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Specific-heat and susceptibility studies of powdered Ni(C,HzN,),Ni(CN), have been performed from
50 mK to 20 K, and magnetization measurements have been conducted at 4.3 K in magnetic fields up to
6 T. The results show that Ni(C,HyN,),Ni(CN), is an S =1 antiferromagnetic Heisenberg chain with a
strong planar anisotropy. The low-temperature specific-heat data show a contribution due to magnetic
excitations which are interpreted within the framework of a strong coupling theory of (anti)excitons.

I. INTRODUCTION

Many theoretical and experimental studies have been
devoted to the properties of one-dimensional (1D)
Heisenberg magnetic systems. It has been noted that,
apart from spin-wave-like excitations, large amplitude
fluctuations should be considered in any attempt to de-
scribe the observed thermodynamic properties.! In 1983,
the study of spin fluctuations in 1D systems was restimu-
lated by Haldane’s work,”? which predicted that 1D
Heisenberg antiferromagnets (HAF) with integer spin
should possess an energy gap between the nonmagnetic
ground state and the first excited level. Furthermore, this
Haldane gap is not present in a half-integer spin HAF.
The quantitative comparison of the theoretical model,
which only uses nearest-neighbor exchange interactions
J, with experimental results ultimately requires a more
realistic Hamiltonian including single-ion anisotropy D.
The numerical studies of such a system’ revealed the
presence of the Haldane phase over a range of D /|J|
values, namely —0.25<D /|J| <1. For an S =1 Heisen-
berg chain with D /|J] > 1 (the so-called large D limit),
another energy gap arises and generates a new singlet
phase which is significantly different from one that exists
for D <|J|. The concept of antiexcitons and excitons
[hereafter referred to as (anti)excitons] as out of easy-
plane fluctuations from a singlet ground state was sug-
gested for the large D phase in a strong coupling
theory.*® Inelastic neutron-scattering experiments per-
formed on the large D system of CsFeBr; (Refs. 6—8) can
be interpreted*> by the presence of an excitonic mode.

In this paper, we report low-temperature specific-
heat, magnetic susceptibility and magnetization
results of catena-[bis(ethylenediamine)nickel(II)-u-cyano-
dicyano-nickel(II)-u-cyano, Ni(C,HgN,),Ni(CN), (here-
after abbreviated as NENC).’° Portions of this work have
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been reported in preliminary form in several conference
proceedings.!®!! The analysis of the experimental data
yields a consistent set of D and J parameters which sup-
port the identification of NENC as a large D HAF. More
specifically, the specific-heat calculated from the exciton-
ic dispersion relations is in a good agreement with our
low-temperature data. Our results can be considered as
experimental evidence for the contribution of (anti)ex-
citons to an equilibrium thermodynamic property.

II. SYNTHESIS, CRYSTAL STRUCTURE,
AND ORBITAL INTERACTIONS

Following an established procedure,'> a K,Ni(CN),
aqueous solution, obtained by mixing 10 ml of aqueous
solution of nickel sulfate NiSO,-7H,O (1 mol/¢) and
20.5 ml of aqueous potassium cyanide KCN (2 mol/¢),
was added to a solution obtained by mixing 10 ml of
aqueous NiSO, (1 mol/¢) and 133 ml of an aqueous solu-
tion of 1,2-ethanediamine (C,H3N,, abbreviated as en) (2
mol/¢). The mixture was stirred for 30 min, and the re-
sulting precipitate was filtered. Single crystals (0.2X0.3
X0.4 mm3) suitable for x-ray analysis were separated
from the filtrate after slow evaporation. NENC crystal-
lizes in the monoclinic space group P2,/n, a =7.104(3)
A, b=10.671(3) A, ¢=9.940(2) A, B=114.68(2),
Z =2.° The structure is built from neutral chains (Fig. 1)
running along the c¢ axis. The repeating unit is
-[Ni(en),-NC-Ni(CN,-CN]-, and two distinct nickel(II)
sites are present. In the [Ni(CN),]*~ anion, the nickel is
in a square planar configuration, being bonded to four
cyano groups through C atoms. This nickel(II) ion is di-
amagnetic. In the [Ni(en),]*" cation, the nickel is in a
distorted octahedral configuration, where four N atoms
of the two en molecules are in the basal plane
(dnin,, =2.107 A), while two N atoms from the cyano
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FIG. 1. A plot of the chains in NENC with the schematic
representation of the weak interaction between the antibonding
(a) and the nonbonding (b) z? magnetic orbitals along the chains.
See text for a detailed discussion.

