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Introduction

Magnetic Force Microscopy (MFM) is considered as an effective method for imaging magnetic configurations in thin films with not only in-plane, but also perpendicular magnetic anisotropy with high resolution [START_REF] Hartman | Magnetic force microscopy[END_REF][START_REF] Pierce | Influence of structural disorder on magnetic domain formation in perpendicular anisotropy thin films[END_REF][START_REF] Gabriel Bochi | Magnetic domain structure in ultrathin films[END_REF][START_REF] Gehanno | Magnetic domains in epitaxial ordered FePd(001) thin films with perpendicular magnetic anisotropy[END_REF]. However this powerful technique is not artifact free. In addition to standard artifacts encountered when performing atomic force microcopy [5] a very common one is the sample-tip interaction with can lead to modification of the observed magnetic configuration [START_REF] Ciuta | Some aspects of magnetic force microscopy of hard magnetic films[END_REF]. Electrostatic force acting at long range as well as the magnetic force can lead to MFM image misinterpretations [START_REF] Angeloni | Removal of electrostatic artifacts in magnetic force microscopy by controlled magnetization of the tip: application to superparamagnetic nanoparticles[END_REF]. Consequently, it is only when having all the possible artifacts in mind that one can conduct a solid analysis of the acquired MFM images.

Magnetic skyrmionic structure are among most exciting magnetic objects under research subject, nowadays. MFM is a very useful tool to observe these kind of interesting magnetic configurations. Magnetic bubble is also one of them. Only few studies about magnetic bubbles hosted by circular dots can be found in the literature. Ref. [START_REF] Moutafis | Magnetic bubbles in FePt nanodots with perpendicular anisotropy[END_REF] provides some theoretical stability calculations, while more recently skyrmionic type magnetic configurations behavior under external perpendicular magnetic field were experimentally studied [START_REF] Boulle | Room-temperature chiral magnetic skyrmions in ultrathin magnetic nanostructures[END_REF][START_REF] Yu | Variation of topology in magnetic bubbles in a colossal magnetoresistive manganite[END_REF].

Generally, MFM is used to image magnetic domains in the absence of an external magnetic field. However, it has also proven to be a powerful tool for imaging of magnetic domains in the presence of an external magnetic field [START_REF] Bran | Evolution of stripe and bubble domains in antiferromagnetically coupled[END_REF][START_REF] Ghidini | Magnetization processes in hard Co-rich Co-Pt films with perpendicular anisotropy[END_REF]. In this study, we have used MFM with in-plane external magnetic field to observe magnetic bubble behavior in Ta (50 Å)/Pt(100 Å)/[Co(2 Å)/Ni(6 Å)] 8 /Co(2 Å)/Pt (50 Å) thin film patterned circular dots. We used [Co/Ni] multilayer in our study because it has very well controlled intrinsic magnetic properties [START_REF] Girod | Strong perpendicular magnetic anisotropy in Ni/Co(111) single crystal superlattices[END_REF][START_REF] Mangin | Reducing the critical current for spin-transfer switching of perpendicularly magnetized nanomagnets[END_REF][START_REF] Bernstein | Nonuniform switching of the perpendicular magnetization in a spin-torque-driven magnetic nanopillar[END_REF][START_REF] Gimbert | Localized electron states and spin polarization in Co/Ni(111) overlayers[END_REF][START_REF] Liu | Reproducible formation of single magnetic bubbles in an array of patterned dots[END_REF] with limited damping, high perpendicular anisotropy, high spin-polarization and moderate magnetization. In our previous study, nucleation and stability of magnetic bubble was showed in an assembly of patterned dots [START_REF] Liu | Reproducible formation of single magnetic bubbles in an array of patterned dots[END_REF].

Here MFM measurements show that, even in the presence of a large in-plane (IP) external magnetic field, any slightest out-of-plane (OOP) magnetic field component affects the bubble shape and size. Moreover, we observed tip magnetization rotation from out-of-plane to in-plane while applying in-plane magnetic field. We discuss the impact of such tip magnetization rotation on the MFM image.

Experimental procedure

We study here a multilayer made of cobalt (Co) and Nickel (Ni) layers with 8 repetitions Ta (50 Å)/Pt(100 Å)/[Co(2 Å)/Ni(6 Å)] 8 /Co (2 Å)/Pt(50 Å). The multilayer was deposited using an AJA magnetron sputtering system on thermally oxidized Si (100 nm SiO 2 ) wafers at room temperature. During deposition, the substrate was rotated for uniformity at about 1.5 Hz. Co was sputtered at 50 W with a deposition rate of 0.23 Å/sec and Ni was sputtered at 50 W with a deposition rate of 0.28 Å/sec using an Argon pressure of 5 mTorr. The multilayer was grown on top of a 50 Å Ta and 100 Å Pt buffer layers to get (1 1 1) texture, and covered by a 50 Å Pt capping layer to prevent oxidation.

