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Observation of a Yu-Shiba-Rusinov state
originating from the magnetic moment in a curved
monolayer island of 1T-phase NbSe,+
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We report the finding of a 1T phase island of NbSe, on a cleaved surface and its magnetic properties.
Tunneling spectroscopy at 400 mK shows robust peaks in the superconducting gap, which we assign to
the Yu-Shiba-Rusinov (YSR) state originating from the magnetic moment placed in the superconducting
state. The YSR peak appears on a specific position of an island of the 1T phase, not on the surrounding 2H
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phase area, and shows an anisotropic decay behavior. In addition, we found a close relationship between
the enhancement of the YSR peak and the local curvature of the film. We assign the origin of the mag-
netic moment to the curvature of the 1T phase island, which can form a magnetic moment through a
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An atomic-scale thin layer of transition metal dichalcogenides
(TMDs) attracts attention as a material for electronic appli-
cations. To apply TMDs to advanced devices that use the spin
degree of freedom, control of the magnetization in the nano-
scale region is critical. Such modifications in a limited spatial
area might be possible using structural changes that appear in
different crystal phases or strain accumulation utilizing the
mechanical flexibility of the film. Such engineering started with
a graphene layer,"” but similar research is actively conducted
on TMD materials. Significantly, many reports studied the
control of the magnetism of TMDs in a confined region.***

At the same time, it is required to develop an instrument to
prove the local magnetism with high sensitivity. For this
purpose, we have to search for a spectroscopic feature sensitive
to a local field. The use of the spectroscopic characteristics of
the superconducting state can provide a high sensitivity to the
magnetic field."®> When a magnetic impurity is placed on the
superconductor’s surface, the magnetic interaction breaks the
Cooper pair. It forms a bound state inside the superconductor
gap, called the Yu-Shiba-Rusitov (YSR) state. The energy posi-
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rotation of the wave function by a robust spin—orbit coupling, as indicated by a recent theoretical study.

tion of the YSR state is sensitive to the magnetic moment and
the exchange interaction with the superconductor. Thus, we
might utilize the YSR feature as a sensitive local magnetic-field
sensor.™

NbSe, is a TMD material which shows superconductivity
(SC),"* for which two types of structure, 2H and 1T, are
reported. Both show a charge density wave (CDW) in scanning
tunneling microscopy (STM) images, ®™® which is evidence of
the strong electron interaction."®*® Zhou and coworkers theor-
etically studied the magnetism for the film of NbSe,.*!

This report studies a 1T-phase island with a \/ 13 % \/ 13
R13.9° reconstructed surface,"®'® which appears on the cleaved
surface. The size is ~50 nm and is elevated from the surrounding
2H area by the height of the unit cell of NbSe,. This island looks
like a domain epitaxially grown on the 2H substrate but created
in the cleavage process. In scanning tunneling spectroscopy (STS)
under sub 1 K conditions, we found robust features in the super-
conductor gap, separated from the gap edge. We found the in-
gap peaks only in the 1T island at a specific position along a sym-
metry line and not detected on the 2H area. This in-gap state
showed intriguing position dependence for intensity and energy
positions, which we assign to the YSR state, originated from a
magnetic impurity."* We assign the origin of magnetic moment
to the curvature of the NbSe, layer of the 1T island.

Results and discussion

NbSe, is composed of stacked unit layers. The unit layer con-
tains three layers of Se, Nb, and Se. The 2H and 1T phases of

This journal is © The Royal Society of Chemistry 2022
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NbSe, possess different configurations of the unit layer, as
illustrated in Fig. 1(a). The triangles of the Se atoms of the
upper and lower Se layers point in the same direction in the
former case but rotate by 180° in the latter. The stacking of the
unit layers is through the van der Waals force between them,
and the cleavage exposes the Se layer. Fig. 1(b) shows the stack-
ing of the two-unit layers of 2H with a periodicity of 6.8 A. The
2H phase is more stable than the 1T phase, the latter of which
is not observed in the bulk phase. The topmost surface of the
cleaved NbSe, is the 2H unit with a high probability.

