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Abstract:

 Subsequent to the similar [MnIII6CrIII]3+ single-molecule magnets (SMM), the recently studied [FeIII6CrIII]3+ structural type adsorbed thin films prepared on Si and gold-coated glass substrates have been experimentally studied by means of spin-polarized electron spectroscopy (SPES) and X-ray magnetic circular dichroism (XMCD) at the Fe L3,2 edge using circularly-polarized synchrotron radiation. The results are cross-compared to the corresponding data obtained from the recently published measurements with Mn-based SMM [1], also in terms of the local spin and orbital magnetic moments obtained. Furthermore, [FeIII6CrIII]3+ single crystals have been experimentally studied by means of magnetometry and X-ray diffraction.
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1. Introduction


The amount of data produced and stored is increasing rapidly [2]. Whilst the storage of data relies mainly on hard disc drives, the fundamental limitations [3,4,5] of magnetic recording principles limit recording density to around 1 Tbit/inch2 [3,6]. Efforts are currently being made involving single molecules performing as memory cells, transistors and even logical devices [7,8,9], which could replace bulk magnetic and semiconductor devices. A comprehensive review of the subject is given in [10]. Single-molecule magnets (SMM) [11,12,13] offer a promising approach in terms of both quantum computing and information storage [14,15,16,17]. Single-molecule magnets need to be addressed individually to retrieve stored information; the first successful attempts at depositing SMM on surfaces with preferential orientation [18] and in periodic 2D arrays [19] therefore represent significant developments on the way towards future applications.



It was a “serendipitous approach” [20] that led to the discovery of Mn12ac, the first single-molecule magnet [21,22,23]. An alternative method based on rational bottom-up molecular design was found to achieve the [MnIII6CrIII]3+ single-molecule magnet [24,25,26]. This is representative of the more general [Mt6Mc]n+ structure type, which has been the subject of extensive studies over recent years [24,25,26,27,28,29,30,31,32,33,34,35].



Earlier studies that investigated the stability of the [MnIII6CrIII]3+ SMM deposited on a variety of substrates against soft X-ray irradiation [36] indicated already the important role in radiation stability played by the anions associated with the SMM core. The initial SMM experiments using spin-resolved electron spectroscopy (SPES) [1,37] were performed using the highly stable [MnIII6CrIII]3+ type with perchlorate anions, and the results were quantitatively cross-compared to XMCD measurements [1]. With controlled deposition of [MnIII6CrIII]3+ SMM arrays on surfaces representing the issue for future applications, the deposition behavior on these surfaces was also studied by non-contact AFM, which revealed 2D-array structures of both commensurate and incommensurate adsorbates [38,39].



The slow relaxation of the magnetization characteristic for single-molecule magnets arises from an energy barrier Ueff for spin reversal due to an anisotropy of the spin St. This energy barrier Ueff was proposed to be equal D * St2 with St being the spin ground state of the whole molecule and D being the zero-field splitting of St. [11,12,13]. The zero-field splitting D describes phenomenologically the anisotropy of the spin, while the physical origin of the anisotropy is due to some orbital angular momentum contribution to the spin [25]. The spin ground state St in the heptanuclear complexes [Mt6Mc]n+ arises from the exchange coupling of the local spins Si of the seven metal ions. The local spin of the MnIII (Si = 2) is known to have a relatively large zero-field splitting. Therefore, it is was chosen for the single-molecule magnet [MnIII6CrIII]3+ [25]. Here, we want to study the effect of substituting the six MnIII ions by six FeIII ions. The FeIII ions have a higher local spin quantum number Si = 5/2, but are less anisotropic and possess a smaller absolute value of the zero-field splitting D. By assuming the same exchange coupling scheme as in [MnIII6CrIII]3+, which has a total spin ground state of St = 21/2, we expect a higher spin ground state of St = 27/2 for [FeIII6CrIII]3+. It is an advantage of our systems that we can synthesize the same molecular structure [Mt6Mc]n+ with different metal ions. Thus, we can investigate in an isostructural series the influence of Si and D on the energy barrier Ueff and, hence, the magnetic properties.



The work here involved performing SPES measurements at the L3,2 edge of the Fe ions of the comparable [FeIII6CrIII]3+ perchlorate adlayer system by means of circularly-polarized synchrotron radiation. XMCD measurements were also carried out in order to allow a cross-comparison with the electron spin polarization spectra. It is the scope of this article to present the experimental results of spin-resolved electron spectroscopy, as well as of XMCD on [FeIII6CrIII]3+ thin films for the first time and also to cross-compare these with the corresponding [MnIII6CrIII]3+ SMM results in terms of local spin and orbital magnetic moments obtained.




2. Scientific Background


The key factor in the XMCD method becoming a versatile, widely-used tool for investigating the magnetic properties of solids was the availability of high-quality synchrotron radiation sources that could provide variable polarization [40,41,42]. For this technique, however, it is necessary for the samples to exhibit magnetic orientation, a precondition commonly achieved using strong external magnetic fields together with very low sample temperatures.



