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The state-of-the-art spin mapping technique of spin-polarized scanning tunneling microscopy (SP-STM) and spectroscopy 

(SP-STS) can provide information on magnetic domain and electronic structure with extremely high spatial resolution. 

This essentiality is desperate for the studying of interplay between structural, electronic and magnetic properties in various 

fascinating magnetic systems with low dimensionality. Based on spin dependent tunneling principle, the magnetization 

direction of spin-polarized probe plays an crucial role in identifying magnetic surface spin distribution and gives rise to a 

critical issue of controlling spin orientation of magnetic probes of SP-STM. In this chapter, both overview of previous 

studies and recent progress subject to magnetization controlling of magnetic probes in SP-STM will be highlighted. 
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 1. Introduction 

It is well known that magnetic domain plays an important role in linking the microscopic spin structures with 

macroscopic magnetic properties to understand underlying magnetic behaviors of magnetic materials [1]. Besides, due 

to the increasing interests in either technological application or fundamental physics of magnetic nanostructures with 

low dimensionality, e.g., ultrathin films, nanowires, and nanoparticles etc., magnetic imaging techniques with high 

spatial resolution consequently are required.  Start from the past few decades, many methods have been developed to 

extract the information related to the magnetic domain and in general, they can be categorized into two branches. 

Detecting magnetic dipolar field in order to map out the local distribution of magnetic flux emerged from sample is 

belong to the first one branch. As firstly introduced by Bitter in 1932 [2], the fine colloidal magnetite Fe2O3 particles 

are used to decorate on magnetic sample surface to sense the outspread stray fields and these particles will accumulate 

in the field gradient positions to form the so-called Bitter domain patterns. This method provides the sensitivity of weak 

magnetic fields with a few hundred A/m and reaches the resolution of around 100 nm due to the limitation of particle 

size can be prepared up to 10 nm [3]. Another approach is magnetic force microscopy  (MFM) which attempts to record 

magnetic stray fields through mechanically scanning on the magnetic sample surface. The main working principle of 

MFM is to detect magnetostatic interaction between a magnetic tip and the stray field of sample [4]. The corresponding 

magnetostatic forces or forces gradients are measured and analyzed with respect to the lateral position of tip to obtain 

the domain images. The lateral resolution of this method achieves about 20 to 50 nm [5, 6] which has reached a 

considerable degree of industrial applications since the moderate spatial resolution is sufficient and can be also applied 

to air ambient conditions. 

 

 The second branch of magnetic imaging techniques is based on the employment of photons, electrons and neutrons 

interacting with spin-polarized electronic structures or local magnetic field within the atoms of magnetic materials.  

Take the magneto-optical Kerr effect (MOKE) for example, it’s the most widely applied experimental method in the 

study of ultrathin ferromagnetic films. A beam of polarized light is incident into the magnetic sample, and the rotation 

of the polarization in the reflected light reveals the magnetic properties [7,8]. This method provides a reasonable surface 

sensitivity from a penetration depth of around 20 nm and can be also employed in the applied external magnetic field to 

obtain spatially averaged hysteresis curves of thin films. In addition, the MOKE microscopy can be applied to magnetic 

imaging, however, with ultimately limited spatial resolution about 300 nm by the wave length of the probing light [9]. 

For circumventing the limitation, MOKE has also been employed in the in scanning near-field optical microscopy 

(SNOM) and improve the later resolution up to 50 nm so far [10]. In Lorentz microscopy, a transmission electron 

microscope (TEM) is used to measure the deflection of an electron beam due to the magnetic induction as the electrons 

traverse the film, i.e., Lorentz effect. The signal is averaged over the film thickness, and stray fields above and below 

the sample also have signal contribution leading to a cancellation of the signal in certain geometries. Several modes in 

the application are used, e.g. the defocused or Fresnel mode, or the differential phase contrast mode, and the latter one 

can reach a resolution better than 10 nm [11]. Surface sensitive techniques have been also developed such as scanning 

electron microscopy with polarization analysis (SEMPA) and spin-polarized low energy electron microscopy 

(SPLEEM). In SEMPA, a finely focused unpolarized high energy electron beam (around 10 KeV) is scanned over the 

sample surface, and the spin polarization of the secondary electrons emitted from the sample is detected and analysed. 
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 The lateral resolution limitation depends only on the beam width; the signal intensities, however, get extremely small 

eventually. This method allows us to measure all three magnetization components simultaneously. The first experiment 

was done by Koike et al. in 1987 [12]. The surface sensitivity is very high (around 1 nm probing depth), and the lateral 

resolution is about 20 nm up to date [13, 14]. There is a severe drawback of this technique that measurements in strong 

applied magnetic fields (up to 0.1 Tesla) are, except for very special cases, not possible. As for SPLEEM, it is a not 

scanning, but full field imaging method that allows much faster image acquisition time. The spin-polarized low energy 

electron beam (around 10 eV) is incident normal to the surface and only the specularly reflected beam is used for 

