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Observation of 5 =
2 Degrees of Freedom in an S = I Linear-Chain Heisenberg Antiferromagnet
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The ground state of the typical spin-l linear-chain Heisenberg antiferromagnet Ni(C&HsN2)')-
NO&(C104) containing a small amount of Cu'+ is studied by the electron-spin-resonance (ESR) tech-
nique. The ESR results are quantitatively explained by the model that the valence bonds are broken at
the Cu-'+ sites resulting in spin- 2 states at the Ni + sites neighboring the Cu +. Thus the present study
gives experimental evidence for the existence of the valence-bond-solid ground state in S= 1 linear-chain
Heisenberg antiferromagnets.
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There has been a growing interest in the Haldane-gap
problem. According to Haldane's conjecture, ' the lin-
ear-chain Heisenberg antiferromagnet (LCHA) with in-

teger spin values has an energy gap between the non-
magnetic ground state and the first excited one. A num-
ber of theoretical and experimental ' works have
been published concerning this conjecture. Although
there was a controversy about the existence of the Hal-
dane gap, recent theories have proven that the gap does
exist. The susceptibility, ' '' neutron-scattering, ' '' and
high-field-magnetization ' measurements on the spin-1
LCHA compound Ni(CqHsN2)2NO2(C104), abbreviat-
ed NENP, clearly showed the existence of the Haldane
gap in this compound. Despite these efforts, the ground
state of the 5=1 LCHA remains rather difficult to un-
derstand intuitively. In S =

2 Heisenberg antiferromag-
nets, Anderson' has proposed the resonating-valence-
bond (RVB) model to describe the ground state. AIIIeck
et al. have extended this idea to the S= 1 LCHA. They
showed that the ground state of an S=1 LCHA is well
described by the valence-bond-solid (VBS) model. It is
shown rigorously that the correlation function decays
exponentially in the VBS state and that an energy gap
exists between the ground state and the first excited one.
Figure 1(a) shows diagrammatically the S=1 VBS
state. Spin 1 is obtained by symmetrization of two
5= —. variables. The spin singlet state can be written
with two valence bonds emanating from each site and
terminating on diA'erent sites.

Let us consider what happens when a host atom is sub-
stituted by an impurity atom, for example, Ni + in

NENP by Cu +. If the exchange interaction between
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FIG. 1. (a) Diagrammatic representation for the valence-
bond-solid ground state of an S=l linear-chain Heisenberg
antiferromagnet. The larger circles show the atomic sites and
the smaller ones the S=

2 states. The lines represent the
valence bonds. (b) A host atom is substituted by an impurity,
resulting in spin- —,

' states at host sites neighboring the impuri-

ty. The arrows show the spin moment.

the host and impurity spins is considerably smaller than
that between the host spins, the valence bonds will be
broken at the impurity sites. This will result in an S=

2

state at the host spin sites neighboring the impurity [Fig.
1(b)]. For the ordinary Heisenberg Hamiltonian, the
eAective coupling between these S=

2 degrees of free-
dom at two ends of a chain is 0((—1)Le LI~L 'l~),
where L is the chain length and g = 7 is the correlation
length. Thus, open chains have low-energy boundary ex-
citations; the Haldane "gap" only exists for bulk excita-
tions. This was demonstrated numerically in Ref. 14.
We expect the same behavior for a finite range of anisot-
ropy, presumably in the whole regime of parameters on
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the boundary of which the bulk gap vanishes. ' We will

be able to get information on the ground state of an
S=1 LCHA by studying this impurity-induced spin
state. Electron spin resonance (ESR) is one of the best
methods to study the spin system at a microscopic level.
In this paper, we report our ESR study on single crystals
of NENP containing a small amount of Cu +.

First, we summarize the crystal and magnetic proper-
ties of NENP. This compound crystallizes in the ortho-
rhombic system. ' The lattice constants are a =15.223
A, b =10.300 A, and c =8.295 A. The structure consists
of a Ni(C2HsN2)2NOq chain separated by C104 mole-
cules. The magnetic susceptibilities in a single-crystal
sample of NENP along the three crystallographic axes
show a rounded maximum at about 60 K and decrease
abruptly as the temperature is decreased further. The
intrachain exchange constant (dr) and the g values along
the crystallographic axes (g„gb, and g, ) are determined

by fitting the susceptibility data with the theory for an
S=1 LCHA. The values obtained are' d" = —47.5 K,
g, =2.23, gb =2.15, and g, =2.21. The value of the
single-ion anisotropy constant (D) is also estimated from
the susceptibility data to be 0.9 K. In the other experi-
ments' ' the D value is estimated to be about 10 times
larger than this.

The ESR experiment was performed by using stan-
dard L-band and K-band spectrometers. The tempera-

ture of the sample can be changed from 1.7 K to room
temperature. The sample used in this experiment is a
single crystal of NENP containing 0.7 at. % Cu + (nom-
inal concentration). We show in Fig. 2 the ESR signals
obtained at room temperature, 77 K, and 4.2 K, respec-
tively, when the external magnetic field is applied along
the c axis. The signal at 77 K is almost the same as that
at room temperature. On the other hand, the signal at
4.2 K is much diA'erent from those at the high tempera-
tures. We have studied the temperature dependence of
this signal above 4.2 K. The intensity of the right-most
line of Fig. 2(c) is plotted as a function of temperature
in Fig. 3. Here, the intensity is defined by I~~(AH)-,
where I~~ is the distance between the top of the hill and
the bottom of the valley of the dl/dH signal along the
vertical axis, and h, H is the corresponding width along
the horizontal axis. The intensities of the remaining two
lines in Fig. 2(c) behave similarly. We have also investi-
gated the angle dependence of the ESR signals in

Cu +:NENP at T=4.2 K. The external magnetic field
is rotated in the crystallographic a, b, and c planes. In
the a and c planes (the planes containing the chain axis
and the direction perpendicular to it), the resonance
fields of the left-most and right-most lines in Fig. 2(c)
change by about 2500 Oe. On the other hand, in the b
plane (the plane perpendicular to the chain axis), the
resonance fields change by about 1000 Oe. The reso-
nance field of the central line in Fig. 2(c) does not de-
pend much on the field direction. From these experimen-
tal results, it is evident that the ESR lines observed at
the low temperatures do not come from free Cu + ions
isolated from the chains. The value of the Haldane-gap
energy in NENP has been determined from the
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FIG. 2. ESR signals from a single crystal of Cu-'+:NENP
obtained at (a) room temperature, (b) 77 K, and (c) 4.2 K.
These are derivative signals (dl/dH) of the absorption intensi-
ty (I) with respect to magnetic field (H). We take for the res-
onance fields the points at which the dl/dH curves change
their sign. Note that the scale of the magnetic field in (c) is
expanded compared to (a) and (b).
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FIG. 3. Temperature dependence of the intensity of the

ESR line observed at the low temperatures in Cu'-+:NENP.
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ESR technique. The ESR results are quantitatively ex-

plained by the model that the valence bonds are broken
at the Cu + sites resulting in spin- 2 states at the Ni +

sites neighboring the Cu +. This study gives experimen-
tal evidence for the existence of the VBS ground state in

5=1 LCHA.
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