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Iron Vacancy Tunable Superconductor-Insulator Transition in FeSe/SrTiO; Monolayer

Cheng-Long Xue,1 Li-Guo Dou ,1 Yong-Jie Xu,1 Qian-Qian Yuan,1 Qi-Yuan Li,1 Zhen-Yu Jia,1 Zishuang Li,1
Ronghua Liu,"** and Shao-Chun Li®"***"
'National Laboratory of Solid State Microstructures, School of Physics, Nanjing University, Nanjing 210093, China
*Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

*Jiangsu Provincial Key Laboratory for Nanotechnology, Nanjing University, Nanjing 210093, China
4Hefei National Laboratory, Hefei 230088, China

® (Received 5 April 2023; revised 15 November 2023; accepted 21 November 2023; published 20 December 2023)

The Fe,Ses with a /5 x /5 Fe vacancy order is suggested to be a Mott insulator and the parent state of
bulk FeSe superconductor. The iron vacancy ordered state has been considered as a Mott insulator and the
parent compound of bulk FeSe-based superconductors. However, for the superconducting FeSe/SrTiO;
monolayer (FeSe/STO) with an interface-enhanced high transition temperature (7T'.), the electronic
evolution from its Fe vacancy ordered parent phase to the superconducting state, has not been explored due
to the challenge to realize an Fe vacancy order in the FeSe/STO monolayer, even though important to the
understanding of superconductivity mechanism. In this study, we developed a new method to generate Fe
vacancies within the FeSe/STO monolayer in a tunable fashion, with the assistance of atomic hydrogen. As
a consequence, an insulating v/5 x v/5 Fe vacancy ordered monolayer is realized as the parent state. By
using scanning tunneling microscopy and scanning tunneling spectroscopy, the spectral evolution from
superconductivity to insulator is fully characterized. Surprisingly, a prominent spectral weight transfer
occurs, thus implying a strong electron correlation effect. Moreover, the Fe vacancy induced insulating gap
exhibits no Mott gap-like features. This work provides new insights in understanding the high-T,

superconductivity in FeSe/STO monolayer.

DOI: 10.1103/PhysRevLett.131.256002

Unconventional superconductors have attracted great
attention in condensed matter physics because of the high
transition temperature (7.) and rich interplay between
magnetism, nematicity, and topology, etc. [1-5]. Super-
conductivity can be realized via doping the parent com-
pounds [6]. The parent compounds of cuprates are usually
antiferromagnetic Mott insulators, while in iron pnictides-
based superconductors, the parent compounds mostly exhi-
bit a metallic behavior with an antiferromagnetic order
[1,7-9]. Bulk FeSe superconductor hosts the simplest
chemical and crystal structure with a 7. of 8 K [10], and
resides evidently in the vicinity of iron-vacancy ordered
insulating phases. The Fe,Ses with a v/5 x /5 Fe vacancy
order was suggested to be a Mott insulating parent com-
pound, which undergoes a superconductivity transition after
annealing to annihilate or melt the Fe vacancy [11,12]. Both
of the /5 x v/5 ordered bulk and multilayered FeSe were
reported to host an antiferromagnetic order [11-14]. Simi-
larly, the V5 x /5 Fe vacancy ordered K,Fe,Ses was also
suggested to be the Mott insulating parent compound for
K,Fe,_,Se, superconductor [15-17].

The epitaxial FeSe/SrTiO; (FeSe/STO) monolayer
hosts an interface-enhanced superconductivity [18-33].
Even though still debated, it is basically established that
the high-T,. in FeSe/STO monolayer originates from a
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cooperative effect of interfacial charge transfer and
electron-phonon coupling [19,21,30]. However, it still

remains elusive whether the \/5 X \/5 Fe vacancy ordered
monolayer can be experimentally realized as the parent

compound [12]. It has been believed that the \/5 X \/5 Fe
vacancy ordered state cannot form in the FeSe/STO
monolayer, presumably because of the strong interfacial
binding effect. It is noteworthy that to investigate its parent
phase and the doping induced spectral evolution is signifi-
cantly important to the in-depth understanding of the
superconductivity mechanism in the FeSe/STO monolayer.

