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Coexistence of Haldane-gap excitations and long-range antiferromagnetic order
in mixed-spin nickelatesR2BaNiO5

S. Maslov* and A. Zheludev
Physics Department, Brookhaven National Laboratory, Upton, New York 11973

~Received 17 September 1997!

The spin dynamics of theS51 Ni chains in mixed-spin antiferromagnets Pr2BaNiO5 and NdxY22xBaNiO5

is described in terms of a simple Ginzburg-Landau Lagrangian coupled to the sublattice of rare-earth ions.
Within this framework we obtain a theoretical explanation for the experimentally observed coexistence of
Haldane-gap excitations and long-range magnetic order, as well as for the increase of the Haldane-gap energy
below the Ne´el point. We also predict that the degeneracy of the Haldane triplet is lifted in the magnetically
ordered phase. The growth of both gaps are shown to follow from the magnon repulsion. The theoretical results
are consistent with the available experimental data.@S0163-1829~98!07701-7#
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Much excitement in the field of low-dimensional quantu
magnetism was caused by the theoretical work of Halda
who predicted an energy gap in the excitation spectrum
one-dimensional Heisenberg antiferromagnet~1D HAF! with
integer spin.1 At the beginning this came as a surprise, sin
for the half-integer-spin 1D HAF the excitation spectru
was known to be gapless. Very soon Haldane’s conjec
was confirmed by many numerical and experimen
studies,2 and the ‘‘Haldane gap’’ phenomenon is by no
rather well understood. A very challenging outstanding pr
lem now is to study thequasi-1D case, when 3D magneti
interactions are sufficiently strong to destroy the Halda
singlet and produce long-range magnetic order at low te
perature, yet some purely quantum-mechanical effects
preserved, thanks to the dominance of 1D interactions. M
experimental and theoretical work in this direction was do
on CsNiCl3 ~Ref. 3! and isostructural integer-spi
compounds.4 The result was a profound understanding of t
connection that exists between Haldane excitations
‘‘normal’’ spin waves. In CsNiCl3 for example, the triplet of
1D Haldane gap modes is readily observed above the N´el
temperatureTN . As TN is approached from above, the ga
vanishes at the 3D magnetic zone center, driving a soft-m
transition. In the ordered phase two of the three modes
come conventional gapless spin waves, while the third ‘‘lo
gitudinal’’ mode, not accounted for by the linear spin-wa
theory, persists as a gapped excitation.

Recently in a series of inelastic neutron-scattering stud
of quasi-1D mixed-spin antiferromagnets with the gene
formula R2BaNiO5 (R5Pr, Nd or NdxY12x) Zheludev
et al.5 demonstrated that the scenario realized in CsNiCl3 is
by no means universal. InR2BaNiO5 compounds 3D mag
netic ordering produces finite static moments on both
S51 Ni21 and theR31 magnetic ions,6 yet the 1D gap ex-
citations propagating on the Ni chains are only weakly
fected: they persist in the ordered phase as gapped m
and coexistwith conventional acoustic spin waves all th
way down toT50. These excitations show no signs of so
ening at the transition point at any wave vector. In the en
phase diagram they have a purely 1D dynamic structure
tor that is practically indistinguishable from that of Halda
570163-1829/98/57~1!/68~4!/$15.00
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excitations in Y2BaNiO5,7 a ‘‘clean’’ Haldane-gap material
where only the Ni sites are magnetic, and no long-ran
ordering occurs. InR2BaNiO5 the only significant ~and
rather unexpected! effect of 3D ordering is that the gap en
ergy increases in the ordered phase, the increase be
roughly linear with (TN2T). The survival of 1D quantum
spin excitations in the ordered state is indeed remarka
since the transition temperatures are rather high, and
quite comparable to the gap energy. The purpose of this
ter is to explain the coexistence of long-range order a
Haldane-gap excitations inR2BaNiO5 materials. We propose
that, contrary to the case of CsNiCl3, in these compounds N
chains do not interact between themselves, but instead
is coupled to the sublattice of magneticR ions. We derive
the experimentally observed growth of the gap belowTN
using a simple Ginzburg-Landau Lagrangian.8 In addition,
we predict that the degeneracy of the Haldane excitation
partially removed in the ordered phase and notice an intri
ing analogy between this gap splitting inR2BaNiO5 materi-
als and the famous Higgs mechanism of lifting the ma
degeneracy in particle physics.

