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Dynamical behavior of the random-bond transverse Ising model with four-spin interactions
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We study the time evolution of the one-dimensional random-bond transverse Ising model with four-spin
interactions. We calculate the time-dependent correlation function as well as the longitudinal relaxation func-
tion of the infinite chain. We analyze how the presence of disorder affect the dynamical behavior of the system
in comparison with the pure model. We find that the main effect of disorder is to produce a crossover from a
central mode to a collective-mode type of dynamics, as the concentration of weaker bonds is enhanced. Such
crossover is also present in the case of an increase in bond dilution.
m
pe
e
le
te
nd
a
o
o
h
th
so
er
ra

n
m
m
th
l

rv

in
-
et
e

ts
nd
ur
n

cs

m
o

tio

on
tion
een

o-
r-

ur-
m
l.
r-

c-
a

nti-
le of
ou-
el
uto-

on
The role of time evolution of one-dimensional quantu
spin systems has been a long-standing theoretical and ex
mental problem.1 Among them, the transverse Ising mod
with multispin interactions, regarded as one of the simp
with a nontrivial dynamics, has attracted considerable in
est in recent years.2,3 On the other hand, the presence of bo
randomness has been shown to affect the behavior of m
netic materials in a drastic way providing a very rich area
investigation. In some materials it is present in the form
dilution caused by missing magnetic bonds or sites. In ot
class of systems it manifests itself through fluctuations in
magnitude of the exchange couplings due to structural di
der, as in glassy materials. Most of the research in disord
systems have been concentrated on obtaining phase diag
and thermodynamic functions.3 Much less effort has bee
made to obtain the dynamical behavior of these syste
Recently, the time evolution of the usual two-body rando
transverse Ising system was carried out by means of
method of recurrence relations.4 The crossover from a centra
peak behavior onto a collective mode behavior was obse
as a function of disorder.

In addition to the usual two-spin model, the four-sp
quadrilinear transverse Ising system5 has attracted consider
able interest in recent years. The model with zero magn
field6 has been studied by several techniques such as m
field theories,7,8 renormalization-group,9 series expansions,10

and Monte Carlo simulations.8,11 The phase diagram presen
a tricritical point which separates regions of first- a
second-order transitions. More recently, a model with fo
spin interactions was employed to describe the phase tra
tion in poly~vinylidene fluoride-trifluoroethylene! @P~VDF-
TrFE!# copolymers.12 One study carried out on the dynami
of the pure transverse Ising~TI! model with four-spin inter-
action showed that the system undergoes a crossover fro
collective-mode excitation regime to a central mode type
dynamics as the strength of field is lowered.5 Differently
from the usual two-body model,13,14 the four-spin interaction
model does not allow a Gaussian decay for the correla
PRB 610163-1829/2000/61~21!/14327~4!/$15.00
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function. The crossover from the collective-mode excitati
regime to a central mode behavior was observed as func
of the transverse field strength. Such behavior has also b
observed, for instance, in thes51 Blume-Capel model in the
presence of a transverse field.15

In this work we shall focus our attention on the time ev
lution of the one-dimensional disordered TI model with fou
spin interaction, at the high-temperature limit. The main p
pose of our work is to analyze the effect of the rando
energy couplings on the dynamical behavior of this mode

We consider a spin-1/2 TI model with a four-body inte
action term, in the form

H528(
i 51

L

JiSi
zSi 11

z Si 12
z Si 13

z 2B(
i 51

L

Si
x , ~1!

whereSi
a (a5x,y,z) is the spin-1/2 operator at sitei, B is

the uniform transverse magnetic field, andL is the number of
sites of the lattice. The periodic boundary conditionsSi 1L

a

5Si
a are enforced in our calculation. The four-spin intera

tions Ji are uncorrelated variables chosen at random from
given probability distributionP(Ji).