The XMCD method owes its broad practical applicability to the discovery of the so-called sum rules regarding the orbital [43] and the spin magnetic moment [44], which relate the measured helicity-dependent absorption difference to the local orbital and spin magnetic moments of the absorbing atom [45,46] element specifically. The accuracy of the derived spin and orbital magnetic moments is however limited by the approximations used for obtaining the sum rules; see [47,48,49,50,51]. In the case of 3d transition metal ions in particular, corrections to the spin sum rule results must be made, either by using correction factors [52] or comparing the XMCD data to the results from multiplet calculations [53] as used for the [MnIII6CrIII]3+ SMM [1,54]. Applying external magnetic fields in the XMCD experiment constitutes an influence on the investigated systems, which has the potential of changing the sample properties with regard to the undisturbed state without such external fields.



Experiments on paramagnetic Gd in 2001 [55] already indicated that the spin-resolved electron spectroscopy of the samples in the paramagnetic regime beyond the Curie temperature produces the same information as XMCD data, but without having to apply external magnetic fields: The primary excitation step using circularly-polarized radiation is regulated by the relativistic dipole selection rules for both paramagnetic samples and magnetically-oriented materials [56,57]. In both cases, the excitation leads to the generation of oriented core holes in the sample. The core hole orientation resulting from this primary excitation can be investigated by analysis of the spin polarization of Auger electrons subsequent to the decay of the primary core hole. Following the results recently obtained with [MnIII6CrIII]3+ SMM [1], the orientation of the primary core holes was retrieved for the results presented here using the LMV Auger decay (LM: inner shell quantum numbers; V: valence band) of the Fe constituents in the [FeIII6CrIII]3+ system.



XMCD experiments using circularly-polarized light lead to two varying absorption yields [44] Y+ and Y− depending on whether the light helicity (the photon angular momentum) is parallel or antiparallel with regard to the preferential magnetic direction (M) present in the sample. Whilst M is defined by the magnetization in magnetically-ordered solids, an external magnetic field of adequate strength B is needed to define M in the case of assemblies of non-interacting localized magnetic moments, for example for SMM. As the spin orientation of a magnetized sample runs antiparallel to M, the presence of empty 3d valence states results in Y+ > Y− for the L3 edge of the 3d transition metal investigated here. There is a close link between the resulting XMCD asymmetry AXMCD = (Y+ − Y−)/(Y+ + Y−) and the core hole orientation created by excitation with circularly-polarized radiation in a magnetically non-ordered sample. This close relationship between MCD effects during photoexcitation and the spin polarization of electrons that are emitted from paramagnetic samples has already been described within the framework of the electric dipole approximation; see [58]. The equivalency of both of these approaches is limited to situations in the MCD experiment in which there is no spectroscopic resolution of the exchange splitting [59]. Furthermore, consideration must be given to core level splitting and other effects induced by the core-valence interaction in magnetic samples [60]. In the case of a pure singlet coupling of the Auger decay, an opposite sign of the XMCD asymmetry and of the Auger electron spin polarization is expected [1,59].




3. Experimental Approach


3.1. [{(talent−Bu2)(FeIII(MeOH))3}2{CrIII(CN)6}](ClO4)3 ([FeIII6CrIII](ClO4)3)


A solution of Fe(ClO4)3·10H2O (73 mg, 0.14 mmol) in MeOH (10 mL) was heated to a suspension of H6talent−Bu2 (50 mg, 0.045 mmol) in MeOH (40 mL). To the brown solution was added a solution of NEt3 (26 mg, 0.27 mmol) in MeOH (2 mL) and a solution of K3[Cr(CN)6] (15 mg, 0.045 mmol) in H2O (1 mL). The resulting blue solution was stirred for 16 h at room temperature and filtered. Slow evaporation of the filtrate afforded blue-black crystals. Yield: 15 mg (18%). ESI-MS (MeOH): m/z: 918.1 [{(talent−Bu2)Fe3}2{Cr(CN)6}]3+; MALDI-TOF-MS (matrix DCTB): m/z: 2951 [{(talent−Bu2)Mn3}2{Cr(CN)6}(ClO4)2]+, 2851 [{(talent−Bu2)Mn3}2{Cr(CN)6}(ClO4)]+, 2751 [{(talent−Bu2)Mn3}2{Cr(CN)6}]+; IR (KBr): [image: there is no content] (cm−1) = 2954 m, 2906 m, 2867 m, 2166 w, 1616 s, 1578 s, 1538 m, 1496 vs, 1435 m, 1393 m, 1364 m, 1339 w, 1312 w, 1258 s, 1190 w, 1140 m, 1111 m, 846 m, 623 w, 563 w, 548 w (Note: vs, s, m, w, means very strong, strong, medium, weak). Elemental analysis (%): calcd. for [{(talent−Bu2)(FeIII(MeOH))3}2{CrIII(CN)6}](ClO4)3·9H2O·KClO4 (C150H234N18O43KCl4CrFe6): C 50.81, H 6.65, N 7.11; found: C 50.51, H 6.31, N 7.10.




