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Following the Haldane conjecture, the antiferromagnetic (AF) Heisenberg chain of integer 
spins has a singlet ground state separated from the excited states by an energy gap. Recent 
numerical calculations on finite AF chains with S = 1 supported this conjecture and provided 
an approximate value for the energy gap: EG "",0.41 J I, where J is the intrachain exchange 
interaction. We report experimental studies on two Ni (II) quasi-one-dimensional (ID) AF 
with large intrachain interaction, J /k= - 50 K, Ni(C2HgNzhNOz(CI04) (NENP) and 
NHC3HwN2)2N02(Cl04)' (NINO). In both compounds, the magnetic susceptibility along 
the three crystal axes steeply decreases below T"", 15 K and no 3D long-range magnetic order 
could be detected down to 1.2 K. These features are consistent with the Haldane conjecture. 
Inelastic neutron scattering experiments performed on NENP show two energy gaps, with an 
average value of about 0.41 J I, which are explained by a splitting of the Haldane gap by single
ion anisotropy. 

t INTRODUCTION 

The interest in quantum antiferromagnetic chains has 
been strongly renewed by the recent theoretical results of 
Haldane. ! He has predicted that the ground state of the Hei
senberg chain, at T = 0 K, is basically different for integer 
spin values than for half-integer spin values. In contrast to 
the S = 112, ID Heisenberg antiferromagnet (ID-HAF) 
which exhibits a continuum of excited states without gap 
from the ground state,z the ID-HAF with integer spin would 
exhibit a nonmagnetic singlet ground state separated from 
the excited states by an energy gap; an exponential decay of 
the spin correlations at T = 0 K is associated with the exis
tence of the gap. 

This result, which is rather surprising owing to the rota
tional invariance of the Heisenberg hamiltonian, is now well 
supported by numerical calculations on finite rings for 
S = 1.3

-6 For the S = 1, ID-HAF, a reliable estimation of 
the energy gap, Eo = 0.41 i J I, where J is the nearest-neigh
bor exchange integral, has been obtained from Monte Carlo 
calculations up to 32 spins. 7 The effect of magnetic anisotro
py has also been studied on the following Hamiltonian: 

a) Present address: Kamerlingh Onnes Laboratorium. P.O. Box 9506,2300 
RA Leidcn, The Netherlands. 
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where J is the intrachain exchange interaction, 1 - A. the 
exchange anisotropy, and D the single ion anisotropy. 

It appears that the symmetry breaking terms do not de
stroy Haldane's gap if they are sufficiently small with respect 
to the isotropic coupling J. 

The existence of such a gap would greatly affect the low
temperature magnetic properties. As the temperature de
creases below EGlk, the magnetic susceptibility must de
crease rapidly and tend to a value close to zero, 
independently of the magnetic field orientation. In addition, 
since the 1D correlation length is severely limited as T ..... 0, 
the interchain interaction J' which is always present in real 
quasi-lD magnetic systems would be unable to induce three
dimensional long-range order (JD-LRO), below a critical 
value of the ratio I J '/ J i. 8 This situation is very different for 
the gapless ID-HAF which achieves 3D-LRO at TNH 

=2S2( I J XJ' /k I) 1/2. Furthermore, it must be pointed out 
than an anisotropy gap induced by an additional Ising-like 
term would increase the correlation length for spin compo
nents along the easy axis and induce 3D-LRO at a tempera
ture still higher than TNH • 
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Owing to its drastic effect on the low-temperature mag
netic behavior, it is surprising that Haldane's gap was not 
experimentaHy observed for a long time. In fact, until recent
ly, most experimental studies of quantum effects were per
formed on S = 1/2 chain compounds, which were thought 
to mimic the extreme quantum case. Inelastic neutron scat
tering experiments on the S = 1, quasi-lD-HAF CsNiCi3 

