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Weak ferromagnetism with very large canting in a chiral lattice: Fe„pyrimidine …2Cl2
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The transition metal coordination compound Fe(pyrimidine)2Cl2 crystallizes in a chiral lattice, space group
I4122 ~or I4322). Combined magnetization, Mo¨ssbauer spectroscopy, and powder neutron diffraction studies
reveal that it is a canted antiferromagnet belowTN56.4 K with an unusually large canting of the magnetic
moments of 14° from their general antiferromagnetic alignment, one of the largest reported to date. This results
in weak ferromagnetism with a ferromagnetic component of;1 mB . The large canting is due to the interplay
between the antiferromagnetic exchange interaction and the local single-ion anisotropy in the chiral lattice. The
magnetically ordered structure of Fe(pyrimidine)2Cl2, however, is not chiral. The implications of these find-
ings for the search of molecule based materials exhibiting chiral magnetic ordering are discussed.
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I. INTRODUCTION

In recent years, the interdisciplinary field of molecu
based magnetic materials has been the focus of very int
research efforts.1–5 These are directed towards synthesizi
new molecular building blocks and supermolecular agg
gates, which subsequently are subject to a detailed phy
characterization. Here, one major issue is to develop m
functional compounds that combine technologically relev
magnetic properties with other physical properties, such
conductivity6 or optical activity.7

In this framework, extensive efforts are undertaken to fi
chiral magnetic materials that exhibit magnetochiral dich
ism ~MChD!, a phenomenon first observed by Rikken a
Raupach in a chiral paramagnetic material.8 Large MChD is
expected in materials that combine chirality and magn
order. To date, however, there is no evidence for la
MChD, although a number of chiral magnetic materials ha
been reported.9

Recently, the magnetism of pyrimidine bridged transiti
metal complexes has been investigated in which pyrimid
(C4H4N2) plays the role of an antiferromagnetic couplin
unit.10–13 Interestingly, the halide complexe
T(pyrimidine)2X2 (T5CoII, X5Cl, Br; T5FeII, X5Cl)
possess a chiral three-dimensional network ofT ions and
exhibit weak ferromagnetism below about 5 K.14,15 The pre-
liminary analysis of magnetization measurements on th
compounds pointed to a very large canting and an assoc
large ferromagnetic component of the ordered moments
appeared possible that these compounds possess a
magnetically ordered structure which would be of great
terest in the framework of MChD.

In order to determine the magnetic structure and to elu
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date the origin of the large canting we performed magnet
tion measurements, Mo¨ssbauer spectroscopy and powd
neutron diffraction on Fe(pyrimidine)2Cl2. Here, we presen
a complete analysis of these data together with electro
structure calculations.

The basic result of our investigation is that, in spite of
chiral structure, Fe(pyrimidine)2Cl2 does not exhibit a chira
magnetic ordering but an exceptionally large canting of
magnetic moments of 14° from their general antiferroma
netic alignment. This canting is one of the largest reported
date. Weak ferromagnetic behavior is associated with
canting, resulting in a ferromagnetic component of 1mB .
We argue that in the present case the canting is due to
interplay between the antiferromagnetic exchange interac
and the local single-ion anisotropy. This implies that the c
ral symmetry is the origin of the large canting
Fe(pyrimidine)2Cl2. We discuss the general implications
our findings for studies in search of molecule based mater
exhibiting chiral magnetic ordering.

II. EXPERIMENTAL

Microcrystalline samples of Fe(pyrimidine)2Cl2 were ob-
tained by mixing aqueous solutions of FeII chloride~e.g., 10
mmol in 20 ml H2O) with the stoichiometric amount of py
rimidine. The resulting yellow precipitates were filtered a
washed thoroughly with H2O. Mössbauer data indicate th
presence of a secondary phase, which we identified
Fe(pyrimidine)Cl2. The volume amount of the seconda
phase increases with storage time of the samples. Whi
freshly prepared sample contained less than 2% secon
phase, about 22% secondary phase have been observed
same sample stored for three years under air~see below!.
©2004 The American Physical Society27-1
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This indicates that under such conditions Fe(pyrimidine)2Cl2
is unstable against the formation of Fe(pyrimidine)Cl2.

