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Approximately 0.5% of nonmagnetic divalent ions Zn, Cd, and Hg have been alternately substi-

tuted for Ni in the linear chain of antiferromagnetically coupled Ni2*

(S=1) spins in

[Ni(C:HsN2)2(NO>)ICIOs (NENP). While at low temperature the pure NENP shows no EPR signal,
the doped NENP shows identical EPR spectra corresponding to the fractional spin S =1 states at the
“open” ends of the Ni chains adjacent to the nonmagnetic substitutions.

PACS numbers: 75.10.Jm, 75.30.Et, 75.50.Ee, 76.30.Fc

A great deal of interest in one-dimensional chains with
nearest-neighbor antiferromagnetic (AF) Heisenberg ex-
change coupling, J, has been stimulated by Haldane’s [1]
observation that closed integer spin chains have a finite
gap, Ay, in the excitation spectrum above a singlet
ground state, in contrast to half-integer spins which
would be gapless with a continuum of excited states
above the ground state. [Ni(Cy;HgN3),(NO,)ICIO,
(NENP) has an orthorhombic crystal structure with the
Ni?* (S=1) ions arrayed in linear chains along the b
axis and AF coupled by superexchange, through bridging
NO; ions [2]. The interchain coupling is many orders of
magnitude weaker making NENP an ideal one-dimen-
sional AF chain. While the Ni is sixfold coordinated in a
near octahedron by five N and one O ligands, the true site
symmetry is lower than cubic and the appropriate Hamil-
tonian would be

# =21 SFSi 1+, SIS +J-SiST

+DSEZ+E(SE—S)], (1)

where z is along the chain axis. Recent estimates [3]
based upon a fit to the observed high-temperature suscep-
tibility indicate an average J—~44 K and D~9 K> E.
Neither D nor the exchange anisotropy are large enough
to destroy the singlet ground state and Haldane gap [4].
Magnetization measurements have verified the singlet
ground state [5,6], EPR studies have revealed the triplet
excited state [7], and excitations at the gap have been
studied by neutron scattering [6].

The valence bond solid model [8] applied to the one-
dimensional Heisenberg chain of S=1 spins with
nearest-neighbor AF coupling provides a good description
and intuitive picture of the ground state. In this model
the spin 1 on each site is represented by symmetrization
of two spin S=1 variables. For a closed chain, the
many-body S=0 ground state is then formed by two
valence bonds originating from each site to form singlets
with adjacent neighbors. For an open chain, however,
unpaired bonds are left at each end of the chain which re-
markably correspond to effective fractional spins S= § at
the ends of the chain. This is borne out as well by exact
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diagonalization [9] of finite open chains which show the
four lowest-lying states to be a triplet and singlet whose
energy separation approaches zero exponentially with in-
creasing chain length with the next excited state at the
Haldane gap. This approach to zero separation corre-
sponds to vanishing interaction between the effective
spins of ¥ at the ends of the chain. Recently Cu?" has
been diluted into NENP, the Cu?* serving to break the
Ni?* chains [10]. The EPR spectrum observed was in-
terpreted in terms of the S =% of the Cu?* AF coupled
to the S = 7§ spins at the ends of the Ni?>* chain adjacent
to the Cu?*. An indication of the difficulty in under-
standing the full spectrum was the use of a Hamiltonian
with axial symmetry around the b axis in spite of the fact
that considerable anisotropy was seen as H, was rotated
in the a-c plane.

In order to provide a simpler break in the chain we
have substituted approximately 0.5% of the nonmagnetic
ions Zn, Cd, and Hg for the Ni. The crystal lattice con-
stants were measured and were indistinguishable from
pure NENP [11]. No EPR resonances were observed at
low temperature in undoped NENP. When doped with
approximately 0.5% Zn, a single resonance line with
g, =2.140 is observed with Hyllb as shown in Fig. 1,
curve a. The line is Lorentzian and approximately 110 G
wide. dy"”/dH was recorded with 3-G, 100-kHz modula-
tion and lock-in detection. This resonance is ascribed to
the free spins S = § at the ends of the chains adjacent to
the Zn substitution as will be further detailed below. No
interaction between these S = + spins on opposite sides of
the Zn is seen and if present is within the observed
linewidth. This line splits in two with Hlla (Fig. 1, curve
b). Each of these lines splits further as H is rotated in
the a-c plane as shown in Fig. 1, curve d, for Ho at 45° to
the a axis in the a-c plane. Two lines are seen again with
Holle (Fig. 1, curve ¢) but at different field values than
for Holla.

On chemical grounds alone, the metal ions are expect-
ed to enter the lattice substitutionally for the Ni. In ad-
dition, we emphasize that the positions of the resonance
lines for any given direction of Hy in all the spectra are
identical for three different nonmagnetic substitutions
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FIG. 1. EPR signal (dy"/dH) with 3-G ac modulation in
~0.5% Zn NENP (see text).

that have been made, i.e., Zn, Cd, and Hg, as illustrated,
for example, in Fig. 2 for Hoyllc. This clearly indicates
that the nonmagnetic ions serve only to sever the chains
and the observed EPR spectra are associated with the Ni
near the chain ends. The only differences are in the rela-
tive amplitudes of different portions of the spectrum. For
example, while the amplitude of the high-field line in Fig.
2 is somewhat greater than the low-field line, the situa-
tion is reversed for Cd and Hg and will be discussed fur-
ther below. Note that except for Hollb the lines are not
symmetric around dy”/dH =0 and the integrated spec-
trum y” vs H for Hllc corresponding to dy”/dH in Fig. 1,
curve ¢, is shown in Fig. 3. Thus what superficially ap-
pears as two lines in dy”/dH in Fig. 1, curves b and c,
really correspond to the extrema of a distribution. This
distribution which will be discussed further below appears
even more dramatically when the EPR spectrum is exam-
ined at 22.84 GHz as shown in the inset of Fig. 3.

