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The magnetic anisotropy of the cyclic octanuclear Fe(lll) clustecf&s{ N(CH,CH,0)s} g]Cl was investigated.

Based on a spin Hamiltonian formalism and the consequent use of all symmetries, the magnetic anisotropy could
be calculated exactly to first order, i.e., in the strong exchange limit. Experimentally, the magnetic anisotropy
was investigated by magnetic susceptibility and high-field torque magnetometry of single crystals. The field and
angle dependence of the torque at 1.7 K could be accurately reproduced by the calculations with one single
parameter set, providing accurate results for the coupling constant and single-ion zero-field-splitting. These magnetic
parameters are compared to those of several related hexanuclear ferric wheels and are discussed with respect to
magneto-structural correlations for both coupling constant and single-ion anisotropy.

1. Introduction

In recent years, polyoxometalates have become the focus of
intensive research activity since this class of inorganic com-
pounds exhibits an enormous variety of structures as well as

magnetic properties:® Actually, these systems often are

wheels exhibits steplike field dependencies at low temperatures
due to the occurrence of field induced ground-state level-
crossings-a spectacular manifestation of quantum size effects
in these nanomagnetghey also can be regarded as ideal model
systems for the finite-size version of the linear Heisenberg chain
with periodic boundary conditions. Actually, the emergence of

excellent practical realizations of nanomagnets, with properties y,q feric wheels has led to a renewed interest of physicists in
changing gradually from those of simple paramagnets t0 those e hroperties of the Heisenberg chain, especially for large spin

of bulk magnets.

A particular aesthetic class is that of the ring-shaped iron-
(1) compounds denoted as molecular ferric wheels. The
decanuclear wheel [lrgf (OMe)(O.,CCH,CI)}1¢] reported by
Lippard et al. may be regarded as the prototype of this élass.
Meanwhile ferric wheels with 6, 10, 12, and even 18 Fe(lll)
ions have been reportéd!> The magnetization of the ferric
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So far, only the Fg ferric wheels have been accurately
characterized for their isotropic as well as anisotropic magnetic
properties:111°20For the Fey ferric wheel and the larger species
the isotropic coupling constant could be determined, at least
approximately. But the anisotropy remained largely unre-
solved®13-15 The reason is quite obvious: The dimensions of
the Hamiltonian matrixes become extremely large, being
60 466 176 for Fg. Compared to this, the calculation of the
magnetic parameters for thedwheels is actually a trivial task
(the dimension is here 46 656).

Recently, we reported the new octanuclear ferric wheel
[CscFe{ N(CH,CH;0)3}g]Cl (1) (Figure 1)} The alkali ion
is situated at the center of the octagonal wheel and stabilizes
the complex. In this work we present a detailed study of the
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Table 1. Crystal Data for [Ce FesLg]Cl-8C,HsOH

formula GsaH144CICSF@NgO3, Mr 2153.03

crystal system tetragonal space group P4/n

crystal size [mm] 0.40< 0.35x 0.30 u [mm™ 1.786

a[A] 18.300(3) TK] 173(2)

b[A] 18.300(3) Peaica[Mgm—3] 1.612

c[A] 13.242(3) reflections collected 9108

o [deg] 90 unique reflections 5103

S [deg] 90 refl. observed [+ 20(1)] 3779

y [dedg] 90 finalRL [I > 20(1)] 0.0449

VA3 4434.5(12) wWR2 (all data) 0.1431

z 2 largest residuals [e&] 2.708+1.022
a) clusterl in 3was confirmed by FAB spectroscopy. Compound

2 crystallizes in the space grog/n. The cation [Cs FesLg]
exhibits crystallographi€,, molecular symmetry with the eight
iron atoms forming an almost regular octagon.

X-ray structural data for [GsFeslLg]Cl-8C,HsOH was col-
lected on a Nonius Kappa CCD area detector using Mo K
radiation ¢ = 0.71073 A). The structure was solved by direct
methods with SHELXS-% and refined with full-matrix least-
squares againgt? with SHELX-9722 Hydrogen atoms were
fixed in idealized positions using a riding model. An absorption
correction was applied. Details for crystal data, data collection,
and refinement are given in Table 1. Crystallographic data
(excluding structure factors) fo2 were deposited with the
Cambridge Crystallographic Data Centre, Deposition Number
CCDC 154233. Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax, (+44)1223-336—003; e-mail, deposit@ccdc.cam.ac.uk).

Q© =cs 2.2. Magnetic Susceptibility MeasurementsA single crystal

O =Fe was selected by light microscopy in the mother liquor. Then,
o =N the crystal was put directly from the solution into Apiezon grease
c =0 and mounted on a plastic straw. The weight of the crystal
e =CH, samples was typically 1(g. The magnetic moment was

Fi ) . ) measured with a Quantum Design SQUID magnetometer. The
iqure 1. (a) Structure of the cation [CaiLq|" of 2in the crystal oy heratyre range was £850 K and the maximum field was

(PLUTON-representation; view along the crystallograpBicaxis; H - .
atoms omitted). (b) Detailed view of the coordination sphere of the 5'5_T' The susceptibility was deter_m'ned from measurements
iron center at the 12 o’clock position in (a), defining the labeling of at fields of 1 T. The background signal of the straw and the
the oxygen atoms. grease was found to be below the sensitivity of the magnetom-

