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A bulk ring probe made of pure iron wire with diameter of 0.125mm was prepared for

spin-polarized scanning tunneling microscopy at room temperature in ultrahigh vacuum. The

layerwise antiferromagnetic spin contrast of 2.8 atomic monolayers (ML) Mn/4.5 ML Co/Cu

(001) observed with such a probe revealed a spin asymmetry of 14% and a signal-to-noise ratio

of 1.8. Areas of reversed spin contrast on the same atomic layer of Mn were observed and

attributed to the influence from underlying Co steps and islands. This demonstrates the simplicity

of preparation and capability of such bulk Fe ring probes. VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4733343]

Spin-polarized scanning tunneling microscopy (SP-STM)

has been developed for more than twenty years.1 Its capabil-

ity of resolving spin structures down to the atomic scale

has been utilized in many studies of antiferromagnetic

nanostructures on thin film surfaces.2 Since SP-STM relies

on the spin-dependent tunneling effect, the preparation of

spin-polarized probes is always a key issue in implementing

SP-STM.1 Over the decades, many different materials

and preparation methods have been proposed, e.g., bulk fer-

romagnetic tips,3–9 bulk antiferromagnetic tips,3,5,10–13 ferro-

mangetic thin film coated W tips,14,15 antiferromagnetic thin

film coated W tips,16,17 local tunneling magnetoresistance

mode with CoFeSiB tip18 and with Fe coated CoFeSiB

ring,19 Fe coated W ring,20 etc. There are three main issues

in choosing the probe for SP-STM. First, there must be spin

polarization for the atom that contributes the tunneling cur-

rent. Second, the influence of the probe on the sample should

be as small as possible. Third, it should be possible to control

the probe’s spin polarization direction in order to identify in

which direction the spin component is resolved. Bulk ferro-

magnetic tips fulfill the first requirement but have the disad-

vantage of emitting stray field, which might influence the

sample’s magnetization. Bulk antiferromagnetic tips have no

such problem, but their spin polarization direction cannot be

controlled easily. That is why ferromagnetic thin film coated

W tips are often used instead. However, this requires special

treatment of the tip surface before thin film coating, and

bears the possibility to loose coated thin film material after

in situ tip treatment. Therefore, one has to carefully choose

the tip for the system under study.

Although thin film coated W tips are often used to

implement SP-STM, the axial symmetry of the tip’s shape

makes it difficult to control the in-plane direction of the tip’s

spin polarization. To avoid this disadvantage, Fe-coated W

rings have been proposed and demonstrated in Ref. 20,

where a W ring having a wire diameter of 0.125mm is first

fabricated and then electron bombarded in ultrahigh vacuum,

followed by Fe depositon on the probe’s surface. Despite its

bulky shape, the spatial resolution of such ring probe can

reach sub-nanometer, and the stray field seems not to be an

issue for the sample studied there. Based on this, here we go

a step further and use a bulk ferromagnetic ring probe for

SP-STM. There are several advantages in doing so. First, the

preparation of bulk Fe ring probes is even much easier than

of Fe-coated W rings. This makes the preparation of such

probes more reliable. Second, since the scanning probe is of

bulk material, one has always the possibility to regain spin

polarization after in situ tip treatment, e.g., voltage pulse

application. Third, the shape anisotropy is stronger than that

of the Fe coated W ring, thus one has better control over the

probe’s magnetization direction. Therefore, the bulk Fe ring

probe is a promising candidate for resolving in-plane spin

structures with SP-STM.

To prepare such a ring probe, a Fe wire with diameter of

0.125mm and purity of 99.5% is first magnetized along its

axial direction with a permanent magnet and polished with

sand paper along the axial direction, too. Wound into ring

shape with ring diameter around 1mm, it is spot-welded

onto the tip carrier with the ring plane vertical or horizontal.

Since the sample is mounted with its surface plane vertical,

this provides spin-sensitivity along two orthogonal axes

within the sample surface. A photograph of the ring probe is

shown in the inset of Fig. 1(a). After ultrasonic cleaning, it is

loaded into ultrahigh vacuum. A sputtering procedure with

2 keV Arþ bombardment is necessary to remove the surface

oxide and contamination. After this, the ring probe is trans-

ferred to the STM and ready for use. Depending on the con-

dition of each probe, another sputter cleaning might be

needed before the sample preparation.

To test such a ring probe, an antiferromagnetic sample

with a flat surface and ordering temperature above room

temperature is preferred, e.g., Mn/Co/Cu(001). When the

coverage is less than 10 monolayers (ML), Mn grows in

layer-by-layer mode on Co/Cu(001).21 The Mn shows anti-

ferromagnetic order at room temperature if its thickness is

higher than 2.5 ML, while Co with thickness larger than

2 ML on Cu(001) is ferromagnetic at room temperature.22

The spin structure of Mn in this system has been studied

before,29,30 and a layerwise antiferromagnetic spin structure

was observed. The sketch in Fig. 1(a) illustrates such a spin

configuration and the possible influence from the surface

roughness of the underlying Co layer.
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The Cu(001) substrate is cleaned by a sputtering-

annealing procedure. The cleanliness of the sample is

checked by a four-grid-type Auger electron spectrometer,

and the crystalline structure is confirmed by low-energy-

electron-diffraction. Cobalt from a rod with purity of 99.95%

is evaporated by electron beam bombardment, controlled by

a flux monitor. Mn pieces with purity of 99.95% are used to

evaporate from a Mo crucible with the same heating method.

