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Magnetization Process of an S I Linear-Chain Heisenberg Antiferromagnet
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Magnetization measurements in strong pulsed magnetic fields on single-crystal samples of the S =1
linear-chain Heisenberg antiferromagnet Ni(CqHsN2)qN02(C104) are reported. The magnetization is
very small in the low-field region and begins to increase sharply at a finite field for all three of the princi-
pal axes. This is evidence for the existence of the Haldane gap in this compound.

PACS numbers: 75.60.Ej, 75. 10.Jm, 75.50.Ee

Several years ago, Haldane' conjectured that the exci-
tation spectrum of linear-chain Heisenberg antifer-
romagnets (LCHA) with integer spin values might be
quite diA'erent from that for half-integer spin values; the
former has a gap, while the latter does not. A number of
theoretical works have been published concerning this
conjecture. Most of the results seem to be consistent
with the Haldane's conjecture. Moreover, it has been ar-
gued that the Haldane gap problem is profoundly related
to the quantum Hall eff'ect on one hand, and to elemen-
tary particle physics ' on the other. So, Haldane's con-
jecture may be interesting to many physicists working in

difIerent fields.
The number of experiments which have tried to ob-

serve the Haldane gap is few. Buyers et ai. ' and
Steiner et aI. '' have observed an energy gap in the 5 =1
LCHA system CsNiC13 in the short-range-ordered phase
above the Neel temperature (Ttv ). By use of the param-
eters of the spin Hamiltonian obtained from the neutron
scattering study below T~, these authors could conclude
that the energy gap observed above Tz cannot be ex-
plained by the eff'ect of the single-ion anisotropy. Then,
they suggest that their experiments support the existence
of the Haldane gap which originates from the exchange
interaction. Renard et al. ' ' have done magnetic and
neutron scattering measurements on the S=1 LCHA
compound Ni(C2HsN2)2NO2(C104), abbreviated
NENP. This compound is a better candidate for an
S= 1 LCHA than CsNiC13 because (i) no three-
dimensional long-range magnetic order exists down to
1.2 K (Ttv =4.9 K for CsNiC13), and (ii) the intrachain
exchange interaction of NENP is about 3 times larger
than that of CsNiC13. Renard et al. showed that their
experimental results are consistent with Haldane's con-
jecture. In these circumstances, experiments on 5=1

LCHA systems are clearly needed. In particular, the be-
havior of these systems in external magnetic fields is of
great importance, since the Haldane gap energy is ex-
pected to be sensitive to magnetic fields and we have a
chance to control it with the fields. In this paper, we re-
port the results of magnetization measurements on
single-crystal samples of NENP in strong pulsed mag-
netic fields, and compare the results with the theory.

First we summarize the crystal and magnetic proper-
ties of NENP. This compound crystallizes in the ortho-
rhombic system. ' The lattice constants are a =1S.223
A, b =10.300 A, and c =8.295 A. The structure consists
of Ni(CqHsNq)2NOz chains along the b axis. These
chains are well separated from each other by C104 mole-
cules. The magnetic susceptibility measurements ' ' on
a single-crystal sample of NENP revealed a rounded
maximum around 60 K along the three principal axes.
The susceptibility data are well fitted with the results of
the theoretical calculation for the 5 =1 LCHA using the
following values:' J= —47.5 K, g =2.23, gq =2.15,
and g, =2.21, where J is the intrachain exchange con-
stant and the g's are the g values along the crystalline
axes. The value of the single-ion anisotropy constant
(D) is also estimated from the susceptibility data' to be
D =0.9 K. Renard et al. ' have obtained a value for D
about 10 times larger. In both cases the quantization
axis for the single-ion anisotropy term (DS, ) is taken to
be parallel to the crystalline b axis.

We show in Fig. 1 the magnetization (M) curves
along the three principal axes of NENP versus the exter-
nal magnetic field (H). A noteworthy feature of the
M (H) curves is the sharp increase in M around 12 and 8
T for the perpendicular and parallel directions with
respect to the chain axis. No hysteresis has been ob-
served in the M(H) curves within the experimental accu-
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FIG. 1. The magnetization curves along the crystalline a, b,
and c axes of NENP obtained at T= 1.3 K. Inset (left):
Low-field part of the magnetization curves. Inset (right):
Corresponding dM/dH vs H curves obtained in the pulsed-
field experiment. If ~e take the midpoints of the steplike
dM/dH curves, the values of the transition fields along the a,
b, and c axes are 13, 7.5, and 11 T, respectively.

racy (—0.2 T). Possible explanations for the existence
of the state with low net moment in the low-field region
of the NENP would be that it is due to (i) the Haldane

gap, or (ii) a singlet ground state caused by the single-
ion anisotropy term. The dimerized state formed by the
spin-Peierls mechanism is unlikely to exist, since the
Ni + ion has no orbital angular momentum in the
ground state and thus the interaction between the spin
and lattice is small. We discuss the possibility of the
singlet ground state caused by the single-ion anisotropy.
As was described before, NENP has a single-ion anisot-
ropy term (DS, , Zllb). If D is positive and large, a
ground state with S, =0 would result, which is nonmag-
netic. When H is applied along the b axis, the energy of
the excited state with S, = —1 decreases with the field
strength and at a critical value (H~) of H, becomes
equal to that for S, =0. In the field region above H~,
the system has a magnetic moment. %'hen H is applied
perpendicular to b, the sharp transition from the non-

magnetic to magnetic state does not happen. Instead,
the magnetization gradually develops because in this
case, the energy levels do not cross at finite fields. Our
experiment on the single crystals shows clearly that a
sharp change in M takes place for all of the principal
axes. From this result, we can rule out the possibility of
the singlet ground state due to the DS, term. Then, it is
natural to conclude that the state with low net moment
observed in the low-field region of NENP is formed by
Haldane's mechanism. When an energy gap exists be-
tween the ground and excited states in an LCHA system,
at low temperatures the spins tend to couple antifer-
romagnetically to form a singlet, and thus becomes non-

magnetic. When we apply large H to break the energy
gap, the system becomes magnetic. This explains quali-
tatively what we have observed (Fig. 1).

