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Magnetic ordering, spin waves, and Haldane-gap excitations in„NdxY12x…2BaNiO5
linear-chain mixed-spin antiferromagnets
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Linear-chain nickelates with the composition (NdxY12x)2BaNiO5 (x51, x50.75,x50.5, andx50.25) are
studied in a series of neutron-scattering experiments. Powder diffraction is used to determine the temperature
dependence of the magnetic structure in all four systems. Single-crystal inelastic neutron scattering is em-
ployed to investigate the temperature dependence of the Haldane-gap excitations and low-energy spin waves in
thex51 compound Nd2BaNiO5. The results of these experiments are discussed in the context of the ‘‘Haldane
chain in a staggered field’’ model forR2BaNiO5 systems, and quantitative agreement with theory is obtained.
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I. INTRODUCTION

The quantum-disordered ground state and the fam
Haldane energy gap in the magnetic excitation spectr1

have kept one-dimensional~1D! Heisenberg antiferromag
nets ~AF’s! at the center of attention of condensed-mat
physicists for the last 15 years. Among the more recent
velopments are studies of such systems in external mag
fields.2–5 It was found that in sufficiently strong fields one
the three Haldane-gap modes undergoes a complete so
ing. The result is a transition to a new phase with long-ran
antiferromagnetic correlations.6,7 The effect of astaggered
field Hp , to which a Haldane spin chain is most susceptib
is expected to be no less dramatic. Unfortunately, this pr
lem has been given much less attention in literature, sim
because such conditions are almost impossible to realiz
an experiment. Anarbitrarily small staggered field will in-
duce a nonzero staggered magnetization in the Hald
chain. An intriguing question is how this induced order w
affect the triplet gap excitations. Until recently the only 1
integer-spin AF’s whose behavior was described in terms
a ‘‘staggered field’’ is Ni~C2M8N2!2NO2ClO4 ~NENP!, one
of the best-known Haldane-gap materials@Refs. 8, 9, and
references therein#. Due to the existence of two nonequiv
lent Ni sites in each chain, a weak effective staggered fiel
induced in NENP by auniform external field.10,11 While the
main effect on the spin dynamics is that of the uniform fie
the staggered component produces a small yet observ
effect.11,12

The recent discovery of coexistence of Haldane-gap e
tations and long-range magnetic order inR2BaNiO5 (R
5magnetic rare earth) compounds13–15presents a unique op
portunity to investigate the effect of a staggered field exp
PRB 580163-1829/98/58~21!/14424~12!/$15.00
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mentally without having it obscured by the response of
system to a uniform component. According to our curre
understanding of theR2BaNiO5’s, long-range magnetic or
dering does not destroy the quantum-disordered ground s
of individual S51 Ni chains in these quasi-1D systems. It
therefore essential that the Ni21 ions carry aninteger, as
opposed to half-integer spin, and qualitatively different b
havior is expected for isostructural half-integer spin mate
als like Nd2BaCoO5.16,17 The nonzero staggered magnetiz
tion that appears on the intrinsically disorderedS51 Ni
chains below the Ne´el temperatureTN is viewed as being
inducedby an effective staggered exchange field genera
by the orderedR sublattice.13,18 This physical picture will be
referred to as the ‘‘Haldane chain in a staggered field’’~HC/
SF! model forR2BaNiO5 compounds.

In the HC/SF model, even in the magnetically order
state, much of the dynamic spin correlations are containe
Haldane-gap modes propagating on the Ni chains. BelowTN
these excitations coexist with low-energy order-parame
excitations, i.e., conventional spin waves, that involve cor
lated fluctuations of both Ni and rare-earth moments. T
experimental confirmation of this was obtained in inelas
neutron-scattering experiments on Pr2BaNiO5 ,13 where
Haldane-gap modes were clearly seenboth above and below
the Néel temperature. At all temperatures these excitation
have a purely one-dimensional dynamic structure factor,
show no sign of softening at the 3D AF zone center aT
5TN . Pr2BaNiO5 samples are extremely difficult to prepar
and their magnetic properties are not always reproduci
For example, while magnetic ordering atTN524 K has
been clearly observed in single crystals,13 for reasons yet
unclear, no magnetic transition was observed in powders.19 It
turned out that Nd-based linear-chain nickelates with
14 424 ©1998 The American Physical Society
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general formula (NdxY12x)2BaNiO5 are more practical as
model systems for neutron studies. On one side of this se
(x50) is Y2BaNiO5 , a well-studied Haldane-gapS51 an-
tiferromagnet with a spin gapD'9 meV.20–24 Y2BaNiO5
remains magnetically disordered even at low temperatu
At the other end we have Nd2BaNiO5 (x51) that, thanks to
the presence of magnetic Nd31 ions, orders antiferromag
netically at TN548 K. As in the case of Pr2BaNiO5 ,
Haldane-gap modes in Nd2BaNiO5 were found to survive in
the magnetically ordered phase.14 Similar behavior was see
in x50.75,x50.5, andx50.25 species, where the orderin
temperatures are 39, 30, and 19 K, respectively.15 For all Nd
concentrations atT.TN the Haldane-gap modes are virtual
indistinguishable from those seen in Y2BaNiO5 . As the tem-
perature is decreased throughTN, however, the gap energyD
increasesroughly linearly withTN2T. This remarkable be-
havior is in agreement with theoretical predictions based
the HC/SF model.18,25

To date, all inelastic measurements
(NdxY12x)2BaNiO5 materials were performed on powd
samples. The existing magnetic structure~diffraction! data
are not accurate or not complete enough to be discusse
relation to our model. Indeed, previous single-crystal exp
ments on the Nd system26,27were analyzed assuming that th
Nd and Ni moments are collinear at all temperatures be
TN . It was later shown that the actual structure is cante28

but no detailed temperature dependences derived from
canted model were reported. For the mixed Nd-Y syste
only very preliminary results obtained by analyzing on
three magnetic reflections are available.15

In this work we continue our studies o
(NdxY12x)2BaNiO5 compounds using both elastic and i
elastic neutron scattering. Powder neutron diffraction is u
to investigate the temperature evolution of the magn
structure in four (NdxY12x)2BaNiO5 species withx51, x
50.75, x50.5, andx50.25, respectively. Inelastic neutro
scattering is then employed to study the temperature de
dence of the Haldane-gap excitations in the Ni-chains as
as the low-energy order-parameter fluctuations~spin waves!
in single-crystal Nd2BaNiO5 samples. The connection be
tween static and dynamic properties is discussed in
framework of the HC/SF model. Some of the results p
sented below were briefly discussed in Ref. 29.

