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Understanding the origin of the magnetism of high temperature superconductors is crucial for
establishing their unconventional pairing mechanism. Recently, theory predicts that FeSe is close to a
magnetic quantum critical point, and thus weak perturbations such as impurities could induce local
magnetic moments. To elucidate such quantum instability, we have employed scanning tunneling
microscopy and spectroscopy. In particular, we have grown FeSe film on superconducting Pb(111) using
molecular beam epitaxy and investigated magnetic excitation caused by impurities in the proximity-
induced superconducting gap of FeSe. Our study provides deep insight into the origin of the magnetic
ordering of FeSe by showing the way local magnetic moments develop in response to impurities near the
magnetic quantum critical point.
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FeSe presents intriguing properties in terms of the
interplay among the lattice, charge, and spin degree of
freedom. Its nematic phase transition occurs at TS ¼ 90 K,
below which the C4 lattice symmetry is reduced to C2

symmetry [1–3]. Unlike other iron-based superconductors,
however, the long-range magnetic ordering is absent in
FeSe down to the superconducting transition temperature
Tc ¼ 8 K for bulk material, making the degree of freedom
that drives the nematic order ambiguous among lattice,
charge, and spin [3–10].
Although long-range magnetic ordering is absent in

FeSe, there are experiments that suggest the ground state
of FeSe is close to the magnetic quantum phase transition
point. The hydrostatic pressure of ∼1 GPa induces static
stripe antiferromagnetic (AFM) orders in FeSe which are
typically observed in other iron-based superconductors
[11–14]. There is also evidence of local magnetism in
FeSe. For example, a muon spin resonance (μSR) study of
FeSe0.85 measured an exponential decay of the muon
polarization, which might hint at the presence of randomly
oriented local magnetic moments [15]. The magnetostric-
tion and susceptibility experiment shows strong in-plane
anisotropy in FeSe, inferring the coupling of the local
magnetic ordering and spin-orbit coupling [16]. Recently, a
scanning tunneling microscopy (STM) study observed a
signature of local spin fluctuations near the Fe defect in
multilayer FeSe on SrTiO3 substrate [17]. Such magnetic
instability suggests the possibility that the magnetism can
be triggered by impurities in FeSe [18–20].

Despite intensive efforts in understanding the magnetism
in FeSe, the direct observation of local magnetic moments
emerging from impurities, which results from the quantum
instability, has been challenging mostly owing to the lack of
spatial magnetic resolution in the experiments. Here, we
report a novel experimental approach to investigate the
impurity-induced local magnetic moments in FeSe. Using
molecular beam epitaxy, we grow FeSe film on Pb(111)
substrate which is known to be an s-wave superconductor.
We have observed a clear signature of the s-wave super-
conducting gap on the FeSe film, which is proximity
induced from the Pb. When magnetic moments are devel-
oped near impurities in FeSe, they respond to the s-wave
superconductivity and provide exchange potentials to break
Cooper pairs. This leads to strong bound states known as
Yu-Shiba-Rusinov (YSR) excitation within superconduct-
ing gap [21–25]. Thanks to the extreme sensitivity of
superconductivity to magnetism, the energy and spatial
resolutions in our study for observing the local magnetic
moments are unprecedented. All data are taken at 4.3 K.
In the growth of FeSe, we first grew a single layer (SL) of

PbSe on Pb(111). Subsequently, we deposited Fe atoms
on the PbSe at 490 K, which resulted in the formation of
FeSe islands on Pb(111) (Supplemental Material [26]).
Figure 1(a) shows a typical STM image of the FeSe island
grown on Pb(111). The FeSe island is surrounded by the
PbSe layer and several bare Pb patches appeared during the
growth. The hexagonal-shaped defects in the island and
near the island are Ar gas bubbles trapped inside the Pb
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substrate [30]. The inset shows FeSe surface with atomic
resolution. A rectangular lattice structure is clearly resolved
and is distinguished from the crystal structure of Pb(111).
Figure 1(b) shows the Fourier transform of the topog-

