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Materials and method

The experiments were conducted using a custom-built scanning probe microscope operating
under ultra-high vacuum conditions at 4.5 K.5" A commercial quartz length-extension res-
onator (LER), known as a Kolibri sensor provided by SPECS, equipped with a tungsten (W)
tip, was utilized. The microscope is a combined AFM and STM system capable of applying
high magnetic fields of up to 11T perpendicular to the surface. The oscillation amplitude
is A ~ 120pm. For differential conductance (dI/dV’) spectroscopy, we employed a lock-in
technique with a modulated sample bias voltage of 100mV at 777 Hz. The experiments were
carried out with magnetic fields ranging from 0T to 11 T. The Ir(001) surface was prepared
by Ar™ ion sputtering followed by annealing at 1000°C under oxygen exposure of approx-
imately 2.0 x 107" torr and subsequently annealed at 1200°C for 10s. To fabricate the Fe
chain on Ir(001), less than 20 % to 25 % of a monolayer of Fe was deposited onto the clean

Ir(001) surface at room temperature. 5255

The bi-atomic Fe chain on Ir(001)

The bi-atomic Fe chain on Ir(001) serves as a model system exhibiting a spin spiral state
within a one-dimensional nanostructure. 55356 This spin spiral arises due to the competition
between direct exchange interactions and Dzyaloshinskii-Moriya (DM) interactions, leading
to the formation of nonlinear spins along the chain axis. Consequently, vector spin chirality
is defined by the cross product of the spin vectors of neighboring nonlinear spins, resulting in
a topologically protected spin structure within the chain.S” In finite chains, the application
of an external magnetic field locks the spin spiral in real space through the alignment of the

end spins.
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Definition of tip-sample distances

The tip—sample distances in Figure 3, Figure 4, Figure S5 and Figure S6 are same so that
the zq can be directly compared. The topographic height of z in other Figures are different
so that they cannot be directly compared. The black dotted line in Figure 3a of the main
text was obtained by extracting the decay length x from the tunneling current (I), using the

equation aexp(—kzq), where a is free parameter.

Picking up Fe atoms from the surface

In our experiment, the fabrication of the magnetic tip was carried out as follows: First, the
adsorption position of the target Fe chain was confirmed using STM imaging with a tungsten
(W) tip. After acquiring the STM image, the W tip was carefully positioned above a different
Fe chain, and the feedback loop was turned off. The W tip was then vertically approached
approximately 1.3nm to the Fe chain to pick up Fe atoms onto the tip apex. Subsequently,
the target Fe chain was scanned to verify the formation of the stable Fe tip. This procedure
was typically repeated several times to ensure a stable Fe tip. Figures Sla—S1d illustrate an
example of the Fe atom pick-up process from the Fe chain. Initially, we scanned the target Fe
chain using a W tip (Figure Sla). Next, the W tip was positioned above a different, smaller
Fe chain (highlighted by the white circle in Figure S1b) and gently moved into the chain
by approximately 1.3nm from the STM set point. The slight deformation of the smaller Fe
chain, as shown in Figures Slc and S1f, indicates that several Fe atoms were attached to the
tip apex. Finally, we rescanned the target Fe chain to confirm the appearance of magnetic
contrast along the Fe chain (Figures S1d and Sle). Therefore, a stable spin-polarized tip

can be reliably prepared by picking up Fe atoms from the surface.
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SP-STM images of the different length of the Fe chains

on Ir(001)

Figure S2a presents a large-area spin-polarized scanning tunneling microscopy (SP-STM)
image obtained in constant current mode. In this image, single strands of varying lengths,
corresponding to bi-atomic Fe chains located in the trenches, can be observed. An external
magnetic field of —4.0'T was applied, resulting in maxima and minima along the Fe chain
axis that indicate the positions where the magnetization components point either downward
or upward within the spin spiral. Some Fe chains in the SP-STM image, highlighted by
the pink rectangle, exhibit reduced magnetic corrugation, suggesting that the strength of
magnetic corrugation varies between chains (while the green rectangle indicates the Fe chain
with stronger corrugation). Similar observations have been reported in previous studies,
where these variations were attributed to parity effects caused by the finite lengths of the
Fe chains.5*% Thus, we successfully measured the net magnetic moment of the spin spiral
in the Fe chain using the magnetic tip. Figures S2c and S2d were acquired using the same
scanning parameters, but with an increased external magnetic field of up to —11T. A similar

trend in the magnetic contrast was observed in the Fe chain, as depicted in Figure S2d.