3.2. X-ray Crystallography


[FeIII6CrIII](BPh4)3·12MeOH·2H2O, C234H328N18O32B3CrFe6, M = 4324.67, monoclinic, space group P21/n (No. 14), a = 21.8535(9), b = 17.8316(8), c = 31.2963(13) Å, β = 90.641(2), V = 12194.9(9) Å3, Z = 2, T = 100(2) K, μ(MoKα) = 0.456 mm−1, ρcalc = 1.178 g/cm3, crystal size = 0.254 × 0.196 × 0.14 mm3, 179,177 reflections measured (3.94 ≤ 2Θ ≤ 50.00°), 21,425 unique reflections used in the refinements (Rint = 0.0438). The final R1 values (1261 refined parameters) were 0.0644 for 16,427 reflections with I > 2σ(I) and 0.0810 for all data.



Single crystals of [FeIII6CrIII](BPh4)3·12MeOH·2H2O were removed from the mother liquor, coated with oil and immediately cooled to 100(2) K on a Bruker (Madison, WI, USA) Kappa-APEX-II four-circle diffractometer with a 4K CCD detector, MoKα radiation, graphite monochromator. SADABS-2008/1 (Bruker AXS Inc., Madison, WI, USA) was used for absorption correction; solution and refinement were done with SHELXS/L [61]. At early stages of refinement, 6 MeOH and 1 H2O molecules were found in the asymmetric unit, but could not properly be refined and were therefore removed from the coordinate set. The resulting void was then examined with “SQUEEZE” [62]. The found electron count can be attributed to approx. 6 MeOH molecules and 1 H2O molecule. These were included in the given sum formula and, thus, contribute to the derived quantities, like μ, etc.



CCDC-1419972 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from [63].




3.3. Other Physical Measurements


Infrared spectra (400–4000 cm−1) of solid samples were recorded on a Shimadzu (Kyoto, Japan) FT-IR 8400S as KBr disks. ESI and MALDI-TOF mass spectra were recorded on a Bruker (Billerica, MA, USA) Esquire 3000 ion trap mass spectrometer or a Waters QUATTRO LCZ mass spectrometer and a PE Biosystems Voyager (Weiterstadt, Germany) DE mass spectrometer or a Bruker (Billerica, MA, USA) REFLEX IV mass spectrometer, respectively. Elemental analyses were carried out on a LECO (St. Joseph, MI, USA) CHN-932 or a HEKAtech Euro (Wegberg, Germany) EA elemental analyzer. 57Fe Mössbauer spectra were recorded on an alternating constant-acceleration spectrometer. The sample temperature was maintained constant in a bath cryostat (Wissel (Starnberg, Germany) MBBC-HE0106). 57Co/Rh was used as the radiation source. Isomer shifts were determined relative to α-iron at room temperature. UV/VIS/NIR absorption spectra of solutions were measured on a Shimadzu (Kyoto, Japan) UV-3101PC spectrophotometer in the range 190–1100 nm at ambient temperature. Temperature-dependent magnetic susceptibilities were measured using a SQUID magnetometer (MPMS XL-7 EC, Quantum Design (San Diego, CA, USA)) in a static field of 1 T in the range 2–290 K. Variable-temperature variable-field (VTVH) measurements were performed at various static fields in the range 2–10 K with the magnetization equidistantly sampled on a 1/T temperature scale. For calculations of the molar magnetic susceptibilities, χm, the measured susceptibilities were corrected for the underlying diamagnetism of the sample holder and the sample by using tabulated Pascal’s constants. AC susceptibilities were measured in the range 1.8–5.0 K in zero static field with an AC field of 3 Oe oscillating at frequencies in the range 660–1500 Hz.




3.4. Sample Preparation


Based on our results of Mn-based SMM [1], the [FeIII6CrIII](ClO4)3 system with perchlorate anions was chosen for the spin-resolved electron spectroscopy and XMCD measurements. Methanolic solutions with a concentration of 6 × 10−5 mol/L were prepared.



An airbrush process using an airbrush gun (Grafo T1 by Harder & Steenbeck GmbH & Co. KG, Norderstedt, Germany) and using high purity nitrogen (99.999%) as the working gas at a pressure of 1.25 bar was used for the [FeIII6CrIII]3+ sample preparation: a square substrate with an edge length of approximately 11 mm was coated with 200 μL of methanolic solution, through repeatedly moving the airbrush nozzle across the substrate.



The described method allowed the deposition of homogeneous adsorbate deposits with an area of up to 100 mm2 at a distance of 40 mm with respect to the nozzle of 0.15 mm in diameter. Si(110) and gold-coated glass substrates (Arrandee by Dr. Dirk Schröer, Werther, Germany) were used for this work. It should be noted that the airbrush deposition method leads to a macroscopic [Fe6Cr]3+ deposit on the substrate surface. Optical microscopy proves that the deposited layer can be regarded as homogeneous on the size scale of the synchrotron radiation spot size of approximately 1 mm2. The structure of the layer with a thickness of about 10 μm as seen by optical microscopy given in Figure 1 appears similar to the structure observed for [MnIII6CrIII]3+ SMM deposited by the same preparation step; see Figure 1 of [1]. Thus, the results presented here represent [Fe6Cr]3+ polycrystalline bulk measurements.


