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Organic spintronics is an emerging �eld in 21st century both from fundamental research and application point of 
view1,2. �e major aspects in OSC/FM multilayers such as spin injection, tunneling magnetoresistance (TMR), 
giant magnetoresistance (GMR), hybrid interface properties are observed recently3–6. OSCs are favorable can-
didates for information processing technologies due to their constituents low weight materials (e.g. Carbon, 
Hydrogen etc.) having weak spin orbit coupling (SOC) and hyper�ne interactions1,2. �erefore, OSCs exhibit 
comparatively longer spin relaxation and dephasing times (>1 µs) than the conventional inorganic semiconduc-
tors7. Along with these, the �exibility, low cost production, and versatility in synthesis of OSCs are desirable for 
the devising and spintronics applications.

Among various available OSCs, Buckminsterfullerene (C60) has drawn immense research interest in organic 
spintronics because it exhibits the following properties viz. low spin orbit coupling (although in liteature it has 
been shown that curvature induced SOC can be present)8,9, large spin di�usion length at room temperature, ther-
mal and mechanical resilience, generation of transient triplet state and required mobility to be used in organic 
�eld e�ect transistors (OFETs)10–12. C60 is even more prudent due to the absence of hyper�ne interaction as it 
consists of only C atoms. Spin injection in C60 has been studied extensively by recording the magnetoresistance 
(MR) in spin valve devices with C60 as spacer layer12–14. A high TMR of ~80% at near zero bias voltage at 2 K has 
been observed in granular C60-Co �lms15. Further, tunneling anisotropic magnetoresistance (TAMR) has been 
observed in a spin valve structure having only one ferromagnet (Co) as bottom electrode and C60 as the spacer 
layer16,17. �ere are several reports regarding the observation of GMR, TMR, TAMR in C60 based spin valve 
devices13,15–18 and various models have been considered to explain the MR behavior19. �e performance of the 
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OSC based spintronic devices is mainly dependent on the OSC/FM interface properties20,21. �ere are two major 
aspects which need to be addressed in such systems having OSC/FM hybrid interface. First is the charge transfer 
phenomena at the hybrid interface which leads to induction and reduction of magnetic moment in the OSC and 
FM layers, respectively. �e second aspect is to understand the e�ect of the magnetic hybridized OSC layer on the 
magnetic properties viz. magnetization reversal mechanism, anisotropy symmetry, domain structure etc. of the 
FM/OSC system. �ere are a few reports where the aforementioned �rst aspect has been discussed and there the 
hybridized interface has been termed as ‘spinterface’22. For example, in Co/C60 multilayers, an induced moment 
of 1.2 µB per cage of C60 has been observed at the cost of ~21% suppression of FM moment in the Co layers23. 
Polarized neutron re�ectivity and x-ray magnetic circular dichroism measurements have revealed the presence of 
an antiferromagnetic coupling between the interfacial layers of cobalt and C60

23. Similarly, the hybrid interface 
between Fe and C60 leads to magnetic moments of the C60 to µS = −0.21 and −0.27 µB per molecule where it was 
aligned antiparallel on Fe(001) substrate and Fe on W(001) substrate, respectively24,25. However, in literature the 
second aspect i.e. the e�ect of hybridization on the magnetic properties of the FM layer has been rarely discussed. 
Recently, Bairagi et al. have shown that the presence of a C60 layer on Co ultrathin �lm can control the anisotropy 
symmetry of the Co layer26. An inverse spin reorientation transition from in-plane to out-of-plane was observed 
due to the local hybridization between C60 pz and Co dz 2 orbitals26. In this context, it is very important to under-
stand the e�ect of such magnetic interface in FM/OSC layers on the magnetization reversal which is very much 
necessary for applications of these heterostructures in any spintronic devices.

In this paper, we have studied the magnetic interface in bilayer of epitaxial Fe/C60 by polarized neutron re�ec-
tivity (PNR) and quanti�ed the induced magnetic moment in the organic layer. Further we studied the mag-
netization reversal process in such bilayers and compare it with the single Fe �lm to elucidate the e�ect of the 
magnetic interface on the domain structure.

Figure 1(a,b) show the schematic of the layer structures in samples A and B. It has been reported that C60 adsorp-
tion on Fe surface leads to surface reconstruction when the deposition temperature is in the temperature range of 
70 °C to 300 °C24,27. Yang et al. have performed ab initio calculation to show that for Fe/C60 interface, 4 atom hole 
reconstruction is the most stable adsorption structure where a pentagon of the C60 cage sinks-in a 4-atom hole 
of top most Fe atomic layer27. In this context it should be noted that the Fe/C60 bilayer (sample B) studied in this 
paper is prepared at 150 °C. �erefore, similar mechanism of four-atom hole reconstruction might be possible 
in sample B. Figure 1(c) shows a schematic of such a reconstructed Fe/C60 interface. However, depending on the 
roughness at the interface, intermixing of Fe and C60 is also quite probable.