II. EXPERIMENTAL PROCEDURES

The crystal structure ofR2BaNiO5 compounds is dis-
cussed in great detail elsewhere.30 All (Nd xY12x)2BaNiO5
systems crystallize in an orthorhombic unit cell, space gro
Immm, a'3.8 Å, b'5.8 Å, andc'11.7 Å.15 The S51
Ni chains are formed by orthorhombically distorted NiO6
octahedra that are lined up in the@100# crystallographic di-
rection, sharing their apical oxygen atoms. TheR sites~oc-
cupied at random by Y or Nd! are positioned in betwee
these chains. The site symmetry for theR31 is low and the
electronic ground state for Nd31 is a Kramers doublet.

In powder-diffraction experiments on thex50.75, x
50.5, andx50.25 compounds we used the same samp
~roughly 15 g each! as in previous inelastic studies.15 A new
Nd2BaNiO5 (x51) powder sample of comparable ma
was prepared particularly for the present study using
es
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solid-state reaction method. Powder neutron-diffraction
periments were carried out at the high flux reactor of
Institut Laue-Langevin~Grenoble!, on the 400 cells position
sensitive detector diffractometer D1B for thex50.75, x
50.5, andx50.25 compounds and on the 1600 cells diffra
tometer D20 for thex51 system. The patterns were re
corded in the temperature range 2–50 K, using a liqu
helium cryostat. The wavelengthsl52.526 Å on D1B and
l52.400 Å on D20 were provided in both cases by focu
ing pyrolitic graphite monochromators. The samples w
enclosed in cylindrical vanadium containers. The analysis
the powder patterns was performed by Rietveld profile
finement using the softwareFULLPROF.31 A pseudo-Voigt
function was chosen to generate the line shape of the diff
tion peaks. The scattering lengths were taken from Ref.
and the magnetic form factors of Nd and Ni from Ref. 33

Single-crystal samples for inelastic neutron-scattering
periments were grown in oxygen atmosphere using
floating-zone technique. Most of the thermal neutron inel
tic measurements were done on a cylindrical single-cry
25 mm long and 4 mm in diameter~sample A! with mosaic
about 0.3°. Only near the end of this series of experime
did a much larger sample~sample B! become available.
Sample B consists of three single crystals, each rough
mm in diameter and 50 mm long with an'0.8° mosaic. The
three crystals were aligned together on a specially desig
aluminum sample holder. The resulting ‘‘supersample’’ h
a symmetric mosaic of around 1.2°. Sample B was u
primarily in cold-neutron inelastic scattering experiments

Inelastic thermal neutron-scattering measurements w
carried out at the Center for Neutron Research at the
tional Institute of Standards and Technology~NIST! on the
BT-4 and BT-2 triple-axis spectrometers. The samples w
in all cases mounted with the (h,0,l ) reciprocal-space plane
parallel to the scattering plane of the spectrometer. A neu
beam of 14.7 meV fixed final energy was used with 68
2408240821208 collimations and a pyrolitic graphite~PG!
filter positioned after the sample. PG~002! reflections were
used for monochromator and analyzer~setup I!. The mea-
surements were done with energy transfers up to 25 meV
calculated resolution at a typical 15 meV energy trans
being 2.5 meV full width at half maximum~FWHM!. The
sample environment was a standard displex refrigerator,
measurements were done in the temperature range 25–6
As we have found, in all samples the axis of the cylindric
crystal roughly coincides with@100# crystallographic direc-
tion. In the experiment the sample cylinder was theref
positioned horizontally in the scattering plane, which r
sulted in substantial absorption effects. The effective tra
mission coefficient as a function of sample orientation w
determined by measuring the intensity of incoherent scat
ing. The measured absorption correction was almost cons
within each constant-Q scan performed, but varied by a
much as a factor of 2 between different Brillouin zones.

Inelastic cold neutron-scattering experiments were d
on the SPINS three-axis spectrometer at NIST. Several c
figurations were used. In setup II we utilized 3082808
28082open collimations with a 3.7 meV fixed final energ
neutron beam and a BeO filter after the sample. In this se
the energy resolution at zero energy transfer is 0.2 m
FWHM. 5 meV fixed-final energy neutrons were used
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setup III with the same collimation setup and a Be fil
positioned after the sample. A substantial gain in intensity~at
the cost of wave vector resolution! was obtained using 308
28082458(radial)2open collimations and 5.1 meV fixe
final energy neutrons, a Be-filter after the sample and a h
zontally focusing analyzer~setup IV!. The energy resolution
in this case was 0.35 meV FWHM at zero energy trans
The sample environment was a displex refrigerator and
temperature was controlled in the range 10–50 K.

III. EXPERIMENTAL RESULTS

A. Magnetic structure

For all samples studied the diffraction patterns in t
paramagnetic phase were found to be totally consistent
the crystal structure reported in Ref. 30. A small amount
nonmagnetic impurities was detected in thex50.75, x
50.5, andx50.25 samples, whereas thex51 one turned out
to be single phase. The small extra peaks due to this impu
were excluded from the refinements.

As previously observed,15 magnetic ordering in all
samples manifests itself in the appearance of new Bragg
flections at half-integer positions, the magnetic propaga
vector being@1/2 0 1/2#. In thex51 sample, thanks to the
relatively strong magnetic signal, a simultaneous refinem
of nuclear and magnetic structures could be performed
typical powder scan for this system is shown in Fig. 1~a!. For
the other three compounds, where the magnetic signal
weaker, a different approach was used. For powder sc
collected atT,TN the magnetic contribution to scatterin
was isolated by subtracting the nuclear background meas
just above the ordering temperature. Several typical data
obtained in this fashion are shown in Figs. 1~b!–1~d!.