groups are in apical positions (dNi_Ne =2.089 A). This

nickel(Il) ion is paramagnetic. For these paramagnetic
ions, the intrachain Ni-Ni distance is 9.94 A%, whereas the
shortest interchain Ni-Ni distance is 7.104 A (along the a
axis). The chain is therefore made of paramagnetic S =1
octahedral nickel(II) ions linked by diamagnetic square
planar NC-Ni(CN),-CN units. The chains are well insu-
lated from each other with no bonding between them.
Consequently, NENC presents all the structural features
required for a good quasi-1D system.

A closer look at the structure of the chains allows one
to describe the unpaired electrons of the Ni(II) octahedral
site by wave functions with x2-y? and z2? symmetry (e.g.,
in a regular octahedron), where the x and y axes are
defined along the Ni-N bonds in the basal plane and the z
axis is the normal to the plane, see Fig. 1. The antiferro-
magnetic coupling between two neighboring magnetic
Ni(II) ions in the chains is expected to arise from the
overlap of these orbitals in the two exchange pathways of
x2-y? and z? symmetry. It is clear from Fig. 1 that the
x?-y? orbitals lie in parallel basal planes and that their
overlap at approximately 10 A may be considered as
negligible. The nickel(II) z2 orbitals pointing perpendicu-
lar to the basal plane, roughly along the Ni-(NC) bonds,
are more likely to overlap through the Ni(CN), diamag-
netic unit via mixing of the z? orbitals with the Ni(CN),
orbitals of appropriate symmetry. Such a z? pathway was
already demonstrated in NENP (Ref. 13) through a nitri-
to bridge (dy;ni=5.150 A, J=—47 K) and can be ex-
pected here with a much weaker overlap and J value.
The nonbonding and antibonding combinations of z2 or-
bitals are shown schematically in Fig. 1. Finally, the
different chemical nature of the basal plane ligands (pri-
mary amines) and of the axial ones (cyanide ions) around
the paramagnetic nickel(II) allows one to foresee some
single-ion anisotropy, even if the equatorial and axial Ni-
N distances are similar.
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III. EXPERIMENTAL DETAILS

A. Specific heat

The specific-heat measurements of a powdered coin-
shaped (15 mm in diameter and 2 mm thick) sample of
0.8 g were performed in two experimental devices. For
60 mK < T <2.5 K, the dual slope method!* was used in
an Oxford Instruments dilution refrigerator (model TLE
200). A RuO, thermometer (Dale RC 550 with a nomi-
nal room-temperature value of 1 kQ) (Ref. 15) was cali-
brated against a commercial Lake Shore thermometer
(model GR 200A-500) and served as the main thermome-
ter. A silver wire (40 um in diameter and 7 cm long) was
used as a thermal link between the cold thermal reservoir
and the platform containing the sample, the RuO, ther-
mometer, and a manganin heater. The resistance of the
thermometer was measured by an ac (72 Hz) resistance
bridge which was connected to the controlling microcom-
puter via a homemade optocoupler to avoid signal in-
terference. The experimental data were corrected for the
contribution of the thermometer, the manganin heater,
and the varnish (GE 7031) used to anchor the specimen
to the measuring platform. This addenda contribution
was measured in a separate run and was found to be
10-30 % of the total heat capacity. At higher tempera-
tures, standard adiabatic calorimetry was used in a “He
cryostat equipped with a mechanical heat switch between
the cold thermal reservoir and the sample cell. A 220 Q
Allen-Bradley thermometer was calibrated against the
Lake Shore thermometer and served as the main ther-
mometer in this arrangement. The overall accuracy of
the dual slope data is better than 5%, while a 3% accura-
cy was achieved with the adiabatic technique.