To understand the nature of the interface between the layers, TOF-SIMS has been performed on sample B. 
Figure 1(d) shows the depth pro�le for the layer structure of sample B obtained from the SIMS measurement. �e 
rising and falling of di�erent colors in the �gure represents the appearance of the respective layers with respect 
to the depth from the surface of the sample. �e depth pro�le data clearly shows the multilayer structure of MgO 
(001)/Fe(15 nm)/C60(40 nm)/Ta(3 nm) (Sample B) accordingly as per the proper growth structure. �e high res-
olution TOF-SIMS28,29 clearly ressolves the individual layers of the sample. �e pro�le starts with high intensity 
of Ta (Green) along with O (Red) represents the top most layer and it starts decreasing when the intensity of 
C60 (Blue) rises up. �e C60 layer continues till the next layer of Fe (Pink) come up. �e Fe layer is just above the 

Figure 1. Schematic layer structure for (a) sample A and (b) sample B. (c) Schematic structure of the Fe/C60 
interface where the C60 cages are embedded in the top most Fe layer due to the surface reconstruction. (d) 
Depth pro�le of sample B measured using secondary ion mass spectroscopy (SIMS) technique.
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MgO substrate (Mg is black and O is Red). �e thickness of each layer has been determined approximately from 
Fig. 1(d) as ~14.53 ± 3.34 nm, ~44.58 ± 3.28 nm, ~2.94 ± 1.23 nm for Fe, C60 and Ta, respectively. �e nature of 
the interface i.e. the presence of inter-di�usion depends on the position of the intercept between the falling and 
rising edge of two consecutive layers. It can be seen from Fig. 1(d) that the coordinate of the intercept between 
all the consecutive layers lie a little above the 50% of the highest intensity. �is con�rms the presence of very thin 
layer of inter-di�usion (<1 nm) between all the consecutive layers. However, it was not possible to calculate the 
exact thicknesses of the inter-di�usion layers as it was beyond the resolution limit of the technique.

Neutron is a powerful probe to provide layer selective structural as well as magnetic information in multilay-
ers. Figure 2(a) shows the PNR data measured at saturation (µ0H = 100 mT) along φ ~ 45° (cubic hard axis, see 
the MOKE discussion). �e red and blue open circles correspond to the data for up-up and down-down re�ected 
neutron intensity, respectively. Here, the re�ectivity for up-up re�ectivity is more than that of the down-down 
case for lower Q values. �is con�rms that the sample was at its positive magnetized state. �e data was �tted 
using GenX so�ware30, which is based on the Parratt formalism31. �e thickness of the layers of sample B were 
extracted from the best �ts and the values are similar with the ones evaluated from the SIMS data. From the 
PNR �ts we have obtained the magnetic moments for each layer of the sample B. �e Fe layer exhibits magnetic 
moment of 1.59 µB/atom, which is less by ~27% than its bulk value (2.2 µB/atom). �e PNR �ts indicate that a thin 
layer (0.38 nm) of interdi�usion is present at the interface of Fe and C60 layers. �is layer probably corresponds 
to the reconstructed interface where the top most Fe atomic layer and the lower portion of the C60 cages of the 
bottom most C60 molecular layers are involved. It should be noted that we have tried to �t for various thickness 
of the interdi�usion layer. However, the best �gure of merit was obtained for the thickness of 0.38 nm. Further, 
we note that the roughness at the interface is high because of the high temperature growth and large lattice mis-
match between Fe and C60. �erefore, this interdi�usion layer may be as a result of surface reconstruction or 
could actually be simple intermixing. �e Fe_C60 interdi�usion layer exhibits a magnetic moment of 5.14 µB/unit  
where 1 unit consists of one Fe atom and one C60 cage (60 atoms). On top of this interdi�usion layer there is about 
40 nm of pure C60 �lm which is con�rmed from the density parameter used in the PNR �tting. However, in this 
40 nm of C60 layer, upto 1.9 nm of C60 near the Fe-Fullerene interface exhibits a magnetic moment of 2.95 µB/
cage (as per the best �t). �e reason behind the induced magnetic moment in pure fullerene cages is the hybrid-
ization between Fe and C atoms at the interface. C atom has the a�nity for electrons according to its electronic 
structure and Fe can donate electrons from its d-orbital to reach the lower energy con�guration25,27,32. Due to 
such polarized charge transfer from Fe to C atoms the fullerene balls exhibit magnetic moment and therefore 
Fe moment is less than its bulk value. We have tried to �t the PNR data for various values of magnetic moment 
in the range of 1 to 5 µB for the magnetic C60 interface. We have found qualitatively similar �ts in comparison to 
Fig. 2(a) when considering C60 moment in the range of 1 to 5 µB. However for µC60 = 2.95 µB/cage the �gure of 
merit was the lowest which indicates that this is the best �t. �is can be further con�rmed by referring to the 
Supplementary Fig. S2 showing the �gure of merit for various C60 moments. We note that the DFT calculation 
by Moorsom et al. have shown that 1.3 e charge transfer between the metallic ferromagnet to the C60 interface 
can yield magnetic moment up to 3 µB