In thex50.25 sample, in addition to the above-mention
magnetic peaks at half-integer positions, extra intensity
low TN was also observed at the positions of nuclear pe
@Fig. 1~d!#. One possible explanation for this is the presen
of an extra magnetic component in the structure of this co
pound. This, however, appears not to be the case. We w
unable to reproduce the observed pattern with any reason
spin model. In addition, the intensities of these extra refl
tions seem toincrease with increasing scattering angle
strongly suggesting that they are of nuclear, rather than m
netic origin. In our analysis we have assumed that the
extra peaks represent a lattice distortion that is induced
magnetic ordering. In the determination of the magne
structure of this sample these reflections were therefore
nored.

According to the analysis of the crystallographic spa
group ofR2BaNiO5 compounds (Immm), only two types of
magnetic structure with propagation vector@1/2 0 1/2# and
nonzero magnetic moment on both Ni andR sites are
possible.34 In the structure realized in Er2BaNiO5 all spins
are confined to the (a,b) crystallographic plane. As show
by several previous studies,26,28 it is the other alternative tha
is realized in Nd2BaNiO5 : both the Ni21 and Nd31 mo-
ments are in the (a,c) plane of the crystal~Fig. 2!. We used
this model to fit the diffraction spectra measured at e
temperature for each sample. The adjustable parameters
the magnetic momentsm(Ni) and m(Nd) of the Ni21 and
Nd31 ions, respectively, as well as the anglesf (Ni) andf (Nd)
r
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these moments form with thec axis of the crystal. Good fits
to the experimental powder profiles, examples of which
shown in solid curves in Fig. 1, were obtained in all cas
The refined values of parameters are plotted against temp
ture in Figs. 3 and 4. As observed in previous studies,28 near
the Néel temperature the magnetizations of both Ni and
sublattices undergo a slight reorientation with decreas
temperature. Very quickly though this reorientation slo
down and in all samples the anglesf (Ni) andf (Nd) remain at
roughly 235° and 0°, respectively, in most of the temper
ture range.

B. Ni-chain gap excitations

The temperature dependencies of energies and intens
of the Haldane-gap excitations were studied by inelastic th

FIG. 1. Typical measured~symbols! and calculated~solid curve!
powder-diffraction profiles for (NdxY12x)2BaNiO5 samples with
x51 ~a!, x50.75 ~b!, x50.5 ~c!, andx50.25 ~d!, and the corre-
sponding residuals~obs - calc!. Forx51, the full diffraction pattern
~nuclear and magnetic! is shown. For the three other compound
the nonmagnetic scattering profile was measured just above
Néel temperatures and subtracted from shown scans. The tick
dicate the positions of Bragg reflections, both nuclear~N! ~in the
x51 compound! and magnetic~M!. In the magnetically ordered
phase of thex50.25 compound~d!, additional intensity is also
observed at nuclear Bragg peak positions~marked with an *).
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mal neutron scattering. One of our objectives was to use
intrinsic polarization dependence of the neutron-scatte
cross section to distinguish between the three individ
modes, expected to be present in the Haldane multiplet.
this purpose the data were collected in constant-Q scans at
the 1D antiferromagnetic zone centersQ5(1.5,0,0) andQ
5(0.5,0,4.2). These wave vectors correspond to equal
mentum transfers, but are pointing along and almost perp
dicular to the Ni-chain axisa, respectively. At (1.5,0,0) only
the fluctuations ofy andz spin components are seen~the axes
x, y, and z are chosen along the@100#, @010#, and @001#
directions, respectively!, while at (0.5,0,4.2) it is mostly the
fluctuations ofx andy spin components that contribute to th
scattering intensity.

The most serious obstacle in previous powder meas
ments was the presence of two crystal-field~CF! excitations
associated with Nd31 that appear at about 18 and 24 me
respectively.14 Unlike the highly dispersive Haldane excita
tions, the dispersionless CF modes do not suffer an inten
penalty upon powder averaging the corresponding dyna
structure factors. The Haldane modes that appear
'10 meV energy transfer atT550 K and move towards
higher energies at lower temperature are thus very difficu
separate from the intense CF background. In a single cry
this problem may be overcome. First, the intensity
Haldane modes relative to those of CF excitations is m
larger in this case. Second, in a single crystal the backgro
can be directly measured at scattering vectors slightly off
1D zone center, where the Haldane excitations move ou

FIG. 2. A schematic view of the magnetic structure
Nd2BaNiO5 . A single crystallographic unit cell is shown. The ma
netic moments of both Ni21 and Nd31 are confined to the (a,c)

crystallographic plane. The magnetic propagation vector is@
1
2 0 1
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the scan range thanks to their steep dispersion. In our
the background was measured atQ5(1.4,0,0) and Q
5(0.4,0,4.2). Since it was previously found that the C
modes are slightly temperature dependent, the backgro
measurements were performed separately at each tem
ture. Figure 5 shows some typical data collected in sampl
at T550 K ~open circles! together with the correspondin
background scans~solid circles!. The result of point-by-point
subtraction is shown in Fig. 6. The well-defined peak
'11 meV energy transfer, very similar to that previous
seen in Y2BaNiO5 ~Refs. 20–24! and Pr2BaNiO5 ,13 is attrib-
uted to the Haldane excitations in the Ni chains.

One problem that had to be dealt with was the presenc
a spurious peak at roughly 18 meV energy transfer~see Fig.
5!. We have identified this spurion as being caused
higher-order scattering (2ki) in the monochromator, incoher
ent and/or Bragg scattering in the sample, and higher-o
(3kf) scattering in the analyzer. In the analysis describ
below the ‘‘dangerous’’ energy range has been exclud
from all data sets.

Ideally, for a complete determination of the mode pola
ization, at each temperature one would analyze the inela
scans collected at both wave vectors simultaneously, usi
model cross section that would include three modes w
separate gap values and polarization factors. In the pre
study, however, as the structure of the observed peak is
tally smeared by the broad instrumental resolution, usin
three-component model cross section results in an o

FIG. 3. Temperature dependence of the ordered moment on
the Ni ~solid circles! and Nd ~open circles! sites in
(NdxY12x)2BaNiO5 samples forx51, x50.75, x50.5, and x
50.25. The data points~circles! are determined from profile refine
ment of experimental diffraction patterns~see Sec. III! and the solid
curves are calculated from the mean-field model@Eqs. ~4!–~8! in
Sec. IV#.
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parametrized problem. Instead we analyzed all the meas
inelastic scans separately using a single-mode cross sec
as was previously done for Pr2BaNiO5.13 The model dy-
namic structure factor was written in the ‘‘double
Lorentzian’’ form:

S~ q̃,v!5
S0j/G

11q̃2j21~v2vq!2/G2
, ~1!

