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Spintronics, or spin-transport electronics, utilizes the spin degrees of freedom in condensed
matter systems to improve information-processing technology, which has traditionally relied
on electric charge. In this work, we introduce a new concept for reading spin states by 
demonstrating magnetic exchange force microscopy as a method to read out spin information 
in a finite one-dimensional Fe chain through ferromagnetic coupling between the Fe tip and 
the Fe chain. This approach differs from existing methods by providing a charge-independent 
means of accessing spin states at atomic resolution, making it fundamentally distinct from 
conventional spintronic readout techniques that often rely on optical methods at the 
macroscopic scale. Moreover, we find that the detected spin information remains robust 
against chemical interactions with the Fe tip, highlighting the viability of this technique as a 
nonintrusive spin readout tool. This finding offers additional insights for developing purely 
spin-based information technologies, thereby advancing the frontiers of nanoscience and 
nanotechnology.
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The collective motion of spin textures in atomic-scale one-dimensional systems enables information
transmission with low electrical current at the nanometer scale. While reading such spin textures
with current-free methods is essential for miniaturized spin-based schemes, directly probing them
without relying on electrical techniques remains a significant challenge. In this study, we probed
the spin texture in one-dimensional Fe chains on Ir(001) using magnetic exchange force microscopy.
At large tip-sample distances, we found that ferromagnetic coupling with the tip apex magnetic
atoms enables the readout of the spin texture in the Fe chain. At small tip-sample distances, we
found that the spin texture in the Fe chain remained robust against chemical interactions within our
measurement regime. Our ability to locally detect spins in a one-dimensional structure may pave the
way for examining spin information as it propagates between the input and output of miniaturized
spin logic devices.

1 Introduction
Magnetism in atomic-scale one-dimensional systems is a rapidly
growing research field, offering exciting opportunities ranging
from technological applications to the exploration of novel quan-
tum phases1–8. In spintronics, atomic-scale one-dimensional sys-
tems contribute to the realization of miniaturized spin devices,
where the collective motion of spin textures often serves as a con-
nection between inputs and outputs in logic devices, enabling in-
formation transport without significant dissipative currents asso-
ciated with electronic charge1,3,9. While spin textures have been
probed using current-free methods on the macroscopic scale, di-
rect experimental probing of spin textures in atomic-scale one-
dimensional structures without relying on an electric current re-
mains largely unexplored.10–12.

Magnetic exchange force microscopy (MExFM) is one of the
fascinating tools for studying magnetic interactions at the atomic
scale using a magnetic tip13–22. This method provides informa-
tion on magnetic interactions that are commonly interpreted as
direct exchange interactions (JS1·S2), where J is the coupling
constant between two spins S1 and S2

23–26. This coupling con-
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stant J determines the preferred alignment between the magnetic
moments, whether they are parallel (ferromagnetic) or antipar-
allel (antiferromagnetic).26–28. However, MExFM has only been
applied to a limited number of surfaces, including antiferromag-
netic structures (Fe/W and NiO)13–18, and spiral structures (mag-
netic skyrmions and Mn/W)19–22.

To demonstrate the ability to read the spin information in
a one-dimensional structure with less electric current, in this
study, we perform simultaneous MExFM and SP-STM imaging
on the spin spiral in the one-dimensional biatomic Fe chain on
Ir(001)3,29–31. We employ a Fe tip fabricated by picking up sev-
eral Fe atoms from the surface. This approach results in a weaker
stray field compared to using Fe-coated tips13,32. By directly com-
paring the magnetic contrast in MExFM to that of SP-STM, at large
tip-sample distances, we determine the ferromagnetic interaction
between the Fe tip and the Fe chain spins.

At small tip-sample distances, the frequency shift contrast re-
veals chemical interactions, while the tunneling current signal
distinctly displays magnetic contrasts, indicating that Fe spins re-
main robust against chemical interactions. Such robustness im-
plies that the spin spiral can transfer information from one end of
the chain to the other, even when the Fe tip is in chemical contact
with the Fe chain. To the best of our knowledge, MExFM has not
been performed on one-dimensional nanostructures thus far.