In the presence of quenched disorder the physical qua
ties of interest must be averaged in the statistical ensemb
realizations specified by the distribution of exchange c
plings P(Ji). Formally, the dynamics of the four-spin mod
is obtained by calculating the averaged time-dependent a
correlation function ofSi

z defined by

C~ t !5E C~ t !P~Ji !dJi , ~2!

where

C~ t !5
^Si

zSi
z~ t !&

^Si
zSi

z&
. ~3!

In the high-temperature limit the autocorrelation functi
takes the following form:
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^Si
zSi

z~ t !&5
1

2LTr Si
zeiHtSi

ze2 iHt . ~4!

In our approach the mean autocorrelation functionC(t) is
obtained as follows. We first diagonalize the full Ham
tonian to determine the eigenenergiesen and eigenvectors
un& for a large number of realizations in the statistical e
semble of energy coupling randomness. We employed
tween 1000 and 10000 configurations to obtain the avera
over the random variables, so that the error bars fall wit
the thickness of the curves presented. Those results are
to determine the mean autocorrelation function, which
then cast in the following form:16

FIG. 1. Dynamic correlation functions for the random-bon
transverse Ising model with four-spin interactions in the case
bond dilution. The transverse field is uniform and the coupling e
ergies can take the values 0 and 1 with probabilitiesp and 12p. In
our system of units,\51, and the energies are given in units of th
transverse fieldB, which also sets the time scale. The system u
dergoes a crossover between a central mode to a collective-m
dynamics as the concentration of dilution increases.~a! Time-
dependent correlation functions. For each value ofp the dotted~thin
solid! curve corresponds toL55 (L57) and are displayed to con
vey the trend toward convergence. For a givenp the curves for the
casesL59 andL511 lie on top of each other.~b! Longitudinal
relaxation function~in arbitrary units! vs frequency.
-
e-
es
n
sed
s

C~ t !5
4

2L (
n,m

cos~en2em!tu^nuSi
zum&u2, ~5!

where the configurational average is also performed.
We are also interested in the averaged longitudinal rel

ation shape function, defined as

C~v!5E
0

`

C~ t !e2 ivtdt, ~6!

whereC(t) is given by Eq.~2!. The real part ofC(v) gives
directly a physically accessible quantity, the so-called lon
tudinal relaxation function,F(v)5ReC(v), which can be
measured directly in nuclear magnetic resonance~NMR! ex-
periments —the so-called NMR line shape.17 The features of
the longitudinal relaxation function are also very useful
the understanding of the dynamics of the system, since
ferent dynamic behaviors have distinct signatures in t
quantity.18

We studied the four-body TI model chain considering t
following energy coupling probability distribution

f
-

-
de

FIG. 2. Dynamic correlation functions for the case where t
coupling energies can assume the values 0.1 and 1, with proba
ties p and 12p. The couplings are given in units of the uniform
transverse fieldB. Note that the dynamics is almost identical to th
of the case of dilution, depicted in Fig. 1.~a! Time-dependent cor-
relation functions.~b! Longitudinal relaxation function.
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P~Ji !5~12p!d~Ji2J1!1pd~Ji2J2!, ~7!

wherep is the concentration of couplings of typeJ2. In our
analysis we keepJ15B51, which sets the energy and time
scales, and letJ2 take several values. For each value ofJ2
we determine the time-dependent autocorrelation functio
and the longitudinal relaxation function for several values o
p. Since we keep the transverse field constant throughout
chain, we are able to focus on the effects of disorder due
the random replacement of the interaction energies.