We illustrate the STM image of the NbSe, surface obtained
in this experiment in Fig. 1(c). The sample was cleaved at room
temperature and cooled to a temperature of 400 mK for obser-
vation. We see the atomic image of Se atoms with a periodicity
of 3.4 A. In addition, we identify the superstructure of 3 x 3,
which was previously reported and originated from the CDW
structure of the 2H phase.'”?*23

At the same time, we frequently observed the 1T phase
domain on the freshly cleaved NbSe, surface, an example of
which is shown in Fig. 2(a). We assign it to the 1T phase
domain judging from the characteristic reconstructed super-
structure with a periodicity of 1/13 x 1/13 R13.90,1%18

The island is elevated from the surrounding area by 6.8 A,
as illustrated in Fig. 2(b) by the cross-sectional height profile,
corresponding to the periodicity of the stacking of unit layers.
The surrounding flat area shows a 3 x 3 reconstructed CDW
characteristic of the 2H phase and is similar to Fig. 1(c).

Although the 2H phase is more stable in energy than the 1T
phase, the energy difference is relatively small. Thus, previous
reports showed the creation of the 1T phase with some outer
stimulations such as strain,>**® heat,'® and the intercalation
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Fig. 1 (a) A schematic model of NbSe; in 2H and 1T phases. (b) Side
view of 2H bulk with monolayer height. (c) A STM image of the boundary
of 2H and 1T phases.
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Fig. 2 A topographic image of the 1T island (bright area with the recon-
struction of 1/13 x 1/13 R13.9°) on top of the 2H substrate (dark sur-
rounding) (a), its height profile at the edge (b), and the magnified image
at the perimeter (c). (d) High-resolution image of the interface region. Se
atoms are visible on the right side of the 2H part. Symmetry lines con-
necting Se atoms and the star of David are illustrated in white. (e) A
model of the 2H substrate (upper) and 1T (lower, one layer higher than
2H). Unit vectors of 1 x 1 of 2H and\/13 X \/13 R13.9° are expressed by
a, b and s, and t, respectively. A model of the star of David connecting
the Nb atoms is illustrated. (f) Comparison of the STS obtained at 1T and
2H areas. Vertical lines are the eye-guide of the superconductor gap of
the 2H phase.

of metal atoms.”®>” The cleaving process can cause a transfer

from the 2H to 1T phase.

Even though the interaction of the STM tip and the NbSe,
surface can cause the transition from 2H to 1T by the tunnel-
ing current,”® or the electric field,>® we judged that this is not
the case for the 1T island of Fig. 2(a) based on the height
difference from the surroundings. Bischoff and coworkers
showed a high-resolution image of the boundary between the
2H phase surface and the reconstructed 1T phase domain
created by the tunneling current. The atomically resolved inter-
face image shows a negligible height difference. We confirmed
the slight height difference between these phases with our set-
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up, and the results of the topographic STM image analysis and
the height profile are presented in the first section of the ESL.}
Thus, the STM effect does not induce the elevated 1T phase
island of Fig. 2(a). Instead, the 1T island is formed in the
cleaving process.

The magnified images of the island surface with the
1/13 x /13 R13.9° reconstruction are shown in Fig. 2(c) with a
further zoom-in image in 2(d). The Se atoms are visible, and
two white lines connecting the Se atom positions are indicated
in Fig. 2(d).

We show a crystallographic model of the 1T island with the
13 x 4/13 R13.9° reconstruction and the substrate 1 x 1 2H
surface in Fig. 2(e). In the upper part, we illustrate two vectors
of a and b corresponding to the unit vectors of the 1 x 1 lattice
of the Se atom (length 3.4A). In the 1T region, star-like poly-
gons represent the superstructure, often referred to as the star
of David. The unit vectors of s and ¢ with a length of \/ 13 nnd
(nnd is the Se-Se distance in the close-packed direction)
describe the unit cell of the superstructure. The vector t is
tilted from the vector b by 6 (= 13.9°).

It is important to note that the center of the star of David is
located on the top of the Nb atom and shifted from the sym-
metry line connecting the Se positions. We examine the align-
ment in the experimental image in Fig. 2(d). We superimposed
two symmetry lines in white connecting the Se atoms. We also
show the star of David by white polygons on the bright area of
the reconstructed surface. The center of the star of David,
shown as white dots, is between the two white lines, reprodu-
cing well the model of Fig. 2(e). The agreement with the model
demonstrates that the 1T island has a good crystallographic
relationship with the underlying 2H substrate.

