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Revealing the morphology and the magnetic properties of single buried cobalt-ZnTPP hybrid interfaces by FNR spectroscopy

The deeply buried, yet most important part of any spintronic device is the interface. This is even more interesting and much more complex when soft, light materials like organic molecules are in contact with an inorganic metallic electrode. Hence, exceptional care is required to better understand the phenomena driven by this type of organic/inorganic interfaces. To this end, ferromagnetic nuclear resonance (FNR) spectroscopy studies were performed to investigate the morphology and the magnetic properties of the hybrid organic-inorganic interfaces when zinc tetra-phenyl porphyrin (ZnTPP) molecules are at the vicinity of ferromagnetic metallic cobalt (Co) layers. The FNR experimental results show that when ZnTPP is deposited on top of Co the resulting interface is smoother and sharper compared to the more extended interface obtained when Co is deposited on top of ZnTPP. The shape of the spectra suggests that no chemical bonds take place between the interfacial Co atoms and the ZnTPP molecules and that interactions at the interfaces are governed by weak van der Waals forces. Finally, FNR also showed that the magnetic anisotropy at the Co-ZnTPP hybrid interfaces is reduced compared to the magnetic anisotropy of the Co atoms inside the Co films.

I. Introduction

Carbon-based organic compounds are expected to enhance the performances and functionalities of spintronic devices because of the large spin coherence length and long spin relaxation time expected in molecules. Many interesting physical properties have been observed in metal/organic hybrid systems [1][2][3][4][5]. The interfaces play a big role in these effects and it was even suggested that the properties of devices could be tuned by controlling the morphology of the interfaces. This resulted in the proposed concept of "spinterface" science [6]. However, before controlling and tuning interface morphologies and their physical properties, it is required to correlate existing interface morphologies to the sample properties. The morphology of the interface will depend on many parameters like roughness, atomic diffusion, chemical bonds etc. In this context, zinc tetra-phenyl porphyrin (ZnTPP) molecules have been chosen to build hybrid organic/inorganic heterostructures to study the morphological properties of the hybrid interfaces buried within the heterostructures. Because of the organic nature of one of the layers, conventional characterization techniques are often difficult to use especially when post-growth sample processing is required. In this work a non-invasive ferromagnetic nuclear resonance (FNR) [7,8] spectroscopic method has been developed to investigate the structure and the morphology of buried Co-ZnTPP hybrid interfaces. FNR corresponds to nuclear magnetic resonance (NMR) when it is applied to study ferromagnetic systems. It is also sometimes called zero field NMR or internal field NMR. NMR is widely used in biology or chemistry, but its use to study ferromagnetic nanostructures is much scarcer. Yet, it has been shown that FNR is a very efficient tool to study the structure and morphology of interfaces in thin films, multilayers [9][10][11][12][13][14][15][16][17] and even devices [18]. FNR also provides unique insight into the understanding of the physicochemical properties of assemblies of nano-objects [19][20][21][22][23].

In a previous work, FNR has already been used to probe the continuity of the ZnTPP molecular layers embedded between ferromagnetic electrodes [24]. It was shown that to fully separate the ferromagnetic electrodes a minimum deposited thickness of 15 monolayers (ML) of ZnTPP is required. Making use of this knowledge, the morphology of the Co-ZnTPP hybrid interfaces has been investigated by building a series of ZnTPP/Co(t)/ZnTPP hybrid sandwiches. As already demonstrated for inorganic films, studying a series of samples that are dependent on the Co layer thickness allows determining the extension of the interfaces [7,8,18]. Surprisingly, this method revealed very extended Co-ZnTPP interfaces with unexpected FNR contributions. To understand this phenomenon, an original sample architecture has been implemented to investigate individually the buried bottom ZnTPP/Co interface and the buried top Co/ZnTPP interface. It showed that when ZnTPP is deposited on top of Co, the interface is quite sharp whereas the interface is much wider and involved a much larger amount of Co atoms when Co is deposited on top of the ZnTPP layer. Although asymmetric interfaces have already been evidenced in multilayers through FNR spectra modelling [15], it is the first time that single buried interfaces have been directly investigated by FNR. These investigations also showed that no specific and well-defined environment could be attributed to the interfaces formed by the Co atoms and the ZnTPP organic layer. This suggests that there are no strong chemical bonds between the surface Co atoms and the ZnTPP molecules and that the interactions at the interfaces are governed by weak van der Waals (vdW) forces. Finally, since the local magnetic anisotropy can also be probed by FNR [7,8], it is shown that the Co atoms at the interfaces experience a smaller magnetic anisotropy field than the Co atoms in the centre of the Co films.