2 Results

Figure 1a presents a large-area STM topography image of Fe
chains on Ir(001), obtained using a W tip. A large terrace (width

Journal Name, [year], [vol.],1–8 | 1

Page 2 of 10Nanoscale Horizons



∼100 nm) features a regular arrangement of parallel trenches run-
ning along the [110] direction. The distance between two adja-
cent trenches is approximately 1.35 nm (see inset in Figure 1a),
consistent with previous studies3,31. Due to these trenches, the
reconstructed Ir(001) surface is an ideal template for growing
self-organized one-dimensional nanostructures. As shown in pre-
vious results, the small coverage (less than 20 % - 25 % of atomic
layer) of Fe results in growth solely in the trenches, forming bi-
atomic chains33. Figure 1b illustrates the area highlighted by the
pink dashed line in Figure 1a. To investigate the atomic structure
of the Fe chain, we conducted dynamic force microscopy (DFM)
imaging. The W tip was carefully approached above the Fe chain,
and a DFM image was acquired in constant-height mode in a re-
pulsive regime. Figure 1c displays a frequency-shift (∆ f ) image.
The bright contrast of the Fe chain relative to the Ir substrate in-
dicates that the Fe chain protrudes from the surface. In Figure 1c,
for the first time, we experimentally achieved atomic resolution
of the Fe chain on Ir(001) using DFM. Figures 1d and 1e show
line profiles derived from the ∆ f image. As seen in Figures 1d
and 1e, the distances between Fe atoms along the Fe chain axis is
270 pm, and across the chain is 290 pm.

Next, we present the SP-STM images obtained by picking up
several Fe atoms from the surface to the tip apex (see support-
ing information)13,32. A similar method has been employed in
previous SP-STM experiments4,13,32,34. Figure 2a shows the STM
image of the target Fe chain acquired using the W tip. This same
Fe chain was subsequently scanned using the Fe tip (Figure 2b).
The magnetization of the Fe tip aligns with an external magnetic
field in an upward direction due to the superparamagnetic nature
of the Fe cluster32. Figure 2e presents an enlarged image of the
topographic height shown in Figure 2b. In Figure 2e, a periodic
structure with a length of three atomic distances of Fe atoms (∼
0.83 nm ≃ 0.27 nm × 3) is observed in the Fe chain. This peri-
odicity corresponds well with the magnetic structure of the spin
spiral reported in previous SP-STM studies conducted with a W
tip coated with a thin Fe film3,31. The reproducibility of SP-STM
using different tips and various Fe chains is illustrated in Figure
S1 and Figure S2. Hence, we conclude that the spin spiral in the
Fe chain was successfully observed using the stable magnetic tip
fabricated by picking up Fe atoms. It is important to note that Fig-
ure 2e was obtained in constant-current mode under an upward
external magnetic field of 3.0 T. Thus, the maxima and minima
along the chain axis in the topographic height indicate positions
where the magnetization components point up and down rela-
tive to the external magnetic field, respectively (see Figures S2
and S3 for the chain length and bias voltage dependence of mag-
netic contrast). When the external magnetic field was ramped
to 0.0 T (3.0 T → 0.0 T), the periodic structure was barely visi-
ble, as shown in Figure 2c (see Figure S4 for the dependence
of magnetic contrast on external magnetic fields). In previous
experiments, these observations were attributed to fast thermal
switching in the orientation of the spin spiral, which cannot be
captured by the slow scan of STM3,31. After ramping the external
magnetic field back to 3.0 T (0.0 T → 3.0 T), the magnetic con-
trast reappeared, as shown in Figure 2d. In Figure 2d, the lateral
positions of the maxima and minima along the chain axis in the

topographic height are qualitatively similar to those in Figure 2b.
Before discussing the distance dependence of the tunneling cur-

