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ABSTRACT

We characterized the performance of electrochemically etched bulk Fe and Ni tips as a probe of spin-polarized scanning tun-
neling microscopy (SP-STM). Through the observation of the striped contrast on the conical spin-spiral structure formed in Mn
double layers on a W(110) substrate, the capability of both the tips to detect the magnetic signal was clarified. We also confirmed
that the magnetized direction of the Fe and Ni tips can be flipped between the two out-of-plane directions by external magnetic
fields. Our results demonstrate that the ex-situ prepared tips are reliable in SP-STM for the samples that are not susceptible to a

stray magnetic field.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5063759

I. INTRODUCTION

Spin-polarized scanning tunneling microscopy (SP-STM)
is one of the most advanced scanning probe techniques suit-
able for the research of condensed matter physics.'? SP-
STM allows us to study atomic-scale magnetism in real space,
and its application to strongly correlated electron materi-
als®> and spintronics devices are highly expected. Fabricat-
ing reliable spin-polarized tips is, however, not an easy task.
In a conventional method, a spin-polarized tip is made by
depositing ferromagnetic (e.g., Fe,>7 Gd®) or antiferromag-
netic (e.g., Cr,° Mn'?) materials onto a tip apex of a nonmag-
netic W tip. Although such tips provided a lot of reliable SP-
STM results,? there are some disadvantages. First, they require
complicated in-situ preparation procedures under ultra-
high-vacuum (UHV) conditions. Second, a tip may become
dull due to the deposited materials. Third, the deposited
magnetic materials at their apices are easily lost through
accidental tip crash or bias voltage pulses for in-situ tip
treatment.

To lower the hurdles, tips made of bulk magnetic materi-
als that are sharpened by electrochemical etching have been
utilized in recent years. These tips never lose their spin-
polarization in principle. Because of its negligible stray field,
an antiferromagnetic Cr tip is widely used.”'-'° However, the
drawback of the tip is its insensitivity to an external mag-
netic field. Unless ferromagnetic materials are picked up on
the apex,’>'¢ the tip magnetization direction is not control-
lable because of no net magnetic moment and the strong anti-
ferromagnetic exchange coupling. On the other hand, when
the magnetism of a target sample is robust against an exter-
nal magnetic field, such as antiferromagnetic materials with
strong exchange interactions, ferromagnetic bulk tips are still
good choices since the magnetizations can be controlled by
magnetic fields.

As ferromagnetic materials, there are a lot of choices,
such as single metals and alloys. While ferromagnetic tips
made from alloys are also candidates for spin-polarized
tips,?%?" we here focus on single metals because they are
commercially available and easy to handle. In addition, we
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focus on soft ferromagnetic materials in terms of the con-
trollability of the magnetizations. The typical and abundant
elemental soft ferromagnetic material is Fe. Ni is also conven-
tional and has the advantage that it does not easily oxidize
in the air at room temperature. Furthermore, Ni has smaller
magnetic moments (0.6 ) than Fe (2.2 up), which produces a
smaller stray field. This smaller stray field is also advantageous
as an SP-STM tip because its influence to magnetic structures
of target samples is reduced. Although both tips have been
used for STM measurements,?225 convincing SP-STM results
with these tips are still lacking.

When we observe contrasts in SP-STM, it is not easy to
judge whether they arise from the magnetic origin or not. The
most reliable way to confirm the magnetic origin is through
the observation of contrast reversal due to the switching of the
magnetization direction of the tip or sample when an external
magnetic field is flipped. Here, we focus on these two ferro-
magnetic materials; we report the performances of bulk Fe
and Ni tips in SP-STM in external magnetic fields and com-
pare them with those of a bulk Cr tip, which is already known
as a reliable SP-STM tip.

In order to characterize the spin-polarized tips, a well-
investigated and reliable reference sample is needed. In this
study, we selected Mn double layers (DLs) on a W(110) sub-
strate, whose magnetic structure has been well-investigated
by SP-STM.26-29 Its strong signal and non-collinear magnetic
structure are useful to characterize SP-STM tips. As will be
demonstrated below, we clearly observed the magnetic con-
trast of Mn DLs with both Fe and Ni tips, indicating that both
tips are reliable enough as SP-STM tips for the samples which
are robust against a stray magnetic field. We also found that
the magnetization direction of the tips is controllable with an
external magnetic field along out-of-plane directions.