FIG. 4. Temperature dependence of the angle between the
tallographicc axis and the Ni~solid circles! and Nd~open circles!
ordered moments in (NdxY12x)2BaNiO5 samples for x51, x
50.75,x50.5, andx50.25. Solid curves are guides to the eye. T
data points~circles! are determined from profile refinement of e
perimental diffraction patterns~see Sec. III!.

FIG. 5. Typical inelastic scans measured in single-crys
Nd2BaNiO5 ~sample A! at the 1D antiferromagnetic zone cente
~open symbols! and background scans taken slightly off these po
tions ~solid symbols! at T550 K. The shaded areas indicate th
scan range contaminated by a 2ki23kf spurion. The solid curves
are guides for the eye.
ed
on,

~\vq!25D21c2q̃2. ~2!

In this formulaq̃ is the projection of the scattering vectorq
onto the chain axis, and measured relative to the 1D anti
romagnetic zone center;D is the gap energy;c is the spin-
wave velocity along the chains;G is the intrinsic energy
width of the excitations; andj is the real-space dynami
spin-correlation length. Since all measurements were p
formed atq̃50, the parametersj and c are only needed to
properly take into account focusing effects. In our analysij
andc were therefore fixed to the values previously measu
in Pr2BaNiO5 : 1/j50.08 Å21, and c5200 meV Å. For
each scan the cross section~1! was folded with the four-
dimensional spectrometer resolution function and the par
etersD, G and the prefactorS0 were refined to best fit the
data. To further minimize the number of independent va
ables we have averaged the value ofG determined at differ-
ent temperatures and used this average as a fixed param
in the final fit. This was done separately forQ5(1.5,0,0) and
Q5(0.5,0,4.2), where the average values were 2 and
meV, respectively. Several typical fits of Eqs.~1!,~2! to our
inelastic data are shown in solid curves Fig. 7. The obtai
temperature dependences forD andS0 for both wave vectors
are shown in Fig. 8.

C. Low-energy spin waves

The main purpose of the cold-neutron experiments wa
study the low-energy order-parameter fluctuations
Nd2BaNiO5 . Usually, such excitations resulting from long
range ordering appear as acoustic spin waves, as previo
observed in Pr2BaNiO5 .13 For Nd2BaNiO5 most of the mea-
surements were done in the vicinity of the (0.5,0,1.5) m
netic Bragg reflection, one of the strongest magnetic peak
the (a,c) plane, with roughly 10 000 counts per second
T510 K using setup II. To search for the acoustic sp
waves we used configurations I, II, or III to perform
constant-Q scans at wave vectors (0.5,0,1.5), (0.75,0,1.
(1,0,1.5), and (1.5,0,1.25) in the range 0–8 meV~Fig. 9!, as
well as constant-E scans at an energy transfer\v
50.3 meV along (0.51z,0,1.5) and (0.5,0,1.51z)(20.25

ys-

l

i-

FIG. 6. Typical inelastic scans~background subtracted! mea-
sured in single-crystal Nd2BaNiO5 ~sample A! at the 1D antiferro-
magnetic zone centers~open symbols!. The solid curves are fits
with a model cross section as described in Sec. IV@Eqs. ~1! and
~2!#.
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&z&0.25). At T510 K absolutely no inelastic signal wa
found at energy transfers below'4 meV. At \v
54 meV we observe the rather intense resolution-limi
inelastic feature previously seen in powder experiment14

The 4 meV excitation is totally dispersionless along both
a and c axes of the crystal. This can be deduced from F
10, that shows some typical constant-Q scans collected a
several wave vectors atT510 K. Scanning through the 4
meV peak in different Brillouin zones led us to the conc
sion that the mode is a single-ion excitation with no unit-c
structure factor and no apparent polarization dependenc
intensity. The accessible range of momentum transfers
not sufficient for an accurate study of the form-factor dep
dence of the intensity.

What makes the 4 meV mode rather interesting is its te
perature dependence. As was previously established in
elastic neutron-scattering experiments on powder sampl14

this excitation is visible only atT,TN . As the Néel tem-
perature is approached from below the excitation energy
creases, the width increases dramatically~Fig. 11!, and atT
5TN the mode appears to merge with quasielatic scatterin
\v50. We have utilized setups I and IV to measure t
temperature dependence of the excitation energy for t
peratures up toT535 K, where the inelastic peak is broa
yet still easily identified. Constant-Q scans were analyze
with a damped-oscillator dynamic structure factor:

S~v!5
I 0g@n~v!11#

v0p F 1

~v2v0!21g2
2

1

~v1v0!21g2G ,

~3!

FIG. 7. Typical inelastic scans~background subtracted! mea-
sured in single-crystal Nd2BaNiO5 ~sample B! at the 1D antiferro-
magnetic zone centers~open symbols! at several temperatures. Th
solid curves are fits with a model cross section as described in
IV @Eqs.~1! and ~2!#.
d

e
.

l
of
as
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-
in-
,

e-

at
e
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FIG. 8. Measured temperature dependences of the gap en
~top! and energy-integrated intensity~bottom! of Ni-chain Haldane
excitations in single-crystal Nd2BaNiO5 . Triangles and circles
show data obtained in the two samples studied. The solid curve
guides to the eye.

FIG. 9. Sample inelastic scans measured in Nd2BaNiO5 ~sample
B! at the magnetic Bragg position~0.5,0,1.5! using thermal~top!
and cold~bottom! neutrons atT510 K. Apart from the resolution-
limited feature at 4 meV energy transfer, no inelastic scatterin
observed above background level up to 8 meV energy trans
Solid curves are guides to the eye.
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that was convoluted with the Gaussian energy resolution
the spectrometer~solid curves in Fig. 11!. In Eq. ~3! n(v) is
the Bose factor andI 0 is the structure factor of the excitation
For Q5(0.5,0,1.5) the experimentalT dependences of th
excitation energy\v0 and relaxation rateg are shown in
Fig. 12. The same behavior was also seen atQ
5(0.75,0,1.5) andQ5(1,0,1.5).