[Co/Ni] film was patterned to circular dots, with diameters ranging from 1.5 μm, by combining electron beam lithography and ion beam etching. The distance between dots (center-to-center) was set to be four times their diameter in order to have negligible dipolar interactions.

The magnetic properties of the full films at room temperature were determined by using Vibrating Sample Magnetometer (VSM), on a Quantum Design physical properties measurement system (PPMS). Magnetic domain patterns were observed using Magnetic Force Microscopy (MFM), on an Asylum research AFM, MFP-3D Infinity instrument. For MFM imaging, we used Bruker low moment (LM) MESP tips to avoid artifacts due to tip/sample interaction.

Results and discussion

Co/Ni thin film sample magnetization loops versus in-plane and outof-plane magnetic field for our sample are shown in Fig. 1(a) and(b). Saturation magnetization is measured to be 820 ± 20 kA/m. Moreover, our thin film exhibits a clear perpendicular magnetic anisotropy. The anisotropy constant is obtained from the hard axis in-plane loop as 6.9 ± 0.1 10 5 J/m 3 .

Atomic force microscopy (Fig. 1(c)) image indicates that the patterned dot has well defined circular shape. Bubble stabilization in the dot array is achieved through AC in-plane field demagnetization, where the maximum field H max can be adjusted to optimize the bubble nucleation statistics as shown in our previous work [START_REF] Liu | Reproducible formation of single magnetic bubbles in an array of patterned dots[END_REF]. Besides H max , dot diameter is another factor affecting bubble nucleation and stability in a patterned dot array [START_REF] Liu | Reproducible formation of single magnetic bubbles in an array of patterned dots[END_REF]. Fig. 1(c) shows stable magnetic bubble for 1.5 μm diameter patterned dot in 2D and its magnetization direction.

Fig. 2a-f show MFM images of one dot hosting a single magnetic bubble under in-plane magnetic field whose amplitude ranges from zero to 240 Oe. One MFM image was taken every 15 Oe increment. The bubble is found to shrink as the in-plane magnetic field increases. The diameter of the bubble is around 800 nm at the beginning and after applying 236 Oe, the diameter of bubble is around 600 nm. Also, the bubble wall motion is anisotropic. The same procedure was conducted for different dots among the same array of dots and with the same initial demagnetization process.

In Fig. 3a-f, another sample is shown with in-plane magnetic field values ranging from zero to 609 Oe. Here, surprisingly, we observed enlargement of magnetic bubble (instead of shrinking) when the field amplitude increases. Bubble area at 609 Oe is nearly twice the one at zero field.

The difference in the behavior of the two samples can be understood (i.e. enlarging or shrinking bubble with in plane external magnetic field), by considering the dot position where the applied field direction is not exactly the same as one would assume in the experiments for all samples. It is easy to see this in the MFM set up schematic in Fig. 4. Depending on sample position, the applied magnetic field has both IP and/or OOP magnetic field components, In Fig. 4, region 1 and 2 have opposite perpendicular magnetic field components. Therefore in case 1, bubble shrinks whereas, in case 2, bubble expands. From the experiment under just perpendicular magnetic field, magnetic bubble is affected easily under OOP applied magnetic field and around 60 Oe (there is sample to sample variations like for some samples 50 Oe and for some 75 Oe) is enough for destroying the bubble (annihilating or enlarging and then becoming single domain in disk). Such low depinning field as compared to 210 Oe coercivity field in Fig. 1(a) is linked to the fact that bubble stability here only comes from the stray field in the dot. It does not originate from local strong anisotropy defect which could act as pinning center. Therefore an OOP field as small as 60 Oe is able to overpass the stabilizing stray field.