raphy of the FeSe. The lattice peaks are present at the
position of ðkx; kyÞ ¼ ð�1.2;�1.2Þ Å−1, whose numbers
translate into the lattice constant of 3.7 Å. Figure 1(c)
depicts the atomic model of FeSe forming trilayer (TL)
structure. The blue-filled circles, the red-filled circles, and
the blue-open circles represent the Se atoms in the top layer,
the Fe atoms in the middle layer and the Se atoms in the
bottom layer, respectively. As STM mostly measures the
topmost Se atoms [31,32], the obtained lattice structure
should conform to the Se lattice in the top layer [sold box in
Fig. 1(c)]. For bulk FeSe, the Se lattice constant is known to
be ∼3.75 Å [33–35], which agrees well with the mea-
sured value.
The apparent height of FeSe islands with respect to the

Pb substrate is found to be ∼1.7 Å [Fig. 1(d)]. This is
smaller than the 1 TL of bulk FeSe (∼5.33 Å), indicating
that most of the FeSe is embedded inside Pb. Similar

growth has been reported when FeSe film is grown on soft
substrates [36–38]. The lattice modeling of FeSe and Pb
estimates the thickness of our FeSe is 3 TL [26]. A moiré
pattern found in the FeSe [Fig. 1(a)], which is due to the
lattice mismatch between FeSe and Pb(111), confirms that
the FeSe is in the thin film limit.
To study the electronic property of the FeSe, we

performed a differential conductance (dI=dV) spectroscopy
using a standard lock-in technique [30]. To maximize the
energy resolution in measuring dI=dV spectrum at our
experiment temperature, we used a Pb-coated supercon-
ducting tip [22,30]. Figure 1(e) shows the dI=dV spectra
measured in the FeSe and Pb. For the FeSe spectrum, there
is a characteristic peak near the bias voltage (Vbias) of
−0.3 V, which agrees with the spectra of FeSe in the
literature [35,39].
When the spectrum is enlarged around the Fermi energy,

a superconducting gap is found [the inset of Fig. 1(e)].
Given by the following three facts, we conclude that the
superconductivity of our FeSe is proximity induced from
the Pb substrate. First, the superconducting coherence
length (ξ) of Pb (∼830 Å) is much larger than the thickness
of the FeSe (∼16 Å for 3 TL). Second, the gap is fully
developed revealing the s-wave nature in superconductiv-
ity. Third, the phonon peaks associated with Pb super-
conductivity are clearly seen in the spectrum of FeSe
[marked by arrows in the inset of Fig. 1(e)] [40,41]. No hint
of unconventional superconductivity is observed. The gap
size (4.6 meV) is twice that of the Pb superconducting gap
(2Δ ≈ 2.3 meV) because the tip is coated with Pb. Under
the Tc of Pb superconductivity (∼7.2 K), all electrons
of FeSe are forced to participate in the proximity-induced
s-wave pairing. Any electron pairs which are not in a time
reversal symmetry (TRS) relationship will form YSR exci-
tation states within the superconducting gap [21,22,42].
We have investigated the response of FeSe to proximity-

induced s-wave superconductivity. Figure 2(b) shows
spectra measured at different FeSe sites marked with A,
B, C, and R in Fig. 2(a). The spectrum on PbSe (position R)
is first measured as a reference because PbSe is not an
intrinsic superconductor and thus its superconductivity is
undoubtedly induced by proximity to the Pb. Remarkably,
the spectrum measured inside the FeSe island (position B)
exhibits no YSR excitation, indicating that the expected
magnetic moment is zero for the ground state. This is
microscopic evidence of the absence of static magnetic
ordering in FeSe. In contrast, the spectra measured at
the boundary of the FeSe island (positions A and C) show
strong YSR excitation states, suggesting local mag-
netic moments are developed along the boundary. The
result demonstrates that FeSe is not a conventional non-
magnetic material although its ground state preserves TRS
[9,12,13,43–45]. Figure 2(c) displays the dI=dV plot along
the dashed line in Fig. 2(a). We barely observed a variation
in superconductivity inside the FeSe island.