Magnetization measurements were carried out using
MPMS Squid magnetometer~Quantum Design!. Some 20
mg of freshly prepared sample was filled into a gelatine c
sule and dispersed in a small amount of mineral oil. At lo
temperature the oil freezes, preventing the sample gr
from moving in large applied fields. Similarity of the mag
netization curve for the dispersed powder sample with p
lished data for a pure sample15 shows that
Fe(pyrimidine)2Cl2 does not react with the mineral oil. I
contrast, dispersing Fe(pyrimidine)2Cl2 in ethanol leads to
immediate formation of Fe(pyrimidine)Cl2.

57Fe Mössbauer spectroscopy experiments have been
formed in a standard low-temperature Mo¨ssbauer setup a
temperatures ranging from 2.3 K to 300 K@source:
57Co-in-Rh matrix at room temperature; emission line h
width at half maximum: 0.130~2! mm/s#. The spectra have
been evaluated using the Mo¨ssbauer fitting program
RECOIL16 in the thin absorber approximation. AboveTN the
spectra were modeled as Lorentzian lines in the presenc
an electric-field gradient. BelowTN a diagonalization of the
full hyperfine Hamiltonian including electric quadrupole a
magnetic Zeeman interaction is used.17 From the eigenvalues
the energy of the resonance lines and from the eigenvec
the line intensities are obtained.

Neutron powder diffraction measurements were p
formed using the instrumentsE6 andE9 at the Berlin Neu-
tron Scattering Center. The instrumentE6 provides a high
neutron flux and medium resolution, is equipped with
20°-multichannel detector, and covers a range of scatte
angles up to about 100° at a neutron wavelength ol
52.448 Å. In contrast, the instrumentE9 is a low-flux high-
resolution powder diffractometer with an extended 2u range
up to 160° andl51.7964 Å. Therefore, the former wa
used for the study of magnetic Bragg reflections, while
latter was employed for checking the crystal structure at
temperatures. The nondeuterated sample was filled into
mm diameter vanadium can with 40 mm length, resulting
a sample volume of about 1.5 cm3. An absorption correction
for cylindrical samples was applied (mR50.94) to account
for the strong incoherent scattering from hydrogen. Dur
the refinement, no other but symmetry constraints were u
for the atom positional parameters. Therefore, the validity
the crystal structure model is proven by the correct geom
of the pyrimidine molecules determined in the refineme
The Rietveld refinement of the diffraction data was carr
out using theWINPLOTR/FULLPROF package.18

III. RESULTS

A. Crystal structure

The high-resolution powder neutron diffraction da
taken at 10 and 298 K on a freshly prepared sample, con
that Fe(pyrimidine)2Cl2 is isostructural to the Co analog fo
which single-crystal data are available.19 Both compounds
are tetragonal with the chiral space group no. 98,I4122 ~or
the enantiomorphicI4322). The lattice parameters fo
13442
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Fe(pyrimidine)2Cl2 are a5b57.3681(4) Å and c
520.339(1) Å at 10 K anda5b57.4292(4) Å andc
520.364(1) Å at 298 K. At 10 K, the Fe-N and Fe-Cl di
tances 2.256~22! and 2.396~16! Å are determined, respec
tively. Due to the significantly reduced intensity of the hig
angle Bragg reflections, the 298 K data are only of limit
quality and therefore will not be discussed further.

Figure 1 shows the high-resolution powder diffractio
pattern recorded at 10 K together with the result of the
etveld refinement and the difference between the calcula
and measured profiles. The large background signal mo
stems from the incoherent scattering from the hydrogen
oms. The thermal parameters were set equal for all atom
the same type, because the data quality did not allow fo
separate refinement for all nonequivalent atoms. The res
ing crystal structure is depicted in Fig. 2 and the structu
parameters are listed in Table I. No traces of any second
phase could be identified.