imaging. Due to the absence of multiple scattering, i.e., the spin-orbit interaction contributes no signal, so that the spin 

contrast in the reflected beam only arises from the exchange scattering of different inelastic paths between incident 

spin-polarized beam electrons parallel or antiparallel to spin-polarized electrons in the ferromagnetic materials.  The 

lateral resolution is limited by the spherical and chromatic aberrations of the objective lens and presently is not better 

than 10 nm in practice. The vertical resolution is limited by the wavelength of the electrons and allows the imaging of 

monatomic steps and thickness variations via interference contrast [15]. Another technique is called photoelectron 

mission microscopy (PEEM), it detects the excited secondary electrons giving rise to the signal and providing a spatial 

resolution of around 20 nm. In addition, based on the principle of X-ray magnetic circular dichorism (XMCD), it is able 

to have element specificity which enables to detect the alignment of each element in alloys or in the multilayers [16]. 

Furthermore, in X-ray linear dichroism (XMLD) combined with PEEM, it is demonstrated recently to resolve magnetic 

domains of ultrathin layers of antiferromagnets (AFM) and ferromagnets (FM) systems. It opens a opportunity for a 

better understanding of the exchange bias effect in fundamental AFM/FM coupled systems [17]. 

 

 Looking forward to higher spatial resolution is always one of the goals of magnetic domain imaging. Since the 

invention of STM in 1981 by Binning and Rohrer [18], this technique capable of resolving real space images of surface 

with atomic resolution has been successfully demonstrated. The schematic setup diagram of STM has been shown in the 

Fig.1. Basically, a small bias voltage between tip and sample leads to quantum mechanical tunneling current and 

piezoelectric actuators can be applied to precisely control the position by the feedback loop. Because the tunneling 

current is an exponential function of tip-sample distance, almost one order of magnitude of current variations per 

angstrom fulfills the high spatial resolution of STM. In addition, in early 1970s [19], the experimental technique of 

spin-polarized electron tunneling in FM-insulator-superconductor planar tunnel junctions has been well established. 

Therefore, as firstly proposed by Pierce [20] in 1988, with the spin-polarized tip applying to STM is possible to obtain 

the real space spin configuration imaging at the ultimate, atomic resolution of magnetic surface. Nowadays, spin-

polarized STM (SP-STM) has been developed into a powerful and advanced tool for imaging surface spin structures 

down to atomic scale. Furthermore, there are three mainly different spin-polarized tips developed for realizing spin-

polarized electron tunneling in the SP-STM technique, all of which will be introduced in the next section, including 

respective working principles, advantages and related important issues.  

 

Fig. 1 Principle of STM in the topography (or constant 

current) mode. While the tip is laterally scans across the 

surface (controlled by the raster scan generator), the 

tunneling current is kept constant at a tunnel current 

position Iset. This is done by the feedback loop adjusting 

the z position of the tip. The respective tip displacement in 

z is then recorded as a function of the lateral position (x, 

y) (see inset in the bottom right). STM images are 

obtained by plotting z (x, y) in a color mode (see inset in 

the top right). 

 

 

 

 

2. Spin-Polarized Scanning Tunneling Microscopy 

2.1 Optically pumped GaAs tip 

In this method, the GaAs tip optically pumped with circularly polarized light is used as the source of spin-polarized 

tunneling electrons [20]. By changing the helicity of the incident laser light, the sign of polarization of photon-excited 

electrons tunneling from GaAs can be easily reversed. This advantage is useful in separating magnetic from topographic 

and electronic effects in the spin-sensitive STM experiements. Besides, due to the photo-excited electrons polarized 

along the axis defined by the direction of incident laser light, the quantization axis of photo-excited electrons can be 

also modified by experimental geometry to detect either in-plane or out-of-plane spin configurations on the magentic 
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surface. Although the spin-polarized electron tunneling in STM with this method has been demonstrated by several 

groups [21-23],  the unambiguous magnetic domain images still have not yet been observed. Some possible difficulties 

remain unresolved, for example, the polarization of incident light at the tip apex is not predicable and actually it may 

depend on the local tip position respect to the sample surface.  Furthermore, it is also difficult to couple the incident 

light into non-symmetric tunneling vacuum gap without changing its polarization. These difficulties and even some 

more annoying problems [24-26] found recently cause this method not to be perfomed sucessfully in magnetic domain 

imaging.  