The difference in the physical properties of the 1T island
from the surrounding 2H phases appears in the superconduc-
tor gap. We compared the STS spectra obtained by positioning
the STM tip on the domains of the 2H and 1T phases in
Fig. 2(f). Both spectra show the superconductor gap flanked
by high conductance peaks corresponding to the quasi-particle
excitation. We illustrate two vertical lines as a guide to the eye,
and we notice that the gap is smaller for the 1T phase than for
the 2H phase. These two spectra were obtained with the same
tip. We can compare the energy positions without calibrating
the tip-effect due to the coating of the tip surface with the
superconductor materials.

We show another example of a similar 1T-phase island in
Fig. 3(a). The 3D-like representation shown in Fig. 3(b) illus-
trates the darker area in Fig. 3(a) in pink color and the higher
island in blue color, indicating that both areas are flat. The
STM topographic image of the island is as smooth as any part
of the 2H-phase surface, and we consider that the island is
homogeneous.

However, we can observe a slight undulation in the topo-
graphic image of Fig. 3(a). Along the line connecting A and C,
there is a belt where the surface is lower than the surrounding
area, whose height difference is ~20 pm. A-B and A-C are
along the unit vectors of the reconstructed surface (s and ¢ of
Fig. 2(e)), and the B-C is perpendicular to that direction.

9862 | Nanoscale, 2022, 14, 9860-9868

View Article Online

Nanoscale

e e ..
e Y

- .
om-,

2A

di/dv

I R
-10 0 10
Sample Bias (mV)

Fig. 3 (a) An example of a 1T island on top of the 2H substrate. A, B,
and C mark the undulation of the film. (b) 3D illustration of (a). (c) A
magnified image of 1/13 x /13 R13.9° reconstructions. (d) The STS
spectrum obtained on the 1T island.

Thus, the center of the triangle resembles a low-height
dome with a triangle perimeter. Though a similar dome for-
mation was reported for the graphene layer, the reported
height is 5 A, much higher than observed in this report.*® The
superstructures are disturbed around A and B, and dislocated
alignment of the bright areas of the superstructure appears.

When we use a lower tunneling voltage (Vs = —50 mV),
bright lines spread from each bright spot connecting the
neighboring sites (see Fig. 2(d)).*"** In addition, to confirm
that the island has the same electronic structure reported in
previous reports, we examine the CDW gap. The STS obtained
for the energy range of (—10 mV, 10 mvV) is illustrated in
Fig. 3(d). There appear characteristic peaks at symmetric posi-
tions about the Fermi level and separated by 24, together with
the SC gap already shown in Fig. 2(f). The 24 separated peaks
should be the CDW gap. We see the wide gap separated 2A
~7 mV and the narrow SC gap. The size of the CDW gap is
similar to the one reported previously, and we believe that we
have confirmed the CDW state of this film.** This is clear evi-
dence that the electronic structure of the CDW phase appears
on the island.

The area around the dome provides a peculiar electronic
structure, which we show by tunneling spectroscopy. Fig. 4(a)
is a magnified image of Fig. 3(a). Point B indicates the identi-
cal position in both images. We obtained dI/dV spectra in the
energy range of a few meV around the Fermi level using the

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) A magnified image of Fig. 3(a) around the position x. (b) STS
spectra of SC gap and QP peaks, |, and the sharp in-gap state, I,
observed at X. (c) A comparison between the QP state and the in-gap
state was obtained at several positions. (d) Measurement points of STS
for the site-specific STS superimposed on the area around x of (a). (e)
3D presentation of the STS spectra measured at positions of (d). For the
spectrum representation, see the main text.

lock-in amplifier technique superimposing the modulation
voltage (Vims = 50 pV). In most of the 1T islands, we obtained
the spectrum shown as I in Fig. 4(b), which is composed of the
SC gap flanked by the quasi-particle (QP) peaks. Hereafter the
STS spectra are numerically fitted by dividing them into com-
ponents of the SC gap and Lorentzian peaks. The detail of the
fitting is presented in the ESI.}

When we positioned the STM tip at mark x in Fig. 4(a), a
new dI/dV feature appeared inside the SC gap, whose shape is
shown as II in Fig. 4(b). The peak has a narrow width and an
intensity one order of magnitude higher than the QP peaks,
the latter of which is almost invisible compared to the new fea-
tures. Spectrum II in Fig. 4(b) has a much larger intensity than
spectrum I. Thus, it might seem that the QP peaks do not
appear at around point x. However, the QP is not visible due to

This journal is © The Royal Society of Chemistry 2022
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the intensity issue, and we show the spectrum obtained at
positions slightly separated from x in Fig. 4(c). The energy
positions of the QP, visible in the top spectrum, are on the ver-
tical lines. The newly appeared peaks are visible in the middle
and bottom plots, in which the QP features are also visual.