IV. DISCUSSION

A. Magnetic ordering

In previous resonant magnetic x-ray-diffraction studie27

it was found that the order-parameter critical exponentb in
Nd2BaNiO5 is indistinguishable from the mean-field~MF!
valueb50.5. In fact, for thex51 system, the standard M
theory can accurately describe the entire temperature de
dence of both Ni and Nd ordered moments.27 In this model
both Ni21 and Nd31 ions are treated as isolated spins in
effective exchange field, and their bare magnetization cur
are given by appropriate Brillouin functions. The reduc
moment on the Ni sites~the expected value is 2mB) is
attributed to orbital effects~reducedg factor!. Despite the
fact that reasonably good fits to the experimental tempera
dependences can be obtained by applying this simple
proach to each Nd2BaNiO5 compound separately, the re
fined Ni-Nd and Ni-Ni coupling parameters, as well as theg
factor for Ni21 depend greatly upon sample compositio
Such a strong variation of the Ni-Ni exchange constan
difficult to explain by the slight composition dependence

FIG. 10. Sample inelastic scans measured in Nd2BaNiO5

~sample B! at the magnetic Bragg zone center~a! and zone bound-
aries ~b,c! illustrate the absence of any dispersion in the 4 m
excitation atT510 K. Solid curves are Gaussian fits.
of

n-

es

re
p-

.
s
f

FIG. 11. Temperature evolution of the 4 meV excitation me
sured in Nd2BaNiO5 ~sample B! at the magnetic Bragg position
~0.5,0,1.5!. The solid curves represent empirical fits as described
Sec. IV ~Eq. 3!. At T.TN548 K the excitation is totally unob-
servable.

FIG. 12. Measured temperature dependence of the en
squared~open circles! and full energy width at half maximum~solid
circles! of the 4 meV excitation in Nd2BaNiO5 ~sample B!. The
solid curve is a theoretical curve as described in Sec. IV@Eq. ~10!#.
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the lattice parameters and hence the Ni-Ni excha
integral.15 Indeed, the Haldane-gap energies in the param
netic phase are directly proportional to the Ni-Ni exchan
constant, and were previously found to be independent of
content.15 If we are to describe the measured temperat
dependences of sublattice magnetizations
(NdxY12x)2BaNiO5 , treating magnetic interactions at th
MF level, we have to look for a different approach.

In-chain Ni-Ni AF exchange coupling is by far the stro
gest magnetic interaction inR2BaNiO5 compounds (JNi-Ni
'300 K). At T&D, which, incidentally is the temperatur
range where long-range magnetic ordering occurs, the
ceptibility of the Ni subsystem is therefore dominated
well-established in-chain correlations. In this situation it
not appropriateto model the magnetic transition by treatin
the Ni21 ions as isolated moments. Instead, the MF the
should treat entire Ni chains as inseparable entities, cha
terized by their bare staggered magnetization functi
Three-dimensional long-range ordering is driven by the n
important magnetic interaction, namely Ni-R exchange cou-
pling that establishes links between individual chains an
of the order of tens of Kelvin. DirectR-R interactions are
expected to be very weak~of the order of 1 K or less! and
can for this reason be disregarded.19

Garcia-Matreset al.19 analyzed their magnetic suscep
bility data treating only the Ni-R interactions at the MF
level. The experimentally measured temperature depend
of the Ni-order parameter was built into this model as
empirical function. The HC/SF model provides a physic
justification for this approach:29 the bare magnetization curv
for the Ni subsystem is to be taken in the form of thestag-
gered magnetization function for an isolated quantu
disordered Haldane chain. This ‘‘semiquantum’’ model dif-
fers qualitatively from the standard MF model for classic
magnets. In the latter, atT→0 all sublattices become fully
saturated as the bare single-ion susceptibility diverges
1/T. In contrast, the bare staggered susceptibilityxp of a
Haldane spin chain remainsfinite at T50, and the Ni sublat-
tice need not be fully saturated. The ‘‘semiquantum’’ mod
can thus account for the reduced ordered moment on th
sites without assuming an improbably smallg factor for
Ni21. Moreover, it will predict qualitatively different tem
perature dependences, since the staggered susceptibility
Haldane spin chain, unlike the single-ion susceptibility,
expected to be almostT independent at T&D (D
'9 meV, or'105 K in R2BaNiO5 compounds!.

It has to be noted that treating interchain coupling at
MF or RPA ~random phase approximation! level is, in itself,
not a new idea, but a well-established technique.35 In their
pioneering work on CsNiCl3 , the first Haldane-gap materia
studied experimentally, Buyerset al.,36 and Affleck37 imple-
mented this approach to explain magnetic ordering and
culate the spin-wave dispersion relations. The main diff
ence between CsNiCl3 and R2BaNiO5 is that exchange
coupling between individual Haldane chains isdirect in the
former system, andmediated by the rare-earth ionsin the
latter. For directly coupled Haldane spin chains, the mag
tude of interchain interactions must exceed some crit
value in order for the system to order magnetically.37 In a
MF description of CsNiCl3 or any other system with directly
coupled quantum chains, the temperature dependence o
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ordered moment is defined by theintrinsic temperature de-
pendence of the susceptibility of individual chains. In co
trast, in our case ofR2BaNiO5 compounds, magnetic order
ing is driven by the 1/T-divergent susceptibility of the rare
earth subsystem. At sufficiently low temperature long-ran
order will therefore occur for arbitrary smallR-Ni interac-
tions, and in the case ofTN&D, we can use the approxima
tion where the bare magnetization curve of isolated chain
T independent.

An important result of this work is that inall samples
studied m(Ni) , the induced staggered moment on the N
chains, appears to be a universal function ofm̃(Nd)

[m(Nd)x. In other words, the Ni magnetization explicitl
depends only on the average moment on theR sites, and not
the actual temperature, as illustrated in the plot ofm(Ni) vs
m̃(Nd) in Fig. 13. To emphasize the significance of this fa
we reiterate that the ordering temperatures in the mate
differ by more than a factor of 2. From Fig. 13 we see th
even with fully ordered Nd31 moments the Ni chains are no
fully polarized and the curve never levels off completely.
the context of the HC/SF model, apart from the scaling of
absciss, Fig. 13 is nothing else but thestaggered magnetiza
tion functionM(Hp) for an isolated Haldane chain of Ni21

spins, that in the studied temperature rangeT50 –50 K is
expected to be almostT independent.