2.2 Magnetic probe tip 

As reported by Wiesendanger et al. [27] in 1990, the spin-polarized electron tunneling from ferromagnetic Cr2O tip into 

Cr(001) single crystale surface has been observed by means of STM. The terraces separated by monatomic steps of 

around 0.14 nm height are obtained by using tungsten tip on the Cr(001) surface. After replcing the tungsten tip by a 

Cr2O tip, due to the topological antiferromagnetism of Cr(001) surface as a result of self-consistent total-energy 

calculations [28], the apparent height periodically alternated from around 0.16 to 0.12 nm between the terraces are 

resolved. These additional contributions of around 14 % or peak to peak around 28 % to the tunneling current are 

refered to the spin-polarized electron tunneling. In addition, by applying the iron probe tips on Fe3O4 magnetite sample, 

the firt time that magnetic imaging down to the atomic level [29] has been realized by the SP-STM. Based on the 

principle of spin dependent tunneling [30] in Fig. 2 and lateral translation symmetry of magnetic spin structures [31], 

various spin structures with atomic resolution have been sucessfully demonstrated by the SP-STM technique operated at 

the constant current mode [32-36]. Besides using bulk materials as the magnetic probe tips,  the magnetic thin film 

coated on tungsten tip is another way to prepare spin-polarized probes [37]. The polycrystalline tungsten tip is obtained 

by electrochemically etching and typically the diameter of a sharp tip end can be smaller than 100 nm. After 

transferring into the ultra-high vacuum (UHV) chamber, the in situ electron bombardment is treated to remove the oxide 

layers and contaminations of the tungsten tip. According to the magnetic materials coated on the tungsten tip, the spin 

sensitivity of different directions, e.g., in-plane or out-of-plane respect to the sample surface, can be selected by varying 

the thickness of magnetic thin films. Moreover, in order to reduce the influence of stray field emerged from spin-

polarized tip on the magnetic sample, the coating of antiferromagnetic materials have also been used [38].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Principle of spin dependent tunnelling between two ferromagnetic electrodes with a parallel orientation of the magnetization 

is depicted in (a) and an antiparallel orientation in (b). For elastic tunnelling and conservation of the spin, the tunnelling current is in 

case (a) larger than in case (b). 

 

 In addition to the constant current mode in STM for measuring the topological apparent height, the scanning 

tunneling spectroscopy (STS) is able to probe the conductance which is proportional to local density of states (LDOS) 

of sample within the small bias range [39-40]. The conductance mapping image thus represents the contour map of 

surface LDOS at a certain bias voltage. As for the spin-resolved tunneling spectroscopy (SP-STS), it is another 

important operation mode in the SP-STM technique. Similar to the STS in the application of distinguishing different 

chemical elements or local electronic changes on the surface, the SP-STS can be applied to separate topographic, 

electronic and magnetic information in the SP-STM experiements. In the SP-STS measurements on the Gd(0001) by 

Bode et al. [41], due to the exchange splitting, both the majority and minority components of the Gd(0001) surface state 

appear within the bias range of ± 1.0 Vin the tunneling spectra. Therefore, the majority spins from spin-polarized probe 

will be parallel to the majority spins and antiparallel to the minority spins from Gd(0001) surface states. As a 

consequence, the spin-resolved tunneling conductance will enhance and reduce for the situations of parallel and 
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antiparallel, respectively. Since the coercivity of freestanding Gd islands on W(110) is small, the spin-polarized vacuum 

tunneling into the exchange-split surface state of Gd(0001) has been demonstrated in the applied external field. This 

experiement indicates the magnetic effect could be distiguished by the SP-STS spectra in the systems with both 

exchange-split surface states nearby the Fermi level. This case is not general in many other magnetic systems and only 

one or even not existence of spin-polarized surface state nearby the Fermi energy level are the most common 

circumstances.  Instead of spin-polarized tunneling into exchange-split surface states, however, the magnetization 

switching of tip or sample in the SP-STM experiments is more reliable way to extract magnetic signals and versatile in 

the application of complicated magnetic systems. The external applied magnetic field is obviously one of the solutions 

and has been employed to achieve such purpose on switching magnetization of either spin-polarized tip or magnetic 

sample in SP-STM experiments [42-44]. 

2.3 Coil wound CoFeSiB tip 

The soft magnetic tip with a small coil wound around has been applied to the SP-STM technique by Wulfhekel and 

Kirschner et al. [45]. As shown in the Fig. 3, two different tip geometries have been developed for the in-plane or out-

of- plane spin sensitivity [46, 47]. In this method, the operation mode with the employment of such kind of tip can be 

also applied to separate magnetic from electronic or topographic contributions and magnetization direction of tip is 

defined according to different geometry of designed tip shape. In combination with the technique of lock-in amplifier, a 

small and high frequency bias voltage is applied to modulate the tip magnetization switching periodically through the 

wound coil. In analogy to earlier experiment [48], a tiny coil is also used to switch nickel tip magnetization back and 

forth in the stationary spin-polarized tunneling measurements. Due to the switching frequency is much higher than the 

cut-off frequency of STM feedback loop, there is no any mechanical response from STM operated in constant current 

mode. Thus, the periodical switching of the tip magnetization causes an additional ac tunneling current based on the 

tunneling magnetoresistance (TMR) effect [30]. This ac tunneling current is sensitive to the magnetization orientation 

on the sample surface according to the derivation of dI/ dmT is proportional to mS from Wortmann et al. [31], where the 

mT and mS are the magnetization DOS of tip and sample, respectively. By using the phase sensitive lock-in amplifier, 

this corresponding ac tunneling current can be measured. Because of the well-defined switching magnetization direction 

of tip in this method, the in-plane complex surface spin configurations can be also mapped out by rotating 90 degree of 

tip magnetization direction to the other orthogonal in-plane direction [49]. Furthermore, due to this approach only 

detects the magnetization DOS of sample, the application in the resolving spin structures of magnetic alloy system with 

different chemical species has been demonstrated [50]. 