We show the position dependence of the STS spectra near
the Fermi level. STS spectra were accumulated around point x
and along four symmetry lines indicated by A to D in Fig. 4(d),
with sequential numbers for each line. We plotted the d/dV in
a 3D manner in Fig. 4(e). Each dI/dV is centered at the
measurement position of the superimposed topographic
image. The energy axis is placed in the plane and perpendicu-
lar to the symmetry line (A-D). The dI/dV amplitude is shown
as the z-height, whose difference is enhanced with the coloring
of the color table.

The most substantial in-gap state appears at the center,
point x. In the region between x and A12, the high-intensity
in-gap peaks appear at all points where A12 is separated by
1.8 nm from X. Similarly, on line D, enhanced in-gap peaks
appear at the positions from D5 to D14, the latter of which is
2.6 nm separated from point x. Meanwhile, the variation of
the spectra obtained along the lines of B and C shows a mono-
tonic decay from the strong in-gap peak at x with the distance,
and the spectrum shape returns to the standard QP shape.

We show more details of the variation of the STS spectra
along the four symmetry lines in Fig. 5. The fitting of the in-
gap state and the obtained parameters are shown in the ESIL.}
Fig. 5(a) shows the variation along with line A. The variation is
also illustrated in the color mapping in Fig. 5(b), in which the
x-axis is the energy position, and the y-axis is the measurement
position.

At Al (the end of the horizontal line), we see the SC gap
and the flanking QP peaks, the latter of which is indicated by
the vertical lines at +1.1 meV. Between A6 and A12, straddling
the center x, we see the presence of in-gap peaks. These fea-
tures can be grouped as Y1 at +0.5 meV and Y2 at +0.9 meV, at
which we draw the vertical lines.

Though feature Y2 is close to the gap edge, we can easily
differentiate it from the QP. Y2 is not visible at A1 but appears
at A3. It becomes gradually enhanced from A3 to A7 while
remaining at the same energy position. From A7 to A8 (identi-
cal with x), the intensity of feature Y1 shows a rapid increase
and it dominates at x. From A8 to A12, feature Y1 gradually
shifts its energy away from the Fermi level while the intensity
decreases.

Fig. 5(c) illustrates the STS variation along with line D, in
which we show vertical lines at the identical energy positions
as in Fig. 5(a). The in-gap features show a complex change. If
we start from D1 and trace the measurement points downward,
feature Y1 becomes visible at D5 (separated 1.86 nm from x),
and is dominant at x. The intensity of Y1 decreases drastically
at D8, but Y2 becomes enhanced, which continues to be pro-
minent up to D14 (separated 5.0 nm from x).

However, the intensity variations along lines B and C show
a rapid and monotonic decay from the center x. The variation
along with line B shown in Fig. 5(d) indicates that the domi-
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Fig. 5 (a), (c) and (d) STS spectra obtained at points along lines A, D,

and B defined in Fig. 4, respectively. The center position X is shared by
lines A-D, but spectra at the position were measured for each series.
The thin vertical lines are the energy positions of features QP, Y1, and Y2
(see the main text). (b) A color map of QP, Y1, and Y2 features. Bright
(dark) color corresponds to the high intensity of the STS spectrum. The
axis of x and y are the energy and position along with line A, respectively.
(e) and (f) Bubble plots converted STS spectra along with lines A—D with
a superimposed topographic image for the measurement point. The dia-
meter and the color represent the intensity and the energy position of
the peak of each spectrum.

nant feature Y1 at the center x decreases its intensity drasti-
cally at B5 and B7, separated by 0.6 nm from the center x, and
disappears afterward (see the ESIt for the plots along with
line C).