FIG. 1. (a) The topography of FeSe island grown on Pb(111).
Vbias ¼ −0.1 V and I ¼ 50 pA. The inset shows the atomically
resolved image. (b) Fourier transform of the FeSe image.
(c) Atomic model of the FeSe. The solid box represents the
Se lattice in the top layer. (d) The height profile along the vertical
line in (a). (e) The dI=dV spectra measured in the FeSe island and
bare Pb. Vbias ¼ −1 V and I ¼ 50 pA. Lock-in: frequency f ¼
463.0 Hz and root-mean-square (rms) amplitude Vrms ¼ 10 mV.
The inset shows the spectra around the Fermi energy. Vbias ¼−15 mV and I ¼ 50 pA. Lock-in modulation: Vrms ¼ 0.3 mV.
The arrows indicate the phonon peaks derived from the Pb
superconductivity.

PHYSICAL REVIEW LETTERS 124, 117001 (2020)

117001-2



To study the impurity-induced quantum instability in
FeSe, we have deposited Ag atoms onto the sample at 20 K
[Fig. 3(a)]. The height of Ag atoms is ∼0.7 Å on the FeSe
[Fig. 3(b)]. By careful Fourier transform analysis, we
determined that the Ag atoms are located on the center
of top Se lattice [Fig. 3(c) and Supplemental Material
[26] ]. Nonmagnetic atoms, such as Ag, will not break TRS
and thus the s-wave superconductivity should not respond
to them. Accordingly, the dI=dV spectrum of the Ag atom
on the Pb surface exhibits no YSR excitation [Fig. 3(d)].
We only observed a slight variation in gap size, which
might be related to the double Fermi surface of Pb but is not
caused by magnetism [46]. By contrast, when we measured
the dI=dV spectrum on the Ag atom placed on the FeSe,
strong YSR excitation is detected, showing that local
magnetic moments are developed. We also observed similar
YSR excitation for Au adatoms on the FeSe (Supplemental
Material [26]). It is remarkable that such nonmagnetic
atoms induce local magnetism in FeSe, which supports the
assertion that the ground state of FeSe is near a magnetic
quantum critical point.
To understand the pattern of local magnetic moments, we

measured dI=dV maps at the various energies (E ¼ eVbias)
of YSR states. Figure 3(e) shows the topography of a Ag
atom and simultaneously obtained dI=dV maps. The most
striking feature in the dI=dV maps is the C2 symmetry. The
dI=dV patterns at E ¼ −1.85 meV and E ¼ −1.3 meV are
split up and down. The dI=dV pattern at E ¼ 1.48 meV is
slightly tilted from the up-and-down splitting. These are
representative magnetic patterns induced by Ag atoms in

FeSe (Supplemental Material [26]). In terms of the reli-
ability of the observed C2 symmetry, the magnetic patterns
varied slightly depending on the Ag atom, but the overall
C2 symmetry was maintained for the majority of Ag atoms
in the repeated experiments (Supplemental Material [26]).
We also exclude the moiré pattern as an origin of the
splitting [26].
Several features are present regarding the magnetic

patterns. First, the tendency of splitting is the same among
the Ag atoms placed on the FeSe in Fig. 3(a). No Ag atom
showed a splitting along the left and right. This symmetry
breaking can be attributed to the nematic order in our FeSe.
Second, the in-gap states are strongly localized near the Ag
atom. We barely observed long-range magnetic ordering
near the Ag atom. Third, the magnetic patterns do not
follow the full symmetry of the crystal lattice but only
satisfy C2 symmetry.
Recent theory predicts that the local magnetic moments

