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Weak ferromagnetism with very large canting in a chiral lattice: Fe(pyrimidine ),Cl,
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The transition metal coordination compound Fe(pyrimidj@#) crystallizes in a chiral lattice, space group
14,22 (or 14522). Combined magnetization, Msbauer spectroscopy, and powder neutron diffraction studies
reveal that it is a canted antiferromagnet beldy~=6.4 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-af ug . 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(pyrimidip€),, 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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[. INTRODUCTION date the origin of the large canting we performed magnetiza-
tion measurements, Msbauer spectroscopy and powder
In recent years, the interdisciplinary field of molecule neutron diffraction on Fe(pyrimidineLl,. Here, we present
based magnetic materials has been the focus of very intengecomplete analysis of these data together with electronic
research efforts-® These are directed towards synthesizingstructure calculations.
new molecular building blocks and supermolecular aggre- The basic result of our investigation is that, in spite of its
gates, which subsequently are subject to a detailed physic&hiral structure, Fe(pyrimidingll, does not exhibit a chiral
characterization. Here, one major issue is to develop multimagnetic ordering but an exceptionally large canting of the
functional compounds that combine technologically relevanfnagnetic moments of 14° from their general antiferromag-
magnetic properties with other physical properties, such agetic alignment. This canting is one of the largest reported to
conductivity’ or optical activity’ date. Weak ferromagnetic behavior is associated with the
In this framework, extensive efforts are undertaken to findcanting, resulting in a ferromagnetic component of:4.
chiral magnetic materials that exhibit magnetochiral dichro-\We argue that in the present case the canting is due to the
ism (MChD), a phenomenon first observed by Rikken andinterplay between the antiferromagnetic exchange interaction
Raupach in a chiral paramagnetic matefiaarge MChD is ~ and the local single-ion anisotropy. This implies that the chi-
expected in materials that combine chirality and magnetid@l symmetry is the origin of the large canting in
order. To date, however, there is no evidence for largd-e(pPyrimidine}Cl,. We discuss the general implications of
MChD, although a number of chiral magnetic materials haveour findings for studies in search of molecule based materials

been reported. exhibiting chiral magnetic ordering.
Recently, the magnetism of pyrimidine bridged transition
metal complexes has been investigated in which pyrimidine Il EXPERIMENTAL

(C4H4N,) plays the role of an antiferromagnetic coupling
unit}®*®  Interestingly, = the  halide  complexes  Microcrystalline samples of Fe(pyrimiding}l, were ob-
T(pyrimidine),X, (T=Cd', X=ClI, Br; T=Fd', X=Cl)  tained by mixing aqueous solutions of'Fehloride (e.g., 10
possess a chiral three-dimensional networkTofons and mmol in 20 ml H,O) with the stoichiometric amount of py-
exhibit weak ferromagnetism below about 54> The pre-  rimidine. The resulting yellow precipitates were filtered and
liminary analysis of magnetization measurements on theseashed thoroughly with 0. Mossbauer data indicate the
compounds pointed to a very large canting and an associatgntesence of a secondary phase, which we identified as
large ferromagnetic component of the ordered moments. [Fe(pyrimidine)C}. The volume amount of the secondary
appeared possible that these compounds possess a chipdlase increases with storage time of the samples. While a
magnetically ordered structure which would be of great in-freshly prepared sample contained less than 2% secondary
terest in the framework of MChD. phase, about 22% secondary phase have been observed in the
In order to determine the magnetic structure and to elucisame sample stored for three years under(see below.

0163-1829/2004/693)/1344278)/$22.50 69 134427-1 ©2004 The American Physical Society



R. FEYERHERMet al. PHYSICAL REVIEW B 69, 134427 (2004

This indicates that under such conditions Fe(pyrimidj@)
is unstable against the formation of Fe(pyrimidine)CI

Magnetization measurements were carried out using an
MPMS Squid magnetometdQuantum Design Some 20
mg of freshly prepared sample was filled into a gelatine cap-
sule and dispersed in a small amount of mineral oil. At low
temperature the oil freezes, preventing the sample grains
from moving in large applied fields. Similarity of the mag-
netization curve for the dispersed powder sample with pub-
lished data for a pure sampfe shows that
Fe(pyrimidine}Cl, does not react with the mineral oil. In
contrast, dispersing Fe(pyrimidingl, in ethanol leads to
immediate formation of Fe(pyrimidine) £l

