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High-Field Torque Magnetometry on Fe6 and 
Felo Molecular Magnets 

A. CORNIAa, A.G.M.  JANSENb and M. AFFRONTE' 

'Dipartimento di Chimica, UniversitLi di Modenu, via G. Campi 183, 1-41100 
Modenu, Italy, bGrenoble High Magnetic Field Luborutory, CNRS, F-38042 Gre- 
noble CEDEX 9, France and 'INFM and Dipurtimento di Fisica, UniversitLi di 

Modenu, via G. Campi 2/6/a, 141100 Modenu, Italy 

We have applied torque magnetometry to the study of magnetic anisotropy in six- and 
ten-membered rings of iron(II1) ions. By using magnetic fields up to 23 Tesla, we have par- 
tially overriden the intramolecular antiferromagnetic ordering of the spins (J = 20.0 cm-] and 
9.6 cm-' in Fe, and Felo, respectively) to obtain magnetic ground states with S = 1,2,  3 ,  etc.. 
Torque measurements on microgram single crystals at temperatures down to 0.45 K have 
shown that spin-flip transitions are accompanied by sharp variations of magnetic anisotropy. 
The angular dependence of transition fields has provided spectroscopic-quality information 
about the spin-Hamiltonian parameters in the two compounds. In addition, by analyzing the 
field dependence of the torque signal we have determined the exchange energies and 
zero-field splitting parameters of the total-spin multiplets with S 5 5 in the Fe10 sample. We 
conclude that torque magnetometry represents a high-sensitivity, powerful technique for 
studying field-induced level crossing in molecular magnets. 

Keywords: iron clusters; high magnetic fields; magnetic anisotropy; torque magnetometry 
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INTRODUCTION 

Magnetic anisotropy measurements have played a central role in the study of the 

electronic structure of coordination compoundd'l. Recently, renewed interest in 

this field has arisen fiom the observation of quantum-size effects in large 

magnetic clusters at low temperatures. These include quantum tunneling of the 

magnetization in single-molecule superparamagnets, like Mn 1$21 and Fe@, 

and quantum steps of the magnetization in  molecular AFM rings, like 

PNaFe6(0CI'I3)12(pmdbm)61C1O4 (Fe6)i4] and [Fel,t(OCH3 ) ~ O ( C H ~ C I C ~ ~ ) I O I  

(Fet0)[51. Large magnetic rings in particular provide the opportunity to observe 

the coexistence of classical and quantum effects in solid matter. The physical 

properties of a ring are in fact expected to gradually evolve toward those of a 

chain as the number of spins increases. F ~ N  rings with N 2 6, for instance, show 

a critical slowing down of spin fluctuations at temperatures close to J ~ B ,  as 

observed in infinite chaind61. However, M-vs-B curves at T <.<: 4J/w~) 

exhibit a regular staircase structure due to quantum-size effect~[4+~]. 
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HIGH-FIELD TORQUE MAGNETOMETRY ON FE, AND FE,, [ I  I 15]/403 

This behavior reflects spin-flip transitions induced by the applied magnetic field, 

which progressively overrides the AFM coupling of the spins. Although the 

steps rapidly merge into a broad feature as the temperature is increased, the 

measured width is much larger than expected for simple thermal broadening. 

Magnetic anisotropy has been invoked to explain the observed width[4,5]. in 

order to confirm this conjecture, we undertook a single-crystal study of 

quantum-size effects in Feg (Figure I)  and Felo (Figure 2) by using cantilever 

torque magnetometry in high fields. 

EXPERIMENTAL 

Magnetic fields up to 23 T were applied by using one of the polyhelix 

electromagnets available at Grenoble High Magnetic Field Laboratory. A high- 

sensitivity cantilever equipped with a 3He cryostat was used for torque 

experiments on 10-pg single crystals, which were synthesized by literature 

procedures[4.5]. The deflection of the cantilever with respect to the zero-field 

position was measured by a capacitive 

method (C~cl/d). The experimental 

apparatus (Figure 3) was sensitive to the 

y-component ofthe torque vector (5) 
acting on the sample in the magnetic field 

B, which was applied along the z-axis. 

In Feg, the rings are iso-oriented in the 

crystal (space group RS) with their six- 

fold axes lying parallel to the c-axis 

sample 
I 

FIGURE 3 Side view of the 
cantilever torquemeter. 

