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Abstract 

 

Compact rolled-up nanomembranes of high quality (111)-oriented Co/Pt multilayers 

with perpendicular magnetic anisotropy are realized by combining strain engineering 

with top-down preparation methods. Magnetic force microscopy analyses were 

performed in the demagnetized state and under magnetic fields applied on rolled-up 

Co/Pt tubes. Observed magnetic domains are composed of radially polarized stripe-

shaped domains. The stripes running along the rolled-up tubes axis are observed for 

magnetic fields applied along this direction, whereas a salmon-like pattern is observed 

for magnetic fields applied along the tube diameter. Present results have potential for 

applications nanoscale as magnetic encoder and servo motors. and other small and 

powerful microdevices where high magnetic flux densities are required. 
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Introduction 

Nanosized magnetic structures such as dots, wires, and cylinders have been studied for 

fundamental and technological interest [1-3]. Both their magnetic behaviors and internal 

magnetic states have potential for applications in magnetic memories, sensors and 

logical devices [4]. Particularly, ferromagnetic tubes are considered as candidates for 

microdevices as magnetic encoder and servo-motors and in microfluidic biomedical 

devices because the floatability in the liquids due to its inner empty spaces [5,6].  

In the last decade, it was demonstrated that rolled-up nanotechnology can be used to 

transform nanomembranes into compact three dimensional architectures of 

predetermined size and geometry [7,8]. The fabrication process is fully integrative, 

providing rolled-up magnetic tubes of high quality and aspect ratio. Rolled-up 

nanotechnology has been successfully used for the development of various devices on 

chip such as cell culture scaffolds [9,10], compact electrical components [11-14], 

microfluidic systems [15] and optical resonators [16–19]. Nevertheless, developments 

which consider the integration of magnetic materials into rolled-up components are rare. 

Initially, rolled-up permalloy microtubes were fabricated and demonstrated as a 

microfluidic sensor to measure viscosity [20]. Later, rolled-up Fe3Si [21] and Co [22] 

nanomembranes as well as coiled Co [23] and Co–Pt strips [24] have been investigated 

concerning structural and magnetic properties. More recently, rolled-up microtubes 

have been fabricated for the study of spinwave interference [25] and magnetoresistance 

[26–29] e.g. for the detection of magnetic objects [26]. However, the investigation of 

magnetic domain configurations in rolled-up tubes are is quite rare [30]. 

In this letter we investigate the local magnetic domain configurations in micrometer 

long rolled-up Co/Pt nanomembranes which behaves as radially polarized cylindrical 

magnets due to perpendicular magnetic anisotropy (PMA) [31].   

 

Experimental 

Co/Pt multilayered films were grown by magnetron sputtering at room temperature 

(base pressure of about 5 × 10–8 mbar) on two templates. First, a series of samples 

dedicated to magnetization measurements were grown on a thermally oxidized Si(001) 
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wafer, where a 20-nm-thick (111)-oriented face-centered cubic Pt layer was used as 

buffer. The deposited multilayers (MLs) consists of SiO2/Pt(20 nm)/[Co(0.6 nm)/Pt(1.0 

nm)]5/Au(10 nm), where a 10-nm-thick Au capping layer is used to avoid detrimental 

effects due to the atmospheric air exposure. Cross-sectional transmission electron 

microscopy (TEM) analysis was performed to study the structure and stacking of the 

layers. 

A second series of samples was prepared to fabricate rolled-up (Co/Pt) microtubes 

combining conventional photolithography and sputter deposition. First, photoresist 

(ARP-3510 positive resist) with a thickness of approximately 2 µm on SiO2 was 

patterned into 225 squares of 50 × 50 µm² size. Next, a multilayered structure consisting 

of Pt(10 nm)/[Co(0.6 nm)/Pt(1.0 nm)]5/Pt(2.0 nm) was deposited by sputtering onto the  

photoresist layer. Co/Pt multilayer with above mentioned layer thickness typically 

exhibit uniaxial magnetic anisotropy Ku that directs the easy axis of magnetization 

perpendicular to the film plane, as recently reported [32]. Magnetization measurements 

using a Vibrating Sample Magnetometer (VSM) were used to confirm that planar 

samples grown on photoresist present PMA. Finally, the Pt(10 nm)/[Co(0.6 nm)/Pt(1.0 

nm)]5/Pt(2.0 nm) MLs were rolled-up by dissolving the photoresist with pure acetone, 

resulting in microtubes. Scanning Electron Microscopy (SEM) were performed to 

characterize the uniformity and outer rolling edge of a Co/Pt microtube. In order to 

avoid collapse of the rolled up structures due to capillary forces, the organic solution 

was removed afterward using a supercritical dryer (Bal-Tec CPD 030). Applying this 

procedure, only the rolled up tubes remain on the SiO2 substrate.   