The crystal structure Fe(pyrimidine)2Cl2 consists of a
chiral three-dimensional network of Fe ions coordinated
two Cl and linked by pyrimidine molecules. Due to the 41
~or 43) screw axis, the local environment of two Fe ions
neighboring layersz and z11/4 is rotated by 90°. We will
discuss below that this specific feature of the crystal struc
of Fe(pyrimidine)2Cl2 can be regarded as the origin of th
large canting observed in the magnetically ordered state

In the local FeN4Cl2 geometry all nitrogen atoms of py
rimidine are equatorially coordinated. It was pointed ou13

FIG. 1. High-resolution neutron powder diffractogram
Fe(pyrimidine)2Cl2 measured at 10 K~1!. The wavelength was
1.7964 Å. The solid line through the data represents the result
Rietveld refinement of the structural model described in the te
The difference between the measured and calculated diffractog
is shown as solid line at the bottom of each panel. Vertical b
mark expected Bragg peak positions.
7-2
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that in this case antiferromagnetic correlations are expe
to be transferred through the pyrimidine molecule.

B. Magnetization

Figure 3 depicts theM vs H hysteresis curve of a freshl
prepared sample Fe(pyrimidine)2Cl2 measured at 1.8 K. On
increasing the field from zero, we observe an initial ste
increase of the magnetization in a low field region~a few 100
Oe! to a value much smaller than the full FeII moment. Sub-
sequently, a rounded crossover around 500 Oe is followe
an almost linear field dependence up to 55 kOe. On swee
the field down from 55 kOe, a weak hysteresis develops

FIG. 2. The crystal and magnetic structure
Fe(pyrimidine)2Cl2. Lower section: A view along thec axis, with
the positions of the 90° screw axes marked. The anglea559°
between the magnetic moments and the local electric-field grad
is also indicated~see text!.

TABLE I. Structural parameters of Fe(pyrimidine)2Cl2 at 10 K,
slightly above the magnetic transition. Space groupI4122 ~no. 98!,
a5b57.3681(4) Å,c520.339(1) Å. The occupancy is unity fo
all atoms. Quality of the refinement:Rp52.3%, Rwp53.2%,
Rexpected51.4%.

Atoma x/a y/b z/c B (Å2)

Fe (4b) 0 0 0 0.4~1!

Cl (8d) 0.229~2! 20.229(2) 0 0.2~1!

N (16g) 0.150~2! 0.165~2! 0.076~1! 0.3~1!

C1 (8f ) 0.066~3! 1/4 1/8 0.3~1!

C2 (16g) 0.337~3! 0.168~3! 0.075~1! 0.3
C3 (8f ) 0.431~3! 1/4 1/8 0.3
H1 (8f ) 20.087(7) 1/4 1/8 1.4~2!

H2 (16g) 0.393~5! 0.108~5! 0.032~2! 1.4
H3 (8f ) 0.579~7! 1/4 1/8 1.4

aMultiplicity and Wykoff letter.
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a sharp kink is observed aroundH50. Upon increasing tem-
perature the hysteresis in theM (H) curves is reduced and
vanishes above 6.4 K.

This behavior is typical for a weak ferromagnet, whe
the steep increase at lowH reflects the spontaneous magn
tization and the linear high-field behavior is due to the dom
nant antiferromagnetic interactions. The kink aroundH50
allows for an accurate determination of the spontane
magnetization. We obtain a value of 0.31(1)mB on the pow-
der average at 1.8 K. The coercitive field is sm
(;150 Oe), classifying Fe(pyrimidine)2Cl2 as a soft mag-
net.

Assuming that the ferromagnetic component in a giv
magnetic domain is pointing along a specific crystal dire
tion, the measured powder average of the spontaneous m
netization has to be multiplied by a factor of three to obta
the ferromagnetic moment along this axis. Then, from
magnetization we obtain a ferromagnetic component
0.93(3) mB per Fe ion in the canted antiferromagnetic sta
We will show in the following that this value is in full agree
ment with the combined Mo¨ssbauer spectroscopy and ne
tron diffraction results.

C. Mössbauer spectroscopy

In Fig. 4 we plot the Mo¨ssbauer spectra o
Fe(pyrimidine)2Cl2 at temperatures 2.3–300 K. In Fig. 4~a!
data are shown for a newly made sample, while in Fig. 4~b!
we display the spectra taken on the same sample after sto
for two years under air.

nt

FIG. 3. Hysteresis loop of Fe(pyrimidine)2Cl2 measured at 1.8
K; ~a! full hysteresis curve;~b! a blow-up of the low-field section.
7-3
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FIG. 4. Mössbauer spectra of Fe(pyrimidine)2Cl2 measured at various temperatures. The solid lines are fits to the data points. Th
sets~a! and ~b! were measured after different storage times of the sample, arrows in the left part of~b! mark the contribution from a
secondary phase~for details see text!.
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At room temperature, for the newly made sample we
serve a two line spectrum, resulting from a quadrupole sp
ting of QS53.11(1) mm/s and an isomer shift ofIS
51.03(1) mm/s~relative toa-iron foil! @Fig. 4~a! and Table
II #. These are typical values for high spin FeII.20 Upon low-
ering the temperature, and aboveTN , both QS and IS
slightly increase.

