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Spin-Vacancy-Induced L ong-Range Order in a New Haldane-Gap Antiferromagnet
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Magnetic susceptibility, high-field magnetization, and inelastic neutron scattering experiments are
used to study the magnetic properties of a néw= 1 quasi-one-dimensional antiferromagnet
PbNhV,0s. Interchain interactions are shown to be almost, but not quite, strong enough to destroy the
nonmagnetic singlet ground state and the energy gap in the magnetic excitation spectrum. Substituting
nonmagnetic Mg~ (S = 0) ions for NE* (S = 1) induces a magnetically ordered state at low
temperatures. To our knowledge this is the first observation of doping-induced long-range order in
a Haldane-gap system.

PACS numbers: 75.30.Kz, 75.30.Hx, 75.40.Cx, 75.40.Gb

Unlike its classical counterpart, the quantum Heisenbergan order in 3D space. To date, however, this phenome-
antiferromagnet (HAF) has a nonmagnetic spin-singlehon has not been observed in any material and is poorly
ground state in one-dimensional (1D) space. A pioneerunderstood theoretically. In the present paper we report
ing work by Haldane [1] led to a breakthrough in our the first observation of spin-vacancy-induced ordering in
understanding of this remarkable phenomenon, and of lona new Haldane-gap compound Pb%jOg, which sports
dimensional magnetism in general. Haldane suggesteal peculiar helical arrangement of magnetic ions and sub-
that the actual ground states are totally different for integerstantial (yet subcritical) interchain interactions.
and half-integer-spin systems. The half-integer 1D HAF The exact crystal structure of PbNi,Og has not been
shows quasi-long-range order (power-law spin correlareported yet [5]. Preliminary x-ray diffraction measure-
tions). True long-range order can be induced by the slightments on powder samples prepared by conventional solid-
est perturbations. In contrast, for integer spins the groundtate reaction suggest that this material is isomorphous
state singlet iobust. Intrachain spin correlations de- with SrNibV,0g [6] (Fig. 1 inset). SrNiV,0Og is tetrag-
cay exponentially (true short-range order) and the excional (space groug4,cd) with lattice parameters: =
tation spectrum has a nonzero energy gap. The systei2.1617 A andc = 8.3247 A. We found that PbNV,Og
remains nonmagnetic even in the presence of weak madras the same crystal symmetry and very similar lattice pa-
netic anisotropy or residual three-dimensional (3D) intertameters:a = 12.249(3) A and ¢ = 8.354(2) A. In the
actions. The spectacular properties of the integer-spitwo isostructural compounds slightly distorted NiOc-
quantum HAF have been extensively studied theoreticallyahedra are edge shared around the fourfold screw axis
and experimentally and are by now rather well understoodalong thec direction. All theS = 1 Ni** ions, as well
The current issue in quantum magnetism is how the sinas all the nearest neighbor NiNi?>* bonds are equiva-
glet ground state is finally destroyed and long-range orfent. The screw chains are separated by,\t€@rahedra
der (LRO) is formed when perturbations to the idealizedand St* or PZ* ions. Intrachain nearest-neighbor Ni-Ni
Hamiltonian become sufficiently strong. antiferromagnetic interactions are expected to dominate.

Among the factors that favor an ordered ground stat@he V" sites are presumed nonmagnetic.
are single-ion anisotropy and 3D interchain coupling in To characterize the new Pb-based system, bulk mag-
quasi-1D HAF systems. Increasing either of these panetic measurements were performed on highly aligned
rameters beyond some critical level leads to a quanturpolycrystalline samples. These were prepared by apply-
phase transition to a state with a Néel-like order parameing a magnetic field of 9 T at room temperature to a
ter. This effect has been extensively studied and thenixture of PbN}V,0Og powder and epoxy resin (Stycast
corresponding phase diagram is known from numerical266). The Ni chains tend to align themselves along
simulations [2]. As anticipated by Shender and Kivelsonthe applied magnetic field. A-axis alignment of bet-
[3], another potential source of magnetic LRO is the intro-ter than 3 (FWHM) was achieved, as determined from
duction of spin vacancies in the quantum chains. Indeedneasuring the rocking curve of the 004 Bragg reflection.
replacing some of th& = 1 ions by § = 0 sites sev- Magnetic susceptibility was measured with a commercial
ers the chains and liberat§s= 1/2 end-chain degrees of SQUID magnetometer. The experimenjal7’) curves,
freedom [4]. Under certain circumstances these free spinshown in Fig. 1, have a broad maximum around 120 K
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FIG. 1. Temperature dependence of magnetic susceptibility