The integrated intensity / of the EPR signal decreases
with increasing temperature 7 much more rapidly than
1/T as illustrated for different temperatures in Fig. 3 and
is similar to that observed for the Cu?* substitution by

NENP Holl c
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FIG. 2. EPR signal for ~0.5% Zn-, Cd-, and Hg-doped
NENP. Similar spectra verify that the signal is from Ni chain
ends adjacent to the impurity and not from a nonmagnetic
dopant.

Hagiwara, Katsumata, Affleck, and Halperin [10]. How-
ever, it is difficult to say anything precise about the Hal-
dane gap Ay without better knowledge of the density of
states at the gap, since a variety of empirical functions
with Ay varying by a factor of 2 can fit the I vs T data.
To help clarify the origin of the splittings seen when Hyp
is not along the chain axis, the spectra were studied at
22.84 as well as 9.25 GHz. It was found that all split-
tings and line positions, measured in gauss, scale linearly
with microwave frequency from 9.25 to 22.84 GHz corre-

Holl a
FREQ = 22.84 GHz
T=21K

FREQ =9.25 GHz

MICROWAVE ABSORPTION (X")

| | | 1
2.0 25 3.0 3.5 4.0 4.5

MAGNETIC FIELD,Hy (kGAUSS)

FIG. 3. Integration of dy"/dH with Hollc from Fig. 1, curve
¢; also shown for two higher temperatures. Inset: —dy”/dH
and y" at 22.84 GHz, showing more dramatically the distribu-
tion in " (see text).
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FIG. 4. Excursion of the peaks shown in Fig. I, curve d, as
Hy is rotated in the a-c plane. The fact that splittings at
different frequencies have the same g values verifies spin-5 be-
havior (see text).

sponding to a spin Hamiltonian
‘H=ﬁS'g’ H(), (2)

with S = 4. The excursion of these spectra as Hy is ro-
tated in the a-c plane is plotted in Fig. 4 where the points
shown correspond to those peaks in dy”/dH marked by
the arrows in Fig. 1, curve d. The solid lines are least-
squares fits of the more accurate 22.84-GHz data by a
functional form g, =glcos’0+g?sin?0. The departures
of the 9.25-GHz data points from these lines could be due
to crystal misorientation and large errors due to the poor-
er resolution of the splittings at this frequency.

If the splittings were due to interaction between the
spins ¥ either adjacent to Zn or on the-ends of the same
chain, or to a spin value S =1, terms of the type DS?
would be added to # and to first order the splittings mea-
sured in gauss would be independent of microwave fre-
quency contrary to what is observed. Since the density of
the free spins S= 1 decay exponentially over about 5-7
spins into the Ni chain, we tried to make chains short
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enough to see the interaction between the spins on the
same chain by increasing the concentration of Zn. How-
ever, chemical analysis indicated that the maximum dop-
ing realized so far was always < 1.2% so that no such
effects were seen.

The splittings of lines A-B and C-D are related to the
two Ni chains in which the ethylene diamines are rotated
around the b axis in opposite directions from the a axis as
shown in Fig. 4. The expected local principal axes of the
g tensor are labeled gy,g, in Fig. 4, with g. along b. X-
ray data [2] give 31.4° for the angle between the g, and a
axes, close to the value found for the C,D lines in Fig. 4,
however, quite different from the angle of 14° for lines
A-B. One interpretation of these results is that 4,B and
C,D correspond, respectively, to different environments.
For example, some of the Zn (C,D) may substitute for
the Ni without changing the local environment in any
way while some 4, B may distort the surroundings to con-
form to the pure Zn compound [Zn(en),(NO,)ICIO,
which is triclinic. The g values at these two extrema are
gdf=2.386, gf=2.157, g{P=1915 gSP=1.790
with g.(Hollb) =2.140 in all cases. Perhaps a range of
sites exist between the two extrema A,B and C,D (which
are preponderant) corresponding to different twists of the
ethylene diamine which gives rise to the distribution in
Fig. 3. The fact that the intensity of A4,B relative to C,D
is reversed for Zn relative to Cd and Hg suggests support
for this conjecture as the Cd and Hg ions are consider-
ably larger than Zn and might have a greater preference
for the A,B sites compared to C,D. However, one is left
with the puzzle of a g value of less than 2 for the C,D
sites, whereas all known Ni?* g values in octahedral
coordination are greater than 2. In addition, while there
is a significant spread in g, and g,, these supposed
different sites have the same value of g..

This would suggest consideration of alternative ex-
planations involving the incompletely understood behav-
ior of the decay of the spin- + distribution into the chain,
and, in particular, the role played by the large positive
DS2 term, the smaller E term, and the exchange anisot-
ropy in Eq. (1). It may be unlikely that any of these
terms are large enough to create any further states below
the gap other than the spin- 5 states at each chain end.
However, these terms along with their variation due to
site inhomogeneity may influence the g values and their
observed distribution. Further analytical work and com-
puter simulations should address these problems [12].
Perhaps by actually measuring the decay of the spin-+
density into the chain by measuring the hyperfine fields in
an enriched ®'Ni sample one will be able to answer some
of these equations and gain a clearer understanding of
these intriguing results.

In conclusion, we have shown that substitution of quite
different nonmagnetic ions for the Ni?* breaks the Ni
chain and creates effective fractional S =3 states at the
ends of the chains whose g values are independent of the
type of nonmagnetic dopant.
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