Below TN , at 3.8 K, for the newly made sample eig
separate absorption lines with an irregular intensity distri
tion are observed. As demonstrated by Ku¨ndig,21 such spec-
tra arise from the coexistence of an electric-field gradient
a hyperfine magnetic field (BHF) at the Fe nucleus, whos
main axes span an anglea. A fit to the data at 3.8 K based o
the diagonalization of the full hyperfine Hamiltonian inclu
ing electric quadrupole and magnetic Zeeman interaction
described in Ref. 21 yields values for the isomer shiftIS
51.16(1) mm/s, quadrupole splittingQS53.28(1) mm/s,
13442
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asymmetry parameterh5(Vxx2Vyy)/Vzz50.11(1), and the
magnetic hyperfine fieldBHF530.2(1) T. Moreover, from
the fit we determine the anglea between the direction of the
hyperfine magnetic field,BHF, and the main electric field
gradient componentVzz to 59(1)°.

After storage of the sample for two years under air
observe an additional two line spectrum resulting from qu
rupole splitting of a secondary phase@arrows in Fig. 4~b! for
15.2 K#. We have chemically isolated this secondary pha
and characterized it as Fe(pyrimidine)Cl2.22 A Mössbauer
study above 11 K on a single phase sample of this secon
phase reveals that it can be taken into account in a fit of
data on Fe(pyrimidine)2Cl2 using a quadrupole split set o
lines with QS51.73(1) mm/s andIS51.21(1) mm/s. In
Fig. 4~b! we illustrate the decomposition of the data into tw
components for the spectrum at 15.2 K by including t
separate absorption lines for the two chemical phases. F
7-4
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this procedure, the relative spectral weight of the second
phase is estimated to 14%. It increases to 22% after th
year storage.

The secondary phase exhibits magnetic long range o
below 11 K. Mössbauer spectra on Fe(pyrimidine)Cl2 mea-
sured between 2.5 and 9 K are successfully reproduced b
the full hyperfine Hamiltonian with nearly temperature ind
pendent hyperfine parameters.22 Therefore, the parameter s
evaluated at 3 K for Fe(pyrimidine)Cl2 was used to describ
the secondary phase signal in the measurements
Fe(pyrimidine)2Cl2 at 8.2 K and below. This way, we evalu
ate theT dependence of the parametersIS, QS, h, BHF, and
a for Fe(pyrimidine)2Cl2. The resulting fits and fit param
eters are included in Fig. 4~b! and Table II, respectively.

With our procedure, we nicely reproduce the spectra
Fe(pyrimidine)2Cl2 at temperatures down toTN as well as at
5.3 K and below@Fig. 4~b!#. The mismatch between fit an
data in the range fromTN down to;5.7 K reflects a distri-
bution of the transition temperatureTN of the main phase
Fe(pyrimidine)2Cl2. This is demonstrated for the spectru
taken at 6.4 K. Here, we had to assume that 50% of the m
phase volume is paramagnetic and 50% antiferromagn
cally ordered. The corresponding data decomposition
the full spectrum into the three components, one fr

TABLE II. Refined parameters from the Mo¨ssbauer spectra o
Fe(pyrimidine)2Cl2 between 300 and 2.3 K for the newly mad
sample (A) and after storage for two years (B). Parameters are th
isomer shiftIS, quadrupole splittingQS and belowTN the hyper-
fine field BHF , asymmetry parameterh and canting anglea, with
x2 as measure for the fit quality.

