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We show that the quasi-one-dimensional organic ferromagnet 2-benzimidazolyl nitronyl nitroxide
(2-BIMNN) undergoes a phase transition to long-range magnetic order below T¢c=1.0(1) K. The intrachain
exchange interactions are J/kg=22 K and so the low-temperature ordering demonstrates the weakness of the
interchain interactions. Our electron-spin-resonance measurements provide further evidence for the one-
dimensional character of the magnetic fluctuations in 2-BIMNN and, using muon-spin rotation, we are able to
characterize the broad phase transition in the material. We discuss these results in the context of other spin-%
quasi-one-dimensional Heisenberg ferromagnets and demonstrate that 2-BIMNN is the best realization of a
one-dimensional Heisenberg ferromagnet among purely organic compounds yet discovered.
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Low-dimensional magnets, in particular, one-dimensional
compounds have attracted considerable attention as model
quantum-mechanical systems that can be used to test theories
of low-dimensional interactions.!?> For example, in a one-
dimensional Heisenberg magnet one may write the Hamil-
tonian H

HZ—]ESI"SJ'_J’E Si'Si" (1)
(i) (@i

where the first sum double counts intrachain interactions,
controlled by the intrachain exchange constant J, and the
second sum double counts interactions between the chains
controlled by the interchain exchange constant J'.

Organic and molecular magnets have recently become of
great interest to physicists and chemists’ and can be expected
to provide a wealth of opportunities for studying magnetic
chains. This is because both the intrachain and interchain
exchange interactions can be controlled, to some extent, us-
ing chemical modifications. Although there are many ex-
amples of spin—% antiferromagnetic chains, the number of
examples of spin—% ferromagnetic chains is much smaller.
The known examples include the copper salt tetramethylam-
monium copper trichloride (TMCuC) which orders at
1.2 K,*’ the y phase of para-nitrophenyl nitronyl nitroxide
(p-NPNN) which orders at 0.7 K (Refs. 6-8) and the
CuCl,-sulfoxide complexes which order below around
5 K.>"!! The nitronyl nitroxide route to organic magnetism is
particularly attractive for synthesizing organic magnets'>!3
since a variety of organic groups can be attached to the nit-
ronyl nitroxide neutral radical in order to produce different
crystal architectures which can favor or inhibit particular in-
termolecular interactions. We have focused on various sub-
stituted imidazolyl nitronyl nitroxides and identified the
compound 2-benzimidazolyl nitronyl nitroxide (2-BIMNN,
molecular structure shown in the inset to Fig. 3) which
shows ferromagnetic interactions.'* We note that the related
compound 2-imidazolyl nitronyl nitroxide (2-IMNN), which
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PACS number(s): 75.50.Xx, 76.75.+i, 75.10.Pq

only differs from 2-BIMNN by one benzene ring, shows an-
tiferromagnetic and not ferromagnetic interactions,'* thus
demonstrating the important role of crystal packing. These
compl(gunds can also be used in the preparation of radical ion
salts.

The neutral radical 2-BIMNN was prepared according to
the procedures reported in Ref. 16. The sample was charac-
terized by measuring magnetization isotherms up to 7 T and
magnetic susceptibility y over the temperature range from
1.8 to 300 K. As reported elsewhere (Ref. 14), susceptibility
data above 70 K fit to a Curie-Weiss law with a Weiss con-
stant #=+17 K, indicating ferromagnetic interactions. A
good fit down to a few Kelvin is obtained using the one-
dimensional Heisenberg ferromagnetic model (x'%) (Ref. 17)
with an intrachain exchange constant J/kg=22 K. Below 5
K, x exceeds x'¢, but by introducing a ferromagnetic inter-
chain coupling constant J’, the data could be successfully
fited using the mean-field'® expression x=x'¢/
(1-22J" 'Y/ Ng?u3) yielding zJ'/ky=+0.24 K.'

Crystals suitable for x-ray diffraction studies were grown
by slow evaporation of solvent. X-ray diffraction intensities
were recorded on a Rigaku AFC7R automatic four-circle dif-
fractometer with graphite monochromated Mo-K (A
=0.71069 A). Intensity data were corrected for Lorentz and
polarization effects but not for absorption. The crystal struc-
tures were solved by the direct methods and the positions of
H atoms were calculated. A full matrix least-squares refine-
ment was carried out, in which positions of non-H atoms
were treated with anisotropic thermal parameters and those
of H atoms were treated with isotropic parameters. Our de-
termined crystal structure is in agreement with an earlier
study' and is shown in Fig. 1. The stacking of molecules
along the ¢ direction, which provides relatively poor direct
overlap between singly occupied molecular orbitals on
neighboring molecules,” favors ferromagnetic chain behav-
ior in this compound.