 

Fig. 3 Schematic representation of different tip 

geometry shapes in modulated tip magnetization mode 

of SP-STM. The CoFeSiB tips with different 

geometries are made by lithography process and 

chemical etching. After that, a small coil is wound on 

the designed CoFeSiB tip. By utilizing the magnetic 

shape anisotropy, for the most front tip end atoms with 

the out-of-plane spin sensitivity is shown in (a) and 

with the in-plane spin sensitivity is in (b). 

 

 

 

 

 

 

 The material choosed for the tip magnetization switching driven by small bias voltage is an amorphous metallic glass 

of CoFeSiB. The low magnetostriction can avoid vibrations of the tip during switching of its magnetization. Further, the 

low coercivity and saturation magnetization minimize the magnetization losses during the tip magnetization switching 

and reduce the stray field from tip as well. However, the preparation of such tips is a non-trivial task and time 

consuming, including lithography procedures, chemical etching and small coil winding. In addition, the spin-

polarization of magnetic sample is not constant over the range of scanning bias voltages, it is possible to obtain 

vanished dI/ dmT signal at a cerain bias voltage even the fact that the local sample magnetization still exists. This can be 

verified in the SP-STS measurements on the bias dependence of spin-polarized tunneling current in this method [51]. 

Another difficulty of this method is the application in the low temperature. One of the apparent difficulties is that the 

coercive field will become larger while the tip is placed into the environment of low temperature. To overcome this, 

either the number of cycles of the small coil or the bias voltage driving tip magnetization switching has to be increased. 

Until present, the SP-STM technique operated at this mode only has been applied to the room temperature experiements 

and the experiements carried out at the low termperature have not been reported yet. 
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3. In-plane spin sensitive magnetically coated ring-shaped tip 

3.1 Atomic resolution resolved by ring-shaped tip in STM 

In respect to the tip shape geometry designed for in-plane spin sensitivity in the modulated tip magnetization mode, the 

ring-shaped probe simply made by bending the tungsten wire has been created by C.-B. Wu and M.-T. Lin et al. [52]. 

Before introducing the ring-shaped tip into the SP-STM technique, preliminary studies of this kind of tip in the 

application of STM scanning will be discussed. The preparation of ring-shaped tip is relatively easier as compared to 

the previous methods including the lithography processes, chemical etching, and mechanical polishing etc. As shown in 

the Fig. 4(a), the tungsten wire with a diameter around 50 µm is simply bended into a ring-shaped probe and mounted 

into the tip carrier as the usual sharp tungsten tip. After transferring it into the UHV chamber, further step has to be 

taken to remove the oxide and carbon contanminated layers of the front tip end. There are some typical approaches, e.g., 

electron bombardment, ion sputtering, field emission etc, developed to in situ clean the tip. This procedure is very 

important in the SP-STM technique because the contanmination can greatly reduce the spin polarization and affect the 

magnetic properties of the spin-polarized tips. Therefore, finding a good and reliable procedure to have tip cleaned 

plays important role in realizing the successful vacuum spin-polarized electron tunnelling in SP-STM. 

 

Fig. 4 The ring-shaped tip 

probe simply made by bending 

tungsten wire and mounted in 

the tip carrier is shown in the 

(a). Same ring-shaped tip is 

annealed by direct current 

heating method in (b). Part of 

front tip end is incandescent 

due to the high temperature 

able to be reached during the 

heating. The white arrow 

indicates the ring-shaped tip in 

the both insets. 

 

 Directly passing the current through the part of front ring-shaped tip end is our method to heat it up. There are 

another two isolated tungsten rods with larger diameter of around 380 µm and the ring-shaped tip can electrically bridge 

them together. Then the current is passed from one to the other rod forming a complete current loop. Due to the higher 

electric resistance of the ring-shaped tip with smaller diameter of tungsten wire, the effect of resistive heating is 

achieved in this setup. As shown in the Fig. 4(b), the ring-shaped tip directly contacts with two isolated tungsten rods 

and is incandescent while the high temperature has been reached.  Besides the observation from naked eyes, the SEM 

images before and after annealing the ring-shaped tip have been demonstrated in the Fig. 5. 

 

Fig. 5 The SEM image of ring-shaped tip probe before the annealing by means of current direct heating is shown in (a). As 

observed from the image, the surface of ring-shaped tip is rough and has line scratch pattern. On the contrary, after annealing, the 

smooth surface and even the ripple from the melting of tungsten wire can be indicated in the (b). This demonstrates the direct heating 

method capable of in situ heating the ring-shaped tip up to high temperature and cleaning the front tip end very well. 

