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Magnon delocalization in ferromagnetic chains with long-range correlated disorder
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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 endfgiise random distribution of
coupling constants was assumed to have a power spectrum decayik) ad/k®. We found that fora<<1,
one-magnon excitations remain exponentially localized with the localization lenhdiierging as 1. For
a=1 a faster divergence of is obtained. For anyv>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 fective way than in systems with diagonal disortfeAs the
magnon equations of motion in ferromagnetic spin chains
The properties of quasiparticle excitations in low- can be mapped onto those of electronic chains with off-

dimensional disordered systems has been the subject of réiagonal disorder, one would expect the one-magnon excita-
cent intensive investigations due to the possible application8ons in disordered ferromagnetic chains to be also quite sen-
of random structures and superlattices in new devices. Iitive to the presence of long-range correlations in the
many particular cases of interest, one-dimensional Hamiltotandom exchange distribution. In this paper we study, via
nians can incorporate the main aspects of the disorder ifirect diagonalization and finite-size scaling, the nature of
what concerns the spatial distribution of quasiparticle excitath® one-magnon eigenstates in a disordered chain with long-
tions, such as optical, acoustic, electronic, and spin wave$ange correlated disorder with power spectrum decaying as
Scaling theory establishes that in one-dimensional system&(k)<k™“. Our results indicate that a phase of extended
with uncorrelated disorder, the characteristic length of exciimagnons emerges at the bottom of the banddforl. We
tations is finite for any amount of disorder as a consequenceharacterize the scaling aspects of the localization length and
of exponentially localized statésCorrelations in the disor- relate it with those of the disorder distribution.
der distribution can stabilize extended states. Resonant ex-
tended states emerge, for example, in one-dimensional elec- Il. MODEL, FORMALISM,
tronic systems with randomly distributed impurity AND NUMERICAL PROCEDURE
segments™® and interpenetrating Anderson chahd®Re-

cently, it has been demonstrated that long-range correlations Th? Hamiltoni?n dﬁs_cribiqﬁ a sgin-llz qﬁantum Hei?en—
in the disorder distribution can be responsible for the emer; erg rerromagnetic chain with random exchange couplings

gence of a phase of extended states within the band of ah—as the form

lowed energies, with mobility edges separating localized and L

extended state’s’ A recent optical experiment has demon- H=-2> 3,585, (1)
strated this phenomen®which has been proposed for use in = o

the development of window filters in electronic, acoustic, or
photonic nonperiodic structurés.

Spin-wave excitations in ferromagnetic chains with ran-
domly distributed exchange couplingave similar features
as those of electronic excitations in chains with a particula
distribution of pair-correlated off-diagonal disord&r'*The
localization length ofdt)he low-energy one-magnon excitation
diverges ag(E)><E™?, where ¢ depends on the particular _ _ _
form of the disorder distribution in the vicinity af=0.112 (In=1%Jn)Pn=Jn-1Bn-17Jnbn+1=Ebn, @

A diverging length of low-energy excitations is also observedwhereE is the excitation energy and we used unitshefl.
in disordered harmonic chaifs®In both cases, this behav- For an uncorrelated distribution of the exchange couplings,
ior is associated with the presence of an uniformly orderedhe one-magnon excitations are exponentially localized in the
ground state. thermodynamic limite for anyE>0. The uniform E=0

Long-range correlations in electronic systems with off-mode is quite particular since this mode is not sensitive to

diagonal disorder can stabilize extended states in a more etfhe presence of disorder. This feature is responsible for the

the ground state of the chain being the ordered state with all
spins aligned. The one-magnon excitations have the general
form |¥)=X,b,|n), where|n) represents a state with the
Ispin on thenth site flipped with respect to the ground-state
orientation. The coefficientl, can be shown to satisfy the
Sdifference equation
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emergence of effectively extended low-energy excitations in 0.3
finite chainst>?The typical localization lengtl diverges as

E—0 with a power law whose exponent depends on the

specific form of the distributiorP(J) at the vicinity of J

=0. For distributions with a finite averagé/J), the inverse 021 i
localization length vanishes linearly with. However, for r
distributions with a diverging1/J), the excitations with low =

energy become more localized and only a slower divergence
éxE~ ¢ takes place with an exponegit<1 which depends

of the specific behavior oP(J) at small values ofl. This
transition atE= 0, which exists even for uncorrelated disor-
der, is due to the fact that the ground state is not affected by
the disorder. In contrast, this feature is not present in the
usual electronic problem with uncorrelated disorder.