The role of disorder in Y-diluted systems is not too im
portant, at least, in systems where the Nd concentratio
not too small. The intrinsic dynamic spin correlation leng
of Haldane spin chains is rather large, of the order of
lattice repeats. As long as the mean distance between
Nd31 ions is smaller than this length scale, the Ni cha
effectively see a homogeneous staggered moment on thR
sites, despite the ‘‘holes’’ that are present wherever Nd31 is

FIG. 13. Measured ordered Ni21 moment in
(NdxY12x)2BaNiO5 compounds plotted against the average
dered moment on theR sublattice ~symbols, bottom axis!. This
dependence is interpreted as the staggered magnetization curv
an isolated Haldane spin chain. The estimated staggered exch
field acting on the Ni subsystem is shown on the top axis. The s
curve is an empirical fit to the experimental points, as describe
Sec. IV @Eqs.~4!–~6!#.
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replaced by Y31. The argument, while clearly valid atT
'TN , should be taken with some caution when applied t
system deep in the ordered phase. In this regime
Haldane-gap energy increases, and, as a consequence o
the dynamic correlation length in the chains decreases. E
in this case we can expect the effect of disorder to be a
aged out, thanks to the simple geometrical fact that ev
Ni21 ion is coordinated to fourR sites.

We can now use the experimentally determined stagge
magnetization function for Haldane spin chains
(NdxY12x)2BaNiO5 to write down the self-consistent MF
equations for our ‘‘semiquantum’’ theory. For the N
sublattice these equations are

m~Ni!5gSmBM~H ~Ni!!, ~4!

H ~Ni!52am̃~Nd!. ~5!

HeregmB andS51 are the gyromagnetic ratio and spin
Ni21, respectively;H (Ni) is the effective exchange field tha
acts on the Ni chains and is generated by theR sublattice;
anda is an effective MF coupling constant. The factor 2
Eq. ~5! reflects the fact that there are two Nd atoms for ev
Ni atom in the chemical formula, while the magnetizatio
m(Ni) and m(Nd) are normalized per site. For convenien
M(H (Ni) ) in Eq. ~4! is approximated with the following
purely empirical function:

gSmBM~2am̃~Nd!!5A arctan~Bm̃~Nd!!. ~6!

The coefficientsA51.27(5) andB51.06(13) are obtained
by fitting this formula to the bulk of experimental data
Fig. 13 ~solid curves!. To write down the remaining MF
equations for theR sublattice we shall approximate the ba
magnetization curve for the Nd31 ions with the Brillouin
function, as is appropriate for a magnetic ion with a doub
ground state:

m~Nd!5m0
~Nd!tanhS m0

~Nd!H ~Nd!

kT D . ~7!

H ~Nd!5am~Ni!. ~8!

In this formulaH (Nd) is the effective exchange field acting o
the rare-earth ions,k is Boltzmann’s constant, andm0

(Nd) is
the effective magnetic moment for Nd31.

Ideally, the saturation momentm0 should be indepent o
temperature or Nd concentration in the sample. In our p
ticular systems, however, the saturation moment of the N31

ions steadily decreases by roughly 25% asx changes from
1.0 to 0.25. Equation~7! is therefore no more than a crud
approximation, and a 25% accuracy is the best we can ex
from our model. Indeed, in using the Brillouin function
describe the rare earths, we have totally neglected the hig
energy electronic states of these ions. Not only do they c
tribute to the temperature dependence ofR magnetization,
but also may give rise to aT-independent Van Vleck contri
bution to single-ion susceptibility. Unfortunately, witho
knowing the electronic structure ofR31 in R2BaNiO5 in
detail, we cannot take these effects into account rigorou
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Instead we shall use Eq.~7! with separate values form0 for
each sample, equal to the saturation magnetization of the
sublattice.

Equations~4!–~8! were used to analyze the temperatu
dependences of sublattice magnetizations in th
(NdxY12x)2BaNiO5 samples, withx51, x50.75, and x
50.5. In thex50.25 system the transition is of magnetoela
tic nature, and a purely magnetic MF model cannot be
pected to be applicable. For each sample composition
only adjustable parameter was the coupling constanta. The
results of this analysis are shown in solid curves in Fig.
For the three samples we obtaina50.84(2)
3105 Oe mB

21 , a50.96(2)3105 Oe mB
21 , and a

51.14(2)3105 Oe mB
21 , respectively. As expected, for a

three (NdxY12x)2BaNiO5 systems the refined values of th
coupling constant are very similar despite the substanti
different ordering temperatures. We can use average v
a50.98(1)3105 Oe mB

21 to properly rescale the absciss
Fig. 13 and obtain the Ni order parameter as a function
effective exchange field, i.e., the actualstaggered magneti-
zation curve for a Haldane spin chain~Fig. 13, top axis!.
Differentiating Eq.~6! at H (Ni)→0 we obtain thestaggered
susceptibilityxp51.231025mB /Oe.

The staggered magnetization curve for an isolatedS51
Heisenberg AF chain has not been calculated to date, an
cannot directly compare our results to any numerical sim
lations. The zero-temperature staggered susceptibilityxp ,
on the other hand, can be deduced from the numerous t
retical predictions for the dynamic structure factor at the
AF zone centerS(p,v), to which it is related through the
Kramers-Kronig relation and the fluctuation-dissipation the
rem. In the single-mode approximation38,39,9 S(p,v)
52 4

3 (^H&/LD)d(v2D). Here and^H&/L is the ground-
state energy per spin. According to Monte Carlo simulatio
~see, for example, Refs. 40,41!, ^H&/L'21.4J'3.42D.
The expression for the staggered susceptibility is then rea
obtained viaxp52*0

`dv@S(p,v)/v# and is equal to

xp59.1~gmB!2/D. ~9!