rent and frequency-shift images of SP-STM and MExFM shown
in Figure 4, we present, in Figure 3, the distance dependence
of the tunneling current and frequency-shift signals, which were
simultaneously obtained on top of the Fe chain by oscillating
the tip. Note that we define the distance at the point conduc-
tance G0 = 7.748 × 10−5 S as zd = 0 nm throughout Figures 3
and 4 (zd = 0 nm is the lowest turnaround point of the tip os-
cillation cycle; see the supporting information for the definition
of zd). Figure 3a presents the tunneling current at the lowest
turnaround point of the tip oscillation cycle versus distance curves
(Ideconvolved(zd)) obtained on top of the Fe chain. Ideconvolved(zd) is
derived from the deconvolution of the time-averaged tip oscilla-
tion of I(zd)35,36. In Figure 3a, an exponential dependence is ob-
served in Ideconvolved(zd). Figure 3b displays ∆ f Fechain (zd) simulta-
neously recorded with I(zd) in Figure 3a, and ∆ f Ir (zd) obtained
on the Ir surface. In previous research on antiferromagnetic or
spin spiral surfaces, subtracting the long-range components from
∆ f (z) might be challenging because the first layer of the surface
is thoroughly covered with Fe or Mn atoms19,21,21. However, in
this study, the dark contrast of the Fe chain is identifiable in the
DFM image (see inset in Figure 3a), which allows us to obtain
∆ f SR (zd) by subtracting ∆ f Ir (zd) from ∆ f Fechain (zd) (see Figure
S5). Figure 3c shows the short-range force FSR (zd) deduced from
∆ f SR (zd) (∆ f SR (zd) = ∆ f Fechain (zd) − ∆ f Ir (zd)) using the Sader
formula37 (see Figure S5). The potential energy U (zd), shown
in Figure 3d, is further deduced by integrating FSR (zd) in the zd

direction. In Figures 3c and 3d, we observe that FSR (zd) and
U (zd) monotonically decrease as the tip approaches the surface,
clarifying the attractive interaction.

Now, we present the simultaneous observation of MExFM and
SP-STM images of the Fe chain19,21; see full data sets in Fig-
ure S6. Note that Figure 4 was obtained using the same tip as
shown in Figure 3. First, we confirm the Fe chain using constant-
current mode SP-STM without oscillating the magnetic tip, as
shown in Figure 4a. The image was obtained under an upward
external magnetic field of 3.0 T, where maxima and minima along
the chain axis indicate positions with magnetization components
pointing up and down relative to the surface, respectively (see
Figure 4h). The same Fe chain was then imaged by oscillating the
magnetic tip in constant-height mode at large tip-sample distance
(zd = 0.284 nm), medium tip-sample distance (zd = 0.149 nm), and
small tip-sample distance (zd = 0.069 nm), with the tunneling cur-
rent (I) and the ∆ f signals recorded simultaneously, as shown in
Figures 4b and 4c, 4d and 4e, and 4f and 4g, respectively. The
black arrows in Figure 3c indicate the tip height at which Figures
4b-4g were obtained. To qualitatively assess the dominant effects
in the signals, we normalized the I and ∆ f signals as Inormalized

and ∆ f normalized in Figures 4(i-k) (the definitions of Inormalized and
∆ f normalized are provided in the supporting information).

Considering the large tip-sample distance in Figure 4i, the max-
ima and minima of the Inormalized signal (blue curve in Figure
4i) along the chain axis indicate the magnetization components
pointing up and down, respectively, in agreement with their ap-
parent height in the constant-current SP-STM image in Figure 4a
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(see also Figure 4h). On the other hand, we observe small cor-
rugation in ∆ f normalized(x) along the Fe chain (black curve in Fig-
ure 4i). The lateral positions of the minima and maxima of the
corrugation in ∆ f normalized(x) agree well with the lateral positions
of the maxima and minima in Inormalized(x). Moreover, the large
tip-sample distance (zd = 0.284 nm) corresponds to the attractive
force regime (see Figure 3c). Thus, the ∆ f normalized contrast sug-
gests ferromagnetic coupling, which increases with the alignment
of spins at the tip apex and those at the Fe chain (Figure 4(l)).
Furthermore, we demonstrate the observation of ferromagnetic
coupling using different tips on different Fe chain, as shown in
Figure S7.

Now, we focus on the medium and small tip-sample distances
to discuss the effect of the chemical interaction between the Fe
tip and the Fe chain. The tip height is decreased until an individ-
ual Fe atom might be seen in the ∆ f image (Figure 4d - Figure
4g). Focusing on the Inormalized signals (blue curves in Figure 4j
and Figure 4k), the magnetic contrast is observed at the medium
tip-sample distances (blue curve in Figure 4j), while both chem-
ical and magnetic contrasts are evident at the small tip-sample
distance (blue curve in Figure 4k). In contrast, in the ∆ f normalized

signal, the chemical contrast dominates rather than the magnetic
contrast as the tip-sample distance decreases (black curve in Fig-
ure 4i - Figure 4k). Individual surface atoms were imaged in the
∆ f signal by detecting the short-range forces associated with the
onset of the chemical bond between the foremost tip atom and
the surface atoms38,39. We identified 19 atoms from the leftmost
dotted line to the rightmost dotted line, corresponding to 6 spin
periods in Figure 4k. Hence, we conclude that the magnetic struc-
ture and atomic lattices are incommensurate. Such an incommen-
surate Fe chain is in good agreement with previous results29.