23. �is implies our obtained moment of 2.95 µB is a reasonable moment 
which does not need to be a result of 3 electron charge transfer. However if we consider that the induced magnetic 
moment in C60 is a direct result of equivalent charge transfer, then 2.95 µB magnetic moment is obtained because 
of ~3 e charge transfer. In such case this leads to a potential of ~2 V which may be unphysical (see supplementary 
information for detailed calculation). Considering this argument of spin moment directly coupled to equivalent 
charge transfer the induced magnetic moment in our case might be ~1.5 µB. Nevertheless the actual phenomena 
of spin transfer coupled to charge transfer needs to be understood via future theoretical calculations to elucidate 
if such high moment of ~3 µB is possible to be induced in C60 interface. Figure 2(b) shows the PNR data for sam-
ple B measured near the remanence (µ0H = 2.1 mT) along φ ~ 45° (cubic hard axis). We have incorporated the 
structural parameters used in the best �t for the saturation data (Fig. 2(a)) for �tting the PNR data measured at 

Figure 2. Polarized neutron re�ectivity (PNR) data for sample B measured at room temperature at (a) 
saturation (µ0H = 100 mT) and (b) near remanence (µ0H = 2.1 mT) for magnetic �eld applied along φ = 45°. �e 
PNR data (open circles) and their corresponding �ts (solid lines) for R++ and R−− channels are shown by red 
and blue color, respectively.
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remanence (Fig. 2(b)). It is found that near the remanence about 88% of the Fe spins have reversed in comparison 
to the saturation state. However, the magnetic C60 layer exhibits a positive magnetic moment of 2.95 µB/cage in 
the vicinity of the interface (~0.2 nm). However, next to the interface (~1.7 nm) induced moment in the magnetic 
C60 becomes weak. It should be noted that, the fullerene layer is antiferromagnetically coupled to the Fe layer at 
the remanence state. �e layer structure and the thicknesses of each layers obtained from the PNR �t is depicted 
in Fig. 3.

In order to calculate the magnetic moment in sample A, hysteresis measurement (Fig. 4) was performed using 
superconducting quantum interference device (SQUID) at room temperature. By measuring the volume of the 
sample and the saturation magnetic moment we have obtained the magnetic moment in sample A to be 2.26 µB/
atom, which is comparable with the bulk magnetic moment of Fe. �is analysis con�rms the PNR analysis for 
sample B that there is a reduction (~27%) in magnetic moment in the Fe layer as compared to the control sample A.

From the PNR studies it is con�rmed that there is a thin layer (~2 nm) of magnetic C60. It is desirable to study 
the magnetization reversal in such ferromagnetic/organic interfaces. In this context we have performed MOKE 
magnetometry on both the samples. Hysteresis loops were measured by varying the angle (φ) between the mag-
netic �eld direction to the easy axis of the samples. Figure 4 shows the hysteresis loops for both the samples A 
(Fig. 4(a–e)) and B (Fig. 4(f–j)). For di�erent φ, one or two stepped hysteresis loops were observed in both the 
samples. Such shape of the loops can be explained from the anisotropy nature of the samples. It is known that Fe 
follows epitaxial growth when deposited with speci�c preparation conditions on MgO (001) substrate33,34. �e 
epitaxial relation between bcc Fe and MgO is Fe(001)[110] MgO(001)[100]35 and this leads to cubic anisotropy. 
It should be noted that due to the geometry of our deposition chamber the Fe �lm (for both samples A and B) was 

Figure 3. �e model layer structure for sample B where the thicknesses for each layers were obtained by �tting 
the PNR data shown in Fig. 2. Fe_MgO (0.5 nm) and Au_C60(1.4 nm) layers correspond to the intermixing 
layers between Fe & MgO and Au & C60, respectively. Fe_C60(0.4 nm) is a thin layer which corresponds to the 
surface reconstructed layer (shown in Fig. 1(c)) at the inteface between Fe and C60. C60_magnetic corresponds 
to the C60 layer which exhibits magnetic moment of 2.95 µB/cage (as per the best �t). Further, C60_nonmagnetic 
corresponds to the remaining C60 layer which do not exhibit any magnetic moment.