5’Fe Mossbauer spectroscopy experiments have been per-
formed in a standard low-temperature” $ébauer setup at
temperatures ranging from 2.3 K to 300 Ksource:
’Co-in-Rh matrix at room temperature; emission line half
width at half maximum: 0.13@) mm/s|. The spectra have

been evaluated using the “Ekbauer fitting program 0 | ok o st g bt
16 ; i imati T+ T "~ T * 1T "~ T * 1T ™ T 7

RECOIL™ in the thin absorber approximation. AboVg, the 0 80 9% 100 110 120 130 140

spectra were modeled as Lorentzian lines in the presence of 20 (deg.)

an electric-field gradient. Below, a diagonalization of the

full hyperfine Hamiltonian including electric quadrupole and  FIG. 1. High-resolution neutron powder diffractogram of

magnetic Zeeman interaction is usédirom the eigenvalues Fe(pyrimidineyCl, measured at 10 K+). The wavelength was

the energy of the resonance lines and from the eigenvectofis7964 A. The solid line through the data represents the result of a

the line intensities are obtained. Rietveld refinement of the structural model described in the text.
Neutron powder diffraction measurements were per-The difference between the measured and calculated diffractograms

formed using the instrumenf6 andE9 at the Berlin Neu- is shown as solid line at the bottom of each panel. Vertical bars

tron Scattering Center. The instrume®6 provides a high mark expected Bragg peak positions.

neutron flux and medium resolution, is equipped with a

20°-multichannel detector, and covers a range of Scatte“”ﬂe(pyrimidine)zCIz are a=b=7.3681(4) A and c

angles up to about 100° at a neutron wavelength\of =20.339(1) A at 10 K anda=b=7.4292(4) A andc

=2.448 A. In contrast, the instrumeB® is a low-flux high- =20.364(1) A at 298 K. At 10 K, the Fe-N and Fe-Cl dis-
resolution powder diffractometer with an extendegirange tancés 2.25@2) and 2 3.9616) A ,are determined, respec-

up to 160° and\=1.7964 A. Therefore, the former was .. - . . .
used for the study of magnetic Bragg reflections, while thetlvely. Due to the significantly reduced intensity of the high

latter was employed for checking the crystal structure at Iov\fmgl.e Bragg reflectlons_, the 298 K data are only of limited
temperatures. The nondeuterated sample was filled into aq,ual_ny and therefore wil not be dlsc_ussed further._ .

mm diameter vanadium can with 40 mm length, resulting in " '9uré 1 shows the high-resolution powder diffraction
a sample volume of about 1.5 &mAn absorption correction pattern re_corded at 10 K together with the result of the Ri-
for cylindrical samples was applieguR=0.94) to account etveld refinement a.nd the difference between thg calculated
for the strong incoherent scattering from hydrogen. During@"d measured profiles. The large background signal mostly
the refinement, no other but symmetry constraints were usedfems from the incoherent scattering from the hydrogen at-
for the atom positional parameters. Therefore, the validity ofms. The thermal parameters were set equal for all atoms of
the crystal structure model is proven by the correct geometrjhe same type, because the data quality did not allow for a
of the pyrimidine molecules determined in the refinementseparate refinement for all nonequivalent atoms. The result-

The Rietveld refinement of the diffraction data was carriedng crystal structure is depicted in Fig. 2 and the structural
out using thewINPLOTR/FULLPROF package® parameters are listed in Table I. No traces of any secondary

phase could be identified.
The crystal structure Fe(pyrimiding}l, consists of a

IIl. RESULTS chiral three-dimensional network of Fe ions coordinated by
two CI and linked by pyrimidine molecules. Due to the 4
(or 43) screw axis, the local environment of two Fe ions in