There is an anisotropy in the transition field (HT)
from the nonmagnetic to magnetic state. This is con-
sistent with the anisotropic temperature behavior of the
magnetic susceptibility. Indeed, by fitting the low-

temperature susceptibility data, two diA'erent gap values

E~ = 11 K and FG = 17 K have been obtained for respec-
tive field directions parallel and perpendicular to the
chain axis. ' We discuss the possible origin of the an-

isotropy in the transition field. First, it is noted that the
diA'erence in the g value along the crystalline axes is too
small to explain the anisotropy. The nature of the excit-
ed states in the S=1 LCHA system is not clear at
present. However, it is reasonable to say that the first
excited state is composed of a triplet because the excita-
tion from the singlet ground state produced a magnetic
moment at a site in the chain which takes three states
(S, =1,0, —1). This single-site excitation can move

along the chain due to the exchange interaction. Botet,
Jullien, and Kolb have made finite-size-scaling studies
on the S =1 LCHA with the single-ion anisotropy term.
They showed that the Haldane gap energy decreases
with increasing value of D irrespective of its sign. The
lowest excited state they considered is a doublet for
D & 0. This means that the eA'ect of D on the excitation
in the S =1 LCHA system is reversed from that on the
ground state. We take a negative sign for D in the excit-
ed state to discuss the anisotropic behavior of HT.

For H applied along the b axis of NENP, the energy
(E) of one of the excited doublet decreases as

HT = (EG —
I D I /3)/giipa . (2)

When H is directed perpendicular to the b axis of
NENP, the field-dependent gap energy is expressed as

E =Eo+ ID I/6 —(D +4g p H ) ' /2. (3)

The transition field perpendicular to the b axis is given

by

HT =(Eg+Eg
I
D I/3 —2D /9)' /g~pg. (4)

Putting the experimental values for HT and g (a = II, J )
into Eqs. (2) and (4), we obtain the values 17 K for EG
and 16 K for D. The value of E~ is the same as that of
E~ estimated from the susceptibility data, ' while the D
value is slightly larger than that estimated before
(D=-12 K)."

In Fig. 2 we compare the experiment with the theory.

E =EG
I
D

I /3 —giipgH,

where EG —
I
D

I /3 is the Haldane gap energy in zero
external field and g~~ the g value along the b axis. Then,
the gap energy becomes zero at the transition field given

by
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FIG. 2. The magnetization curves of NENP obtained from
the present experiment compared with the result of the numer-
ical calculation (dashed line) by Parkinson and Bonner on an
S=1 linear-chain Heisenberg antiferromagnet. The dotted
line is the result of the molecular-field calculation. Inset:
Theoretical magnetization curves up to saturation.

of the efI'ects of magnetic impurities on the Haldane gap
1s under way.

In conclusion, we have made magnetization measure-
ments on single-crystal samples of NENP in magnetic
fields up to 50 T. We have observed that the magnetiza-
tion is very small in the low-field region and begins to in-

crease sharply at a finite field for all three of the princi-
pal axes. We conclude that the existence of the state
with low net moment in the low-field region followed by
the sharp increase in M at HT is evidence for the ex-
istence of the Haldane gap in NENP. We have success-
fully explained the anisotropy in HT by taking a negative
sign for D (D is positive in the ground state of NENP) in
the excited triplet. A physical interpretation of this is
postponed to a future study. The experimental M(H)
curve above HT is in good agreement with the theory for
an S=l LCHA.
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Fondamentale is unite associe No. 22 du Centre Nation-
al de la Recherche Scientifique.

Parkinson and Bonner have done numerical studies on
finite-size Heisenberg antiferromagnetic chain. They
have obtained the M(H) curve for an S= I LCHA at
T=O K, which is shown in Fig. 2 by the dashed line.
Here, we have used the values g=2.2 and J= —48 K
determined from the susceptibility measurement. '

Since the calculation is not accurate in the low-field re-
gion, we compare the experiment with the theory in the
high-field region above HT. We have used the experi-
mental M(H) curve along the a and c axes in comparing
it with the theory, because the theory does not consider
the eAect of D, and the spins tend to align into the a-c
plane due to the single-ion ansiotropy term with positive
D. The agreement between the theory and the experi-
ment is satisfactory in the high-field region above HT.
From this result we confirm that NENP is a typical ex-
ample of an 5=1 linear-chain Heisenberg antiferromag-
net.

Finally, we brieAy discuss the fact that a finite magne-
tization remains along the a axis but not for the b and c
axes (the upper left panel of Fig. I). The M(H) curve is
reminiscent of the Brillouin curve seen in a paramagnet.
This means that the finite magnetization comes from
paramagnetic impurities. These impurities are not com-
pletely free but are coupled to host spins and point paral-
lel to the a axis, because we do not see such a paramag-
netic behavior of M(H) along the b and c axes. A study
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