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Experimental Measurement of the Staggered Magnetization Curve for a Haldane Spin Chain
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Long-range magnetic ordering inR2BaNiO5 (R ­ magnetic rare earth) quasi-one-dimensional mixed-
spin antiferromagnets is described by a simple mean-field model that is based on the intrinsic
staggered magnetization function of isolated Haldane spin chains for the Ni subsystem, and single-
ion magnetization functions for the rare earth ions. The model is applied to new experimental
results obtained in powder diffraction experiments on Nd2BaNiO5 and NdYBaNiO5, and to previously
published diffraction data for Er2BaNiO5. From this analysis we extract the bare staggered
magnetization curve for Haldane spin chains in these compounds. [S0031-9007(98)05839-6]

PACS numbers: 75.25.+z, 75.10.Jm, 75.50.Ee
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The quantum-disordered ground state and the famo
Haldane energy gap in the magnetic excitation spectru
[1] have kept one-dimensional (1D) integer-spin Heise
berg antiferromagnets (HAF) at the center of attention
condensed matter physicists for the past 15 years. Amo
the more recent developments are studies of such s
tems in external uniform magnetic fields [2–4]. It wa
found that in sufficiently strong fields one of the thre
Haldane-gap modes undergoes a complete softening
some particular wave vector. The result is a transition to
new phase with long-range antiferromagnetic correlatio
(see, for example, Refs. [5,6]). The effect of astaggered
field Hp , to which a Haldane chain is most susceptible
is expected to be no less dramatic. Unfortunately, th
problem has been given much less attention in literatu
simply because such conditions are almost impossible
realize in an experiment. The only chance of producin
a magnetic field modulated on themicroscopicscale is to
make use of some periodic modulation that is intrinsic
the system under investigation. This can be, for examp
a structural modulation, as is the case in NENP, one of t
best-known Haldane-gap compounds (Refs. [7,8] and r
erences therein). TheS ­ 1 chains in this material consist
of alternating crystallographically nonequivalent Ni21 ions
with slightly different gyromagnetic ratios. A weak effec
tive staggered field can thus be induced in NENP by app
ing auniformexternal field [9]. Unfortunately, the effect
of the staggered component is obscured by the respons
the system to the strong uniform field itself [9,10].

A more direct approach is to use an intrinsicmagnetic
modulation in a material that, in addition to integer-spi
Heisenberg chains, has other magnetic ions. Should
latter become ordered magnetically with an appropria
propagation vector, they will project an effective stag
gered exchange field on the Haldane spin chains. T
magnitude of the staggered field can be varied in an e
periment indirectly, by changing the temperature, and th
the magnitude of the magnetic order parameter. By me
suring the induced moment on the Haldane chains o
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can hope to directly measure thestaggered magnetization
curve for a Haldane spin system. This function that we
shall denote asM sHp d is one of the principal charac-
teristics of a quantum-disordered integer-spin HAF, b
to date has not been determined experimentally. In t
present paper we shall demonstrate howM sHp d can be
determined by properly analyzing the results of simp
neutron diffraction experiments.

It appears that the best experimental realizations of t
mechanism described in the previous paragraph are
be found among linear-chain nickelates with the gene
formulaR2BaNiO5 (R ­ magnetic rare earth). TheS ­ 1
Ni21 ions in these compounds are arranged in distin
chains that run along thea axis of the orthorhombic crystal
structure. In-chain interactions between the Ni spins a
antiferromagnetic, with the exchange constantJ ø 300 K,
and interchain coupling is negligible. The magneticR31