As illustrated above, the peak intensity and the energy posi-
tions of the in-gap peaks change in a complex manner. We
demonstrate the change using a bubble plot for the energy
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region of Y1 and Y2 in Fig. 5(e) and (f), respectively. The dia-
meter and color of the circles correspond to the intensity and
energy positions of the YSR component, respectively. The plots
visualize that both the energy and intensity of the in-gap state
strongly depend on the crystallographic directions; Y1 features
on the right-hand side of line A, while Y2 on the lower part of
D and left part of A.

The scattering of electrons by imperfections of the super-
conductor crystal can form electronic states inside the super-
conducting gap. If non-magnetic impurities cause the scatter-
ing, the newly formed bound state is close to the SC gap edge
and the QP peaks.** When the impurity is magnetic, the
bound state appears separated from the SC gap edge. The mag-
netic field suppresses the superconductivity, and the enhanced
scattering makes a large splitting of the bound states. When
we treat the magnetic impurity as the classical spin, we expect
the Yu-Shiba-Rusikov (YSR) state to appear.'*

The in-gap state shown in this work is well separated from
the SC gap edges and should be assigned to the YSR peaks
originating from the interaction with a magnetic moment. We
can express the energy position of the YSR state with the para-
meters of the exchange interaction. Flatté and coworkers
demonstrated numerical estimation of the YSR energies,*> and
more recent reports showed that the energy positions of the
YSR states are sensitive to the chemical environment of the
magnetic impurity.'**® The energy positions can be expressed
with the following formula for pure magnetic spherical sym-
metric exchange interaction potential;

_Ey _1—(JSaN,/2)?

€y = - ’
T Ay 1+ (JSaNy/2)?

where E, is the bound-state energy, 4, is the order parameter, J
is the exchange interaction energy, S is the impurity spin, and
the N, is the density-of-state of the normal state.**

Thus the bound state approaches the Fermi level with the
increase of J in the initial stage. The energy position of the Y1
state shown in Fig. 5(b) approaches the Fermi level when the
place gets closer to x. The energy shift implies that the mag-
netic moment increases around the position x.

However, bulk NbSe, is non-magnetic, and we have to
figure out what makes the magnetic moment. One possible
source of magnetic impurity is the intercalated magnetic metal
in the subsurface position. The layered structure of TMD can
make the intercalation of metal atoms easier. A recent work by
Ménard and coworkers detected the YSR state formed by an Fe
atom impurity intercalated in the subsurface of the 2H-NbSe,
sample.’” They found that the YSR peak decays slowly in the
lateral direction in an isotropic manner with a decay length of
10 nm. Interestingly, the decay length observed for the mag-
netic adatom is on an atomic scale for a magnetic metal atom
adsorbed on the superconductor Pb surface.’®*° The result
shows a short decay of the atomic scale.

The intercalated and adatom magnetic impurity behaviors
are quite different from what we found in this experiment, in
which the distribution of the energy position and the intensity

This journal is © The Royal Society of Chemistry 2022
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of the YSR peaks are sensitive to the crystallographic direction.
If the intercalated metal atoms form a chain or a cluster, the
YSR features might be distributed by tracing the area.
However, considering the purity of NbSe, and the concen-
tration of a possible magnetic metal atom, it is unlikely they
make an assembly in a line.

Since the enhanced YSR feature appears in the neighbor-
hood of the dome shown in Fig. 3(a), we consider a model in
which the surface curvature is responsible for the appearance
of the YSR feature. In the previous studies of graphene, we see
many examples in which the curvature in the graphene layer
generates a wide variety of effective magnetic fields.*>*' The
phenomenon is accounted for by examining the Dirac
equation in curved space that shows a gauge field similar to
the electromagnetic field. Experimentally, the dome of gra-
phene using STM and higher than 300 T magnetic field was
detected.*®

Ochoa and coworkers reported an electromagnetic effect
caused by the corrugation of the TMD film. The mechanism
for the appearance of the magnetic moment is different from
that for the graphene layers.”* In the presence of corrugations,
the sizeable spin-orbit coupling rotates the wave function in
the spinor basis, which may engender a gauge field. Although
the mechanism for the appearance of the magnetic moment is
different from the graphene case, the generation of the mag-
netic field is suggested.

We examine the curvature of the NbSe, layer as a part of the
origin of the magnetic moment. In Fig. 6(a), we display the
topo-image using the multi-color representation. As already
discussed in Fig. 3(a), there runs a shallow trough parallel to
the symmetry direction of the CDW structure. The trough is in
the area with orange-bordered circles. The long white lines
correspond to the lines discussed in Fig. 4 and 5.