SP-STM image of the Fe chain taken at different bias
voltage

To characterize the Fe chain using the magnetic tip, the bias voltage dependence of the
tunneling current (/) and conductance (d//dV') was simultaneously recorded by fixing the tip
on the bright and dark regions of the Fe chain in the SP-STM image (see inset in Figure S3a).
In Figure S3a, both I and d//dV exhibit weak contrast at negative bias, but strong contrast
at positive bias. This observation is further supported by the SP-STM images obtained

at different bias voltages, as shown in Figures S3b—S3e. Notably, in Figures S3b—S3d, the
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lateral positions of the maxima and minima along the chain axis in z(z) remain almost
identical, despite variations in the positive bias voltage set points. These results suggest
that the observed contrast is primarily due to a magnetic origin, ruling out the possibility
of a standing wave effect, which is often seen in quantum well structures of one-dimensional
systems. 5% When the bias voltage was set to a negative value, the SP-STM image showed

barely any contrast, as seen in Figure S3e.

SP-STM image of the Fe chain taken at different exter-
nal magnetic fields

Figures S4(a-d) and S4(e-h) present the SP-STM images of the same Fe chain acquired
at different external magnetic fields, and their corresponding line profiles. To quantify the
strength of the magnetic corrugation, we plotted the normalized average strength of the
magnetic corrugation in the Fe chain, as shown in Figure S4i. The average magnitude of the
magnetic corrugation at each magnetic field was normalized by dividing it by the average
magnitude of the magnetic corrugation at 9.0 T. In Figure S4i, the normalized magnetic
contrast increases monotonically with the external magnetic field. Previous research shows
that magnetic contrast increases monotonically with the external magnetic field up to 4.0
T.519 Figure S4i shows a monotonic increase in magnetic contrast with the external magnetic
field up to 9.0 T. Additionally, we confirm the magnetic contrast of Fe chain at —11T
in Figure S2c. These findings indicate that the spin spiral is robust against the external

magnetic field within the measured range.
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Tip-sample distance dependence of short-range forces
and potential energy

To quantify the short-range forces, we measured the tip-sample distance dependence of the
frequency shift, Af, as the Fe tip approached the Fe chain (A fgechain) and the Ir surface
(Afr), as shown by the black and green curves in Figure Sha. Subsequently, the two A f
curves were subtracted to extract the short-range frequency shift, Afsg (zq), between the
Fe chain atom and the Fe tip. This calculation is given by Afsr (24) = Afrechain (24) —
Af1 (zq), as represented by the red curve in Figure Sha. The results in Figure Sha indicate
that Afgsg (zq) decreases monotonically as the tip approaches the surface. The short-range

11 as shown in Figure

force, Fsr (zq), was derived from Afggr (2z4) using the Sader formula,
S5b. An enlarged view of these data is provided in Figure 3c. The potential energy, U (zq),
was then obtained by integrating F'sg (zq) with respect to the z4q direction, as displayed in

Figure S5c, with an enlarged view in Figure 3d.

Full data sets of MExFM and SP-STM images of the Fe
chain

Figure S6(a-j) presents the complete data sets corresponding to Figure 4 in the main text.
Figure S6a displays the SP-STM image of the Fe chain obtained in constant current mode,
along with the corresponding line profile. The image is taken under an upward external
magnetic field of 3.0 T, thus, the maxima and minima along the Fe chain indicate positions
where the magnetization components point upward or downward within the spin spiral.
Following the STM imaging, the tip was positioned above the Fe chain, and the z-feedback
was turned off. The tip was then vertically approached to the Fe chain, and scanning was
performed in constant height mode, as illustrated in Figure S6b.