The clean ring-shaped tip has been applied to the STM scanned at the room termperature and the spatial resolution 

down to atomic scale can be achieved. In spite of macroscopic blunt of the tip, the atomic resolution images of different 

substrates have been resolved and shown in the Fig. 6. This is because the tunnelling current only dominated by the 

most front few atoms of the tip and there are actually many mini tips created in the microscopic point of view of the 
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front ring-shaped tip end. In addition, the stable STM and quiet environment are also important for the atomic scale 

resolution and measurements. The fresh surface of highly oriented polycrystalline graphite (HOPG) substrate is 

prepared by pressing a piece of double-stick tape to the HOPG surface and then gently peeling it off the surface. Repeat 

the above surface peeling procedure until the HOPG surface appears to be flat to the naked eyes. Then mount the HOPG 

on the sample plate and transfer it to the UHV champer as soon as possible. The atomic resolution image of HOPG is 

shown in the Fig. 6(a). The corresponding fourier transform pattern (not shown here) is not perfect hexagonal 

symmetry, but with a elongation along y direction. By calibrating the piezo scanner properly, the distorted topography 

images will restore to perfect hexagonal lattice with proper length. Besides the HOPG atomic resolution can be 

achieved by the ring-shaped tip, it is also applied to the Si(111) 7x7 superstructure and Cu(001) surface. The Si(111) 

7x7 superstructure can only be prepared and measured in UHV condition. There are some bright spots on the surface 

shown in the Fig. 6(b) and the number of density will slowly increase with the scanning time. In our speculation, these 

might be the silicon oxides from residual gas in the UHV chamber even at the pressure of ~ 1x10
-10

 mbar. The last one 

is the atomic resolution image obtained on the clean Cu(001) substrate. From the image shown in the Fig. 6(c), clearly 

copper atoms arrangement can be seen and one surface defect is at the upper right corner of image. 

 

Fig. 6 The STM atomic resolution images on different substrates resolved by using ring-shaped tip. (a) Highly oriented 

polycrystalline graphite (HOPG) substrate, U= 0.3 V, I= 3 nA, 5 nm x 5 nm. (b) Si(111) 7x7 superstructure prepared by flash 

annealing method, U= 1.5 V, I= 0.5 nA, 40 nm x 40 nm. (c) Cu(001) substrate, U= 1.5 V, I= 0.5 nA, 10 nm x 10 nm. 

3.2 Magnetically coated ring-shaped tip applied to SP-STM 

According to the spin dependent tunnelling theory, the TMR effect is proportional to cos(θ), in which θ is the angle 

between the respective magnetization of the two ferromagnetic electrodes. In addition, by using the geometry of a ring-

shaped tip, the magnetization of coated magnetic materials should be along the surface in-plane direction due to 

magnetic shape anisotropy, such that the magnetically coated ring-shaped tip should be sensitive to in-plane component 

of spins and hence be able to map out the in-plane spin projections of magnetic spin structures in the application of SP-

STM technique [52]. In order to verify the magnetic propery of 20 monolayers (MLs) Fe coated ring-shaped probe,  it is 

capped with several monolayers of Cu and MOKE measurement at ambient conditions are performed. With the laser 

beam focused on the leading edge of the ring, the hysteresis loop for the field applied parallel to the ring plane is 

measured and shown in Fig. 7(c). One can clearly observe a square hysteresis loop with coercivity around 80 Oe[52]. 

This indicates that the probe magnetization with the help of shape anisotropy can be easily stabilized along the ring 

periphery after applying saturating field. As a result, it can serve as a spin-sensitive probe for mapping out the in-plane 

domain structure of the sample. 

 

 We choose Mn/ Fe (001) as the test system because Mn exhibits layer-wise antiferromagnetism when the thickness is 

larger than 3 ML [53-55], and its spin direction is determined by the ferromagnetic iron whisker substrate, whose 

dimension is 2 mm wide and 10 mm long, preferring the magnetization parallel to the long axis. The whole experiment 

is conducted in an ultrahigh vacuum chamber whose base pressure is < 2 x 10
−10

 mbar and equipped with various thin 

film deposition and characterization tools [56]. The Fe(001) substrate is cleaned by cycles of sputtering and annealing 

until a clear low energy electron diffraction pattern can be observed. After that, the routine process is to sputter the 

substrate for 1 h at room temperature and then at 1000 K for another half hour, followed by cooling to 400 K and 

depositing Mn film on it at the same temperature with the deposition rate around 1.5 ML/min. After the deposition, the 

sample is transferred to the STM chamber, inside which the STM and STS experiments are performed at room 

temperature with the field aligned magnetic ring probe prepared by the method mentioned above. In the spectroscopy 

mode, 101 data points of tunneling current from a bias voltage of −0.5 ~ +0.5 V are taken at each pixel with feedback 

loop open, and numerically differentiated to get the conductance spectra. 
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Fig. 7 (a) Photography of the 

ring probe made of 125 µm wide 

tungsten wire, (b) schematics of 

parallel magnetizations of the 

sample and the iron films coated 

on the ring-shaped tip, and (c) Kerr 

hysteresis loop for the magnetic 

field (H) applied parallel to the 

ring plane [52]. 