Upon comparing Figure 3c, Figure 3d and the constant-height
images in Figure 4b - Figure 4g, we find ferromagnetic coupling
at FSR (zd = 0.284 nm) ≃ −0.09 nN, and the atomic contrast at
FSR(zd = 0.069 nm) ≃ −0.75 nN. The short-range force value of
FSR ≃ −0.75 nN at zd = 0.069 nm is comparable to those measured
in previous results on metallic surfaces using a metal tip40.

For the potential energy, ferromagnetic coupling is observed
at U (zd = 0.284 nm) ≃ −0.05 eV, and the atomic contrast at U
(zd = 0.069 nm) ≃ −0.44 eV. The simultaneous observation of
the chemical contrast in ∆ f normalized and the magnetic contrast in
Inormalized in Figure 4k (at zd = 0.069 nm) suggests that the Fe spins
are robust against chemical interactions within our measurement
regime. Therefore, the potential energy of U ≃ −0.44 eV at zd ∼
0.069 nm indicates that the spin spiral is robust under such strong
chemical interaction. Such robustness demonstrates that the spin
spiral can transport information from one end of the chain to the
other, even when the Fe tip is in chemical interaction with the Fe
chain. This property is important for applications as it prevents
unintended changes in the information being transferred.

3 Discussion
Here, we discuss several possible mechanisms for interpreting fer-
romagnetic couplings between the Fe tip and the Fe chain spins.
The first interpretation is that the direct exchange interaction oc-
curs between Fe atoms in the Fe tip SFetip and in the Fe chain

SFechain, where SFetip is the spin in the Fe tip and SFechain is the
spin in the Fe chain (JSFetip· SFechain). The Bethe-Slater curve
indicates that ferromagnetic interaction is favored for a large
atomic spacing, while antiferromagnetic interaction is stabilized
at smaller atomic spacing24,26,27. In Figures 3 and 4, we found
ferromagnetic coupling at zd = 0.284 nm (Figure 4(l)). Accord-
ingly, the ratio of atomic separation to the diameter of the 3d
orbital in our experiment (0.284 nm + dFe)/dFe ∼ 2.8 (assum-
ing the Fe diameter as dFe = 0.158 nm) is sufficiently larger than
the distance of the antiferromagnetic coupling in the Bethe-Slater
curve26.

It can be interpreted that there is an indirect interaction be-
tween two neighboring Fe atoms with unpaired 3d electrons via
4s conduction electrons. Such an interaction has been theoreti-
cally studied by Tao, K. et al. for an STM with a Cr tip positioned
above a magnetic atom protruding from the surface41. At large
tip-sample distances, ferromagnetic indirect coupling increases;
however, at small tip-sample distances, d-d covalent admixture
leads to antiferromagnetic interaction41–43. This interpretation is
consistent with the ferromagnetic coupling observed by MExFM
at large tip-sample distances in our experiment. We found fer-
romagnetic coupling at zd ≃ 0.284 nm. Accordingly, the atomic
separation of 0.284 nm + dFe = 0.442 nm in our experiment is
comparable to the tip-sample distance of ferromagnetic coupling
observed with the Cr tip. Performing DFT calculations that con-
sider the Fe tip, Fe chain, and Ir surface may facilitate a more de-
tailed quantitative comparison with experimental results. How-
ever, we tentatively interpret our experimental results as includ-
ing both direct exchange interactions and indirect interactions.
Moreover, the quantitative evaluation of the magnetic interac-
tions with the distance, as performed in previous works15,19,21,
allows us to determine the magnetic exchange force between Fe
tip and Fe chain. Magnetic exchange forces can be extracted from
the frequency shift curves as a function of the tip-surface distance,
recorded at the maxima and minima of the magnetic contrast in
MExFM images of the Fe chain. Such a study could expand our
understanding of the interaction between the Fe chain and the Fe
tip. However, the observed frequency shift contrasts at large tip-
sample distances in Figure 4(c) and S7(b) still directly indicate
that the interaction between the Fe tip and the Fe chain is due
to ferromagnetic coupling. Thus, we conclude that ferromagnetic
coupling at large tip-sample distances plays a key role in reading
the spin information of Fe chains on Ir(001).