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

In order to introduce long-range correlations in the disor-
der distribution, the exchange couplings will be consid-
ered to be in such a sequence to describe the trace of a
fractional Brownian motion with a specified spectral density
S(k)«<1/k®, wherek is related to the wavelength of the
modulations on the random exchange landscap&=b{/\.

For «=0, one recovers the traditional disordered ferromag-
netic chain model with -correlated disorder,(J,J,/) _ S _ _
:<Jz> Snn' - The exponentr describes the self-similar char- FIG. 1. (a) The inverse participation ratio as a function of the
acter of the random distribution and the persistent charactét"e-magnon energg for a chain withL = 1600 spins. From top to
of its increments. Following an approach based on the use ¢°ttoma=0.0,1.0,1.5. The linear dependenteE for low-energy
discrete Fourier transfornt&:2° a power-law spectral den- excitations observed for=0 is typical of uncorrelated potentials

sity is imposed by construction whenever the exchange cod’!'th.f'n'te (10). For a>1 a phase of .low.'energy delocalized ex-
. . citations emergedb) The scaled localization lengt#/L vs E for
plings are given by
2 2mnk
co + ¢k ’ (3)

chains withL=1600. From bottom to tom=0.0,1.0,1.5,2.0. The
(1-a) phase of delocalized states appears as a plateaw>fdr.
2
k™ —
( L ) L

L/2
Jn= E
k=1

performed a configurational average over distinct disorder

whereL is the number of sites ang|, areL/2 random phases realizati.ons such that, for each chain §ize, we computed 16
uniformly distributed in the interval 0,27r]. The equation X 10" eigenstates. From. each norm_al_lze(_al elgenstétl;gbi
above is a general decomposition of a power-law correlated 1), We computed the inverse participation rafie->,b,
potential where randomness is present only in the relativ@nd used it to characterize the localized and. delocallged na-
phases of the Fourier components. We normalize the widtfie of these one-magnon states. The typical localization
of the disorder distribution to keep it finite and size indepenJength will be estimated bg=1/Y. In general, the localiza-
dent with (J2)—(J)2=1. Such procedure implies that the tion Iength is f|n|t¢ for exponentially localized states and
couplings generated by E8) have to be rescaled Ry /4, d|verges linearly with_ for truly extended stqtes. In thel next
In what follows, we shift the couplings to hay¥d,)=4 to section, we report our results for its scaling behavior for
enforce all generated couplings to be strictly positive. Thoséilstlnct long-range correlated coupling constants character-
rare sequences not satisfying this bound were not consideré&€d by the power spectrum exponent
on the subsequent analysis. The typical dependence of the
coupling constant landscape with the spectral density expo- IIl. RESULTS AND DISCUSSIONS
nent« is similar to those reported in Ref. 6. The most rel-
evant aspect is that the landscape becomes progressively lessThe behavior of the inverse participation rafcand the
rough ase is increased, favoring therefore delocalization. typical localization lengttg as a function of the one-magnon
Our numerical procedure consisted in obtaining allenergy are shown in Figs(d) and Xb), respectively, as ob-
eigenenergies and one-magnon eigenstates for finite chaitagined from chains with.=1600 sites and several power
of sizeL by direct diagonalization and to infer the thermo- spectrum exponenis. For =0, which mimics an uncorre-
dynamic behavior through a finite size scaling analysis. Weated disorder distribution, we found thét<E at low-energy
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FIG. 2. The scaled localization leng#iL vs E for «=0.5. FIG. 4. Estimated values of the exponeptrelated to the
From top to bottonl = 100,200,400,800,1600. For excitations with anomalous scaling of the localization length ab&gefor several
finite energies£(L)/L—0 asL increases, characterizing localized values of the correlation exponeat These data suggest(«a)
states. The uniform mode &=0 remains delocalized. oc(a—1)%7%

excitations, as expected. This trend remains in the range of
a<1.In this regime, we also found the localization length to
be size independent over the entire band of allowed energy
values(except for finite-size scaling corrections néar 0),
even though the local disorder scales downLas’. Our
results indicate that the localization length of the excitations
is not sensitive to such rescaling in this regime. In Fig. 2, we
plot the normalized localization lengtf(E)/L for «=0.5
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FIG. 3. (a) The scaled localization leng#fL vs E for a=2.0.
From top to bottom_.=100,200,400,800,1600. The phase of delo-
calized states appears as a size-independent plateau. The critical —0-3300 350 400
energy separating localized and delocalized stat€s4s3.0=0.2. n
(b) The scaled localization leng#iL%*?vs E for a=2.0 showing a
data collapse for E>E.. From bottom to top L FIG. 5. Typical wave functions representing delocalized and lo-
=100,200,400,800,1600. The size dependence of the characteristialized one-magnon states of a long-range correlated ferromagnetic
length of such exponentially localized states reflects their sensitivitchain with «=1.75. (a) Delocalized state ned=2.0. (b) Local-

to the rescaling of the local disorder. ized state neaE=8.0.
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and several chain sizes to illustrate the comments abovehow typical wave functions representing the localized and
&£(E=0)/L remains finite in the thermodynamic limit once delocalized nature of one-magnon excitations within each
the uniform mode remains delocalized. For any finite energyphase.
the one-magnon excitations are exponentially localized with
&¢(E)/L—0 asL increases.