Both Mn and Co are deposited at room temperature. The

thickness of each film is checked by the relative Auger inten-

sities. STM measurements are performed in an Omicron

room temperature STM.

To obtain spin signal, the local differential conductance

is measured using the lock-in technique. A small modulation

of 20mV is added to the DC gap voltage, and the resultant

oscillation amplitude of the tunneling current is detected by

the lock-in amplifier. Far from the tunneling regime, the

phase of the lock-in amplifier is adjusted such that the output

is zero. By this procedure, one can get the differential

conductance quantitatively. During constant-current-mode

scanning, the topography as well as the local differential

conductance at this gap voltage are recorded simultaneously.

Since the surface consists of Mn only, we expect the differ-

ence in differential conductance to come only from spin sig-

nal, except at step edges. This method for obtaining spin

signal has been utilized in many studies, see, e.g., Refs. 23,

24, and 17.

In Fig. 1(b), the surface of 8.1 ML Co/Cu(001) grown at

room temperature is shown. Co islands of monatomic height

can be observed, which have feature sizes of several nano-

meters. Figs. 1(c) and 1(d) illustrate the SP-STM result on

2.8 ML Mn/4.5 ML Co/Cu(001). The topography image in

Fig. 1(c) is obtained in constant current mode with a gap

voltage of þ0.2V and feedback current of 2.0 nA. Islands of

monatomic height can be observed on the surface. The local

differential conductance map of the same area is shown in

Fig. 1(d). Clearly, two distinct contrast levels can be

observed. For most of the cases, the islands have lower dif-

ferential conductance than the terrace in between. However,

several exceptions are noted. First, although location 1, rep-

resenting elongated areas near the edge of the terrace, seems

to sit on the same terrace as location 2, its contrast level is

lower. Second, location 3, representing a small area on one

terrace, also has lower contrast than the terrace. Third, loca-

tion 4, representing a small area on the island, has higher

contrast level compared to that of the surrounding island,

e.g., location 5.

These reversed contrast phenomena are also observed in

other areas of the same sample. Fig. 2 shows more detailed

results. The topography image in Fig. 2(a) is obtained with a

gap voltage of þ0.5V and feedback current of 2.0 nA, while

its corresponding differential conductance map is shown in

Fig. 2(b). The interlayer distance is 201 pm, as determined

from the histogram in Fig. 2(e). On the flat terraces, some

areas with slightly lower height can be distinguished.

From the profiles along lines A and C, depicted in Figs. 2(c)

and 2(d), respectively, the difference between terrace and

these dip areas is around 20 pm. The transition width across

a step edge is less than one nanometer. The histogram of the

local differential conductance map, shown in Fig. 2(f),

reveals two levels of 3.98 nS and 5.30 nS. The edges of the

islands shown in Fig. 2(a) are marked with dotted lines and

FIG. 1. (a) Schematic drawing of bulk Fe ring

probe scanning on Mn/Co/Cu(001), where Mn is

assumed to have a layerwise antiferromagnetic spin

structure. Numbers 1 to 5 represent different cases

of Mn grown on the Co film. The inset shows a pho-

tograph of the Fe ring probe. (b) STM topography

image of 8.1 ML Co/Cu(001) grown at room tem-

perature. Feedback parameters: gap voltage þ0.2V

and tunneling current 1.6 nA. (c) and (d) are STM

constant-current-mode images of topography and

differential conductance map from the same area of

a 2.8 ML Mn/4.5 ML Co/Cu(001) sample at room

temperature. Feedback parameters: gap voltage

þ0.2V and tunneling current 2.0 nA. The field of

view is 50� 50 nm2. The numbers from 1 to 5 in (d)

represent different typical places as indicated in (a).
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depicted in Fig. 2(b). Overall, the islands have smaller differ-

ential conductance than the terrace areas, consistent with the

obervation in Fig. 1. Also, areas with reversed contrast on

the same island are observed, as well as on the terrace. The

line profiles B and D taken at the same location as profiles A

and C, respectively, are shown in Figs. 2(c) and 2(d). Line

profiles A and B both have lower values in the middle

region. However, while line profile C has a lower value in

the left, a higher value is observed in the left part of profile

D. Most important of all, these changes in topography and

differential conductance coincide. The dip regions are

always matching the areas with reversed contrast.

To explain the origin of these differences of differential

conductance, full spectroscopy measurements are performed

on almost the same area, with the gap voltage ramped from

þ0.5V to �0.5V. The feedback parameters in constant cur-

rent mode are þ0.5V gap voltage and 2.0 nA feedback cur-

rent. Fig. 3(a) is the topography image, showing almost the

same area as Fig. 2. The current map at þ0.2V is shown in

Fig. 3(b), where similar layer-wise contrast and areas of

reversed contrast can be observed. However, the overall con-

trast is reversed as compared to Fig. 2(b). The representative

I-V curves of the bright and dark areas are shown in Fig. 3(c),

where the red (black) curve corresponds to the red (black)

area indicated by dashed lines both in Figs. 3(a) and 3(b).