in FeSe reflect the momentum structure of the magnetic

FIG. 2. (a) The FeSe grown on Pb(111). Vbias ¼ −0.1 V and
I ¼ 50 pA. (b) The dI=dV spectra measured at points A, B, C,
and R marked in (a). Vbias ¼ −3.0 mV and I ¼ 50 pA. Lock-in:
Vrms ¼ 60 μV. Because the Pb-coated superconducting tip is
used, the coherent peaks are located at E ¼ �ðΔs þ ΔtÞ. Δs and
Δt are the superconducting gap of the sample and the tip,
respectively. The broad peak around Vbias ¼ 0 mV is due to
the thermal effect at 4.3 K. (c) Line dI=dV spectroscopy
measured along the dashed line in (a). FIG. 3. (a) Topography of Ag atoms on the FeSe and Pb

surface. The moiré pattern is seen in the FeSe along diagonal
direction. Vbias ¼ −0.1 V and I ¼ 50 pA. (b) The height profile
along the dashed line in (a). (c) The Ag atom (orange ball) is
placed on the center of top Se lattice. (d) The Ag atom on Pb do
not show in-gap states excitation. By contrast, the Ag atoms on
FeSe show strong in-gap states excitation. Vbias ¼ −3.0 mV and
I ¼ 50 pA. Lock-in: Vrms ¼ 60 μV. (e) Topography of the Ag
atom and dI=dV maps (size: 9.5 Å × 9.5 Å). (f) Two spin
models; collinear AFM model preserves the C2 symmetry
imposed by the lattice, as indicated by the dotted arrow. The
Néel AFM model breaks the C2 symmetry while it maintains
mirror symmetry marked with the dashed line.
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fluctuations in the bulk [19]. To confirm this, we com-
pared the magnetic patterns with spin models for FeSe.
Figure 3(f) shows the collinear AFM (CAFM) and Néel
AFM models. The CAFM model preserves the C2 sym-
metry of FeSe, which agrees with our magnetic patterns.
The Néel AFM model can be ruled out because it does not
have C2 symmetry and it has a definite mirror symmetry
plane [the dashed line in Fig. 3(f)] that contradicts the
symmetry of the magnetic patterns at E ¼ −1.85 meV and
E ¼ −1.3 meV. Therefore, although we have not observed
a long-range magnetic ordering near the impurities, the
magnetic patterns do reflect the symmetry of the CAFM
ordering. Note that the spin angle of 45° in our models is
supported by recent μSR measurement [47]. For the spin
angle of 0°, however, the magnetic patterns are also
consistent with the symmetry of the CAFM ordering
(Supplemental Material [26]).
Now we discuss the origin of CAFM order when local

magnetic moments are induced by impurities in FeSe. A
recent theoretical study, based on a multiorbital Hubbard
model with a band structure relevant for FeSe, mapped
out the phase diagram of local impurity-induced magne-
tism [19]. Importantly, as shown in Ref. [19], the orbital
selectivity characteristic of Hund’s metals [33,48] is
directly imprinted on the local impurity-induced order,
yielding local (π, 0) AFM structure versus (π, π) AFM local
order when orbital selectivity is included or disregarded,
respectively. These calculations reveal that strongly aniso-
tropic magnetic fluctuations dictate the detailed structure
of induced local magnetic order [19]. A similar trans-
mutation of the structure of the bulk magnetic fluctuations
and superconducting pairing, takes place when including
orbital selectivity [29,45,49]. While the results from
Ref. [19] focused on impurities centered on Fe sites, we
show in the Supplemental Material that a Se-centered
disorder like Ag also induces local (π, 0)-structured
magnetic order. In addition, we have applied the same
theoretical machinery to sample edges, and found that FeSe
is very susceptible to inducing magnetism strongly local-
ized near the edges (Supplemental Material [26]), in
agreement with our STM findings.
We occasionally found a dumbbell-shaped local defect