(Figure 4a). The b-axis was set parallel to the rotation axis of the goniometer 

(y), so that the magnetic field was applied in the a*c plane at 8 = 0-90". In the 

case of Pelo (space-group P21/c) the situation is slightly more complicated since 
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404/( I I 161 A. CORNlA ef a/.  

each unit cell comprises two rings related by the 2 1 4 s  and forming a dihedral 

angle 2a = 21.1 (Figure 4b). 'Hie b-axis was aligned parallel to y and the 

magnetic field was applied in the ac plane with 0 ranging fiom -10 to 95". 

a* 0 
(a) (b) 

FIGURE 4 (a) Projection of the crystal structure of Fe6 onto the a*c plane of 
the rhombohedra1 unit cell (hexagonal setting). (b) Projection of 
the crystal structure of Felo onto the ac plane of the monoclinic 
unit cell. The traces of six-fold and idealized ten-fold molecular 
axes are depicted by dashed lines. 

RESULTS 

F e A  Sample 

Curves recorded at 4.3, 1.4,0.7 and 0.45 K for 0 = 45" show a sharp, step-like 

decrease of the capacitance with increasing B (Figure 5) .  Since the capacitance 

variation is simply proportional to 5, it follows that 'y < 0. This directly provides 

the sign of magnetic anisotropy, pointing to the presence of a hard magnetic axis 

along c. Although the inflection point of the steps (B,) is the same at all 

temperatures, the fUU-width-at-half-maximum (FWHM) increases from I .56 T 

at 0.45 K to about 12.3 'r at 4.3 K (inset in Figure 5) .  For T < lK,  however, the 

FWHM is small enough to reveal a smooth shift of B, as a function of 0 

(Figures 6-7). In particular, when B is virtually parallel to the c-axis the step 

occurs at higher fields ( 17.9 T) as compared to the perpendicular orientation 
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HIGH-FIELD TORQUE MAGNETOMETRY ON FE, AND FElo [1117]/4OS 

(15.4 TI. Furthermore, the torque signal vanishes when 0 is close to 0 and 90" 