have shown the existence of an energy gap which cannot be 
simply interpreted as due to magnetic anisotropy.9.l() How
ever, CsNiCh is by far the best candidate for a clear experi
mental evidence of Haldane's gap since it shows 3D-LRO at 
T.v = 4.85 K. This LRO, which is not expected for the ideal 
system with a gap, restricts the useful temperature range for 
the gap observation to kT=EG , where thermal broadening 
is important. In a preliminary work, II we have shown that 
Ni(C2H8N2}zN02C!04 (NENP) has the expected magnet
ic behavior for a S = 1 antiferromagnetic chain with a quan
tum gap. We report here a more extensive study of the mag
netic properties of NENP at low temperature and the first 
experimental results on a new S = 1 antiferromagnetic chain 
compound, Ni(C3HlON2)zN02(CI04) (NINO). 

II. CRYSTAL STRUCTURE OF NENP AND NiNO 

NENP and NINO present very similar crystallographic 
structures: both crystallize in the orthorhombic system. 
NENP can be described either in the Pn2 1a or in the Pnma 
space group,12 whereas NINO belongs to the Pbn2 j space 
group. 13 

For NENP/A: a = 15.223(4); b = 10.300(3); 

c=8.295(2); z=4. 

For NINO/A: a = 15.384(3); b = 10.590(2); 

c = 8.507(2); z = 4. 

In both compounds, the structure consists of nickel (n) 
ions chains disposed along the b crystal axis (Fig. 1). The 
chains lie remote from each other, well isolated by the perch
lorate anions. The nickel (II) ions are covalently linked by 
bridging nitrite groups bonded on one side by the nitrogen 
atom and on the other side by one of the oxygen atoms. The 
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FIG. I. Schematic view ofthe chain structure of Ni( C2HSN2 hN02 (CiO.) 
(NENP) and Ni(C3H1oN2}2N02{CIO.) (NINO). 
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local stereochemistry of nickel is a distorted octahedron; the 
basal plane is roughly perpendicular to the b chain axis built 
with four nitrogen atoms from two diamine molecules: eth
ane diamine in NENP and 1,3 propane diamine in NINO. 
The Ni-N distances are around 2.08 A in NENP and range 
from 2.05 to 2.14 A in NINO. The octahedron axial posi
tions along the b chain axis are occupied by a nitrogen atom 
of a bridging nitrite group (Ni-N = 2.16 A in both com
pounds) and by an oxygen atom of another nitrite bridging 
group. The main structural difference is indeed the Ni-O 
distance (2.183(4) AinNENP and 2.282(3) A. in NINO]. 
It can be pointed out that the change from ethane diamine in 
NENP to propane diamine in NINO not only allows us to 
modify the local stereochemistry of nickel, and therefore its 
anisotropy properties, but also suppresses the disorder ob
served in NENP at two levels: the nitrite groups positions 
and the ethane diamine conformation. This allows us to de
scribe the NENP structure in the Pnma space group, which 
has an inversion center at nickel, whereas the nickel chains 
existing in the crystal and described in Ref. 12, like the one in 
NINO, do not really have a nuclear inversion center. The 
octahedral configuration ensures a high-spin state S = 1 for 
the nickel (II) ions, giving rise to two magnetic orbitals per 
nickel (II) ion, where one is of dxy symmetry in the basal 
plane of the octahedron and the other is of di1 symmetry 
along the chain axis. 

The nitrite groups allow a strong overlap of dr magnet
ic orbitals along the chain: a strong antiferromagnetic inter
action between nickel (II) ions is therefore foreseen. 

