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Probing the growth of organic molecular films embedded between cobalt and iron electrodes: Ferromagnetic nuclear resonance approach
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Physical properties of magnetic nanostructures and devices strongly depend on the morphological characteristics of their various components. This is especially true and becomes particularly complex in hybrid nanostructures, where soft organic molecules are at the vicinity of ferromagnetic metallic films. The supramolecular architecture of molecular films embedded between iron (Fe) and cobalt (Co) layers, has been investigated by ferromagnetic nuclear resonance (FNR). In such sample architecture, the presence of pin holes in the organic layers is detected by FNR contributions in a specific spectral range. The methodology that has been developed allows probing the continuity and packing of zinc tetra-phenyl porphyrin (ZnTPP) molecular films between the Co and Fe films. The experimental results suggest that, regardless of the nature of the ferromagnetic under-layer, at least 15 monolayers of ZnTPP are necessary to form continuous and pin-hole free molecular films. In addition, quantitative analyses show that ZnTPP layers exhibit distinct morphologies that are dependent on the nature of the ferromagnetic metallic under-layer.

Introduction

Interface induced magnetic effects are a main pillar for modern technology. They have already been widely studied in metal and metal oxide-based devices and nowadays extensive work is performed on hybrid architectures where organic molecules are combined with metallic and/or metal oxide layers. One of the main difficulties in studying metal/organic heterostructures is the control of the organic layers that originates from the soft, light-weight character of the organic molecules. The complex behaviour of organic molecules on metallic surfaces can also lead to artefacts like exchange bias attributed to the molecular films [1,2] that was also observed in the samples under investigation here, but revealed to be due to the partial oxidation of the cobalt film. Similarly, devices based on organic tunnel junctions revealed, surprisingly, tunnel magnetoresistance (MR) effect for barrier thickness that is an order of magnitude thicker than the distance where one would expect to see tunnelling effects. [3] A key factor essential to reliable experiments is to first ascertain that the molecular layers form continuous films on top of the metallic electrode and once built, prevent the migration of metallic atoms between the electrodes embedding the organic films. The growth of organic films on top of metallic films has been extensively studied especially by near field methods. [4] However, these techniques are more difficult to implement when a second metallic layer is deposited on top of the organic film. To our knowledge, once organic films are embedded between ferromagnetic films, few investigation methods are available which allow to probe the already grown molecular films.

In addition, the mechanical softness of the organic films complicates the implementation of some experimental techniques like transmission electron microscopy (TEM). Indeed, such techniques require post-growth sample thinning preparation that might easily degrade the molecular films. To achieve a deeper understanding of the morphology of embedded organic films, ferromagnetic nuclear resonance (FNR) [5] experiments have been performed and an original analyses methodology has been developed. This approach allows investigating the morphology of organic layers embedded between ferromagnetic Co and Fe electrodes. Co and Fe films are very common ferromagnetic electrodes for spintronic devices. Therefore, the Co/organic/Fe stacks studied in this work can be considered as basic building blocks for such kind of devices. FNR corresponds to nuclear magnetic resonance (NMR) applied to ferromagnetic systems and is also sometime called zero field NMR or internal field NMR. Although NMR is widely used in biology or chemistry, its use for studying ferromagnetic nanostructures is much scarcer.

