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a b s t r a c t

The magnetic properties of a-Cu(dca)2(pyz) were examined by magnetic susceptibility, magnetization,
inelastic neutron scattering (INS), muon-spin relaxation (lSR) measurements and by first-principles den-
sity functional theoretical (DFT) calculations and quantum Monte Carlo (QMC) simulations. The v versus
T curve shows a broad maximum at 3.5 K, and the data between 2 and 300 K is well described by an S = 1/
2 Heisenberg uniform chain model with g = 2.152(1) and J/kB = �5.4(1) K. lSR measurements, conducted
down to 0.02 K and as a function of longitudinal magnetic field, show no oscillations in the muon asym-
metry function A(t). This evidence, together with the lack of spin wave formation as gleaned from INS
data, suggests that no long-range magnetic order takes place in a-Cu(dca)2(pyz) down to the lowest mea-
sured temperatures. Electronic structure calculations further show that the spin exchange is significant
only along the Cu–pyz–Cu chains, such that a-Cu(dca)2(pyz) can be described by a Heisenberg antiferro-
magnetic chain model. Further support for this comes from the M versus B curve, which is strongly con-
cave owing to the reduced spin dimensionality. a-Cu(dca)2(pyz) is a molecular analogue of KCuF3 owing
to dx2�y2 orbital ordering where nearest-neighbor magnetic orbital planes of the Cu2+ sites are orthogonal
in the planes perpendicular to the Cu–pyz–Cu chains.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past several years, we and others have been interested
in the magnetic properties of dicyanamide (dca) containing coordi-
nation polymers. Much of the interest in these materials can be
attributed to the coordinative versatility of the dca ligand and its
subsequent role as a superexchange mediator [1]. To date, several
modes have been identified (Scheme 1) although the vast majority
of the reported polymeric coordination compounds consist of
l1,5-dca bridges [2]. Three-coordinate M–dca complexes are exem-
plified by rutile-like a-M(dca)2 (M = V, Cr, Mn, Fe, Co and Ni) in
which the M ion is divalent [1]. Combining dca bridges with auxil-
iary organic ligands of varying denticity can lead to zero-, one-,

two- and three-dimensional (0D, 1D, 2D and 3D, respectively) spin
dimensionality.

The 3D polymeric structures exhibited by a-M(dca)2(pyz)
(M = Mn [3,4], Fe [4], Co [4], Ni [4], Cu [5], and Zn [4]; pyz = pyra-
zine) are particularly interesting in that they possess 2-fold inter-
penetrating networks. Two-dimensional (2D) M(dca)2 layers are
linked via M–dca–M bridges that are further connected by l-pyra-
zine ligands to yield a rigid 3D lattice. In essence the general struc-
ture of the a-phase can be viewed as 1D M–pyz–M chains that are
joined to form a 3D framework via l1,5-dca ligands. It should be
noted that b-phases of the same chemical composition can be pro-
duced for M = Co, Ni, Cu, and Zn although this structure type con-
sists of 2D sheets of 1D bi-bridged M–(dca)2–M ribbons that are
linked via l-pyz ligands [4,5].

Of particular interest to us is a-Cu(dca)2(pyz) because it can be
described as a molecular analogue of KCuF3. While a low-temper-
ature crystal structure and variable-temperature magnetic
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susceptibility study of fully protonated a-Cu(dca)2(pyz) were pre-
viously reported [5], a 2D theoretical model to describe its mag-
netic behavior was proposed in that work which we deemed
inadequate. Herein, we find a-Cu(dca)2(pyz) to be an excellent
experimental realization of the spin-1/2 Heisenberg uniform chain
model on the basis of magnetic susceptibility, pulsed-field magne-
tization, inelastic neutron scattering, and lSR measurements as
well as spin dimer analysis of its spin exchange interactions and
QMC simulation of the magnetization. The results of these studies
will be described in the present work.