ions are positioned in between the Ni chains, and a
expected to be weakly coupled to the Ni21 moments
(exchange parameters of the order of tens of Kelvi
and even weaker between themselves (coupling consta
of less than 1 K) [11]. All R2BaNiO5 species order
antiferromagnetically with Néel temperatures ranging fro
16 to 80 K [11,12]. In the ordered phase a nonze
ordered moment is found on bothR31 and Ni21 sites. The
magnetic order parameter of Ni21 never achieves complete
saturation, and atT ! 0 is substantially smaller than the
expected value of2mB per ion, a hint that quantum spin
fluctuations in the Ni chains survive well below the Née
temperatureTN . Haldane gap excitations propagating o
the S ­ 1 Ni chains have been observed both abov
and below the Néel temperature in all materials studi
so far, including Pr2BaNiO5 [13], Nd2BaNiO5 [14], and
sNdxY12xd2BaNiO5 [15]. These spin excitations have a
purely 1D dispersion and dynamic structure factor, a
are practically indistinguishable from Haldane modes
Y2BaNiO5, an extensively studied reference Haldane g
system, where no long-range magnetic ordering occ
even at low temperatures [16–19]. The basis of o
© 1998 The American Physical Society
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current understanding ofR2BaNiO5 compounds is that the
Haldane singlet ground state of individualS ­ 1 Ni chains
is preserved in the magnetically ordered phase [13,2
The nonzero ordered moment on the Ni21 sites is viewed
as a result of polarization of the quantum-disorderedS ­ 1
chains by an effective staggered exchange field, genera
by the orderedR sublattice.

Based on this physical picture, we shall construct
simple mean-field (MF) model of magnetic ordering in
R2BaNiO5 materials. In the conventional MF approach
all magnetic ions are treated asisolated moments that
become polarized by the effective exchange field. In th
R2BaNiO5’s, however, in-chain Ni-Ni exchange coupling
is dominant over all other magnetic interactions. It i
therefore more appropriate to treat only the rare earth io
as individual moments [11]. In the spirit of what is said
above, the bare magnetization curve for the Ni sublattic
should be taken in the form of the staggered magnetizati
function M for an isolatedS ­ 1 quantum spin chain.
Ni-Ni interactions arenot to be included explicitly in the
MF theory, since they are already built into the functio
M . The MF equations for the Ni subsystem can thus b
written in the following form:

MsNid ­ gSmBM sHsNidd , (1)

HsNid ­ 2aRMsRd. (2)

Here MsNid and MsRd are the sublattice magnetizations
(per ion) for the Ni andR subsystems, respectively,
HsNid is the effective staggered field that acts on th
Ni chains, g ­ 2 is the gyromagnetic ratio for Ni21,
S ­ 1 is the spin of Ni21, and aR is the effective MF
coupling constant. To complete the model, we have
write down the MF equations for theR subsystem as
well. Unfortunately, because of the low site symmetr
for R31 ions in R2BaNiO5 materials [13], modeling the
exact bare magnetization curve of the rare earths
impossible without knowing the details of their electroni
structure. Nevertheless, for those compounds in whi
R31 is a Kramers ion, we can hope to get a reasonab
approximation using the Brillouin function:

MsRd ­ M
sRd
0 tanhsHsRdM

sRd
0 ykT d , (3)

HsRd ­ aRMsNid. (4)

Here M
sRd
0 is the effective moment of the rare earth ion

and HsRd is the mean field acting on the rare earths
Direct R-R interactions are expected to be weak, an
TN is predominantly defined by the magnitude ofR-Ni
exchange. This fact enables us to simplify the equatio
by omittingR-R coupling in Eq. (4).

Our “semiquantum” model differs significantly from
the usual MF model for classical magnets. In the latter,
T ! 0 all sublattices become fully saturated as the ba
single-ion susceptibility diverges as1yT . In contrast, in
our model the bare staggered susceptibility of the Halda
chains remainsfinite at T ­ 0. Moreover, atT & D
0].
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(D ø 9 meV, or ø105 K R2BaNiO5 compounds), the
functionM sHp d is expected to be almostT independent.
Our model will therefore produce qualitatively different
results for theT dependencies and saturation values of th
magnetic order parameter for Ni.

It must be noted that treating interchain coupling at th
MF or RPA (random phase approximation) level is, in it
self, not a new idea, but a well-established technique [21
In their pioneering work on CsNiCl3, the first Haldane-
gap material studied experimentally, Buyerset al. [22]
and Affleck [23] implemented this approach to explain
magnetic ordering and calculate the spin wave dispe
sion relations. The main difference between CsNiCl3 and
R2BaNiO5 is that exchange coupling between individua
Haldane chains isdirect in the former system, andme-
diated by the rare earth ionsin the latter. For directly
coupled Haldane spin chains, the magnitude of intercha
interactions must exceed some critical value in order fo
the system to order magnetically [23]. In a MF treatmen
the temperature dependence of the ordered moment is
fined by theintrinsic temperature dependence of the sus
ceptibility of individual chains. In contrast, in our case
of R2BaNiO5 compounds, magnetic ordering is driven by
the 1yT -divergent susceptibility of the rare earth subsys
tem. At sufficiently low temperature long-range orde
will therefore occur for arbitrary smallR-Ni interactions,
and, in the case ofTN & D, we can use the approximation
where the bare magnetization curve of isolated chains
T independent.R2BaNiO5 materials are thus more con-
venient as model systems for studying the effect of sta
gered field on Haldane spin chains.