We first analyzed the height profile along with the corru-
gated positions of the CDW superstructure in the horizontal
direction. The lines are sequentially named from 1 to 5, as
indicated in Fig. 6(a), starting from the same lateral position.
Line 2 coincides with line A in Fig. 4(d). The blue line in
Fig. 6(b) shows the height profile, which illustrates the groove
of the CDW electronic structure. To examine the undulation of
the layer numerically, we first fit the curve with an envelope
function plotted by the brown line of Fig. 6(b). In the right-
hand end, we see a lower trough part. The envelope curve
shows the highest position close to x defined in Fig. 4 and 5.
We calculated the second derivative of the envelope function
in the upper part of Fig. 6(b) to estimate the curvature numeri-
cally. Due to the convex profile, the second derivative shows a
negative value at around x. We superimpose the bubble plot
on this second derivative curve, which is already shown in
Fig. 5(e). Interestingly, the robust YSR features appear for the
regions where the second derivative shows large negative
values.

In addition, we assembled the second-derivative curves for
the lines of 1-5 in Fig. 6(c). All the curves show clear minima,
whose trace is shown by the dotted line. This line coincides
with line D of Fig. 4(d) (also shown in Fig. 6(a)). The structural

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) A topographic image for the STS measurement points of
Fig. 4 and 5, with the color code shown on the right-hand side. (b)
Cross-sectional height profile along the line 2 of (a) in the blue line, and
its envelope function z(x) in brown color. The curve of d?z(x)/dx? is
shown by red lines where the plot of Fig. 5(f) is superimposed. (c)
Second derivative of the height profile along the lines of 1-5 of (a)
obtained with the method of (b). The dotted line indicates the eye-guide
of the minimum positions of the curves.

analysis explains why the strong YSR peak continuously
appears along D, as illustrated in the bubble plot of Fig. 5(f).
In other words, the STS spectra of D7-D13 are obtained at the
positions of the immense curvature, which rationalizes that
the spectra of D7-D13 give high YSR intensity.

The position of the large curvature of the island is concen-
trated along line D. Thus, along line B, the curvature shows a
quick decrease from the center x, which makes the fast and
straightforward decay of the YSR peak, as shown in Fig. 5(e)
and (f).
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To demonstrate the 1T island and YSR states that can be
observed in many places on the cleaved surface, we show
another example in the ESI.} The results show a similar corre-
lation between the film curvature and the enhancement of the
YSR peak.

As a control experiment, we show the case for the 1T island
without the curvature, which is shown in Fig. 7(a), comparing
to the curved island in Fig. 7(b). The line profile along line 1 of
Fig. 7(a) (line 2 of 7(b)) is illustrated in Fig. 7(c) (in 7(d)). The
absence of the curvature along line 1 is obvious if we compare
the two curves of Fig. 7(c). The STS taken along line 1 of
Fig. 7(a) is monotonic and contains only the QP peaks, which
we illustrate in the plots a and b of Fig. 7(d) for representing
spectra. The spectrum shows a large contrast with that
obtained at the curved position of d, specified in Fig. 7(c).

We should mention the behavior of the YSR states on the
2H island. Even though we scanned the surface of the 2H
phase area, no YSR features appeared. We consider the most
plausible scenario for finding the YSR peaks at the curved area
of the 1T film (and not for the 2H phase) like the following.
First, the 1T monolayer film tends to possess magnetization.
Theoretical studies demonstrated the magnetization for the 1T
phase monolayer film in the vacuum. Calandra and coworkers
predict that the 1T phase monolayer film with a /13 x /13
R13.9° reconstructed structure harbors a magnetic moment of
spin 1/2 after taking the Hubbard U method. The hybridization
between the d,._,. of the Nb 4d orbital and the Se 4p orbital is
reduced in this structure, suppressing the covalent bonding
between the two and recovering the 4d magnetic moment.*?
Experimentally, the magnetization of the 1T phase film was
reported for the NbSe, monolayer grown on the graphene sub-
strate. Liu and coworkers detected the Kondo resonance.*® In
addition, recent studies reported similar phenomena.***> Even

1 L 1 L

0 10 20 30

Lateral distance (nm) _A '_é ’ (') ) é 0 "1
Sample bias (mV)

Fig. 7 A reconstructed surface of the 1T phase island on a 2H substrate
without curvature (a) and with curvature (b). (c) The line profile along
line 1 (line 2) of (a) (of (b)). (d) STS spectra at the points specified in (c).
Along line 1, the STS is monotonic as represented by spectra a and b.