II!. MACROSCOPIC MAGNETIC PROPERTIES 

A. MagnetiC susceptibility of NENP and NINO 

The magnetic susceptibility of single crystals of NENP 
and NINO along the three orthogonal crystal axes a, b, and c 
versus temperature below 100 K is shown in Figs. 2 and 3. 
The same qualitative behavior is observed for both com
pounds. For the three orientations, the susceptibility reaches 
a rounded maximum at about 60 K and falls down abruptly 
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FIG. 20 Molar susceptibility of NENP corrected from diamagnetism along 
the three crystal axes a (0), b (0), and c (i:,.) as a function of temperature. 
The solid lines are guides to the eye. 
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FIG. 3. Molar susceptibility of NINO, corrected from diamagnetism, along 
the three crystal axes a (D), b (0), and c (D.) as a fUllction of temperature. 
The solid lines are guides to the eye, 

as the temperature is lowered below 15 K. The limiting value 
X(O) of the susceptibility (as T tends to zero) is only a few 
percent of its maximum value X max. The low-temperature 
behavior of the susceptibility is very different from the ex
pected behavior ofa gapless lD-HAF for which X(O)IXmax 
is slightly smaller than 1 LX(O)IXmax = 0.69 for S = 1/2 
and 0.83 for S = 00]. It is also different from the susceptibil
ity behavior of an antiferromagnet with strong anisotropy 
for which the parallel susceptibility (Ii) falls to zero while 
the perpendicular (1) susceptibility is much smaller than 
X max and nearly temperature independent. Furthermore, the 
susceptibility curves do not reveal any transition to a LRO 
anti ferromagnetic phase. We conclude that the susceptibil
ity of NENP and NINO is consistent with the existence of 
Haldane's gap. A rough estimate of EG is obtained for 
NENP by fitting the low-temperature experimental data 
(T < 5 K) by the following relation: 

X( T) = x(O) + C exp( - Er/kT), (2) 

with EGlk = 11 and 17 K for respective field directions 
along b axis and perpendicular to b. For NINO such an anal
ysis was not done because the low-temperature data revealed 
an impurity contribution. However, the striking similarity 
between susceptibility temperature dependencies for NENP 
and NINO suggest gap values of the same order of magni
tude. The detailed behavior of X ( T ) as T --> 0 is clearly aniso
tropic as shown by Figs. 2 and 3. In the high-temperature 
range, Meyer et al. 12 observed that along the three axes, the 
susceptibility data for NENP can be put in coincidence by 
simply introducing different g factors: ga = 2.23, gb = 2015, 
and gc = 2.21. The data are fitted by the high-temperature 
series expansion obtained by Weng l4 for the Heisenberg 
hamiltonian with J= - 33 cm- 1 

(- 47.5 K). In fact, a 
detailed analysis of our data near the broad susceptibility 
maximum using a least-squares fit reveals that the tempera
ture of the maximum depends on the orientation (Fig. 4): 
For NENP, Tmax = 56 K for susceptibility along the b axis 
and Tmax = 61 K perpendicular to b axis. For NINO, 
Tmax = 66, 65.4, and 61.4 K, respectively, for the a, b, and c 
axes. Such large differences in the temperatures of the sus
ceptibility maximum are not consistent with the small single 
ion anisotropy D(Sn 2 with D= 1.5 K proposed for 
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FIG. 4. Reduced molar susceptibility of NENP, kXMI N(it'f1.R)2 for field 
orientation parallel (0) and perpendicular (0) to the b axis with gil = 2.15 
and If = 2.22. Notice the different values for the temperature maximum. 

NENP. 12 In the absence of reliable calculations for the sus
ceptibility ofthe anisotropic S = 1, AF, an evaluation of the 
single ion anisotropy of NiH, arising from a trigonal or te
tragonal distortion of the ligand octahedra 15 can be obtained 
by 

(3) 

where A. is the spin-orbit coupling constant, J. =- - 250 
em -I, for NiH, and gil and g 1 the respective g values paranel 
and perpendicular to the distortion axis z. For NENP, rela
tion (3) gives D= 12 K and z is along b, while for NINO, 
n =- 18 K and z is along c. These values of D are very approxi
mative since A and g are not precisely known. 