eter. Each crystal was measured repeatedly at several mutually
magnetic properties of the gelusterl by means of magnetic  perpendicular field directions. The molecuyaxis was aligned
susceptibility and high-field torque magnetometry, with par- with an accuracy of£7° parallel and perpendicular to the
ticular emphasis on the magnetic anisotropy. The fleeric magnetic field. The weight of the crystals could be determined
wheel is of special interest since it not only closes the gap only roughly, the susceptibility data was therefore normalized
between the Rgand Feo ferric wheels but also is just at the as to yield g= 2.
border of what can be tackled with today’s computer facilities: ~ 2.3. Torque Measurements.The torque of single-crystal
we will show that the calculation of the magnetic anisotropy samples was measured with a homemade silicon-cantilever
can be achieved by the consequent use of all symmetries (thetorquemeter which provides a resolution of "3 Nm (see
total number of states is 1 679 616). This enabled us to obtain chapter 2.4). The torquemeter was either inserted into a 15 T/17
accurate values for the coupling constant as well as the single-T cryomagnet system with variable temperature insert or into
ion anisotropy. Finally, we compare the findings for the the M6 magnet at the Grenoble High Magnetic Field Laboratory
magnetic parameters to those of related feeric wheels and (GHMFL) providing up to 23.15 T. In both cases the lowest
discuss them in the light of magneto-structural correlations. temperature was 1.7 K. The orientation of the molecGlgaxis

of the crystals with respect to the magnetic field could be aligned

2. Experimental Techniques in situ with an accuracy of:0.3°. As for the susceptibility
2.1. Synthesis and Characterization of the Crystal Samples. ~ measurements, a single crystal was selected by light microscopy
The eight membered iron-coronate [BesL¢]Cl (1) with L = in the mother liquor, put into grease, covered carefully with

[N(CH,CH,0)s]>~ was prepared as described in ref 12. Dis- 9rease, mounted on the cantilever, and then cooled as quickly
solving1in ethanol or acetone followed by diffusion of dietnyl @S possible. After a maximum of 15 min the crystal was at
ether gave amber colored cuboid crystals of the solvate temperatures below 150 K. The weight of the crystal samples
[CSCFesLg]Cl-8CHsOH (2) or [CscFeslg]Cl-xCsHsO (3), was typically 10ug. The background signal of the cantilever
respectively. For unequivocal structure characterization an X-ray

; ; (21) Sheldrick, G. M.SHELXS97. Program for the Solution of Crystal
structure analysis was performed on a single crystdl. ks Structures University of Gatingen: Germany, 1997.

will be demonstrated below, the magnetic properties of crystals (25 sheldrick, G. MSHELXL97 Program for the Refinement of Crystal
of 2 and3 are exactly the same. The presence of the unsolvated Structures University of Gatingen: Germany, 1997
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3. Hamiltonian and Energy Spectrum

The appropriate spin Hamiltonian for a spin cluster consisting
of high-spin Fe(lll) ions i%11.19.20

H=— ;%S% + ;S'Dﬁip'% + ZS.D!iQ.S +
ﬂBZS'gi'B ¥

10 mm with S = %, and the standard terms: a Heisenberg term due to
Figure 2. Sketch of the silicon double-cantilever torquemeter described e_XChange_ interactions, a d|peld|p(_)le |nte_ract|pn termz a zero-
in chapter 2.3. field-splitting (ZFS) term due to ligand-field interactions, and

the Zeeman term, respectively. An anisotropic exchange interac-
tion term is generally neglectéd1920since for the Fe(lll)
and the grease could be neglected. A total of 10 single crystalscenters with their weak g-factor anisotropy it is expected to be
of 2 and3 were investigated with the 15 T/17 T setup and one small compared to the dipotaipole interactior?® For an
single crystal o2 with the M6 magnet. The nonlinearityKz octanuclear cluster the dimension of the Hilbert space is as large
(chapter 2.4) was smaller than 10% for all samples. as 1679 616. It is thus clear that, for an accurate estimation of
2.4. Silicon-Cantilever Torquemeter.A schematic drawing  the magnetic properties, one has to exploit the symmetries of
of our cantilever torquemeter is presented in Figure 2. The main Hamiltonian eq 2 as far as possible, as well as to resort to
part is a double-cantilever device micromachined in one piece suitable approximations. Hamiltonian eq 2 exhibits spin per-
out of a wafer of crystalline silicon using anisotropic etching mutational (SP) symmet#y and for B = 0 spin flip (SF)
techniques. The use of crystalline silicon guarantees excellentsymmetry. SP symmetry is related to the point group symmetry
mechanical as well as magnetic properties. The thickness ofof the spin cluster and thus often has been denoted so but is of
the cantilevers is about 1&m, but that can be controlled in a  different significancé® These two symmetries alone still do
wide range during the etching process. A thin gold layer is not allow to solve eq 2. Recognizing that the Heisenberg
evaporated on the bottom sides of the cantilevers. The cantileverexchange term additionally exhibits spin rotational (SR) sym-
device is glued onto a glass substrate with two appropriate gold metry, a perturbational scheme can be set up as follows.
pads evaporated on it. Each cantilever together with its  Wwith J; = J+ AJ; andg = g + Ag;, Hamiltonian eq 2 may
associated gold pad forms a capacitor. be written as H= Ho + H; such that His invariant with respect
The functional principle is simple: The torque exerted by to all mentioned symmetries, SP, SF, and SR, whilekhibits
the sample mounted on one of the cantilevers leads to aonly SP and SF symmetry:
deflection of this cantilever which is detected by a change of
capacity. For capacitive readout the two cantilever capacitors !
were connected to a ratio transformer forming an ac bridge. Ho= _J(ZS‘SH +S'S) + ugS 9B (3a)
With this arrangement a sensitivity 6iC/Cy = 1077 is readily !
obtained®®?*Here, G denotes the zero-field capacitance (ca. 1

- _ . .pdir. .pla.
pF) andAC the change due to a deflectidv. H, = ZAJUS S+ ZS Dj™-§ + ZS Di™-S +
The properties of the cantilever torquemeter can be modeled = = '
as follows. The torque leads to a deflectiomd = (3/2)/ ﬂBZS‘Agi'B (3b)
I

(DL) where D is the spring constant and L the length of the
cantilever. Approximating the capacitors as plate capacitors, this
deflection in turn results in a capacitance changAGiC, ~
Adldy(1 + Ad/dy). do is the distance of the capacitor plates.
This equation shows that a cantilever torquemeter is inherently
nonlinear. Finally, the capacitance bridge gives an output voltage
U of U = Uo(AC/Cy), where U is a characteristic of the bridge.
Putting all together, one obtains