T ~K! IS @mm/s# QS @mm/s# h @ # BHF @T# a @°# x2

A
300 1.03~1! 3.11~1! 0 0 0 1.07
10.4 1.16~1! 3.27~1! 0 0 0 1.17
3.8 1.16~1! 3.28~1! 0.11~1! 30.2~1! 59~1! 1.35
B
15.2 1.16~1! 3.28~1! 0 0 0 1.47
10.3 1.16~1! 3.27~1! 0 0 0 4.7
8.2 1.16~1! 3.28~1! 0 0 0 8.5
7 1.18~1! 3.37~1! 0 0 0 27
6.5 1.16~1! 3.30~1! 0 0 0 1.19
6.4b 1.16~1! 3.34~1! 0 0 0 3.5
6.4b 1.16~1! 3.36~1! 0.1a 7.7~1! 59a 3.5
6.34 1.14~1! 3.30~3! 0.08~5! 11.5~1! 60~1! 1.19
6.3 1.14~1! 3.29~2! 0.09~5! 13.3~1! 59~1! 1.53
5.9 1.16a 3.26~1! 0.10a 19.7~1! 60~1! 13
5.7 1.16a 3.31~1! 0.08~3! 21.7~1! 60~1! 39
5.3 1.14~1! 3.33~2! 0.06~3! 23.4~1! 59~1! 1.73
4.3 1.15~1! 3.23~1! 0.10~1! 28.1~1! 59~1! 1.54
3.5 1.16~1! 3.25~3! 0.11~1! 30.2~1! 60~1! 1.06
3.3 1.16~1! 3.32~1! 0.10~1! 30.3~1! 59~1! 1.24
2.3 1.16~1! 3.33~1! 0.10~1! 31.5~1! 59~1! 1.01

aParameters fixed to stabilize fit.
bSpectrum at 6.4 K has been fitted assuming 50% antiferromag
cally ordered and 50% paramagnetic sample volume.
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paramagnetic and a second from antiferromagn
Fe(pyrimidine)2Cl2, plus a third from the secondary phas
is exemplified in Fig. 4~b!.

In consequence, fits of our Mo¨ssbauer spectra assuming
homogeneous antiferromagnetically ordered sample prop
reproduce the data well only as long as the hyperfine fi
BHF does not vary rapidly with temperature, i.e., sufficien
far belowTN . In contrast, close toTN the distribution of the
local hyperfine fieldsBHF causes a larger mismatch betwe
fit and data. These issues in mind, we find that within exp
mental resolutionIS, QS, h, and a are temperature inde
pendent belowTN . The temperature dependence ofBHF

2 is
displayed in Fig. 5.BHF

2 vanishes atTN;6.4 K and exhibits
a behavior typical for a magnetic second-order transition

To derive the spatial orientation of the magnetic mom
at the Fe site from the knowledge ofa, one needs to know
the orientation ofVzz with respect to the crystal lattice. Sinc
this cannot be determined experimentally from Mo¨ssbauer
experiments on a polycrystalline sample we performed e
tronic structure calculations as described in the followi
section.

D. Theoretical calculations

Electronic structure calculations were performed with
code based on a local basis set.23 Unrestricted Hartree-Fock
and density-functional calculations were performed for
periodic system. The functional was chosen as a hybrid fu
tional with a mixture of Fock exchange, a modification of t
Becke gradient corrected exchange functional, the Vos
Wilk-Nusair local correlation functional, and the gradie
corrected correlation potential by Lee, Yang, and Parr. T
combination has become one of the most popular den
functionals and is usually referred to as B3LYP.24

The basis functions were chosen as Gaussian type o
als. The iron basis set25 ~outermostd-exponent 0.4345! is of
the size@5s4p2d#, the chlorine basis set26 ~with oned ex-
ponent with value 0.5! of the size@5s4p1d#, carbon and
nitrogen basis sets27 of the size @3s2p1d#, and finally a

ti-

FIG. 5. Temperature dependence of the square of the hype
field BHF observed by Mo¨ssbauer spectroscopy~data setB of Table
II !, together with the integrated intensity of the~002! Bragg reflec-
tion, being proportional to the square of the ordered moment.
dashed line is a guide to the eye.
7-5
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@2s1p# hydrogen basis set28 was used. To test the stability o
the results, additional tight basis functions were added
the iron atoms and a diffusesp function~exponent 0.12! was
added at the nitrogen site to account for a better descrip
of this negatively charged atom. The results were, howe
found to be essentially stable with respect to the vari
basis sets. With these parameters, the Hartree-Fock or K
Sham equations for the antiferromagnetic~Néel-like! struc-
ture are solved self-consistently, and properties such
charge distributions and field gradients can be computed.
structural data used in the calculations are taken fr
Table I.