 

 

 

 

 

 

 

 

 The topography of 6.8 ML 

Mn/ Fe(001) is shown in Fig. 8(a) in which the scanning parameters of sample bias voltage and feedback current are of 

1V and 0.1 nA, respectively [52]. The Mn films have a layer-by-layer growth mode on the Fe(001) so that we can 

observe the sixth and seventh layers on the surface. The interlayer distance is measured to be 0.19 ± 0.03 nm from the 

line profile shown in Fig. 8(c). The current map resolved by Fe coated ring-shaped tip of the same area at +0.5 V is also 

shown in Fig. 8(b). Contrast between the sixth and seventh layers can be observed in the current map, which is further 

justified by the line profiles of topography and current map at the same place in Fig. 8(c). The seventh layer has current 

of about 5 % higher than the sixth layer. Since there is no chemical difference between these two Mn layers, the contrast 

can only originate from the spin difference. The spin-dependent DOS results in the different I(U) curves of the parallel 

and antiparallel configurations according to the spin dependent tunneling. The averaged I-U spectra of the sixth and 

seventh layers are shown in Fig. 8(d). It is observed that the seventh layer has slightly higher current all the way from 0 

to +0.5 V than the sixth layer. To see the difference clearer, the numerically differentiated tunneling conductance 

spectra are shown in the same figure. We note that the conductance of positive bias voltage is higher than that of 

negative bias, which reflects the difference between the unoccupied and occupied densities of states of the sample. 

Furthermore, the conductance increases almost linearly with bias voltage from 0 to +0.4 V, and then rises with steep 

slope. This trend could be decomposed into an exponential background plus a surface state peak, as pointed out by 

Bischoff et al. in Ref. 57. These spin-polarized surface states can enhance the contrast in the current map. Even though 

it looks macroscopically blunt, the spatial resolution of the ring probe made by this simple method is not a problem in 

this system. Actually, since it is the atom at the very end of the probe which contributes overwhelming proportion of the 

tunneling current, even a blunt tip can give spatial resolution down to the nanometer scale if the sample is flat enough 

[49], which is exactly the case for Mn thin films on iron whisker. The atomic step edge is resolved to be within 2 nm in 

Fig. 8(c). 

Fig. 8 (a) STM constant current image of 6.8 ML Mn/ Fe(001) with feedback parameters of U= +0.1 V, I= 0.1 nA, and (b) its 

current map at +0.5 V. Line profiles along the black dashed lines in (a) and (b) are shown in (c). (d) I-U spectra, averaged over the 

sixth and seventh layers, respectively, with their numerically differentiated conductance spectra shown in the lower part [52].  

 

 

4. In situ out-of-plane magnetization switching of magnetic probe tip 

In addition to the in-plane spin sensitivity achieved by using a magnetically coated ring-shaped tip, the in situ out-of-

plane magnetization switching of a magnetic probe is also realized through the magnetic interactions between tip and 
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sample by P.-J. Hsu and M.-T. Lin et al. [59]. As mentioned in above section, one of the important issues on spin-

polarized tips designed for SP-STM experiments[37, 60] is to separate the magnetic from topographic and chemical 

contributions to the tunneling current. The magnetization direction switching of either the sample or the tip has the 

opportunity to fulfill such a purpose.  As reported by the previous SP-STM experiments [42-44], owing to the fact that 

both sample and tip were under strong external magnetic field, magnetization direction rotation needed to be carefully 

controlled to ensure magnetization switching of sample or tip only. Instead of applying external magnetic field, recent 

theoretical studies also reported that varying tip-substrate distance was applicable in order to switch a single spin 

through the competition of direct and indirect exchange coupling [61-63]. In light of this, soft magnetic materials with 

low coercivity field for are an appropriate candidate for a spin-polarized probe, offering in situ magnetization switching 

in the SP-STM technique. 

 

 The soft magnetic tip from an FeMnC alloy material has been applied to be the spin-polarized probe with out-of-

plane spin sensitivity for the Co nanoislands grown on Cu (111) with out-of-plane magnetization [64, 65]. Most 

importantly, in order to have magnetic signals distinguished, an in situ switching of the tip magnetization direction can 

be achieved through varying tip-substrate distance, revealing the magnetic domain of Co nanoislands with reversed spin 

contrast. The experiment was carried out in a UHV chamber with base pressure of around 3x10
−11

 mbar. The Cu(111) 

substrate was cleaned by cycles of 1 keV Ar
+
 sputtering and annealing at 850 K. After that, submonolayer Co was 

evaporated on the Cu(111) at room temperature through molecular beam epitaxy technique with a deposition rate of 0.6 

ML min
−1

 calibrated from STM. After sample preparation, it was subsequently transferred into a low temperature STM 

cooled to 4.5 K with pressure of around 2x10
−12

 mbar. 