The high-resolution powder neutron diffraction data, neighboring layerz andz+1/4 is rotated by 90°. We will
taken at 10 and 298 K on a freshly prepared sample, confirrdiscuss below that this specific feature of the crystal structure
that Fe(pyrimidine)Cl, is isostructural to the Co analog for of Fe(pyrimidine}Cl, can be regarded as the origin of the
which single-crystal data are availaBfeBoth compounds large canting observed in the magnetically ordered state.
are tetragonal with the chiral space group no. 19822 (or In the local FeNCI, geometry all nitrogen atoms of py-
the enantiomorphicl4;22). The lattice parameters for rimidine are equatorially coordinated. It was pointed'dut

Intensity (arb. units)

Intensity (arb. units)

A. Crystal structure
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FIG. 2. The crystal and magnetic structure of 1
-0.2 1

Fe(pyrimidine}Cl,. Lower section: A view along the axis, with ]
the positions of the 90° screw axes marked. The angte59° 034
between the magnetic moments and the local electric-field gradient
is also indicatedsee texk
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that in this case antiferromagnetic correlations are expected ) o
K; (a) full hysteresis curve(b) a blow-up of the low-field section.

a sharp kink is observed arouhtl=0. Upon increasing tem-

) ) _ perature the hysteresis in tihd(H) curves is reduced and
Figure 3 depicts thé/ vs H hysteresis curve of a freshly \anishes above 6.4 K.

prepared sample Fe(pyrimiding)l, measured at 1.8 K. On  Thjs behavior is typical for a weak ferromagnet, where

increasing the field from zero, we observe an initial steepne steep increase at lom reflects the spontaneous magne-

increase of the magnetization in a low field regiarfew 100 tjzation and the linear high-field behavior is due to the domi-

Oe) to a value much smaller than the full'Fenoment. Sub-  nant antiferromagnetic interactions. The kink arouse:0

sequently, a rounded crossover around 500 Oe is followed byjiows for an accurate determination of the spontaneous

an almost linear field dependence up to 55 kOe. On Sweepi%agnetization. We obtain a value of 0.31(i&} on the pow-

the field down from 55 kOe, a weak hysteresis develops anggr average at 1.8 K. The coercitive field is small

(~150 Oe), classifying Fe(pyrimidingll, as a soft mag-

TABLE I. Structural parameters of Fe(pyrimidin€)l, at 10 K, net.

slightly above the magnetic transition. Space gro4g®22 (no. 99, Assuming that the ferromagnetic component in a given

a=b=7.3681(4) A,c=20.339(1) A. The occupancy is unity for magnetic domain is pointing along a specific crystal direc-

all atoms. Quality of the refinemenR,=2.3%, R,,=3.2%, tion, the measured powder average of the spontaneous mag-

B. Magnetization

Rexpected 1.4%. netization has to be multiplied by a factor of three to obtain
the ferromagnetic moment along this axis. Then, from the

Atom? x/a y/b zc B (A% magnetization we obtain a ferromagnetic component of

Fe (4b) 0 0 0 0.41) \(/)\./93(;’“) ,uhB per Fr? i?n”in the cr?nter(]j_ antirerrqmag];cnltlatic state.

cl (8d) 0.2292) —0.229(2) 0 0.21) e will show in the following that this value is in full agree-
ment with the combined Mssbauer spectroscopy and neu-

N (160) 0.15a2) 0.1652) 0.0761) 0.3(1) tron diffraction results

C1 (8f) 0.06G3) 1/4 1/8 0.31) ’

gg 5513?)3) 822;3 0'116/32{3) 0'017;1) %z C. Mossbauer spectroscopy

H1 (8f) —0.087(7) 1/4 1/8 1®) In Fig. 4 we plot the Mssbauer spectra of

H2 (16g) 0.3935) 0.1085) 0.0322) 1.4 Fe(pyrimidine}Cl, at temperatures 2.3—300 K. In Fig.af

H3 (8f) 0.5797) 1/4 1/8 1.4 data are shown for a newly made sample, while in Fib) 4
we display the spectra taken on the same sample after storage

Multiplicity and Wykoff letter. for two years under air.
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FIG. 4. Mcssbauer spectra of Fe(pyrimidin€), measured at various temperatures. The solid lines are fits to the data points. The data
sets(a) and (b) were measured after different storage times of the sample, arrows in the left pdt mbrk the contribution from a
secondary phasgor details see text