Figure 1. Optical microscopy image of the [FeIII6CrIII](ClO4)3 thin film. The synchrotron X-ray radiation spot of about a 1-mm2 size averaged over the polycrystalline cluster structure of the film.
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4. Results and Discussion


4.1. Synthesis and Characterization of [FeIII6Cr]3+


The heptanuclear complexes [Mt6Mc]n+ (=[{(talentBu2)Mt3}2{Mc(CN)6}]n+) using the triplesalen ligand H6talent−Bu2 (Scheme 1) have yet only been prepared with the terminal ions Mt = MnIII [24,26,27,29,30,31,32,33,35].





[image: Magnetochemistry 02 00005 g014 1024]





Scheme 1. Triplesalen used for the synthesis of the complex. 






Scheme 1. Triplesalen used for the synthesis of the complex.
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However, trinuclear complexes with FeIII ions coordinated by the triplesalen ligand were obtained [30,64]. Moreover, using the related chiral triplesalen ligand H6chandRR, the heptanuclear complex RR[FeIII6FeII]2+ was synthesized and characterized [34]. In analogy to these reactions in order to obtain [FeIII6CrIII]3+, we have reacted H6talent−Bu2 with FeIII(ClO4)3·10H2O, resulting in a blue solution typical for phenolate-to-FeIII LMCT (ligant-to-metal charge transfer) absorptions. Addition of K3[CrIII(CN)6] provided blue crystals of [FeIII6CrIII](ClO4)3 as evidenced by the ν(C≡N) = 2166 cm−1 stretching mode and the observation of [FeIII6CrIII]3+ in the mass spectra. The UV-VIS spectrum (Figure 2) exhibits, besides the strong absorptions of the heteroradialene backbone between 27,000 and 35,000 cm−1, the prominent phenolate-to-FeIII LMCT transition at 18,300 cm−1. This is lower in energy than the phenolate-to-MnIII LMCT in [MnIII6CrIII]3+ at ~23,000 cm−1 due to the lower effective nuclear charge of MnIII.


Figure 2. Electronic absorption spectra of [FeIII6CrIII](ClO4)3 and [MnIII6CrIII](BPh4)3 measured in MeCN.



[image: Magnetochemistry 02 00005 g002 1024]








Single-crystal X-ray diffraction on [FeIII6CrIII](ClO4)3 proved the formation of the heptanuclear complex [FeIII6CrIII]3+. Interestingly, this compound crystallizes in the cubic space group Ia[image: there is no content] with the crystallographically imposed C3 axes forming the space diagonals of the cubic unit cell. However, the quality of the diffraction data did not allow refining the structure sufficiently (R = 12.12%). In our work on [Mt6Mc]n+, we recognized that the quality of the single crystals for single-crystal X-ray diffraction could be enhanced by using BPh4− as the counter ion [26]. Therefore, we added NaBPh4 to the reaction mixture and obtained after recrystallization from MeOH bluish-black crystals, which were analyzed by single-crystal X-ray diffraction as [FeIII6CrIII](BPh4)3·12MeOH·2H2O. The molecular structure of the heptanuclear complex [FeIII6CrIII]3+ constitutes two trinuclear [(talent−Bu2)FeIII}]3+ units connected by a central [CrIII(CN)6}3− (Figure 3a). The asymmetric unit consists of only half of the heptanuclear complex (Figure 3b); the other half is generated by a crystallographic center of inversion. All FeIII ions are six-coordinated by the additional coordination of a MeOH solvent molecule.


Figure 3. (a) Molecular structure of [FeIII6CrIII]3+ in single crystals of [FeIII6CrIII](BPh4)3·12MeOH·2H2O; (b) asymmetric unit of [FeIII6CrIII]3+ and the numbering scheme used. Hydrogen atoms have been omitted for clarity.
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Selected interatomic distances are provided in Table 1. The MnIII ions in [MnIII6CrIII]3+ are Jahn–Teller active, i.e., the coordinated sphere can be described as a tetragonally-elongated octahedron with the N2O2 environment of the salen-like coordination compartments forming the basal plane. The cyanides coordinate in the Jahn–Teller axes, while the positions trans to the cyanides are either occupied by solvent molecules or empty. The FeIII in [FeIII6CrIII]3+ is not Jahn–Teller active. This has two main consequences: the FeIII ions are all six-coordinated, and the Fe–NN≡C bonds are shorter (2.10 Å) than the Mn–NN≡C bonds (2.17–2.22 Å) in [MnIII6CrIII]3+ [26]. A further notable difference in the molecular structure of [FeIII6CrIII]3+ to that of [MnIII6CrIII]3+ is a lower heteroradialene character of the central six-membered ring, which is evidenced by a HOMA value (harmonic oscillator model of aromaticity) [65,66] of 0.81 for [FeIII6CrIII]3+, while values of 0.6–0.7 are indicative of a stronger heteroradialene character in [MnIII6CrIII]3+.



Table 1. Selected interatomic distances (Å) in [FeIII6CrIII]3+.