It should also be noticed that in spite of a larger Ni-Ni 
distance, the i J I value of NINO is close to that of NENP 
(= + 8% from average values of T max and X max ). 

B. Highaiieid magnetization of NENP 

The magnetic moment M of a polycrystaHine sample of 
NENP versus applied field up to 150 kOe at different tem
peratures is shown in Fig. 5. At the highest temperature of 
the experiment, T = 50 K, M(H) is linear with a slope fairly 
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FIG. 5. Magnetization curves ofNENP as a function offield and tempera
ture. 
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consistent with the average susceptibility measured in low 
field (see Sec. III A). At the lowest temperature, T = 1.2 K, 
the magnetic moment displays the interesting behavior pre
dicted for the S = 1, 1 D-HAF (Ref. 4): Neglecting a small 
parasitic contribution (=0.01 flB per Ni atom) related to 
impurities or finite chain units unavoidable in a powder, the 
magnetic moment remains very small up to H = 80 kOe and 
then exhibits a linearincrease at higher fields (H> 100 kOe) 
with a slope close to the expected value for the S = 1, 1D
HAF (Fig. 5). The critical field which breaks the energy gap 
is estimated to He = 90 kOe. The corresponding energy, 
Eo = gflBHc • is about 13 K for g = 2.2, in good agreement 
with the average value EG "", 14 K obtained from low-tem
perature susceptibility. 

iV.INELASTIC NEUTRON SCATTERING STUDY OF 
NENP 

The energy gap in the spectrum of magnetic excitations 
of NENP has been directly observed by inelastic neutron 
scattering (INS). 11.16 For the S = 112, 1 D-HAF, the spec
trum of magnetic excitations in zero field consists of mag
nons with the wen-known ID dispersion law2

: 

1U:u q = 1TlJ i X Isin 1TQi· (4) 

In theS = 1, ID-HAF one expects, following Haldane's 
conjecture, the opening of a quantum gap Eo =0041 J I at 
q = 0 and q = 1. Our experiments revealed in zero field two 
energy gaps at q = 1 associated with the magnetic fluctu
ations parallel (II) and perpendicular (1) to the chain axis b, 
at respectiveenergiesE ~ =2.6meV (=30 K) andE~ = 1.2 
me V ( "" 14 K). The dispersion curve of the two modes near 
q = 1, shown in Fig. 6, is weB fitted by the following disper
sion law: 

(5) 

with q* = 1 - q and I J: = 55 K, in satisfactory agreement 
with the J values deduced from susceptibility l2 and specific 
heat measurements. 17 A sman wave-vector dependence 
(=0.2 meV) of the lowest-energy mode is observed along 
the [ 100 J direction, perpendicular to the chain axis (Fig. 6). 
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FIG. 6. Dispersion curves along the chain axis b and perpendicular to the 
chain axis in NENP. The lines are fits to the spin-wave theory. 
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We attribute this perpendicular dispersion to the weak inter
chain interaction J'. The experimental data can be fitted by a 
classical spin-wave approximation with I PI J I =4x 10--4

• 

This low value of the ratio of interchain to intrachain inter
action establishes the good ID character of NENF. 

The temperature dependence of the lowest-energy mode 
is shown in Fig. 7. The energy increases with increasing tem
perature (up to Eg =0.351 J I), at the highest temperature 
(=20 K) where the excitation is observable. This energy 
increase is accompanied by a progressive damping of the 
excitation, which can be characterized by a damping para
meter r = to exp( - EolkT) with Eo:::: 14 K and ro::::::20 
K 

The effect of a magnetic field parallel to the c crystal axis 
is shown in Fig. 8. The lowest-energy mode has an energy 
which is nearly independent of the field up to the critical field 
He =90 kOe while its intensity decreases by a factor of 2 
from H = 0 to H = He' A stronger increase of the energy of 
the highest mode is observed. For field values around He' the 
situation becomes similar to that observed in TMMC,18 a 
quasidassical (S = 5/2) ID-AF with XY anisotropy, in 
which there is an anticrossing between the out-of-plane fluc
tuations and the two-magnon modes due to the canting of 
the spins induced by the high applied field. 19 

Finally, it must be pointed out that both the temperature 
and low-field behavior of the lowest-energy excitation in 
NENP cannot be explained by the classical model of ID·AF 
with Ising anisotropy. For this model, a decrease of the ener
gy gap with increasing temperature and a strong field depen
dence are expected. 