II. Materials and methods

Two sets of heterostructures were prepared. First, the Co layers sandwiched by two ZnTPP films:

Si/SiO2 (500 nm)/Cu (25 nm)/Fe (30 nm)/ZnTPP (20 ML)/Co (t in nm)/ZnTPP (20 ML)/Fe (30 nm)/Cr (100 nm), with Co thickness ranging from 2 nm to 6 nm Second, the samples designed for studying the single buried interfaces: Si/SiO2 (500 nm)/Cu (25 nm)/Fe (30 nm)/Co (6 nm)/ZnTPP (20 ML)/Cr (100 nm) and the reversed architecture: Si/SiO2 (500 nm)/Cu (25 nm)/ZnTPP (20 ML)/Co (6 nm)/Fe (30 nm)/Cr (100 nm)

The copper (Cu) seed layers, the chromium (Cr) capping layers as well as the iron (Fe) layers were deposited by direct current (dc) sputtering and under an argon pressure of 4.5 x 10 -4 mbar in a standard sputtering chamber at a rate of 0.6 Å/sec, 0.5 Å/sec and 0.25 Å/sec, respectively. The organic films are deposited in an organic molecular beam epitaxy chamber (OMBE). A total of 20 monolayers (ML) of analytically pure, in-lab synthesized, ZnTPP molecules were sublimed under 2 x 10 -9 mbar of deposition pressure and at a rate of 0.055 monolayer/sec (ML/sec with 1 ML=3.5 Å; monitored with quartz). The Co films were deposited in an ultrahigh vacuum (UHV) chamber by thermal evaporation, with a flux of 0.16 Å/sec under a deposition pressure of 2 x 10 -9 mbar. All deposition chambers are connected under vacuum therefore the samples can be transferred from one chamber to another without breaking the UHV conditions.

In order to check that the Co layers are not contaminated during the deposition of the ZnTPP films two test Co films were prepared. One of the test samples was capped directly after the deposition of the Co film while the second one was introduced in the organic chamber. After ZnTPP started to sublimate, the test Co film was kept in the organic chamber during the same time as the regular samples but the ZnTPP crucible shutter was kept closed. After removal from the organic chamber the sample was capped and its magnetization curve compared the one of the Co film directly capped after the Co deposition without being introduced into the organic chamber. The magnetization of the two samples where very similar and did not show any difference in saturation magnetization. It shows that the sublimation of ZnTPP does not deteriorate the chamber base pressure and does not result in the contamination of the Co film surface.

