alternation o8’ is a characteristic
which has the eigenvector feature of the lower branch. The wave numbeassociated
with the small amplitude off-center plane wave can be ob-
{40 S50 S0+ 1 Sons 1} VA2, — 1, VA2,13, tained from the Fourier transform ef in q space. For the

s/(t)=slcosw,t, si(t)=ssinw,t

11 b%-a?
—(1_a2\l2| _ — =
f(a,b)=(1—a? F( 2,2,2, 1-a2
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time step of T (0)/200 whereT, (0)=#wA/JSQ . (0). At
o b __] each step conservation of energy and spin lefigti part in
T ~. 1 10°) serve as checks on the numerical accuracy.
e, ] These molecular-dynamics simulations show that the
&, ] ILSR with modest spin deviations can last many hundreds of
d, ] periods without apparent decay. For example, the time evo-
lution of the ILSR energy densitye(n)=JS, (S, -1
+S,.1) + D(S?%)? averaged over one period is plotted in Fig.
4. The parameters are the same as those in Fig. 2. No decay
! ] can be seen after 80Q(0). When a noise perturbation
[ ] (<0.1% is added, the ILSR in Fig. 4 remains fixed for about
- 800T . (0) and then moves while still localized. It is found
1 ] that as the maximum spin deviation is increased, the ampli-
~800 — 0'5 — 10 tude of the plane-wave component in both wings of this ex-
N ¥ L citation increases. As a consequence the ILSR can become
maximum spin deviation : S :
unstable and delocalize after sufficient time as might be ex-

FIG. 3. C ison between the rotati imati ected for a localized excitation which is “on speaking
. o. Comparison between the rotating wave approximatio erms” with the plane_wave spectrum.

(RWA) frequency and the MD simulation frequency for a stationary Since the ILSR is a collective excitation, the calculation
ILSR versus spin deviation. The anisotropy paraméterl.0. The f ¢ f the total ma net'c, momeNt(t
dot-dashed curve is obtained using the RWA, and the open circle®' POWEr Spectrum o _magneti - . ()
are results calculated from the first 820(0) MD simulation points :En,sﬂ(t)’ is a useful mgthod with which to identify the
of the net magnetic momeY(t). relatlve_str_ength of the different frequency components of
the excitation as well as to check the accuracy of the RWA.
o _ In the uniaxial cas&? commutes with the Hamiltonian, and
ILSR shown in Fig. 2,q=0.6(w/2a), corresponding 10 & s therefore a constant of motion. Figure 5 shows the log
frequency of 0.927@, (0) in the lower branch, which is in  hower spectrum ofY(t) for the ILSR plotted in Fig. 2. This
good agreement with the ILSR frequency given the fact thaEOWer spectrum is calculated from the first $2¢0) MD
the small size of the lattice limits the wave-number accuracygaia values. A strong peak appears(ht=0.926%) , (0),
The.dot—dashed curve in Fig. 3 shows the .ILSR frequency,vhich should be compared to 0.9301(0) found in the
found in the RWA as a function of the maximum spin de- gy Since the eigenvector is not an exact eigenvector due
viation sj. The frequency drops further into the lower spin- 5 the RWA, linear spin waves are also excited. However,
wave band aS(Z) increases. Later these RWA frequenCieS will the Strength of the power spectrum peam(O) is more
be compared to molecular-dynamié§ID) simulation fre-  than three orders of magnitude weaker than the resonance
quencies. peak. Peaks at the third and fifth harmonics are also present
Since the RWA has been used to obtain the ILSR eigenin the power spectrurtnot shown, but their strengths are at
vector the mode stability needs to be checked by means qéast four orders of magnitude weaker than the peak corre-
MD simulations. In MD simulations the numerically deter- sponding to the fundamental ILSR frequency indicating that
mined eigenvector is used as the initial condition, is3., the RWA is a good approximation for this Hamiltonian.
=((—1)"y1—(s})?,0,s%), and the discrete equations of mo-  The MD simulation frequency versus spin deviation is
tion for the x-y-z spin components are integrated numeri-plotted in Fig. 3 as open circles and these values compare
cally by using the fourth-order Runge-Kutta method with awell with the RWA frequencies represented by the dashed

®/0,(0)
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T In summary we have shown that an intrinsic localized
spin-wave resonance can exist in one-dimensional antiferro-
magnetic chains with on-site uniaxial easy-plane anisotropy.
Since the ILSR has a nonzero total magnetic moment oscil-
lating along they axis, it can couple to infrared radiation.
Although from analytical work lattice dynamics resonance
modes already have been proposed to be a natural conse-
quence of intrinsic localizatiofi, our MD study successfully
demonstrates that in-band nonlinear localized excitations in a
b discrete lattice can be stable. The key feature in this nonlin-
ear dynamics problem is the polarization difference between
the two plane-wave branches. In our numerical simulations
o T T e the smaller the frequency of thg=0 mode in the upper
08 09 10 11 12 branch, the less strongly coupled the resulting ILSR is to the
other branch of the plane-wave spectrum. The analogy be-
o/w,(0) . OV :
tween the spin-wave and vibrational problems is clear. Be-
) cause of the polarization difference between the optic and
e Sty o o o .5 B e s cousc phonon branches in @ cne-cimensionalanharmoni
e Yiatomic chain, a similar uncoupling of an opticlike intrinsic

0.9265», (0) corresponding to the ILSR a much weaker peak ap- de f h fi | t
pears in the power spectrum at, (0), indicating that linear spin resonance mode from the acouslic plane-wave Spectrum

waves are also excited due to the inaccuracy in the eigenvectdiould be expected to occur.
resulting from the rotating wave approximation.

IMy((D)I2 (arb. units)
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