Integer spin chains are traditionally described in terms
the Lagrangian of the nonlinear sigma model~NLSM!. In
this approach one approximates the field of spin site op
torsSW i @SW i

25s(s11)#, retaining only the Fourier componen
nearkx50, andp.1 This is accomplished by a change in re
space variables

SW i5s~21! iwW ~ i !1 lW~ i !, ~1!

where both fieldswW ( i ), and lW( i ) changeslowly on the scale
of one lattice spacing. According to this definition,wW ( i ) is
the unit vector in the direction of local staggered magneti
tion, andlW( i ) is the component of local magnetization pe
pendicular towW ( i ) (wW ( i )• lW( i )50). In the limit of larges

three components ofwW commute with each other, while th
commutation rules oflW remain nontrivial. It can be shown
that the correct dynamics for the new variables follows fro
a NLSM Lagrangian:
68 © 1998 The American Physical Society
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L5
1

2gE dxF1

vS ]wW

]t
D 2

2vS ]wW

]x
D 2G , ~2!

wherewW is subject to the constraintwW 251. Hereg52/s is a
dimensionless coupling constant, measuring the strengt
quantum fluctuations, andv52Js is the spin-wave velocity.
The magnetic momentlW is given by lW51/gv wW 3]wW /]t.
This mapping of the 1D HAF to the NLSM~2! becomes
exact for integers→`, but it gives a meaningful and qual
tatively correct approximation even fors51. From this de-
scription it can be derived that in 111 dimensions any
strength of quantum fluctuationsg is sufficient to destroy
long-range correlations between spins. A finite correlat
length j is always accompanied by a gapD5v/j in the
spin-excitation spectrum. For half-integer 1D HAF the top
logical term not included in the Lagrangian~2! prevents the
appearance of the finite correlation length, and spin corr
tions remain scale free. But for integers this gap, commonly
known as the Haldane gap, is present. It has smallg ~larges)
asymptotics ofD;vexp(22p/g)5vexp(2ps). For thes51
HAF the Haldane gap was found numerically to
D50.41J.9

The nonlinear sigma model is not very convenient
practical calculations. To simplify things further we follo
the approach of Affleck,8 and replace the Lagrangian o
NLSM with that of the quantum Ginzburg-Landau model

L5E dxF 1

2vS ]fW

]t
D 2

2
v
2
S ]fW

]x
D 2

2
D2

2v
fW 22lufW u4G , ~3!

where for convenience we have simultaneously chan
variables tofW 51/AgwW 5As/2wW . The new Lagrangian fol-
lows from Eq.~2! if the constraintwW 251 is relaxed, making
the vector of staggered magnetization soft, and phenom
logical quadratic and quartic terms are introduced. The co
ficient in front of the quadratic term is selected to reprodu
the correct value of the gap~in NLSM this gap is generated
dynamically!, while the only condition imposed on the qua
tic term is thatl.0, ensuring the overall stability for larg
ufW u. The physical meaning of Eq.~3! is rather transparent. I
describes the propagation of a triplet of magnons~excitations
of local staggered magnetization! with a given spin-wave
velocity v, and gapD. The quartic term describes the repu
sive magnon-magnon interaction.

The Lagrangian~3! was successfully used to qualitative
explain the behavior of coupled 1D spin chains in CsNiC3.8

In this case thei th chain is described by Eq.~3! with
fW→fW i , while the interchain coupling is given b
22sJ8fW i•fW i 11. On the mean-field level the behavior of th
excitations is the following: the gap is reduced by the int
chain coupling toDeff

2 5D2(T)24vZsJ8, where Z is the
number of chains coupled to a given chain. TheO(3) sym-
metry is spontaneously broken forD2(T),4ZsvJ8. In this
case ufuW has a nonzero expectation value
A@4vZsJ82D2(T)#/4vl. The gap naturally grows with tem
perature and eventually wins over the interchain exchan
restoring theO(3) symmetry. The Ne´el temperature is de
termined by the conditionD2(TN)54vZsJ8. It is important
to understand what happens to the triplet of magnons be
of
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TN . As TN is approached from above, the gap in all thr
excitations at the positions of future magnetic Bragg pe
decreases and hits zero atTN . Below TN two excitations
corresponding to the two Goldstone modes of the Ne´el order
parameter remain gapless. At the same time the longitud
branch reacquires the gap along with a finite lifetime due
decay into two gapless modes.