	
Fe1–O11

	
1.902(2)

	
O32–C301

	
1.325(4)




	
Fe1–O12

	
1.888(2)

	
N11–C11

	
1.291(4)




	
Fe1–N11

	
2.110(3)

	
N12–C17

	
1.298(4)




	
Fe1–N12

	
2.104(3)

	
N21–C21

	
1.293(4)




	
Fe1–N41

	
2.095(3)

	
N22–C27

	
1.290(4)




	
Fe1–O401

	
2.141(3)

	
N31–C31

	
1.293(5)




	
Fe2–O21

	
1.908(2)

	
N32–C37

	
1.291(5)




	
Fe2–O22

	
1.895(2)

	
N41–C41

	
1.149(4)




	
Fe2–N21

	
2.111(3)

	
N42–C42

	
1.147(4)




	
Fe2–N22

	
2.101(3)

	
N43–C43

	
1.149(4)




	
Fe2–N42

	
2.113(3)

	
C1–C2

	
1.416(5)




	
Fe2–O402

	
2.103(2)

	
C2–C3

	
1.422(5)




	
Fe3–O31

	
1.907(2)

	
C3–C4

	
1.415(5)




	
Fe3–O32

	
1.890(2)

	
C4–C5

	
1.416(5)




	
Fe3–N31

	
2.102(3)

	
C5–C6

	
1.410(5)




	
Fe3–N32

	
2.101(3)

	
C6–C1

	
1.411(5)




	
Fe3–N43

	
2.098(3)

	
C2–C11

	
1.470(5)




	
Fe3–O403

	
2.159(2)

	
C4–C21

	
1.482(4)




	
Cr1–C41

	
2.060(4)

	
C6–C31

	
1.487(5)




	
Cr1–C43

	
2.059(3)

	

	




	
Cr1–C42

	
2.068(4)

	
Cr1···Fe1

	
5.2582(5)




	
O11–C1

	
1.333(4)

	
Cr1···Fe3

	
5.2602(5)




	
O21–C3

	
1.312(4)

	
Cr1···Fe2

	
5.2758(5)




	
O31–C5

	
1.326(4)

	
Fe1···Fe3

	
6.7678(7)




	
O12–C101

	
1.322(4)

	
Fe1···Fe2

	
6.8200(7)




	
O22–C201

	
1.319(4)

	
Fe2···Fe3

	
6.7415(7)














The 57Fe Mössbauer spectrum of [FeIII6CrIII](ClO4)3 (Figure 4) exhibits a single quadrupole doublet with an isomer shift of 0.51 mm·s−1 and quadrupole-splitting of 1.97 mm·s−1, demonstrating the presence of FeIII (d5, Si = 5/2) ions.


Figure 4. 57Fe Mössbauer spectrum of [FeIII6CrIII]3+ at 80 K. The solid lines correspond to simulations with the parameters provided in the text.
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The effective magnetic moment, μeff, decreases from 14.89 μB at 290 K to a minimum of 14.19 μB at 20 K and increases to 14.47 μB at 8 K and then drops to 14.38 μB at 5 K (Figure 5a). The VTVH (variable-field variable-temperature) magnetization measurements (Figure 5b) provide some nesting behavior indicative of some magnetic anisotropy. The low temperature (2 K) high field (7 T) magnetization value is 25.6 μB. These magnetic data are consistent with a small antiferromagnetic FeIII-CrIII exchange interaction, responsible for the decrease of μeff from room temperature to 20 K. The slight increase below 20 K indicates either a very small ferromagnetic FeIII-FeIII interaction or an antiferromagnetic FeIII-FeIII coupling, resulting in an overall ferrimagnetic coupling scheme, as was also observed for [MnIII6CrIII]3+. Either of these two scenarios results in an St = 27/2 spin ground state. This value is collaborated from the high saturation magnetization value in the VTVH data. Despite this high spin ground state and the small magnetic anisotropy, [FeIII6CrIII]3+ shows no out-of-phase signal in the AC magnetization measurements for frequencies up to 1500 Hz. Thus, there is no indication that [FeIII6CrIII]3+ exhibits a slow relaxation of the magnetization indicative of SMM behavior.


Figure 5. Magnetic measurements of [FeIII6CrIII]3+: (a) temperature dependence of μeff at 1 T; (b) variable-field variable-temperature (VTVH) magnetization measurements at the given magnetic fields.
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4.2. Radiation Sensitivity


The large homogeneous sample area as described in Section 3.4 allowed a sample scanning during the spin polarization measurements: results obtained from many sample positions are merged into one spin polarization data point, thus overcoming the limitation of the measurement time due to the [FeIII6CrIII]3+ radiation sensitivity. Both this radiation sensitivity of the [FeIII6CrIII]3+ molecule and the homogeneity and the condition of the deposited [FeIII6CrIII]3+ adlayer were measured by means of L3,2 edge XAS characterization. This is demonstrated in Figure 6, where a noticeable reduction of the ions in the molecule from FeIII to FeII for high photon pre-exposure is shown. Therefore, the sample has been scanned in the final measurement to ensure that not more than 3 × 1013 photons hit the irradiated sample, which corresponds to more than 90% FeIII and not more than 10% FeII.


