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Magnon delocalization in ferromagnetic chains with long-range correlated disorder

Rodrigo P. A. Lima and Marcelo L. Lyra
Departamento de Fı´sica, Universidade Federal de Alagoas, 57072-970 Maceio´, AL, Brazil

Elton M. Nascimento and Antoˆnio D. de Jesus
Departamento de Fı´sica, Universidade Estadual de Feira de Santana, 44031-460 Feira de Santana, BA, Brazil

~Received 19 September 2001; published 13 February 2002!

We study one-magnon excitations in a random ferromagnetic Heisenberg chain with long-range correlations
in the coupling constant distribution. By employing an exact diagonalization procedure, we compute the
localization length of all one-magnon states within the band of allowed energiesE. The random distribution of
coupling constants was assumed to have a power spectrum decaying asS(k)}1/ka. We found that fora,1,
one-magnon excitations remain exponentially localized with the localization lengthj diverging as 1/E. For
a51 a faster divergence ofj is obtained. For anya.1, a phase of delocalized magnons emerges at the
bottom of the band. We characterize the scaling behavior of the localization length on all regimes and relate it
with the scaling properties of the long-range correlated exchange coupling distribution.
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I. INTRODUCTION

The properties of quasiparticle excitations in low
dimensional disordered systems has been the subject o
cent intensive investigations due to the possible applicat
of random structures and superlattices in new devices
many particular cases of interest, one-dimensional Ham
nians can incorporate the main aspects of the disorde
what concerns the spatial distribution of quasiparticle exc
tions, such as optical, acoustic, electronic, and spin wa
Scaling theory establishes that in one-dimensional syst
with uncorrelated disorder, the characteristic length of ex
tations is finite for any amount of disorder as a conseque
of exponentially localized states.1 Correlations in the disor-
der distribution can stabilize extended states. Resonant
tended states emerge, for example, in one-dimensional e
tronic systems with randomly distributed impuri
segments2–4 and interpenetrating Anderson chains.5 Re-
cently, it has been demonstrated that long-range correlat
in the disorder distribution can be responsible for the em
gence of a phase of extended states within the band o
lowed energies, with mobility edges separating localized
extended states.6,7 A recent optical experiment has demo
strated this phenomenon8 which has been proposed for use
the development of window filters in electronic, acoustic,
photonic nonperiodic structures.9

Spin-wave excitations in ferromagnetic chains with ra
domly distributed exchange couplingsJ have similar features
as those of electronic excitations in chains with a particu
distribution of pair-correlated off-diagonal disorder.10–14The
localization length of the low-energy one-magnon excitatio
diverges asj(E)}E2f, wheref depends on the particula
form of the disorder distribution in the vicinity ofJ50.11,12

A diverging length of low-energy excitations is also observ
in disordered harmonic chains.15,16 In both cases, this behav
ior is associated with the presence of an uniformly orde
ground state.

Long-range correlations in electronic systems with o
diagonal disorder can stabilize extended states in a more
0163-1829/2002/65~10!/104416~5!/$20.00 65 1044
re-
s

In
-
in
-
s.
s

i-
ce

x-
c-

ns
r-
al-
d

r

-

r

s

d

d

-
ef-

fective way than in systems with diagonal disorder.17 As the
magnon equations of motion in ferromagnetic spin cha
can be mapped onto those of electronic chains with o
diagonal disorder, one would expect the one-magnon exc
tions in disordered ferromagnetic chains to be also quite s
sitive to the presence of long-range correlations in
random exchange distribution. In this paper we study,
direct diagonalization and finite-size scaling, the nature
the one-magnon eigenstates in a disordered chain with lo
range correlated disorder with power spectrum decaying
S(k)}k2a. Our results indicate that a phase of extend
magnons emerges at the bottom of the band fora.1. We
characterize the scaling aspects of the localization length
relate it with those of the disorder distribution.

II. MODEL, FORMALISM,
AND NUMERICAL PROCEDURE

The Hamiltonian describing a spin-1/2 quantum Heise
berg ferromagnetic chain with random exchange coupli
has the form

H522 (
n51

L

JnŜn•Ŝn11 , ~1!

the ground state of the chain being the ordered state with
spins aligned. The one-magnon excitations have the gen
form uC&5(nbnun&, where un& represents a state with th
spin on thenth site flipped with respect to the ground-sta
orientation. The coefficientsbn can be shown to satisfy th
difference equation

~Jn211Jn!bn2Jn21bn212Jnbn115Ebn , ~2!