Figure 4. Hysteresis loop for sample A measured along the cubic hard axis i. e. φ ~ 45° at room temperature 
using superconducting quantum interference device (SQUID) magnetometry to calculate the magnetic moment 
of Fe in sample A. �e inset of the �gure shows the zoomed version of the hysteresis loop near the coercivity.
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deposited under oblique angle of incidence. Systematic studies by many groups have revealed that depositing 
magnetic �lms under such oblique incidence leads to uniaxial anisotropy33,36–38. In our previous study on a similar 
Fe �lm with thickness of 25 nm, we found that the easy axes of both the anisotropies are superimposed with each 
other33. �e uniaxial and cubic anisotropies follow π/2 and π/4 symmetries, respectively. �erefore, one of the 
easy axes of the cubic anisotropy lies parallel to the hard axis of the uniaxial anisotropy. In samples A and B stud-
ied in this paper, the anisotropy symmetry is very similar. A schematic showing the anisotropy con�guration of 
the samples are depicted in Fig. S3 of the supplementary information. Figure 5(a) show the hysteresis loop for 
sample A along the φ = 0° i.e. easy direction for both uniaxial and cubic anisotropies. �erefore, this axis is the 
lowest energy direction and magnetization reversal occurs via two simultaneous 90° domain wall (DW) motion33. 
In the positive saturation state all the spins point along [100] direction. By decreasing the �eld towards negative 
side, the spins �ip towards [100] direction via [100] → [010] → [100] process. As both the 90° reversals are simul-
taneous a single jump in the hysteresis loop was observed. Similar nature of magnetization reversal with a small 
increase in coercive �eld (HC) was observed for sample B along φ = 0° (Fig. 5(f)). �e reason for the increase in 
HC might be due to the strong exchange coupling between Fe and the magnetic C60 interface. �e domain images 
for both the samples along φ = 0° are shown in Fig. S4 in the supplementary information. It should be noted that 
φ = 90° is the easy direction for the cubic anisotropy but the hard direction for the uniaxial one (refer to the ani-
sotropy con�guration shown in Fig. S3). When applying Happ along φ = 90° it leads to two step hysteresis loop as 
seen in Fig. 5(e). �e reason behind the two steps can be explained by the two successive 90° DW motion occur-
ring during the magnetization reversal. �e initial 90° DW motion occurs from [010] to [100] direction. Just a�er 
the completion of this reversal another 90° domain appears by �ipping the spin direction from [100] to [010]33. �e 
Fe/C60 bilayer sample follows the similar reversal mechanism (Fig. 5(j)) like the single Fe layer. �e domain 
images corresponding to the φ = 90° con�guration for both the samples A and B are shown in Fig. S6 in the sup-
plementary information.

It should be noted that near the cubic hard axis (45° < φ < 70°), a major change in the shape of the hysteresis 
loops has been observed for sample B in comparison to sample A. �erefore, it can be inferred that the presence 
of magnetic fullerene at the interface between Fe and C60 modi�es the magnetization reversal. �e reason behind 
this signi�cant change in the hysteresis loop shape around the cubic hard axis for the bilayer sample is the follow-
ing. �e most stable energy con�guration for a sample is along its easy axes (φ = 0° and/or 90°). However, the 
energy is maximum along the hard axis and the spins can get easily disturbed even with small deviation from the 
saturation state. Let us �rst discuss the reversal mechanism in sample A along φ = 45° (Fig. 5(b)). By decreasing 
the magnetic �eld from the saturation state ([110] direction), all the spins try to align along their easy direction 
[100] via coherent rotation. Considering the anisotropy symmetry schematic shown in Fig. S3, for φ ≤ 45°, [100] 
is energetically more favourable as compared to [010]. Referring to Fig. 5(b) we see that while changing the state 
from the positive remanence by negative magnetic �eld, it leads to the �rst reversal. Here the spins get �ipped 
from [100] to [010] direction via a 90° DW motion as observed in Fig. S5. Further increase in the �eld leads to the 
2nd reversal by switching the spin direction from [010] to [100] through another 90° DW motion (Fig. S5). �e 
later reversal occurs by producing a hump like feature where the intensity is even lower than the negative satura-
tion. It has been reported in previous literature that this asymmetry in hysteresis loops in Fe samples occurs due 
to the quadratic component of the MOKE. Near the hard axis of the sample the quadratic component becomes 
dominant over the linear one of the MOKE which gives rise to sudden jumps in hysteresis loops39–43. Further in 
Fig. 5(b) the reversal gets completed with partial rotation of spins from [100] to [110] by applying more negative 
�eld. For sample B (Fig. 5(g)), the reversal mechanism for φ = 45° is similar to sample A (Fig. 5(b)). However, the 
second 90° reversal is favoured by the magnetic C60 layer and the coercivity for the second reversal is less in sam-
ple B (Fig. 5(g)) in comparison to sample A.