Conclusions

In summary, we probed the spin information using MExFM on
one-dimensional Fe chains on Ir(001). Our results demonstrate
ferromagnetic interaction at a large tip-sample distance and
chemical interaction at a small tip-sample distance. Such ferro-
magnetic interaction enables us to read out the spin information
in the Fe chain. Looking ahead, we believe that MExFM can be
utilized to read spin information in a one-dimensional structure
with controlled input, potentially extending its application to new
magnetic devices.
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Fig. 1 (a) STM topography image of Fe chains on Ir(001), which forms on the (5 × 1) - reconstructed Ir (001) surface. Note that incom-
plete/discontinuous Fe chains are the surface alloy. Imaging condition: Constant-current mode. I = 0.1 nA, V = 600 mV, T = 4.5 K and B = 3.0 T.
Inset: line profile measured above the Ir (001) across the Fe chain as indicated by red color. (b) Enlarged STM topography image of Fe chain within
pink dashed box in (a). (c) High-resolution AFM image of the bi-atomic Fe chain obtained by the W tip. Imaging condition: Constant-height mode.
V = 1.0 mV, T = 4.5 K and B = 2.0 T. (d,e) Line profiles obtained from the ∆ f image in (c). The position of the profiles are shown in the inset by
(d) gray and (e) green with a ball model of a bi-atomic Fe chain.

Fig. 2 (a-d) Consecutive STM topography image and the corresponding line profile of Fe chain on Ir(001). Imaging condition: Constant-current
mode. I = 3.0 nA, V = 600 mV, T = 4.5 K, (a) B = 3.0 T; (b) B = 3.0 T; (c) B = 0.0 T; (d) B = 3.0 T. Note that (a) and (b) were both obtained
at 3.0 T, but with different tip conditions: (a) was acquired using an W tip, while (b) was acquired using an Fe tip, resulting in different tip states.
(b)–(d), on the other hand, were obtained using the same Fe tip condition, with the magnetic field varied as 3.0 T, 0.0 T, and 3.0 T, respectively. (e)
Enlarged image of z(x) in (b) with a schematic of spin spiral in Fe chain and Fe tip. The schematics of the spin spiral are validated under similar
experimental conditions, as reported in Ref. [3] and Ref. [31].
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Fig. 3 (a) Tunneling current Ideconvolved (zd) after deconvolution of the tip oscillation from I(zd). The black dotted line indicates exponential fitting.
(b) ∆ f Fechain (zd) simultaneously recorded with (a) (black solid curve). ∆ f Ir (zd) obtained on top of the Ir surface (green solid curve). Tip position is
indicated by circles with green (Ir surface) and blue (Fe chain) in the inset image in (a). (a,b) are obtained by the Fe tip at V = 65 µV, T = 4.5 K and
B = 3.0 T. (c) Short-range force FSR (zd) obtained on top of the Fe chain. The arrows indicate the height where Fig. 4(b,c), Fig. 4(d,e), and Fig.
4(f,g) were obtained. (d) Potential energy U (zd) obtained on top of the Fe chain.
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Fig. 4 (a) SP-STM topography image of Fe chain on Ir(001). Imaging condition: Constant-current mode. V = 600 mV, I = 1.5 nA, T = 4.5 K, B
= 3.0 T. (b-g), Consecutive SP-STM (b, d, f) and MExFM images (c, e, g) of Fe chain on Ir(001). Imaging condition: Constant-height mode, V =

65 µV, T = 4.5 K and B = 3.0 T, (b,c) zd = 0.284 nm; (d,e) zd = 0.149 nm; (f,g) zd = 0.069 nm. (h-k) Line profiles obtained along the chain axis shown
in (a-g). The dashed lines across the line profiles are the guide for the lateral positions of the local maximum of the magnetic contrast in (h). (l) A
schematic diagram that visually explains the interpretation. The left panel illustrates the case of strong ferromagnetic coupling, while the right panel
shows the case of weak ferromagnetic coupling.
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