The quasi-one-dimensional nature of magnetic interac-
tions is also observed in the angular dependences of the
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FIG. 2. Angular dependence of the peak-to-peak ESR linewidth
By, within the ac and bc planes at 292 K. The angle between the
one-dimensional chain axis (the ¢ axis) and the applied field is 6.
The open circles and crosses are experimental data and the solid
and dotted lines are fitted curves (see text).

temperatures down to 100 K show no marked change in
angular dependence (though B, decreases to less than one
gauss) so that the data at 292 K may be considered represen-
tative of the high-temperature limit.

Muon-spin rotation?> (u*SR) experiments can be particu-
larly effective at identifying three-dimensional ordering in
low-dimensional magnets since the signature of such order-
ing is unambiguous: a spontaneous precession of the muon-
spin-polarization observed in zero-field, see, e.g., Ref. 23.
This is in contrast to thermodynamic measurements, which
are heavily dominated by the effect of intrachain interactions
(for example, three-dimensional ordering in a very aniso-
tropic spin chain is associated with a tiny fraction of the total
entropy since, on cooling, very long correlated segments de-
& SN velop on individual chains in advance of the condensation of
b 2 2 long-range order®*). Our w*SR experiments were carried out
using the low-temperature facility at the Swiss Muon Source,
Paul Scherrer Institute, Switzerland. In our u*SR experi-
ment, spin-polarized positive muons (u*, momentum
28 MeV/c) were implanted into an array of very small crys-
tals of 2-BIMNN. The muons stop quickly (in <107 s)
without significant loss of spin-polarization. The observed
quantity is then the time evolution of the average muon-spin

FIG. 1. (Color online) The crystal structure of 2-BIMNN pro-
jected along the (a) a axis, (b) b axis, and (c) ¢ axis. The dotted
lines show the dominant hydrogen bonds.

X-band electron-spin-resonance (ESR) linewidth of single-
crystal samples of 2-BIMNN. The angular dependences of
the peak-to-peak linewidth, By, measured within the ac and
bc planes at 292 K are plotted in Fig. 2. The angular depen-
dences show maxima in By, whenever the applied field is
parallel to the ¢ axis and minima at angles of *=54° (i.e.,
where 3 cos? #—1=0). This behavior is characteristic of
magnetic systems where the correlation time 7, is governed
by diffusive dynamics at long times leading to 7.
~ [57@Dd7, where d is the effective dimensionality of the
system. This behavior was first invoked to describe the ex-
change narrowing observed in the antiferromagnetic chain
tetramethylammonium manganese trichloride.”! This model
of long-time diffusion, with d=1, leads to a prediction for
the peak-to-peak ESR linewidth (neglecting any contribution

from g-factor anisotropy) of B,,=.A3 cos? 6-1[*3+5, o0 . o ¢ (us) . >0 .
where A and B are constants, which provides a successful

description of our data as shown in Fig. 2. This provides FIG. 3. (Color online) Example w*SR spectra for 2-BIMNN
further evidence for the one-dimensional nature of the mag- measured above and below the magnetic transition at

netic fluctuation spectrum in 2-BIMNN. Measurements at Tc=1.0(1) K. Inset: the molecular structure of 2-BIMNN.
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FIG. 4. Temperature evolution of the properties of the u"SR
spectra for T<<T( from fits to Eq. (2). (a) Precession frequency (the
line is a guide to the eye); (b) amplitudes of the relaxing compo-
nents A; and A,; and (c) relaxation rates \ and o.

polarization P_(#), which can be inferred®? via the asymmetry
in the angular distribution of emitted decay positrons, param-
eterized by an asymmetry function A(#) proportional to P.(7).

Example w*SR spectra are presented in Fig. 3 and show
that a clear precession signal is observed at low temperature,
signifying the presence of long-range magnetic order. The
data are well described by the fitting function

A1) =Age™ cosQmt+ ) + Aje™ + Aze‘°2’2 +Apg,

()

where v is the muon precession frequency (equal to y,B/2m
with B the magnetic field at the muon site and y,=27
X 135.5 MHz T~!) and Ay, is the background contribution
from those muons that stop outside the sample. The first
term, with amplitude A, arises from those muons that stop in
positions of quasistatic magnetic order with their spin com-
ponents perpendicular to the local magnetic field at the muon
site (expected to be 2/3 of the total in a polycrystalline
sample). The contribution with amplitude A, arises from the
same muon sites but with muon-spin components oriented
parallel to the local magnetic field (accounting for the re-
maining 1/3 of the signal). The ratio was found to be
Ag/A;=2 as expected for a polycrystalline material. The
Gaussian signal with amplitude A, has a large relaxation rate
at the lowest measured temperatures and probably arises
from a class of muon sites with a range of large local mag-
netic fields. The observation of this large relaxing component
is common in molecular materials (see, e.g., Ref. 25), prob-
ably reflecting the variety of realized muon stopping states.