Figure 5. Hysteresis loops measured by longitudinal MOKE magnetometry along di�erent angles (φ) between 
easy axis and applied magnetic �eld. �e hysteresis loops shown in (a–e) correspond to the single layer of Fe 
thin �lm i.e. sample A. Similarly, the hysteresis loops shown in (f–j) correspond to the Fe/C60 bilayer thin �lm 
i.e. sample B.
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In the following we discuss the hysteresis loops shown in Fig. 5(c,d,h,i). We have found that φ ~ 50° is the 
resultant hard axis of cubic and uniaxial anisotropies for both the samples. Figure 5(c) shows the hysteresis loop 
for sample A measured along φ = 50°. Here by decreasing the magnetic �eld from the positive saturation state 
(point 1 to 2 in Fig. 5(c)), the spins try to orient themselves via coherent rotation towards [010] direction which 
is the nearest minimum energy state. Further another reversal occurs from [010] to [100] direction via a 90° DW 
motion (Fig. 6(b,c) corresponding to the points 2 and 3 in Fig. 5(c)). Subsequently, application of magnetic �eld 
in negative direction leads to one more reversal from [100] to [010] direction via another 90° DW motion 
(Fig. 6(d,e) corresponding to the points 4 and 5 in Fig. 5(c)). A�erwards, with increase in the �eld to negative 
saturation the spins are dragged towards the applied �eld direction via coherent rotation (Fig. 6(f) corresponding 
to the point 6 in Fig. 5(c)). For the other branch of the hysteresis loop (negative to positive side i.e. point 6 to 1 in 
Fig. 5(c)) the sudden increase of the MOKE intensity than the positive saturation one indicates presence of trans-
verse component in the sample. As discussed earlier, this asymmetry (sudden increase) in the hysteresis loop 
arises due to the dominance of quadratic component of MOKE over the linear one39–43. It should be noted that the 
asymmetry present in the loop along φ = 45° (Fig. 5(b)) is the reverse of the asymmetry present in the loop for 
φ > 45° (Fig. 5(c,d)). This is because the path of the reversal process is just opposite for 40° ≤ φ ≤ 45° and 
45° ≤ φ ≤ 70°. In case of sample B, the magnetization reversal (Fig. 5(h)) starts with coherent rotation similar to 
sample A. It should be noted that the e�ective magnetic �eld is He� = Happ + Hdipolar, where, Happ and Hdipolar are the 
external applied �eld and the dipolar �eld generated by the Fe underlayer on the interfacial magnetic C60 layer, 
respectively44. Hdipolar is large enough to promote the reversal of the C60 layer with less change in the Happ �eld. 
�erefore, even before the switching of the �eld direction the reversal of the magnetic C60 layer was observed (see 
domain image in Fig. 6(h) corresponding to the point 8 in Fig. 5(h)). Reversal of one layer before the switching of 
the �eld direction implies the presence of antiferromagnetic coupling in the sample45–47 which is corroborated by 
the PNR analysis of Fig. 2(b). By further reduction in the �eld (from point 8 in Fig. 5(h)) �rst reversal is observed 
which is from the Fe layer occurring via 90° domain wall motion (i.e. similar to sample A). Immediately a�er-
wards, the second reversal is happening for the Fe layer via another 90° domain wall motion (see domain image 
in Fig. 6(j) corresponding to the point 10 in Fig. 5(h)). �is sudden reversal is due to the strong exchange coupling 
at the interface between Fe/magnetic C60. Upon increase in applied magnetic �eld in negative direction, the mag-
netic C60 layer undergoes another reversal (domain image shown in Fig. 6(k) corresponding to the point 11 in 
Fig. 5(h)) to complete the full 180° reversal of the magnetic C60 layer. Along φ = 55° the magnetization reversal 
mechanism of sample A (Fig. 5(d)) is exactly similar to φ = 50° con�guration. For sample B, the magnetization 
reversal occurs via two separate 90° DW motion. However, for φ > 50°, the second 90° reversal is not favoured by 
the magnetic C60 layer and the coercivity for the second reversal increases in sample B (Fig. 5(i)) in comparison 
to sample A.

Figure 6. Domain images shown in (a–f) are for sample A and (g–l) are for sample B. �ese domain images 
were recorded during simultaneous measurement of hysteresis loop along φ = 50° using Kerr microscopy. 
�e �eld values for these domain images (a–f) are shown in the hysteresis loop in Fig. 5(c) marked by 1 to 6, 
respectively. Similarly, the �eld values for the domain images (g–l) are shown in the hysteresis loop in Fig. 5(h) 
marked by 7 to 12, respectively. All the images for samples A and B are in same length scale shown in (a,g), 
respectively.
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We have studied bilayer of ferromagnet (Fe)/organic semiconductor (Fullerene) and compared the results to the 
single Fe �lm. It is found that a thin layer of about 2 nm of C60 close to the Fe interface exhibits magnetic moment. 
�e induced moment in C60 at the interface is ~1.5 to 3 µB per cage. Future theoretical calculation is necessary 
to elucidate if such high induced magnetic moment in C60 is possible via direct charge transfer or any secondary 
processes are involved. �e magnetic C60 certainly has profound e�ect on the magnetization reversal and the 
domain microstructure when compared to the results obtained on a single layer Fe �lm. In future systematic 
study is desired to elucidate the induced magnetism for systems comprising of di�erent magnetic �lms with var-
iable thickness, crystallinity etc. Our present study shows that non-negligible magnetic moment in the magnetic 
interface in such FM/OSC bilayers have potential applications in organic spintronics.