From the calculations, the charges were determined to
11.9 for Fe,21.0 for Cl, 20.8 for N, between 0 and10.7
for carbon, while the hydrogen atoms were found to
slightly positive charged~at most10.1). The spin on the Fe
site is 1.9, with a corresponding magnetic moment
4.0 mB , using ag factor of 2.13.15 Thus, there is momen
reduction by about 5% due to covalency effects. The mag
tude of the spin at the Cl, N, or C sites is less than 0.1
thus negligible, the spin at the hydrogen sites virtually ze
The electric field gradient at the Fe site has components
the value Vxx520.8, Vyy521.3, and Vzz52.131022

V/m2. These numbers have an uncertainty of the order
0.131022 V/m2. The asymmetry parameterh is especially
sensitive to this uncertainty and values in the range from
to 0.3 are obtained.

The second largest component of the tensor is ident
with the crystallographicc direction, the other two compo
nents lie perpendicular in the tetragonal basal plane and
rotated by645° with respect to thea axis. The largest com
ponent of the tensor points into the direction of the Cl atom
Therefore, the Fe-Cl bonds define the principal axis of
electric-field gradient measured in the Mo¨ssbauer spectros
copy experiments.

We compare the computed field gradient with the exp
mental value obtained from Mo¨ssbauer spectroscopy by co
verting according to the formulaQS5eQVzzc/2E0, with
E0514.4 keV and using the value of 0.16 barn for the qu
rupole momentQ.29 With these parameters, we obtain a co
putedQS53.5 mm/s which is in good agreement with th
experimental value.

E. Magnetic structure

In Fig. 6 we display the powder neutron diffractogram
taken at 1.6 and 7 K~i.e., well below and aboveTN), as well
as the difference of these two diffractograms, measured
freshly prepared sample~same sample as used for the crys
structure determination, Sec. III A!. The Rietveld refinemen
of these data was performed, using the positional parame
thermal factors and lattice constants from Table I, i.e., fr
the separate high-resolution diffraction experiment at 10
The only free parameters were line shape, background
scaling parameters. No additional structural information
obtained. There is no indication for any thermal variation
the structural parameters between 1.6 and 10 K.

The difference spectrum reveals additional Bragg inten
ties produced by the long-range magnetic ordering. All m
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netic reflections can be indexed on the basis of the crys
lographic unit cell. The ruleh1k1 l 5even for the observed
magnetic Bragg reflections (hkl) indicates that in the mag
netically ordered phase the body centering is conserved
number of observed magnetic Bragg reflections, nam
~002!, ~110!, ~114!, and ~202!, break the selection rules fo
the special position of Fe and therefore cannot be relate
any ferromagnetic component. In contrast, all observed m
netic Bragg reflections, but a possible~112!, can be repro-
duced assuming a simple antiferromagnetic ordering
tween moments in neighboring layersz and z11/4. The
presence and strength of the reflection (002) suggest tha
magnetic moments lie perpendicular to thec axis.

Initial refinements of the 1.6 K data based on a sim
antiferromagnetic structure showed already good agreem
and resulted in an ordered moment of roughly 4mB .15 How-
ever, the orientation of the moments within the basal plane
well as the angle and direction of canting can not be de
mined from these data. We wish to point out that the o
unambiguous signature of the ferromagnetic componen
the weak additional magnetic intensity expected at the~112!
position, which, however, is hidden in the noise of the e
perimental data. We therefore use the information from
Mössbauer spectroscopy to arrive at the final magnetic st
ture model.