Figure 6. XAS total electron yield (TEY) spectra showing the radiation-induced change of the Fe oxidation state in [FeIII6CrIII](ClO4)3. The initial FeIII content decreases from 0.98 to 0.20 due to the reduction process occurring upon soft X-ray exposure.



[image: Magnetochemistry 02 00005 g006 1024]









4.3. Spin-Resolved Electron Spectroscopy


The BESSY-II storage ring beamlines UE52-SGM and UE56/2-PGM2 of Helmholtz-Zentrum Berlin (HZB) were used to perform the spin-resolved electron spectroscopy (SPES) measurements shown here. Both beamlines provide a range of photon energies extending from 90 eV–1300 eV and cover the 700 eV region of the Fe L3,2 edge, using the synchrotron radiation of permanent magnet undulators. For more information on the specifications of both beamlines, see [67,68,69].



The ultra-high vacuum (UHV) experimental setup shown in Figure 7 as used in these spin-resolved electron spectroscopy experiments was fit with a 90° spherical field electron spectrometer in the geometry of normal incidence and normal emission. Subsequent to the energy analysis, the electrons were collected and transferred to a spherical Mott Rice-type polarimeter [70], using a scattering energy of max. 45 kV. The Mott polarimeter polarization sensitivity (Sherman function) at 25 kV (45 kV) was measured to be Seff = −0.17 ± 0.02 (Seff = −0.23 ± 0.02) [1]. Note that in the following figures, the uncertainty regarding the polarization sensitivity as a scale factor is not regarded in the error bars of the spin-polarized electron spectra.


Figure 7. Schematic view of the electron spectrometer and the Mott polarimeter. Also shown is the position of the main electron detectors (CEM1, CEM2) and the auxiliary detector (CEM) mounted off-axis behind a separate exit slit. The Mott polarimeter is shown rotated around its axis by 90°.
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The scattered and retarded electrons were detected by channel electron multipliers (CEM by Dr. Sjuts Optotechnik, Göttingen, Germany) with a circular entry funnel (25 mm in diameter) to maximize detection efficiency. The electron spectrometer, as well as the Mott polarimeter have been successfully used before [1,37,55,57,71,72], as has been described in more detail elsewhere; see [57,72]. The UHV setup used an electrically-isolated sample stage for the total electron yield (TEY) mode XAS measurements, a sample transfer and preparation system with UHV storage of up to six samples and a load-lock with a pump-down time of less than 1 h, which allowed frequent sample changes necessary for the limited sample lifetime at soft X-ray exposure [36]. Figure 8 shows Auger and photoelectron spectra of the previously radiation-unexposed [FeIII6CrIII](ClO4)3 adlayer system measured at 708.0 eV (top data, black) and at 706.6 eV (bottom data, red) photon energies; see also Figure 6.


Figure 8. XPS photoelectron and Auger electron spectrum of fresh [FeIII6CrIII](ClO4)3 thin films for excitation X-ray energies 708.0 eV (top black data points) and 706.6 eV (bottom red data points) as a function of the electron binding energy.
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4.4. XMCD Measurements


Comparative XMCD investigations of [FeIII6CrIII](ClO4)3 thin films have been performed at the X11MA/SIM beamline of the Swiss Light Source (SLS) storage ring at the Paul Scherrer Institute in Villigen, Switzerland. The beamline is based on a double undulator comparable to the UE56 undulators in Berlin at the BESSY-II storage ring. Both undulators are tilted against each other. They can be operated with opposite helicity, which has been used in the present experiment. The XMCD data presented here are obtained at the low temperature T = 4 K and a magnetic field of B = 6.9 T. It has to be noted that the sum rule evaluation as discussed in Section 4.6 requires a sample magnetization up to saturation. This has been fulfilled as the VTVH results in Figure 5 show. All XMCD measurements were done in TEY mode by measuring the sample current; the corresponding yields at the Fe L23 edges for the use of circularly-polarized radiation of both helicities and their XMCD difference are shown in Figure 9.


Figure 9. Fe L3,2 edge XMCD data obtained from [FeIII6CrIII](ClO4)3 at B = 6.9 T and T = 4 K. The helicity-dependent absorption spectra are shown together with the resulting XMCD difference.
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4.5. Electron Spin Polarization and XMCD Results of [FeIII6CrIII](ClO4)3 Adlayers in the Cross-Comparison with the Corresponding Results of [MnIII6CrIII]3+ SMM


A sample scanning method was used on account for the radiation sensitivity of the molecules (see Figure 6), which involved selecting new and previously unexposed sample positions after each measurement of approximately 60 s in duration. A large number of these measurements were then combined to form a single spin polarization data point. Variations in the adsorbate layer thickness were equalized out, since an evaluation was made only of the asymmetry of the count rates of both detectors. Any asymmetries relating to the CEM detector’s differences were cancelled out through combining the measurements with both helicities of the circularly-polarized light used in the excitation process.