whereE is the excitation energy and we used units of\51.
For an uncorrelated distribution of the exchange couplin
the one-magnon excitations are exponentially localized in
thermodynamic limite for anyE.0. The uniform E50
mode is quite particular since this mode is not sensitive
the presence of disorder. This feature is responsible for
©2002 The American Physical Society16-1
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emergence of effectively extended low-energy excitations
finite chains.11,12The typical localization lengthj diverges as
E→0 with a power law whose exponent depends on
specific form of the distributionP(J) at the vicinity of J
50. For distributions with a finite average^1/J&, the inverse
localization length vanishes linearly withE. However, for
distributions with a diverginĝ1/J&, the excitations with low
energy become more localized and only a slower diverge
j}E2f takes place with an exponentf,1 which depends
of the specific behavior ofP(J) at small values ofJ. This
transition atE50, which exists even for uncorrelated diso
der, is due to the fact that the ground state is not affected
the disorder. In contrast, this feature is not present in
usual electronic problem with uncorrelated disorder.

In this work we will investigate the role played by long
range correlations in the exchange coupling distributions
the analog electronic system, it has been recently dem
strated that long-range correlations can drastically mod
the localized character of the excitations and even induce
emergence of a phase of delocalized states near the cen
the band.17

In order to introduce long-range correlations in the dis
der distribution, the exchange couplingsJn will be consid-
ered to be in such a sequence to describe the trace
fractional Brownian motion with a specified spectral dens
S(k)}1/ka, wherek is related to the wavelengthl of the
modulations on the random exchange landscape byk51/l.
For a50, one recovers the traditional disordered ferrom
netic chain model with d-correlated disorder,^JnJn8&
5^J2&dn,n8 . The exponenta describes the self-similar cha
acter of the random distribution and the persistent chara
of its increments. Following an approach based on the us
discrete Fourier transforms,18–20 a power-law spectral den
sity is imposed by construction whenever the exchange c
plings are given by

Jn5 (
k51

L/2 Fk2aS 2p

L D (12a)G1/2

cosS 2pnk

L
1fkD , ~3!

whereL is the number of sites andfk areL/2 random phases
uniformly distributed in the interval@0,2p#. The equation
above is a general decomposition of a power-law correla
potential where randomness is present only in the rela
phases of the Fourier components. We normalize the w
of the disorder distribution to keep it finite and size indepe
dent with ^J2&2^J&251. Such procedure implies that th
couplings generated by Eq.~3! have to be rescaled byL2a/4.
In what follows, we shift the couplings to have^Jn&54 to
enforce all generated couplings to be strictly positive. Th
rare sequences not satisfying this bound were not consid
on the subsequent analysis. The typical dependence o
coupling constant landscape with the spectral density ex
nent a is similar to those reported in Ref. 6. The most r
evant aspect is that the landscape becomes progressivel
rough asa is increased, favoring therefore delocalization

Our numerical procedure consisted in obtaining
eigenenergies and one-magnon eigenstates for finite ch
of size L by direct diagonalization and to infer the therm
dynamic behavior through a finite size scaling analysis.
10441
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performed a configurational average over distinct disor
realizations such that, for each chain size, we computed
3104 eigenstates. From each normalized eigenstate ((nbn

2

51), we computed the inverse participation ratioY5(nbn
4

and used it to characterize the localized and delocalized
ture of these one-magnon states. The typical localiza
length will be estimated byj51/Y. In general, the localiza-
tion length is finite for exponentially localized states a
diverges linearly withL for truly extended states. In the nex
section, we report our results for its scaling behavior
distinct long-range correlated coupling constants charac
ized by the power spectrum exponenta.

III. RESULTS AND DISCUSSIONS

The behavior of the inverse participation ratioY and the
typical localization lengthj as a function of the one-magno
energy are shown in Figs. 1~a! and 1~b!, respectively, as ob-
tained from chains withL51600 sites and several powe
spectrum exponentsa. For a50, which mimics an uncorre-
lated disorder distribution, we found thatY}E at low-energy

FIG. 1. ~a! The inverse participation ratio as a function of th
one-magnon energyE for a chain withL51600 spins. From top to
bottoma50.0,1.0,1.5. The linear dependenceY}E for low-energy
excitations observed fora50 is typical of uncorrelated potential
with finite ^1/J&. For a.1 a phase of low-energy delocalized e
citations emerges.~b! The scaled localization lengthj/L vs E for
chains withL51600. From bottom to topa50.0,1.0,1.5,2.0. The
phase of delocalized states appears as a plateau fora.1.
6-2
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FIG. 2. The scaled localization lengthj/L vs E for a50.5.
From top to bottomL5100,200,400,800,1600. For excitations wi
finite energies,j(L)/L→0 asL increases, characterizing localize
states. The uniform mode atE50 remains delocalized.