Here, H has been already specified to a regular octanuclear
spin cluster for which the spin permutations form the group
Ds. The eigenstates of Hmnay be classified according to the
irreducible representations (IRs)D§ and the spin and magnetic
quantum numbers S and M, respectively. SF symmetry is of
no further advantage since the SF parity is simpiyl)C.
Exploiting the full symmetry of Ij all eigenvalues and eigen-
vectors can be calculated numerically using irreducible tensor
U =Kz(1+ oK) @) operator and group theoretical projection technigt&s

The additional energy shifts due to; ldre now accounted

K'is the calibration constant of the torquemeter, ands a for by first-order perturbation theory, i.e., J is assumed to be
nonlinearity parameter. In principle, these two parameters canihe dominant term. This approach is well justified for hexa-

be calculated from D, L,¢land G, i.e., from the geometry of  ,cjear ferric wheel®&20 but its accuracy will be tested below,
the torquemeter, but the_ result might be inaccurate by a facmrexperimentally. The splitting of the coupling constansnio

of 2. If K:and a are required they should be obtained from an 5 1. AJ; is necessary for a consistent perturbational treatment
eXp"CZ'} Zgallbratlon which can be done quite easily in many gjnce theaJ; values are certainly smaller than J for the almost
ways: regular octagon [CsFesLg]*. SinceDg contains one-dimen-
sional as well as two-dimensional IRs, many of the eigenstates
of Hp are doubly degenerate, besides the trivial degeneracy in

(23) Richardson, R. C.; Smith, E. Experimental Techniques in Condensed
Matter Physics at Low TemperatureAddison-Wesley Publishing
Company, Inc: California, 1988.

(24) Waldmann, O.; Steinmeyer, F.;"Mer, P.; Neumeier, J. J.; ®e F. (26) Waldmann, OPhys. Re. B 200Q 61, 6138.

X.; Savary, H.; Schneck, Phys. Re. B. 1996 53, 11825. (27) Gatteschi, D.; Pardi, LGazz. Chim. 111993 123 231.

(25) Schwarz, M. P.; Grundler, D.; Meinel, |.; Heyn, C.; Heitmann, D. (28) Bencini, A.; Gatteschi, AElectron Paramagnetic Resonance of

Appl. Phys. Lett200Q 76, 3564. Exchange Coupled Systerspringer-Verlag: Berlin, Germany, 1990.
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M. This has to be accounted for properly by the perturbation Table 2. Classification Scheme for a High-spin Fe(lll) Octanuclear
treatment® However, in the following, only nondegenerate Ring Cluster in the B Group
states are of importance. For them the results of the first-order s A A, B, B, E, E, Es total

per_turbatlor_\ approach is _equwa_lent to t_he V\_/eII-known method ~ 513 140 140 213 350 315 315 2666
of introducing an effective spin Hamiltonian ,Hor each 442 503 512 433 945 980 980 7700
eigenstate of 28 792 713 722 783 1505 1470 1470 11900

898 944 961 882 1845 1875 1875 14875
H,=A,1+SD S+ u:S0,B @)

1075 996 1012 1058 2068 2038 2038 16429
1014 1045 1066 993 2059 2085 2085 16576
1013 940 961 992 1953 1927 1927 15520
835 854 875 814 1691 1710 1710 13600
736 675 696 715 1409 1390 1390 11200
534 544 562 516 1078 1092 1092 8680
422 376 394 404 798 784 784 6328

The quantitiesA,, Dy, andg, are related to the microscopic
parameters of eq 2 Vi, = —¥i<&Jj, Do = Yi<jb] Dj® +
Sic D!'g, andg, = Yid'gi. Here it is worth while to note that
the factorsa, b, ¢, andd reflect the spin permutational properties

of Ho while the microscopic parameterg D;9?, D{'9, andg igg %2 igi i?g ggf gjg gjg g??g
are connected by symmetry operations of the point group of 13 102 103 112 93 205 210 210 1660
the complex. This clarifies the different significance of spin 14 68 49 58 59 117 112 112 916

B e
NFRPOOVWO~NOUR~AWNE

permutational and point group symmetry. 15 28 28 33 23 57 59 59 462
The Dg symmetry of H requires thatig= a1 j+1. Assuming 16 19 9 14 14 2r 25 25 210
that only nearest-neighbor interactions are nonzero, this yields g i 8 Z 3 12 1; 1?} gg
An= —anJ witha, = Yid) 1. Therefore, the possible alteration 19 0 0 1 0 1 1 1 7
of the coupling strengths along the ring in [CBeslg]™ 20 1 0 0 0 0 0 0 1

produges no effects in first order in the energy spectrum. This Table 3. Values for the Quantities,ab,, and g Discussed in the
IS equivalent to set alhJ; = 0 In Hi. The exghange INteraction ey for the Lowest Spin Levels of Antiferromagnetic High-spin
is then completely characterized by the single constant J. Fe(lll) Hexanuclear and Octanuclear RiAgs

The Dg symmetry also implies that'c= ¢; and thus hexanuclear ring octanuclear ring
Sic' DY = ¢'y;D!9 | i.e., the ligand field contribution t®, is
determined by an average over B|l9. Since the tensorB;'
are connected by th€s;, symmetry of [C&Feslg]™ onllly gZ% 2-257)‘117 2333? —13-(5;3; (13-2836 Zg-ffg —12-2612
components parallel to the main symmetry axis SV SZ3 3747 24 1340 3213 2964 1716
is thus strictly uniaxial irrespective of the actual single-ion
symmetries. Then it is mathematically equivalent to replace the
ligand-field term in the microscopic Hamiltonian eq 2 b Bi-
[S?, — 1/3S]], i.e., the ligand-field interaction is completely
characterized by one single constarfe.DThe dipole-dipole
contribution toDj, is also uniaxial and can be expressed P
where D" = uquig?(4nR’ ). For the ZFS term in eq 4 one
finally obtainsS:Dy+S = Dy[S? — 1/35% with D, = b,DdP + Ay
cyD'ia,