which represent principal directions of magnetic susceptibility[*]. 

~~~:~~~~ n v 

c) 
Q - 6 -  

-8 - 
o r J I z 3 4 5  

T (K) 

0 5 10 15 20 

B (TI 
FIGURE 5 Torque curves measured on the Fe6 sample as a 

function of temperature at 0 = 45". The inset shows 
the temperature dependence of the F WHM for the 
step. 

FIGURE 6 Torque curves measured on the Fe6 sample at 0.45 K. 
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-20 0 20 40 60 80 100 

FIGURE 7 BC(8)-vs-8 plot for the first magnetization step. 

&lo Samole 

In the torque curve recorded at 0.45 K and 8 = 49.8", four steps centered at 4.8, 

9.2, 13.6 and 18.0 T can be. clearly resolved (Figure 8). The steps have similar 

width among each other and their FWHM (1.6 T) is comparable with that found 

in the six-membered ring at the same temperature (1.56 T). 'The steps rapidly 

merge into a broad feature as the temperature is increased above 1 K (Figure 8). 

From the sign of AC we conclude that the crystal tends to rotate so as to increase 

the 8 angle (See Figure 4b). We observed vanishingly small torque signals for 8 

close to 0 and 90", which must therefore correspond to principal magnetic 

directions in the ac plane. The pattern of B, values for the first step is plotted in 

Figure 7 and looks quite similar to that found in the Fe6 sample, with critical 

fields in the range 5.6-4.2 T. 

- 
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FIGURE 8 Torque curves measured on the FetOsample at 8 = 49.8". 
The solid line gives the best fit to the 0.45-K data. The first 
derivatives of experimental and calculated curves are also 
shown in arbitrary units. 

DISCUSSION 

In low magnetic fields, Feg and Fe10 have a nonmagnetic S = 0 ground state due 

to dominant n.n. Heisenberg interactions: 
H 

H = J C S ,  .S,+, 
1;: 

with 3 = 20 cm-I and 9.6 cm-1 in the two compounds, respectively. However, the 

ground state becomes magnetic in high fields. Quantum steps in M-vs-B curves 

at T C 1 K give a clear picture of the progressive, step-wise decoupling of the 

spins with increasing B[J-s]. Since the different multiplets may have different 

anisotropies, level crossing should in general give rise to steps in the torque 

signal as well. 
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408/[ I 1201 

For simplicity, we will restrict 

ourselves to the strong-exchange regime E 

while analyzing the singlet-triplet crossing 

in detail (Figure 9). Since the S = 0 state (0) 

is magnetically isotropic, the torque signal 

must reflect contributions fiorn the triplet 

state ( 1 )  only. At each 0 value, we can 

A.CORNIA rr a/ .  

I 

8, 

>,@ 

(1) 
1 

I 

1 

( t y ) = ( ~ l ~ , . / ~ )  [ l+exp  [ -a- B;:F)]‘ 
were -a is the slope of (1) at B,(@ and 

T, = -( g) 
6 

is the torque operator. I t  can be shown that 

for the step, which is centered at the critical field B,(O). 

The FWHM-vs-T data at T < 1.5 K in Figure. 5 were fitted with a = 0.932( I 1) 

cm-1PT. This value is in excellent agreement with that expected for singlet-triplet 

crossing (a = -gpBM = 0.934 cm-l/T with g = 2.00). We now assume axial 

symmetry for both systems investigated and express the critical field as: 
1 

with 0’ = 0 in Feg and 0’ = arccos(cosacos6) in Felo (see Experimental 

Section). 
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HIGH-FIELD TORQUE MAGNETOMETRY ON FE6 AND FEio [ I  121 ]/409 

El and Dl are the exchange energy and the axial zero-field splitting parameter, 

respectively, for the triplet state. The 00 angle defines the orientation of the 

anisotropy axis in the xz plane. This Equation provides a simple and eficient 

way for determining El and DI from BC(0)-vs-0 plots (Figure 7). The best-fit 

parameters are collected in Table I. 

TABLE 1 

Fe6 Fe1o 

El (cm-1) 15.28( 1) 4.479(4) 
D1 (cm-1) 4.32(3) 2.24(2) 
0,(’) -1.6(4) 7.7(1) 
g 2.000 2.000 

TABLE 11 

S Es (cm-1) Ds (cm-1) 

1 4.43(1) 2.24 
2 12.78(3) 0.599(3) 
3 25.28(5) 0.291(1) 
4 41.98(8) 0.180(1) 
5 62.6(2) 0.123(1) 

The 0, value for Felo shows that the axial approximation is realistic, as 

suggested by a careful inspection of molecular geometry[sl. 

The additional steps observed in high fields on the Felo sample were 

analyzed by including excited multiplets with S up to 5 .  Our approach consisted 

in directly fitting the 5-vs-B curve recorded at 0.45 K and 0 = 49.8’, which 

showed best-resolved steps and maximum signal intensity. The eigenvectors of 

perturbative hamiltonians H, = S.D,  .S +gu,B.S were computed for each 

S-multiplet and the thermal-expectation value of the torque signal was 

calculated from the matrix elements (SMIT, ISM) by using Boltzmann statistics. 

The best-fit parameters in Table I1 were obtained by setting D1 = 2.24, g = 2.00 

and refining an “effective temperature” T’ = 0.76( 1) K in order to reproduce the 

width of the steps. Tables I and 11 provide a detailed picture of low-lying spin 

states in these AFM clusters. The possibility to determine the complete set of 

exchange energies and zero-field splitting parameters reflects the different 

influence of Ds and Es on the torque curves. More precisely, the heigth of each 
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step is mainly determined by the Ds/Ds+~ ratio, whereas the inflection point is 

related to both Ds and Es values. 

CONCLUDING REMARKS 

We have investigated the influence of non-Heisenberg terms on the low- 

temperature physics of two molecular clusters with a nng structure, Fe6 and 

Felo. Torque magnetometry on microgram single crystals was applied to the 

study of magnetization steps in fields up to 23 Tesla. The smooth angular 

variation of critical fields provided a very effective way of determining the Ds 

parameters and the exchange energies of excited multiplets. The main advantage 

of this approach, as compared to low-field susceptibility measurements at 

variable temperature, lies in the absence of thermal averaging effects on the 

different multiplets, which mix individual contributions to magnetic anisotropy. 

In this respect, the information extracted from single-crystal magnetization steps 

is “quasi-spectroscopic” in quality. 

In both Fe6 and Felo compounds, the ring axis represents a “hard” 

magnetic axis. This result is surprising if one considers the different chemical 

environment of the metal ions in the clusters. However, it has found recent 

confirmation by torque measurements on two additional ring clusters, namely 

[LiFe6(OCH3)12(dbm)6]PF6[7.8] and [FesF~(t-BuC02)16][~1. The zero-field 

splitting parameters observed in Fe6 and FelO confirm that polynuclear iron(II1) 

compounds may exhibit fairly large magnetic anisotropies and represent good 

candidates for the observation of superparamagnetic-like behavior[J]. 
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