 

Fig. 9 (a) Magnified 

image of soft magnetic tip 

is taken by the SEM. (b) 

Magnetic hysteresis loop 

of FeMnC alloy tip from 

the MOKE measurements 

and the switching field 

smaller than 5 ± 1 Oe can 

be characterized [59]. 

 

 

 

 

 

 The tip probe of FeMnC alloy material was first prepared by mechanical milling and the corresponding magnetic 

properties were checked with the MOKE measurements. The tip image taken from SEM is shown in the Fig. 9(a).  In 

addition, as shown in the Fig. 9(b), the small coercivity and switching field around 5 ± 1 Oe can be characterized from 

the magnetic hysteresis loop. After the tip was transferred into UHV chamber, it was further sputtered by 3 KeV Ar
+
  

ion bombardment. Furthermore, in order to improve the spin contrast [46, 47], but retain a low coercivity necessary for 

the ease of magnetization switching, a few monolayers of Co was deposited. The magnetic stability was verified in such 

Co coated tip at regular tunneling distance, to ensure that they can be applied to SP-STS measurements with reliability. 

As for the tunneling spectroscopy measurements, the feedback loop was open and the sample bias ramped from +1.0 to 

-1.0 V whereas the distance between the tip and sample was stabilized typically at scanning parameters of +1.0 V and 

1.0 nA. The differential conductance spectra were recorded simultaneously to the topographic images by adding a 

voltage modulation of 20 mVrms to the sample bias and detecting the signals by the lock-in technique. 

 

 A typical STM topography of 0.35 ML Co grown on Cu(111) is shown in Fig. 10(a). There are two kinds of Co 

nanoisland arrangements, namely faulted and unfaulted fcc stackings, protruding with bilayer height from the Cu 

surface [66, 67]. By using the magnetic tip, the spin-polarized conductance mapping resolved at bias of -316 mV and -

494 mV are presented in Figs. 10(b) and 10(c), respectively. In order to prevent the influence from crystalline and size 

dependent peak position of surface state [64, 68], we discuss the conductance curves on Co nanoislands with equal 

stackings and sizes, as the two sets of them marked from A to D in the Figs. 10(b) and 10(c). And their corresponding 

conductance curves depicted with different colors are shown in top of Fig. 10(d). The prominent surface state peak of 

the conductance curve at around -0.31 V is consistent with previous studies [64, 67] and contributes to the significant 

spin-polarization amplitude due to the hybridization of s-p states with the minority d3z
2

−r
2
 band of Co nanoislands. The 

structural and magnetic asymmetry curves defined as [37, 64] 

Astructral = 
( ) ( )

( ) ( )

/ /

/ /

unfaulted faulted

unfaulted faulted

dI dU dI dU

dI dU dI dU

↑↑ ↓ ↑↑ ↓

↑↑ ↓ ↑↑ ↓

−

+
,   Amagnetic =  

( ) ( )

( ) ( )

/ /

/ /

un faulted un faulted

un faulted un faulted

dI dU dI dU

dI dU dI dU

↑↑ ↑↓

↑↑ ↑↓

−

+
. 
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respectively, are shown in the bottom of Fig. 10(d). The conductance curves from these two different derivations can 

thus be clearly distinguished. Besides, the characteristic oscillatory behavior of magnetic asymmetry due to the sign 

reversal of spin polarization is also observed, being consistent with previous studies [64]. 

 

 

Fig. 10 (a) Topographic image of 0.35 ML bilayer high Co 

nanoislands grown on Cu(111) (image size 100_100 nm2, U=+1.0 V, 

and I=1.0 nA). (b) and (c) are the spin-polarized conductance 

mapping images recorded at -316 mV and -494 mV, respectively. (d) 

Top: spin-polarized conductance curves recorded from two set of Co 

nanoislands with same stackings and nearly same sizes as indicated 

from A to D in the inset of (b) and (c) [59]. Bottom: structural and 

magnetic asymmetry curves. There are two things to be noticed. 

First, the magnitude of magnetic asymmetry is stronger than the 

structural asymmetry. Second, the bias peak position which 

contributes the largest magnetic asymmetry does not coincide with 

the one having largest structural asymmetry. Therefore, we can 

choose the appropriate bias voltage, e.g., -0.3 V or -0.5 V, for the 

scanning conductance mapping to avoid structural information. This 

is one of the useful advantages obtained from full tunneling 

spectroscopy measurements [59]. 