Il. PREPARATION OF TIPS

We formed a bulk Cr tip from a Cr rod with a square cross
section cut from a 99.99% Cr plate using a diamond cutter. For
bulk Fe and Ni tips, 99.995% Fe and 99.995% Ni wires were
used. The diameters of both Fe and Ni wires are 0.4 mm. The
Fe and Ni tips were formed by electrochemical etching in a
2M HCI electrolyte. For a Cr tip, we used a 2M KOH as an
etching solution. Figure 1 shows a schematic of the setup of
electrochemical etching. A Cr, Ni, or Fe rod/wire was con-
nected to a power supply and dipped into the solution as an
anode, and for a cathode, we used a W wire. The area of the
anode that is dipped in the electrolyte is covered by a polyvinyl
chloride (PVC) tube to avoid etching the wires, except around
the surface of the solution. When the rod/wire is cut elec-
trochemically, we can obtain two very sharp tips; the upper
side without a PVC tube and the lower side covered by the
tube. Both tips can be used as an SP-STM tip, but the lower
side tip is often sharper than the upper one. For the etching,
we used AC or DC power supply depending on the situation.
To make sharper tips, it is better to proceed the etching as
slowly as possible by using a DC power supply. However, since
the etching rate with a DC voltage is rather low and thus it
takes too much time, we first etch a tip by using an AC power
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FIG. 1. Schematic of the setup of the electrochemically etching.

supply with V,c = 2 V until just before the cutting of the
rod/wire. After cutting the rod/wire with a DC voltage with
Vpe =15 V to form very sharp tips, we dip the tips into hot
water to remove the solution. After cutting the tip to 8 mm,
we set it with 2 mm sticking out from a tip holder. We put the
tip on the STM head without any in-situ treatment. We treat
the tips by applying voltage pulses up to 10 V between the tip
and surface and/or dipping into the surface.

Typical scanning electron microscopy (SEM) images of
bulk Fe and Ni tips are displayed in Fig. 2. The estimated radii
of the tip apexes are less than 100 nm. Prior to SP-STM mea-
surements, we performed STM and tunneling spectroscopy
measurements on the Au(111) surface with these tips, and the
obtained results are consistent with previous studies with a
nonmagnetic tip, suggesting high performance of the bulk
maghnetic tips as a standard STM probe. To prevent the tips
from oxidation, we keep them in the vacuum desiccator after
etching. But even in a desiccator, Fe and Cr tips gradually
deteriorate if we keep them too long, like several years. Ni tips
normally do not change.

lll. STM SETUP AND SAMPLE

The experiments have been performed with a low-
temperature UHV STM (Unisoku USM-1300S with an RHK R9
controller), in which the tip and sample are cooled down to 5 K.
Superconducting magnets are equipped to apply magnetic
fields perpendicular and parallel to the sample surface up to
+2 T and +1 T, respectively. All STM and SP-STM measure-
ments are performed with the constant current mode at 5 K.

A W(110) substrate was prepared by several cycles of
flashing above 2300 K in UHV and annealing at 1500 K in an
oxygen atmosphere of 1 x 10~* Pa. We deposited Mn onto the
substrate for 70 s at a deposition rate of 1.5 ml/min from a Ta
crucible heated by electron bombardment. In order to achieve
step-flow growth, Mn deposition was performed just after the
flashing to ensure the high mobility of the deposited atoms.>¢
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IV. SP-STM MEASUREMENTS

In order to confirm the spin spiral structure of Mn DL
and its insensitivity to the magnetic fields, we perform SP-
STM measurements using a bulk Cr tip. Figures 3(a) and
3(b) show the topographic STM and simultaneously obtained
dl/dV images on the Mn thin films taken with a bulk Cr tip,
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FIG. 2. [(a) and (b)] SEM images of a bulk Fe tip with low
(x100) and high (x3000) magpnifications. [(c) and (d)] SEM
images of a bulk Ni tip with low (x100) and high (x3000)
magnifications.

respectively. On the surface, a spin-polarized contrast appears
in a dI/dV image taken at around the sample bias voltage
Vs = 0,28 and the images shown in Fig. 3 were taken at —40 mV.
ML and DL shown in Fig. 3(a) indicate the regions of monolay-
ers and double layers, respectively. In the DL region, a striped
pattern along the [001] direction whose periodicity is about
2.0 nm is clearly resolved in the dI/dV image. The magnetic
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FIG. 3. [(a) and (b)] A topographic STM image of Mn/W(110)
with a bulk Cr tip and a simultaneously recorded dlldV
image. Tunneling current I+ = —1 nA, sample bias voltage
Vs = —40 mV, bias-modulation frequency f g = 1.877 kHz,
and bias-modulation amplitude Vpeg = 30 mV.
(c) Schematic spin structures of conical-spin-spiral
rotation of Mn DL propagating along the [001] direction.
[(d) and (e)] Spin-resolved dl/dV images taken on the
same area in the out-of-plane magnetic fields of B= +2.0 T
and B = —2.0 T, respectively. Both images are taken with
the same bulk Cr tip. (f) The blue solid and black dotted
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lines indicate the line profiles taken in the boxed blocks in
(d) and (e), respectively.
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contrast in SP-STM varies as the cosine of the relative angle 6
between the tip and sample magnetization directions. There-
fore, the bright- and dark-contrasted regions are Mn rows
that have magnetization components parallel and antiparallel
to the tip magnetization direction. In the ML region, no peri-
odic pattern is observed, despite the presence of a different
type of spin spiral structure.®! This is due to different condi-
tions of magnetic contrast for ML: the magnetic contrast of
ML can be found in a topographic image of +10 mV, but not in
adl/dV image of -40 mV.28