In this article we have studied two samples such as (i) Sample A: MgO (001)/Fe(15 nm)/Ta(3 nm) and (ii) Sample 
B: MgO (001)/Fe(15 nm)/C60(40 nm)/Ta(3 nm). Fe �lms were grown by DC magnetron sputtering on MgO (001) 
substrates. C60 was deposited by thermal evaporation on top of the Fe layer in sample B. For both the samples 
the substrate was annealed at Tann = 690 °C for an hour prior to deposition. All the samples were deposited at 
Tdep = 150 °C. �e deposition was performed in a UHV chamber (manufactured by Mantis Deposition Ltd., UK) 
comprising of both the sputtering and thermal evaporation so that such type of FM/OSC bilayers can be prepared 
without breaking the vacuum. �e base pressure of the deposition chamber was better than 3 × 10−8 mbar. �e Fe 
plume in the sputtering chamber was incident at 30° with respect to the surface normal of the substrate. �e Fe 
layers were deposited at a rate of 0.22 Ås−1, which was monitored by a quartz crystal monitor. To prevent from oxi-
dation, a capping layer of 3 nm thick Ta was deposited on both the samples. ION-TOF’s time of �ight secondary 
ion mass spectroscopy (TOF-SIMS) was performed to analyse the thickness of the individual layers and also to 
study the nature of their interfaces. A 25 KeV ‘Bi’ ion source was used as the primary ion beam (pulsed) to excite 
secondary ions. �ose secondary ions were analysed by a re�ectron based time of �ight mass analyser. Another 
ion source of Cs+ (500 eV) was used to sputter out the layers in order to have the depth pro�le analysis. In order 
to calibrate the SIMS data, thickness pro�lometry experiment was performed on the speci�c hole from where the 
materials have been dug out during the SIMS measurement. �e sputtering area was kept at 300 × 300 µm2 and 
the analysis area was at 100 × 100 µm2, respectively. �e hysteresis loops along with simultaneous domain images 
were measured at room temperature by a Magneto optic Kerr e�ect (MOKE) based microscope in longitudinal 
mode manufactured by Evico Magnetics Ltd. Germany. MOKE measurements were performed by varying the 
angle (φ) between the external magnetic �eld and the easy axis of the sample at 5° interval. Polarized neutron 
re�ectivity (PNR) was performed on sample B using MARIA re�ectometer at FRM II, Garching, Germany at 
room temperature48. A similar sample like sample B with 6 nm Au as capping layer instead of the Ta layer was 
used for the PNR measurement. �e wavelength (λ) of the neutrons in the PNR measurements was 6.5 Å. Two 
scattering cross sections R++ (up - up) and R−− (down - down) were measured using a detector depending on 
the interaction of the neutrons with the magnetic spins in the sample. �e �rst and second signs in the scattering 
cross section correspond to the polarization of the incident and the re�ected neutrons, respectively. A small guid-
ing �eld of µ0H ~ 2 mT was applied to maintain the polarization of the incident neutrons. �e basic principle of 
PNR experiment is that one measures the intensity of neutrons as a function of the component of the momentum 
transfer that is perpendicular to the surface of the magnetic �lm, i.e. Qz = 4π sin θ/λ, where θ is the angle of inci-
dence (and re�ection) and λ is the neutron wavelength. It should be noted that Qz is a variable conjugate to the 
depth z from the surface of the �lm, therefore performing a scan over a suitable range of Qz can provide excellent 
information on the magnetic depth pro�le of the magnetic �lms which may comprise of many independent layers 
with di�erent magnetic moments. We have performed PNR on sample B by applying magnetic �eld along φ ~ 45° 
(cubic hard axis). �e magnetic moment of sample A was obtained by measuring the hysteresis loop at room tem-
perature within ±300 mT magnetic �eld range using MPMS3 Evercool superconducting quantum interference 
device (SQUID) manufactured by Quantum Design, USA.

 1. Naber, W. J. M., Faez, S. & Van der Wiel, W. G. J. Organic Spintronics. Phys. D: Appl. Phys. 40, R205 (2007).
 2. Dediu, V., Hueso, L. E., Bergenti, I. & Taliani, C. Spin Routes in Organic Semiconductors. Nat. Mater. 8, 707 (2009).
 3. Bergenti, I., Dediu, V., Prezioso, M. & Riminucci, A. Organic Spintronics. Phil. Trans. R. Soc. A 369, 3054–3068 (2011).
 4. Fu-Jiang, Y., Shi-Xuan, H. & Shi-Jie, X. Progress in Organic Spintronics. Chin. Phys. B 23(5), 058106 (2014).
 5. Sun, D., Ehrenfreund, E. & Vardeny, Z. V. �e First Decade of Organic Spintronics Research. Chem. Commun. 50, 1781–1793 (2014).
 6. Boehme, C. & Lupton, J. M. Challenges for Organic Spintronics. Nature Nanotech. 8, 612 (2013).
 7. Harris, C. B., Schlupp, R. L. & Schuch, H. Optically Detected Electron Spin Locking and Rotary Echo Trains in Molecular Excited 

States. Phys. Rev. Lett. 30, 1019 (1973).
 8. Liang, S. et al. Curvature-enhanced Spin-orbit Coupling and Spinterface E�ect in Fullerene-based Spin Valves. Sci. Rep. 6, 19461 

(2016).
 9. Sun, D. et al. Inverse Spin Hall E�ect from Pulsed Spin Current in Organic Semiconductors with Tunable Spin–Orbit Coupling. Nat. 