The ‘‘traditional’’ scenario8 described above is in agree
ment with experimental findings in CsNiCl3. However, for
R2BaNiO5 we can expect a different picture. The structure
these materials is such that there are no strong direct su
exchange paths between the Ni chains, which explains w
in isostructural Y2BaNiO5 no magnetic ordering is
observed.7 On the other hand, magnetic rare-earth ions s
stituted for Y are coupled between themselves. To a g
approximation one can assume that these sites form a s
rate sublattice which orders at rather high temperatu
(TN548 K for Nd2BaNiO5). The couplingJ8 between the
Ni and R sublattices is weak, yet finite. The finite ordere
moments on the Ni sites may be interpreted as the sing
ground-state Ni chains beingpolarized by a staggered ex
change field from the magnetically ordered sublattice ofR
ions. To describe this effect an ‘‘external field’’ term shou
be added to the Ginzburg-Landau Lagrangian~3!. It is given
by J8nW •A2sfW 5HW s•fW , wherenW is the staggered moment o
theR sublattice. Such a term explicitly breaks theO(3) sym-
metry and causesfW to acquire a nonzero expectation valu
alongHW s . As a consequence, the degeneracy of the triple
Haldane-gap excitations is partially lifted. The energy gap
the magnon, polarized parallel toHW s , is different from that
in the two transversal branches. Both gaps can be der
from P — the potential energy density of the Lagrangian

P5
1

2vS ]fW

]x
D 2

1
D2

2v
fW 21lufW u42HW sfW . ~4!

The usual formula for this isDa
2/v5]2P/]fa

2 . It gives

D uu
25D0

2112vlf0
2 ,

D'
2 5D0

214vlf0
2 . ~5!

Heref0 is the expectation value ofufW u determined by mini-
mization of Eq.~4! through

Hs5D0
2/vf014lf0

3 , ~6!

or, approximately,f0.vHs /D0
2. Note that both energy gap

are increased compared to their value in the absence o
staggered field. This observation relies on the fact thatl.0,
i.e., a repulsive magnon-magnon interaction. It is precis
the positivel, which guarantees the stability of Eq.~6! and
of the Lagrangian~3! itself, and, therefore, should be sati
fied.

As we mentioned in the introduction, the Lagrangian
NLSM is traditionally used to describe the behavior of qua
tum spin chains. The effect of the staggered magnetic fiel
NLSM, coupled to the staggered magnetization via the te
nW •hW /g, was studied by Nelson and Pelcovits10 using
renormalization-group methods. Their RG flow indicates t
indeed the gap increases~the correlation length decreases! in
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strong enough fields. The one-loop corrections calculated
them do not give a definite answer about the behavior of
correlation length in weak fields. Using our results for t
Ginzburg-Landau Lagrangian we can conclude that the
relation length decreases in this case as well.

Our predictions for the energy gap can be qualitativ
understood by working with the original Heisenberg Ham
tonian and treating the staggered field as a weak pertu
tion. Let us denote the Haldane ground state byuG& and label
the lowest-energy triplet excitations atq5p as uE,11&,
uE,0& and uE,21&, according to their value ofSz . Let us
now consider the relevant matrix elements of the stagge
field operatorĤs5Hs( j (21) jSj

z . These are nonzero onl
between states with momentums differing by exactlyp. In
particular,̂ GuĤsuG&, as well as the matrix elements betwe
any two of theuE,11&, uE,0& or uE,21& states are strictly
zero. As a result, there are no first-order corrections to
spin gap atq5p. To calculate the second-order correcti
dEG to the ground-state energy we can use the well-kno
fact that the triplet of Haldane modes pretty much exhau
the spectral weight atq5p. Thus, only the mixing ofuG&
with single-particle excitations needs to be considered. S
Ĥs conserves thez component of the total spin, its onl
nonzero matrix element is the one betweenuG& and uE,0&.
The correction to the ground-state energy is thus given
dEG52u^E,0uĤsuG&u2/D[2e. We now proceed to calcu
late the energy corrections for the three excited state
q5p. Two effects need to be considered:~i! their mixing
with the ground state and~ii ! their mixing with two-particle
excited states. Let us first assume that there is no repul
between magnons, and that doubly excited states atq50,
which we label asu2E,11,0&, u2E,21,0&, andu2E,0,0&, are
produced by adding two noninteractingq5p excitations
~bosons! to the system. Second-order corrections to the
ergies of singly-excited states are then given by

dEE,05
u^GuĤsuE,0&u2

D
22

u^2E,0,0uĤsuE,0&u2

D

5e22e52t

and

dEE,1152
u^2E,11,0uĤsuE,11&u2

D
52e5dEE,21 .