B. Magnetization and susceptibility

The magnetization was measured in a “He cryostat
with a homemade vibrating sample magnetometer
operating at 8.2 Hz with accuracy better than 1.5%. One
set of susceptibility data was obtained with a homemade
superconducting quantum interference device (SQUID)
magnetometer.'® These measurements were performed
on a 100.8 mg sample from 1.5 to 20 K in a static mag-
netic field of 0.1 mT. Another set of susceptibility data
was acquired at low temperatures (50 mK to 2 K) using
standard ac (217 Hz) mutual inductance coils coupled to
a SQUID amplifier.!” For these measurements, 40 mg of
the 100.8 mg specimen was cooled to the lowest tempera-
ture in the presence of the earth’s field before the probing
ac field (=15 uT) was placed on the sample. The speci-
men was varnished to four Cu wires (0.133 mm in diame-
ter) which were bolted to the mixing chamber of a
homemade dilution refrigerator. The temperature depen-
dence of the signal arising from the Cu wires and the coil
was measured in a separate run and was observed to be
temperature independent down to about 200 mK. Below
200 mK, a small, noisy increase in the signal was detect-
able, and the total increase from 50 to 200 mK was ap-
proximately 3% of the change measured when the sample
was present. Due to its noisy nature and small size, this
background has not been subtracted from the data.
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IV. RESULTS AND DISCUSSION

A. Specific heat

Heat-capacity measurements were performed in the
temperature region from 60 mK to 10 K. Since NENC is
a magnetic insulator, only the magnetic and the lattice
contributions to the total specific heat are assumed for
the present discussion. The lattice contribution was sub-
tracted by finding the temperature region where the data
may be described by the equation C(T)=aT 2+BT>.
The BT term represents the low-temperature lattice con-
tribution in the Debye approximation, while the aT 2
contribution describes high-temperature behavior of the
magnetic specific heat.!® For 5K <T <9 K, a least-
squares fit yielded a=69+3.5 JK/mol, and B=(3.55
+0.15)X107% J/(K*mol). In order to better estimate
the nonmagnetic background contributions in NENC, its
diamagnetic isomorph Zn(en),Ni(CN), (hereafter abbre-
viated as ZENC)"? was studied from 300 mK to 10 K.?°
The subtraction of a background associated with this
nonmagnetic contribution will be discussed in detail in
Sec. IVC. The magnetic specific heat C,, is character-
ized by a round peak with the maximum value
Chax =5.851+0.05 J/K mol at T,,, =2.4+0.1 K (Fig. 2).
The magnetic entropy was calculated numerically in the
measured temperature region, and standard approxima-
tions were used for high and low temperatures to cover
the whole temperature interval. The calculation yielded
8.68 J/K mol which is close to the theoretical value
RIn(2S +1)=9.13 J/Kmol for an S =1 system. This
broad maximum, together with the absence of a A-type
anomaly down to 60 mK, indicates the presence of short
range correlations.

The sudden drop of C,,, observed below 1 K, suggests
the existence of a gap in the energy spectrum of the spin
system, and this effect is most likely associated with a
magnetic anisotropy. Considering the large distances be-
tween paramagnetic Ni’t ions, within or between the
chains, it may be assumed that the magnetic anisotropy is
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FIG. 2. The temperature dependence of the magnetic specific
heat of NENC. The dashed line represents an S=1 HAF chain
with J/kz = —1.5 K, while the solid and dotted lines are for an
S=1 HAF chain with D/|J|=10, |J|/kz=0.6 K and
D/|J|=20, |J|/ks =0.3 K, respectively.
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due to the effect of the crystalline field. The lowest state
of Ni?* ions in an octahedral coordination is an orbital
singlet 3A2g. Through the combined action of spin-orbit
coupling and noncubic symmetry of the crystalline field,
the triply degenerate 3A2g level is split through the
second-order perturbation with higher states. For the ax-
ial distortion of the crystalline field, the anisotropy may
be described by a D (S,)? term in the spin Hamiltonian.
When the symmetry is lower (i.e., rhombic) an
E(S?—S}) term should also be included. When consid-
ering different electron density of nitrogens in en and
cyano groups, it is important to stress (see Sec. II) that
two kinds of ligands exist with effectively different spec-
trochemical nature. From this point of view, the oc-
tahedron is tetragonally elongated with a rhombic distor-
tion due to unequal bond lengths. However, in a first ap-
proximation, the E term is neglected, and the system can
be described by the Hamiltonian

H==2J 3 {SerSxii+ Sy Syi +10 88182 i + 1)}
+D 3 (S,,))* . (1

In Sec. IVC, the E term will be incorporated into Eq.
(1), however, the physical interpretations coming from
the modified Hamiltonian are not significantly different
than the results presented in this Section. The specific
heat of a system represented by Eq. (1) when 6=1 was
numerically calculated by Bldte.?! The best agreement
between the numerical predictions and the experimental
data was obtained for D /kz~6 K and D/|J|=10-20
(Fig. 2). The resultant D /|J| ratio indicates that NENC
can be considered a quantum S =1 chain system with a
strong planar anisotropy.