Since also = d,; and moreover 8= 1/8, g, = g where I'=A,, S=2
g is strictly uniaxial. This shows that th&g; in H; produce no
effects in first order and may be set to zero. Additionally, the A,
Zeeman splitting is completely characterized by two parameters D,
gy and g. However, since g— go is rather small for the I'=B,, S=1 -
Fe(lll) ions, we use an isotropic g-factor as first approximation. 5 i}

The splitting of the Hilbert space exploiting SR as well as A N : ¥
the full SP, i.e.,Dg, symmetry is given in Table 2. The I'=A,, $=0 *
dimension of the largest matrix is only 2085; this along with H, + H B——w— =
taking further advantage of the fact that the terms ptémmute Figure 3. Schematic representation of the energy spectrum of the four
with the spin permutations enabled us to calculate the valueslowest eige_nstates of Hamiltonian eq 4. At the left, the_ classification
for a, bn, and  with a standard personal computer. For the ©f €ach spin level according to the IRs of Bnd the spin quantum
four lowest eigenstates these values are given in Table 3; theirnumber S is given. B marks the first level crossing.
spectrum is drawn schematically in Figure 3. For the calculations states since they belong to different IRs of the SP group. A

an bn Cn & bn Cn

2The values for S= 0 are identically zero.

I'=B, S=3

the coupling scheme was chosenSas S;3s7+ Spaea S1as7 = view in Figure 3 reveals that the first state which mixes with
S5+ Sa7, Spas= Se6 + Sus, S15=S1 + S5, S5r =S+ S, Spe the S= 0 state is the lowest S 2 level beingA; apart. The
=St S S=S%1 S conclusion is that for the lowest levels (which are detected in

_Now the question arises of how largB/J| can be for the  most experiments) the effective spin Hamiltonian eq 4 and in
first order approximation, from which eq 4 resulted, to be still - harticylar the values presented in Table 3 are valid for a rather
justified. For the hexanuclear ring it has been explicitly tested |5rge ratio of|D/J).

in ref 20 that the first-order results are accurate to within 1.5%

for a ratio of |D/J| as large as 0.05. At first this sounds 4 Torque Magnetometry

astonishing since the splitting of the lowest=S1 state of B For an anisotropic magnetic system the free energy is a
= 0.681J| is then already comparable to the=SO < S =1 function of the components of the magnetic field and temper-
level distance ofA; = 0.691J|. However, the perturbationiH ature, F= F(T, By, By, By). X, y, andz denote the magnetic
which exhibits SP symmetry, cannot mix the=S0 and S= 1 principal axis frame. The magnetic moment vector is defined
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by m = —VgF, the torque vector by = m x B.2° However,
most magnetometers measure the projection of the magnetic
moment in direction of the applied magnetic field, i.e., the
measurement gives the valliesmm-B/B or m = —dF(B)/9B,
respectively. Analogously, a torque magnetometer measures the
component of the torque with respect to a rotary axi3he
measured value is thén= z-r or 7 = 9F(¢)/0g, respectively.
@ is the angle of a rotation aroumdThis shows thaf s related
to the dependence of F on the magnitud@&pivhile 7 reflects
the dependence of F on the orientationBofinterestingly,7
can be expressed as= m+(B x r). This provides an alternative
viewpoint: magnetization experiments measure the component 0
of m in direction of B, torque experiments measure the
component ofn in direction ofB x r, i.e., perpendicular t8. Figure 4. Calculated angle dependence of the deflection point of the
Since both magnetization and torque derive from the same first torque step due to the 0 — S = 1 level crossing for various
total differential F, both"nand? provide the same information. ~ temperatures.
But the torque technique has some experimental advantages and ) o o
it is a purpose of this work to illustrate them. One point is that Here,© is the angle between magnetic field and magretigis.
the torque technique allows for a rather direct access to the!n these equations it has been assumed that the g-factor is
magnetic anisotropy since its value is closely related to !SOLrOpIC, 1.e., §= gn = g. S _
anisotropy. Nevertheless it still provides the same information It is important to note that, due to the high-field approxima-
about the coupling constants as magnetization does. A furthertion, the range of validity of eq 5b is limited to values|&fJ]
great advantage is that it easily allows for an in situ orientation Smaller than about 0.003, which is much smaller than what is
of the magnetic field. Additionally, torquemeters are easily acceptable for eq 4. However, it is clear that for higher level-
operated at high fields and low temperatures. (They also provide Cr0Ssings, i.e., higher fields, eq 5b becomes increasingly valid.
very high sensitivity, but this is not a specific advantage since A further point which requires consideration is how to
nowadays magnetometers with comparable sensitivity are avail-determine the field positions of the level-crossings &peri-
able) mental]y. Th.e most sensible features of the data are the
For ferric wheels it is well-known that the magnetization as deflection points of the measured torque steps, denoted here as
well as the torque exhibit steplike field dependencies at low Bgy It is natural to identify these deflection points withB

Boy (T)

120 180 240 300 360

angle e (°)

60

temperatures due to the occurrence of level-crossiig

However, this is only correct for very low temperatures as is

Increasing the field, the ground state abruptly changes at a fieldshown in Figure 4. Here we have calculatef}(B) numeri-

