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Selective magnetometry of superparamagnetic iron oxide nanoparticles in liquids

We show that the properties of superparamagnetic iron oxide nanoparticles suspended in liquids can be effectively studied using Magnetic Circular Dichroism in Resonant Inelastic X-ray Scattering. Analysis of the spectral shape and magnetic contrast produced by this experiment enables an assessment of the site distribution and magnetic state of metal ions in the spinel phase. The selective magnetization profile of particles as derived from the field dependence of dichroism empowers an estimation of particle size distribution. Furthermore, the new proposed methodology discriminates sizes that are below the detection limits of X-ray and light scattering probes and that are difficult to spot in TEM.

The efficient control of the magnetic response 1,2 of synthesized 3,4 or filtered 5 suspensions of nanoparticles is essential for effective and safe use in biomedical and environmental applications. 6,7 Over the past few decades, significant progress has been made in understanding the physical and chemical properties of the smallest magnetic species, [START_REF] Mørup | Comprehensive Nanoscience and Technology[END_REF] establishing robust methodology for the analysis of surface effects, magnetic anisotropy and inter-particle interactions. [START_REF] Coey | [END_REF][10][11][12][13] The majority of these studies, however, were performed on dry nanoparticles, which greatly simplifies the estimation of particle size, chemical composition and magnetic properties. However, in a suspension, the native environment for colloidal synthesis and storage of superparamagnetic iron oxide nanoparticles (SPION) , 14,15 this method is insufficient due to the uncertainty in separation of paramagnetic response of small particles from that of the diamagnetic background of carrier liquid. Therefore, it is usually not possible to determine the density of the smallest particles.. In addition, uncertain concentration, morphology and magnetization of particles, and possible chemical ageing also results in significant ambiquity. 16- 18 Hence, it is clear that the analysis of in situ magnetization of SPION in suspensions is needed for accurately ascertaining the functionality of magnetic liquids. 5,6,14,15,[19][20][21][22][23][24] In response to these needs, several new methods based on photon scattering and resonant spectroscopies have recently been developed. [25][26][27][28][29][30] In parallel, methodology for the interpretation of volume magnetic data has advanced significantly and become indispensable for the precise determination of particle size distribution. [31][32][33][34] Spectroscopic methods, which are capable of probing individual magnetic components by taking advantage of their element and site selectivity, are indispensable to unravel the response of particles from that of the carrier liquid. [START_REF] Daffé | [END_REF] Fe Mössbauer spectroscopy (MS), magnetic particle spectroscopy (MPS) and X-ray magnetic circular dichroism (XMCD) are often used for characterization of iron oxide nanoparticles. [START_REF] Coey | [END_REF]16,23,[35][36][37][38][39][40][41] Although the XMCD spectra has a lower energy resolution and the experimental setup is more involved than that of MS and MPS, XMCD has the advantage that it can be applied to any magnetic element. Moreover, the XMCD spectral shape is not prone to relaxation effects. It reflects the time and spatial average of the net magnetization in the ensemble of particles, because it is characterized by significantly shorter characteristic time defined by core-hole lifetime. 42 Thus, it can be directly used to derive magnetization profiles of a selected element or crystal site in iron-oxide nanoparticles. 38,43 Element specificity and versatile detection modes, namely transmission, fluorescence and electron yield, make XMCD especially advantageous for separation of volume-and surfacerelated properties of core/shell nanoparticles and multicomponent nanoscale materials. 44,45 Nevertheless, except from experiments performed on magnetotactic bacteria (particle radius R > 15nm) using transmission X-ray microscopy, 40 XMCD studies are limited to dry samples due to instrumental difficulties related to the use of soft X-rays in probing inhomogeneous liquids. 46,47 However, it has been recently shown that selective magnetization profiles can be probed on frozen SPION suspensions by means of hard X-ray Magnetic Circular Dichroism combined with Resonant Inelastic X-ray Scattering (RIXS-MCD). 48 Here we report on the feasibility of using 1s2p RIXS-MCD, a photon-in photon-out spectroscopy that probes intensity of 2p emission upon resonant excitation of 1s electrons, for the selective characterization of structural and magnetic properties of SPION in suspensions.