For a=1, a new scaling behavior was identified where at IV. SUMMARY AND CONCLUSIONS
low energiesY<E?, with ¢>1, indicating that in this case

the excitations have a stronger tendency to become delocaé—x (I:?tattri]cl)sn;Ni?]rlf(ér\péi]gwr?:’:;gatﬁgniza ncit;irnes %it?]nli_nmf-ir%rrzog
ized. It is important to mention that a similar featuré ( 9 q 9 9

>1) was reported to be present in the analog eIectroni?nO;ri:gLesde%S;rdeeSr' V%ang\?:rdtrt\gat §w2?asseec?tfru?nelg(>:<alclnzneednt
chain model with long-range correlated hopping 9 9 P P P

amplitudes” For anya>1, the data suggest that a phase c)fcharactenzmg the strength of correlationsai> 1, in close

delocalized low-energy magnon states emerges, which i%elatlonsmp to the behavior of the analog electronic model

seen quite clear in Fig.() where £/L achieves a plateau. with off-diagonal disorder. Chains with distinct sizes and

Therefore, long-range correlations can stabilize extende!?ng'range correlations m_the coupling exchange d'smbli't'on
n?ed to have the local disorder scaled down as the lsize

Zn>e-1magnon states whenever the power spectrum €XPONSiitreases in order to keep the disorder and bandwidth finite.

. . . For a<1, the localized spin excitations are insensitive to
To further characterize the scaling behavior of the local such local disorder rescaling. On the other sideaforl, the

ization length in the regime of strong correlations that aIIOW%ocalized states acquire a size-dependent localization length

for the existence of delocalized states, we employed a finite- A L i i
. . . . reflecting its sensitivity to the local disorder rescaling. How-
size scaling study of data from chains with

— 1600,800,400,200, and 100 sites. The behavict(&h)/L ever, such states should not b_e confl_Jsed with critical multi-
. P . fractal states whose participation ratios also have a power-
is shown in Figure 3a for the typical case @=2. ForE

b . _law size dependenc@:?*The present localized states have
;:(‘;;;igéé)stt:; ;agaeggrl:ggsoen fﬁ:;?:%gﬁjnaexpph:::q tW'tléxpc_)nentiaI tails and their anomalous scaling is linked to the
and on the disordecr width. The one-magnon eigenstates rs_callmg property of the underlylng Iong-_range correlgted bo-

. ) L %ntial. It would be valuable to investigate the spin-wave
main exponent_lally_locallged fdE>Eg. However, the Iocal-_ dynamics in these new regimes and the possible relation be-
szatlondlentgth n It.h's rfeﬁ:me be(l:_omes setns[{tlve\thofthe j'tzhef een superdiffusion and correlation exponents. This infor-

ependent rescaling of the coupling constants. We foun ; - . )
the localized states for—2 have&xL” with y—0.42 as ation would be valuable for possible future spin-wave dy

) A ) namics experiments on correlated ferromagnetic chains
illustrated by the collapse of data abdggin Fig. 3(b). This ! xpen gnet :

. ) . _..and/or nonperiodic ferromagnetic superlattices.
size dependence is weaker than the expected for a similar P 9 P

rescaling of the local couplings in chains with uncorrelated

disorder'. The additional 1_‘act0r is' due to the correlated nature ACKNOWLEDGMENTS
of the disordered potential and its consequently enforced fi-
nite width. The new scaling exponeptdepends on the cor- The authors acknowledge the partial financial support of

relation exponentr in a nontrivial way. In Fig. 4, we report CNPq and CAPES(Brazilian research agencjesand
our estimated values foy. Our results suggest a nonlinear FAPEAL (Alagoas State agengy M.L.L. is grateful to
relation y(a) > (a—1)°7% although we could not envisage a F.A.B.F. de Moura and M.D. Coutinho-Filho for stimulating
simple scaling argument to support this fact. In Fig. 5, wediscussions.
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