All FNR measurements were performed in a homemade state of the art FNR set up. Regular NMR spin echo method has been used (pulse length: 3.2 µs, delay: 3 µs). The integrated spinecho intensity was recorded using a broadband pulsed spectrometer with phase-sensitive detection and automated frequency scanning. In FNR, like in all NMR techniques, the degeneracy of the nuclear spins energy levels is lifted by a static magnetic field. The main particularity of FNR is that the static field already exists inside the ferromagnetic samples and has for origin the spontaneous magnetization of the sample. The main contribution to this internal static field is the so called the hyperfine field. Therefore, determining the nuclei resonance conditions is performed by frequency sweeping. The second particularity of FNR is that the amplitude of the radiofrequency (RF) field (the frequency swept field) experienced by the nuclei is enhanced by the magnetic susceptibility of the samples. Therefore, the optimum RF field power required to obtain the maximum FNR signal depends on the magnetic properties of the samples and has to be determined for each sample. The detailed experimental procedure is explained in [7,8]. This procedure allows to get FNR amplitudes that represent the true distribution of the probed atoms (nuclei) versus the RF field frequency. In addition, this experimental procedure also allows measuring the local magnetic stiffness (proportional to the reciprocal of the local susceptibility) in the sample [7,8]. This is represented by a frequency dependent restoring field. This restoring field characterizes the torque experienced by the local magnetic moments when their direction is slightly tilted from their position at rest. Depending on the nature of the samples it can be identified as a local effective anisotropy field, or exchange field, or pinning field… In the samples under investigation in this work the restoring field can be identified as the in plane local magnetic anisotropy field of the samples. The FNR measurements were performed at 1.8 K and the samples' surface area was of the order of 3 cm 2 . All the spectra are recorded from 50 MHz to 320 MHz with 0.6 MHz steps. They are measured typically during 12 hours' accumulation time resulting in the averaging of about 10 6 spectral measurements. As the thickness of the samples is much thinner than the RF penetration length, several micrometers for the considered frequency range, the full stack FNR signal contribution is retrieved. With these experimental conditions the set-up sensitivity is better than 0.1 atomic layer of Co (or 0.02 nm of Co). The only post measurement normalization that is performed is to divide the recorded FNR intensity by the samples' surface area so that any discrepancy in the size of the samples is removed and their respective FNR intensities can be compared directly.

III. Results and discussion

For all samples, the ZnTPP films were chosen to be 20 monolayers thick (≈ 7nm) to ensure the continuity of the molecular layers [24]. It has been shown that this thickness value prevents the migration of metallic atoms through the organic film [24]. However, to ascertain the continuity of the organic films, additional 30 nm-thick Fe layers were added at the top and bottom of the architecture. As shown in [24] (and by the Cu/Co/Fe sample spectrum in black dashed line in figure 1) the contact of Fe with Co would result in high frequency contributions in the FNR spectra [25,26] and would directly reveal any disruption in the organic films.

The FNR spectra for the Cu/Fe/ZnTPP (20ML)/Co (t in nm)/ZnTPP (20 ML)/Fe hybrid sandwich heterostructures are given in Figure 1. No FNR signal was observed above 250 MHz, which confirms that the ZnTPP layers are thick enough to form continuous molecular films. It also shows that no Co-ZnTPP interfacial contribution is found at high frequency. Indeed, chemical bonds between Co and organics can give rise to high frequency contributions as it has been shown in the case of Co atoms bonded to carbon nanotubes [27]. Using the method established for the study of inorganic films and multilayers, the FNR spectra are normalized to the total surface area of the samples [8,18]. With this normalization process, the contributions in the spectra resulting from the ZnTPP/Co/ZnTPP interfaces should show no evolution in their spectral shape once the interfaces are completed. Only the contribution of the bulk part (Co situated far from the interfaces) will increase with the increasing thickness of the Co film. Figure 1 shows that as the Co thickness increases, the position of the main line becomes better defined and reaches a position of 224 MHz close to that expected for Co atoms in a hexagonal closed pack (hcp) crystal structure having its magnetization axis perpendicular to the c-axis of the hcp crystal cell [25] ([0001] growth direction of the Co film with in plane easy magnetisation direction).

Whatever the morphology of the samples (bulk [25,26], films [7,8] or nanoparticles [19]) the main line corresponding to pure Co surrounded by other Co atoms will give no contributions outside the frequencies ranging from 200 MHz to 250 MHz. As mentioned above no contribution has been observed above 250 MHz, therefore only the FNR intensity at low frequency (< 200 MHz) has to be attributed to the Co/ZnTPP and ZnTPP/Co interface contributions. Whereas below about 120 MHz all spectra are superimposed (within experimental errors), between 120 MHz and 200 MHz the spectra intensities continue to increase surprisingly until a Co thickness of 5 nm (the 5 and 6 nm low frequency spectra are superimposed, within experimental error bars). This shows a complex interface behaviour and suggests extended interface regions.

