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We report the first direct and comprehensive determination of the energy levels involved in the Hal-
dane gap occurrence: the singlet ground state and the first triplet excited state. Precise values of the pa-
rameters are obtained from the analysis of the magneto-optical resonance transitions observed in the far
infrared for frequencies ranging from 70 to 1000 GHz and magnetic fields up to 18 T.

PACS numbers: 76.50.+g, 75.10.Jm, 75.50.Ee, 76.90.+d

The great interest in low-dimensional magnetic systems
[1] has been strongly renewed recently following a sug-
gestion by Haldane [2] that an energy gap exists in the
excitation spectrum of one-dimensional Heisenberg anti-
ferromagnets with integer spins. Numerical simulations
[3] and the proof of a solvable model [4] supported the
conjecture that a quantum energy gap exists in a linear-
chain Heisenberg antiferromagnet (LCHA) with integer
spin between the singlet ground state and the lowest ex-
cited triplet.

Several experiments have been performed to confirm
the existence of this “Haldane gap.” The compound
Ni(C,;HgN,),NO,ClO; (NENP) is to date the best real
system approaching the ideal LCHA with S=1. The
single-ion anisotropy which in general splits the first ex-
cited state for integer S =1 and the interchain exchange
interaction constant J' responsible for three-dimensional
ordering are both small compared to the intrachain ex-
change interaction constant J, giving the possibility for an
energy gap to appear. Susceptibility measurements [5]
showed a rounded maximum and an abrupt fall as the
temperature was lowered below 15 K. No long-range or-
der was observed down to 1.2 K whatever the field orien-
tation with respect to the crystallographic axes. Two gap
energies were obtained for the principal directions paral-
lel and perpendicular to the chain axis. Inelastic neu-
tron-scattering experiments [5] also supported the ex-
istence of an energy gap at the boundary of the Brillouin
zone with values different from those extracted from the
susceptibility data. More recently, magnetization experi-
ments [6,7] in large magnetic fields showed that the mag-
netization, very small in the low-field region, begins to in-
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crease sharply at finite fields along the three principal
axes giving evidence for the existence of the Haldane gap.
Electron paramagnetic resonance (EPR) is generally con-
sidered one of the best methods to study the spin system
at a microscopic level. It was used to determine the
scheme of energy levels [8] and to test the Haldane gap
via the introduction of impurities [9]. As a result of the
limited ranges of frequencies and fields available only in-
traexcited triplet transitions were observed in the experi-
ment by Date and Kindo [8] and the energy gap was ob-
tained indirectly. Therefore it seemed useful to extend
the EPR measurements to a wider range of fields and fre-
quencies in order to obtain a comprehensive scheme of
the energy levels involved in the occurrence of the Hal-
dane gap.

We report here the first observation of optical reso-
nance transitions between the ground state and the first
excited states in the S=1 linear-chain Heisenberg anti-
ferromagnet NENP giving direct evidence for the Hal-
dane gap for ¢g=0. The magnetotransmission experi-
ments on pure and Cu-doped samples with 1% Cu were
performed for the external magnetic field up to 18 T
parallel to each of the principal axes a, b, and ¢ of the
crystal using monochromatic microwaves and far-infrared
(FIR) radiation at temperatures between 1.6 and 4.2 K.
Both Faraday and Voigt configurations were used corre-
sponding to geometries with the wave vector of the radia-
tion parallel and perpendicular to the external magnetic
field, respectively. For the low frequencies impact
avalanche transit-time diodes were used, whereas the
source of FIR frequencies was a CO; optically pumped
molecular gas laser. The integrated sample-holder-
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FIG. 1. Experimental data of the magnetotransmission of
pure NENP at T=1.6 K for Hllb in Voigt configuration for
different radiation frequencies as a function of the magnetic
field. The resonances are independent of the polarization in
Voigt configuration. The scaling of the spectra varies with fre-
quency, but the intensity of all resonance lines is of the order of
1% of the total transmission.

detector setup was positioned in the bore of either a 15-T
superconducting solenoid or an 18-T Bitter magnet. Typi-
cal recorder traces are presented in Figs. 1 and 2 for pure
NENP samples. One can see a very strong qualitative
difference between the observed resonance lines. Some
are very weak and narrow; others are very strong and
large. This observation helps in the identification of the
resonances observed at different frequencies and fields.
The observed lines are weak and narrow at fields lower
than H. =~ 8.4 T and they are large and strong above this
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We have calculated the eigenvalues of this Hamiltonian
using a six-spin-ring model with scaling technique [10].
Basically this technique extrapolates the results from a
system with a limited number of spins to the case of an
infinite number of constituents. The parameters extract-
ed from the best fit of the experimental data give the fol-
lowing values: D=1.6x10> GHz=7.8 K, E =8.8 GHz
=0.42 K, J=—9.9%x10> GHz=—48 K, g;=2.2, and
E, =0.36/J|=17 K. Because of both the small linewidth
of the resonances, especially those corresponding to the
|00)— |11) transitions, and the simple fitting procedure,
we estimate that the above parameters are determined
within an accuracy better than 5%. The value obtained
for the Haldane gap is slightly smaller than the value
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FIG. 2. The character of the magnetoresonances differs con-
siderably below and above the phase transition at H.. Data for
pure NENP recorded in Voigt configuration at 7=1.6 K for
HIlb. Please note the different scale in intensity for both mea-
surements indicating that the resonance below H. is actually
forbidden.