In this Letter, we developed a hydrogen-assisted method
to precisely produce Fe vacancies in the FeSe/STO
monolayer, as illustrated in Fig. 1(a). Through this method,
Fe vacancies were gradually introduced into the super-
conducting FeSe/STO monolayer, finally resulting in an
insulating Fe vacancy order with a v/5 x v/5 period. This
superconductor-insulator transition is the reverse process of
electron doping to the Fe vacancy ordered parent com-
pound. By using scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS), we recorded
the detailed spectral evolution during the whole transition,
and revealed a prominent spectral weight transfer instead of
a Fermi level shift as expected for the hole doping, which
may imply a strong electron correlation effect. We also
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FIG. 1. Hydrogen exposure induced Fe vacancies in the super-
conducting FeSe/STO monolayer. (a) Schematic illustration of
generating Fe vacancy via hydrogen exposure. (b),(c) Atomically
resolved topographic images (10 x 10 nm?) of the superconduct-
ing FeSe/STO monolayer before and after exposure to a small
amount of atomic hydrogen. U = +400 mV, I, = 1 nA for (b)
and U = 4100 mV, I, = 1 nA for (c). The black elliptical in
(c) outlines the Fe vacancy. Insets: dI/dV spectra taken on the
clean surface (b) and the Fe vacancy (c).

found that the insulating gap in the Fe vacancy ordered
monolayer exhibits no Mott gaplike features. These obser-
vations provide insights into understanding the high-7',
superconductivity in the FeSe/STO monolayer.

The as-grown FeSe/STO monolayer exhibits no super-
conductivity transition, and the following postannealing
can establish a superconductivity transition with an energy
gap of ~16 mV (see Supplemental Material, Fig. S1 [34]).
The atomically resolved topographic image, Fig. 1(b),
reveals a perfectly ordered Se-terminated (001) lattice,
and the dI/dV spectrum, the inset to Fig. 1(b), reveals a
typical superconducting gap with double coherence peaks
at ~+9 mV and ~ + 16 mV. Figure 1(c) shows the high-
resolution topographic image of FeSe/STO monolayer
after in situ exposure to a small amount of atomic hydrogen
of 2.4 L (Langmuir, 1 L = 1.0 x 107® Torrs). Surprisingly,
some extra dumbbell-like species start to appear, as shown
in Fig. 1(c). The dI/dV spectrum taken on top of these
species, as plotted in the inset to Fig. 1(c), shows a peak at
~ — 8.3 mV near the lower edge of the superconducting
gap, a characteristic of Fe vacancy [35-37]. These H
exposure-induced species can be attributed to the Fe
vacancies. During exposure to H, the lattice Fe atoms
are possibly facilitated to diffuse once bonded to H atom,
and thus a Fe vacancy is formed in the FeSe lattice.

Superior to the widely adopted postannealing method to
tune superconductivity, the H-facilitated process to gen-
erate Fe vacancy occurs only at room temperature, and the
population of Fe vacancy is the only variable. We adopted

‘ x=0.7% (b)

FIG. 2. Topographic evolution of the FeSe/STO monolayer
as a function of hydrogen exposure. (a) Topographic images
(16 x 16 nm?) with randomly distributed Fe vacancies. U =
+0.2 V, I, = 1 nA. (b) Topographic images (16 x 16 nm?) of
the two distinguishable regions with the different populations of
Fe vacancy. U = +1 V, I, = 2 nA. N region has a low density
of Fe vacancies, and D region a high density of Fe vacancies.
(c) Topographic images (16 x 16 nm?) with ordered Fe vacan-
ciess. U=+2V, I,=3nA. (d) Topographic images
(16 x 16 nm?) with long-range coherent Fe vacancy order upon
the gentle low temperature annealing. U = 42 V, [, =2 nA.
(e) Atomically resolved STM topographic image (4 x 4 nm?) of
the v/5 x v/5 order. U = +2 V and I, = 1 nA. The red square
marks the unit cell of the Fe vacancies order. (f) Fast Fourier
transform of (e). The red and blue circles mark the v/5 x /5
order and the lattice Bragg point, respectively.

this method to precisely control the population of Fe
vacancy. For convenience, we use x to denote the Fe
vacancy level in FeSe/STO monolayer, representing the
average number of Fe vacancies per 1 x 1 unit cell of FeSe.
Figure 2 shows a series of STM images after various
amount of H exposure at room temperature (see also
Supplemental Material, Figs. S2—S4 [34]). As the exposure
time is extended, the population of Fe vacancies monoto-
nously increases, see Figs. 2(a)-2(f) and Supplemental
Material, Figs. S2-S4 [34]. Initially, as x is small [see
Fig. 2(a)], the Fe vacancies are randomly distributed within
the FeSe/STO monolayer. As x increases, for instance to
~6.0% in Fig. 2(b), the surface of FeSe/STO monolayer
can be divided into two different regions. In addition to the
normal area with a relatively low density of Fe vacancies
(namely N regions), small patches with a locally high
density of Fe vacancies (namely D regions) start to appear,
as shown as in Fig. 2(b) and Supplemental Material, Fig. S3
[34]. As x further increases, the D regions with disordered
Fe vacancies grow in size at the expense of the N regions,
until the whole surface is completely covered by the locally
ordered Fe vacancies, as shown in Fig. 2(c) (detailed
evolution is shown in Supplemental Material, Figs. S3
and S4 [34]). As shown in Fig. 2(d), a gentle low
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FIG. 3. Spectral evolution upon hydrogen exposure and phase diagram of the FeSe/STO monolayer. (a)—(c) dI/dV spectra evolution

as a function of the Fe vacancy level. The spectra in (a)—(c) are uniformly shifted in the vertical direction for clarity. (d) Electronic phase
diagram of the FeSe/STO monolayer as a function of the Fe vacancy level (x). Error bars are estimated from the standard deviation of the
gap size measured at various locations. The superconductor (S), metal (M), and insulator (I) regions are specified with different colors,

respectively.