B¢1 from the zero-field S= 0 ground state to the first excited
S = 1 state. At a field B, ~ 2 B, it changes to the second

cally forJ= —24.2K, D= -0.55K & A; =13 K, D; = 9K)
taking into account the four lowest spin levels and the values

excited S= 2 state and so on (see also Figure 3). Thus it is in Table 3. Figure 4 demonstrates that already for temperatures
possible to perform what may be called thermodynamic T ~ 0.1 A; the deflection point [ considerably differs from
spectroscopy, i.e., the determination of the energies and splittingBci1. Since each torque step exhibits a different step height, one
of individual spin levels with a thermodynamic technidte. confirms easily that with increasing temperature the thermally
With respect to eq 4 there are two sources of information to broadened torque steps become less and less symmetrical; this
determineA, and D, namely the field positions of the steps or leads to the above effect. It should be noted that a temperature
level-crossing$?32 respectively, and the magnitude of the of T ~ 0.1A; is already small enough for the torque steps to
torque?® The first approach requires the measurement of the be well resolved (see Figure 6). If one would analyze the T
step positions B, (= 1,2,...) as function of the orientation of 1.7 K curve in Figure 4 using eq 5a, one would obtain= 13
the magnetic field. This can be done by magnetization measure-K and D, = 7.5 K, i.e., D would be wrong by 17%.
ments, but torque is here greatly in favor because of its in situ  According to the above, eq 5 should be applied with care,
orientation feature. On the basis of eq 4 the fields &n be but trouble can be avoided by calculating,®) numerically
calculated exactly for the first stép, what is easily done. In any case, the approach to measure
BZ,(©) [or Ben(©)] is an excellent tool to determine tig, and

AL+ 1/3[)1( A, - 2/3D1 172 Dy,—as long as one relies on the validity of the spin Hamiltonian
B.(®) = . (5a) eq 4. There is little if any chance to check whether eq 4 is really
e \Al +3D,(1 — 3 co$ ©) valid or whether it should be better supplemented by further
terms, like g-factor anisotropy, fourth order terms, etf(®)
or in the high-field limit for all step4? does not contain enough information to do that unambiguously.
As an alternative approach, the Ban be determined from
B.(®) = the magnitude of the torque since it is directly related to the
A,+ (o8 © — Y)[D,S(S— Y,) — D, ,(S— 1)(S— %,  Magnetic anisotrops’
Qup 7=mB, — mpB, (6)
(5b)

Here, the magnetic field is applied in tkeplane and the torque

(29) Jackson, J. DClassical Electrodynami¢slohn Wiley & Sons: New
York, 1975.

(30) Wernsdorfer, W.; Bonet Orozco, E.; Hasselbacj, K.; Benoit, A.;
Barbara, B.; Demoncy, N.; Loiseau, A.; Pascard, H.; MaillyPBys.
Rev. Lett. 1997, 78, 1791.

(31) waldmann, O.; Koch, R.; Schromm, S.; "Ném, P.; Zhao, L
Thompson, L. K.Chem. Phys. LetR00Q 73, 332.

(32) Cornia, A.; Jansen, A. G. M.; Affronte, MPhys. Re. B 1999 60,
12177.
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susceptibility of3 and 2, respectively, for the first four successive
temperature sweeps. The insets provide a detailed view on the
temperature range 550 K. (c) Temperature dependence of the
magnetic susceptibility for a “relaxed” crystal sample2for three
mutually perpendicular field directions.

[CscFe,LICIEtOH

1 (arb. units)

25

B (M
Figure 6. Typical field dependence of the torque for a crystal sample
of 2. The data shown here was measured in the M6 magnet at the
GHFML.

is measured with respect to theaxis. The A, are still
determined by the step positions.

Reversely, the accuracy of the values fof B directly
determined by the accuracy of the calibration of the torque signal

Inorganic Chemistry, Vol. 40, No. 13, 2002991

and, if one uses a cantilever torquemeter, might be further
corrupted by a too large nonlinearity. Nonlinearity, however,
can be avoided in most cases by selecting crystals of proper
size. The calibration consists of two factors, the calibration
constant of the torquemeter K and the number N of molecules
of the individual crystal. With some care, K can be determined
within 1—2%. Thus, the most crucial point is the determination
of N. If the crystal is stable in air, this may be done by
weighting3! If the crystal should be covered by, e.g., grease in
order to prevent decomposition, one can measure the suscep-
tibility and scale it to the data obtained for a polycrystalline
sample®® However, to be fair, it is difficult to arrive at an
(overall) accuracy better than 5%. Also, it may happen that there
is no way at all to determine Nas in the present case of
[CscFesLg]™, see the next section.

In this work we consider angle/field dependence and mag-
nitude of the torque simultaneously. We will then show that
the data contains enough information to determiaeD,, N,
nonlinearity, etc., as well as to check the completeness of the
theoretical model without the need for a calibration.

5. Magnetic Susceptibility Measurements

The magnetic susceptibility of single crystalsdand 3 is
shown in Figure 5. Figure 5a and 5b present data for the first
four successive temperature sweeps after having extracted
samples oB and2, respectively, from the mother liquor. Data
were collected for decreasing temperature. Obviously, the
magnetic properties for both materials changed during measure-
ment. In particular, the temperature of the maximumyof
increased starting from about 90 K (insets of Figure 5a and
5b). However, after a certain time, the samples relaxed into a
final state, and reproducible measurements could be performed.
This is demonstrated in Figure 5c. Here a crystal2ofvas
measured for three orientations of the magnetic field. For relaxed
samples the maximum of occurs at about 130 K. The
temperature dependenciesydh Figure 5c exhibit the behavior
expected for an octanuclear ring with antiferromagnetic coupling
and a hard axis anisotropy. Since the maximum temperature is

(a) and (b) show the temperature dependence of the magneticdirectly proportional to the coupling strength, Figure 5 indicates

an increase of the coupling constant by at least 40%. In the
relaxed state, & —60 K.

For the hexanuclear rings [tiFesLg]t and [NacFesLe] ™ it
has been found that the coupling constant of powder samples
is about 10% larger than that of crystal sampfeEhis has been
attributed to structural changes due to a loss of solvent molecules
in the powder samples. Obviously, in the octanuclear ring
[CscFeslg]t structural changes are much more rapid and
pronounced. However, it is unlikely that a loss of solvent
molecules is responsible for them. First, in the case of
[Li cFesLel ™ and [NacFesLg) ™ a loss of solvent molecules leads
to a decomposition of the crystals. And second, the grease
covering the crystals usually operates as a protective shield
effectively preventing losses of solvent molecules. The actual
mechanism is quite unclear so far and will not be discussed
further.