RIXS-MCD reveals a strong magnetic contrast at the K preedge of transition metals in ferrimagnetic spinel oxides and garnets. 49,50 The RIXS-MCD plane comprises of several pairs of high energy resolution fluorescence detected X-ray absorption spectra (HERFD-XAS) probed with opposite circular polarisation of incident light (Figure 1). As such, our method inherits the main advantages of HERFD-XAS, namely high selectivity to chemical environment of the probed metal, and backgroundfree detection. 51 The experiments were performed at room temperature on the suspensions of spinel iron oxide and cobalt ferrite nanoparticles dispersed in benzyl alcohol (BnOH) as well as zincdoped iron oxide nanoparticles dispersed in water. † Measurements were performed at ID26 beamline at the European Synchrotron Radiation Facility. SPION suspensions were embedded into thin-walled Kapton capillaries and placed in the geometrical centre of an electromagnet which produced a magnetic field aligned parallel to the monochromatic, circularly polarized incident X-ray beam. Emitted photons were resolved in energy using a multianalyzer spectrometer and detected by a single-photon-counting detector. A sketch of the experimental setup, the schematic diagram of the transitions involved, and the results acquired on suspension of iron oxide nanoparticles are shown in Figure 1.

The Fe 1s2p HERFD-XAS spectrum and the 1s2p3/2 RIXS and RIXS-MCD planes collected from suspension of spinel iron oxide nanoparticles (Figure 1(c-e)) closely resemble the characteristic shape of spectra previously collected at the iron K pre-edge on powders, thin films and nanoparticles of spinel ferrites. 45,49,50,52,53 The strong magnetic contrast and the good signal-to-noise ratio are sufficient for quantitative study. Noticeably, the weak feature at IE  7112.5 eV (marked with a square in Figure 1), arising from Fe 2+ Oh site 54 is present in the RIXS-MCD plane. This indicates that the particles contain both Fe 3+ and Fe 2+ ions. However, the position of the pre-edge maximum in 1s2p3/2 RIXS, which is due to the contribution of tetrahedrally coordinated Fe 3+ ions, is shifted to higher incident energy by approx. 0.5 eV with respect to that of magnetite (Fe3O4, Figure 2(a)). Such a small shift is also observed in maghemite (Fe2O3). 54 Both the RIXS and RIXS-MCD spectral shapes are compatible with a spinel structure of particles and the expected iron oxide stoichiometry being close to 2:3. 55 The peak-to-peak amplitude of RIXS-MCD measured for this sample (approx. 23%) is in line with the presence of tetrahedral Fe 3+ ions. It is reduced proportionally to volume magnetization with respect to bulk magnetite (30%). [START_REF] Coey | Magnetism and Magnetic Materials[END_REF], ‡ This is clear evidence that RIXS-MCD spectra of SPION suspensions are not affected by magnetization flipping and other relaxation phenomena observed in hyperfine probes.

Fe 1s2p3/2 HERFD-XAS and MCD spectra measured for the other three SPION suspensions and solid reference samples are shown in Figure 2. For the sake of comparison, they are normalized to equal intensity at IE = 7116.8 eV. In order to enhance the MCD signal characteristic to Fe 2+ Oh sites, 49 these spectra were probed at emission energy of 6404.7 eV (dashed line in Figure 1(e)). As expected, HERFD-XAS of spinel ferrites is dominated by strong peak originating from Fe 3+ Td sites, while the Fe2O3 reference reveals separated double peak structure characteristic for Fe 3+ Oh sites. 55 The peak intensity in CoFe2O4 is the largest due to the largest fraction of tetrahedral Fe 3+ in population of iron ions, i.e. 1/2 for perfectly inverse spinel. The second highest pre-edge feature is observed for magnetite reference, i.e. 1/3 of iron sites is tetrahedral. As expected, the pre-edge peak is further decreasing and broadens when Fe 3+ is replaced by Zn 2+ in Td sites, which is due to emerging intensity of the double-peak Fe 3+ Oh features.

Based on the results of previous experiments and Ligand Field Multiplet calculations 50,54 it can be derived that the amplitude of the Fe K pre-edge peak is proportional to 7NTd + 2NOh, where NTd and NOh denotes the occupation of Td and Oh sites by iron ions respectively. † Quantification of the spectral intensity in Zn doped iron oxides provides an estimate of the population of metal sites by iron ions, which equals NTd  0.99 (0.88) and NOh  1.66 (1.59) for Zn0.35Fe2.65O4 (Zn0.53Fe2.47O4) particles. However, to fully confirm these numbers as accurate indicators of site occupancy simultaneous measurement should be performed at the Zn K edge. Nevertheless, we show that quantitative analysis of Fe 1s2p HERFD-XAS indicates a preferential substitution site, which is predominantly Oh, inverse spinel, at low Zn content and partially Td, mixed spinel, at high Zn content.