To test the validity of our model we shall compare its
predictions for the temperature dependence of sublatti
magnetizations with experimental results obtained usin
neutron diffraction. Since one of our primary goals is
to verify that the functionM is indeedT independent
at T & D, we need to compare experimentalMsT d
curves measured in material with substantially differen
ordering temperatures. Moreover, as the constantaR is
clearly dependent ofR, the only way to excludeT as
an implicit variable is to study several dilute system
with the formulasRxY12xd2BaNiO5. In such compounds
part of the magneticR31’s are randomly replaced by
nonmagnetic Y31 ions. TN is strongly dependent on the
rare earth concentrationx [15]. At the same time, we
can expect the coupling constantaR to be the same in
all sRxY12xd2BaNiO5 systems, provided in Eq. (2)MsRd

is replaced by the average moment on theR-sites, i.e.,
by M̃sRd ­ xMsRd. Indeed, in the crystal structure each
Ni site is coordinated to fourR-sites, and any effect
of disorder, for not too smallR-content, is reduced
by averaging over nearest neighbors, and the effecti
staggered field scales proportionately tox.

To date, accurateT-dependent data exist only for
Ho2BaNiO5 (TN ­ 53 K) [24] and Er2BaNiO5 (TN ­
33 K) [25]. Of these materials only the Er nickelate
3631
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fits the condition of having a Kramers rare earth ion
essential for using Eq. (3). To have more compoun
to work with, and to apply our model to systems with
substantially different R-concentrations x, we have
performed new powder neutron diffraction studies o
Nd2BaNiO5 (TN ­ 48 K, x ­ 1) and NdYBaNiO5

(TN ­ 29 K, x ­ 0.5). The experiments were done on
the position sensitive detector diffractometer D1B at th
Institut Laue-Langevein, Grenoble, France. Details of th
rather straightforward experiment and data analysis w
be reported elsewhere. At all temperatures the obtain
magnetic structures in both materials are defined by t
propagation vectors1y2, 0, 1y2d, and are similar to that
in Ho2BaNiO5 [24]. In NdYBaNiO5 the Ni21 and Nd31

moments lie in thesa, cd crystallographic plane, and form
almost temperature-independent angles offsNid ø 35±

and fsNdd ø 0± with the c axis, respectively. The same
applies to Nd2BaNiO5 at T & 40 K. Between40 and
48 K, however, i.e., just belowTN , both the Ni and the
Nd ordered moments in Nd2BaNiO5 undergo a significant
reorientation, in agreement with Ref. [12]. Our principa
experimental results, the temperature dependencies
the ordered moments, are summarized in Fig. 1. In t
same figure we show the data for Er2BaNiO5, taken
from Ref. [25]. In Er2BaNiO5 the orientation of the
ordered moments of Ni21 and Er31 is T independent,
with fsNid ­ 65± and fsErd ­ 88±, respectively. In the
Ho system the orientation of ordered moments chan
only slightly with decreasing temperature, and the angl
are, correspondingly,fsNid ø 25± andfsHod ø 0± [24].