in the FeSe before the deposition of Ag atoms [Fig. 4(a)].
The center of the defect is located at the Fe site as guided by
the two dashed lines depicted in Fig. 4(a), suggesting it is
an Fe vacancy [32,50,51]. When the dI=dV spectrum is
measured off the Fe defect, no YSR excitation is observed.
However, when it is measured on the defect, strong YSR
excitation is observed, indicating that an Fe defect also
induces local magnetic moments in FeSe.
Figure 4(c) shows the topography of the Fe defect and

simultaneously measured dI=dV maps. The dashed line
depicted represents the mirror symmetry plane imposed by
the crystal lattice. The topography is naturally symmetric
with respect to this mirror symmetry. Interestingly, the

magnetic patterns in the dI=dV maps are not symmetric
under the mirror operation [17,48]. Recent theory shows
that orbital selectivity can give rise to chiral patterns in the
conductance maps from local magnetic ordering near Fe
defects, upon which the mirror symmetry is broken [19]. In
fact, the dI=dV map at E ¼ −1.85 meV shows the axis of
the magnetic pattern (yellow dotted line) is tilted from the
mirror symmetry axis according to the theory. We find that
the observed magnetic patterns are again consistent with
the symmetry of the CAFM model. Figure 4(d) shows the
CAFM model with the Fe defect. The CAFM ordering
directly breaks the mirror symmetry of the crystal lattice.
Furthermore, the CAFM ordering breaks the C2 symmetry
of FeSe when a defect exists in the Fe site, which is in
contrast to the case of the Ag on FeSe. Two green-colored
sites in Fig. 4(d) are then no longer equivalent in terms of
symmetry. In the experiment, the magnetic excitation at
these sites indeed appears at different energies as shown in
Fig. 4(c) (E ¼ −1.4 meV and E ¼ −0.4 meV).
Our STM experiment provides a novel method to

study local magnetism in correlated superconductors, here

FIG. 4. (a) Topography of an Fe defect in the FeSe. Vbias ¼−30 mV and I ¼ 50 pA. (b) On the defect site, strong in-gap
state excitation is observed. No in-gap states are present off
the defect site. Vbias ¼ −3.0 mV and I ¼ 50 pA. Lock-in:
Vrms ¼ 60 μV. (c) Topography of the Fe defect and simulta-
neously obtained dI=dV maps. The dashed line represents the
mirror symmetry plane in topography. The yellow dashed line
denotes the axis of the magnetic pattern at E ¼ −1.85 meV.
(d) The collinear AFMmodel breaks the C2 symmetry around the
defect as well as the mirror symmetry.
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exemplified through FeSe. The results lead to several
important remarks. First, the magnetic quantum phase
transition by nonmagnetic impurities is microscopically
observed in FeSe. Second, we show that the magnetic
patterns of the local magnetic moments are consistent with
the (π, 0) AFM phase, implying that the orbital selectivity
is at play. Third, our experiment reveals the magnetic
characteristics of impurities in FeSe. The sign-changing
superconductivity responds to both magnetic and non-
magnetic impurities, whereas the sþþ superconductivity
only responds to magnetic impurities [21–25,52–56]. It is
therefore important to characterize the magnetic property of
impurities before they are used to probe the symmetry of
superconductivity. In our experiment we have unambigu-
ously observed signatures of magnetism on crystalline
defects like the crystal boundary and Fe vacancy in
FeSe, a property which has not been considered earlier
[57,58]. Furthermore, it should be noted that the local
magnetism can also be induced by nonmagnetic impurities
in FeSe.
The data analysis described here is based on a simple and

powerful symmetry argument. A theoretical work deserv-
ing further investigation is identifying the Fe orbitals
responsible for magnetic patterns observed in the experi-
ment. This will reveal the origin of the local magnetism in
FeSe in conjunction with the orbital selectivity. In future
STM works, it will be interesting to study how the local
magnetism develops into the bulk magnetism when the Ag
impurities form networks, which can be accomplished by
the STM atom manipulation. Nearby, it might be possible
to detect strong orbital-selective spin fluctuations through
inelastic tunneling spectroscopy, which could be in turn
related to the anisotropic Cooper pairing in FeSe [59].
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