RIXS-MCD spectra shown in Figure 2(b) are dominated by net magnetization of Fe 3+ Td site, which is approximately 3times stronger and opposite in sign than that of Fe 3+ Oh site. 50 The strongest magnetic dichroism is observed for pristine magnetite. However, the peak-to-peak amplitude of the RIXS-MCD signal probed in the dispersion of Zn0.35Fe2.65O4 nanoparticles is nearly the same as Fe3O4. It is in line with the scenario of predominant substitution of Oh sites by Zn. A significant (approx. 20%) reduction of the magnetic contrast in the case of Zn0.53Fe2.47O4 agrees with the relative decrease in occupation of Fe 3+ Td sites. Surprisingly, the weakest RIXS-MCD amplitude among SPION samples is detected for the CoFe2O4 suspension. Since the relative distributions of Fe 3+ ions between available crystal sites is identical in this inverse spinel and Fe3O4, identical amplitude of magnetic spectra is expected in both samples. Otherwise, the reduction of MCD must be related to lack of magnetic saturation. Indeed, magnetization of CoFe2O4 suspension is strongly decreased at room temperature as confirmed by ex-situ measurements shown in ESI, Figure S1. † As expected for antiferromagnetic materials, the amplitude of magnetic contrast in the spectrum of Fe2O3 is negligible.

Sensitivity of RIXS-MCD spectra to different elements and crystal sites provides a straightforward way to disentangle individual contributions to magnetization, which has been recently used for the selective determination of magnetic anisotropy in core/shell and mixed ferrite nanoparticle systems. 45,48,[START_REF] Daffé | [END_REF] Here we verify whether it can be applied to separate magnetization profiles of SPION from that of the carrier liquid. Results of the measurements performed at room temperature on Zn0.53Fe2.47O4 nanoparticles suspended in water are shown in Figure 3. Dependence of the strongest positive feature of RIXS-MCD marked with a circle in Figure 1(e) is probed versus the magnetic field varied in the full magnetization loop. As expected for particles suspended in liquid, no indication of magnetic hysteresis is observed. The profile resembles that of small nanoparticles of weak magnetic anisotropy. To confirm that it is not affected by experimental artefacts related to instabilities of the liquid under intense X-ray irradiation, such as slow particle agglomeration, convection, concentration changes etc., we performed independent volume magnetization measurements by means of vibrating sample magnetometry (VSM). Comparison of RIXS-MCD derived magnetization profiles with that of VSM reveals a significant difference at moderate and large magnetic fields. There the VSM curve exhibits a diamagnetic contribution of carrier liquid, which results in a negative slope of volume magnetization.

Equilibrium magnetization curve of superparamagnetic particles can be fitted by Langevin function, 58 leading to the determination of a magnetic dipole moment. However, the magnetic response of SPION suspensions may deviate significantly from the Langevin function in the range of magnetic field in which the magnetic anisotropy energy is comparable to the thermal fluctuation energy. Therefore, magnetic saturation of SPION requires magnetic fields sufficiently high to distinguish the diamagnetic contribution of carrier liquid from that of nanoparticles. To overcome this limitation several models have been recently developed, which allow us to derive the distribution of magnetic moments from medium-field magnetization curves. 16,33,59,60 For the sake of comparison to RIXS-MCD data, diamagnetic contribution is subtracted from VSM data using MINORIM software. 60 Depending on the cut-off field used, ranging from 0.1 T to 0.4 T, the resulting profiles of the superparamagnetic component derived (VSM-DIA) lies between the black and blue line in Figure 3(a). The agreement with particle selective data is thereby better, but not perfect. To further improve the equivalence between MCD and VSM-DIA profiles, the strength of the diamagnetic contribution must be artificially increased by approx. 40% as revealed by the green and orange lines in Figure 3(a). In this way, the border estimates of the magnetization profile of the particles in Zn0.53Fe2.47O4 suspension are derived. Paramagnetic response is tentatively ascribed to the smallest particles in the further discussion, but may also originate from strong inter-particle interactions.

The distribution of magnetic dipole moments, , are derived from the MCD and VSM-DIA profiles by means of a nonregularized inversion method implemented in MINORIM software. To facilitate the analysis these are transformed to magnetic volumes assuming particles have a spherical shape and volume magnetization of 350kA/m. 37 Resulting distribution is presented in Figure 3(b) as a function of particle radius, R. It reveals negligible effect of the subtraction of linear distribution in the limit of large particles/dipoles (R > 4 nm,  > 8x10 -20 Am 2 ).