measured in PbNi,V,05. The solid line shows data for a
nonaligned powder sample. The symbols are for highly aligned
polycrystalline samples. The magnitudes of data for aigned
samples are not exact because we cannot exactly estimate the
quantity of the powder contained in the resin. True magnitude
for H || ¢ should be larger than that for H 1 ¢ because of
the c-axis alignment. Inset: A schematic view of the crystal
structure of (Sr/Pb)Ni,V,0s.

for both H L ¢ and H || ¢. Below this temperature,
x (T) decreases exponentialy to amost zero. Theresidual
low-T susceptibility can be attributed to the presence
of paramagnetic impurities. A straightforward analysis
of the data collected in the range 0 < T < 40 K yields
the thermal activation energies: A = 29.4 K = 2.53 meV
for H || ¢, and A = 27.8 K = 2.39 meV for atransverse
field, respectively. In addition to the susceptibility mea-
surements, high-field magnetization data were taken on
an aligned polycrystalline sample in magnetic fields of up
to 40 T, using the pulsed magnetic facility at Institute for
Solid State Physics. Figure 2 shows magnetization curves
measured at T = 4.2 K. At high fields an abrupt change
of dopein M(H) is observed for both H || c and H L c.
The corresponding critical fields are H*) = 14 T and
HID = 19T

The activated temperature dependence of magnetic sus-
ceptibility is a clear signature of a nonmagnetic ground
state. The digtinct chain arrangement of magnetic S =
1 Ni** ionsin the crystal structure suggests that we are in
fact dealing with aHaldane antiferromagnet. The behavior
of high-field magnetization is aso typical of a Haldane-
gap system [7]. The starting point for describing the
magnetism of PbNi,V,0g should therefore be a nearest-
neighbor Heisenberg Hamiltonian with a possible uni-
axia single-ion anisotropy (tetragonal crystal structure):
H=1J>:S; Si+1 + DY ,;(S})>. For not too large D
the ground state is a Haldane singlet. The lowest en-
ergy excitations are a single longitudina mode and a
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FIG. 2. Magnetization curves measured in PbNi,V,0g at T =
4.2 K for magnetic fields parallel and perpendicular to the
chain axis.

doublet of transverse-polarized Haldane excitations. Us-
ing Eqg. (2.14) in Ref. [8], relating the critical fields HY
and HV to the doublet and singlet gap energies A, and
Ay, for PbNi;V,0s, weobtain A} = 2.2 meV and A =
1.2 meV. The intrachain exchange constant J can be de-
duced from the high-temperature part of the measured
x(T) curves[9]. For PbNi,V,0g thisanaysisyieldsJ =
95 K = 8.2 meV. Already we see that the mean gap en-
ergy (2A; + Ay)/3 = 1.87 meV is substantially smaller
that the value 0.41J = 3.36 meV, expected for noninter-
acting chains[2,8]. The most likely source of this discrep-
ancy is substantial interchain exchange interactions. In
their presence the excitation energies become dependent
on the momentum transfer perpendicular to the chain axis.
A and Ay in this case represent the global minimain the
3D dispersion and cannot be uniquely related to J.
Dynamic spin correlations in PbNi,V,0g were studied
in a series of inelastic neutron scattering experiments on
a 10 g powder sample at the Driichal 3-axis spectrome-
ter (SINQ spallation source, PSI, Switzerland). Neu-
trons of fixed final energy £, = 8 meV were used with
a (guide)-80-80’-(open) collimation setup. An entire se-
ries of constant-E scans was collected in the energy range
2—-8 meV to map out the low-energy part of the mag-
netic dynamic structure factor S(Q, w). Additiona data
were collected in constant-Q scans. A typical data set
measured at a momentum transfer just exceeding the 1D
antiferromagnetic zone center 0, = 4w /caT =2 K is
shown in the inset in Fig. 3. This and all other const-Q
scans clearly show the presence of a spin gap of roughly
3.5meV. The main panel in Fig. 3 shows a constant-E
scan measured at iw = 4 meV, i.e, just above the gap
energy. In order to analyze these data we have calculated
the powder average of the 3D dynamic magnetic structure
factor for an isolated screw-shaped Haldane chain, as ap-
propriate for PbNi,V,0g [10]. The relevant parameters
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FIG. 3. Typica constant-Q (inset) and constant-E (main
panel) inelastic neutron scattering scans measured in
PbNi,V,0z powder at 7 = 2 K. Lines are model fits, as
described in the text.