B. Susceptibility and magnetization

The magnetic susceptibility of a powdered sample was
measured in the temperature region from 50 mK to 20 K
(Fig. 1 of Ref. 11), and the field dependence of magneti-
zation at 4.27 K was measured up to 6 T (Fig. 3). The
behavior of the susceptibility data is not characterized by
a round maximum typical for an isotropic HAF. To date
there is no explicit expression for the temperature depen-
dence of the susceptibility over the broad temperature
range that includes the D term. Since the D /|J| ratio ob-
tained from the specific-heat results is rather large, the
data above 1 K were fitted by a formula derived directly
from Van Vleck equation with only D included.'®

The best agreement between the calculated and experi-
mental values of the susceptibility and magnetization was
found for D /ky=6.61+0.2 K, g=2.244+0.01 (Fig. 1 of
Ref. 11 and Fig. 3). Alternatively, Carlin, O’Connor,
and Bhatia?? have incorporated the subcritical exchange
interactions into the susceptibility within a molecular-
field approximation. Applying this approach, the suscep-
tibility data can be described by another set of constants,
namely D/kg=6.110.2 K, J/ky=—0.09+0.01 K,
g =2.281%0.01 (Fig. 1 of Ref. 11). For both approaches,
the resultant g values are in a good agreement with
g =2.25 reported for Ni octahedral compounds.'® A
slight change of D when J is included into the analysis
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FIG. 3. Field dependence of the magnetization of NENC
measured at 42.7 K. The solid curve represents an ideal
paramagnet with D/kp=6.6 K and g =2.24 as derived from
fitting the susceptibility data (Fig. 1 of Ref. 11).

supports the assumption that NENC can be considered a
large D /|J| system. For T <1 K, the susceptibility devi-
ates from the theoretical prediction and follows a Curie
law. This deviation can be attributed to approximately
0.1% free paramagnetic nickel(II) ions.

C. Excitons

In the preceding subsection, the analysis of the
specific-heat, susceptibility, and magnetization results
have shown that NENC is an S =1 HAF chain with
strong planar anisotropy. Furthermore, the presence of
strong planar anisotropy in the compound was also
confirmed by electron-paramagnetic-resonance (EPR)
measurements performed on a bundle of a few small sin-
gle crystals.?

At large D, an S =1 Heisenberg system with a Hamil-
tonian given in Eq. (1) is characterized by a unique disor-
dered ground state in which the correlation functions de-
cay exponentially. The first excited state is a £S5, ,,==*1
doublet separated by a finite excitation gap from the
ground state.> For the D /|J|— o« limit, the ground-state
azimuthal component of spin vanishes at every site. Ac-
cording to Papanicolaou and Spathis,*> the lowest excit-
ed state is then constructed by exciting one spin to an az-
imuthal value S, =1 (exciton) or S, = —1 (antiexciton).
The excitation energies of such states are D, 2D, 3D, . ..
(corresponding to one, two, three, or more excited spins).
A finite and sufficiently small J value may be considered
as a perturbation which will transform the energy levels
into bands of a finite width. The low-lying bands do not
overlap for a sufficiently large D /J ratio. Perturbation
theory to the third order* was used to derive a dispersion
relation for doubly degenerated (anti)excitonic mode,
yielding

or=D[1+w,;/a+w,/a’+w;/a*+ -+ ],
where @ =D /2J,w,;= —2 cos(k),w,=1+2sin?(k), and
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w3 =1[1+8sin’(k)]cos(k)—28 sin*(k) .