Fits to Eq. (2) reveal the temperature evolution of the
precession frequency which is shown in Fig. 4(a). Above
T=0.6 K the large damping of the oscillating signal causes it
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TABLE 1. Magnetic properties of selected one-dimensional
ferromagnets. DMSO=C,H¢SO, BBDTA=benzo[1,2—-d:
4,5-d']bis[1,3,2]dithiazole, TMSO=C4HgSO, and CHAC
=CgH||NH3CuCl;. Other abbreviations defined in the text.
B-BBDTA - GaBr, contains a mixture of ferromagnetic and antifer-
romagnetic chains but the latter can be ignored in the low-
temperature properties (Ref. 29). The interchain interactions for
each compound are also ferromagnetic, except for CuCl,(DMSO)
and CuCl,(TMSO) where they are antiferromagnetic.

Jky — Te
Compound Reference (K) (K) TclJ
y-NPNN 7 2.15  0.65 0.30
Me;NHCuCl; - 2H,0 28 085 0.165  0.19
CuCl,(DMSO) 9 and 10 45 4.8 0.11
B-BBDTA-GaBr, 29 435 0.4 0.09
CuCl,(TMSO) 9 and 10 39 3 0.08
CHAC 30 and 31 45-53 2.18 0.04-0.05
2-BIMNN This work 22 1.0 0.045
TMCuC 4,5,and 10 30,45 1.24 0.03-0.04

to become unresolvable. However, the lack of any discon-
tinuous change in either the shape of the relaxation or in the
amplitudes of the components of the signal suggests that the
ordering transition temperature is somewhat higher than
T=0.6 K. In fact, the shape of the spectra change more dra-
matically in the region 0.9=T=1.1 K with the spectra mea-
sured for T=1.1 K [Fig. 3] taking the form of a low-
amplitude, fast, initial relaxation which dominates the signal
at early times superposed on a large amplitude, slowly relax-
ing, Gaussian contribution. In fact, this is the typical
T>Tc spectrum observed in many molecular magnetic
materials.?>?%?7 The fast-relaxing component probably arises
due to the existence of paramagnetic muon-radical states.
The Gaussian contribution is characteristic of spin relaxation
due to a random quasistatic distribution of local magnetic
fields at diamagnetic muon sites (and is an approximation to
the expected Kubo-Toyabe relaxation??). In this temperature
regime fluctuations of the electronic moments are motionally
narrowed from the spectra, leaving only the contribution due
to the magnetic fields arising from the disordered quasistatic
nuclear magnetic moments surrounding the muon sites.

The T<T( temperature dependence of the amplitudes A,
and A, and the relaxation rates A and o are shown in Fig. 4,
where we see that A; increases with increasing temperature
while A, falls. We also observe that \; increases with in-
creasing 7 while the Gaussian relaxation rate o decreases. A
very similar situation is observed in muon spectra measured
in the ordered state of the quasi-one-dimensional S=1/2 an-
tiferromagnets CuX,(pyz)(X=Br,CI)® and for
Cu(HCO,),(pyz).?” The change in the components of the
spectra is most noticeable above 7=0.8 K making the tran-
sition region quite broad. However, by analogy with previous
muon measurements on molecular magnetic systems?®?’
(where a precession signal was observable up to T with
similar amplitude behavior) we assign the transition tempera-
ture to be the point where the relaxation first takes on the
high-temperature Gaussian form discussed above, giving us
a transition temperature T-=1.0(1) K.
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Our results on 2-BIMNN can be set in the context of other
quasi-one-dimensional ferromagnets which have been dis-
covered. The values of intrachain exchange constant J, three-
dimensional ordering transition temperature 7., and the ratio
T./J are listed in Table I. This latter quantity is a measure of
the one-dimensional nature of the ferromagnetism. It is
readily seen that 2-BIMNN is among the most strongly one-
dimensional of the ferromagnetic chains and holds the record
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among purely organic magnets (the other purely organic
compound in Table I, y-NPNN, has a ratio of 7,/J a factor of
six larger than that of 2-BIMNN).
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