FIG. 3. ~a! The scaled localization lengthj/L vs E for a52.0.
From top to bottomL5100,200,400,800,1600. The phase of de
calized states appears as a size-independent plateau. The c
energy separating localized and delocalized states isEc53.060.2.
~b! The scaled localization lengthj/L0.42 vs E for a52.0 showing a
data collapse for E.Ec . From bottom to top L
5100,200,400,800,1600. The size dependence of the characte
length of such exponentially localized states reflects their sensit
to the rescaling of the local disorder.
10441
excitations, as expected. This trend remains in the rang
a,1. In this regime, we also found the localization length
be size independent over the entire band of allowed ene
values~except for finite-size scaling corrections nearE50),
even though the local disorder scales down asL2a/4. Our
results indicate that the localization length of the excitatio
is not sensitive to such rescaling in this regime. In Fig. 2,
plot the normalized localization lengthj(E)/L for a50.5

-
ical

stic
ty

FIG. 4. Estimated values of the exponentg related to the
anomalous scaling of the localization length aboveEc for several
values of the correlation exponenta. These data suggestg(a)
}(a21)0.75.

FIG. 5. Typical wave functions representing delocalized and
calized one-magnon states of a long-range correlated ferromag
chain with a51.75. ~a! Delocalized state nearE52.0. ~b! Local-
ized state nearE58.0.
6-3
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and several chain sizes to illustrate the comments ab
j(E50)/L remains finite in the thermodynamic limit onc
the uniform mode remains delocalized. For any finite ene
the one-magnon excitations are exponentially localized w
j(E)/L→0 asL increases.

For a51, a new scaling behavior was identified where
low energiesY}Ef, with f.1, indicating that in this case
the excitations have a stronger tendency to become delo
ized. It is important to mention that a similar feature (f
.1) was reported to be present in the analog electro
chain model with long-range correlated hoppi
amplitudes.17 For anya.1, the data suggest that a phase
delocalized low-energy magnon states emerges, whic
seen quite clear in Fig. 1~b! wherej/L achieves a plateau
Therefore, long-range correlations can stabilize exten
one-magnon states whenever the power spectrum expo
a.1.

To further characterize the scaling behavior of the loc
ization length in the regime of strong correlations that allo
for the existence of delocalized states, we employed a fin
size scaling study of data from chains withL
51600,800,400,200, and 100 sites. The behavior ofj(E)/L
is shown in Figure 3a for the typical case ofa52. For E
,Ec53.0(2) the data collapse characterizes a phase
delocalized states.Ec depends on the correlation exponenta
and on the disorder width. The one-magnon eigenstates
main exponentially localized forE.Ec . However, the local-
ization length in this regime becomes sensitive to the s
dependent rescaling of the coupling constants. We found
the localized states fora52 havej}Lg with g50.42 as
illustrated by the collapse of data aboveEc in Fig. 3~b!. This
size dependence is weaker than the expected for a sim
rescaling of the local couplings in chains with uncorrela
disorder. The additional factor is due to the correlated na
of the disordered potential and its consequently enforced
nite width. The new scaling exponentg depends on the cor
relation exponenta in a nontrivial way. In Fig. 4, we repor
our estimated values forg. Our results suggest a nonline
relationg(a)}(a21)0.75, although we could not envisage
simple scaling argument to support this fact. In Fig. 5,
a

,
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show typical wave functions representing the localized a
delocalized nature of one-magnon excitations within ea
phase.

IV. SUMMARY AND CONCLUSIONS

In this work, we investigated the nature of one-magn
excitations in ferromagnetic quantum chains with long-ran
correlated disorder. We found that a phase of delocali
magnons emerges whenever the power spectrum expo
characterizing the strength of correlations isa.1, in close
relationship to the behavior of the analog electronic mo
with off-diagonal disorder. Chains with distinct sizes a
long-range correlations in the coupling exchange distribut
need to have the local disorder scaled down as the sizL
increases in order to keep the disorder and bandwidth fin
For a,1, the localized spin excitations are insensitive
such local disorder rescaling. On the other side, fora.1, the
localized states acquire a size-dependent localization le
reflecting its sensitivity to the local disorder rescaling. Ho
ever, such states should not be confused with critical mu
fractal states whose participation ratios also have a pow
law size dependence.21–24 The present localized states ha
exponential tails and their anomalous scaling is linked to
scaling property of the underlying long-range correlated
tential. It would be valuable to investigate the spin-wa
dynamics in these new regimes and the possible relation
tween superdiffusion and correlation exponents. This inf
mation would be valuable for possible future spin-wave d
namics experiments on correlated ferromagnetic cha
and/or nonperiodic ferromagnetic superlattices.
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