In addition, the energies of two-site excitations fall into a
two-body continuum. Near the Brillouin-zone boundary,
some bound states smoothly emerge from the continuum.
Since (anti)excitons obey Bose statistics, their specific-
heat contribution will be of the form

T dT _,,e<hw(k)/k,,r)_1dk : (3)

The comparison of the low-temperature specific-heat data
with the theoretical prediction [Eq. (3)] using D /kp=6
K and D /|J|=15 is shown in Fig. 4. As can be seen in
this figure, a good quantitative agreement is obtained be-
tween the experimental data and the theoretical
(anti)excitonic contribution when the D and J values
from the previous specific-heat analysis (see Sec. IV A)
are used. The possible contribution of two-site excita-
tions was not taken into account since such states cannot
be thermally activated in this temperature region.

A slight discrepancy between the data and the exciton-
ic model at higher temperature occurs since, for
kg T >>J, the approach of free (anti)excitons is no longer
exactly valid. As can be seen in Fig. 5, there is also a
discrepancy below approximately 0.4 K. The determina-
tion of the origin of this discrepancy required a more pre-
cise estimation of the lattice contribution to the specific
heat. Therefore, the specific heat of the diamagnetic
NENC isomorph, ZENC (see Sec. IV A), was measured
from 300 mK to 10 K,* and a linear extrapolation was
performed to lower temperatures. As can be seen in Fig.
5, the subtraction of the ZENC specific-heat data
significantly improves the agreement between the
(anti)excitonic contribution and the NENC specific heat
below 400 mK. Furthermore, the ZENC data were com-
pared with the results of the BT fit from Sec. IV A in the
interval from 300 mK to 10 K, and the deviation from
the Debye law which was observed below 1 K can be at-
tributed to the 1D structure of ZENC.? The remaining
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FIG. 4. Low-temperature magnetic specific heat of NENC.
The data are compared to the (anti)excitonic prediction for
D/kz=6 K, D/|J|=15, E=0, and D/kz=6.3 K, D /|J|=15,
E /kp=0.7 K, respectively.
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FIG. 5. Temperature dependence of the specific heat of
NENC below 500 mK. The circles and squares represent the
magnetic specific heat of NENC after subtracting the lattice
contribution using the Debye approximation and the ZENC
data, respectively. A detailed discussion of the subtraction pro-
cedure is given in the text. The ZENC data are represented by
triangles. The solid line represents the Debye contribution of
(3.55X 1073 T?. The dashed line represents the (anti)excitonic
prediction with D /ky =6 K, D /|J|=15, and E =0. The dotted
curve is the result of the theoretical prediction when
D/kp=6.3K,D/|J|=15,and E /kz=0.7 K.

discrepancy might be due to the presence of a small in-
plane anisotropy. Since the (anti)excitonic mode is dou-
bly degenerate, the in-plane anisotropy represented by an
E (S,f—SyZ) term, which is always present in real systems,
causes a softening of the modes. With the E(SZ—S?)
term incorporated into Eq. (1), the dispersion relations
for both the excitonic and the antiexcitonic mode were re-
calculated.?* The highest reduction of the mentioned
discrepancy was found for E /ky=0.7 K, D /kz=6.3 K,
and D /J =15 (Fig. 5). This result is consistent with the
conclusion of the EPR experiment?® that the rhombic
term can be considered as a small perturbation in com-
parison with the planar anisotropy. It is conceivable that
the powdered character of the sample might also contrib-
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ute to the mentioned discrepancy, but the experimental
verification of this possibility would require additional
measurements to be performed on sufficiently large single
crystals. Finally, we note that susceptibility data cannot
be analyzed within the framework of the strong-coupling
theory since the spin dynamics of a large D, S=1
Heisenberg chain in a magnetic field needs to be investi-
gated theoretically.?’

V. CONCLUSION

Our specific-heat, susceptibility, and magnetization
measurements have confirmed that NENC can be con-
sidered as quantum S =1 HAF chain with a strong pla-
nar anisotropy. The sudden drop of the specific heat
below 1 K can be ascribed to the presence of
(anti)excitons predicted for large D systems by a strong-
coupling theory.*® The low-temperature discrepancy be-
tween the experimental data and the theoretical estimates
generated by the model might be caused by the presence
of a rhombic term in the Hamiltonian and/or due to the
powder nature of the sample. The results suggest that
NENC might be a good candidate for the inelastic
neutron-scattering studies of the exciton-antiexciton
bound states which, although predicted by Papanicolaou
and Spathis,*> have not been experimentally observed.
However, sufficiently large single crystals are necessary
for further studies of this system.
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