of this cross section are the two gap energies A | and Ay,.
Although this model (dashed linein Fig. 3) can reproduce
the measured const-Q scans fairly well and predicts the
asymmetric feature at Q;, it cannot account for the sharp
peak seenat Q = 37 /c in constant-E scans.

A better agreement with the experiment could be ob-
tained only by taking into account interchain interactions.
We assumed aweak Heisenberg coupling between nearest-
neighbor Ni chains and treated it on the RPA level. A de-
tailed description of this analysis is beyond the scope of
this Letter and will be published elsewhere [10]. Com-
pared to the noninteracting-chain model only one addi-
tional parameter, namely, the interchain coupling constant
J . isintroduced. The tota number of variables is mini-
mized by fixing the lowest excitation energies to the gap
values deduced from high-field measurements. An excel-
lent globa fit to the data is obtained with J, = 0.096 =
0.003 meV from least squares refinement (solid lines in
Fig. 3). From this value and the measured critical fields
the intrinsic gap energies for noninteracting chains can

be determined: A(f) = 4.1 meV and Aho) = 3.7 meV, re-
spectively. Using the numerical results from Ref. [8], for
the intrachain coupling constant J and the anisotropy pa-
rameter D we obtain J = 9.5 meV and D = —0.23 meV
(easy axis), respectively. The former value is in reason-
ably good agreement with the high-T susceptibility esti-
mate J = 8.2 meV.

The results presented above enable us to place the new
material on the Sakai-Takahashi D — J, phase diagram
[2]. For PbNi,V,05 we have D/J = —0.024, J . /J =
0.01, and z = 4, z being the coordination number for
interchain interactions. Using Fig. 8 in Ref. [2], we find
that PbNi,V,0g is positioned in the Haldane phase, just
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below the borderline with the ordered Ising-like phase.
In other words, by sheer chance the system is almost
critical towards the formation of long-range order. As
will be reported elsewhere [11], unlike PbNi,V,0Og, the
isostructural SrNi,V,0g system falls on the opposite side
of the transition line and is actually ordered in 3D space
in a weak-ferromagnetic structure below Ty = 7 K. A
simple substitution of nonmagnetic Sr for nonmagnetic Pb
dlightly altersthe coupling geometry, increasing interchain
interactions or single-ion anisotropy beyond the critical
values.

Having characterized the pure PbNi,V,0g compound,
we now turn to the main subject of this paper, describing
the emergence of Néel-like magnetic LRO upon the in-
troduction of spin vacancies in this Haldane-gap system.
Nonmagnetic sites are introduced into the spin chains by
substituting S = 0 Mg?* ions for the S = 1 Ni**. The
measured temperature dependences of magnetic suscepti-
bility for aseries of Pb(Ni ;—,Mg,),V,0g powder samples
with x ranging from O to 0.120 are shown in Fig. 4. Ex-
cept for the x = 0 compound, an increase of suscepti-
bility is observed at low T in al samples studied. The
enhancement scales with Mg concentration and can be at-
tributed to the presence of free S = 1/2 spins at the ends
of the Ni chains severed by the spin vacancies [12]. In
this scenario the number of liberated spins is twice the
number of substitutions. To check this scaling we com-
pared the temperature dependence of magnetic suscep-
tibility in Mg?* (S = 0)- and Cu?>* (S = 1/2)-substituted
PbNi,V,0g. The replacement of a Ni*>" ion by a Cu**
ion aso produces two end-chain spins. However, these
two spins couple antiferromagnetically to the Cu spin, pro-
ducing a ground state configuration of total S = 1/2. The
total number of added free spins in this case is equal to
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FIG. 4. Temperature dependences of magnetic susceptibility
measured in Pb(Ni;_,Mg,),V,0s (0 = x = 0.120) powder
samples. The inset shows the data for a highly aigned
PB(Nio.970Mdo.030)2V2 0.