To analyze the magnetic domain configurations of these microtubes, Magnetic Force 

Microscopy (MFM) images were made for samples in both the demagnetized states and 

with magnetic field applied parallel to the rolled-up microtube axis or tube diameter. 

MFM measurements were performed using a NTEGRA Aura MFM (NT-MDT Co.) in 

the standard double pass dynamic mode. The phase shift of cantilever oscillations under 

a gradient of magnetic field was registered as the MFM contrast. Hard-magnetic-coated 

silicon cantilevers (MFMR, NanosensorsTM) magnetized along the tip axis prior to 

magnetic imaging was used in the MFM experiments. 
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Results and discussion 

Co/Pt MLs consisting of five chemically well-defined bilayers Co(0.6 nm)/Pt(1.0 nm) 

were described elsewhere [32]. Hysteresis loops of MLs on photoresist were measured 

using VSM with magnetic field applied perpendicular and parallel to the sample plane. 

Clearly, these samples exhibit PMA, as shown in Figure 1(a). SEM image showing the 

uniformity of diameter of the one rolled-up micro-tube prepared with sample is shown 

in Figure 1(b).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (color online) (a) VSM hysteresis loops measured at 300 K for Pt(10 

nm)/[Co(0.6 nm)/Pt(1.0 nm)]5/Pt(2.0 nm) MLs on photoresist with magnetic field 

applied parallel and perpendicular to the substrate. (b) SEM image of the outer 

rolling edge of a rolled-up microtube having a diameter of about 6 µm. The 

coordinate system refers to the applied field orientations, being the x axis out of 

plane. 

 

Figure 2 summarizes the AFM topography images and MFM images in the 

demagnetized state (obtained by decreasing the magnetic field from 5 kOe to zero in a 
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oscillation mode), taken from the same sample regions. To facilitate the visualization of 

magnetic domains we have adopted the convention of respectively showing horizontal 

and vertical tube sections for magnetic fields applied parallel and perpendicular to the 

tube axis.  

The magnetic domain patterns in the MFM images can be classified as multidomain 

with a mixture of bands and bubbles domains. Figure 2(a) and (b) correspond to the 

measurements on the film after demagnetization with a perpendicular field, while 

Figures 2(c)-(d) and (e)-(f) are related to the measurements on the microtube with 

demagnetization field parallel and perpendicular to the tube axis, respectively. 

 

Figure 2: (color online) AFM and MFM images of the same flat regions of the film 

(a,b) and sections of rolled-up membranes of multilayered film with tubes aligned  

horizontally (c,d) and vertically (e,f). MFM images were scanned in the 

demagnetized states which were obtained by decreasing the magnetic field from 5 

kOe to zero in a oscillation mode, along: (b) the film normal, (d) tube axis (z axis), 

and (f) tube diameter (y axis). All images areas are 8 µm x 10 µm. 

 

The mixture pattern consisting of perpendicular magnetization upward and downward 

observed in the film is probably a result of stress induced by the photoresist layer.It is 

known that this kind of stress may change the magnetic anisotropy in the film plane 
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[22].  Wound-up patterns with radial magnetization inward and outward are observed in 

the rolled-up tube, as shown in Figures 2(d) and (f). Band domains extended along the 

tube axis or diameter, according to the orientation of demagnetizing field (along the z 

and y axis, respectively). This indicates a kind of second-order stripe nucleation, which 

commonly occurs when the demagnetizing field is applied parallel to the easy 

magnetization axis. In the case of rolled-up tubes, the PMA of Co/Pt multilayers favors 

a radial easy axis, while the geometry favors an uniaxial anisotropy along the tube axis 

[21, 22, 33]. These two contributions create a competition between the PMA of 

multilayers and the shape anisotropy to establish the easy axis of magnetization of the 

microtubes. The peculiar wound-up patterns probably arise due to the stability of stripe 

domains characteristic of samples with PMA.  