In all the R2BaNiO5 systems studied so far with inelast
neutron scattering the gap energies are equal to 9 meV
within experimental error, which gives xp'2.3
31025mB /Oe. This value is almost twice as large as o
experimental estimate. While not spectacular, this level
consistency is quite acceptable, considering all the appr
mations and simplifications that had to be made. Most of
uncertainty is related to the large experimental error in
initial ‘‘low-field’’ part of the magnetization curve in Fig. 12
where small ordered moments were derived from the m
surements in the vicinity ofTN , and the error bars are rathe
large. Some systematic error is introduced by approxima
the measured curve with expression~6!. We have also totally
neglected the temperature dependence of the magnetiz
function for the Haldane spin chains, small as it may be
kT&0.5D, and approximated that for the rare-earth ions b
simple Brillouin function. The actual gyromagnetic ratio fo
Ni21 that enters Eq.~9! squared, is not known from indepen
dent measurements either. A half-order-of-magnitude ag
ment is indeed the most we can expect. What is importan
that our model appears to be self-consistent and is base
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the same concepts as those previously used to explain
persistence andT dependence of Haldane-gap excitations
R2BaNiO5 materials.

B. The 4 meV mode

The excitation that we see at 4 meV energy transfer w
observed in powder experiments,14 and attributed to a CF
transition in Nd31. A similar feature was also seen in rece
antiferromagnetic resonance measurements.42 As our single-
crystal neutron data clearly demonstrate, the 4 meV m
has indeed no dispersion and its intensity is Brillouin-zo
independent, so it indeed is a local, i.e., single-ion exc
tion~s!. Despite that, we suggest that this modeis the actual
order-parameter excitation~spin wave!, and corresponds to
flipping a single Nd31 moment in the effective staggere
field projected by the Ni sublattice. The energy of such
excitation is given by

\v052m0H ~Nd!52m0am~Ni!. ~10!

The excitation energy should thus scale as the ordered
ment of the Ni sublattice. The solid curve in Fig. 12 is draw
using Eq. ~10!, our experimental data form(Ni) (T) in
Nd2BaNiO5, and a50.843105 Oe mB

21 determined from
our MF analysis of the magnetic structure. An excelle
agreement with inelastic measurements is apparent.

One possible explanation for the fully localized nature
the low-energy spin waves is a strong anisotropy in the
fective exchange interaction between Ni21 and Nd31. We
suggest that this interaction is of Ising type, i.e., can be w
ten asJeffSNi

z SNd, eff
z , SNd, eff being the effective Nd spin. If

one introduces this type of coupling between singlet grou
state Ni-chains and isolated paramagnetic rare-earth ion
the RPA level, one obtains a total decoupling of the Ni- a
Nd-transverse degrees of freedom. The Ni-chain modes
those of a Haldane system in astatic staggered field. Those
centered on Nd correspond to flipping a single paramagn
moment, again in astatic effective field. Interestingly, the
low-energy excitations in Pr2BaNiO5 are qualitatively differ-
ent: these are acoustic spin waves with a pronounced dis
sion and structure factor.13 These excitations, as well as th
higher-energy Haldane-gap modes, are expected to inv
correlated fluctuations of both the Ni and the rare earth m
ments. The difference in behavior is, of course, due to
different electronic configuration of the rare-earth ions
Pr2BaNiO5 and Nd2BaNiO5 ~Pr is not a Kramers ion and in
Pr2BaNiO5 is, in fact, an induced-moment system!, and the
consequent difference inR-Ni magnetic interactions.

Unfortunately, within the MF model one cannot make a
predictions regarding the stronglyT-dependent damping o
the 4 meV mode. Without going into further speculations,
would only like to point out that the measured magnitu
and temperature dependence ofg is very similar to that of
the temperature-induced broadening of Haldane-gap ex
tions, as measured in Y2BaNiO5 .23 One possibility is that
these quantities may actually be directly related and re
sent the same relaxation process.
the
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C. Haldane-gap excitations in the Ni chains

Polarization

One set of results that we hoped to obtain from the ine
tic thermal neutron-scattering experiments are separate
perature dependences of the Haldane-gap energies in ea
the three components of the Haldane triplet. Of particu
interest is theT dependence of the gap in the longitudin
mode, i.e., the one polarized along the ordered moment
the Ni sites. It has been predicted that the rate of increas
the longitudinal spin gap is three times larger than that of
two transverse gaps.18 As mentioned above, experiment
difficulties make a complete polarization analysis impo
sible. At present, the only available results relevant to
multiplicity and polarization of Ni-chain gap excitations i
Nd2BaNiO5 is the temperature dependence of integrated
tensities measured atQ5(1.5,0,0) andQ5(0.5,0,4.2)~Fig.
8!. To within experimental error these intensities are t
same at all temperatures. At no instance do we see any
tinct splitting in the energy gap. If we assume that the mo
remain polarized along the principal crystallographic dire
tions, as dictated by the local symmetry of the Ni sites,
are forced to conclude that the three components of the
let evolve with temperature in exactly the same way.

The assumption however is expected to be valid only
T*TN . As the magnetic order-induced shift in the Haldan
gap energies becomes larger than the initial anisotro
induced splitting of the triplet~roughly 1 meV, according to
Refs. 24,23!, the proper choice of polarization axes is go
erned by the direction of the Ni21 moments, rather than th
crystallographic symmetry directions. In the magnetically
dered state the three excitations are polarized along thex8,
y8, andz8 axes, wherey8 runs along the@010# direction,z8
is chosen along the direction of ordered moments on the
sites and thus forms an angle of roughly 35° with thec axis
of the crystal, andx8 completes the orthogonal reper, respe
tively. The actual situation is even more complex, since t
types of magnetic domains with the Ni21 moments tilted to
the left or to the right of thec-axis should be present in
macroscopic sample. As a result all three modes contrib
to inelastic scattering at bothQ5(1.5,0,0) and Q
5(0.5,0,4.2), with partial intensities 0.33, 1, 0.67, and 0.
1, 0.37, correspondingly. We have concluded that our d
are not inconsistent with seeing only the two transverse
citations~polarized alongx8 andz8, respectively!. It is there-
fore entirely possible that for some reason we fail to see
longitudinal excitation altogether.

Definitive conclusions concerning the multiplicity and p
larization of the gap excitations are premature. At this sta
however, we lean towards interpreting our data in terms
seeing only the transverse Haldane excitations in our sc
First of all, the longitudinal gap is expected to increase w
decreasingT at least three times as fact as the transve
gaps. BelowT540 K it is expected to be already outside th
range of our inelastic scans. Second, the observed temp
ture dependence of the Haldane-gap energies is in stri
quantitative agreement with theoretical predictions for tra
verse modes~see next section!. Third, it appears plausible
that the appearance of an ordered moment on the Ni s
leads to the longitudinal mode being overdamped. Hopefu
the use of the very large sample B in future unpolarized a
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polarized neutron-scattering experiments will help us reso
this issue.