VOLUME 83, NUMBER 3

PHYSICAL REVIEW LETTERS

19 JuLy 1999

the total number of added S = 1/2 ions. Experimentally,
themeasured y (T') curvefor the 2%-Cu-doped PbNi, V,Og
sample was found to be virtually indistinguishable from
that for a 1%-Mg-doped sample.

The central result of this work is the observation
of a sharp decrease in the magnetic susceptibility of
Pb(NilfogbezOg below T. = 3.5 K for x = 0.020.
The dope of y(T') changes abruptly with reversing its
sign. This behavior is a clear indication of a magnetic
phase transition. Its nature is revealed in experiments on
an aligned powder sample with x = 0.030 (Fig. 4 inset).
In this case the transition point is about 7. = 3.0 K.
Below this temperature alarge anisotropy of susceptibility
is observed. For H || ¢, x(T) decreases abruptly below
T.. Incontrast, for H L ¢ it remains practically constant.
This behavior is typical of a Négl antiferromagnet with
spins ordering along the ¢ direction; that, as we have
shown previously, is the magnetic easy axis of the system.

The effect of spin-vacancy substitution has been studied
experimentally (see, for example, Ref. [12] and theoreti-
cally [4]) for a number of Haldane-gap systems. Apart
from the appearance of free end-chain spins and the re-
sulting paramagnetic contribution to the low-T suscep-
tibility, severing the chains leads to a reduction of the
dynamic spin correlation length. PbNi,V,0g is, to our
knowledge, the first example of a Haldane AF that orders
magnetically upon doping. The key, of course, isin the
interchain interactions: to order magneticaly the liberated
end-chain spins need to be coupled in 3D space. As we
have demonstrated, interchain coupling is quite substantial
in PbNi,V,0g. The possibility of vacancy-induced LRO
in a Haldane-gap system was first qualitatively discussed
by Shender and Kivelson [3]. In particular, the authors
suggested that there is a critical impurity concentration
below which LRO does not occur. As to this point more
detailed low-T studies are required.

The magnetic transition that we observe in
Pb(Ni;—-,Mg,),V,0s should not be confused with
that in the extensively studied Haldane system CsNiCl;
[13,14]. Unlike in PbNi,V,Qg, direct interchain interac-
tions in CsNiCl; are stronger than the critical value, and
even the undoped material has a magnetically ordered
ground state. In fact, the introduction of Mg?* vacancies
leads to a decrease of the ordering temperature [15],
in striking contrast with the behavior of PbNi,V,0Os.
Rather, the situation in Mg-doped PbNi,V,0g is similar
to that in the spin-Peierls CuGeO;, doped with Zn [16],
Mg [17], or Ni [18], and the two-leg ladder system
SrCu,O; doped with Zn [19]. Although these materials
are half-integer-spin antiferromagnets, their ground states
fall in the same universality class as the Haldane state,
and they both have a gapped magnetic excitation spec-
trum. Just as we propose for PbNi,V,0Og, the onset of

long-range order is believed to be caused by interchain
interactions that couple free spins liberated by impurity
substitution. Doping-induced long-range magnetic order
thus appears to be a universal feature of quasi-1D singlet
guantum antiferromagnets with the excitation gap.

In summary, we have shown that PbNi,V,0g is a
Haldane-gap system with substantial interchain interac-
tions and is amost critical towards the formation of
long-range order. For the first time long-range magnetic
ordering was induced in a Haldane antiferromagnet by
spin-vacancy substitution on the S = 1 sites.
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