An early theory pioneered by Kittel [34, 35], which is still held widely today, predicts 

that most basic stripe domain structures have three competing energy terms: surface 

energy σ of the domain walls, magnetic field energy associated with building the 

configuration of magnetic poles in the sample, and anisotropy energy of magnetization 

orientation. The stripe domains are formed by minimizing the total energy density of the 

domain structure. In a simplified form, a thin film of ferromagnetic material with PMA 

having thickness L and consisting of unlimited long parallel domains of periodic 

laminar structure (stripes) with same widths W±, whose magnetization is the same in 

magnitude but reverses orientation ± MS from domain to domain, gives a dependence of 

W± = 0.8 (σL/MS
2)1/2. A transition between a stripe-shaped domain structure and 

uniform domain structure with PMA is expected to occur. A critical condition to 

annihilation of stripe domains is reached at a field identical with the anisotropy field HK 

= 2Ku/MS, which in our case is 4 kOe (not shown). Such a field value is much higher 

than the maximum field available in our MFM experiments.  

MFM images scanned at a field of 500 Oe applied parallel to the tube axis and parallel 

to tube diameter are shown in Fig. 3(a) and (b) (z and y axis, respectively). Stripe 

domains are observed longitudinally to the tube axis in Figure 3(a), whereas peculiar 

fingerprint domains resembling salmon-like pattern are observed for field applied along 

the tube diameter in Figure 3(b). The MFM tip probes only the stray field Bstray and the 
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magnetic interacting force is given by ½(m tip∙Bstray), where m tip is the magnetic moment 

of the MFM tip. In the case of microtubes, the tip probes only the radial component of 

Bstray, indicating that the stripe-shaped domains shown in the MFM images are formed 

by alternating stray fields directed radially inward and outward. Considering the three-

dimensional field solution for radially polarized permanent-magnet with cylindrical 

geometry [36], the Co/Pt microtubes have a radial magnetization with radial component.  

The Bstray in the center of each stripe is proportional to saturation magnetization of 

Co/Pt, i.e., each stripe is presumably radially magnetized with ±Ms. Microtubes with 

this type of magnetization are quite rare, giving rise a high flux density. Most of works 

reveals magnetization reversal of microtubes with planar magnetization exhibiting 

vortex and transversal configurations [37-40].  

Another interesting feature is the salmon-like domains observed in Figure 3(b) for the 

case with magnetic field applied perpendicular to tube axis. This pattern is probably 

connected to additional mechanical stress produced by the applied magnetic field (along 

y axis) that can induce small changes in the tube geometry and deviations from the ideal 

tubular geometry. A stress pattern resembling a fingerprint was already observed [35] 

and can be created or destroyed in a sample by an external field. In Co/Pt microtubes, a 

stress pattern is expected to occur if occur an imbalance of radial magnetizations along 

the x direction on the upper and lower pole surfaces of the tube. It may generate 

opposite shear forces along z axis due to magnetic torque, while no force will act in the 

y-axis surfaces. Consequently, when an external field is applied along the microtube 

diameter, a stress is induced and a slight deviation from the symmetrical radial 

anisotropy may occur. This is equivalent to a tilt on the anisotropy axis, resulting in a 

salmon-like domain pattern as observed in Figure 3(b). Larger period and amplitude of 

salmon-like bands is therefore an indication of the tube geometry distortion. Figure 3(b) 

also show stripes on the flat surface of the still strained film aside the wrapped tube. 
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Figure 3 (color online) MFM images scanned at 500 Oe applied (a) parallel to the 

tube axis (z axis) and (b) parallel to tube diameter (along y axis). The lowermost 

part of Fig. 3(a) and the leftmost part of Fig. 3(b) show stripe domain patterns of 

the film still adhered to the substrate and next to rolled-up tube. 

 
Being aware of the fact that in the MFM images generated during MFM tip scans, the 

radial gradient field is convoluted as the curvature of the surface of the tubes, we can 

estimate a period Dexp of approximately 1 µm for stripe-shaped domains observed in the 

more flat regions immediately aside of rolled-up tubes shown in Figures 3(a) and (b). 