Mater. 15, 863 (2016).
 10. Gruen, D. M. C60 Interactions with Surfaces, Gaseous Species and Photons: An Overview. Nucl. Instrum. Methods Phys. Res. 78, 118 

(1993).
 11. Li, H. et al. High-Mobility Field-E�ect Transistors from Large-Area Solution-Grown Aligned C60 Single Crystals. J. Am. Chem. Soc. 

134, 2760 (2012).
 12. Zhang, X. M. et al. Observation of a Large Spin-Dependent Transport Length in Organic Spin Valves at Room Temperature. Nat. 

Commun. 4, 1392 (2013).
 13. Zhang, X. et al. Spin Conserved Electron Transport Behaviors in Fullerenes (C60 and C70) Spin Valves. Carbon 106, 202 (2016).
 14. Li, F. E�ect of Substrate Temperature on the Spin Transport Properties in C60-Based Spin Valves. ACS Appl. Mater. Interfaces 5, 8099 

(2013).



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:5515 

 15. Sakai, S. et al. Giant Tunnel Magnetoresistance in Codeposited Fullerene-Cobalt Films in the Low Biasvoltage Regime. Appl. Phys. 
Lett. 91, 242104 (2007).

 16. Wang, K., Sanderink, J. G. M., Bolhuis, T., van der Wiel, W. G. & de Jong, M. P. Tunneling Anisotropic Magnetoresistance in C60-
based Organic Spintronic Systems. Phys. Rev. B 89, 174419 (2014).

 17. Wang, K. et al. E�ect of Orbital Hybridization on Spin-Polarized Tunneling across Co/C60 Interfaces. ACS Appl. Mater. Interfaces 8, 
28349 (2016).

 18. Nguyen, T. D., Wang, F., Li, X. G., Ehrenfreund, E. & Vardeny, Z. V. Spin Di�usion in Fullerene-based Devices: Morphology E�ect. 
Phys. Rev. B 87, 075205 (2013).

 19. Gobbi, M. & Orgiu, E. Room-Temperature Spin Transport in C60-Based Spin Valves. J. Mater. Chem. C 5, 5572 (2017).
 20. Barraud, C. et al. Unravelling the Role of the Interface for Spin Injection into Organic Semiconductors. Nat. Phys. 6, 615–620 (2010).
 21. Drew, A. J. et al. Direct Measurement of the Electronic Spin Di�usion Length in a Fully Functional Organic Spin Valve by Low-

Energy Muon Spin Rotation. Nat. Mater. 8, 109 (2009).
 22. Sanvito, S. �e Rise of Spinterface Science. Nat. Phys. 6, 562–564 (2010).
 23. Moorsom, T. et al. Spin-Polarized Electron Transfer in Ferromagnet/C60 Interfaces. Phys. Rev. B 90, 125311 (2014).
 24. Tran, T. L. A. et al. Hybridization-Induced Oscillatory Magnetic Polarization of C60 Orbitals at the C60/Fe(001) Interface. Appl. Phys. 

Lett. 98, 222505 (2011).
 25. Tran, T. L. A. et al. Magnetic Properties of bcc-Fe(001)/C60 Interfaces for Organic Spintronics. ACS Appl. Mater. Interfaces 5, 837 

(2013).
 26. Bairagi, K. et al. Tuning the Magnetic Anisotropy at a Molecule-Metal Interface. Phys. Rev. Lett. 114, 247203 (2015).
 27. Yang, Z. H., Pang, R. & Shi, X. Q. Engineering Magnetic Hybridization at Organic-Ferromagnetic Interfaces by C60-Adsorption-

Induced Fe(001) Surface Reconstruction. J. Phys. Chem. C 119, 10532 (2015).
 28. Chakraborty, B. R., Shard, A. G., Dalai, M. K. & Sehgal, G. Depth Pro�ling of Irganox-3114 Nanoscale delta Layers in a Matrix of 

Irganox-1010 using Conventional Cs+ and O2
+ Ion Beams. Surf. Interface Anal. 46, 36 (2014).

 29. Chakraborty, B. R. et al. Evaluation of Depth Distribution and Characterization of Nanoscale Ta/Si Multilayer �in Film Structures. 
�in Solid Films 520, 6409 (2012).

 30. http://genx.sourceforge.net.
 31. Parratt, L. G. Surface Studies of Solids by Total Re�ection of X-Rays. Phys. Rev. 95(2), 359 (1954).
 32. Garg, I., Sharma, H., Kapila, N., Dharamvir, K. & Jindal, V. K. Transition Metal Induced Magnetism in Smaller Fullerenes (Cn for n 
≤ 36). Nanoscale 3, 217 (2011).