To qualitatively assess the dominant effects of magnetic and chemical contrasts in the
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line profile, we present normalized Af(x) and I(z) in Figure S6b, where A fomalized(Z) =
Af(x)/AfFechain ad Tnormalized (7) = 1(7) /e chain- Here, A frechain and g chain correspond
to the average values of Af and I at 2.0nm < z < 7.2nm. In Figure S6b, we observe a
slight decrease in A f(z), which can be attributed to the long-range van der Waals interaction
between the tip and the Fe chain on the Ir surface.

We subsequently repeated the scanning by varying the tip-sample distance, as depicted in
Figures S6(c-j). At larger tip-sample distances, shown in Figures S6(c) and (d), corrugation
in A fhormaltizea () along the Fe chain is evident. As we discussed in the main text, the lateral
position of the minima and maxima in A fyomalized(2) agrees well with the lateral position
of the maxima and minima in [ omatizea(). Therefore, we conclude that the corrugation
observed in A fyormatized () Originates from the ferromagnetic coupling between the spin spiral
and the Fe tip. At medium tip-sample distances, shown in Figures S6(e-g), a magnetic
contrast is observed in [ ormalizea(), attributed to the spin spiral. At smaller tip-sample
distances, as illustrated in Figures S6(h-j), we observe a chemical contrast in A formalized ()
along the Fe chain. The periodicity of this modulation is approximately 0.27 nm, which is
consistent with previous theoretical results.5!? At small tip-sample distances, Iormalized ()
exhibits both magnetic and chemical contrasts. We have performed fast Fourier transform
(FFT) to analyze the MExFM images (not shown). However, we hardly observe a signal for

the spin spiral in those FFT results, which may be due to the short length of the Fe chain.

Reproducibility of the ferromagnetic coupling between
Fe tip and Fe chain

In this section, we demonstrate the reproducibility of ferromagnetic coupling and atomic
resolution using MExFM and SP-STM techniques. Figure S7a presents the SP-STM image
of the Fe chain obtained in constant current mode. The image is taken under an upward ex-

ternal magnetic field of 3.0 T, thus the maxima and minima along the Fe chain axis indicate
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positions where the magnetization components point upward or downward relative to the sur-
face, as shown in the line profile of Figure S7d. Subsequently, we switched to constant height
mode to perform MExFM and SP-STM on this chain. Figures S7(b, ¢) and S7e illustrate the
A f and tunneling current images, accompanied by the corresponding line profiles. In Figure
S7e, we display normalized Af(z) and I(z), defined as A frormalized() = Af(2)/A fRechain
and I ormalized () = 1(2)/Ipechain- Here, A frechain and Igecnain correspond to the average
values of Af and I at 2.0nm < z < 6.0nm. Focusing on A formalizeda () in Figure S7e, we
observe that the distance between small corrugations is approximately 0.27 nm, indicating
a chemical contrast. Moreover, the lateral position of the minima associated with the large
corrugation (indicated by a dotted line across Figures S7(a-€)) in A frormalizea() aligns well
with the lateral position of the maxima in the tunneling current (blue curve in Figure S7e).
This observation suggests that the A fiormalized cOntrast arises from ferromagnetic coupling,
which intensifies with the alignment of spins at the tip apex and the spins in the Fe chain,
producing the corresponding features in A formalized(7). Notably, the distance between the
maxima in the large corrugation is approximately 1.01 nm, which is incommensurate with
the length of three atomic lengths (1.01 nm = 0.27nm x 3.7). Such incommensurability has
also been observed in nano-skyrmion surfaces.'® Therefore, we confirm the reproducibility