These results show that the determination of the magnetic
properties on samples d (and 3) with structures which
correspond exactly to that determined by X-ray crystallography
represents a problem for many experimental techniques. The
technique must allow to determine the isotropit,) and
anisotropic parameters (P of single crystals without ever
exposing the crystals to temperatures above, e.g., 100 K. This
excludes most techniques such as magnetic susceptibility
measurements (clear from Figure 5), high-resolution magnetiza-
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Figure 7. Angle dependence of the deflection points of the first and - ;0\ jated numerically. The solid curves represent a typical fitting result.

second torque step for various crystal@ind3. The deflection points

were determined by numerical differentiation of field versus torque . -
measurements for fixed angles at 1.7 K. The solid curves correspond The values ofA; and D, were determined by fitting the

to the fitting results. experimental deflection points;Bto a numerical calculation
as described in chapter 4 (Figure 7). The resultAgrand D,

tion measurements (no in situ orientation of the crystal), specific is given in eq 7. The agreement of theory and experiment is
heat techniques (too low sensitivity), and inelastic neutron €xcellent. A similar procedure was applied for the second torque
scattering (huge amounts of materiat powder samples).  step yielding theA, and D given in eq 7. Although the data
Furthermore, X-band EPR-spectroscopy on single crystas of for the second torque step scatters considerably more, the
gave no signal. In view of the expected broad lines the crystals agreement between theory and experiment is still good.
were probably too small, but high-frequency EPR might be
successful. A;=121(1)K, 0 =9.2(1)K

Hovyever, torque magnetometry allows for the determination A,=33.8(3) K, D, = 2.2(1) K @)
of the isotropic and anisotropic parameters from measurements
at low temperature without the need to warm the crystal once
installed. Thus it meets all requirements to determine the
“intrinsic” magnetic parameters @and3 without running into
the “relaxation” problem, as will be demonstrated in the next
section.

To gain more insight, we took into account the additional
information contained in the magnitude of the torque signal by
fitting the field-sweep data at 1.7 K for about 20 angles
simultaneously with one spin Hamiltonian. Actually, for fitting,
the derivative d/dB has been used. The data set for one crystal
6. Torque Measurements: Results and Analysis typically consists of a total of 2500 data points. Figure 8 presents

) ] the data set for the crystal @measured in the M6 magnet at

Flgure_t_B presents the typical result of a torque measurement.sHEML. For clarity, not all of the 24 angles are shown.

The positive value of the torque at an angle (")ff 127 We considered the following parameters which can be divided
demonstrates a hard axis anisotropy of {Essle]". This into three groups. The first group includes the number of
already fixes the signs of the values 0 be positive. For fields  yojecules N which could not be determined independently due
up to 23.15 T, two torque steps due to the=® — S= 1 and to the “relaxation” effect (chapter 5), as well as the nonlinearity
S=1— S=2level crossings can be clearly seen, the onset harametern. The second group consists of the parameters of
of a third torque step due to the=S2 — S = 3 level crossing the effective spin Hamiltonian eq 4, namely, ..., Az and D,

is in the offing. . . . ..., D3. The last group embraces parameters with a comparatively

We determined the deflection pointg,Bof the first torque  weak effect. This includes a g-factor with=2 and a g-factor
step by numerical differentiation of the data. The resulting angle anisotropyAg = g, — go. Furthermore, in second order the
dependencies are shown in Figure 7 for several samples. TWOHamiltonian eq 4 has to be extended by a forth order term,
conclusions can be drawn. First, the magnetic properties of Bé OS(S), and a TIP term~Y,B-4o*B.333L The latter is pa-
[CscFeslg] ™ obviously are not influenced by the type of solvent 3 metrized byAyo = yoi — Xor.
molecules in the crystal, i.e., they are equalZ@nd3. Second, e tried to get an impression about the importance of a
measurements for different samples led to equal results. Thispaicular parameter by looking at how its value depended on
demonstrates that we indeed measured the intrinsic magnetiGyhich parameters were included in the fit. For example, if the
properties of [Cs FesLe] * in its X-ray structure, unaffected by best fit value forAg widely scatters depending on Whethé)‘r B
the “relaxation” effect described in chapter 5 which prevented Ayo, etc. are set as free parameters or not, we would retygrd

reliable magnetization measurements. In the following we N0 54" heing not significant. If the value of a particular parameter
longer discriminate between different samples, i.e., all conclu-

_Sions _Sh0U|d be understood to be valid for all samples (33) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
investigated. Transition lons Clarendon Press: Oxford, U. K., 1970.
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stayed within about 5% independent of the choice of the other eq 4. Thus, the first-order calculation of the energy spectrum
parameters, we called it “stable”. For each of the chosen should allow for an accurate determination of the magnetic
combination of fitting parameters, we checked for a possible parameters J and D of the microscopic Hamiltonian eq 2 using

over-parametrization by repeating the fit for many different
starting values. If over-parametrized, the fitting routine would
converge to distinct sets of best fit parameters. However, in no

the experimental values foA, and D, of the effective
Hamiltonian eq 4.
The contribution of the dipotedipole interaction to the ZFS

case over-parametrization was detected. Finally we comparedof the S= 1 spin level is calculated as;f? = 1.98 K (Dfir =

the values obtained for different crystals providing a further
test for “stability”.