However, for smaller particles (at the limit of R < 2.5 nm,  < 5x10 -20 Am 2 , shaded red in Figure 3(b)), the distributions derived from VSM-DIA data strongly depends upon the linear contribution of the cut-off field.

Despite being experimentally more challenging due to lower statistics, particle selective RIXS-MCD magnetometry provides an ample approximation of the dipole moment distribution in the entire particle size range. It confirms the profile derived from VSM data for the large particles and remains valid at the paramagnetic limit. With the expanding availability of high energy resolution spectrometers, such experiments may become readily available at many synchrotron sources which generate hard X-ray photons. Ultimately, RIXS-MCD experiments could be performed under high magnetic fields generated by superconducting magnets. This opens up the possibility of being able to probe the magnetic saturation of the smallest (weakly magnetic) particles in solution.

Conclusions

We have successfully probed 1s2p RIXS-MCD in BnOH and water suspensions of superparamagnetic iron oxide nanoparticles. Four different SPION systems were studied revealing strong magnetic contrast and good signal-to-noise ratio. No indication of spectral shape modification due to magnetization fluctuation, such as broadening, intensity loss, etc. is observed. Spectral variations related to the instability of the suspensions under hard X-ray irradiation are effectively filtered out. Based on the quantitative spectral analysis, the distribution of metal ions between spinel sites is assessed. Following the field dependence of RIXS-MCD amplitude, selective magnetization profiles of Zn-doped magnetite nanoparticles suspended in water is derived. This enables us to uncover a paramagnetic response of particles in the suspension and to reliably estimate the size distribution profile of the smallest particles, which are below the detection limit of scattering probes and difficult to spot in TEM images.

In conclusion, the methodology presented here can be used as selective magnetometry of SPION in liquids as long as the magnetic suspension remains spatially and temporary homogeneous. This method could possibly also be extended to more sophisticated sample environments allowing for in situ experiments, 4,15,61,62 also at ultralow concentration and small volume. 63 
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 1 Figure 1. (a) Sketch of the experimental setup used for selective magnetic probing of SPION in suspensions † and (b) a schematic diagram of the energy levels involved, namely 1s absorption (IE, incidence energy) followed by 2p decay (EE, emitted energy). Results of the measurements performed on the suspension of Fe2O3 nanoparticles in benzyl alcohol: (c) HERFD-XAS collected at EE=6403.8 eV, red mark indicates the IE range covered by RIXS-MCD spectra; (d) 1s2p3/2 RIXS plane, and (e) 1s2p3/2 RIXS-MCD plane. Energy transfer is the difference between IE and EE. Solid and dashed lines represent the linear scans collected at constant EE corresponding to the pre-edge maximum (marked with star, EE = 6403.8 eV) and the pronounced Fe 2+ /Fe 3+ features of MCD (marked with square/circle, EE = 6404.7 eV), respectively.

Figure 2 .

 2 Figure 2. Line scans through the RIXS (a) and RIXS-MCD (b) plane at EE = 6404.7 eV (dashed line in Figure 1(d,e)). Dots show experimental points, solid lines represent spectra smoothed using Savitzky-Golay filter. Spectra in panel (a) are shifted vertically for clarity. The dashed vertical line in (a) marks the position of the pre-edge maximum in CoFe2O4 and Zn doped iron oxides, which is clearly shifted up from that of Fe3O4, as expected for spinel oxides with high concentration of Fe 3+ .

Figure 3 .

 3 Figure 3. (a) Selective magnetization profile of Zn0.53Fe2.47O4 nanoparticles suspended in water as derived from field dependence of Fe 1s2p RIXS-MCD (red circles). It is compared to the volume magnetization measurements performed using vibrating sample magnetometry (VSM) on the same suspension (black squares). Black and blue solid lines represent border estimates of the corrected VSM magnetization profiles (VSM-DIA) with the diamagnetic contribution of carrier liquid subtracted using cut-off field 0.1 T (black) and 0.4 T (blue). To obtain satisfactory agreement between volume (VSM-DIA) and particle selective (MCD) magnetometry, it is necessary to assume 40% stronger diamagnetic contribution (green and orange solid lines). (b) Distribution of particle size derived by means of non-regularized inversion method as obtained from the data shown in (a). Profiles derived from VSM-DIA data are dotted below diamagnetic cut-off, i.e. in the size range where distribution data are indeterminate. The most likely distribution of particle size as discussed in the text is shaded grey and red, for large and small magnetic dipoles respectively.
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