We performed our numerical calculations on systems
sizesL55,7,9, and 11, with periodic boundary conditions
With the exception of Fig. 1~a!, which shows results from all
chain sizes in order to illustrate convergence of our results
the chain size increases, we will present here only the resu
obtained with the chain of sizeL511. In that case the ther-
modynamic limit is reached in the time domain shown,
<t<8. In all cases studied, our calculations also recover t
results for the pure TI model with four-spin interactions (p
50).5

In bond diluted systems the exchange interactions can
sume the valueJ250 with concentrationp. We consider the

FIG. 3. Dynamic correlation functions where the coupling ene
gies are either 0.5 or 1 in units of the transverse field, with pro
abilitiesp and 12p. The crossover from central mode to collective
mode behavior is somewhat less intense than in the previous ca
~a! Time-dependent correlation functions.~b! Longitudinal relax-
ation function.
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cases wherep50,0.2,0.5, and 0.8. The time-dependent co
relation function is shown in Fig. 1~a!. As the dilution con-
centration increases the dynamics becomes increasin
dominated by the transverse magnetic field. The casep
50.8, the highest concentration shown, already has
damped oscillatory behavior which is typical of the colle
tive mode due to the transverse field. As the concentrat
increases further, the oscillatory behavior becomes m
prominent and, atp51, where all the four-spin interaction is
gone, the correlation function assumes the form of a cos
function. Note that the other extreme case,p50, corre-
sponds to the pure case withJ5B studied in Ref. 5. The
longitudinal relaxation function, with same parameter valu
is depicted in Fig. 1~b!. The effect of dilution is to change
the central mode type of behavior atp50 onto the
collective-mode behavior asp increases. The casep50.2
already shows a depletion of the central mode peak atv
50 and the appearance of the collective-mode peak a
finite yet small frequency. The casesp50.5 and 0.8 show
the building up of the collective-mode behavior and stro
suppression of the central mode dynamics. Asp increases
further, the central peak loses its strength even more, wh

-
-

es.

FIG. 4. Dynamic correlation functions for the case where t
coupling energies are either 0.8 or 1 in units of the transverse fi
with probabilitiesp and 12p. The crossover between central mod
to collective-mode dynamics is much less intense than in the pre
ous cases, which have lesser values ofJ2. ~a! Time-dependent cor-
relation functions.~b! Longitudinal relaxation function.
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the collective-mode peak becomes higher while its width
creases to zero asp approaches unity. In that limit, that pea
becomes a Diracd function and the dynamics is entirel
governed by the precessing of the uncoupled spins abou
transverse field, since the four-spin interaction is null.

In some physical systems, the distribution of interatom
separations in a noncrystalline material may lead to a dis
bution of exchange interactions. These interactions can b
both positive and negative signs or they only fluctuate
strength. The interaction energy couplings can be q
smaller than the thermal energy even, say, at room temp
ture. In those cases whereJi /kT!1 one can study the dy
namics as if the system is at the infinite temperature limit.
that limit, it is a well-known fact that the dynamics is inse
sitive to the sign of the interaction, since only even pow
of the interaction coupling comes into the moments of
autocorrelation function.5,14,19 Therefore it suffices to study
instances where the coupling energies assume positive va
only.

In our analysis for the disordered exchange couplings,
again fixed the values of the transverse fieldB5J151 and
then considered the cases whereJ250.1,0.5, and 0.8. We
also considered several concentrations for each of th
s
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cases. The results for the correlation functions and long
dinal relaxation functions are shown in Figs. 2–4. The
fects of disorder is quite similar to the case with dilution, th
is, as the concentration of the weaker couplingsJ2 increases,
there is a crossover where the system departs toward
collective-mode dominated by the transverse field. That
fect is most pronounced for low values ofJ2, and less so for
higher values, such as for the caseJ250.8. In that case, even
for high concentrations it is not possible for the collecti
mode completely overwhelm the central mode behavior.

To summarize, we have studied the effects of bond r
domness in the dynamics of the transverse Ising model w
four-spin interactions via exact diagonalization of fini
chains. We present the time-dependent correlation funct
and the longitudinal relaxation functions for a system of s
L511. For this system size the dynamic correlation fun
tions have already converged to those at the thermodyna
limit. Our results show that disorder induces a crosso
from a central mode behavior to a collective mode type
dynamics, as the concentration of weaker bonds~or bond
dilution! is enhanced.

This work was partially supported by CNPq, Finep, MC
Fapemig and Faperj~Brazilian agencies!.
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