of MExFM and SP-STM measurements on the Fe chain.
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Figure S1: (a-d) Consecutive STM topography image Fe chain on Ir(001). Imaging condition:
Constant current mode. V' = 500mV, T = 45K, B =2.0T. (a,d) I = 1.0nA; (byc) [ =
50pA. (e,f) Topographic line profile obtained from the target Fe chain (a,d) and small Fe
chain (b,c). The position of the profile is indicated by different colors in (a-d). Tip position
is indicated by a white circle in (b).
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Figure S2: (a) SP-STM topography image of Fe chain on Ir(001). Imaging condition: Con-
stant current mode. V = 500mV, [ = 1.0nA, T'= 45K, B = —4.0T. (b) Line profile
obtained from two Fe chains in (a). Inset shows the position of the line profile with SP-STM
topography image of two Fe chains indicated by different color boxes in (a). (¢) SP-STM
topography image of Fe chain on Ir(001) obtained at same area as (a). Imaging condition:
Constant current mode. V' =500mV, [ = 1.0nA, T = 45K, B = —11.0T. (d) Inset shows
the position of the line profile with SP-STM topography image of two Fe chains indicated
by different color boxes in (c).
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Figure S3: (a) Tunneling current I and dI/dV spectra taken on top of maximum spin
contrast (blue) and a minimum spin contrast (red) of Fe chain on Ir(001), locations indicated
in inset by dots with different colors. (b-e), Consecutive STM topography image and the
corresponding line profile of Fe chain on Ir(001). Imaging condition: Constant current mode.
I =30nA, T=45K, B=30T, (b) V =600mV; (¢) V =300mV; (d) V= 100mV; (e)
V = —-600mV.
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Figure S4: (a-d) Consecutive STM topography image and the corresponding line profile of

Fe chain on Ir(001). Imaging condition: Constant current mode. I = 2.0nA, V = 600mV,

T =45K, (a) B=0.0T; (b) B=1.0T; (¢) B=3.0T; (d) B=7.0T. (e-h) Topographic

line profile taken along the chain axis from (a-d). (i), The normalized magnetic corrugation

amplitude of Fe chain as a function of the external magnetic field. FError bar indicates
standard error.
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Figure S5: (a) Af (zq) spectra taken on top of Fe chain (black A fgechain (24)), Ir(001) (green
Afr (zq4)) and the subtraction of them (red, Afsr (24) = Afrechain (2d4) - Afr (24)). (b)
Short-range force Fsg (zq) obtained from Afsr (zq). (c¢) Potential energy U (zq) obtained
from FSR (Zd>.
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Figure S6: (a) Topographic SP-STM images of Fe chain on Ir(001) with the corresponding
line profile. Imaging condition: Constant current mode. I = 1.5nA, V =600mV, T = 4.5 K.
This image is same as Figure 3a in the main text. (b-j) Consecutive MExFM and SP-STM
images of tunneling current and A f images of the Fe chain on Ir(001) with the corresponding
line profile and the normalized line profiles. Imaging condition: Constant current height, V'
=65uV, T = 45K, B =3.0T, Tip height (b) zq = 0.544nm; (c) zq = 0.314nm; (d) zq =
0.284nm; (e) zq = 0.194nm; (f) z4 = 0.149nm; (g) zq = 0.134nm; (h) zq = 0.079 nm; (i)
zq = 0.074nm; (j) za = 0.069nm. Figure 3(b-g) in the main text are same as the tunneling
current and Af images of (d,f,j). Dashed lines across the line profiles indicate the lateral
position of maximum of the magnetic contrast in (a).
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Figure S7: (a) SP-STM topography image of Fe chain on Ir(001). Imaging condition: Con-
stant current mode. I = 3.0nA, V =500mV, T'= 45K, B = 3.0T. (b,c) MExFM and
SP-STM images of Af and tunneling current images of Fe chain. Imaging condition: Con-
stant height mode, V' = 1001V, T'= 45K, B = 3.0T. (d) Line profile obtained from (a).
(e) Normalized line profiles obtained from (b, ¢). The profiles are obtained across the chain
axis. Dashed line across the images and the line profile indicates the lateral position of
maximum of the magnetic contrast in (d).
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