temperature annealing to ~250 °C can greatly enhance the

long-range coherence of the \/5 X \@ order.

Along with the formation of Fe vacancies in the
FeSe/STO monolayer, small second-layer islands of
1 x 1 order and ~0.56 nm high simultaneously appear as
well, as shown in Supplemental Material, Figs. S2—-S5 [34].
These islands are in fact the second layer FeSe formed by
the kicked out Fe atoms from the first layer when Fe
vacancies are formed. The Se atoms required to form the
second layer FeSe may come from the excess Se layer at the
FeSe/STO interface [28,38,39].

To further elucidate the impact of the Fe vacancies on
superconductivity, we performed the STS measurements,
as shown in Fig. 3(a) (more data can be found in
Supplemental Material, Fig. S2 [34]). As the Fe vacancy
level x increases, the FeSe/STO monolayer first exhibits a
decreasing superconducting gap until closed at x = ~3.2%.
The superconductivity is then suppressed and the FeSe
monolayer becomes a metal. In the following, the
FeSe/STO monolayer undergoes a metal-insulator transi-
tion, exhibiting a growing insulating gap until the v/5 x /5
Fe vacancy order is formed over the whole surface, see
Figs. 3(b) and 3(c). It is noteworthy that the insulating gap
measured in D regions (with a high density of Fe vacancy)
is always larger than that in N region (with a low density of
Fe vacancy), possibly due to the spatially inhomogeneous
effect of Fe vacancy. As plotted in Fig. 3(d), an electronic
phase diagram of the superconducting and insulating gaps
versus Fe vacancy level (x) is established to illustrate
the electronic evolution during the superconductor-metal-
insulator transition.

Surprisingly, we found that the presence of even a small
amount of disordered Fe vacancy can kill the supercon-
ductivity in FeSe/STO monolayer, possibly owing to an
increased Coulomb repulsion that overpowers the attractive
interaction responsible for Cooper pair formation [40]. This
observation is consistent with some previous studies

[36,41], but in contrast with the conclusion of some
other studies that Fe vacancies may enhance the super-
conductivity [42—44]. The observation that the Fe vacancy

V5 x v/5 ordered monolayer hosts an insulating gap is in
agreement with the previous studies for the bulk counter-
part [11,12,15-17].

Next, we focus on the spectral weight evolution during
the superconductor-metal-insulator transition. In Fig. 4(a)
is plotted the series of large-scale STS spectrum with
various Fe vacancy levels. For the STS spectrum taken on
the superconducting FeSe/STO monolayer without a H
exposure, two characteristics can be distinctly identified,
i.e., the rather low and nearly flat differential conductance
between ~ — 65 mV to ~75 mV and the bumplike feature
at ~ — 250 mV as marked by the black triangle. The bump
feature is possibly attributed to the Fe 3dz> bands,
according to the previous ARPES studies [45]. On the
other hand, the bosonic mode-induced replica band is also
located near this bump region [21,30,33]. Even though the
two characteristics are spatially uniform for the super-
conducting FeSe/STO monolayer (see Supplemental
Material, Fig. S6 [34]), they exhibit prominent spectral
evolution during the superconductor-metal-insulator tran-
sition. Upon H exposure, the low differential conductance
starts to increase gradually from both the band edges, as
shown in Fig. 4(a). Meanwhile the bump intensity starts to
decrease, and becomes spatially inhomogeneous as well.
For example, within N and D regions, the intensity of the
bump in D region is systematically lower than in N regions,

as shown in Fig. 4(b). In the insulating state of \@ X \/§
order, both the bump and low-intensity flat bottom com-
pletely disappear. We emphasize that a similar spectral
weight transfer simultaneously occurs at the positive bias
region as well. As shown in Fig. 4(b), the dI/dV intensity
at ~+ 200 mV is clearly decreased. The spectral differ-
ence, as obtained by subtracting a typical spectra in N
region from one in D region, is plotted in Fig. 4(c), in order
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FIG. 4. Spectral weight evolution of the FeSe/STO monolayer
during the superconductor-metal-insulator transition. (a) dI/dV
spectra collected as a function of the Fe vacancy level. Each
dI/dV spectra is averaged from multiple spectra taken at different
locations of the same Fe vacancy level. The spectra are uniformly
shifted in the vertical direction for clarity. (b) Series of dI/dV
spectra taken from the region of low Fe vacancy level (N) to high
Fe vacancy level (D). (c) Spectral difference obtained by
subtracting a spectrum in N region from that in D region. (d),
(e) dI/dV intensities of the bump at ~ — 250 mV and the flat
bottom at ~ — 40 mV extracted from the positions as marked by
the black and blue triangles in (a), respectively.