However, it has been shown that FNR is a very efficient tool to study the structure and interface morphology of thin films [6,7,8,9] multilayers [10.11,12,13,14] or even devices. [15] FNR also provides unique insight into the understanding of physicochemical properties of assemblies of nanoobjects. [16,17,18,19,20] In this work, an original FNR methodology is applied to study organic films, namely, molecular layers of zinc tetra-phenyl porphyrin (ZnTPP). Compared to the widely studied phthalocyanines, tetra-phenyl porphyrins are non-planar molecules. Therefore, compared to phthalocyanines, tetraphenyl-porphyrins are expected to have different behaviour when adsorbed on metallic surfaces due to the occurrence of different molecule/surface interactions. The FNR method that has been developed showed that a minimum of 15 molecular layers are required to obtain continuous organic films in Co/ZnTPP/Fe and Fe/ZnTPP/Co heterostructures. In addition, the quantitative analyses of the FNR spectra allowed to determine the evolution of the morphology of the ZnTPP molecular layers with the organic layer thickness. Even though the threshold thickness of ZnTPP required to obtain continuous films when it is deposited on top of Co (15ML) is very close to the one obtained when it is deposited on top of Fe film (14ML); on Co the ZnTPP layers initially show a layered morphology, whereas on Fe, ZnTPP molecules form isolated islands. The experimental data also suggest that the migration of metallic atoms through the molecular film takes place. This work demonstrates that the described FNR methodology is very efficient to investigate the continuity of organic films embedded between Co and Fe layers and can be applied to any type of spacer layer films.

Results and discussion

The FNR methodology that has been developed is based on the sensitivity of the Co FNR resonance frequency to its nearest neighbour (NN) cell chemical environment. Indeed, when non-ferromagnetic elements are included in the Co NN cell, the Co resonance frequency is lowered compared to its resonance frequency when surrounded by other Co atoms only. [21,22] In contrast, when a Co atom nears Fe atoms in its NN cell, its resonance frequency is enhanced. [21,22] Therefore, as shown in Figure 1, the FNR spectrum of a Cu/Co/Fe stack can be divided into three frequency ranges: one for the bulk part of the probed Co atoms (Co atoms surrounded by Co atoms only: between 200 and 240 MHz), one for the Cu/Co interfacial region (< 200 MHz) and one for the Co/Fe interfacial region (>240 MHz). Therefore, when inserting an organic molecular layer between the Co and Fe films, it is straightforward to probe whether the molecular layer is continuous and/or if Fe or Co atoms migrate through the organic layer. Indeed, once the organic layer completely isolates the two ferromagnetic electrodes, the high frequency (>240 MHz) contribution in the FNR spectrum will vanish. This effect is shown in Figure 2 where the FNR high frequency spectral range of Cu (25 nm)/ Co (6 nm)/ ZnTPP (t in ML)/ Fe(30 nm) samples; 1ML< ZnTPP < 60 ML, are compared with the Cu (25 nm)/ Co (6 nm)/ Fe(30 nm) reference sample (i.e. no ZnTPP layer between Fe and Co films, means full diffusion of the Fe to the Co electrode). The full frequency range spectra are given for information in Figure S1. As expected, the Co-Fe contribution decreases when the ZnTPP thickness increases and eventually vanishes. A similar behaviour has been observed for samples with 3 nm of cobalt film (Figure S2). Using the same methodology, the behaviour of ZnTPP on top of Fe has been investigated in heterostructures that have the following stack: Cu (25 nm)/ Fe (30 nm)/ ZnTPP (t in ML)/ Co (6 nm); with ZnTPP thicknesses of 3, 6, 12 and 15 ML. The vanishing intensity at high frequency is also observed in these samples (Figure S3) which confirms the validity of the interpretation explained above.

To obtain more quantitative analyses, the coverage ratio of the ZnTPP layers was estimated from the integral intensities of the high frequency area of the FNR spectra.

= 1 - / / / × 100 (1) 
Where is the coverage ratio in percentile (%).
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is the integral intensity of the spectra (above 240 MHz) for the Cu/ Co (6 nm)/ZnTPP (t in ML) /Fe (30 nm) and Cu/ Co (3nm)/ ZnTPP (t in ML)/ Fe (30 nm)

samples.

-/ is the integral intensity of the spectrum (above 240 MHz) for the Cu/Co/Fe reference sample.