D. Behavior of the Haldane-gap energy

As discussed in the previous section, our results for
low-energy spin waves indicate that magnetic excitations
volving the Ni spins are totally decoupled from those in t
Nd subsytem and are indistinguishable from transve
Haldane-gap excitations that occur in isolated Halda
chains in the presence of astaticstaggered field. The HC/SF
model can thus be used in reference to spin dynamics,
not only the static magnetic properties of the system. Ba
on this assumption~that, at the time, was not backed b
experimental results pertaining to the low-energy spin wa
in the system!, the increase of the Haldane-gap energy in
magnetically ordered state in (NdxY12x)2BaNiO5 was
qualitatively explained in Ref. 18. In this work the staggere
field dependence of the Haldane-gap energies for aS51 1D
Heisenberg antiferromagnet was derived through the use
Ginsburg-Landau-like description of an isolated Halda
spin chain, the so-calledf4 model, introduced in this contex
by Affleck.37,43

In this approach an isolated Haldane spin chain is cha
terized by the space-dependent vector of local stagg
magnetizationfW (x,t). The Lagrangian of the system is wri
ten as a series expansion infW (x) and its derivatives:

L5E dxF 1

2vS ]fW

]t
D 2

2
v
2
S ]fW

]x
D 2

2
D2

2v
fW 22lufW u4

1higher-order termsG . ~11!

The quadratic terms describe a triplet of degenerate no
teracting gap excitations~energy gapD) with a linear disper-
sion ~spin-wave velocityv). A nonzero staggered-field de
pendence of the excitation energies appears upon introdu
the lufW u4 term, that represents pair repulsion between m
nons, and other higher-order terms. In the presence of a s
gered field, the change in gap energies, defined asd(Hp)
[$@D(Hp)#22D0

2%/D0
2 , D0 being the gap energy in the ab

sence of any staggered field, for small fields is proportio
to the square of the induced static staggered magnetic
ment and the strength of magnon repulsionl. In application
to R2BaNiO5 systems,d(Hp) is thus expected to scale pro
portionately to@m(Ni) #2, as long as the ordered moment
small. This linear relation was confirmed for all previous
studied (NdxY12x)2BaNiO5 systems.18,25

The data obtained in the present work, particularly
more accurately measured temperature dependence o
Ni-sublattice magnetization, can be used to analyze the r
tion betweenD andm(Ni) in greater detail. In order to do so
we first have to compensate for the intrinsic weakT depen-
dence of the Haldane-gap energy. This is done by repla
D0 by D0(T), the temperature-dependent gap in the abse
of staggered field. ForD0(T) we can take the Haldane ga
measured as a function of temperature in Y2BaNiO2 , that,
for practical purposes, we shall approximate by the follow
empirical formula:9,44
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D0~T!5D0~0!1AbTexp~2D0~0!/kT!. ~12!

The coefficientsD0(0)59.21 meV andb51.0 meV2/K
were obtained by fitting this form to the experimental da
for Y2BaNiO2 .22,23 This formula is used to plotd(Hp) as a
function of @m(Ni) #2 for all four (NdxY12x)2BaNiO5 systems
studied~Fig. 14!. A perfect data collapse is obtained. Als
apparent is the slow upward curvature of this function t
could not be clearly seen when only powder data w
available.18

In Ref. 18 no quantitative predictions regarding the slo
of the linear relation betweend(Hp) and @m(Ni) #2, i.e., the
coefficientl in Eq. ~11!, were made. Instead,l was treated
as an adjustable parameter. In a more refined approachl is
to be determined independently from the properties of
renormalization-group fixed point. This coefficient was r
cently calculated numerically.45 The nonlinearity in the rela-
tion betweend(Hp) and @m(Ni) #2 can be accounted for by
including higher-order terms into thef expansion of the
Lagrangian. The corresponding coefficients, up to the eig
power infW , were also recently computed.46 These numerical
results were then utilized to calculate the staggered-mom
dependence of the gap energy for both transverse-polar
and longitudinal Haldane excitations:47

D'
2 2D0

2

D0
2

50.395~m~Ni!!210.156~m~Ni!!410.049~m~Ni!!6,

~13!

D i
22D0

2

D0
2

51.185~m~Ni!!210.78~m~Ni!!410.343~m~Ni!!6.

~14!

These equations haveno adjustable parametersand for
Nd2BaNiO5 systems yield the curves shown in solid curv

FIG. 14. Measured increase in the Haldane gap energy
(NdxY12x)2BaNiO5 compounds relative to that in Y2BaNiO5 plot-
ted as a function of the square of the ordered staggered mome
the Ni chains~symbols!. For Nd2BaNiO5 single-crystal data ob-
tained in this work is shown. For the three other materials the d
are taken from Ref. 15. The solid curves are theoretical predict
for the longitudinal and transverse gaps@Ref. 47 and Sec. IV, Eqs
~13!,~14!#.
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in Fig. 14. We see that our data almost perfectly agree w
the prediction for the transverse-spin gap. The deviation
large m(Ni) are expected, as the series in Eqs.~13!,~14! are
terminated at the third term. Assuming that what we obse
in our experiments are transverse gap excitations, the HC
model thus givesquantitatively correctpredictions for the
temperature dependence of the gap energies.

V. CONCLUSION

The results of three independent series of experime
powder neutron diffraction, and thermal- and cold-neutr
inelastic scattering, are all consistent with our HC/SF mo
for R2BaNiO5 compounds at the quantitative level. The i
teractions between the Ni and rare-earth subsystem
(NdxY12x)2BaNiO5 can be to a very good approximatio
treated at the MF level. This description appears to ap
very well not only to static magnetic properties, but also
e
i

n

y

o

s

s

h
at

e
F

ts,
n
l

in

ly

the spin dynamics. The dispersionless single-ion characte
low-energy spin waves is a manifestation of an effect
separation of the Ni-chain spin dynamics from that of the
subsystem.
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