to neglect the influence of high spectral background at the
positive bias voltage region. In Fig. 4(c), two symmetric
bumps centered on the Fermi energy are clearly identified.
It is thus indicated that the spectral weight evolution occurs
symmetrically along Fermi energy at both negative and
positive bias voltages. In the following, quantitative analy-
sis is mainly made on the two characteristics. In Figs. 4(d)
and 4(e) are plotted the average dI/dV intensities of the
bump at ~ —250 mV and the flat bottom at ~ —40 mV,
respectively. If comparing Fig. 3 to Fig. 4, one can tell that
such spectral evolutions closely correlate with the super-
conductor-metal-insulator transition. It is noteworthy that
this spectral weight evolution is beyond the influence of the
single Fe vacancy, since a single Fe vacancy can only

influence the spectral weight change within the FeSe unit
cell. (The influence of the single iron vacancy is shown in
Supplemental Material, Fig. S7 [34]).

The Fe vacancy ordered phase (\/5 X \/5) has been
considered as a Mott insulator and the parent compound of
bulk FeSe-based superconductors. The superconductivity
transition can emerge through disordering the Fe vacancy
order [11,12,15-17]. Analogous to its bulk counterpart, we
realized the insulating /5 x v/5 Fe vacancy order in
FeSe/STO monolayer, and the superconductor-insulator
transition via finely tuning the disordered and ordered Fe
vacancies. The superconducting quantum interference
device (SQUID) measurements suggested an antiferromag-
netic behavior in the Fe vacancy ordered monolayer
(Supplemental Material, Fig. S8 [34]).Even though the
size of the insulating gap grows with the increasing Fe
vacancies, the characteristic features of a Mott gap, such as
lower and upper Hubbard bands that usually behave as the
spectral peaks in dI/dV spectrum, are not experimentally
identifiable. Moreover, the Fe vacancy level dependence of
the insulating gap is also inconsistent with a typical Mott
gap model. It thus points to a different scenario instead of
doping a Mott insulator, regarding to the superconductivity
in FeSe/STO monolayer.

To form a Fe vacancy in the FeSe/STO monolayer
usually gives rise to an effective hole doping, and the Fermi
level is expected to shift downward assuming a rigid band
model. However, there exists no prominent Fermi energy
shift during the superconductor-metal-insulator transition.
Taking the bumplike feature as a reference, it is always
located at ~—250 mV until completely suppressed.
Instead, the prominent spectral weight transfer implies that
the rigid doping effect is negligible, and a strong electron
correlation may play a dominant role [46]. A recent study
reported that the 3d,./d, orbitals are primarily responsible
for the electron pairing FeSe/STO monolayer [47]. Our
observation that the superconductivity is promoted while
the intensity of the bump is enhanced, which possibly
suggests that the 3dz> orbitals are participative for the
pairing in FeSe/STO monolayer as well. If considering the
symmetric spectral weight evolution along Fermi energy
that is suppressed during the superconductor-metal-
insulator transition, the bump feature is more likely to
be originated from a bosonic mode instead of the dz’
orbital. The energy of the bump feature is indeed very close
to that of the replica band as reported in previous ARPES
studies [21,30,33], thus implying a possible nature origi-
nating from the interfacial phonon coupling. Moreover,
even though lack of direct evidence, the interfacial excess
Se atoms, if existent [28,38], may act as the atom source for
the formation of second layer FeSe, and thus play a role in
tuning the interfacial phonon coupling, as manifested by
the suppression of the bump feature. Our observation
suggests that the uniform and stable bumplike feature in
superconducting FeSe/STO monolayer may be a signature

256002-4



PHYSICAL REVIEW LETTERS 131, 256002 (2023)

of the interfacial electron-bosonic coupling that enhances
superconductivity.

In summary, we have realized the superconductor-insu-
lator transition in the FeSe/STO monolayer, through
atomic hydrogen assisted introduction of disordered/
ordered Fe vacancy. A spectral weight transfer, instead
of a doping-induced Fermi energy shift, prominently occurs
during the transition, and meanwhile no Mott-like features
are identified in the Fe vacancy ordered parent state. Our
study points to a different scenario instead of simply doping
a Mott insulator.
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