We are now in a position to plotMsNid as a function
of M̃sRd. For Nd2BaNiO5 and NdYBaNiO5 (x ­ 1 and
x ­ 0.5, respectively) this curve is shown in Fig. 2 in
solid triangles and squares, correspondingly. For the
two materials in which the ordering temperatures diffe
by almost a factor of 2 we obtain an excellent dat
collapse, which confirms that the functionM is almostT
independent. To place the Er2BaNiO5 data on the same
plot we have to rescale the abscissa to compensate for
difference betweenaNd andaEr . This is done in such a
way as to obtain the best overlap between the three curv
The best data collapse is achieved by scaling down the
moment by a factor of 3.2(1) (Fig. 2, open circles). Fo
Ho2BaNiO5, a non-Kramers system, the approximatio
(3) is not appropriate, yet Eqs. (1) and (2) are expected
remain valid. We can therefore plot the existing data fo
Ho2BaNiO5 [24] in the graph on Fig. 2, applying the same
abscissa-rescaling procedure as for Er2BaNiO5. The best
data collapse in this case is obtained by scaling down t
Ho moment by a factor of 4.2(1) (Fig. 2, open diamonds
We see that, despite the differentR-substitute, the overall
shape of theMsNid vs M̃sRd curve in all four materials is
very similar, in support of our conjecture thatM is an
intrinsic property of the Ni chains and is the same fo
all R2BaNiO5 systems. For further use we shall fit the
cumulative data in Fig. 2 with a purely empirical function
3632
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FIG. 1. Measured temperature dependencies of the Ni-orde
(open symbols) andR-ordered (solid symbols) moments in
Nd2BaNiO5 and NdYBaNiO5 (this work), and Er2BaNiO5
(digitized from Ref. [25]). The solid lines are single-paramet
fits using the mean-field model described in the text.

gSmBM saRM̃sRdd ­ A arctans2BRM̃sRdd . (5)

A good fit (solid line in Fig. 2) is obtained with
A ­ 1.17s4dmB, BNd ­ 1.7s1dm21

B , BEr ; BNdy3.2 ­
0.43s3dm21

B , andBHo ; BNdy4.2 ­ 0.33s3dm21
B .

In the context of our model the curve in Fig. 2 is nothin
else but the staggered magnetization function for a Halda
spin chain that we are trying to determine in this stud
The only thing we are missing at this point is a prope
scale (units of magnetic field) on the abscissa, which
currently labeled in units of magnetization. Conversio
to field units is done by the coupling constanta that we
shall obtain by analyzing the temperature-dependent
perimental data with our mean-field equations. The ana
sis can be performed forR ­ NdyY andR ­ Er, but not
for R ­ Ho, where, as discussed above, Eq. (3) does n
apply. In place ofM

sRd
0 in Eq. (4) we shall use the satu-

ration moment for the rare earth ions in each system. T
the values ofM

sNdd
0 are slightly different in the two Nd-

based compounds (2.68mB and2.3mB, respectively) only
emphasizes the fact that Eq. (4) is no more than an appro
mation to the actual magnetization function for an iso
latedR31 ion. Combining our MF equations with Eq. (5)
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FIG. 2. Ordered staggered moment on the Ni chains plot
against the ordered moment of theR sublattice (bottom axes).
The solid line is an empirical fit, as described in the tex
The data for Ho2BaNiO5 and Er2BaNiO5 are taken from
Refs. [24,25]. The top axis shows the corresponding stagge
exchange field acting on the Ni chains.

we use least-squares refinement to fit the experimen
data in Fig. 1, havingaR as the only adjustable pa
rameter for each compound. Very good fits are obtain
for all systems (solid lines in Fig. 1). The only discrep
ancy is above 40 K for Nd2BaNiO5, where the magnetic
structure changes dramatically and our model is not ap
cable anyway. The refined values for the coupling co
stants area

s1d
Nd ­ 0.82s2d 3 105 OeymB in Nd2BaNiO5,

a
s2d
Nd ­ 0.99s2d 3 105 OeymB in NdYBaNiO5, andaEr ­

0.183s3d 3 105 OeymB in Er2BaNiO5. Obtaining similar
values ofaNd for the two Nd-based nickelates is anothe
self-consistency check for our approach. Equation (2) c
now be used to replot the induced moment on the
chains as a function of effective exchange field. As t
data collapse in Fig. 2 is rather good, for this purpo
we can use the effective average valueaNd ; sas1d

Nd 1

a
s2d
Nd 1 3.2aEr dy3 ­ 0.8s1d 3 105 OeymB. The resulting

staggered field scale is shown in the top axis in Fig. 2.
Our model, unsophisticated as it is, appears to a

quately describe the magnetic ordering in allR2BaNiO5

systems studied so far. Its application provides the fi
measurement of the staggered magnetization curve fo
Haldane spin chain. We have recently succeeded in ca
lating this function theoretically, extending the approac
laid out in Ref. [20]. This calculation is in good agree
ment with our experimental data, but the discussion is b
yond the scope of this paper and will be addressed in
forthcoming publication.
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