The number of molecules N was always found to be a stable
parameter. The values had the correct order of magnitude. Also

for those measurements with an appreciable nonlinearity (i.e.,

whereaKr > 1%), the parametes. was stable and in good
agreement with that determined independently. This demon-

0.0791 K). This yields a value of {f# = 7.0(4) K, or D9 =
—0.43(2) K for the microscopic ZFS, respectively. The value
estimated from Ris D'9 = —0.45(5) K which is somewhat

Jarger than the S= 1 estimate but agrees within the error

estimates, i.e., Pand D, are consistent within the framework
of a first-order calculation.
In contrast, the values for J estimated framand A, are J

strates that the data indeed contains enough information to= —22.5(6) K and J= —21.0(4) K, respectively. The discrep-
determine not only the physically interesting parameters but also ancy is significantly larger than experimental errors. However,

N ando.

Concerning the parameters, ..., Az and D, ..., D3, it is
clear that the 17 T data sets gave stable valuea\faand D,
(since they exhibih = 1 torque steps) and that the 23 T data
set additionally gave stable values oy and D.. Since for these

the analysis in chapter 6 and the consistency efabd D,
implies that the values of Table 3 are correct. One might assume
that the magnetic coupling paths in the f(BssLg]™ cluster

are better described by two coupling constantand 3. This

is not only suggested by th€s;, molecular symmetry but is

magnetic fields the respective next higher torque steps arealso consistent with the above findings: SettingzlJ, leads

already in the offing, they had to be accounted for in the fit.
But clearly the data do not allow the determination of bisth 1
and D11 independently (n+ 1 for the 17 T and n¥ 2 for the

23 T data sets). Therefore, we first sgtR as free parameter
and fixed A1 t0 anr1/ar Az, The fits resulted in stable but
much too large, i.e., unphysical, values fosR. ChoosingAn 1

as a free parameter with,R1 = cnya/c1 D also resulted in
stable values foA+1. SinceA; obtained in this way for the
17 T curves agreed well with the value from the 23 T fits, we
regard the 23 T value fok; as an approximate estimate 4.

Taking into account the parameters of the first and second group,

the agreement factor R[(dm/d] was always less than 2%. In
view of the large data sets, this is a satisfying value.
Concerning the parameters of the third group, their inclusion
led only to a slight improvement: The agreement factor R could
be improved at best by a factor of 2. Furthermore, the values
significantly scattered for the varying fit conditions, i.e., these

to a second order correction to thg but only to a third order
correction to the R and moreover produces no second-order
terms in the effective spin Hamiltonian eq 4. Increasihg—

J| has different effects than increasing the rat!9/]].
However, to explain the observed discrepancy of the J values
one would require a rather large difference padd 3, which
seems unlikely in view of the crystal structure of [(BesLg] .

To find a final answer, more accurate measurements, o/

or measurements &k, and D, for n > 2 would be required.

To close we summarize our results as

J=-22(1) K, DY = —0.44(3) K (9)

It is interesting to compare the values of Table 3 for the
hexanuclear and the octanuclear ring. The splitting of the spin
levels Ap = a, |J| exhibits the behavior which meanwhile is

widely accepted: The g follow the Landerule a ~ & 1/2

parameters were not stable in the above sense. But reducing)(n+1), whereby a~ 4/N. N is the nuclearity of the ring. These

the g-factor to about g= 1.95 seemed to give consistently

findings are based on a simple two-sublattice mddafithin

smaller R values. Concerning the second-order parameters, wghe same model it is straightforward to calculate also ap-

conclude that they are too small to be determined from our
experiments.
We summarize our findings as follows:

A, =12.1(3) K, D, = 9.0(4) K
A,=33.7(6)K, D, =2.2(2) K
A, =T70(6) K

g=1.95(3) ®)

The esds given here reflect the statistical error, the dependenc
of the values on the combination of fit parameters, as well as
the variation for different crystals. The values are consistent
with those determined from}6), eq 7. However, we regard

eq 8 as our final result since our fitting strategy guarantees that
these values are model independent within the given esds (eq 7

proximations for f and ¢.° For the hexanuclear ring this model
leads to values accurate to within 89dyut with increasing N
the accuracy decreases. A further point is of interest. According
to Table 3,A, increases while Pdecreases with N (with J,
Ddr, and DY being constant). Sinci1/A,| is a measure for
the importance of higher order terms in the effective Hamiltonian
eq 4, we expect the strengths of higher order terms to increase
with the nuclearity of the cluster.

Given the current interest in single molecule magnets
(SMMs), it is of great importance to understand the factors
which control the coupling strength and in particular the ZFS

§n order to find strategies to produce SMMs with high blocking

temperature$? In practice, it may be a challenging task to
calculate the dipoledipole contribution to the ZFS since precise
wave functions are required. But in principle it can be done
rigorously. Therefore, in the following we focus on J ant¥.D
Meanwhile, accurate measurements of both the coupling

was obtained from an analysis where second-order contributionsstrength as well as the single-ion ZFS have been reported for

were neglected from the outset).

7. Discussion

The analysis in chapter 6 gave no evidence for the importance

of second-order contributions to the effective spin Hamiltonian

five hexanuclear ferric wheefst1.1920For these hexanuclear
clusters and the octanuclear cluster discussed in this work, the
values of J, ¥, and some structural parameters are compiled

(34) Gatteschi, D.; Sessoli, R.; Cornia, 8hem. Commur200Q 725.
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Table 4. Structural Parameters Discussed in the Text and Experimen
Wheel8

Waldmann et al.

tal Results for the Magnetic Parameters for Several Molecular Ferric

cluster oy [deg] o, [deg] ¢ [deg] A1 [K] J[K] D [K] D 4P [K] D" [K] D9 [K]
[Li CFesLg]*® 101.1 105.9 127.4 12.5 —-18.1 3.9 1.60 2.3 —-0.17
[NacFesLe) ™ 103.3 106.4 119.0 15.9 —-23.0 6.1 1.54 4.6 —-0.34
[FesLe)® 105.3 106.2 97.8 21.8 —31.5 11.8 1.56 10.2 —0.75
[CscFesLg)™d 102.8 103.4 115.4 12.1 —22.5 9.0 1.98 7.0 —0.43

102.3 104.6 112.7

[LicFesL's)*® 101.3 103.8 13.8 —20.0 1.67 1.78 -0.11 0.01
[NacFeslL'"g] e 104.6 106.5 19.8 —28.6 6.22 1.65 4.57 —-0.34

2 The hexanuclear ferric wheels all exhibit molecufaisymmetry. Due

each structural parameter (the means were used for Figures 9 and 2®(CH,CH,0)s, L' = (OMe)dbm, L'

‘Refs 11, 359Ref 12 and this workéRefs 9, 10, 19.
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Figure 9. Single-ion anisotropy B versus coupling strength J for
the ferric wheels listed in Table 4. Dashed lines are guides to the eyes.

in Table 4. It is clear from the limited amount of experimental
data available so far that it is difficult to establish any correlation
conclusively. But overall trends may be visible.