For instance in the experiment described in Fig. 4, when considering a magnetic field tilt of 2°with respect to the sample plan, an OOP component of 20 Oe/7 Oe is present for an IP measured magnetic field equal to 600 Oe/200 Oe. Such values are high enough to enlarge or reduce the bubble size depending on the dot position with respect to pole pieces (see Fig. 4.). The sign of the OOP magnetic field can even change depending on these positions (e.g. see region 1 and 2 in Fig. 4) leading either to a bubble expansion or reduction as observed in Figs. MFM images of the same dot as in Fig. 3 are presented in Fig. 5 for IP field intensities larger than 600 Oe. At 980 Oe, MFM contrasts changed suddenly. For magnetic fields below this threshold value the MFM contrasts associated with the bubble edges consist of a white ring directly surrounded by a dark one. Beyond the threshold value the bubble edge signature is associated with a contrast having a dark top part and white down part.

One could think that such a change is related to a uniform tilt of the dot magnetization. But, first, the transition is abrupt (less than 15 Oe). Second the MFM pattern due to a moment tilting inside the bubble and the outer region would not fit with the observed MFM signal. On the contrary, as demonstrated below, a switch of tip magnetization from OOP to IP direction induced by the applied magnetic field is consistent with the observed MFM signal change.

In the following we determined the expected MFM phase signal from a bubble in an extended film, considering an MFM tip magnetized either IP or OOP. To do so, we calculated the derivative of the magnetic force between tip and sample, which we normalized by the magnetic moment of the tip (m tip ):

∂ ∂ = ∂ ∂ + ∂ ∂ m F z cos θ H z sin θ H z 1 ( ) ( ) tip mag y z 2 2 2 2 (1) 
H y and H z are the magnetic stray field components in the y direction (applied field direction) and z direction (direction perpendicular to the sample plane) and θ is the angle of m tip with respect to y.

According to previous studies our bubble edges are Bloch walls [START_REF] Liu | Reproducible formation of single magnetic bubbles in an array of patterned dots[END_REF][START_REF] Gall | Effect of spin transfer torque on domain wall motion regimes in [Co/Ni] superlattice wires[END_REF]. The y and z stray field components can be calculated from the following equations [START_REF] Gottwald | Asymmetric magnetization reversal in dipolarly coupled spin valve structures with perpendicular magnetic anisotropy[END_REF] using an arctan(y/w) domain wall profile: (3

⎜ ⎟ = ⎛ ⎝ + + + + ⎞ ⎠ H y z M arctan xh z w z w h x ( , ) 4 ( )( ) z s 2 (2) 
)
where h is the thickness of sample, w the DW width, and M s saturation magnetization, and z the distance over the surface. Substituting Eqs. ( 2) and (3) in Eq. ( 1) allows to compute the expected MFM contrast in the two cases of interest.

Results from this computation for the OOP and IP magnetized tip respectively as well as experimental MFM profiles extracted from Fig. 5a) and b are reported in Fig. 6a) and b). Both experimental profiles are well reproduced by the numerical calculations. This demonstrates that the recorded abrupt change of the MFM signal is consistently explained by a switch of the tip magnetization from OOP to IP. 5b. The results presented are obtained from a fit using with h = 28 nm, w = 60 nm as free parameters. The M s value was taken from measurements presented earlier while the distance z over the surface was fixed to 30 nm during our measurements.

Conclusion

We performed MFM measurements under applied magnetic field on magnetic bubbles hosted by circular dots. First, both an increase and decrease of the bubble sizes depending on sample position is reported. Such behavior is attributed to a measurement artifact due to slight misalignment of the magnetic field with respect to sample surface. At higher magnetic field, we record a drastic change of the MFM contrast associated with the bubble edges. This second observation of the bubble is attributed to a switch of the tip magnetization as verified with numerical calculations. These two measurement artifacts should be taken into account when performing magnetic force microscopy under applied magnetic field.
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 1 Fig. 1. Co/Ni thin film magnetization versus magnetic field measured by VSM under 0.5T out-of-plane field (a) and 2T in-plane field (b) respectively. (c) AFM and MFM images of 1.5 µm diameter Co/Ni circular dot after AC in-plane external field demagnetization.

Fig. 2 .Fig. 3 .

 23 Fig. 2. MFM images of magnetic bubble in a dot for different in-plane external magnetic field values.

Fig. 4 .Fig. 5 .

 45 Fig. 4. Schematic illustrations of MFM measurement system from side view and top view. The pole pieces are represented in clear blue. Dot diameter is 1 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 .

 6 Fig. 6. Calculated MFM signals of magnetic bubble and experimental results for out of plane a) at 968 Oe in Fig. 5a and in plane b) at 982 Oe in Fig.5b. The results presented are obtained from a fit using with h = 28 nm, w = 60 nm as free parameters. The M s value was taken from measurements presented earlier while the distance z over the surface was fixed to 30 nm during our measurements.
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