From this result, we can confirm the conical spin-spiral
structure which propagates along the [001] direction in the
DL region, as shown in the schematic of Fig. 3(c).26 It has been
reported that the magnetization direction of a bulk Cr tip is
arbitrary and differs from one tip to another.'* This is prob-
ably because the tip apex domain of bulk Cr tips does not
have preferential orientation. In our measurement, the fine
structure along the [110] direction due to the in-plane anti-
ferromagnetic components?©2° is not resolved (Fig. 3), which
means that the magnetization direction of our Cr bulk tip is
mostly out-of-plane and the tip does not have the in-plane
sensitivity.

Figures 3(d) and 3(e) show the spin-polarized dI/dV
images taken on the same DL area in the perpendicular mag-
netic fields of B = +2 T. The striped pattern is clearly resolved
in both images, and there is essentially no change in the con-
trast between the two images. The line profiles [Fig. 3(f)] taken
in the boxed blocks in Figs. 3(d) and 3(e) match well with each
other, which also means no phase shift in the sinusoidal waves.

It has been reported that magnetization of a Cr tip is
not reversed by an external magnetic field at least up to
B = 4 T,'* unless ferromagnetic materials are adsorbed on
the tip apex.’®>'> In the present case, we do not have any
ferromagnetic materials on the surface, and thus, the chance
for reversal of the Cr tip magnetization is low. Therefore, the
same contrast between the above two images indicates that
the spin spiral structure of Mn DL is also not influenced by
the magnetic fields, showing that this sample is suitable for
investigating the field dependence of tip magnetizations.

Figures 4(a) and 4(b) show the topographic and simulta-
neously taken dI/dV images with a bulk Fe tip on Mn DL on
W(110). The striped pattern due to the spin-spiral structure
is resolved in Fig. 4(b), and more clearly in a zoomed image
[Fig. 4(c)] and its line profile. We performed a similar mea-
surement using a bulk Ni tip, as shown in Figs. 4(d)-4(f), and
confirmed the striped pattern. These results clearly demon-
strate that both bulk Fe and Ni tips work well as an SP-STM tip.
All the measurements for I'ig. 4 were done in the perpendicular
magnetic field, and all SP-STM images show only the spin-
spiral contrast along the [001] directions. This indicates that
the tip magnetization is fully polarized along the out-of-plane
direction by the external magnetic field.

To check the response of the tips to magnetic fields,
we performed SP-STM measurements at B = +2.0 T.
Figures 5(a)-5(c) show the topographic and corresponding
dl/dV images taken with a bulk Fe tip at B = +2.0 T and
B = -2.0 T, respectively. Note that around 10 nm lateral offset
was needed for taking both images in the same field of view,
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FIG. 4.[(a) and (b)] Topographic and corresponding dl/dV images taken with a bulk
Fe tip, respectively (It = —0.3nA, Vs = =100 mV, oy = 1.877 kHz, V oy =35 mV,
and B = 1.0 T). (c) The zoomed-in view of a dl/dV image into a DL region and a
cross section taken in the boxed area (I = —1nA, Vg = =50 mV, fynoq = 1.877 kHz,
Vimod =20 mV, and B =1 T). [(d) and (e)] Topographic and corresponding dl/dV
images taken with a bulk Ni tip, respectively (Ir = —1 nA, Vs = =100 mV, fpoq
= 1.877 kHz, Vipog = 30 mV, and B = 0.5 T). (f) The zoomed-in view of a dl/dV
image into a DL region and a cross section taken in the boxed area (I = —1 nA,
Vs = =50 mV, fpoq = 1.877 kHz, and V¢ = 20 mV). The black lines in (b) and
(e) are a guide for finding the stripe pattern due to the spin spiral.

which is likely due to the deformation of a ferromagnetic tip
by magnetic fields. In the dI/dV images of Figs. 5(b) and 5(c),
the 180° phase shift of the sinusoidal patterns is observed.
Figure 5(d) displays the line sections taken along the boxed
areas in the dI/dV images of Figs. 5(b) and 5(c). Both of them
show the sinusoidal patterns, but the phases are shifted by
about 180°. Since the magnetic structure of Mn DL is not
affected by external magnetic fields up to 2.0 T, as mentioned
before, this result indicates that the magnetized direction of a
bulk Fe tip is inverted by the external magnetic field.