When interface regions are extended, it is not unusual for the interfaces to involve some fraction of Co atoms that are no longer ferromagnetic. These nonmagnetic Co atoms will not be detected by FNR. To probe the presence of non-ferromagnetic Co atoms, the total intensity of the FNR spectra as a function of the deposited Co thickness is represented in Figure 2. As expected, since the spectra intensities are normalized to the samples' surface area, the FNR integral intensity increases linearly with the increase of the deposited Co thickness (Figure 2, black symbol). However, the linear fit (Figure 2, black line) clearly shows that the total FNR intensity does not pass through the origin when extrapolated to zero Co thickness. From the intercept of the linear fit, the amount of Co that is no longer ferromagnetic can be determined. About 1.4 nm of Co are not ferromagnetic at 1.8 K (temperature of measurements) and hence not detected in the FNR spectra.

These dead layers can have several origins. The first one can be a partial oxidation of the Co films. As described in the methods section, it has been checked that the sublimation of the ZnTPP film does not result in the contamination of the Co film surface. The efficiency of the capping layer has also been checked by tracking the magnetic properties of the samples over several months. No ingress of oxygen could be evidenced at this time scale. It has also been reported than when Co is deposited on SiO2 the first layers can get oxidized [28], however in our samples the Co films are separated by a 25 nm thick Cu seed layers. Therefore, oxidation of the Co film can most likely be ruled out. Dead layers can also result from interfacial strains [29] however it looks unlikely that epitaxial strains can be induced on the Co films by the mechanically soft organic films. Dead layers can also result from amorphous phases but as the Co films are deposited at room temperature amorphous phases can only result from alloying with an alien element [10]. Nor Co-Fe nor Co-Zn alloys can produce amorphous phases. Therefore, most likely the observed dead layers result from Co atoms that did diffuse deep into the ZnTPP molecular films when forming the two hybrid interfaces. This has already been suggested in the study of the growth of the ZnTPP films [24]. The plot of the spectra integral intensities for frequencies below 200 MHz (interface range) is also shown in Figure 2. Since the spectra are normalized to the surface area of the samples, these integral intensities should reach a constant value once the interfaces are completed. This is obviously not the case in these samples. Only the integral intensities for the 5 and 6 nm samples become similar. This can be clearly seen from Figure 1 where the 5 and 6 nm low frequency spectra are superimposed (within the FNR experimental error bars). Since the contributions below 200 MHz are out of the Co bulk frequency range it shows that the interfaces continue to build up until 5 nm of Co thickness. However, it is rather surprising that this "building up of interfaces" results in contributions above 120 MHz only. One explanation might be that the top and bottom Co-ZnTPP interfaces are highly asymmetrical. To investigate the asymmetry of the Co interfaces, samples with specific architectures were prepared: Cu/Fe/Co (6 nm)/ZnTPP (20ML) and Cu/ZnTPP (20ML)/Co (6nm)/Fe heterostructures. Such architectures allow to split the contributions of the two buried Co interfaces in two distinct frequency ranges allowing the investigation of single buried interfaces. Indeed, when Co atoms have Fe atoms among their nearest neighbours, the Co resonance frequency increases [24][25][26] and thus the Co/Fe interface contributions will appear at high frequency and the low frequency contributions will originate from the single Co/ZnTPP or ZnTPP/Co interfaces only. The FNR spectra of these two samples are shown in Figure 3. The comparison of the spectra of the top Co/ZnTPP and bottom ZnTPP/Co interfaces shows that below 140 MHz the two interfaces result in identical and superimposable contributions, as observed for the ZnTPP/Co/ZnTPP sandwich samples. However, between 140 MHz and 200 MHz, the two spectra depart significantly. The FNR signal remains weak when the ZnTPP layer is deposited on top of Co while the FNR intensity increases dramatically when Co is deposited on top of the ZnTPP layer. It shows that a much larger amount of Co atoms is involved in the interface region when Co is deposited on top of ZnTPP than when ZnTPP is deposited on top of Co. The slope of the FNR integral intensities versus the deposited Co thickness, Figure 1, corresponds to the FNR experimental intensity resulting from the deposition of 1 nm of Co. Using this value, the amount of Co atoms involved in specific frequency ranges of the spectra can be estimated. From the integral intensity of the low frequency contributions (< 200 MHz) it is therefore possible to estimate the amount of Co atoms involved in the interfaces with ZnTPP. When ZnTPP is deposited on top of Co, the thickness of Co involved in the interface is of the order of 0.4 nm. Considering that a perfectly flat interface would already involve 0.2 nm (one atomic plane) [7,8] of Co, an interface contribution of about 0.4 nm is rather small and is characteristic of a sharp interface. On the contrary, when Co is deposited on top of ZnTPP, the quantitative analysis shows that the interface contribution is much larger: it is of the order of 0.7 nm of Co thickness. This can be understood by considering that the interlayer distance between the organic planes is much larger (0.35 nm-0.4 nm) than that of a metal, therefore a small roughness at the organic layer scale will directly impact a large number of Co atoms. It is thus not surprising to observe that the amount of Co atoms involved in the interface is much larger when Co is deposited on top of ZnTPP than when ZnTPP is deposited on top of Co. It explains why the top interface extends over a large thickness and why in the hybrid sandwich layers, a minimum of 5 nm of Co is required to complete the formation of the interfaces. Compared to other metal/organic systems, when ZnTPP is deposited on top of Co the interface is rather sharp (for example it extends to about 2 nm when C60 is deposited on top of Fe [30]) while it is more extended when Co is deposited on top of ZnTPP.