Spin polarization results obtained from [FeIII6CrIII](ClO4)3 samples at room temperature and without any magnetic field are shown in Figure 10. The result of a comparative XMCD asymmetry study at B = 6.9 T and T = 4 K is represented by the solid line of the top panel. The lower panel of the figure again shows the corresponding absorption spectrum. For [FeIII6CrIII](ClO4)3, a negative spin polarization with absolute values up to 25% is predominant in the Fe L3 edge region.


Figure 10. Top panel: The spin polarization of Auger electrons resulting from the LMV [FeIII6CrIII]3+ Auger transition is shown. The horizontal error bars represent the bandwidth of the circularly-polarized radiation used in the excitation step. The vertical error bars correspond to the single statistical error of the measurements. The solid line represents XMCD asymmetry data (6.9 T, 4 K) for the comparison. Bottom panel: A corresponding Fe l-edge absorption spectrum of [FeIII6CrIII](ClO4)3 is shown.
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Figure 11 shows the corresponding results of SPES and XMCD asymmetry for [MnIII6CrIII]3+ SMM [1] in the cross-comparison. While in both systems the energy dependences of spin polarization are almost the same and also agree with respect to the cross-comparison of SPES and XMCD, there is one important difference between both systems in Figure 10 and Figure 11. The spin polarization scale (left part of Figure 10) for the Fe-system is twice the absolute spin polarization scale for the Mn-based system (left part of Figure 11); or in other words, in contrast to the Mn SMM, the absolute value of electron spin polarization measured at room temperature without any external magnetic field quantitatively agrees with the absolute value of the XMCD asymmetry measured a 4 K temperature and a 6.9 T magnetic field for [FeIII6CrIII](ClO4)3. This expected behavior [55,59] demonstrates that the corresponding LMV Auger transition in the Fe-based molecular system fulfills much better the requirement of a pure singlet coupling than took place in the [MnIII6CrIII]3+ SMM-based system; see Figure 11.


Figure 11. Top panel: Spin polarization and XMCD results obtained from [MnIII6CrIII](ClO4)3 single-molecule magnets (SMM) similarly to Figure 10. Bottom panel: Mn L3,2 edge absorption spectrum of [MnIII6CrIII](ClO4)3 from [1].
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Considering that we know that the [MnIII6CrIII]3+ complex is indeed a single-molecule magnet at low temperatures and the [FeIII6CrIII]3+ complex is not, the results of higher electron spin polarization degree measured for the Fe-system than for the Mn SMM are an interesting and perhaps surprising observation.




4.6. Sum Rule Evaluation of SPES and XMCD Data


On the basis of the approach described under scientific background, it should be possible to obtain information from the SPES measurement equivalent to that of the XMCD data. A spin sum rule analysis was therefore undertaken for both methods (see [43,44,45,46]).



The spin sum rule approach cannot be universally applied to 3d systems; see [53] for a detailed discussion on the limitations imposed by physical constraints. Since both experimental methods are affected by these constraints in the same way, the sum rule approach still provides a useful tool for cross-comparing XMCD and spin-resolved electron spectroscopy data, as successfully shown already for the [MnIII6CrIII]3+ SMM [1]. The analysis was therefore performed in the same way for the Fe-system.



The linearly-interpolated SPES data and the corresponding (i.e., doubled) absorption yield measured without an external magnetic field were multiplied pointwise. This multiplication result corresponds to the difference of the two partial intensities I↑ and I↓, generally being necessary to formulate the XMCD sum rules. ↑ and ↓ correspond to spin parallel and antiparallel to the radiation helicity, respectively.



The measurement uncertainty of the spin polarization results shown in Figure 10 and Figure 11 represents the statistical error of the spin polarization measurement due to the electron counting process. It contributes to the uncertainty of the sum rule results by introducing errors in the p and q integrals on which the sum rule evaluation is based. These errors cannot be derived mathematically due to the integration steps being part of the sum rule formalism. The following numerical approach was chosen to derive the uncertainty of the sum rule results from the spin polarization uncertainty: Each spin polarization data point was varied within its error range, assuming a normal distribution of the possible results within this range. For each spin polarization dataset obtained from this variation, the p and q integrals were evaluated as given in Figure 12, and the sum rule results for the spin and orbital magnetic moments were derived. After generating a sufficient number of varied spin polarization datasets (10,000 runs), the standard deviation of the resulting spin and orbital moments was calculated to obtain the uncertainty of the final results.


Figure 12. Integration of the product of measured spin polarization linearly interpolated and a doubled averaged XAS intensity spectrum, which corresponds to the difference of partial electron intensities with spin ↑ and ↓ and integration of the averaged XAS spectrum obtained from the [FeIII6CrIII](ClO4)3 thin film yielding the parameters p, q and r needed for the sum rule analysis.
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The difficulties posed in fully separating the L2 and L3 contributions in 3d systems are widely known: by applying the sum rule expression most commonly used [45,46] and calculating the necessary integrals p (L3 edge intensity difference), then q (L3,2 edge intensity difference) and finally r (L3,2 edge helicity averaged absorption), the SPES data for the FeIII ions delivered the following results:
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(1)







In Equation (1), we used the p and q values of Figure 12 with opposite sign because of the opposite sign of XMCD asymmetry and spin polarization due to the singlet Auger decay [1,37]. Since the literature sometimes overlooks the sign differences between σ+/σ− light helicities and right/left circular polarization, between electron spin and magnetic moment and finally between different XMCD asymmetry definitions, we follow here the sign convention for the local magnetic moments as done by [46]: a positive local magnetic spin moment means that the spin of the 3d majority electrons is antiparallel to the B field.