9866 | Nanoscale, 2022, 14, 9860-9868

View Article Online

Nanoscale

though the structures for these reports are different from our
case where the 1T phase film exists on the 2H substrate, we
speculate that the reason why we do not observe the enhanced
YSR feature in the 2H film should be related to the tendency of
the 1T phase film for the magnetization.

However, the reconstructed 1T monolayer film on the 2H
substrate does not have the magnetization to be detected by
the YSR states, and it requires the help of the curvature. The
model can explain why the YSR peak appeared in a specific
position with high curvature in the 1T film. As we stated
above, the theoretical study demonstrated that the curvature of
the TMD film tends to cause magnetization."> We consider
that this is the reason why the YSR feature is only detected at
the curved area of the 1T film. However, further theoretical
examination is required.

In the last section, we consider a mechanism of curvature
formation, focusing on the difference of the lattice constant of
the two phases: the one for the 1T phase is 1% larger than that
of the 2H phase deduced from DFT calculation.*® The 1T layer
island we discussed in this study is isolated. It might be easier
for the layer to form a curved surface to release the stress accu-
mulated by the lattice-constant difference compared to the case
where the 2H area surrounds the 1T phase in the same plane.
The model might rationalize the formation of the curved 1T
island. The detailed analysis is shown in Fig. S3 of the ESL.}

As we already discussed, the 1T domain prepared by STM
manipulation, demonstrated by Bischoff et al,'® is different
from the 1T island we discussed in this manuscript, while the
2H layer surrounds the 1T domain in Bischoff’s domain, the
1T island we discussed is isolated, and the entire island is in
the 1T phase. Liu and coworkers examined the electronic and
magnetic properties of the Bischoff type 1T domain.** They
discussed the effect of the heterointerface of the 2H-1T
phases, which changes the electronic structure from the free-
standing 1T layer and possibly modifies the inter star of David
interaction. For the 1T island of this manuscript, the absence
of the surrounding 2H phase from the surrounding should
change their electronic/magnetic properties. Further experi-
mental and theoretical investigation into the effect of these
differences is required.

Conclusion

We reported the 1T phase island of NbSe,, which is isolated
and elevated 6.8 A from the surrounding 2H area on a cleaved
surface from the bulk NbSe,. STM images obtained at 400 mK
show the /13 x /13 R13.9° reconstruction with the star of
David, which shows the expected registry with the 2H sub-
strate. The STS shows robust peaks in the superconducting
gap, which we assign to the YSR state originating from the
magnetic moment placed in the NbSe, SC state. The YSR peak
appears on a specific position of the 1T island, not on the sur-
rounding 2H area. It shows an anisotropic decay behavior
from a center position at which the YSR peak shows the
maximum separation from the SC-gap edges with significant

This journal is © The Royal Society of Chemistry 2022
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intensity. In addition, we found a close relationship between
the enhancement of the YSR peak and the local curvature of
the film. We assign the origin of magnetic moment to the cur-
vature of the 1T phase island. Combined with the tendency of
the 1T phase layer for magnetism, the curvature of the 1T film
can cause local magnetization, which can be applied for the
nanoscale control of the magnetic field.

Experimental

Single crystal NbSe, was purchased from HQ Graphene
(Netherlands). The 3 x 3 mm?® flake was fixed on the sample
folder while the surface was covered with glue in which a short W
wire was attached. After inserting the sample into the ultra-high
vacuum (UHV) chamber, the W wire was mechanically pushed to
make the NbSe, surface cleaved. The STM head and cooling
system were constructed based on a commercially available
instrument (USM-1300, Unisoku, Japan), with a *He refrigerator
which achieves a temperature of 400 mK at the sample and STM
tip. They system is operated by *He condensation using a 1 K pot
and pumping using a charcoal sorption pump.

The STM control system is equipped with a current-ampli-
fier (DLPCA 200, FEMTO) operated with the gain of 10°. The
df/dv was obtained by using a lock-in amplifier with the
modulation voltage Vimg = 50 puV.
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