 

 

 

 

 

 

 

 

 

 

 

 After the magnetic domain images and spin-polarized conductance spectra have been resolved, the reversal spin 

contrasts recorded at a bias of  -0.3 V and 1.0 nA are sequentially shown in Figs. 11(a) to (c). At first, the topography of 

0.66 ML Co nanoislands and the spin-polarized conductance mapping, recorded simultaneously, are shown in the inset 

of Fig. 11(a) and Fig. 11(a), respectively. The spin contrast of these nanoislands can be clearly observed according to 

the magnetization direction parallel or antiparallel to that of the magnetic tip [30]. Besides the spin contrast, some black 

spots on the surface of Co nanoislands are also observed due to the segregation of Cu atoms [69]. Afterward we move 

the tip to one of Co nanoislands, as shown by F in the Fig. 11(a), with the magnetization antiparallel to the tip 

magnetization, and decrease the tip-substrate distance by reducing the bias to 3 mV and increasing the current to 30 nA, 

which is much smaller than the current used in the spin injection of previous SP-STM experiments [70]. The 

corresponding conductance is ~0.258G0, where G0≡e
2
 /h is for two magnetic electrodes without spin degeneracy [71, 

72]. After that, we go back to the normal scanning parameters of -0.3 V and 1.0 nA, and the reversal spin contrast of all 

Co islands can be clearly observed in the Fig. 11(b). By repeating this process at another Co nanoisland E’ of Fig. 11(b), 

we can reverse again the spin contrast images as shown in the Fig. 11(c) similar to the Fig. 11(a). This demonstrates that 

the magnetization direction of tip end can be reversed back by such an operation. In addition, for the segregated Cu 

atoms, i.e., black spots on the surface of Co nanoislands in the spin contrast images, there is no contrast between them 
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during the magnetization switchings of tip end. Separation of magnetic signal from topographic or chemical 

contributions could thus be achieved in such way.  

 

 The tunneling spectroscopy measurements before and after tip magnetization switchings are also presented in the Fig. 

11(d). From the comparison of spin-polarized conductance curves of E and F taken from Co nanoislands indicated in 

the Fig. 11(a), it is seen that curve E has stronger amplitude than curve F at around -0.3 V and to the contrary, curve F 

has stronger amplitude than curve E at around -0.5 V. Such behavior reverses in the curves of E’ and F’ due to the 

magnetization switching of the tip apex and reverses back again in the curves of E’’ and F’’. Besides, from the 

asymmetry curves illustrated in the Fig. 11(d), the main contribution to spin contrast reversal are indicated by the 

arrows in the bias voltage region of spin-polarized surface state. The slight difference in the asymmetry curves, 

especially at around -0.7 V (Ref. 64) which is not reversed accordingly, might come from the complex intra-atomic 

noncollinear magnetism of the magnetic tip end [73] and requires further studies in the future. Nevertheless, the tip 

magnetization switching behavior is much clearer and can be identified from the pronounced spin-polarized surface 

state at around -0.3 V. 

 

Fig. 11 (a) Spin-polarized conductance mapping 

image of 0.66 ML bilayer high Co nanoislands and the 

black spots on the surface of Co nanoislands are 

segregated Cu atoms. The corresponding topography 

is shown in the inset. (b) Reversed spin contrast image 

taken after the magnetization switching of front tip 

end. (c) Similar spin contrast image to the (a) taken 

after tip magnetization reverse again [59]. (d) 

Tunneling spectra of a set of two Co nanoislands taken 

before and after magnetization switchings of the tip 

end. (image sizes are all 85 x 85 nm2, taken at U=−0.3 

V and I=+1.0 nA). The corresponding magnetic 

asymmetry curves are also shown in the (d). In the 

pronounced bias peak position of the spin-polarized 

surface state at around -0.3 V, the obviously reverse 

behavior of magnetic asymmetry in sequentiall tip 

magnetization switchings are demonstrated [59]. 

 

 

 

5. Summary 

Magnetic shape anisotropy plays the most important role in determining the magnetization direction of spin-polarized 

probes. The success of obtaining spin contrast demonstrates the capability of a tungsten ring probe made by bending a 

fine tungsten wire with magnetical coating. Such probe is easy to prepare without highly demanding procedures. After 

the magnetization of the probe is saturated by an external field, it can give a well defined in-plane magnetization 

direction of the coated ferromagnetic thin film, and thus can be applied to image magnetic domain structures with spin 

sensitivity in a specific in-plane direction down to nanometer scale. In addition to the in-plane magnetization control 
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using a magnetically coated ring-shaped tip, the FeMnC alloy material with low coercivity field has also been applied as 

the spin-polarized probe with the capability of in situ out-of-plane magnetization direction switching. According to the 

consequential reversal spin contrast of Co nanoislands, tip magnetization switching can be achieved through reducing 

tip-substrate distance. Instead of changing tip end spin structures by transferring atoms onto the sample surface in the 

approach of point contact [74], the magnetic interactions between tip and sample can also give rise to magnetization 

switchings of magnetic probes. Moreover, in combination with the SP-STS measurements before and after tip 

magnetization switchings, the sequential reversals of magnetic asymmetries at the bias peak position of pronounced 

spin-polarized surface state indicate the credible tip magnetization switchings as well. This provides an effective 

method not only for distinguishing magnetic signals from chemical or topographic contributions without applying 

external magnetic field, but also the capability of studying complex magnetic spin structures with various nonmagnetic 

impurities or compositions involved in the SP-STM. 
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