At room temperature, for the newly made sample we ob-asymmetry parametej= (V,,—Vyy)/V,,=0.11(1), and the
serve a two line spectrum, resulting from a quadrupole splitmagnetic hyperfine field,=30.2(1) T. Moreover, from
ting of QS=3.11(1) mm/s and an isomer shift diS the fit we determine the angte between the direction of the
=1.03(1) mm/drelative toa-iron foil) [Fig. 4a) and Table hyperfine magnetic fieldB,z, and the main electric field
Il]. These are typical values for high spin"E€ Upon low-  gradient componen¥,, to 59(1)°.
ering the temperature, and abovg;, both QS and IS After storage of the sample for two years under air we
slightly increase. observe an additional two line spectrum resulting from quad-

Below Ty, at 3.8 K, for the newly made sample eight rupole splitting of a secondary phaserows in Fig. 4b) for
separate absorption lines with an irregular intensity distribu45.2 K]. We have chemically isolated this secondary phase
tion are observed. As demonstrated bynklig?* such spec- and characterized it as Fe(pyrimidine)&f A Mossbauer
tra arise from the coexistence of an electric-field gradient andtudy above 11 K on a single phase sample of this secondary
a hyperfine magnetic fieldByr) at the Fe nucleus, whose phase reveals that it can be taken into account in a fit of the
main axes span an angle A fit to the data at 3.8 K based on data on Fe(pyrimiding)Cl, using a quadrupole split set of
the diagonalization of the full hyperfine Hamiltonian includ- lines with QS=1.73(1) mm/s andS=1.21(1) mm/s. In
ing electric quadrupole and magnetic Zeeman interaction abkig. 4(b) we illustrate the decomposition of the data into two
described in Ref. 21 yields values for the isomer sh8t components for the spectrum at 15.2 K by including the
=1.16(1) mm/s, quadrupole splittin@S=3.28(1) mm/s, separate absorption lines for the two chemical phases. From
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TABLE II. Refined parameters from the Msbauer spectra on T T T T T T T T

Fe(pyrimidine}Cl, between 300 and 2.3 K for the newly made
sample A) and after storage for two yearB). Parameters are the g 2000 T fui, % 41000
isomer shiftlS, quadrupole splittind S and belowTy the hyper- =
fine field By, asymmetry parametej and canting angler, with ) 15004 ® PND }D{
x? as measure for the fit quality. %’ O MoéBbauer i &

2 ‘ "
TK ISmmg QS[mmig #[] Bue (Tl al] x* 3 ) % 0
A Eﬂ 500 - ﬁ
300 1.031) 3.11(1) 0 0 0 107 = (002) reflection ﬁ
104  1.161) 3.271) 0 0 0 117 0 %i ------ lu 0
3.8 1.161)  3.281) 0.111) 30.21) 5%1) 1.35 o 1 2 3 4 5 6 71 8
B T®
182 1'161) 3.281) 0 0 0 L47 FIG. 5. Temperature dependence of the square of the hyperfine

. .161) 3.271) 0 0 0 4.7 ] -

8.2 1.161) 3.281) 0 0 0 85 field By obser_ved by_ Mssbauer_spect_roscopgiata seB of Table

I), together with the integrated intensity of tf@2 Bragg reflec-
7 1.181) 3.371) 0 0 0 27 tion, being proportional to the square of the ordered moment. The
6.5 1.161) 3.301) 0 0 0 119 dashed line is a guide to the eye.
6.4  1.161) 3.341) 0 0 0 35
6.4 1.161) 3.361) 0.1° 7.71) 59" 35 paramagnetic and a second from antiferromagnetic
6.34 1.141) 3.303)  0.085 11.51) 60(1) 1.19 Fe(pyrimidine}Cl,, plus a third from the secondary phase,
6.3 1.141) 3.292) 0.095) 13.31) 591) 1.53 is exemplified in Fig. &).
5.9 116 3.261)  010' 1971 601) 13 In consequence, fits of our \8ebauer spectra assuming a
5.7 1.16° 3311 0.083) 21.71) 601) 39  homogeneous antiferromagnetically ordered sample properly
5.3 1.141) 3332 0.063) 2341 591) 1.73  reproduce the data well only as long as the hyperfine field
4.3 1.181) 3231 0101 2811 591 154 By does not vary rapidly with temperature, i.e., sufficiently
3.5 1.161) 3.253) 0.1X1) 30.21) 60(1) 1.06 far belowTy. In contrast, close tdy the distribution of the
33 1.181) 3.321) 0.101) 30.31) 591 124 local hyperfine field8ye causes a larger mismatch between
2.3 1.161) 3331 0.101) 3151 591 1.01 fitand data. These issues in mind, we find that within experi-