Before entering a discussion of magneto-structural correla-
tions, it is useful to consider the plot®versus J shown in
Figure 9. The data points scatter widely indicating that the two
sets of structural parameters which determine J afigl D
respectively, cannot be identical. This could have been antici-
pated from the outset since J is determined by the coupling path
while D'8 is determined by the coordination sphere. Neverthe-
less, there is a clear trend foldo increase with J, in particular
if one distinguishes between the four clusters based on the
triethanolamine ligand (called L-clusters) and the two clusters
[LicFelLy™ and [NacFely] " based orp-diketonato ligands
(L*-clusters), see Figure 9.

Actually, the difference of these two cluster families is evident
from the different coordination spheres of the iron centers: For
L-clusters it consists of one amino-nitrogen and five alkoholato
oxygens (see Figure 1b), while for L*-clusters it is comprised
of four alkoxy oxygens and two oxygens from thaliketonato
ligand. This difference should clearly affect the ZFS, and it is
thus not reasonable to search for a common correlationi®f D
and structure. We regard the two clustersdEiLg" and
[NacFeL:" as members of one family since the ligands L
and L' are quite similar, at least with respect to the first
coordination sphere. That the differences ofand L' are of
little importance magnetically is also suggested by the insen-
sitivity of the coupling constant, which is & —28.6 K for
[NacFeLgClO,,% J= —28.8 K for [NacFe,L4]ClO4,%¢ and J
= —29.4 K for [NacFe,L¢CI.8

For weakly coupled di(alkoxo)-bridged Fe(lll) complexes Le
Gall et al®” reported a linear correlation between coupling

(35) Geisselman, A.; Pilawa, P. Private communication.
(36) Lascialfari, A.; Gatteschi, D.; Borsa, F.; Cornia,Xys. Re. B 1997,
55, 14341.

to th€,, molecular symmetry of [GsFesLg]t two values appear for
(OMe)pmdbm.” Refs 12, 20.
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Figure 10. (a) Coupling strength J versus the smallet+-Ee-Fe angle

o for the ferric wheels listed in Table 4. The dashed line corresponds
to the best fit line, eq 10. (b) Single-ion anisotropyf Persus rotation
angleg discussed in the text. The dashed line corresponds to the best
fit line, eq 11.

constant and average F©—Fe anglea: J[K] = —2.13a[°]
+ 194. A view in Table 4 reveals that for the cyclic clusters J
is neither correlated to the average-&—Fe anglea nor to
the larger Fe-O—Fe angleo, (the di-alkoxo bridge exhibits
two different bridging anglesy, > a4, see inset of Figure 10a).
But a plot of J versus the smaller F&—Fe anglea; reveals
a linear correlation (Figure 10a). The best-fit straight line is
JIK] = —2.910,4[°] + 276 (20)

As a simple model one may assume that the coupling strength
is the sum of that of each coupling path=JJ,; + Ju2. Then
eq 10 expresses thakEkither remains constant in the series of

(37) Le Gall, F.; Biani, F. F.; Caneschi, A.; Cinelli, P.; Cornia, A.; Fabretti,
A. C.; Gatteschi, DInorg. Chim. Actal997, 262 123.
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cyclic clusters or is negligibly small compared ta.JVe favor changes by as much as°30r x30,ic. This rotation 0fuzOyic is

the second interpretation since it sounds more likely that the by far the most notable structural variation in the series of the

magnetic orbitals are oriented in a way that the overlap in one L-clusters, and we thus regard it to be most responsible for the

direction is very small, rather than that the overlap is indepen- behavior of [#9. Indeed, plotting [® as function of ¢

dent of the bridge angle. demonstrates a remarkable correlation (Figure 10b). The best-
For the single-ion anisotropy'®one finds no distinct trend  fit straight line is

with o, oy, or as. A plot of D9 versusoy would essentially ,

reproduce Figure 9 since J and are linearly correlated. D"g[K] = 0.0196¢[°] — 2.65 (12)

According to Figure 9 it is meaningless to consider L-clusters ] o o )

and L*-clusters simultaneously. In the following we restrict _ ItiS noteworthy that itis exactlysOvic which is also involved

ourselves to the L-clusters. in the Fe-O—Fe bridge arm exhibiting the smaller angle
Since D9 is mainly determined by the coordination geometry Which controls J. To some extent this explains the approximate

of the iron centers, we carefully investigated it for the series of correlation of B¢ with J visible in Figure 9 for the L-clusters.

L-clusters. We found that, except fagOyic, the coordination Acknowledgment. O.W. and S.S. would like to thank P.
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N—Fe—u30yic (151.2-152.6) as well as the distance F@30c fully acknowledged.

(1.978-2.030 A) remains almost constant, the displacement of . . . .

us0yic is most easily recognized as a rotation around the=hl Supporting Information Available: The crystallographic param-
axis. The rotation angle is measured with respect to the plane eters for2 have been deposited as a CIF file. This material is available
spanned by the nitrogen, the iron, amys, (inset of Figure free of charge via the Internet at http://pubs.acs.org.

10b). Whileg differs by less than 7for the other oxygens, it  1C0012827