It has to be noted that although the contribution of the magnetic dipole Term <Tz> is supposed to be small for 3d transition metals [52], it cannot always be neglected and plays a significant role in systems of higher symmetry than Oh or low dimensionality, such as thin films or interfaces [73,74]. However, the <Tz> contribution can be eliminated by averaging measurements in three orthogonal directions, leading to a simplified spin sum rule expression, as described in [74]. The effect of averaging over different directions is the same for situations where the averaging is the result of a polycrystalline sample [74]. The investigations presented within this work were carried out on macroscopic, polycrystalline [Fe6Cr]3+ deposits on a size scale of about 10 µm; therefore, the <Tz> contribution was neglected in the sum rule evaluation. On the other hand, a correction factor kcorr was added to the result, in accordance with the suggested approach [53]. For the FeIII system, a correction factor 1.48 was used as given and proposed [52]. It is worth noting that these local spin and orbital magnetic moments agree well with the corresponding values 1.8 ± 0.4 μBohr and 0.60 ± 0.12 μBohr measured for the MnIII ions in the [MnIII6CrIII]3+ SMM within the experimental errors given, respectively.



Local spin and orbital magnetic moment results for the FeIII ions were obtained accordingly from the XMCD data shown in Figure 9 via the r, p, q determination given in Figure 13. Once again, the same correction factor was applied to the spin magnetic moment, and the contribution by the magnetic dipole was neglected:
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Figure 13. Integration of the XMCD difference signal and of an averaged XAS spectrum obtained from the [FeIII6CrIII](ClO4)3 thin film yielding the parameters p, q and r needed for the sum rule analysis.
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The algorithm that was used to derive the uncertainty of the spin and orbital moments from the spin polarization error was also used for the XMCD evaluation: The XMCD results presented in Figure 9 were obtained by averaging a sufficient number of absorption spectra to reduce noise. The standard deviation associated with each XMCD data point was then used as the input for the variation algorithm described above, leading to an estimate for the total uncertainty of the sum rule results for the spin and orbital magnetic moments. As already mentioned, the necessary complete saturation of the sample magnetization had been fulfilled in the experiment.



The local spin magnetic moment for the FeIII system obtained from XMCD quantitatively agrees with the corresponding value 1.9 ± 0.2 µBohr of the MnIII ions in the [MnIII6CrIII]3+ SMM and with the corresponding values obtained from the SPES measurements analysis. However, only the local orbital magnetic moment for the FeIII ions obtained from the XMCD case disappeared as expected for the FeIII free ion case (L = 0, 6S) or was thus completely quenched (0.01) by the very high magnetic field in contrast to the SPES measurement at room temperature without the magnetic field (0.56) and also to the results from the Mn-SMM (0.6 and 0.3). This is obviously a further hint that the Fe-system is not a SMM, like the Mn one. The sign of the spin and orbital local magnetic moments is the same for the Fe system as for the Mn SMM system.



Although the spin magnetic moment determined by the sum rule approaches from both XMCD and SPES data agree to a reasonable extent, the results are below the effective magnetic moments of the [FeIII6CrIII]3+ ions shown in Figure 5b, which would correspond to a local spin moment of Fe to be 2.5 μBohr. The observed discrepancy might also in part be attributed to the simplicity of the sum rule approach and the approximations employed in the derivation of the spin and orbital sum rules. See [47,48,49,50,51,52,53,54] for a more detailed discussion of their physical limitations. While the use of correction factors for spin sum rule results obtained from 3d systems [53] may represent an improvement, the quantitative applicability of this approach for molecular systems like [Fe6Cr]3+ might not be generally assumed without a more detailed theoretical investigation.



At the Cr L2,3 edge at photon energies around 580 eV, an XMCD asymmetry of opposite sign compared to the Fe L2,3 edge has been measured. Since a separation of the L2 and L3 contributions in the sum rule application could not be performed and electron spin polarizations have not been measured there, an analysis of Cr local spin and orbital magnetic moments could not be performed.





5. Summary and Conclusions


Comparative measurements using XMCD (4 K, 6.9 T) and spin-resolved electron spectroscopy (at room temperature, without external field) at the Fe L edge were performed on [FeIII6CrIII](ClO4)3 thin films deposited on solid substrates. A simple sum rule evaluation was performed to enable a comparison of the two experimental methods, despite the known restrictions concerning the applicability to 3d systems. The absolute value of the local spin magnetic moment obtained from both methods agrees within the experimental errors. In cross-comparison with the recently studied [MnIII6CrIII]3+ SMM, the spin polarization found for the Fe system were higher and showed the same absolute values as for the XMCD asymmetry. The local orbital Fe-magnetic moment has been completely quenched by the high magnetic field for the low temperature in the XMCD study, unlike the Mn SMM case.
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