With the principal axis of the electric-field gradient para
lel to the Fe-Cl bonds, as it was determined in the theoret
calculations, in the basic antiferromagnetic structure the m
ments have to be aligned parallel to thea axis in order to
enclose an identical angle with the local electric-field gra
ent at each Fe. To increase this angle from 45° to 59°—
observed in the Mo¨ssbauer experiment—either a canting
14° within the basal plane~along a8) or by 45° alongc
needs to be introduced. However, only a canting in the ba
plane gives a ferromagnetic component close to 1mB ,
whereas a canting alongc would require a ferromagnetic
component of 2.8mB . Comparing these values to the resu
from the magnetization measurements, the latter model
be ruled out. Therefore, for the final magnetic structu
model, the moments were confined to the basal plane and
canting angle 14° was fixed. The fit of this final model to t

FIG. 6. The two neutron powder diffractograms measured at
K ~belowTN) and 7.0 K~aboveTN) for Fe(pyrimidine)2Cl2, offset
for clarity, and the difference of the two diffractograms. The wav
length was 2.448 Å. The reflections are indexed on the basis of
crystallographic unit cell. The Rietveld refinements of all three d
sets are shown as lines through the corresponding data points
7-6



his
re
a

ig
a

en
e

e
m

nt
lt

ice
ag
o
in

/4
ty

-

th

n

r
c
in

f t
m
n
m
is
ue

pa

ve
io
h
n
-
ira
th
bo
ot
ts
he

-
pe-

x-
t the

Fe.
ld

ss
of

ins

riya

a

ne

Co

ic
gles

e

-
ous
-
not
al

ion

er

.
ed
en

g
s

ral
c

iral
e in

WEAK FERROMAGNETISM WITH VERY LARGE CANTING . . . PHYSICAL REVIEW B69, 134427 ~2004!
difference spectrum is shown in Fig. 6 as solid line. In t
fit, the only free parameter is the magnitude of the orde
moment. All other parameters, such as lattice constants
line shapes, are fixed by the Rietveld refinements of the h
resolution diffraction data and of the low-resolution nucle
Bragg pattern recorded at 7 K.

In view of the large background noise from the hydrog
incoherent scattering, the refinement gives good agreem
with the data (Rp50.114,Rwp50.137,Rexpected50.118 re-
ferring to the difference diffractogram!. The fit yields an or-
dered moment of 4.0(3)mB—in agreement with the abov
calculated full moment on the Fe—and a ferromagnetic co
ponent of 1.0(1)mB . The latter value is in good agreeme
with the magnetization data discussed above, which resu
in a ferromagnetic component of 0.93(3)mB per Fe ion in
the canted antiferromagnetic state.

The magnetic ordering breaks the symmetry of the latt
The 90° screw axis symmetry is lifted as well as the tetr
onal symmetry—the two basal-plane axes become n
equivalent. The magnetic structure can be represented
two-sublattice model with the magnetic space groupI1128
~special cell choice of space groupC2 with c as unique axis!
with one sublattice at (0,0,0) and the second at (1/2,0,1

The temperature dependence of the integrated intensi
the (002) Bragg reflection is included in Fig. 5. With a tem
perature independent canting anglea from the Mössbauer
study, the Bragg intensity is proportional to the square of
ordered moment, and thus to the hyperfine fieldBHF

2 . Figure
5 reveals a very good agreement between theT dependence
of BHF

2 and of the magnetic Bragg intensity i
Fe(pyrimidine)2Cl2, thus verifying the validity of our Mo¨ss-
bauer and neutron diffraction analysis. The quantities rep
sent the temperature dependence of the antiferromagneti
der parameter, decreasing continuously with ris
temperature and vanishing atTN56.4(2) K.

IV. DISCUSSION

The canting anglea559° –45°514° observed in the
present measurements is extremely large, actually one o
largest reported to date for any weak ferromagnetic co
pound. For example, weak ferromagnetism of Fe with a ca
ing angle of 16° has been reported for the intermetallic co
pound UFe4Al8. However, the ferromagnetic component
only 0.3mB per Fe in this compound and the canting is d
to an interaction between the U 5f and the Fe 3d electrons.30

Therefore, the physics of this compound is hardly com
rable to that of Fe(pyrimidine)2Cl2.