Considering the shape of the interface FNR spectra, none did show any well-defined, resolved, interfacial environment. Interface spectra consist in unstructured low frequency tails. This suggests that there are no strong interactions between the Co atoms and the organic layer (in other words no chemical ionic/covalent bonds). Indeed, in the case of Co atoms bonded to carbon atoms, well defined FNR lines have been reported [27]. In addition, considering previous works in inorganic films and multilayers, when interfaces are well defined sharp lines are observed (examples are given in [7] and [8]). This is mostly due to the fact that all Co atoms experience the same local environment at the interface. When interfaces are disordered more lines appear and broaden the FNR response. Transposing this in the case of the Co/organic systems if strong chemical bonds exist between Co and the organic molecules they should result in a well-defined local environment for the interfacial Co atoms and therefore in a welldefined resonance line. On the contrary in the case of weak van der Waals interactions the position of the molecules on top of the Co films will be easily influenced by surface defects. Consequently, there will be no specific relationship between the position of the Co surface atoms and the organic molecules. Therefore, the Co surface atoms will experience a large variety of local environments resulting in a large dispersion of their resonance frequencies. Since, even in the case of the sharpest interface (ZnTPP on top of Co) no well-defined interfacial line could be identified, this suggests that there is no well-defined relationship between the position of the surface Co atoms and the ZnTPP molecules. The most likely explanation is that the interfacial interactions are of weak van der Waals type.

FIG. 3:

FNR spectra of Cu/Fe/Co/ZnTPP (black) and Cu/ZnTPP/Co/Fe (red) heterostructures. The low frequency spectral region corresponding to the Co-ZnTPP interfaces is magnified by a factor of 5. Between 140 and 200 MHz, the FNR interface contribution is much larger when Co is deposited on top of ZnTPP (in red) than when ZnTPP is deposited on top of Co (in black).