The correction to the gap energies then becomezero. Mag-
non repulsion effectively reduces the negative second-o
corrections to the single-particle excitation energies that
due to mixing with double-excited states. This will lead to
increaseof the gap energy. BothD' and D i will increase
quadratically withHs , though forD i the effect in genera
may be more pronounced. This is totally consistent with
sults derived above, where the positive parameterl repre-
sents repulsive interactions between magnons.

An increase of the energy gap below the transition poin
exactly what was observed in neutron-scattering experim
on Nd2BaNiO5, NdxY22xBaNiO5, and Pr2BaNiO5.5 The data
were taken on powder samples or single crystals of sm
size, which obviously made resolving the mode splitting b
low TN impossible. In the powder measurements at least,
observed gap always corresponds to the lowest-energy m
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In Fig. 1 we show the combined data from all experimen
plotting the increase of the square of gap energy@relative to
that measured in Y2BaNiO5 ~Ref. 11! at the same tempera
ture# against the square of staggered magnetization of the
sublattice. The data are consistent with the predicted lin
dependence. Moreover, data points for different compou
seem to collapse onto a single curve, even though the N´el
temperatures vary considerably. The mechanism is there
insensitive to the details of exchange in theR sublattice, and
between Ni andR sublattices.

In a much obscured form the effect of the staggered fi
has been previously observed in the well-known Halda
gap material NENP.12 In this compound applying an externa
uniformfield H produces a weak effective staggered comp
nent due to some special structural features. On top of a v
pronounced linear splitting of the Haldane triplet by the u
form field for each mode one observes a slight energy s
that is positiveand quadratic withH. This shift was attrib-
uted to the weak staggered field component that for NEN
inseparable from the uniform one.13 Numerical calculations
have confirmed this conclusion.14 Note that unlike in NENP,
in R2BaNiO5 systems we are able to see the effect of
staggered field much more clearly, since the dominant u
form field component is absent.

It is interesting to mention that the effect of gap increa
and splitting due to interaction with another sublattice ha
close analog in the field of particle physics. It is very simil
to the Higgs mechanism by which the mass degeneracy
multiplet of elementary particles is lifted. As in our case, t
splitting of masses~energy gaps relative to a vacuum of pa
ticles! is a result of spontaneous symmetry breaking, p
duced by the interaction with Higgs particles. The three
chain Haldane excitations of different polarizations play t
role of a multiplet of particles of initially equal masses, whi
the conventional acoustic spin waves, referred to as mi
R-Ni excitations by Zheludevet al., play the role of the elu-
sive Higgs particle, which is massless in our case. This a
ogy should not be taken too seriously due to the differen
in Hamiltonians: it is the SU~2! symmetry which is sponta

FIG. 1. Experimentally measured increase of the square of
gap energy inR2BaNiO5 samples relative to that in Y2BaNiO5 at
the same temperature, plotted against the square of staggered
netization of Ni sites.
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57 71BRIEF REPORTS
neously broken by the Higgs mechanism, and the term
scribing the coupling between matter and Higgs particles
more complicated than a simple2HW sfW term in our case.
Nevertheless, the essence of the effect is the same: spo
neous symmetry breaking caused by interaction with so
external field lifts the degeneracy of masses~gaps!.

In conclusion, we have provided a simple theoretical e
planation for the coexistence of long-range magnetic or
and Haldane-gap excitations inR2BaNiO5 systems. The Ni-
chain gap modes are described in terms of a sim
Ginzburg-Landau Lagrangian. The increase of the gap be
the Néel temperature, previously observed experimentally
several compounds, immediately follows from this approa
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The qualitatively new prediction is that the degeneracy of
Haldane triplet is lifted below the transition point. The ma
non polarized along the vector of staggered magnetiza
has a larger gap than the two others magnon branches.
perimental tests of this prediction, including inelast
neutron-scattering experiments on large high-quality sin
samples, are planned for the near future.
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