3Parameters fixed to stabilize fit.

bSpectrum at 6.4 K has been fitted assuming 50% antiferromagnet

cally ordered and 50% paramagnetic sample volume.

year storage.

below 11 K. Massbauer spectra on Fe(pyrimidine) @hea-

mental resolutionS, QS, », and « are temperature inde-
pendent belowl . The temperature dependencel?.ﬁF is
Hisplayed in Fig. SBﬁ|F vanishes affy~6.4 K and exhibits

a behavior typical for a magnetic second-order transition.
To derive the spatial orientation of the magnetic moment
this procedure, the relative spectral weight of the secondaryt the Fe site from the knowledge af one needs to know
phase is estimated to 14%. It increases to 22% after threge orientation ol,, with respect to the crystal lattice. Since
this cannot be determined experimentally from sdbauer
The secondary phase exhibits magnetic long range ordesxperiments on a polycrystalline sample we performed elec-

sured between 2.5 dm K are successfully reproduced by section.
the full hyperfine Hamiltonian with nearly temperature inde-
pendent hyperfine parametéfsTherefore, the parameter set

tronic structure calculations as described in the following

evaluated 83 K for Fe(pyrimidine) C} was used to describe D. Theoretical calculations

the secondary phase signal in the measurements on Electronic structure calculations were performed with a
Fe(pyrimidine}Cl, at 8.2 K and below. This way, we evalu- code based on a local basis $€Unrestricted Hartree-Fock
ate theT dependence of the paramete®s QS, #, Byg, and  and density-functional calculations were performed for the
a for Fe(pyrimidine}Cl,. The resulting fits and fit param- periodic system. The functional was chosen as a hybrid func-
eters are included in Fig.(d) and Table I, respectively. tional with a mixture of Fock exchange, a modification of the
With our procedure, we nicely reproduce the spectra orBecke gradient corrected exchange functional, the Vosko-
Fe(pyrimidine}Cl, at temperatures down i as well as at  Wilk-Nusair local correlation functional, and the gradient
5.3 K and below[Fig. 4(b)]. The mismatch between fit and corrected correlation potential by Lee, Yang, and Parr. This
data in the range froriy down to~5.7 K reflects a distri- combination has become one of the most popular density
bution of the transition temperatufB, of the main phase functionals and is usually referred to as B3L¥P.
Fe(pyrimidine}Cl,. This is demonstrated for the spectrum  The basis functions were chosen as Gaussian type orbit-
taken at 6.4 K. Here, we had to assume that 50% of the maials. The iron basis §ét(outermosid-exponent 0.4345is of
phase volume is paramagnetic and 50% antiferromagnetthe size[5s4p2d], the chlorine basis s&t(with oned ex-
cally ordered. The corresponding data decomposition oponent with value 0)of the size[5s4pld], carbon and
the full spectrum into the three components, one fromnitrogen basis set§ of the size[3s2pld], and finally a
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[2s1p] hydrogen basis s&twas used. To test the stability of 14}
the results, additional tight basis functions were added for — —>f4°°
the iron atoms and a diffusgp function (exponent 0.1pwas % 103 - 300
added at the nitrogen site to account for a better description g 002 101 110112 202[

of this negatively charged atom. The results were, however, g leg 7oK 1,05/ 20
found to be essentially stable with respect to the various §

basis sets. With these parameters, the Hartree-Fock or Kohn- g 107

Sham equations for the antiferromagnefieel-like) struc- “ 0-

ture are solved self-consistently, and properties such as ' ' !

charge distributions and field gradients can be computed. The 10 2'0 3'0 4'0
structural data used in the calculations are taken from 20 (deg.)

Table I.