It has been reported in previous works that organic molecules can have a large impact on the surface anisotropy of the magnetic films. It can result both to interfacial hardening or interfacial softening [31]. This effect can also be investigated by FNR since in addition to the provided structural and chemical information, FNR also allows probing the local anisotropy of the samples. Indeed, as briefly explained in the methods part the procedure used to establish the FNR spectra [7,8] also provides the so-called site dependent restoring field. In the studied samples the local restoring field can be identified as the local magnetic anisotropy field. This 
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information is seldom extracted from the FNR data, but recently it was successfully used to understand the origin of the increase in anisotropy of permanent magnets doped with Co [32]. This approach allows to probe the magnetic anisotropy field of the Co atoms at the interfaces with respect to the magnetic anisotropy of the bulk (the inside) of the Co layers. Figure 4 shows the frequency dependent restoring field obtained on both single Co/ZnTPP and ZnTPP/Co interfaces. The behaviour of the two samples is similar as the largest local magnetic anisotropy is obtained at 224 MHz and corresponds to the Co atoms far from the interfaces, situated inside the Co layers. The low frequency (< 200MHz) restoring field is assigned to the magnetic anisotropy field of the Co/ZnTPP and ZnTPP/Co interfaces and it is typically twice smaller than the anisotropy of the bulk Co atoms. Since the interfaces of the Co layers always show a smaller anisotropy field than the bulk part of the Co layers, it is thus possible to conclude that no interface hardening effect is observed in these layers. Indeed, if interface hardening would take place the interface anisotropy field should be larger than the anisotropy field of the bulk part of the Co layers, what is clearly not the case. It is possible that the hardening effect does exist at a local scale but is annihilated by the interfacial disorder. A similar effect was observed in metallic films and multilayers where the predicted increase of interface anisotropy was only observed for samples showing almost perfectly flat interfaces [8]. Since the Co/ZnTPP interface is much sharper than the ZnTPP/Co interface, the effect of the interface disorder should result in significant differences in their bulk to interface anisotropy field ratios. However, this is not observed experimentally since for both samples this ratio is close to two. The only difference that is observed between the samples is an overall shift of the anisotropy fields. This shows that the samples' average anisotropy is slightly different. The sample with the largest interface disorder has a smaller average anisotropy than the other one. Most likely, the absence of interface hardening is due to the weak van der Waals interactions taking place at the Co/ZnTPP interfaces. These weak interactions combined with some interfacial disorder result in a reduction of the magnetic anisotropy at the interfaces. 

IV. Conclusion

Co layers sandwiched between ZnTPP layers as well as single buried Co/ZnTPP and ZnTPP/Co interfaces have been studied in this work. No well-resolved FNR contribution could be attributed to Co atoms situated at the Co-ZnTPP interfaces. This suggests that no strong chemical bonds exist between the Co atoms and the organic layers at the interfaces and that the interfacial interactions are governed by weak van der Waals interactions. In addition, the analyses of the FNR spectra showed that the interfaces are strongly asymmetric. When ZnTPP is deposited on top of Co (Co/ZnTPP), it forms a rather sharp interface. On the contrary, when Co is deposited on top of ZnTPP (ZnTPP/Co) a much larger interfacial zone is formed and the deposition of up to 5 nm of Co is required to complete the interface formation. Finally, the interface magnetic anisotropy field was probed through the FNR restoring field and showed that the magnetic anisotropy field of the interfacial Co atoms is twice smaller than the magnetic anisotropy field of the Co atoms in centre of layers. This is attributed to the weak van der Waals interfacial interactions and/or to the interfacial disorder. 
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 1 FIG. 1: Full lines: FNR spectra of the Cu/ Fe/ ZnTPP/ Co (t)/ ZnTPP/ Fe samples with t=2 to 6 nm. The signal between 200 MHz and 250 MHz corresponds to the Co atoms situated far from the interfaces and that are surrounded by other Co atoms only. The main line is at 224 MHz close to the one expected for bulk hcp Co. Between 120 MHz and 200 MHz the FNR intensity increases with the increase in Co thickness up to a deposited thickness of 5 nm. Below 200 MHz the 5 and 6 nm spectra overlap. Black dashed line: Spectrum of a Cu/Co/Fe reference sample showing at low frequency the Cu/Co interface and at high frequency the Co/Fe interface [24]. The main line position is 217 MHz since the Co film grows with an fcc structure on top of Cu.

FIG. 2 :

 2 FIG. 2: Black symbols: total FNR intensities of the samples versus the deposited Co thickness. The linear fit (black line) does not pass through the origin, evidencing Co dead layers. Red symbols: integral intensities of the part of the spectra below 200 MHz. The red line is the linear fit of the <200 MHz integral intensities.

FIG. 4 :

 4 FIG. 4:Frequency dependent FNR restoring field. Restoring field can be identified as the in plane local magnetic anisotropy field in the samples. The anisotropy of the interfaces (< 200 MHz) is much smaller than the anisotropy of the bulk part of the Co films (> 200 MHz).
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