The evolution of ZnTPP coverage ratio with the increase of the molecular thickness is shown in Figure 3. When ZnTPP is deposited on top of Co (black symbol in Figure 3) the coverage ratio increases rapidly with the first adsorbed monolayer of ZnTPP and then shows a slow asymptotic increase that reaches full coverage at almost the 15 th ML of the molecule. On the contrary, when ZnTPP is deposited on top of Fe (red symbol in Figure 3) the molecular coverage increases linearly with the ZnTPP thickness and exhibits 14 ML of ZnTPP as threshold thickness for full coverage. These analyses show that the morphology of ZnTPP molecular layers strongly depend on the nature of the underneath metallic layer. The thickness to obtain complete separation i.e. pin hole free, of the two electrodes is quite large for both underlayers and is in the range of 14-15 ML.

To better understand the evolution of the coverage ratio with the increase in ZnTPP thickness, one should consider the stacking of the ZnTPP films on top of metallic layers. Figure 4 shows a schematic view of one, two and three monolayers of organized ZnTPP adsorbed on top of a metallic surface. For the proposed model, several points are considered: (i) a square metal surface lattice has been chosen for simplicity, (ii) it is assumed that the 4 phenyl rings are almost perpendicular to the porphyrin plane i.e. perpendicular to the surface, (iii) the arrangement of the molecules experience small deviation from the crystal structure of ZnTPP due to the surface/molecule interactions (weak van der Waals forces) (iv) the molecular ordering is arranged as it respects the need for maximum π-π stacking between the ZnTPP molecules. As observed from Figure 4a, a complete monolayer of ZnTPP would leave large amounts of uncovered metallic atoms. From such a scheme, by simply considering the area of uncovered metallic surface, it is possible to estimate that a complete single layer of ZnTPP would cover only about 62% of the metallic surface atoms. Therefore, full separation of the top and bottom electrodes can only be achieved by the stacking of additional ZnTPP layers. The 62% coverage deduced from the scheme in Figure 4a is close to that obtained in the analysis of the coverage ratio in Figure 3 for the smallest thickness (i.e. 1 ML) of ZnTPP deposited on top of Co. This suggests that the ZnTPP molecules on top of Co, at least for the first few organic layers, have a layered morphology. On the contrary, when ZnTPP molecules are deposited on top of Fe, the coverage ratio increases linearly, at a small rate of 7% for additional coverage per ML. This observation is not compatible with a layered morphology and suggests that when ZnTPP is deposited on top of Fe, it forms islands.

On Co, once the first ZnTPP layer is completed, the number of voids remaining after the deposition of the subsequent layers depends on how these layers stack on top of the first one.

The stacking depicted in Figure 4b and 4c represent the additional second and third monolayers, respectively. The subsequent monolayers are modelled so that the ZnTPP molecules respect the offset typically observed in J-aggregate kind of arrangement. [23,[START_REF] Kobayashi | J-Aggregates[END_REF] In consequence, if ZnTPP layers follow this kind of stacking, the coverage ratio would increase to about 85% with the second monolayer and to almost 100% with the third one. These computed values are larger than that determined experimentally in Figure 3 and implies that already for the third layer of ZnTPP, bottom and top electrodes would be fully separated. This is obviously not the case experimentally because, as discussed for the analysis of Figure 3, 14-15 ML of ZnTPP are required to separate the electrodes. These observations and analyses suggest that, on a Co film, the morphology of the ZnTPP films does not show a purely layered structure when the thickness is increased above 1ML.

Considering the complexity of the layering process, we have chosen to describe the coverage ratio of ZnTPP on top of Co in a phenomenological way, considering that each subsequent ZnTPP layer decreases the number of remaining voids between the Co and Fe layers by a constant ratio using the formula:

! " # = "1 -0.38 × "1 -'# () # × 100 ; > 1 (2) 
where:

-! " # is the coverage ratio in (%) as determined by the phenomenological model.

-0.38 is the fraction of voids remaining on top of the metallic surface after completion of the first ZnTPP layer.

-' is the fraction of voids that are filled in each subsequent layer.

is the number of deposited layers.