2. Experimental procedures

2.1. Sample preparation

Pure, polycrystalline samples of a-Cu(dca)2(pyz-h4) and
a-Cu(dca)2(pyz-d4) were prepared by the rapid precipitation of
aqueous solutions of Cu(NO3)2, Nadca, and either pyz-h4 or pyz-d4,
respectively. In a typical synthesis of a-Cu(dca)2(pyz-h4), 0.600 g
(2.58 mmol) of Cu(NO3)2�2.5H2O was dissolved in 5 mL of H2O
and quickly added, while stirring, to a 5-mL aqueous solution that
contained Nadca (0.482 g, 5.41 mmol) and pyz (0.207 g,
2.58 mmol). The result was immediate precipitation of the desired
blue–green product which was collected via suction filtration,
washed with ethanol, and dried in vacuo for 4 h. The a-phase
was obtained in 87% yield. Slow solvent evaporation of the filtrate
overnight yielded turquoise crystals of b-Cu(dca)2(pyz-h4) which
has a 2D layered structure. A similar, although scaled up, chemical
reaction was used to prepare a 5.5 g sample of a-Cu(dca)2(pyz-d4)
as required for the inelastic neutron scattering measurements.
Infrared spectroscopy and X-ray powder diffraction were used to
confirm the isostructural nature of the hydrogenated and deuter-
ated materials.

2.2. Bulk magnetic measurements

Isofield temperature-dependent measurements, M(T), were car-
ried out using a Quantum Design MPMS-5XL ac/dc SQUID magne-
tometer equipped with a 5-T superconducting magnet, a
continuous low-temperature option and RSO transport. Powdered
samples of hydrogenated a-Cu(dca)2(pyz-h4) and deuterated
a-Cu(dca)2(pyz-d4) were loaded into gelatin capsules and affixed
to the end of a carbon fiber rod. Each sample was cooled in zero-

field to a base temperature of 2 K, the magnet was charged to
0.1 T and magnetization data were collected upon warming to
room temperature. Careful comparison of these data for the
hydrogenated and deuterated samples revealed no discernable dif-
ferences. All data were corrected for core diamagnetism and tem-
perature-independent paramagnetism (vTIP = 60 � 10�6 emu/mol).

Isothermal magnetization measurements, M(B), were con-
ducted at the National High Magnetic Field Laboratory, Los Alamos,
NM, using a 65-T pulsed magnet. Small samples (�1–2 mg) were
loaded into conical-shaped ampoules and affixed to the end of a
probe. The probe was placed in a 3He cryostat where temperatures
as low as 0.5 K could be reached. The sample’s magnetization was
measured in situ by insertion into and extraction out of a compen-
sated coil. The magnet pulsed width was �100 ms, giving a magnet
rise time of �650 T/s.

2.3. Muon-spin relaxation

Zero-field and longitudinal-field lSR measurements were per-
formed on a polycrystalline sample of a-Cu(dca)2(pyz) using the
LTF and GPS instruments at the Swiss Muon Source, Paul Scherrer
Institute, Villigen, Switzerland. The measurements were made in
the time range 0 � t � 9.5 ls.

In a l+SR experiment spin-polarized positive muons are
stopped in a target sample, where the muon usually occupies an
interstitial position in the crystal [6]. The observed property in
the experiment is the time evolution of the muon spin polarization,
the behavior of which depends on the local magnetic field B at the
muon site. Each muon decays, with a lifetime of 2.2 ls, into two
neutrinos and a positron, the latter particle being emitted prefer-
entially along the instantaneous direction of the muon spin.
Recording the time dependence of the positron emission directions
therefore allows the determination of the spin polarization of the
ensemble of muons. In our experiments positrons are detected
by detectors placed forward and backward of the initial muon
polarization direction. The histograms NF(t) and NB(t) record the
number of positrons detected in the ‘‘forward” and ‘‘backward”
detectors as a function of time t following the muon implantation.
The quantity of interest is the decay positron asymmetry function,
defined as:

AðtÞ ¼ NFðtÞ � aNBðtÞ
NFðtÞ þ aNBðtÞ

ð1Þ

where a is an experimental calibration constant. A(t) is proportional
to the spin polarization of the muon ensemble.

2.4. Inelastic neutron scattering

Measurements were made on a polycrystalline sample of
a-Cu(dca)2(pyz-d4) using the cold-neutron disk-chopper spec-
trometer (DCS) with a wavelength of 4.8 Å at the NIST Center for
Neutron Research, Gaithersburg, MD [7]. For INS measurements
it is important to substitute H-atoms for deuterium in order to
remove the otherwise large incoherent scattering background im-
posed by H-atoms. The deuterated sample, which had a mass of
5.5 g, was loaded into a cylindrical vanadium can (0.9 cm width)
and sealed under a helium exchange gas. The can was mounted
on a stick and inserted into a dilution refrigerator equipped with
a 12-T superconducting magnet. Sample temperatures to as low
as 0.1 K were achieved and several data sets acquired at that tem-
perature for B = 0 and 4 T.

2.5. Quantum Monte Carlo simulations

The stochastic series expansion (SSE) method [8,9] is a finite-
temperature QMC technique based on importance sampling of
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