From the calculations, the charges were determined to be FIG. 6. The two neutron powder diffractograms measured at 1.6
+1.9 for Fe,— 1.0 for Cl, —0.8 for N, between 0 ane-0.7 K (belowTy) and 7.0 K(aboveT,) for Fe(pyrimidine)Cl,, offset
for carbon, while the hydrogen atoms were found to pfor clarity, and the difference of_the two (_jif'fractograms. The_wave-
slightly positive chargedat most+0.1). The spin on the Fe length was 2.448 A The reflect!ons are |r)dexed on the basis of the
site is 1.9, with a corresponding magnetic moment o]d:rystallographlc unlt_cell. The Rietveld reflnemen_ts of all thre_e data
4.0 ug, using ag factor of 2.13'° Thus, there is moment sets are shown as lines through the corresponding data points.
reduction by about 5% due to covalency effects. The magninetic reflections can be indexed on the basis of the crystal-
tude of the spin at the CI, N, or C sites is less than 0.1 angbgraphic unit cell. The rulé+k+ | =even for the observed
thus negligible, the spin at the hydrogen sites virtually zeromagnetic Bragg reflectionshkl) indicates that in the mag-
The electric field gradient at the Fe site has components Withetically ordered phase the body centering is conserved. A
the value V,,=-08, Vy,,=-1.3, and V,,=2.1X10%  pumber of observed magnetic Bragg reflections, namely,
V/m?. These numbers have an uncertainty of the order 0f002), (110, (114), and (202, break the selection rules for
0.1X 107 V/m?. The asymmetry parametey is especially  the special position of Fe and therefore cannot be related to
sensitive to this uncertainty and values in the range from 0.hny ferromagnetic component. In contrast, all observed mag-
to 0.3 are obtained. netic Bragg reflections, but a possill&12), can be repro-

The second largest component of the tensor is identicajuced assuming a simple antiferromagnetic ordering be-
with the crystallographic direction, the other two compo- tween moments in neighboring layersand z+1/4. The
nents lie perpendicular in the tetragonal basal plane and afgesence and strength of the reflection (002) suggest that the
rotated by=45° with respect to the axis. The largest com- magnetic moments lie perpendicular to thexis.
ponent of the tensor points into the direction of the Cl atoms. |nitial refinements of the 1.6 K data based on a simple
Therefore, the Fe-Cl bonds define the principal axis of theantiferromagnetic structure showed already good agreement
electric-field gradient measured in the 8&bauer spectros- gnd resulted in an ordered moment of roughly.4.*® How-
copy experiments. ever, the orientation of the moments within the basal plane as

We compare the computed field gradient with the experiwell as the angle and direction of canting can not be deter-
mental value obtained from Msbauer spectroscopy by con- mined from these data. We wish to point out that the only
verting according to the formul®S=eQV,£/2E,, with  ynambiguous signature of the ferromagnetic component is
Eo=14.4 keV and using the value of 0.16 barn for the quadthe weak additional magnetic intensity expected at(iHe)
rupole momenQ.?® With these parameters, we obtain a com-position, which, however, is hidden in the noise of the ex-
puted QS= 3.5 mm/s which is in good agreement with the perimental data. We therefore use the information from the
experimental value. Mossbauer spectroscopy to arrive at the final magnetic struc-
ture model.

With the principal axis of the electric-field gradient paral-
lel to the Fe-Cl bonds, as it was determined in the theoretical

In Fig. 6 we display the powder neutron diffractogramscalculations, in the basic antiferromagnetic structure the mo-
taken at 1.6 and 7 Ki.e., well below and abové,), as well ments have to be aligned parallel to theaxis in order to
as the difference of these two diffractograms, measured on @nclose an identical angle with the local electric-field gradi-
freshly prepared sampleame sample as used for the crystalent at each Fe. To increase this angle from 45° to 59°—as
structure determination, Sec. II)AThe Rietveld refinement observed in the Mssbauer experiment—either a canting by
of these data was performed, using the positional parameters4° within the basal planéalonga’) or by 45° alongc
thermal factors and lattice constants from Table |, i.e., fromneeds to be introduced. However, only a canting in the basal
the separate high-resolution diffraction experiment at 10 Kplane gives a ferromagnetic component close tqugl
The only free parameters were line shape, background anghereas a canting along would require a ferromagnetic
scaling parameters. No additional structural information iscomponent of 2.8.5. Comparing these values to the results
obtained. There is no indication for any thermal variation offrom the magnetization measurements, the latter model can
the structural parameters between 1.6 and 10 K. be ruled out. Therefore, for the final magnetic structure