V, DISCUSSION 

The susceptibility, magnetization, and INS experiments 
described in Sees. IH and IV show the existence of energy 
gaps in the S = 1 quasi-lD-AF NENP and NINO, in agree
ment with the theoretical predictions of Haldane. I The ab
sence of any magnetic LRO at low temperature down to 1.2 
K for NENP, 1.5 K for NINO in all experimental studies 
(susceptibility, specific heat,17 neutron scattering, and nu
clear magnetic resonance20

) is funy consistent with the se
vere limitation to a few spins of the ID correlation length as 
T tends to zero. The magnetic anisotropy of NENP and 
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FIG. 7. Temperature dependencies of the peak position (w M)' experimen
tal width (FWHM), and damping parameter (n of the lowest-energy 
mode in NENP. 
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FIG. 8. Field dependencies of the magnetic excitations around q = 1: ener
gies (e,O) and intensity at maximum for Q = (0.5,1,0). The full lines are 
guides to the eye. The dashed lines represent the classical one- and two
magnon modes. 

NINO is not negligible with respect to Jsince ID / J, =0.25. 
However, this anisotropy is not large enough to destroy Hal
dane's gap. It splits the singlet-triplet gap at EG = 0.411 J I of 
the ideal S = 1, ID-HAF into two energy gaps, the lowest 
one corresponding to fluctuations in the easy plane at E t 
= (0.275 ± 0.02) I J I and the highest one corresponding to 

the fluctuations along the hard axis at E ~ 
= (0.59 ± 0.04) I J I for NENP. The average value of these 

gaps (E~ + E~)/2 = (0043 ± 0.03)! J I is very close to the 
expected value for the isotropic chain. 

The numerical calculations of Botet et al. 3 anow one to 
relate the gap splitting to D for iD I J I < 1 by E h - E ~ 
= 1.6D. For D = 12 K, the leads to E~ - E~ = 19 K, in 

satisfactory agreement with the observed splitting of 16K. 
The effect of increasing temperature is to reduce the effective 
anisotropy and thus to bring the system closer to the isotrop
ic case. This is fuBy consistent with the observed tempera
ture of the lowest-energy gap E~i in NENP. 

In our previous papers, 11.16 another explanation for the 
existence of a gap had been raised: the Ni ions could form an 
alternating AF chain with two different exchange integrals J 
and aJ. This explanation would imply a high sensitivity of 
the exchange integral to the Ni-Ni distance, since the Ni 
chains appear to be uniform from the crystal. structure deter
mination. In fact, with the stereochemistry shown in Fig. 1, J 
is fairly insensitive to the Ni-Ni distance since NENP and 
NINO have about the same J value with Ni-Ni distances 
which differ by about 0.1 A. The possibility of exchange 
alternation therefore appears unlikely. Finally, the interest 
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in finding new S = 1 quasi-lD-AF with different values of 
exchange and anisotropy must be emphasized. This would 
allow us to confirm the relation between the energy gap and 
these parameters. The S = 1 chain compounds AgVP 2S6 

( J = - 450 K) recently studied by Colombet et al.2l and 
Ni(C3HION2hN3(CI04) (J= - 100 K)13 with a chain 
structure close to NENP and NINO seem to be promising 
owing to the marked decrease of their powder susceptibility. 
In another direction, theoretical calculations on the effect of 
a magnetic field on Haldane's gap are clearly needed. 
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