Figures 5(e)-5(g) show the topographic and dI /dV images
taken with a bulk Ni tip in B = +2.0 T and B = -2.0 T, respec-
tively, and Fig. 5(h) shows the line sections taken along the
boxed area in Figs. 5(f) and 5(g). We here note that we experi-
enced ~5 nm lateral offset between the images of I'igs. 5(f) and
5(g) again due to the same reason mentioned above. This set of
images basically provides the same information shown above
with that taken with a bulk Fe tip, demonstrating that the
magnetized direction of both Fe and Ni tips can be controlled
by external magnetic fields. We also attempted SP-STM mea-
surements with those tips in in-plane magnetic fields up to
1T and observed spin-polarized contrasts. However, we could
not find the same area observed before applying the fields,
probably due to too much bending of the tip by the fields,
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FIG. 5. (a) A topographic image taken with a bulk Fe tip. [(b) and (c)] Simultane-
ously obtained spin-polarized dl/dV images in B=+2.0 T for (b) and B= -2.0 T
for (c) (It = =1 nA, Vg = =50 mV, froq = 1.877 kHz, and Vog = 20 mV). (d) The
blue solid and black dotted lines indicate the line sections taken along the boxed
area in (b) and (c), respectively. (e) A topographic image taken with a bulk Ni tip.
[(f) and (g)] Simultaneously obtained spin-polarized dl/dV images in B=+2.0 T for
(fland B=—-2.0T for (g) (It = 1 nA, Vs =50 mV, fpeg = 0.971 kHz, and V oy
=10 mV). (h) The blue solid and black dotted lines indicate the line sections taken
along the boxed areas in (f) and (g), respectively.

and therefore, we could not characterize the in-plane-field
dependence of tip magnetizations. In addition, we noticed that
deformation of the tip due to the out-of-plane magnetic fields
causes tip crashes, unless we retracted the tip far enough.

V. COMPARISON WITH OTHER TIPS

Here, we compare bulk ferromagnetic Fe and Ni tips with
other magnetic tips. As demonstrated above, bulk ferromag-
netic Ni and Fe tips work well as spin-polarized tips and the
magnetization directions can be controlled easily. Although
Fe-coated W tips also fulfill these conditions, there are three
disadvantages. First, it is difficult to make tips. Second, mag-
netization may be lost by accidental tip crashes or applied bias
voltage pulses. Third, since the shape of the tip apex is not well
organized, it is likely to be a multiple tip.

Bulk antiferromagnetic Cr tips do not have these disad-
vantages, but it is difficult to control the magnetization direc-
tions of the tips by external magnetic fields. Moreover, the
magnetization direction is not well defined. Other research
groups characterized the tip differently (tilted,’? in-plane’?)
at a zero magnetic field. This is probably due to the difference
in material quality. Purities of commercially available Cr mate-
rials are relatively low compared to those of other 3d transi-
tion magnets. Since it is known that the magnetic properties

ARTICLE scitation.orgljournal/rsi

of Cr are affected by the types of impurities,>? tip magneti-
zation directions could be affected depending on the types of
impurities included.

The difference in the magnetization direction probably
also comes from orientations of tip apexes. As we mentioned
before, Cr tips are usually made from Cr rods which are cut
from polycrystalline Cr plates. Thus the orientation of tip
apexes differs from one another, which affects tip magneti-
zation directions.

One and rather critical disadvantage of bulk Fe ferro-
magnetic tips is its large stray magnetic field. Therefore,
this tip is more suitable for SP-STM measurements on sam-
ples whose magnetism is robust against external magnetic
fields such as antiferromagnetic materials with strong spin
interactions. The stray magnetic field of Ni is much weaker
than Fe because the magnetization is about 3.5 times smaller
than Fe. This could make Ni tips more versatile than Fe
tips.

VI. CONCLUSION

We characterized the properties of bulk Fe and Ni tips in
SP-STM measurements on Mn DL grown on W(110), which is a
prototypical SP-STM sample. We revealed that both bulk Fe
and Ni tips work well as SP-STM tips for the samples that
are insensitive to a stray magnetic field and their tip mag-
netization directions can be controlled in the out-of-plane
directions by external magnetic fields. This work provides an
easy way to prepare SP-STM tips, which may contribute to the
promotion of nano-scale studies on strongly correlated elec-
tron materials and spintronics devices by using the SP-STM
technique.
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