The red and black dotted curves are the dI/dV spectra

numerically differentiated from the red and black I-V curves,

respectively. At a gap voltage of þ0.5V, both curves have

current values around 2.0 nA, since this is the feedback con-

dition, but the black curve has a larger slope than the red

one. At a gap voltage of þ0.2V, the current value of the

black curve is smaller than that of the red one. This explains

the contrast inversion between Figs. 2(b) and 3(b).

All of these data can be explained in the model of layer-

wise spin components for Mn on Co/Cu(001) observed in

Refs. 29 and 30, very similar to Mn/Fe(001).25 According to

spin-dependent tunneling theory, the tunneling current

depends on the relative orientation of the magnetization of

the two spin polarized electrodes, with the current asymme-

try proportional to the cosine of their relative angle.26 Since

we use the same Fe ring probe during scanning, if Mn has

layerwise spin component (not necessarily collinear), we can

FIG. 2. STM constant current mode

images of topography (a) and differential

conductance map (b) of the same area of

2.8 ML Mn/4.5 ML Co/Cu(001) at room

temperature. Feedback parameters: gap

voltage þ0.5V and tunneling current 2.0

nA. The field of view is 20� 20 nm2.

The profiles along lines A and B are

depicted in (c) while those along C and

D are depicted in (d). The histograms of

images (a) and (b) are shown in (e) and

(f), respectively.
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have reversed spin contrast between regions of even and odd

layer thickness, like the islands and terraces in Fig. 2. With

this model, one can explain the reversed contrast areas to-

gether with the dip region in topography by assuming the ex-

istence of Co islands below the Mn film, as sketched in Fig.

1(a). The numbers there correspond to those in Fig. 1(d),

indicating different cases of Mn film grown on the Co sur-

face. The difference in apparent height is not likely to result

from the spin-dependent electronic contribution since this

will give higher apparent height for parallel (or anti-parallel)

configuration. This is not consistent with our data in Fig. 2,

where the reversed contrast areas on islands and on the ter-

race have opposite spin contrast but are both lower than the

surrounding atoms. Because the difference between the inter-

layer distance of Co and Mn is 16 pm (Co 174 pm and Mn

190 pm (Ref. 27)), the presence of a Co island along with a

reduced thickness of the Mn film grown on top by one mono-

layer, as compared to the surrounding Mn film, will thus

result in a region of 16 pm dip in topography. Combined

with a layerwise spin component, this dip region will then

have reversed spin contrast. Similarly, for Mn overgrowing a

Co step edge, like between cases 1 and 2 in Fig. 1(a), there

should also be a height difference of 16 pm in line profile

across the step edge, together with the reversal of the spin

contrast. This is consistent with the result in Fig. 1(d). The

discrepancy between our measured value, i.e., 20 pm, and

the value in Ref. 27 might come from the calibration of the Z

piezo, since the interlayer distance of Mn is measured to be

201 pm, which is also larger than the value of 189 pm in

Ref. 27. In Fig. 2, the lateral size of these dip areas is around

several nanometers, quite similar to that of Co islands grown

at room temperature, as shown in Fig. 1(b). The spin asym-

metry in Fig. 2, defined by jrp � rapj=ðrp þ rap), where rp
and rap are the differential conductances in parallel and anti-

parallel configurations, respectively, is about 14%, and the

signal-to-noise ratio, defined by jrp � rapj/width of the peak,

is around 1.8. This further supports the layerwise spin com-

ponent model of Mn/Co/Cu(001), and thus proves that such

bulk Fe rings can be used as probe of SP-STM.

As for the issue of spatial resolution, since the sample

studied here is based on a single crystal substrate, the surface

is quite flat, such that a tiny protrusion at the ring’s end will

dominate the tunneling current. This means the spatial reso-

lution will not be limited by the bulk ring. Actually, even

atomic resolution has been achieved by a bulk W ring.28

The spatial resolution defined by the transition width across

a monoatomic step edge is measured to be less than one

nanometer, similar to the result of Ref. 20. This is usually

larger than the resolution obtained on a terrace due to the

non-perpendicular tunneling across the edge.

In summary, using a bulk Fe ring as the scanning probe

we have realized SP-STM at room temperature in ultrahigh

vacuum on Mn/Co/Cu(001). It provides a simpler prepara-

tion procedure and better control over the probe’s magnetiza-

ton direction as compared to Fe-coated W ring probes. We

found a layerwise antiferromagnetic spin structure of the Mn

layer, which reflects overgrown monoatomic islands and step

edges of the ferromagnetic Co layer underneath. With two

probes the ring planes of which are perpendicular to each

other, one can in principle resolve the spin polarization

direction of the sample if the same area is scanned. For sam-

ples with flat surfaces and in-plane spin structure, the bulk

Fe ring probe provides a convenient method to study their

surface spin structure with SP-STM.
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