The closest simulation is shown in Figure 3 by the full black line and is obtained by considering that each subsequent layer fills only 20% of the remaining voids "' = 0.2#. In this model, the full separation of the two electrodes is only reached asymptotically. For a deposited ZnTPP thickness of 15 ML, the coverage ratio would reach 98% of the surface of the underlayer. This fraction of voids filling per layer "f" is surprisingly low and can hardly be explained only by the onset of an island morphology after the completion of the first ZnTPP layer. Therefore, it is most likely that migration of Co and Fe atoms through the organic layers does also take place.

It is most probably also the case when ZnTPP is deposited on top of the Fe film.

To investigate the influence of the continuity of the organic layers on the physical properties of the heterostructures, the magnetization curves of the same stacks were measured. Figure 5 shows the magnetization curves of the Cu/Co/Fe reference sample, of a sample well below the threshold thickness (Cu/Co/ZnTPP (3 ML)/Fe) and of a sample well above the threshold (Cu/Co/ZnTPP (24 ML)/Fe). No strong difference can be detected in the magnetization curves of the three samples. This lack of difference shows that it is not possible to identify the discontinuity of organic layers from such magnetic measurements and confirms the effectiveness of our approach. Comparison of the saturation magnetization values showed that all the samples are well below the expected value, considering the thicknesses of the deposited Co (6 nm) and Fe (30 nm) layers. Indeed, for these thicknesses, saturation magnetization should be 0.006 emu.cm -2 , and even for the Cu/Co/Fe reference sample, it is only of the order of 0.0045 emu.cm -2 . This difference is attributed to the dead layers at the Fe/Cr interface. In addition, when ZnTPP layers are introduced between the Co and Fe layers, the saturation magnetization decreases further. Although this decrease is close to the experimental measurement error bars, it is probably related to the migration of the Co and Fe atoms through the organic layers as suggested above. These isolated atoms or small clusters do not contribute to the saturation magnetization. A closer look at the shape of the magnetization curves reveals that the Cu/Co/Fe reference sample shows a low coercive field due to the large thickness of Fe and a larger saturation field due to the magnetically stiffer Co layer. Samples with ZnTPP thicknesses below (3ML) and above (24 ML) the threshold value display similar magnetic behaviour, with magnetization curves having a two-step reversal process. Considering the magnitude of the magnetization reversal, the low field reversal can be attributed to the Fe (30 nm) layer whereas the second reversal at higher fields corresponds to the thinner and magnetically stiffer Co (6 nm) layer. The 3ML sample shows a coercive field similar to the one of the reference sample what is consistent with the fact that the two magnetic layers are directly coupled through pinholes in the organic film. The 24 ML sample shows a reversal field for Fe that is larger than those of the previous two samples (Figure 5 black curve (reference) and blue curve (3ML)).

This difference could be due to a greater stiffness of the top Fe layer due to increase in the interface (ZnTPP/Fe) roughness induced by the increase in ZnTPP thickness. The increasing roughness might result in additional magnetic pinning centres resulting in larger reversal fields.

The increased coercive field could also originate from an indirect exchange coupling between the Co and Fe layers through the organic film. The coercive field of the soft Fe layer would be increased by a ferromagnetic coupling with the stiffer Co film. It will be investigated in a future work using samples with better balanced Fe and Co thicknesses. Finally, even if the magnetic measurements were performed at 2 K after a field cooling procedure, all the magnetization curves were perfectly symmetric. No exchange bias, as in other metal/organic systems 1,2 , was observed in these samples at least when they were measured freshly after deposition. However, only after some time of exposure to air, the onset of exchange bias appears. The onset of exchange bias is attributed to the aging of the samples that results in partial oxidation of the Co layer (Figure S4).

Conclusion

The study of metal/organic hybrid heterostructures and especially of hybrid devices has proven to be overly complex because it is difficult to probe the continuity of organic molecular films embedded between ferromagnetic electrodes. In this work an original FNR methodology was proposed to investigate the morphology of organic layers embedded between Fe and Co ferromagnetic electrodes. When applied the FNR methodology to study the morphology of Co/ZnTPP/Fe and Fe/ZnTPP/Co stacks. The method showed that about 15 molecular layers are required to obtain heterostructures with continuous, pin hole free organic layers. In addition, the quantitative analyses of the FNR spectra showed that on Co, the ZnTPP layers show a layered morphology at small thickness, whereas on Fe, the molecules show island type of morphology. The FNR analyses led to a better understanding of the magnetization processes of the samples. This FNR methodology can be applied to any Co/spacer layer/Fe heterostructure and allows a deeper understanding of the morphology of embedded organic thin films.