Otherwise, a fine dense stripe structure is observed in the tube walls.  Remembering that 

domain wall energy can be expressed as σ = 2π(AKu)1/2, with Ku = 3.4 × 106 erg cm–3 

(or 3.4 ×105 J m–3) and exchange stiffness constant A ~ 10–6 erg cm–1 (or 10–11 J m–1), 

we obtain  σ = 12 erg cm–2 (or 12 × 10–3 J m–2) and W± = 0.53 µm. This average W± 

values leads to a predicted period of 1.06 µm in quite well agreement with observed 

one. Figure 4 shows MFM images scanned at different magnetic field values applied 

along the tube axis. The period of stripes does not change significantly as function of 

the fields applied along the tube axis.  
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Figure 4: (color online) MFM images scanned in the same region of a rolled-up 

tube at different magnetic fields applied along the tube axis (z axis): (a) 0 Oe, (b) 

100 Oe, (c) 300 Oe and (d) 500 Oe. All images areas are 10 µm x 10 µm. 

 

To understand the weak field dependence of domain patterns shown in Figure 4 it is 

better to set aside the approach of Kittel and consider a more sophisticate model that 

explores in a more depth the stripe-shaped domains with straight domain walls in 

magnetic films with PMA [41]. Since the applied fields along tube axis are much 

smaller than anisotropy field (4 kOe), it is quite reasonable to assume that the deviations 

of the magnetization from the easy radial axis within the stripes can be neglected. 

Following the work of Kiselev et al. [41], a film of thickness L of unlimited extension 

in length with widths of domains polarized in the directions parallel (+) and antiparallel 

(–) given by d±  will show a stripe pattern period of the domain structure D = d+ + d– in 

an effective bias field H = Hz – 2πM. The minimization of the magnetic density energy 
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is given in terms of the parameters p = 2πL/D and  q = (d+ – d–)/D, which describe the 

balance between the domain wall and stray field energies. The minimization with 

respect to p and q yields the following equations for equilibrium values [41]:  
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where u = (2/p) cos(πq/2), h = H/4πMS, and the parameter h* is defined by the transition 

field into the saturated state (p = 0, q = 1), which means that the transition into the 

saturate state takes place by an infinite expansion of the domains with magnetization 

parallel to the applied field. In this case, domains with the antiparallel magnetization 

with respect to the applied field keep a finite size. According to this model, in the ‘thin’ 

film limit the domain sizes (d+, d–) change only slowly at low fields h < h* and an 

exponential growth of the size d+ sets in only close to the saturation field. Besides, the 

minority domain size d– gradually decreases with increasing magnetic field and remains 

finite at the transition field. In this case, linear magnetization curves M/MS = h are 

expected in a broad range of magnetic field, resulting in an almost field-independent 

stripe-shaped domain patterns. For small fields compared to HK values the domain 

patterns observed in Figure 4 are therefore consistent with this model.  

In our case, we can easily obtain that p and q are close to zero (with u → 0.02). Then, 

solutions for the equilibrium values of p at zero field (q = 0) yield a specific dependence 

of zero-field period D0 on the layer thickness. The transition between a stripe-shaped 

perpendicular domain structure and uniform planar domains in a film with PMA of 

arbitrary thickness as a function of an in-plane applied field is expected to occur around 

anisotropy field HK. Thus, measuring the critical field at which a stripe domains pattern 

disappears corresponds, apart from a correction term, to measure the local value of the 

anisotropy field HK at the observation point [35]. Despite the critical field was not 

obtained in this work, we can determine a characteristic length LC = σ/2πMS
2, which 

describes the balance between domain wall and stray field energies. By taking the 

(1a) 
 
 
(1b) 
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values above, we obtain LC = 320 nm, leading to L<LC which implies that oblique 

domain walls do not exist, while straight domain walls exist for any thickness [41]. 

Therefore, straight  domain walls running along the tube radius are expected.        

 

Conclusions 

In conclusion, we have fabricated rolled-up nanomembranes with self-organized 

magnetic domains radially aligned, which behaves as radially polarized cylindrical 

magnets due to perpendicular anisotropy. Basic magnetism considerations are in good 

agreement with the MFM observation. We hope that our present work could stimulate 

studies and application using with rolled-up tube geometry. 
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