The difference spectrum reveals additional Bragg intensimodel, the moments were confined to the basal plane and the
ties produced by the long-range magnetic ordering. All mageanting angle 14° was fixed. The fit of this final model to the

E. Magnetic structure
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difference spectrum is shown in Fig. 6 as solid line. In thisactual angle 180*2«a=152° between neighboring mo-

fit, the only free parameter is the magnitude of the orderedanents therefore can be regarded as the result of the compe-
moment. All other parameters, such as lattice constants artition of the local anisotropy and the antiferromagnetic ex-
line shapes, are fixed by the Rietveld refinements of the highehange. The final magnetic structure model suggests that the
resolution diffraction data and of the low-resolution nuclearlocal easy axis lies perpendicular ¢cand within the equa-
Bragg pattern recorded at 7 K. torial plane of the local coordination octahedron of each Fe.

In view of the large background noise from the hydrogenThus, it coincides with the axis of the smallest electric field
incoherent scattering, the refinement gives good agreemegtadient componen¥,, calculated above. We may express
with the data R,=0.114,R,,,=0.137,Reypecteq 0-118 re-  this anisotropy as an additional term in the Hamiltonian of
ferring to the difference diffractogramThe fit yields an or-  the system,
dered moment of 4.0(3z—in agreement with the above
calculated full moment on the Fe—and a ferromagnetic com- L
ponent of 1.0(1)ug. The latter value is in good agreement H=E [JS;-S;+D(S1xSyy)1, D
with the magnetization data discussed above, which resulted NN
in a ferromagnetic component of 0.93(&) per Fe ion in ) ) . )
the canted antiferromagnetic state. wpe[e th? sum is over all pairs of nearest-neighbor spins

The magnetic ordering breaks the symmetry of the lattice(S;,S,), S;=(Six,Sjy,S;;), andD<0. The resulting angle
The 90° screw axis symmetry is lifted as well as the tetrag« is related toD andJ by D/J=—2sin2x. With the mea-
onal symmetry—the two basal-plane axes become nonsureda we getD= —0.96]. If one would assign the canting
equivalent. The magnetic structure can be represented inta a Dzyaloshinsky-Moriya type interactidh,®* the
two-sublattice model with the magnetic space groap2 Dzyaloshinsky-Moriya vector was aligned alomgas ex-
(special cell choice of space gro@2 with ¢ as unique axijs  pected for symmetry reasons and the Dzyaloshinsky-Moriya
with one sublattice at (0,0,0) and the second at (1/2,0,1/4)term would readD(S,,S,y— S1yS,4). The latter term of1)

The temperature dependence of the integrated intensity dfiffers from the Dzyaloshinsky-Moriya term in leading to a
the (002) Bragg reflection is included in Fig. 5. With a tem- canting towards specific axesandy for S; andS,, respec-
perature independent canting angtefrom the Mcasbauer tively, rather than a canting within the tetragonal basal plane
study, the Bragg intensity is proportional to the square of thén general.
ordered moment, and thus to the hyperfine ﬂaﬁ_ Figure It is interesting to note that magnetization data on the Co
5 reveals a very good agreement betweenTtiiependence analogs of the present compound, Co(pyrimidy@) and
of Bﬁp and of the magnetic Bragg intensity in Co(pyrimidine),Br,,'* indicate even larger ferromagnetic
Fe(pyrimidine)Cl,, thus verifying the validity of our Mss- ~ cOmponents a.nd. therefore suggest even larger canting angles
bauer and neutron diffraction analysis. The quantities reprethan in Fe(pyrimidinejCl,. Another example of such a large
sent the temperature dependence of the antiferromagnetic gianting may be 3DFe(Ns),(4,4'-bpy)], with bpy

der parameter, decreasing continuously with rising=4.4-bipyridine. A microcrystalline sample of this com-
temperature and vanishing &t,=6.4(2) K. pound was recently reported to exhibit a large spontaneous