Large canting angles of 2° –7° have been also obser
in Gd2CuO4-type cuprates. For these materials, a correlat
between weak ferromagnetism and the crystal symmetry
been discussed in detail.31 We believe that such a correlatio
is also present in Fe(pyrimidine)2Cl2 and that the large cant
ing observed in this compound is a direct result of its ch
lattice symmetry. Due to this symmetry, the orientation of
local easy axis varies by 90° between nearest Fe neigh
linked by a pyrimidine molecule. Therefore, the local anis
ropy would favor a 90° alignment between the momen
However, the AFM interaction favors a 180° alignment. T
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actual angle 180°22a5152° between neighboring mo
ments therefore can be regarded as the result of the com
tition of the local anisotropy and the antiferromagnetic e
change. The final magnetic structure model suggests tha
local easy axis lies perpendicular toc and within the equa-
torial plane of the local coordination octahedron of each
Thus, it coincides with the axis of the smallest electric fie
gradient componentVxx calculated above. We may expre
this anisotropy as an additional term in the Hamiltonian
the system,

H5(
NN

@JSW 1•SW 21D~S1xS2y!#, ~1!

where the sum is over all pairs of nearest-neighbor sp
(SW 1 ,SW 2), SW j5(Sjx ,Sjy ,Sjz), andD,0. The resulting angle
a is related toD and J by D/J522sin2a. With the mea-
sureda we getD520.96J. If one would assign the canting
to a Dzyaloshinsky-Moriya type interaction,32–34 the
Dzyaloshinsky-Moriya vector was aligned alongc as ex-
pected for symmetry reasons and the Dzyaloshinsky-Mo
term would readD(S1xS2y2S1yS2x). The latter term of~1!
differs from the Dzyaloshinsky-Moriya term in leading to
canting towards specific axesx andy for S1 andS2, respec-
tively, rather than a canting within the tetragonal basal pla
in general.

It is interesting to note that magnetization data on the
analogs of the present compound, Co(pyrimidine)2Cl 2 and
Co(pyrimidine)2Br2,14 indicate even larger ferromagnet
components and therefore suggest even larger canting an
than in Fe(pyrimidine)2Cl2. Another example of such a larg
canting may be 3D-@Fe(N3)2(4,48-bpy)#, with bpy
54,48-bipyridine. A microcrystalline sample of this com
pound was recently reported to exhibit a large spontane
magnetization of 0.48mB per Fe tentatively ascribed to fer
romagnetic ordering while a canted structure was
excluded.35,36 This tetragonal compound also forms a chir
3D network structure, space groupP41212, which is closely
related to that of Fe(pyrimidine)2Cl2. The negative Curie-
Weiss temperature and the similarity of the magnetizat
data of 3D-@Fe(N3)2(4,48-bpy)# with that of the
T(pyrimidine)2X2 complexes suggests that also in the form
a canted antiferromagnetic state with a very large canting~of
roughly 20°) within the tetragonal basal plane is realized

To our knowledge, only few other molecule bas
magnets with chiral crystal structures have be
reported. The oxalato ~ox! based compound
@Co(2,28-bpy)3#@Co2(ox)3#ClO4 ~Ref. 37! exhibits
weak ferromagnetism with small cantin
(m fm50.009mB). The compounds of the serie
@ZII(2,28-bpy)3#@ClO4#@MIICrIII (ox)3#38 order ferro-
magnetically. Both systems crystallize in the cubic chi
space groupP4132. Another example is ferrimagneti
Mn(hfac)2NITPhOMe, crystallizing in space groupP31.39

The other compounds discussed in the framework of ch
magnetism are based on chiral constituents and crystalliz
noncentrosymmetric but achiral space groups, such asP1 or
P212121.9
7-7
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V. CONCLUSION

We have shown that Fe(pyrimidine)2Cl2 is a weak ferro-
magnet with low coercitive field but a very large ferroma
netic component of;1 mB , corresponding to a cantin
angle of 14°. This is one of the largest values reported
date. In a given magnetic domain, the antiferromagn
component of the moments is confined to thea axis, while
the canting occurs along the perpendicular directiona8. We
argued that the large canting in Fe(pyrimidine)2Cl2 is the
direct result of its chiral lattice symmetry leading to a co
petition between the antiferromagnetic exchange interac
and the local single-ion anisotropy. The appearance of c
ing rather than a chiral magnetic structure may be a gen
feature of the magnetic ordering in similar structures p
sessing 90° screw axes. This observation is of interes
view of the extensive efforts to produce a molecular mag
exhibiting chiral magnetic ordering. To date, both strateg
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