field. In Fig. 3 the frequency versus field chart of all res-
onances observed in Voigt configuration is presented for
the external magnetic field applied parallel to the b axis,
e., the chain axis. In Faraday configuration some new
resonance lines appear which will not be discussed here
but support fully the data obtained in Voigt config-
uration. Results with the external magnetic field parallel
to the a and ¢ axis were also obtained. They confirm the
analysis developed below and will be presented in a more
complete report together with the data obtained in Fara-
day geometry. Below H,. there are only two sets of reso-
nances which extrapolate to a frequency of 260 GHz at
zero field. Above H,. there are three sets of resonance
lines. Two of them have the same slope, the same as the
two sets observed below H,, whereas the third one has a
slope approximately double.
If one follows Haldane’s conjecture for Hllb, the reso-
nance lines arise from transitions between eigenstates of
the Hamiltonian

+E(S? ——Sﬁ,)}.

E;=0.41|J| [10] or the value £, =0.38|J] [11].

The continuous line in Fig. 3 represents the theoretical
results. For the sake of comparison our data can be inter-
preted in the framework of the energy levels presented by
Date and Kondo [8]. The results can be explained by as-
suming an effective Hamiltonian for the triplet given by

S(S+1)]

7{=;13S:g[,H+D' 3

S~2 —

+E'(S—SH+E;,

where D'=—18D=—-29%x10> GHz=—14 K, E'
=—17E=—15 GHz=—0.72 K, E;=3.6x10%> GHz
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FIG. 3. Schematic of the transition energies in pure NENP
for HIlb with the experimentally found resonance positions for
both ordinary and extraordinary Voigt configuration. The con-
tinuous or dashed lines correspond to theoretical results. They
are also shown as a guide to the eye. Note that the order of
ground and excited state is inverted for magnetic fields above
H,, so that only the solid lines are realized in the experiment.
The crosses are for the ordinary Voigt configuration and the
squares are for the extraordinary Voigt configuration.

=17 K, g, =2.2. Therefore, including the ground state,
the scheme of the four energy levels involved in the
magneto-optical transitions that we have observed is
presented in Fig. 4.

In principle, transitions between the subspaces (]00))
and (J10), |1 — 1), |11)) are forbidden for simple magnet-
ic dipole excitation. At low temperatures only the lowest
level is significantly populated. The observed transitions
involve as a starting state the singlet ground state |00)
below the crossing point at H. and the excited triplet
state |1 —1) above H.. At low fields we observe the tran-
sitions |[00)— |1 —1) and |00)— |11). These transitions
are also forbidden, but one can expect that the selection
rules can be lifted by higher-order terms in the Hamil-
tonian or due to the fact that the chains of nickel atoms
are not infinitely long. For instance at the lowest fre-
quency that we have used, the mixing of the two states
|00) and |1 —1) produces a sensitive increase in the in-
tensity of the absorption. At higher fields the ground
state is |1 —1). Transitions can occur to levels |00) and
|10) with strong intensity, and to level |11) with small in-
tensity because it involves a 8S. =2 transition. Around
H. the experimental data reflect an interaction between
the |00) and |1 —1) states caused by finite-size effects:
The coherence length of the spins diverges and the two
states are coupled [12]. It should be noted that if the res-
onances observed below the critical field H, were arising
from transitions from the |1 —1) levels instead of arising
from transitions from the |00) level, the intensity of the
resonances would increase when occurring at higher mag-
netic fields because the |11) level becomes more popu-
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FIG. 4. Energy-level scheme for the ground-state singlet and
excited-state triplet in NENP for HIlb. The arrows indicate
different transitions observed between the ground-state singlet
and the excited states, [00)— |11) and |00)— |1 —1), and be-
tween the excited states, |1 —1)— |10) and |1 — 1)— [11).

lated. This is not the case, as is shown in Fig. 1.

Compared to the scheme presented by Date and Kindo
there is one main difference: There seems to be no sign of
the presence of the spin-wave continuum below the first
excited triplet. This is supported by the fact that at high
frequencies we still observe sharp resonance lines,
whereas one would expect some broadening by the spin-
wave continuum.

In the Cu-doped samples, besides the resonances which
are described above, we have observed resonances corre-
sponding to transitions between the two S. = % % states
with g values between g =2.01 and 2.15.

In conclusion the energy-level diagram of the four
lowest energy states in the one-dimensional linear-chain
Heisenberg antiferromagnet NENP has been obtained.
It strongly supports the conjecture of the existence of a
Haldane gap, although a rather large single-ion anisotro-
py exists in this material.
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