 33. Mallik, S., Chowdhury, N. & Bedanta, S. Interplay of Uniaxial and Cubic Anisotropy in Epitaxial Fe �in Films on MgO (001) 
Substrate. AIP Advances 4, 097118 (2014).

 34. Zhan, Q. F., Vandezande, S., Temst, K. & Van Haesendonck, C. Magnetic Anisotropies of Epitaxial Fe/MgO(001) Films with Varying 
�ickness and Grown Under Di�erent Conditions. New Journal of Physics 11, 063003 (2009).

 35. Urano, T. & Kanaji, T. Atomic and Electronic Structure of Ultrathin Iron Film on MgO(001) Surface. J. Phys. Soc. Japan 57, 3403 
(1980).

 36. Cheri�, S. et al. Tuning the Domain Wall Orientation in �in Magnetic Strips using Induced Anisotropy. Appl. Phys. Lett. 91, 092502 
(2007).

 37. Bubendor�, J. L. et al. Origin of the Magnetic Anisotropy in Ferromagnetic Layers Deposited at Oblique Incidence. Europhys. Lett. 
75, 119 (2006).

 38. Chowdhury, N. & Bedanta, S. Controlling the Anisotropy and Domain Structure with Oblique Deposition and Substrate Rotation. 
AIP Advances 4, 027104 (2014).

 39. Zhang, M. L. et al. Study of Magnetization Reversal and Anisotropy of Single Crystalline Ultrathin Fe/MgO (001) Film by Magneto-
Optic Kerr E�ect. Chin. Phys. B 25, 047503 (2016).

 40. Buchmeier, M., Schreiber, R., Bürgler, D. E. & Schneider, C. M. �ickness Dependence of Linear and Quadratic Magneto-Optical 
Kerr E�ects in Ultrathin Fe(001) Films. Phys. Rev. B 79, 064402 (2009).

 41. Postava, K. et al. Linear and Quadratic Magneto-Optical Measurements of the Spin Reorientation in Epitaxial Fe Films on MgO. J. 
Magn. Magn. Mater. 172, 199 (1997).

 42. Osgood, R. M. III, Clemens, B. M. & White, R. L. Asymmetric Magneto-Optic Response in Anisotropic �in Films. Phys. Rev. B 55, 
8990 (1997).

 43. Liang, J. H., Cao, J. Z., Li, J. X. & Wu, Y. Z. Separation of Linear and Quadratic Magneto-Optic Kerr E�ects in Ultra-thin Fe Films 
using a Rotating Field Method. J. Appl. Phys. 117, 17E129 (2015).

 44. Spezzani, C. et al. �ermally Induced Magnetization Switching in Fe/MnAs/GaAs(001): Selectable Magnetic Con�gurations by 
Temperature and Field Control. Scienti�c Reports 5, 8120 (2015).

 45. Bennett, W. R., Schwarzacher, W. & Egelho�, W. F. Jr. Concurrent Enhancement of Kerr Rotation and Antiferromagnetic Coupling 
in Epitaxial Fe/Cu/Fe Structures. Phys Rev. Lett. 65, 25 (1990).

 46. Sementsov, D. I. & Shutyi, A. M. Hysteresis Loops of a Periodic Multilayered Structure with Antiferromagnetic Coupling. 
Crystallography Reports 49, 6 (2004).

 47. Sbiaa, R. et al. Temperature E�ect on Exchange Coupling and Magnetization Reversal in Antiferromagnetically Coupled (Co/Pd) 
Multilayers. J. Appl. Phys. 118, 063902 (2015).

 48. Zentrum, HeinzMaier-Leibnitz MARIA: Magnetic Re�ectometer with High Incident Angle. Journal of large-scale research facilities 
1, A8, https://doi.org/10.17815/jlsrf-1-29 (2015).

�e authors thank Department of Atomic Energy, and Department of Science and Technology - Science and 
Engineering Research Board (SB/S2/CMP-107/2013), Govt. of India, for providing the �nancial support to 
carry out the experiments. �e authors also thank the Department of Science and Technology, India (SR/NM/Z-
07/2015) for the �nancial support and Jawaharlal Nehru Centre for Advanced Scienti�c Research (JNCASR) for 
managing the project. �e authors thank Dr. J. Bhattacharjee and Dr. V. �iruvengadam for discussion and help 
in SQUID measurement, respectively.

S.B. has designed the project. S.B., Sr.M. and T.B. have written the proposal for the PNR experiments. Sr.M., 
S.B. and St.M. have performed the PNR experiments. Sr.M. has performed the Kerr microscopy. PNR and Kerr 
microscopy data analysis has been done by Sr.M. and S.B. Sr.M. and M.K.D. have performed the SIMS experiments 
and analysed the data. Manuscript has been written by Sr.M. and S.B. All the authors have contributed to the 
manuscript corrections.



www.nature.com/scientificreports/

9SCIENTIFIC REPORTS |  (2018) 8:5515 

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23864-8.

Competing Interests: �e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2018