magnetization of 0.4&.z per Fe tentatively ascribed to fer-
romagnetic ordering while a canted structure was not
excluded®® This tetragonal compound also forms a chiral
The canting anglea=59°-45°=14° observed in the 3D network structure, space grotd,2,2, which is closely
present measurements is extremely large, actually one of thelated to that of Fe(pyrimidingll,. The negative Curie-
largest reported to date for any weak ferromagnetic comWeiss temperature and the similarity of the magnetization
pound. For example, weak ferromagnetism of Fe with a cantdata of 3DfFe(N;),(4,4'-bpy)] with that of the
ing angle of 16° has been reported for the intermetallic comT(pyrimidine), X, complexes suggests that also in the former
pound UFgAls. However, the ferromagnetic component is a canted antiferromagnetic state with a very large car{ping
only 0.3 ug per Fe in this compound and the canting is dueroughly 20°) within the tetragonal basal plane is realized.
to an interaction between the U &nd the Fe 8 electrons® To our knowledge, only few other molecule based
Therefore, the physics of this compound is hardly compamagnets with chiral crystal structures have been
rable to that of Fe(pyrimidingLl,. reported. The oxalato (ox) based compound
Large canting angles of 2°—7° have been also observefdCo(2,2-bpy);][Co,(0x)3]CIO, (Ref. 37  exhibits
in Gd,CuQy-type cuprates. For these materials, a correlatiorweak ferromagnetism with small canting
between weak ferromagnetism and the crystal symmetry hagss,=0.009ug). The compounds of the series
been discussed in detdilWe believe that such a correlation [Z"(2,2'-bpy)s][ClIOJ[M"Cr" (0x)3]%®  order  ferro-
is also present in Fe(pyrimiding}l, and that the large cant- magnetically. Both systems crystallize in the cubic chiral
ing observed in this compound is a direct result of its chiralspace groupP4,32. Another example is ferrimagnetic
lattice symmetry. Due to this symmetry, the orientation of theMn(hfac),NITPhOMe, crystallizing in space group3,.%
local easy axis varies by 90° between nearest Fe neighboiithe other compounds discussed in the framework of chiral
linked by a pyrimidine molecule. Therefore, the local anisot-magnetism are based on chiral constituents and crystallize in
ropy would favor a 90° alignment between the momentsnoncentrosymmetric but achiral space groups, sudhlasr
However, the AFM interaction favors a 180° alignment. TheP2,2,2,.°

IV. DISCUSSION
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V. CONCLUSION crystallizing (i) achiral constituents in a chiral lattice afid
chiral constituents in non-centrosymmetric but achiral lat-

We have shown that Fe(pyrimidingl, is a weak fero- o0 qig ot Jead to chiral magnetic ordering.

magnet with low coercitive field but a very large ferromag- Most of these compounds possess 90° or 180° screw
netic component of~1 ug, corresponding to a canting P P

L axes. These lead toa90° or to no alteration at all, respec-
angle of 14°. This is one of the largest values reported t P

date. In a given magnetic domain, the antiferromagnetiglvely’ of the local anisotropy along the screw axes and thus

component of the moments is confined to thaxis. while to not necessarily support any chirality of the ordered mag-

the (?anting oceurs along the perpendicular direcﬁOnWe netic structure. Local anisotropy supporting chiral magnetic
T U . ordering therefore appears more likely in chiral trigonal/

argued that the large canting in Fe(pyrimidig@l, is the g bp ey | ; '9

) i ) : a hexagonal lattices. We suggest that the search for chiral mag-
direct result of its chiral lattice symmetry leading to a com- g 99 g

" . ; . ._netic ordering should focus on compounds of that kind.
petition between the antiferromagnetic exchange interaction 9 P

and the local single-ion anisotropy. The appearance of cant-
ing rather than a chiral magnetic structure may be a general
feature of the magnetic ordering in similar structures pos- We thank N. Steser and D. Toebbens for experimental
sessing 90° screw axes. This observation is of interest isupport. This work has been partially supported by the
view of the extensive efforts to produce a molecular magneDeutsche Forschungsgemeinschaft DFG under Contract No.
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