Experimental methods

The investigated Co/ZnTPP/Fe heterostructures were prepared on Si/SiO2 (500 nm) substrates, on which a 25 nm copper (Cu) seed layer was deposited by dc sputtering, under argon pressure of 4.5 x 10 -4 mbar in a standard sputtering chamber. After transfer of the sample (without breaking the vacuum) to an ultra-high vacuum (UHV) evaporation chamber, 6 nm thick layer of cobalt was deposited by thermal evaporation, with a flux of 0.16 Å. sec -1 under deposition pressure of 2 x 10 -9 mbar. After Co deposition, the sample was transferred, without vacuum disruption, to the organic molecular beam epitaxy chamber (OMBE) for the preparation of the ZnTPP molecular layers. Analytically pure, in-lab synthesized ZnTPP molecules were sublimed on top of the ferromagnetic Co film under 2 x 10 -9 mbar deposition pressure and at a rate of 0.055 monolayer per seconds (ML. sec -1 with 1 ML=3.5 Å; monitored with quartz).

Finally, the sample was transferred back to the sputtering chamber to prepare the iron (Fe) counter electrode. A layer of 30 nm of iron (Fe) was sputtered in dc sputtering mode, under argon deposition pressure of 4.5 x 10 -4 mbar and with a flux of 0.25 Å. sec -1 . In the sputtering system the distance between the target and sample is of 0.25 m, in order to avoid damaging of the organic layer by the plasma. In a similar way, Fe/ZnTPP/Co heterostructures were prepared first by sputtering the 30 nm of iron (0.25 Å. sec -1 ) on top of the copper seed layer prepared in the above-mentioned conditions. Next, the sample was transferred to OMBE for ZnTPP deposition. The molecular films were prepared using the same flux as above, to have similar growth condition as that of the Co/ZnTPP/Fe structures. Finally, 6 nm layer of cobalt was deposited (0.16 Å. sec -1 ) as the upper electrode at room temperature and under deposition pressure of 2 x 10 -9 mbar. All layers in the heterostructures were capped with 100 nm of chromium (Cr).

All FNR measurements were performed in a homemade state of the art FNR set up. The integrated spin-echo intensity was recorded using a broadband pulsed spectrometer with phasesensitive detection and automated frequency scanning (pulse length: 3.2 µs, delay: 3 µs). The FNR spectra were taken for at least five different values of the excitation radiofrequency (RF) field power, covering a range of over more than one order of magnitude. Such a procedure allows the determination of the optimum excitation field power at each frequency and corrects the variation of the local electronic susceptibility, thus the of FNR enhancement factor as a function of frequency. [5] After this, a further correction for the regular frequency dependence of the FNR signal was applied. The resulting FNR amplitudes represent the true distribution of the probed atoms (nuclei) versus the RF field frequency. The FNR measurements were performed at 2 K and the samples' surface area was of the order of 3 cm 2 . All the spectra have been averaged for 12 hours. 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 and in integral form it is better than 0.01 atomic layers of Co (integrated over 100 significant data points). All the spectra have been normalized to the sample surface area.

The magnetic hysteresis loops were measured using the commercial MPMS3 SQUID (Quantum Design Inc) magnetometer operating in DC mode. All measurements were conducted at 2 K after field cooling procedure in an in-plane external static magnetic field of +6 T (tesla). Sample surface area was of the order 12 mm 2 . In Figure S3, when the order of the electrodes in the samples is reversed ZnTPP molecules are grown on top Fe (30nm), while the counter electrode deposited on top of the molecules is Co (6nm). Again, intensity in the frequency range above 240 MHz decreases when ZnTPP thickness increase. The high frequency contributions vanish for 15 ML of ZnTPP (dark green spectrum). 

Figure 2 :

 2 Figure 2: Evolution of high frequency (>240 MHz) spectral range of Co 59 FNR spectra with increasing thickness of the ZnTPP molecular layers. The high frequency contribution decreases with the increase in the ZnTPP thickness (1 to 60 ML) and vanish from 15 ML and above.

Figure 3 :

 3 Figure 3: The evolution of ZnTPP molecular coverage on top of Co and Fe metallic surfaces, with the increase in ZnTPP thickness. Black square and circle symbols represent the experimental data of ZnTPP coverage ratio when deposited on top of Co. Black line is the fit using phenomenological growth model. Red triangles represent ZnTPP coverage ratio when deposited on top of Fe. Red dashed line is the linear fitting of ZnTPP coverage rate on Fe.

Figure 4 :

 4 Figure 4: Proposed schemes for the ZnTPP morphology on a metallic surface. Top panel: 1ML of ZnTPP (light grey molecules) organized on top of a square metallic lattice.The ratio of metallic atoms (white circles) covered by the molecules is estimated to be of the order of 62%. Middle panel: stacking of the 2 nd ML (dark grey molecules) leads to 85% coverage ratio. Bottom panel: stacking of the 3 rd ML (green molecules) results in almost full coverage of the metallic surface. In all these schemes, the molecules are arranged as such they respect the maximum π-π stacking and the offset for a typical J-aggregate.

Figure 5 :Figure

 5 Figure 5: In-plane magnetization loops. Black line: Cu/Co/Fe reference sample. Blue line: Co/ZnTPP (3 ML)/Fe heterostructure. Red line: Co/ZnTPP (24 ML)/Fe sample. All measurements are made at 2 K after FC in in-plane +6T external magnetic field.

Figure S2 .

 S2 Figure S2. High frequency representation for Co (3nm)/ZnTPP (t in ML)/ Fe (30nm) heterostructures.

Figure S4 .

 S4 Figure S4. Magnetic hysteresis loop of Co (6nm)/ ZnTPP (60ML)/ Fe (30nm) sample. Black loop: directly after growth, red loop: measured again after 1 year. Measurements are done at 2K after FC in +6T in-plane magnetic field.

  

  

  

Figure 1 :

 1 FNR Co 59 spectrum for Cu/Co/Fe sample. The spectrum shows three distinct regions separated by the solid lines: the low frequency intensity (<200 MHz) is attributed to the Cu/Co interfacial contributions, the central region (200< frequency (MHz) <240) corresponds to metallic cobalt atoms inside the cobalt film, and the high frequency intensity (>240 MHz) originates from the Co/Fe interface. Spin echo intensities for low and high frequency ranges are magnified 10 times (x10) for clarity.
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Probing the growth of organic molecular films embedded between cobalt and iron electrodes: Ferromagnetic nuclear resonance approach

Garen Avedissian*, Jacek Arabski, Jennifer A. Wytko, Jean Weiss and Christian Meny* Figure S4 shows the magnetization loop of Co (6nm)/ZnTPP (60ML)/ Fe (30nm)/Cr (100nm) sample, measured right after removal from the UHV chamber (fresh sample, black hysteresis)

and measured again for a second time after 1 year (red loop). As observed, the freshly measured sample shows similar magnetic behavior as the Co/ZnTPP (24ML)/Fe sample. At smaller fields, the magnetization of the iron is reversed while the reversal at higher fields is attributed to the magnetically stiffer cobalt. However, when the sample is measured again after 1 year, it showed different behavior than its initial state. Enhancement of coercive field in each reversal was observed. More strikingly, the stiffer region, corresponding to the cobalt film, shows asymmetrical reversal, thus the onset of exchange bias. This observation suggests that, the presence of exchange bias in these hybrid structures originates from the partial oxidation of cobalt film, when the samples are exposed to air.